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Disaster Management and Emergency Response in the Mediterranean Region, Oluić (ed.)
First EARSeL Conference 2008, Zadar, Croatia

Foreword

After having hosted the 24th EARSeL Symposium entitled New Strategies for European Remote
Sensing in Dubrovnik in 2004, Croatia was repeatedly chosen by EARSeL to host an expert
meeting dedicated to natural disasters in the Mediterranean region.
The initial idea was to organise a multidisciplinary workshop entitled Natural Hazards Risk
Reduction for the Mediterranean Region by Observations from Space. However, the disastrous
forest fires of 2007, which, particularly in Greece and Croatia, had not only caused enormous
material damage but also taken many human lives, made us consider organising a conference
instead of only a workshop. The proposed title for the conference was
The First International Conference on Remote Sensing Techniques in Disaster Management
and Emergency Response in the Mediterranean Region,
and the EARSeL Management accepted it.
The Conference was held in Zadar, Croatia, from 22 to 24 September 2008. More then 80 scientists and experts from 20 different countries attended the Conference. They presented about 60
papers, authored by more than 130 experts (printed 42 papers, writen by 107 authors), addressing the topics of forest fires, earthquakes, floods, land degradation, desertification, landslides,
storm damage, marine environmental health and pollution, and overall anthropogenic impact.
The subject of disaster management and emergency response is a high-priority topic in the
Mediterranean Region. Risk reduction using remote sensing techniques may be very helpful in
various applications. The identification of relevant space-based and air-borne information is a
major issue for Disaster Management Support and Emergency Response.
The Mediterranean Region is specific, even unique in Europe. This region is subject to numerous and severe natural hazards including, in particular, forest fires and earthquakes.
There is no doubt that, concerning forest fires, the region is the most endangered one in
Europe. Almost every year, forest fires cause enormous material damage, and often even take
human lives. It is estimated that only in Croatia, the damage caused by forest fires in the last
decade exceeded 1.2 billion EUR, while forest fires in Croatia in 2007 took as much as 12 human lives. In addition to causing material damage and taking human lives, forest fires are also
an indirect cause of land degradation, since deforestation leads to erosion increase and enhanced
soil destruction.
In geodynamic terms, the Mediterranean Area is particularly active. The northward drifting
of the African plate under the Euro-Asian plate, together with the convergence of the Anatolian
plate as well as the drifting of the Adriatic micro plate under the Dinaric Mountain Range, cause
high tension that erupts in frequent earthquakes and infrequent volcanism.
These endogenous processes have so far caused a major number of disastrous earthquakes in
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the Mediterranean area; here are some of them:
Dubrovnik (Croatia), 1667, 2,500 casualties;
Catania (Italy), 1693, about 60,000 dead;
Lisbon (Portugal), 1755, some 50,000 people killed;
Messina (Italy), 1908; about 80,000 dead;
Erginan (Turkey), 1939, 23,000 dead:
Agadir (Morocco), 1960, 15,000 dead,
and numerous others.
The earthquakes destroyed entire cities and took away dozens and even hundreds of thousands of human lives. Furthermore, they caused many tsunamis, which also took away many human lives. It is estimated that in 1908, for instance, the earthquake of Messina and the following
tsunami caused more than 80,000 casualties. Historical records show that since then several tens
of tsunamis with disastrous consequences occurred in the Mediterranean Area.
The Mediterranean, and the Adriatic in particular, may be described as closed sea basins,
in which the seawater needs rather a long time to get exchanged with the seawater from the
Atlantic Ocean. Calculations demonstrated that the exchange of the Adriatic with the Mediterranean seawater takes approximately 6 years, whilst as many as 80 years have to pass before the
Mediterranean seawater is exchanged with the seawater of the Atlantic Ocean. These data obviously speak in favour of the fact that there exists a potential danger for these basins by numerous
possible pollutions. Especially endangered are the coastal zones of the Mediterranean, where
numerous oil plants and large-scale oil reservoirs are located. Furthermore, the sea traffic causes
pollution as well. According to statistic data, approximately 0.3 percent of the transported oil
ends up in the sea. Converted to the transport in the Adriatic Sea, this figure amounts to hundreds
of thousands of tons per year.
The aforementioned phenomena, along with other events, have been estimated intriguing
enough for a symposium to be organised as a forum, which would give a platform for the experts
to share their experience and knowledge regarding various disasters and to evaluate possibilities for risk reduction in the light of the most recent scientific and technological achievements,
particularly by satellite observation and GIS technologies.
During the symposium, experts from the Mediterranean countries as well as from all over the
world presented about 60 papers and discussed their results. They exchanged their experiences
and expertise in disaster management using new technologies, developments and applications.
Additional challenges to this field of research were related to the integration of remote sensing
data and the traditional sources of relevant information. The contributions were presented both
orally and on posters.
I would like to point out that, within the European Association of Remote Sensing Laboratories (EARSeL), we are particularly proud to have always pioneered international co-operation
in our field of remote sensing, similar as the sensors orbiting our planet Earth ignore national
boundaries. In our research throughout Europe and beyond, we are called upon to work together
in order to find solutions to the crucial problems our environment is facing.
On the last Conference day, a whole-day boat excursion to the Kornati Archipelago was organised, offering an opportunity to observe various geological structures developed by tectonic
disturbances, which are directly related to the earthquake activity. Furthermore, a visit was made
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to the fire site on the Kornati Islands, where 12 firemen lost their lives in a disastrous fire in the
summer of 2007.
We hope that the conference will provide useful information on the abovementioned topics and emphasize the importance of a continuous collaboration, not only among scientists and
experts working in the Mediterranean countries but also among scientists and managers worldwide. The meeting aimed at enhancing procedures for the application of disaster monitoring and
management, and at minimising their impact on the environment.
During the Conference, a declaration offering basic guidelines for a more successful disaster
prediction and risk management was drafted. During the closing plenary session, the Zadar Declaration was finalised and adopted by the participants.
Acknowledgements. As Chairperson of the Conference, I would like to thank all the participants, particularly the keynote lectures and those who have prepared the presentations, as well as
the session chairpersons for their valuable work.
My further thanks are directed to the Organising and Scientific Committees for their contribution to the success of the Conference.
I would also like to express my gratitude to the Rector of the University of Zadar, Prof. Dr.
Ante Uglešić, and his co-workers, for their valuable assistance with the set-up and smooth development of the event. Last but not least, I would like to thank the co-organisers and sponsors,
without whose contribution the Conference would not have achieved the desired level of success.
Finally, I sincerely thank Prof. Dr. Ivan Gušić, President of the Scientific Council for Remote
Sensing of the Croatian Academy of Sciences and Arts, for his whole-hearted support and help
in organising this Conference.
Marinko Oluić
geo-sat@zg.t-com.hr
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1st EARSeL International Conference on Remote Sensing Techniques for Disaster
Management and Emergency Response
in the Mediterranean Region
EARSeL’s ZADAR DECLARATION
Preamble
The 1st EARSeL International Conference on ‘’Remote Sensing Techniques for Disaster
Management and Emergency Response in the Mediterranean Region’’ was held in Zadar,
Croatia, on 22-24 September 2008. More then 80 scientists and experts, coming from 20
different countries, attended the Conference. They presented about 60 papers, written by
more than 130 authors, addressing the topics of: Forest Fires, Earthquakes, Floods, Land
Degradation, Desertification, Landslides, Storm Damage, Marine Environmental Health
and Pollution, Anthropogenic Impact at large. A group of Conference Participants, i.e.:
Prof. Dr. Marinko Oluić, Croatia;
Prof. Dr. Mohsen Ghafary-Ashtiany, Iran;
Prof. Dr. Emilio Chuvieco, Spain; Prof. Dr. Manfred Buchroitner, Germany;
Prof. Dr. Ivan Gušić, Croatia;
Dr. Vittorio Barale, European Commission;
was entrusted with drafting a collective Declaration on the use of remote sensing for
management and remediation of both natural and man-made disasters, which was
then reviewed and approved by the general assembly of all participants.
Declaration
The Conference presentations covered a suite of natural hazards and human activities
that have had, or could have, a catastrophic environmental or social impact. Both
traditional as well as more advanced technologies for disaster management and
emergency response were described. Among these, Remote Sensing (RS) techniques
emerged as vital components of any comprehensive, fundamental, effective set of
instruments capable of tackling the issues at hand.
General Remarks
Earth Observations (EO) supply timely, first-hand information proven to be crucial
for the relief of crises involving entire regions. RS data are not only helpful, but also
essential to assess the area of potential intervention, the breath of a disaster or the
needs of people involved. A score of Space Agencies, and International or National
Organizations, can provide space-based data, in (near) real-time, to plan or support
relief efforts, using existing satellites and sensors, but the need for closer co-operation
in disaster prevention and remediation is still compelling.
The European Association of Remote Sensing Laboratories (EARSeL), representing
a major group of Institutions and Organizations active in the combined RS and
Geographic Information System (GIS) field, can offer a unique compendium of the
most advanced expertise available today. Based on its excellent relations with both
the European Commission (EC) and the European Space Agency (ESA), the EARSeL
is keen to help and support the development of disaster management capabilities and
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tools (e.g. in the framework of the Kopernikus initiative).
In light of the United Nations (UN) General Assembly Resolution 61/110, dated 14
December 2006, the EARSeL shares the principle of granting “universal access [...]
to all types of space-based information and services”, offering “a gateway to space
information for disaster management [...] a bridge to connect the disaster management
and space communities [...] a facilitator of capacity-building and institutional
strengthening [...] for developing countries”. It follows that data and know-how for
such a humanitarian goal should be openly accessible for all.
Specific Applications
On the application front, there is growing concern about the fact that geologic and
seismic risk is increasing, despite the advancement of science and technology. In order
to effectively reduce risk, a closer co-operation among all professionals using all kinds
of methods, with focused joint efforts, is urgently required. Scientific organizations,
in collaboration with the EO community, can provide the tools for the “quick loss
estimation” process. We must elicit the best approach on how to promote the use of
RS techniques in order to provide a feasible, useful, implementable and cost-effective
approach to geologic and seismic risk, for vulnerable communities around the world,
before and after a catastrophic event.
In the case of earthquake disasters, the operational use of RS data for monitoring
and scenario drafting is essential, and an effective international co-operation among
all Organisations involved mandatory. Based on (quasi) real-time imagery, in fact, it is
possible to create damage maps showing the latest development of ground conditions
in the area of interest. Damage maps for disaster reduction and humanitarian purposes
may also be created rather quickly from satellite data. These can help crises managers
to make better decisions, identifying earthquake damages, mapping quake-formed
lakes, supporting the analysis of lifeline roads, mapping the dynamics of camps and
supporting reconstruction efforts.
Interest is growing also in the use of EO to derive information for fire prevention and
effects assessment (and on the role of fires in global climate and land-cover changes).
To this end, the continuation of current missions that assure a global, systematic
coverage should be promoted. Space Agencies and International Organisations should
be encouraged to work in concert and provide the required global acquisition strategy,
ensuring long-term data continuity and archival, as well as enabling free, timely and
open access to RS data. A network of validation sites for the available semi-operational
products (with common field protocols and metadata, reference information and
imagery), should also be established.
As for the marine environment, the prevention of, and the reaction to, ecological or
physical disasters involves monitoring natural settings, water exchanges and bio-geochemical responses to external driving forces. Collecting, processing and archiving
such data, derived from integrated in situ and RS systems, is crucial to develop models
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and predictive capabilities of a basin’s environmental health. Since the sea knows no
boundaries, on which national competence might be claimed, it is only by virtue of
international and inter-institutional agreements, networking and co-operation that a
significant geographic qualification of marine regions, of their status, and of their most
critical processes, will be achieved.
Conclusions
In light of the above general remarks and specific technical considerations, We - the
Conference Participants - thank the EARSeL and the local organizers for arranging and
hosting the present event, thus contributing to the advancement of international cooperation on EO systems development and fruitful exploitation. We commit ourselves to
working together, in order to improve the interoperability of, and access to, observations
and associated predictions (and information systems at large), towards a continuous
strengthening of RS and GIS use in disaster management and emergency response.
We resolve to meet again before the end of 2010, to review new advancements, to
assess the work in progress, and to provide further assistance on the development of
new technologies.

Zadar, 24 September 2008

		

XVII

Plenary lectures
(Keynote lectures)

Disaster Management and Emergency Response in the Mediterranean Region, Oluić (ed.)
First EARSeL Conference 2008, Zadar, Croatia

Current potentials and problems of using Remote Sensing
methods in forest fires prevention and assessment
E. Chuvieco

Department of Geography, University of Alcala, Alcala de Henares (Spain)

Keywords: forest fires, fire danger, fire risk, fuel moisture content, geographic information systems
ABSTRACT: Wildland fires are a critical environmental concern in European Mediterranean
areas, since they cause important social and ecological problems. Several satellite missions have
provided in the last decades relevant information to better understand the temporal and spatial
distribution of fire risk conditions and fire effects impacts. This paper reviews some of the recent
efforts in using satellite data as an input to fire risk and post-fire assessment systems, summarizing the potentials and current pitfalls of this technology.
1

INTRODUCTION

Forest fires are a major factor of environmental transformation in a wide variety of ecosystems
(FAO 2007). Fires have global impacts (Chuvieco 2008), affecting forested areas and having an
important share in greenhouse gas emissions. Additionally, fires have local impacts, associated to
soil degradation, soil erosion, lost of lives, biodiversity, and infrastructures (Omi 2005).
Although fire has been historically used in European societies, recent changes in traditional
land use practices have implied and increase in the negative impacts of fire, both in terms of lost
of human lives and properties and ecological damage, as a result of larger and more intense fire
events. Whether this change in traditional fire regimes is a result of land use and demographic
trends or it is also impacted on recent climate warming remains and open issue (Pyne 2001;
Westerling et al. 2006).
Use of satellite data for forest fires prevention and assessment have a consistent tradition
in the last decades (Chuvieco 1999; Chuvieco 2003). As the fire impacts grow, it does so the
number of researchers developing methods for mapping fire risk conditions and fire effects using
satellite technology. The range of techniques and sensors used is quite diverse, but we will try to
summarize them in the next pages. A concluding section will provide some thoughts emphasizing the current strengths and limitations of this technology.
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2

DETERMINATION OF FIRE RISK CONDITIONS

Fire risk assessment should consider a wide range of aspects that are associated to fire ignition,
propagation or potential effects The role of remote sensing data in fire risk assessment can be
grouped into these two categories: (1) generation of critical variables for fire ignition or propagation; and (2) assessment of resource values at risk. Most studies using satellite data for fire risk
assessment have focused on the former, especially in the estimation of fuel moisture content and
distribution of fuel types. Little effort has yet been dedicated to estimate vulnerability, although
in recent years some analysis have been conducted with high-resolution images and census data
to assess the risk potentials in the urban wildland interface (Radeloff et al. 2005).
Among the various factors that need to be considered for fire risk estimation, vegetation
properties are critical, since vegetation is the main fuel of wildland fires. Remotely sensed data
has been used to estimate trends in water content, on one hand, and fuel types on the other. The
former refers to a parameter that changes rapidly, especially in dead fuels, while the latter is associated to a more structural description of vegetation amount, form and composition.
Fuel moisture content (FMC) is a critical variable for fire ignition and fire propagation studies, since the amount of water on plants is inversely associated to its flammability and fire rate
of spread (Dimitrakopoulos and Papaioannou 2001; Nelson 2001). FMC has been traditionally
based on field observations and meteorological fire danger indices. The former are more reliable and provide a direct measurement, but only offers estimation of local study areas. While
meteorological indices provide a wider spatial perspective, they are only indirect estimations
since they are based on atmospheric conditions (temperature, humidity, wind, etc.), which in turn
affect plant moisture, but in a different way depending on species physiology. For this reason,
they are mainly oriented towards estimating FMC of dead fuels, which are more directly related
to changes in atmospheric characteristics.
The spatial and temporal coverage provided by remote sensing systems offers a reasonable
alternative for estimating FMC of live fuels at regular time intervals. Several authors have shown
the potentials of remote sensing data to estimate water content of plants, both using simulation
models (Ceccato et al. 2001; Ceccato et al. 2003; Fourty and Baret 1997; Yebra et al. 2008;
Zarco-Tejada et al. 2003), and empirical approaches (Chuvieco et al. 2004b; Chuvieco et al.
2002; Peters et al. 2002; Sims and Gamon 2003; Tian et al. 2001). FMC studies have used a
wide variety of sensors, including laboratory spectroradiometric measurements, and medium
and coarse resolution sensors.
Laboratory studies provide important information for understating the effects of external
factors, such as illumination angle, density and leaf area index (De Santis et al. 2006; Gillon et
al. 2004).
Medium-resolution sensors have been used experimentally to test the sensitivity of spectral reflectance spatial-temporal variations in vegetation moisture, but they are not useful for
operational estimation of FMC in fire danger applications because they lack enough temporal
resolution. Successful estimation of FMC have been reported with Landsat-TM/ETM images,
using empirical approaches on agricultural plots (Chen 2005; Holben et al. 1983; Thompson and
Wehmanen 1979), as well as for natural vegetation, grasslands and shrublands, in fire danger
estimation (Chuvieco et al. 2002). RADAR C-band data have also been used for this purpose
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(Beaudoin et al. 1995; Couturier et al. 2001), but results are more uncertain since the texture
components tend to veil the moisture variability of the backscatter signal.(Bourgeau-Chavez et
al. 1999; Leblon et al. 2002)
For operational applications, the use of high-temporal resolution satellite data is required to
estimate trends in FMC conditions. Until the launch of the MODIS sensor, the available high
temporal resolution sensors did not provide sufficient spectral sensitivity for confident retrieval
of FMC. Analyses based on AVHRR images relied in Normalized Difference Vegetation Index
(NDVI) time series analysis. While the NDVI is a sound indicator of chlorophyll content and leaf
area index, it does not provide a direct estimation of water content (Ceccato et al. 2003). Only
when changes in moisture content affect directly the greenness of plants, the NDVI is suitable
to monitor FMC, which mainly occurs with herbaceous species (Chuvieco et al. 2004a). For this
reason, experiences of retrieving FMC from NDVI data in grasslands have been generally successful (Chladil and Nunez 1995; Chuvieco et al. 2002; Hardy and Burgan 1999; Paltridge and
Barber 1988). However, the estimations are more erratic with shrub species (Alonso et al. 1996;
Chuvieco et al. 2004a; Everitt and Nixon 1986). For this reason, the combined use of surface
temperate and NDVI has also been recommended for FMC retrieval from AVHRR images (Chuvieco et al. 2004b; Moran et al. 1994), as well as the analysis of the differences between surface
and air temperature, as a surrogate of evapotranspiration (Sandholt et al. 2002; Vidal et al. 1994).
The use of MODIS data for water estimation has been successfully tested in several biomes
(Cheng et al. 2006; Dennison et al. 2005; Roberts et al. 2006; Stow et al. 2005; Yebra et al. 2008;
Zarco-Tejada et al. 2003), providing a sound alternative for FMC retrieval. MODIS offers much
higher spectral sensitivity than AVHRR for estimation of water content, since includes several
spectral bands in the SWIR and NIR as well as the transition between the NIR and red bands,
which has also proven susceptible to water content (Stow et al. 2005).
As far as the fuel type mapping concerns, the use of satellite data has even a greater challenge
than for FMC mainly for two reasons. On one hand, fuel types are based on properties that are
relevant to fire behavior characteristics, among which vegetation height, vertical and horizontal
continuity are critical. The former two require information on the 3-D stratification of plants,
which is not currently available from remotely sensed measurements. The second reason refers
to the need to retrieve plant properties of vegetation under the canopy cover, since most fuel type
classifications are based on surface fuels. Consequently, the signal of plants under the canopy
needs to be retrieved, which is challenging for most current systems.
In spite of these problems, optical sensors have been used for fuel type mapping, with different accuracies depending on fuel types. For those with a strong correspondence with 2D
reflectance, the accuracy can be high, while it will be moderate when classes are associated to
3D properties (Arroyo et al. 2008; Chuvieco et al. 2003). Different papers have explored the use
of moderate resolution sensors (Anderson et al. 1993; Fazakas et al. 1999 9; Riaño et al. 2002).
Recent studies have shown the potential improvements in fuel type mapping from very-high resolution data, when several categories of spatial aggregation are considered (Arroyo et al. 2006).
RADAR and LIDAR systems have been used to overcome limitations of passive optical
systems for mapping fuel types. The retrieval of understory information has been attempted
by several studies based on L band RADAR data (Hyyppa et al. 2000; Ranson et al. 2001), but
unfortunately L-band RADAR missions have been very brief, and therefore little experience is
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available from these data. On the other hand, active microwave data do not yet provide sufficiently accurate estimation of canopy height, with uncertainties greater than 5 m (Hyyppa et al.
2000; Toutin and Amaral 2000), and therefore the discrimination of shrub fuel types becomes
unfeasible. Additionally, microwave signal has shown to have limited sensitivity to high biomass
levels (Kasischke et al. 1997).
Airborne LIDAR sensors have proven more successful in the estimation of those geometrical
properties that are required for fuel type mapping (Morsdorf et al. 2004; Riaño et al. 2004; Riaño
et al. 2003), such as crown base height or crown bulk density (figure 3). The main drawbacks of
this technology are its high costs and highly localized coverage, since most high-resolution sensors are airborne and with narrow fields of view. Accuracy is generally good enough for retrieval
of critical fuel parameters, although in shrubs fuels, the estimations are more controversial. In a
recent study by Riaño et al. (2007), standard LIDAR processing did not provide enough accuracy
for height estimations of shrub species, and it was necessary to rely on passive optical sensors to
improve detection of base heights.
3
3.1

ASSESSMENT OF FIRE IMPACTS
Active Fires

The evaluation of fire effects has been traditional undertaken through field survey or aerial estimations. The use of satellite data is greatly relevant for this application, since it provides a spatial
view of areas affected by fires, as well as their regeneration trends.
Monitoring fire affected areas from remotely sensed data can be focused on two different
phases: active fires (during fire) and burned scars (post-fire). Detection of the former relies on the
thermal contrast between a fire focus and the background, although light emitted at night can also
be used for this purpose. The latter goal, burned land mapping, is based on spectral reflectance
contrast between green and scorched vegetation or char.
Detection of active fires from space has been used extensively to analyze spatio-temporal
patterns of fire occurrence (Dwyer et al. 2000), to account for emissions derived from fires
(Randerson et al. 2005) and to relate deviations from fire regimes to major climatic events (van
der Werf et al. 2004). Most active fire detection from remote sensing is based on coarse resolution satellite data, such as AVHRR, ATSR or MODIS. These sensors offer one or two images per
day, which it is not enough frequency for operative detection, but it provides relevant information on fire activity at regional and global scales.
The AVHRR sensor has been the most widely used for active fire detection since 1979, firstly
to monitor fire activities in tropical and boreal regions (Kennedy et al. 1994; Langaas 1992).
Global coverages were also obtained, first through the IGBP-DIS 1 km AVHRR Global Land
Project (Eidenshink and Faundeen 1994) and later through a projected leaded by the JRC and
named the “world fire web” (Pinnock and Grégoire 1999). However, it should be pointed out that
the AVHRR was not designed for active fire detection, and therefore the thermal sensitivity of its
MIR channel (band 3, 3.55–3.93 µm) was not very suitable for this task, with a low saturation
threshold at ≈ 47 °C. Some other hot targets, such as certain industries and gas flares linked to
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oil extraction or energy production, may also saturate the MIR channel. Confusion with highly
reflective surfaces such as clouds and cloud edges is also possible, since they can be very reflective and saturate the MIR channel.
During the last decade, the European Space Agency (ESA) proposed the use of the ATSR on
board the ERS-1 and 2 to monitor active fires globally. The project was named World Fire Atlas
and has been working since 1995 to the present. After 2003, the project relies on data from the
Advanced ATSR, on board the Envisat satellite (Piccolini and Arino 2000). These products are
offered every two days at 1 km spatial resolution. The discrimination of active fires from ATSR
should be less noisy than with day time AVHRR images, since it avoids solar contamination, and
it is claimed to have less bidirectional reflectance problems. However, the product is potentially
less complete than AVHRR detections, since fires lasting a diurnal cycle are not detected.
The development of the Earth Observing System (EOS) missions during the nineties was built
upon the experiences of working sensors, and therefore new systems were developed to solve or
mitigate identified problems of previous missions. MODIS characteristics are a clear example
of this progress, since the sensor was explicitly design to improve retrieval reliability of several
key variables (Justice et al. 2002b). The algorithm for fire identification is based on thresholds
over the MIR channel and on the difference between the MIR and TIR channels. Additionally,
contextual rules (deviation from background signal) are applied for candidate pixels (Justice et
al. 2002a). Improvements were made in a second revision of the algorithm (Giglio et al. 2003).
The validation efforts conducted have found a good relationship with fires detected in higher
resolution images, although problems still remain with the presence of dense smoke and understory fires (Csiszar et al. 2006; Morisette et al. 2005).
Global analysis of fire activity has also been generated from the Operational Linescan System
(OLS) on board the DMSP (Defense Meteorological Satellite Program). In this case, the fires are
detected from the visible part of the spectrum (light instead of heat, as other reviewed sensors)
during night acquisitions (Elvidge 2001).

3.2

Detection of post-fire effects

The assessment of fire effects accounts for the different impacts of fire on biophysical and socioeconomic values. Most commonly, they refer to the analysis of post-fire changes in soil, water,
vegetation and atmosphere in relation to pre-fire conditions. Consequently, the evaluation of fire
effects have mainly focused on mapping burned areas at different spatial and temporal resolutions. The discrimination of burn severity (levels of post-fire affects on vegetation communities)
has received less attention, although a growing interest in this topic is reflected in the scientific
literature.as discussed below. Finally, the effects of fire on water, soil, fauna and atmosphere
have not been widely analyzed using satellite data, with the exception of the estimations of gas
emissions derived from biomass burnings. These estimations are based on approximating the
amount of biomass burned and the emission coefficients for each biomass type.
The most common use of remotely sensed data for burned land mapping has concentrated at
local scales, using medium to high-resolution sensors, such as Landsat-TM/ETM+, SPOT-HRV,
IRS-WIFS/AWIFS and SAC-C-MMMRS (García 2003; Koutsias et al. 1999; Salvador et al.
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2000; Siljeström and Moreno 1995). The accuracies for burned area mapping are regularly above
80% for discriminating the fire perimeter, especially when medium to large fires (>100 hectares)
are considered.
Satellite data have also been used for regional or global analyses of burned areas, mainly
based on AVHRR images during the nineties (Fraser et al. 2000; Kasischke and French 1995;
Pereira 1999). More recently, other sensors with greater sensitivity for mapping burned scars
have been used to create global inventories of burned areas. In 2000, two world-wide projects
were developed at 1 sq km spatial resolution. The first project, named GBA2000, was coordinated by the JRC, and based on SPOT-Vegetation data. Burn scar areas were discriminated using
a set of global algorithms, developed by different expert groups (Tansey et al. 2004). The most
robust of those algorithms were later on used to extend the project to the series of 2000 to 2007
VEGETATION data, naming the project L3JRC.
The second world-wide project was named GLOBSCAR and was an initiative of the European Space Agency. The project was based on daily ATSR-2 images, on board the ERS-2 satellite, acquired during 2004. Two algorithms to discriminate burned areas were proposed (named
K1 and E1), based on different thresholds on the NIR and TIR spectral bands, the K1 algorithm
(Piccolini and Arino 2000), and on red, NIR, TIR and several vegetation indices, the E1 algorithm (Simon et al. 2004).
The spectral and spatial enhancements of the MODIS sensors over other global-scale instruments, such as AVHRR, Vegetation and ATSR, should facilitate the generation of global
maps of burned areas from this sensor data. Several studies have already shown an improved
discrimination of MODIS over other sensors in regional studies (Chuvieco et al. 2005; Li et al.
2004; Martín et al. 2002). The next collection of MODIS land variables includes a new standard
product with global burned land areas at 500 m spatial resolution. The algorithm to generate this
product is based on a multitemporal change detection approach that labels the pixels according to
the differences found between modeled and actual reflectance, taking into account bidirectional
reflectance corrections (Roy et al. 2005; Roy et al. 2002).

3.3

Determination of burn severity

While the discrimination of burned/unburned areas has been achieved with reasonable good results, even from low-resolution satellite data, burn severity estimation remains a challenge. Burn
severity, defined as the amount of ecosystem transformation as a result of fire, has a significant
effect on gas emission estimates derived from biomass burning, since it is related to the amount
of biomass consumed by the fire (commonly named burned efficiency, which is currently one of
the most uncertain components of global estimations of biomass burning emissions) (Chuvieco
et al. 2004a). Additionally, it is closely linked to vegetation recovery after a fire. The longer and
more intense a fire is, the more severe are the effects of the fire and the slower the vegetation
recovers. Fire intensity and duration depend on fire behavior, which is controlled by different
variables related to the fuel properties (load, moisture content, chemical properties), fire weather,
and to the surrounding environment (slope, aspect, wind, rainfall, etc.).
The evaluation of burn severity can be undertaken using different approaches (Lentile et al.
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2006). The methods are closely linked to the objectives of the evaluation which may include an
assessment of vegetation recovery, soil erosion potential, or landscape fragmentation (Key and
Benson 2006). Traditionally, burn severity assessment has been undertaken using field methods,
mainly considering the changes in soil color and condition, depth of the affected organic layer,
amount of scorched leaves or remaining branches (Moreno and Oechel 1989). The cost of this
approach, as well as the lack of spatial representation associated with field methods, have led to
the use of remotely sensed images, since they provide relatively cheap and spatially comprehensive coverage of an area of interest.
Several authors have used remotely sensed data for discriminating burn severity levels using
empirical approaches (Cocke et al. 2005; Díaz-Delgado et al. 2001; Rogan and Franklin 2001;
van Wagtendonk et al. 2004). Most of those studies have been conducted with Landsat TM/
ETM+ images, since they provide appropriate spectral and spatial resolution for burn severity
discrimination at landscape level. Hyperspectral sensors, such as AVIRIS and Hyperion, may
offer greater spectral sensitivity to these intermediate values of burn severity (van Wagtendonk
et al. 2004), but additional efforts are required to better understand the signal derived from different burning conditions, especially when several vertical strata need to be assessed. As a future
research topic, building an improved severity index should incorporate improved knowledge of
how fires of different severity displace the position of prefire vegetation in multispectral space
(Roy et al. 2006).
To address this problem, reflectance simulation models may be used to simulate the spectral
variation caused by different burn severities. The use of radiative transfer models (RTM) in fire
effects assessment was first achieved within the framework of evaluating the potential of satellite data to discriminate understory fires in tropical regions (Pereira et al. 2004). Specifically for
burn severity discrimination, Chuvieco et al (2006) have recently proposed the application of
the Kuusk two-layer RTM for simulating different burn severity conditions in short-term and
medium-term temporal scenarios. The main factors considered were the changes in soil substrate
color (from soil to carbon), the changes in leaf properties (from wet to dry), and the changes in
leaf area index (figure 6). The inversion of this model was successfully tested in the retrieval of
burn severity for a large forest fire in Mediterranean conditions using Landsat-TM/ETM data
(De Santis and Chuvieco 2007). The simulations could also be applicable to other sensors, but
additional simulations need to be done to reduce errors for intermediate values of severity (Chuvieco et al. 2007).
4

POTENTIALS AND LIMITATIONS

The use of satellite remote sensing (RS) in forest fire risk estimation and effects assessment has
been proven very valuable, mainly for the following reasons:
1. RS provides a spatial comprehensive information on factors affecting fire ignition
and propagation, mainly vegetation water status and structure.
2. RS interpretation techniques can quickly derive the required data on those variables,
in digital format and ready to be implemented into natural hazards decision support
systems.
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3.

The interpretation techniques can be computerized and standardized using digital
image processing algorithms. Consequently, accuracy can be contrasted in different
study areas.
As the main challenges to continue using this flow of data, the following can be emphasized:
1. Greater effort is needed to assure satellite data continuity, in conditions that provide
compatibility with historical observations, as to follow temporal trends.
2. Intersensor analysis may help to overcome some of the problems of current RS
systems, such as lack of 3D or understory information.
3. Scientist should stress the importance of receiving this information to convince political actors of assuring world wide accessibility to relevant information on natural
disasters. The example of free access to almost real-time MODIS data has provide
excellent experiences for using operationally RS data in fire management, especially in developing countries.
4. Finally, the importance of international cooperation among scientist involved in
developing fire-related products should also be stressed.
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ABSTRACT: “Disaster Management” encompasses two main concepts: 1) seismic ur-

ban risk assessment before the occurrence of scenario earthquake(s) and 2) quick loss
estimation based on damage detection after the event (even after days and weeks). The
risk assessment part includes the creation of city inventories and the compilation of associated geodatabases, the evaluation and the implementation of different vulnerability
functions for the built environment and finally, the derivation of proper risk algorithms.
The quick loss estimation part described in here is based on damage detection and takes
advantage of different methodologies for processing various remote sensing data. Some
available systems perform continuous real-time or near real-time monitoring of the land
surface. The images acquired before and after disastrous events such as the case of
earthquakes, serve as input for a dedicated damage evaluation procedure. Also there
are remote sensing systems that can be flown or steered immediately after a devastating event on demand. This paper introduces briefly such systems and gives examples
relevant to the recent breakthroughs and applications. For the implementation purpose,
a part of Tehran is chosen for urban risk assessment, whereas Bam is studied for the
quick loss estimation.
1

RISK MODELING

The comprehensive risk modeling should consider all of the elements shown in Figure 1. This
paper only the physical vulnerability related risk evaluation and mapping are presented and the
“Human, Socio-Economic, Cultural and Managerial Effect” is not discussed or entered into the
model. The development of a system tailored for seismic risk assessment of Tehran includes
three major steps as summarized as follows:
1- Development of city geodatabase and GIS modeling of the city: Seismic hazard microzonation map (Figure 2), Strong ground motion data, urban digital maps, building inventory,
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urban features, textural information, road networks, population statistics, and also remote
sensing extracted data such as city topography and building height.
2- Modeling the structural vulnerability functions: Generating probabilistic/analytic procedure
to compute the building stock vulnerability for local conditions.
3- Site specific loss estimation in GIS: 3D mapping of the building stock and relative expected
levels of building damages (Mansouri et al. 2007 & Mansouri et al. 2008).

Figure 1. The seismic risk assessment components

1.1

Figure 2. Seismic hazard microzonation map at
ground surface for 10% probability in 50 years –
courtesy of IIEES

Seismic Hazard data

Different microzonation seismic hazard maps have been developed for Tehran. These maps
represent the severity of the ground motion, for example the Peak Ground Motion, on the soil
surface. As an example, the map shown in Figure 2 is extracted from the probabilistic seismic
hazard analysis (Jafari et al. 2005) and reflects a resultant from the probabilistic contribution of
all expected important earthquakes, attenuation relationships and site effects for Tehran. This
data is used to create the seismic risk map in this research.

1.2

City inventory

High resolution spatial and attribute data have been collected and compiled from cartographic aerial photos (digitally processed stereo photos) and survey city databases. Some additional
building inventory data comprising of attribute information were refined and entered in GIS.
All the data are compiled and processed with parcel level of details. The related databases were
extensively processed and updated. The related parcel information in different data sets needs
usually both spatial and temporal adjustments. The building height database and city topography
were obtained by both remote sensing and also ground survey data. Tehran District-17 is chosen
as the study area due to its old buildings with high vulnerability.
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Figure 3. a) High resolution spatial and attribute from cartographic aerial photos (digitally 1:2000 scale
stereo photos) and b) Parcel ancillary data describing the building attributes

1.3

Vulnerability study

The most common building typology in Tehran, especially in district 17, encompasses the traditional un-reinforced masonry with bearing brick walls and steel and slightly-vaulted brick roofs.
Usually these buildings are relatively old (more than 30 years), and do not comply with the Iranian building codes nor have been retrofitted according to published expert recommendations. Different damage functions have been presented using data and observation from worldwide and/or
domestic past earthquakes and also by using suitable analytical methods. A series of such curves
were introduced for Tehran (Mansouri et al. 2008). By relating these curves with the selected microzonation data and the inventory database (parcel resolution), a spectrum of structural damage
levels (with their proper probabilities) is evaluated within the extent of the city. A set of fragility
curves for low-rise un-reinforced masonry building adopted for Tehran is shown in Figure 4.

Figure 4. Fragility Curves for
low-rise un-reinforced masonry buildings (Mansouri et
al. 2008)
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1.4

Loss estimation in GIS

Three-dimensional risk maps, in the cities, provide an excellent visual means to quickly evaluate
the extent and the severity of potential building damages. Figure 5 is a visualization of the distribution of building damages for a portion of the data using our analytical models suited for Tehran. In order to have an optimal risk management plan considering all pre and post earthquake
phases in the disaster management cycles, such estimations are crucial. These results potentially
help in reducing the monetary loss and more importantly in devising measures as to reduce the
predicted human loss after the event .

Figure 5. 3D view of the seismic risk map adopted
for Tehran – (portion of the study area)

2
2.1

QUICK LOSS ESTIMATION
Passive Remote Sensing technology – Very High Resolution (VHR) imagery

After commercialization of Landsat satellites in 1984 and promoting such satellites in 1994,
civilian applications of remote sensing platforms were introduced. The first VHR (Very High
Resolution) commercial satellite, Ikonos was put in orbit in 1999. Now, Quickbird satellite detects small objects on the ground surface with a spatial resolution of 60 cm. Figures 6a and 6b
show a pair of Quickbird images for a small urban area in Bam, Iran, associated to the earthquake
of 2003.
Image classification is the process of categorizing and labeling groups of pixels or vectors
within an image based on specific rules. The categorization law can be devised using one or more
spectral or textural characteristics. Two general methods of classification are “Supervised” and
“Unsupervised”. Extraction of parcel layers in a built environment can be obtained manually or
by using some automated procedures. The general idea is that the group of pixels that represent
each individual building (each parcel) must be identified and delineated from the background.
However, the desired interpretation of an urban image is not considered in individual pixels, but
in the meaningful image objects, and their relationships. For example, “E-cognition” (a computer code by Definiens) uses a region-merging segmentation process that starts from one pixel.
Objects (group of pixels) are fused together when a heterogeneity criterion is met. This technique
uses scale, color and compactness/smoothness as segmentation parameters.
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a

b

Figure 6. a) Quickbird (satellite image with 60cm resolution) composite image of a part of Bam (taken
09-30-2003 before the 2003 earthquake) b) similar image taken after the earthquake (01-03-2004) – courtesy of Digital Globe

2.1.1 Object-oriented and Parcel-based change/damage detection using VHR data
Since in this approach we are dealing with a group of pixels, the randomness and the statistical
characteristics such as moments, mean, standard deviation, skewness, etc… of the ensemble in
all spectral bands are of interest. Also gradient values of the object pixels reveal information
about the edges. Correlation, ratio and subtractions of the object pixel values are also useful
indices.

Figure 7. Fuzzy classification
algorithm using selected spectral and textural features

As an example, the predefined three levels of building damage states such as “Slight or
None”, “Moderate”, and “Severe” are valued in a fuzzy classification methodology (Mansouri
et al. 2008). As shown in Figure 7, the fuzzy classifiers are applied on the difference of edge
densities and also on the spectral correlation between bands of the “before” and “after” images.
Then, by a “defuzzification” process, the entire parcel layer is classified showing the expected
extents of different damage states. In Figure 8, a part of Bam is shown representing the panchromatic band of the Quickbird satellite imagery related to before and after earthquake, and also the
parcel layer (building mask) showing the color-coded detected levels of damage using the fuzzy
technique.
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a) Before event image

b) After event image

c) Parcel-based image processing

Figure 8. Parcel-based image processing and damage detection/classification using VHR satellite data

2.2

Active Remote Sensing technology – Synthetic Aperture Radar

Due to its capability of all-time and all-weather monitoring of the earth surface and the nature of
the SAR as an active sensor (providing its own illumination a number of successful spaceborne
SAR systems have been deployed for scientific studies of the land surface. Envisat satellite data
(ASAR Single Look Complex product) was available for the Bam earthquake. The sensor collected before- and after-event imagery of the Bam earthquake that occurred on December 26th,
2003 in Iran. For this study, two sets of before and one after such data were used.
2.2.1
Parcel-based change/damage detection using SAR data
The basic assumption for change detection using a repeat-pass interferometric technique (single
antenna but two image acquisitions) is that scene distances to the receiving antennas are generally the same. The interferometric phase is then mainly affected by changes in the scattering
behavior of the scene, or changes in the scene geometry. Interferometric data are used for creating SAR change index map. Equation (1) is defined as the coherence between two complex
images; its denominator is defined as the cross-power (Xp) and chosen as the SAR change index
(Mansouri et al. 2005). This index was calibrated based on sensor-parcel orientation and SAR
imagery geometry in order to make all values comparable.
(1)
The change detection scheme evaluates these results using orbital information to assess the
levels of change in different city parcels. Such damage maps can potentially serve in disaster
response/management and also in estimating physical losses to urban settings.
In order to apply the method and to compute the change index for each parcel, the database
(parcel records) was refined as to filter out all the buildings that are obscured. Moreover, analyzing each building footprint sides and corners, and considering different angles, an automated
process selects the most radar detectable walls of the building. Then, the algorithm estimates
the SAR signature based on the RCS values for each parcel then computes the calibration layer.
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Figure 11 is the results of a statistical classification of the calibrated values (sensor-target and
object orientation) of the change index.

Figure 10. Building damage
detection steps in SAR complex image analysis

Figure 11. Results of physical change/damage mapping
in Bam using SAR change
indices

3

CONCLUSI ON

Seismic risk assessment of urban areas helps the authorities in devising strategies in lowering the
predicted unwanted consequences estimated and caused by disastrous events such as an earthquake. The probabilistic microzonation map has been used as input hazard data for seismic building loss estimation for Tehran (a portion of the city). The building inventory and related building
vulnerability functions were devised, compiled and implemented into GIS with parcel level of
information. In order to visualize the results, the associated damage maps were created that represent individual parcels with its associated color-coded expected damage levels (Figure 5).
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These maps are of great importance when a major city with all possible known earthquake scenarios are considered and measures to optimize the mitigation processes are in mind.
After the occurrence of a devastating earthquake, the quick loss estimation will help the decision makers to have a realistic picture of the event and to find rational solutions. For this purpose
a parcel-based approach for building damage detection is presented that take advantage of combining the information from the ancillary city data with remote sensing (before and after) VHR
optical images. The change detection method is based on a fuzzy classification of spectral and
textural feature changes using before and after images. Two effective spectral and spatial change
detection features are chosen as the basic elements in the fuzzy classification. The fuzzy methodology uses these features and introducing some membership curves, fuzzified membership
curves are obtained for three levels of “Slight or None”, “Moderate” and “Severe”. The reliability of the classification is computed and is high. Also the results were verified against a reported
visual damage interpretation and good agreement is achieved for the collapse damage grade.
Using the Envisat satellite SAR data for Bam earthquake, and exploiting the SAR cross power
difference of before and after data sets, namely the change index, good correlation is achieved
were this index is calibrated for the sensor-parcel geometry. Good correlation exists between
the related damage map and the actual damage data for the “severe” class of building damages.
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ABSTRACT: Remote sensing from Earth’s orbit provides a novel view of the coastal and marine environment, expanding synoptically in situ information. Optical, thermal and structural
properties of the sea surface – detectable by observations in the visible, infrared and microwave
regions of the electromagnetic spectrum - allow to assess the concentration of water constituents,
the temperature of water masses and the roughness of the air-water interface. Such parameters
allow to define the main ecological provinces of an entire basin, such as the Mediterranean Sea,
and to trace its ecological dynamics, over a wide range of space and time scales. Further, the
comparison of current and historical, statistical data can help in the assessment of environmental
accidents or in the ensuing remediation practices.
1

INTRODUCTION

Marginal and enclosed basins like the Mediterranean Sea are the site of countless economic and
recreational activities, but are threatened by dramatic dangers of misuse and pollution. Suitable
tools are required to gather data on the environmental pressure imposed on such marine regions
by the conflicting needs of protecting their ecological balance and exploiting their natural resources. Modern monitoring techniques are based on integrated observation systems, including
traditional shipborne surveys or fixed installations, as well as Remote Sensing (RS), which can
extend coverage beyond the in situ platforms domain and sample the sea surface at unconventional scales.
In the following, after a brief introduction of the main environmental traits of the Mediterranean basin, the basic marine applications of RS will be reviewed. Then, examples of satellitebased observations, collected by a suite of sensors over the last 30 years, will be provided, and
used to highlight different ecological provinces impacted by coastal patterns and plumes, mesoscale features such as quasi-permanent eddies, and large-scale structures. Further, the main space
and time trends observed in these provinces will be considered, and the seasonal characteristics
of the various geographical components of the basin outlined.
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1.1

The Mediterranean Sea

The Mediterranean Sea constitutes a unique scale model of the world’s oceans, due to the variety
of physical and bio-geo-chemical processes taking place in the basin (Barale 2008). It is divided
into a western basin, where the Alboran Sea, the Ligurian-Provençal-Balearic basin and the Tyrrhenian Sea present distinct traits, and an eastern basin, including the further enclosed Adriatic
Sea and Aegean Sea, the Ionian Sea and the Levatine basin (see geographical nomenclature in
Fig. 1). It was commonly thought to be a remnant of the ancient Tethys Ocean. It is now known
to be a structurally younger ocean basin, called Neotethys, which formed during the Late Triassic
and Early Jurassic rifting of the African and Eurasian plates. The geologic history of the Mediterranean basin is complex, involving first the break-up and then the collision of these plates,
and the Messinian Salinity Crisis in the late Miocene, when the sea dried up almost completely.

Figure 1. Mediterranean Sea setting, nomenclature and bathymetry (adapted from GEBCO; depths in m)

The Mediterranean Sea extends from 30° N to 45° N and from 6° W to 36° E, with an area
of 2,700,000 km2 – two orders of magnitude below that of the major oceanic basins, corresponding roughly to 1% of the Earth’s surface – and a volume of 3,700,000 km3. It has dimensions of
about 3,860 km in the east-west direction and a maximum of 1,600 km (average around 800 km)
in the north-south direction. It accounts for 46,000 km of coastlines, one-third of which are due
to the mainland and islands of the Aegean Sea. Several mountain ranges (e.g. the Sierra Nevada,
the Pyrenees, the Alps and Apennines, the Balkans) are distributed along the northern side of the
basin. Since these mountains slope steeply into the sea, the northern drainage basin is relatively
small. Only a few large rivers (the Nile, Rhone, Po and Ebro) flow into the basin, and since
the southern side is mainly desert, these combined factors tend to limit the input of continental
freshwater.
The Mediterranean basin consists of a series of deep depressions, connected to each other,
with an average depth of 1,500 m. Actual depths vary between 2,500 and 3,500 m in western
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basin, and between 3,500 and 4,000 m in the eastern basin. A maximum of 5,267 m is reached
in the Calypso Deep of the Ionian Sea. The two main basins are separated by the Sicily Channel
(430 m sill depth) and the Strait of Messina (80 m), while the Strait of Otranto (800 m) separates
the Adriatic Sea from the eastern basin. The Mediterranean Sea is connected to the Atlantic
Ocean by the 22 km wide Strait of Gibraltar (290 m sill depth), in the west; to the Black Sea by
the Bosphorus and the Dardanelles (55 m), in the north-east; to the Red Sea via the Suez Canal
(12 m), in the south-east.
The Mediterranean climate, famous for its abundant sunshine, is subject to both sub-tropical
and mid-latitude weather systems, and is also influenced by the northern mountain ranges. The
region’s seasonal cycle is characterized by mild winters, when the region receives most of its
rainfall, and by a relatively hot and dry summers. Strong local winds, such as the cold, dry,
northerly Bora and Mistral, and the hot, dry southerly Scirocco, typify the region, particularly in
winter. In general, air temperature differences between winter and summer are limited to about
15 °C, although local geographic and meteorological factors can result in extreme conditions
such as air temperatures up to 50 °C on the African coast. The mean temperature of surface
waters vary between minima of about 14-16 °C (west to east), in winter, and maxima of about
20-26 °C (again, west to east), in summer, but the total excursion can reach up to 20 °C, as in
the shallow parts of the Adriatic Sea, where the range is between the 8-10 °C of winter and the
26-28 °C of summer.
Evaporation greatly exceeds precipitation and river runoff (with an estimated freshwater
deficit of 2,500 km3/year), so that the Mediterranean Sea is characterized by very high salinity
(mean around 38 psu), a fact that is central to water circulation within the basin. Evaporation
is especially high in the eastern Mediterranean, causing the water level to decrease and salinity
to increase (up to 39 psu) eastward. This pressure gradient pushes cooler, lower-salinity (about
36 psu) water from the Atlantic Ocean across the entire basin. The relatively less dense Atlantic water flows into the Mediterranean Sea through the Strait of Gibraltar, in the surface layer.
The incoming water warms and becomes saltier as it travels east, and is eventually turned into
denser Mediterranean waters through evaporation. It sinks in the Levantine basin (as well as in
other areas where deeper waters are formed), due to winter cooling, moves back westward and
ultimately spills over the sill of the Strait of Gibraltar, in the bottom layer, and out into the Atlantic Ocean. This distinct Mediterranean Intermediate Water can be traced in the Atlantic Ocean
to the northernmost latitudes, where it contributes to the North Atlantic Deep Water (NADW)
formation process. The complete cycle determines a residence time in the basin of about 80 to
100 years.
Tidal amplitudes are small, in the Mediterranean Sea, and the narrow continental shelves
prevent tidal amplification along the coast. However, a substantial amount of vertical mixing
is provided by strong regional wind regimes. Deep waters are formed in the Adriatic Sea and
the Aegean Sea, although with different characteristics, and outspill into the eastern basin over
the sills in the Otranto Strait and around Crete, respectively. Deep waters are also formed in the
Ligurian-Provençal Sea, due to persistent northerly winds, which increase the density of surface
waters through intense evaporation and cooling, particularly in the Gulf of Lion region. This
can lead to a complete overturning of the water column, with deep convection processes taking
place over 2000 m of water. The process ventilates the deepest parts of the Mediterranean Sea
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and triggers the onset of large algal blooms, sometimes covering the entire north-western basin.
The deep waters of the eastern and western basins do not communicate, due to the shallow sill
of the Sicily Channel.
On average, the Mediterranean Sea is poor in nutrients, with consequent low phytoplankton
biomass and primary production. Oligotrophy increases from west to east. Primary production
in the open sea is considered to be phosphorus-limited, rather than nitrogen-limited as in most of
the world’s oceans. By contrast, a rich biodiversity characterizes the Mediterranean ecosystem:
the fauna and flora are among the richest in the world, with over 10,000 marine species recorded,
highly diverse and with a large proportion (28%) of endemic species. No species disappearances
have been reported, but changes in species composition and richness have occurred in some
areas. The introduction of exotic species – i.e. that of tropical species from the Red Sea, after
the Suez Canal opening (a phenomenon known as the Lessepsian Migration, after Ferdinand
de Lesseps, the engineer who oversaw the Canal’s construction) – is a growing concern. Large
populations of marine mammals (e.g. the fin whale, Balaenoptera physalus) are documented, but
other species are in danger (e.g. the monk seal, Monachus monachus, is critically endangered;
the marine turtles Caretta caretta and Chelonya midas are listed respectively as threatened and
endangered).
The state of the Mediterranean’s open waters is generally good, but coastal areas are subject
to various environmental problems, including eutrophication and heavy-metal, organic and microbial pollution. Land-based activities (urbanization, industry and agriculture, particularly in
the north-west) are the main sources of pollution. About 30% of the ever-increasing population
of Mediterranean countries, approximately 150 million people, lives on the coast. Adding to the
resident population, each year the Mediterranean Sea is also host to 150 million tourists. Population density, almost 100 per km2, twice that of the region as a whole, and related economic
activities place a high pressure on coastal zones. Since the Mediterranean Sea is essentially oligotrophic, eutrophication is limited to near-coastal sites that receive anthropogenically enhanced
nutrient loads from rivers, or direct discharges of untreated domestic and industrial wastewaters,
and adjacent open waters. However, this is expected to worsen, together with the occurrence of
Harmful Algal Blooms (HAB). Oil transport and pollution are also a growing concern, since
of the 2000 cargos that sail in the Mediterranean at any given time, about 250-300 are oil tankers, transporting 400 million tons/year of petroleum products (i.e. 30% of world traffic). This
translates into about 1 million tons/year of oil discharged at sea illegally (i.e. 20% of the total oil
pollution in the oceans).

1.2

Remote Sensing Techniques for observations of the Marine Environment

Using classical RS techniques (i.e. observations with either passive or active sensors such as
imaging radiometers and spectrometers, or imaging radars), the main quantities accessible from
Earth orbit are essentially surface colour, temperature and structure – including, with this term,
both roughness and elevation (which however is measured by means of non-imaging radars
called altimeters). Such features summarize the whole of surface properties, optical, thermal and
structural, which can be inferred from the interaction of electromagnetic radiation with the air-
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water interface (see various authors in Barale & Gade 2008, for a full treatment of these topics).
A suite of environmental indicators can be assessed and quantified using remote sensors
operating in suitable regions of the electromagnetic spectrum. In general, different methodologies may be applied, depending on the objectives and boundary conditions of the observations.
Passive RS uses reflected visible and near infrared sunlight, or thermal emissions in the infrared
spectral region, or again emitted microwave radiation, to assess various surface parameters. Active RS uses transmitted impulses of visible or microwave radiation, for a subsequent evaluation
of the nature, delay and shape of the returned signal. Each of the spectral regions available for
passive or active radiometry (within suitable atmospheric windows of propagation for electromagnetic radiation) has specific merits and drawbacks. For example, passive observations of
optical or thermal properties at visible and infrared frequencies are limited to a cloudless, clear
atmosphere, but take advantage of a stronger natural signal and thus allow greater spatial resolution (because even restricting the observation to a very small section of the target, enough
radiation will be coming from that small area to allow a favorable signal-to-noise ratio, for the
corresponding picture element). The passive observations of analogous properties at microwave
frequencies can be performed through clouds, but is based on a weaker natural signal and therefore allows a much lower spatial resolution.
It must be stressed that the environmental indicators which can be derived from RS of sea
surface properties cannot be measured directly by remote sensors. Rather, the sensors measure
some other – spectral – quantity (e.g. reflected or emitted natural radiance, or the reflection of
an artificial electromagnetic signal), which is only indirectly related to the parameters of interest (e.g. water constituents, or surface temperature, or wind speed, etc.). Further, none of these
– spectral – quantities has a univocal relationship with a certain parameter, so that no sensor, or
single spectral band, is sensitive to just one phenomenon. Rather, each responds to a combination of atmospheric and marine environmental conditions. This complicates the interpretation of
data, and usually requires that a set of multi-spectral observations, each sensitive to somewhat
different combination of phenomena, be performed simultaneously to provide unambiguous information.
Furthermore, all space-based measurements of reflected or emitted natural radiance, or again
of a reflected artificial electromagnetic signal, coming from the Earth’s surface, must be done
through the atmosphere. This introduces a substantial degradation of the signal received by a
remote sensor in Earth’s orbit. Atmospheric contamination (which can be, e.g., as high as 90% of
the total signal recorded, in the case of observations in visible spectral bands) must be carefully
removed from RS data, in general by means of radiative transfer models, before the measurements of electromagnetic radiation can be processed and transformed into some kind of environmental indicator.
Optical properties can be measured using both passive and active techniques, observing the
reflection of natural sunlight or transmitted LIDAR signals respectively, in the visible and near
infrared spectral regions. The presence and concentration of water constituents (optically active
materials such as plankton, organic matter, inorganic sediments) determine the characteristics
of the electromagnetic signal recorded by a remote sensor at the water surface. The depth over
which the water-leaving signal – carrying information on the water constituents – is integrated,
is essentially the first optical depth of the water column (that at which solar irradiance falls to 1/e
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(0.37) of its value just below the surface). This depth, from which 90% of the signal observed at
the surface is originated, can be on the order of tens of m, in ideal conditions such as those provided by clear oceanic waters, but can decrease to a few m, or even down to cm, in turbid coastal
waters, depending on the water constituents present in the water column. An evaluation of optical properties can be used to estimate the concentration of various constituents (chlorophyll-like
pigments, dissolved organic matter, total suspended material), or some optical characteristic of
the marine surface layer (such as diffuse attenuation coefficient, at a fixed wavelength), by means
of algorithms and/or models. Direct use of these indicators, or their interpretation as natural tracers, allows the analysis of phenomena like water quality and plankton blooms, eutrophication,
primary productivity, bio-geo-chemical cycles, coastal and fluvial runoff, sediment transport,
water dynamics, depth variations in shallow waters, exchanges between coastal zone and open
sea, and climatic events.
Thermal properties can be assessed by means of passive techniques sensible to Earth emissions in the thermal infrared or microwave parts of the electromagnetic spectrum. The signal recorded by a remote sensor, in this case, is due to emissions from a thin layer on the water surface
(i.e. to emissions originating at skin depth, defined as the distance over which the amplitude of
propagating electromagnetic radiation falls to 1/e (0.37) of its initial value; for example, the typical skin depth for sea water is on the order of a few mm, for radiation in the thermal infrared), so
that only skin temperature can be measured in this way, while the derivation of bulk temperature
in the water column is done by means of algorithms and/or models. Through the evaluation of
thermal properties, (i.e. sea surface temperature, essentially), information of physical, dynamical or climatic nature can be derived. Currents, fronts, eddies, up-welling and vertical mixing
events, as well as surface slicks of certain kinds, are some of the features which can be assessed
by means of water temperature. Synoptic assessments of this indicator are also important for
assimilation in water circulation models, and for the evaluation of energy exchanges at the air/
water interface.
Structural or dynamical properties can be measured with both passive and active methods
using reflected visible light or, primarily, through microwave active techniques – i.e. the observation of radar returns, using either Real Aperture Radars (RAR) or, more commonly in the
case of orbital observations, Synthetic Aperture Radars (SAR), which allow to synthesize large
apertures and therefore obtain high resolution with very small antennas. The principle used for
acquiring information about the sea state is that of complete reflection of the microwave electromagnetic signal from the water surface, with no penetration in the water column. The indicators of surface roughness derived from measurements of structural properties can further
contribute to the quantitative assessment of winds, waves, wakes, and alterations of the water
surface texture due to circulation features, to bottom profiles, or to the presence of surface films
(e.g. hydrocarbons). Finally, dynamical properties (i.e. essentially the marine surface elevation
with respect to the geoid), measured by altimeters – non-imaging radars that can send a series of
single impulses while proceeding along their orbit and then measure the delay and the shape of
the returned signal – provide information on water motion and circulation at large scales, or on
deep geological features.
Typical environmental processes can affect entire marine regions over large space scales
(from hundreds to thousands of km) and short time scales (from hours to days), and the combina-
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tion of such scales is difficult, or extremely expensive, to follow using just in situ techniques. On
the other hand, most variations in environmental conditions have specific signatures on various
sea surface properties, which can be assessed by remote sensors. This qualify geomatics techniques, based on the use of RS data, as a powerful, if not exclusive, tool for monitoring various
large-scale, high-frequency and long-term processes on the sea surface, provided that the relevant basic concepts – including observation mechanisms and limitations – are well understood
(Barale et al. 1997).
Single RS pictures of the sea surface, although spectacular, are seldom enough for a sound
approach to the exploitation of the technique information potential. The real advantage of marine
RS is to be found in the use of sequential remotely sensed images of the sea surface, so that longterm, frequent, large-scale monitoring of entire basins can be achieved. The main problem to be
solved, in order to fully exploit such capabilities, is that RS techniques produce huge amounts of
data, which must undergo several levels of processing, requiring special facilities and expertise,
before reaching the end user. The highly dynamical nature of many coastal and marine processes
also suggests to analyze this kind of information on a statistical basis, and hence starting from
historical time series, for the assessment of environmental trends over suitable periods of time.
New data can then be used for monitoring anomalies, which diverge from the statistical conditions described by the climatologies. These requirements have led to the adoption of concepts
analogous to those of classical Geographic Information Systems (GIS) – even though with a
number of caveats due to the peculiarities of marine space–time scales – for the integration of
RS-derived geographical and environmental value-added data (Barale 2000).
2

REMOTE SENSING DATA FOR THE MEDITERRANEAN SEA

In the Mediterranean Sea, space and time patterns traced by RS parameters – water constituents
concentration, sea surface temperature, and surface roughness parameters related to atmospheric
forcing, or to the presence of surface contaminants – concur with the general oceanographic
climate of the basin (Barale 2003). The climatological pigment, temperature and wind fields, derived from historical satellite observations (Fig. 2), trace the classical geographical subdivision
between western and eastern sub-basins, inshore and offshore domains, northern and southern
near-coastal areas.

Figure 2. Mediterranean Sea climatological surface properties, derived from historical satellite observations. Left plate: mean chlorophyll-like pigment concentration, chl [mg m-3], from the CZCS (19791985) data set. Center plate: mean sea surface temperature, sst [°C], from the AVHRR (1982-1991) data
set. Right plate: mean wind speed, wnd [m s-1], from the GEOSAT (1986-1989), ERS-1 (1992-1995) and
TOPEX (1993-1997) data sets (after Barale 2003).
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The (northern and) western sub-basins are dominated by a stronger pigment signal, while the
(southern and) eastern sub-basins by a more pronounced temperature signal. The wind speed
signal presents patterns corresponding to the main wind regimes of the region.
The main trait emerging from this integrated set of multi-sensor imagery is that of nearcoastal areas under the direct influence of major river plumes (e.g. those of the Ebro, Rhone, Po
and Nile), or other less intense coastal interactions, such as minor river discharges and non-point
sources of runoff (e.g. along the Italian coast in the Tyrrhenian Sea, along both the Italian and
Albanian coastlines in the Adriatic Sea, along the northern shores of the Aegean Sea), or again of
exchanges with other water bodies (e.g. in the Alboran Sea and the Marmara Sea). Where major
rivers flow into the basin, tracers derived from optical RS (Fig. 3) show that the coastal zone is
permanently exposed to the impact of their discharges (Barale 2005).

Figure 3. Plumes of the Ebro, Rhone, Po and Nile rivers (left to right). SeaWiFS-derived chlorophyll-like
pigment concentration (and land vegetation index) images, dated respectively 27, 29, 26 and 19 May
2001.

The rim of enhanced pigments and lower temperatures, appearing around most of the northern Mediterranean, is associated with the impact of runoff from continental margins (i.e. both a
direct impact due to the sediment load and one induced on the planktonic flora by the associated
nutrient load), as well as with the vertical mixing due to the prevailing winds (i.e. the Mistral
over the north-western Mediterranean, the Bora over the northern Adriatic and the Etesians over
the Aegean; see high wind speed of these regions in Fig.3). The Ligurian–Provençal–Balearic
sub-basin, and the Adriatic–Aegean sub-basins provide examples of near-coastal areas where
intense atmospheric forcing induces low temperatures and high pigments, due to vertical convection processes in the water column and consequent nutrient enrichment of the surface layer.
The Alboran Sea, instead, is characterized by features related to dynamical processes taking
place in the water column. This sub-basin is dominated by the incoming Atlantic jet, which forms
permanent anticyclonic gyres (Millot & Taupier Letage 2005). Upwelling along the outer edge of
the gyres (and along the northern shoreline) mixes deep nutrients in the upper water column, thus
inducing the eddy-like signature of biological origin shown in Fig. 4. Of course, these features
are traced by higher pigments (and lower temperatures), but do not to have a corresponding wind
speed signal.
The string of anticyclonic features in the Alboran Sea continues with the eddy-modulated
Algerian current, which is part of the basin-wide system originated by the Atlantic Jet, as it progresses eastward in the Mediterranean Sea (Arnone et al. 1990).
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Figure 4. Atlantic Jet gyres in the Alboran Sea. SeaWiFS-derived chlorophyll-like pigment concentration
(and land vegetation index) images, dated respectively 21, 23, 25 April 2000.

The mesoscale eddies propagating with the Algerian current constitute a mechanism of fertilization for the pelagic western basin, since they tend to mix offshore water constituents coming
from the coastal zone or produced at their outer edge. They can also detach from the main body
of the Algerian current and progress northward, over time scales of months. Figure 5 shows a series of eddy-like features, described by optical tracers, developing off the coast of Algeria, during
the month of August 2003. Short-lived episodes of coastal runoff – such as the plume originated
after a violent storm in the Bay of Algiers, on August 11/13, 2003 (see second and third panel
of Fig. 5) – can be entrained in the sequence of eddies, and then spread offshore, altering water
quality over sizeable distances.

Figure 5. Storm runoff in the Bay of Algiers. SeaWiFS-derived chlorophyll-like pigment concentration
(and land vegetation index) images, dated respectively 6, 11, 13 and 25 August 2003.

Coastal filaments and plumes may also be generated by wind-driven upwelling, as seen off
southern Sicily (Fig. 6). North-westerly winds blowing over the Sicily Channel generate a coastal
divergence, with upwelling of cold deep waters (see climatological wind and temperature fields)
causing a water constituents increase off the southern shoreline of the island. Interaction with
the surface current, still part of the basin-wide system originated by the Atlantic Jet, progressing
eastward through the Mediterranean Sea, and the varied bathymetry of the Channel – as well
as instabilities of both current system and wind field – cause the development of the elongated
high-chl structures described by the optical tracers in Fig. 6. In general, these filaments are anchored at prominent headlands, are modulated by turbulent processes and can extend for tens of
km offshore. Not only such plumes can determine water quality locally, but also they can impact
other coastlines which lie in their path of spreading. As seen in the image sequence of Fig. 6, this
is the case of the Maltese coastal zone, which is often reached by Sicilian plumes bringing high
concentration of water constituents (and potential polluting agents) quite far from their origin.
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Figure 6. Upwelling off southern Sicily. SeaWiFS-derived chlorophyll-like pigment concentration (and
land vegetation index) images, dated respectively 9 and 30 May, 8 and 22 June 2001.

Whereas the Levantine basin is known for its oligotrophic character, sizeable filaments and
plumes originating from the Egyptian-Israeli-Lebanese-Syrian coastal area are recurrent in the
optical data set (Barale et al. 2005). The river Nile plume is by far the main near-coastal feature
of the south-eastern Mediterranean, and provides a constant source of nutrients of continental
origin.
Although its impact on the pelagic environment has been much reduced by the construction
of the Aswan High Dam, a significant concentration of water constituents still characterize the
near-coastal zone in front of the delta, as seen in Fig. 3. Turbulent diffusion from this area, and
from the coastal zone downstream from the delta, with respect to the prevailing cyclonic circulation of the Levantine basin, appears to shape the pigment field, with various plumes extending
offshore (see e.g. the image series of Fig. 7). Such a mechanism for the bio-chemical enrichment
of the eastern Mediterranean, supplying nutrients of coastal origin to the primary producers that
sustain the food web in this otherwise oligotrophic region – nutrients that originate from the ever
increasing use of fertilizers for agriculture, as well as from the proliferation of untreated sewage outfalls, due to population growth along the coast – has been suggested as the reason for the
recent recovery of local fisheries, which had collapsed in the mid 1960’s after the Nile damming
(Nixon, 2004).

Figure 7. Filaments and plumes originating from the Egyptian-Israeli-Lebanese coastal area in the Levantine basin. SeaWiFS-derived chlorophyll-like pigment concentration (and land vegetation index) images,
dated respectively 26 April, 19 May, 13 June and 31 July 2001.

The coastal features of the eastern Mediterranean represent a special case of anthropogenic
impact scenario. It is reasonable to assume that the enhanced pigment values of the plumes in
Fig. 7 must be due to an additional supply of nutrients, with respect to local background con-
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centrations. However, such a supply could come from coastal upwelling of cold, nutrient-rich
waters. However, combined optical and thermal demonstrate the coincidence of high-pigment
and high-temperature waters (Barale et al. 2005). This precludes the plumes from being linked
to a nutrient input by upwelling (which would imply lower values of temperature). Instead,
the greener-warmer waters correspondence points to a nutrient input from land-based sources.
The major source would be the Nile delta (river, sewer, agriculture) runoff system, propagated
northwards by the prevailing current (Alhammoud et al. 2005). Additional sources would be
the large urban areas and quasi-perennial streams along the Egyptian-Israeli-Lebanese-Syrian
coastal area. The large extent and long persistence of these features can be explained by the
strong buoyancy of the warm, fresh water provided by the stream and sewer inputs. These are
spread offshore, from the margin of the northward current, by eddies influenced by the irregular
topography of the continental shelf.

Figure 8. Mediterranean Sea trends, derived from satellite observations. Left panel: mean chlorophyll-like
pigment concentration, chl [mg m-3], from the SeaWiFS (1998-2003) data set. Right panel: rate of change
for pigment concentration anomalies [mg m-3], from the SeaWiFS (1998-2003) data set (after Barale et
al. 2008).

Recent optical data (Fig. 8) show a decrease of biological pigments in the basin interior,
an increasing negative trend of blooming anomalies over most of the basin, and the anticipation of the north-western spring bloom, in comparison to what seen in historical data (Barale et
al. 2008). These have been interpreted as symptoms of a stronger nutrient-limitation, resulting
from the reduced vertical mixing due to a more stable stratification of the basin, in line with the
general warming trend of the last 20 years (see the sea surface temperature 20-year change in
Fig. 9, left panel). The variation in the timing of the spring bloom, for the Ligurian-Provençal
Sea, might be linked again to a general warming of the Mediterranean Sea. In fact, a warmer
Mediterranean would imply not only a strengthening of the stratification, but also its consequent
anticipated onset, allowing the bloom to occur earlier in the seasonal cycle. Conversely, the
larger and larger blooming anomalies, recurring at coastal hotspots (Fig. 8, right panel) appear
to be linked to continental runoff patterns, and to growing ecological dynamics at these sites,
leading e.g. to the intensification of noxious or harmful algal blooms, in the north-west, and of
coastal fisheries, in the south-east (see Barale et al. 2008 and references therein). Finally, it must
be recalled that these changes in the ecological balance of the Mediterranean Sea are coupled to
an increasing impact of anthropogenic activities, as testified by the (RS) assessments of oil pol-
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lution, which appears to concentrate in coastal zones, near port facilities, and along the principal
shipping lanes (Fig. 9, right panel).
3

CONCLUSIONS

Repeated Earth Observations (EO), in the last three decades, have generated a novel view of
the marine environment, expanding both synoptically and statistically the punctual information
previously derived from in situ data alone. This technique allows the characterization of basic
ecological processes in marginal and enclosed seas, over a wide range of space and time scales.
The parameters derived from RS of surface waters behave as tracers of coastal and marine
ecological dynamics. Many surface features can be recurrent, at a given location, and can maintain their characteristics over long periods. Statistics derived from repeated observations can be
used to differentiate between ecological provinces shaped by heterogeneous bio-geo-chemical
patterns and related physical forcing functions. Further, the comparison of current and historical,
statistical data can help in the assessment of environmental accidents or in the ensuing remediation practices.

Figure 9. Mediterranean Sea trends, derived from satellite observations. Left panel: sea surface temperature 20-year change, sst [°C], from the AVHRR (1982-2003) data set (L. Nykjaer, JRC EC, private communication). Right panel: oil spill density, from the ERS-1, ERS-2, ENVISAT (1999-2004) data sets (G.
Ferraro, JRC EC, private communication).
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ABSTRACT: Natural disasters represent a growing threat to the safety of life and property. Between 1980 and 2007, disasters related to weather, climate and water caused the deaths of 1.3
million people. The corresponding cost to the economy was estimated to have been more than
US$ 1.2 trillion. No part of the world is immune from hydrometeorological disasters of one sort
or another. Recent statistics have shown that about nine out of ten of many natural disasters experienced around the world are related to weather, climate or water. The best safeguard involves
improved monitoring, more accurate prediction and timely delivery of warnings, accompanied
by greater awareness and suitable preparedness and mitigation measures.
The World Meteorological Organization (WMO) is well known for its scientific and technical expertise in watching, understanding, predicting and analyzing the Earth’s weather, climate
and water; and for communicating this information to every country around the world in near
real time. WMO and the National Meteorological and Hydrological Services (NMHSs) of its
188 Members have been at the forefront of disaster prevention and mitigation through the operation of a 24-hour, seven-day a week, year-round system for monitoring and predicting the
weather, climate and water status, and for disseminating the forecasts, warnings and assessments
of disastrous phenomena such as tropical cyclones, flood, drought, tornadoes, extreme cold/hot
temperatures, lightning and associated events.
WMO proposed that the National Action Plans should have four components (phases): mitigation, preparedness, response, and recovery with National Weather Services playing a crucial
role. The WMO Global Observing System (GOS) makes systematic observations of the Earth by
using increasingly sophisticated remote sensing techniques such as surface-based remote sensing techniques (Doppler radars, wind profilers, GPS sensors, etc), airborne remote sensing techniques (aircraft and unmanned airplane observations), and more importantly, space-based remote
sensing techniques currently consisting of at least 16 operational and environmental research and
development satellites which ensure continued global coverage. Observations with state-of-the-
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art remote sensing techniques play a fast-growing and critical role in all the four components of
the National Action Plans for natural disaster prevention and mitigation.
a) Mitigation involves identifying the vulnerability of every part of the country to particular types of hazards, and identification of steps that should be taken to minimize the risks. Longterm and systematic meteorological/environmental satellite observations to a whole country or
region are the most efficient and accurate way to identify hazards and vulnerability which lay the
foundation for disaster mitigation.
b) Preparedness involves the wider community including NMHSs, emergency services,
health and social services, and relief agencies. Each community refines its local plan according
to its particular circumstances. The key role of NMHSs includes long-term planning for development of new remote sensing techniques, as well as remote sensing data utilization techniques, for
more effective monitoring and more accurate predictions of all possible hazards.
c) Response involves the implementation of measures developed during the mitigation
and preparedness phases. NMHSs up-to-the-minute monitoring and warning information, mostly using the satellite and radar observations, to the public and the community concerned. With
the help of modern telecommunication techniques, real time monitoring and warning services
have proven to be the most efficient and effective way to disaster mitigation.
d) Recovery phase comprises the steps taken after the event to repair the damage and
reconstruct communities. NMHSs continue to provide their useful services, including providing
the reconstruction guidance by assessment of damage by aircraft and/or high resolution satellite
observations. NMHSs also assess the strengths and weakness in their plans and then begin the
process of revising the plan for greater success the next time.
The lecture is illustrated by around 90 slides.
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ABSTRACT: Forest fires are generally uncontrollable occurrences that spread rapidly through
forests. Depending on the age of a forest, tree and vegetation species, and the type of fire and
its severity, forest fires may inflict large scale damage. These fires are predominantly induced
by humans and less so by natural causes. Fires of natural origin are usually caused by lightning
and in some countries by volcanic eruptions. All other fires are the result of human activity. The
threat o fires differs profoundly from area to area.. The most endangered regions are the Mediterranean basin, the area of North American pine forests and African savannahs. There has recently
been a dramatic increase in the number of forest fires. In Europe alone there are between 30,000
and 40,000 fires annually, with burnt areas exceeding 500,000 ha. In North America, damage is
far greater. Almost all fires in Europe can be attributed to the human factor. In 2007, countries
along the southern edge of Europe (France, Portugal, Spain, Italy, Croatia, Montenegro, Macedonia and Albania), and Greece in particular, suffered the severest attacks owing to their climate
and global changes, as well as socio-economic conditions. According to the data from the Forest
Management Plan of the area, forest in Croatia cover a total of 2,688,687 ha (2006), of witch
state forests managed by the company Croatian Forests Ltd. Account for 2,018,987 ha (75%),
forests owned by the Republic of Croatia but used by other legal persons account for 87,930 ha
(3%), while 581,770 ha (22%) relate to privately owned forests.
1

INTRODUCTION

The three prerequisites for the start and spread of any fire, including a forest fire, are flammable
fuels, adequate oxygen and sufficient heat energy (the fire triangle). Fuel must be well dried since
its excessive humidity will allow the fire to burn itself out. Self-extinguishment also takes place
when the quantity of oxygen in the air is less than 14%. Ignition temperature ranges from about
260°C to 300°C. A carelessly thrown cigarette butt develops a temperature of about 650°C while
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an insufficiently cooled match has a temperature of about 800°C. Forest fires inflict large-scale
damage to forests, which depends on the age and size of a forest, tree and vegetation species and
the type and intensity of a fire. There are three types of forest fires: low or surface fires burn the
dead material on the forest floor and ground vegetation, spread very quickly and reach a temperature of up to 900°C. Crown fires develop mostly from a surface fire of high intensity and spread
erratically. They overtake the line of a surface fire and descend to the ground where they advance
in the form of surface fires and, gaining intensity, again sweep through the crowns. Ground fires
regularly occur on peat ground, spread very slowly but inflict extensive damage to plant roots.
Fires that set individual trees ablaze are very rare in Croatia. Such fires result from lightning or
from making fires in tree holes. Forest fires may occur from natural causes, but most fires are
the result of human behaviour. The most common natural cause of a fire is lightning, while in
some countries it may also be a volcano eruption. All other fires are caused by human activity.
These causes may be divided into several groups: accidents (explosions, traffic), carelessness
and gross negligence (agricultural activities, forest work, picnickers, tourists, children’s games,
debris burning etc.), deliberately set fires (arson, revenge, speculations with building land, diversions), and fires without any known causes. Different areas are differently threatened by fires.
The three regions at particular risk of fires are the Mediterranean, the area of North American
pine forests, and the area of African savannahs. Successful control of forest fires presupposes
preventive measures of preparation and well organized direct fire suppression.
The outlook on the forest has changed: no more is it regarded solely as a source of raw material needed for fuel, timber and timber processing industry. The Forest Law of Croatia treats
forests and forestland as goods of public interest which enjoy special protection. Forests and
forestland are specific self-renewable natural resources which, together with their functions of
general benefit, represent special and natural work conditions. Non-timber forest functions include a variety of beneficial impacts, such as protecting land, roads and other amenities from
erosion, torrents and floods; influencing the water regime and hydro-energetic system; influencing soil fertility and agricultural production; affecting climate, protecting and improving the human environment; creating oxygen and cleansing the atmosphere; enhancing the appearance and
beauty of the landscape; and establishing the conditions for medical treatment, convalescence,
relaxation, development of tourism, hunting and defense. The Forest management plan sets
the total growing stock at almost 398 million m3, of which 302,5 million m3 are in state forest
managed by Croatian Forests Ltd., slightly over 78million m3 are in privately owned forests,
and 17million m3 are in the state forests used by other legal subjects. The annual growing stock
increment at the level of the forest managed area is 10,5 million m3, of which about 8 million
are managed by Croatian Forests Ltd., 2.1 millon m3 are in privately owned forests, and 0,4
million m3 in other state forests. The total prescribed annual planned cut amounts 6,56 million
m3, which means that during semi-period (2006-2015) 62,5% of annual increment will be cut.
2

ORGANISATION OF FOREST FIRE PROTECTION IN CROATIAN FORESTS

According to all the available indicators, forest fires pose the greatest risk to forests in Croatia
and particularly to forests in the Mediterranean region. With this in view, the organization and
implementation of forest fire protection requires special attention.
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The commitments of all the subjects in forest fire protection, as well as of Croatian Forests
Ltd., are regulated by legal and by-legal acts which prescribe in detail all the measures and activities to be undertaken. These are:
• The Forest Law (Official Gazette 140/05, 82/06), Article 83 states: “Enterprises, other legal
persons who use forests owned by the Republic and forest owners shall undertake protection measures for the purpose of protecting forests from fires and other natural disasters and
harmful organisms.” The Law also sets down the obligation of establishing and maintaining
a unified information system and register on forest fires for the purpose of advancing comprehensive surveillance of forest fires, fire causes, effects and prevention.
• The Fire Control Law – final text (Official Gazette 139/04) sets the obligation for Croatian
Forests Ltd. to allocate 5% of the total means collected from compensations for the use of
non-market forest functions (about 15,000,000 kn annually) to firefighters’ associations in local self-management units in karst areas in accordance with the size of forests and forestland.
• The Fire Protection Law (Official Gazette 58/93) and the Law on the Amendments to the Fire
Protection Law (Official Gazette 107/07) prescribes measures and actions to be undertaken
for the purpose of removing the causes of fires and preventing and suppressing fires, identifying the causes of fires and removing the consequences caused by fires.
Apart from these and other legally prescribed obligations, the Government of Croatia passes
an annual Program of activities containing special fire control measures of interest for Croatia.
The Program determines the implementation dynamics of fire protection measures, as well as
obligations and responsibilities of those in charge.
Based on the Regulation of Forest Fire Prevention (Official Gazette 26/03) and its own Forest
Fire Protection Program, the company Croatian Forests Ltd. is responsible for:
• informing the local population, tourists and school children in particular about efficient and
effective preventive activities aimed at preventing the occurrence of forest fires;
• establishing a surveillance-alert service;
• establishing its own forest fire protection service;
• establishing and training intervention forest worker teams furnished with all the necessary
equipment for cutting trees and constructing fire lines with the purpose of halting the progress
of a fire;
• undertaking preventive silvicultural treatments such as stand tending, stand thinning, slashing and removing dry branches, constructing and maintaining fire lines with elements of forest roads, maintaining and improving the existing water sources in forests;
• carrying out other activities aimed at protecting forests from fires.
The company Croatian Forests Ltd. implements all the above and many other measures
through their Ecology Service in the Directorate and ecology departments in forest administrations and forest offices which are directly involved in all field activities (detecting and alerting,
applying silvicultural measures aimed at forest protection, making plans of forest fire protection,
establishing direct contact with the local population, etc.).
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3

SURVEY OF FOREST FIRES IN CROATIA FOR THE PERIOD 1992 – 2007

A total of 4,851 forest fires erupted in the Republic of Croatia in the period from 1992 to 2007,
of which 1,173 fires occurred in continental Croatia, whereas the remaining 3,678 fires occurred
in the area of Mediterranean karst. The number of fires per year is variable and ranges from 109
in 1995 to 706 in 2000.
The average number of fires in the observed period was 303, of which 230 fires were in the
Mediterranean area and 73 fires in the continental area. Interestingly, in the observed period not
a single year went by without a forest fire.
The Mediterranean area of the Republic of Croatia accounts for 76% of the total number of fires.
These fires burned a total of 251,901ha of forests and forestland in the observed period.
Similarly to the number of fires, the largest burned area covering 234,448 ha is also situated
in the karst area (Mediterranean), whereas the remaining 17,453 ha relate to the continental part
of the country. According to the data, karst (the Mediterranean) participates with as much as 93%
in the total burned area.
Particularly large areas were burned in 1998 – 32,056ha, in 2000 – 68,171ha and in 2003,
when 27,091ha were burned.
Table 1. Number of fires in Croatia for the
period 1992 – 2007
Year
1992.
1993.
1994.
1995.
1996.
1997.
1998.
1999.
2000.
2001.
2002.
2003.
2004.
2005.
2006.
2007.
Total
Average
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Number of fires
Karst

Continent

Total

191
202
149
68
233
263
303
196
590
263
87
435
192
108
157
241
3.678
230

134
170
32
41
72
42
138
27
116
36
89
97
12
39
24
104
1.173
73

325
372
181
109
305
305
441
223
706
299
176
532
204
147
181
345
4.851
303

Table 2. Burned area in Croatia for the period
1992 – 2007
Year
1992.
1993.
1994.
1995.
1996.
1997.
1998.
1999.
2000.
2001.
2002.
2003.
2004.
2005.
2006.
2007.
Total
Average

Burned area (ha)
Karst

Continent

Total

9.820
17.523
7.743
4.400
10.714
10.225
27.060
5.927
66.758
16.049
3.187
25.708
3.319
2.714
4.476
18.825
234.448
14.653

1.311
2.634
193
251
500
897
4.996
126
1.413
120
1.666
1.383
59
421
99
1.384
17.453
1.091

11.131
20.157
7.936
4.651
11.214
11.122
32.056
6.053
68.171
16.169
4.853
27.091
3.378
3.135
4.575
20.209
251.901
15.744
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3.1

Burned area according to vegetation type for the period 1992 – 2007

Although the size of 251,901 ha of burned area is significant, its structure, in terms of burned
vegetation which used to cover the pre-burned area presents a less worrying aspect.
Table 3. Burned area according to vegetation type for the period 1992 – 2007
Burned area (ha)
Year

High
forests

Other
forests

Forests and
other land

1992.
1993.
1994.
1995.
1996.
1997.
1998.
1999.
2000.
2001.
2002.
2003.
2004.
2005.
2006.
2007.
Total

1.574
3.410
871
352
1.335
2.634
3.749
215
4.722
2.532
1.532
4.755
175
129
213
1.817
30.015

5.351
10.693
3.720
2.665
5.174
4.361
15.558
1.657
33.676
4.809
970
13.476
743
801
2.204
11.796
117.654

4.206
6.054
3.345
1.634
4.705
4.127
12.749
4.181
29.773
8.828
2.351
8.860
2.460
2.205
2.158
6.596
104.232

Total
11.131
20.157
7.936
4.651
11.214
11.122
32.056
6.053
68.171
16.169
4.853
27.091
3.378
3.135
4.575
20.209
251.901

The participation of high forests in the structure of burned areas according to vegetation type
is the lowest. Namely, only 30,015ha, or 12 % of the 251.901ha of totally burned area relate to
pine dominated high forests. Of other forests, which include coppices, maquis, scrub, thickets
and garrigues, 117,654ha or 46% were burned. The remaining 104,232ha or 42% relate to unstocked forest and other land.

3.2 Burned area according to ownership for the period 1992 – 2007
Although state-owned forests participate with 78% in the total ownership forest structure in the
Republic of Croatia and private forests with 22%, the share of burned state forest area in the total
burned area is only 54% or 136,122ha, whereas the share of private forests is 46% or 115,779ha.
The disproportionately large share of private forests in burned area is the results of insufficient care paid to these forests by their owners and failure to apply the necessary protection measures, such as the construction of fire lines, guarding forests, and applying silvicultural measures
aimed at protecting forests from fires.
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Table 4. Burned area according to ownership for the period 1992 – 2007
Burned area (ha)
Year

State forests

Private forests

1992.
1993.
1994.
1995.
1996.
1997.
1998.
1999.
2000.
2001.
2002.
2003.
2004.
2005.
2006.
2007.
Total

7.698
9.673
3.479
535
6.790
5.543
12.744
2.367
39.875
10.474
1.802
14.587
1.411
2.125
3.017
14.002
136.122

3.433
10.484
4.457
4.116
4.424
5.579
19.312
3.686
28.296
5.695
3.051
12.504
1.967
1.010
1.558
6.207
115.779

3.3

Total
11.131
20.157
7.936
4.651
11.214
11.122
32.056
6.053
68.171
16.169
4.853
27.091
3.378
3.135
4.575
20.209
251.901

Seasonal dynamics of fire occurrence for the period 1992 -2007

In terms of seasonal fire dynamics in the observed period (Table 5), there are two critical periods
in the Republic of Croatia.
The first critical period occurs in late winter and early spring (February, March, April), when
the largest number of fires erupt in the continental area.
The second critical period occurs in summer, in July and August, when the majority of fires
break out in the area of karst, or the Mediterranean. This period accounts for 30.8% of the total
number of fires.
In terms of hours in which a fire breaks out, it is important to emphasize that almost 70%
of the fires occur between 10 a.m. and 5 p.m. In this interval, the most critical time for a fire is
between 1 p.m. and 3 p.m. while the number of fires during night hours is negligible.
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Table 5. Number of fires according to months of occurrence for the period 1992 – 2007
Mounth

Year
1993.
1995.
1996.
1997.
1998.
1999.
2000.
2001.
2002.
2003.
2004.
2005.
2006.
2007.
Total
Average
%

3.4

I

II

III

IV

V

VI

VII

VIII

IX

4
3
1
7
6
2
6

37
7
6
23
93
3
46
13
8
16
3
16
9
7
287
21
6,7

111
9
38
72
101
32
72
11
84
106
11
16
10
38
711
51
16,6

37
29
56
22
30
7
12
7
20
39
1
40
9
36
345
25
8,0

6
4

17
1
19
16
6
10
93
13
8
51
2
17
10
6
269
19
6,3

52
21
120
70
56
49
143
66
39
95
44
42
101
127
1.025
73
23,9

101
27
55
54
138
98
299
166
7
182
65
10
12
40
1.254
90
29,2

7
4

6
3
3
2
5
18
66
5
1,5

6
3
13
5
3
15
1
4
9
69
5
1,6

26
7
21
20
10
1
20
73
2
5
7
203
15
4,7

X

XI

3
10
7

1
1
1
1

1
4
4
1
1
5
2
34
2
0,8

XII

1

1
4
1

1
10
1
20
1
0,5

1
2
10
1
0,2

Total
372
109
305
305
441
223
706
299
176
532
204
147
181
293
4.293
307
100,0

Fire sites for the period 1992 – 2007

Apart from state forests with 52% of fires on average, a significant number of forest fires, or
48% of all fires on average, also broke out in abandoned agricultural areas and in private forests.
The majority of abandoned agricultural areas are overrun with weeds, whereas private forests and forestland are not managed. By revitalizing and applying fire prevention activities in
these areas, the occurrence and spread of fires would be significantly reduced and state forests
would be spared of fire effects.

Figure 1. Fire site
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4

APPLYING PREVENTIVE FOREST FIRE PROTECTION MEASURES

In view of the fact that the application of preventive protection measures plays an exceptionally
important role in overall forest fire protection and is a prerequisite for efficient forest protection,
the company Croatian Forests Ltd., in accordance with legally binding commitments and realistic needs, devotes outstanding attention to this segment of protection.
Annual fire protection plans passed by forest offices and forest administrations, as well as the
annual business plan of the enterprise Croatian Forests Ltd., outline detailed preventive activities to be implemented. Their scope and quantity are based on the Assessment of fire risks for
forests and forestland, which is made on an annual basis.
According to this Assessment, which is based on the Forest Fire Protection Act (Official Gazette 26/03), state forests managed by Croatian Forests Ltd. are grouped in four fire risk categories.
The first category, which is the most threatened, relates to 22,584ha, the second category to
257,145ha, the third category to 659,145ha and the fourth category, which is the least threatened,
involves 991,116ha of forests and forestland (Figure 2).

Figure 2. Assessment of forest fire risk

4.1

Construction of fire lines with elements of forest roads

One of the most efficient preventive measures to be implemented is definitely the construction of
fire lines with elements of forest roads. The company Croatian Forests Ltd. opted for this form
of fire lines because fire lines without these elements proved to be unusable, and sometimes even
harmful, especially in the coastal and insland region. The terrain configuration in these areas
prevents vehicle traffic along such fire lines and makes it harder to access forests. In addition,
the fire lines are often overrun with grass and other ground vegetation, making the outbreak and
spread of a fire to adjacent forests a real hazard. Consequently, fire lines with elements of forest
roads are the only efficient protective elements, since they allow firefighters’ vehicles, staff and
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other technical means to reach the fire site easily. The company Croatian Forests Ltd. was intensively involved in the construction of such fire lines in the past period.

Figure 3. Overview of constructed fire lines with elements of forest roads for the period 1992 –2007

A total of 4,373km of such fire lines have been constructed since 1992, or 273km annually on
average. Construction was particularly intensive in 1992, when as many as 520 km were built,
and in 1994 when 496km of fire lines with elements of forest roads were constructed. Information that only 58km of such fire lines had been in existence before 1992 suffices to prove enormous progress in this segment of preventive fire protection.

4.2 Fire surveillance and reporting
Apart from constructing fire lines with elements of forest roads, particular attention is also paid
to fire surveillance and alert measures. The basic task of implementing a fire detection and alert
system is to detect a fire in as short a period as possible and alert organized fire suppression
forces of all the necessary data (site, direction of spread, size, etc.).
Surveillance and fire reporting activities are carried out by monitoring from lookout towers
or observation points and by patrolling on foot or with a vehicle (boat, motorcycle, automobile,
field vehicle, etc.).
All the lookouts and observation sites are equipped with binoculars, maps of areas under
surveillance, fire alert systems, and some basic tools for initial fire suppression, such as water
tanks, axes, shovels, and others. Mobile patrol units, except when using motorcycles, are also
equipped with fire alert tools and some hand tools for initial fire suppression (axes, shovels, water
tanks, etc.)
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Figure 4. Fire alert

In recent years fire surveillance and alert in the company Croatian Forests Ltd. has been conducted from 85 lookout towers and 45 observation sites, complemented with 130 patrol teams.
About 60,000 working days are spent annually on surveillance and alert activities on average.
In Istria, forest fires are observed and reported using a video surveillance system. This surveillance method will soon be implemented in other karst areas (the Mediterranean).
A surveillance-alert service organized in this way reports over 60% of the fires. In view of the
fact that in recent time citizens also report fires (due to mobile phones), the above percentage of
fires reported by the surveillance-alert service is considered satisfactory.

4.3

Intervention teams

Well-trained intervention teams in karst areas have been organized at the level of forest administrations. These teams have at their disposal vehicles or boats and are equipped with adequate
tools and machinery for cutting trees and building fire lines intended to curb the spread of fires.
There are currently 21 intervention teams in the company Croatian Forests Ltd..

4.4

Preventive silvicultural measures

These measures include stand tending and stand thinning, especially in the vicinity of roads, as
well as slashing and removing dry branches. Fire lines with elements of forest roads are also
carefully maintained and so are fire lines in the continental part of Croatia. Other necessary measures aimed at protecting forests from fires are also undertaken.
Silvicultural treatments of slashing and removing dry branches and other easily flammable fu
els are undertaken over and area of about 500-600ha every year.

4.5

Implementation of information-promotional activities

Pursuant to their forest fire protection plans and Action Programme relating to special fire protection measures of interest of Croatia, Croatian Forests Ltd. undertakes annual promotional
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activities involving the setting up of warning signs, fire bans and fire danger signs on all access
paths to forests and along roads, etc.
Over 3,000 such signs are put up annually, primarily in forests facing the first and second fire
danger degree. In addition, jumbo posters are also erected in 300 places along the main roads
informing citizens and tourists of the role of forests in human life and warning them of fire hazards to forests.
Promotional campaigns are particularly intensive in July and August, when danger of forest
fires is at its height. In this period TV spots are broadcast via state and commercial televisions
advising citizens of forest fire danger and pleading for careful handling with fire-causing elements. State and local radio stations are also involved in the campaign.
5

INVESTMENTS IN FOREST FIRE PROTECTION
FOR THE PERIOD 1992 – 2007

In view of the fact that fires pose extremely serious threats to forests in Croatia, especially to
forests in the karst region, i.e. the Mediterranean, business activities of the enterprise Croatian
Forests Ltd. focused on this segment of forest management in this period (Table 5).
Table 5. Average annual investments in forest protection for the period 1992 – 2007
ACTIVITY
Project design and supervision
Patrol service
Construction of lookouts
Maintenance of lookouts
Construction of fire lines
Maintenance of fire lines
Construction of fire lines with elements of forest fires
Maintenance of fire lines with elements of forest fires
Setting up warning signs
Fire suppression actions
Guarding forests
Total

J.M.

Average annual
activities

Average annual
investments (kn)

km
rd
kom.
kom.
ha
ha
km
km
kom.
ha
rd

111,75
54.703,59
6,31
10,65
102,46
1.391,59
273,00
784,03
735,46
220,34
35.548,79

2.217.479
22.086.646
350.000
185.596
527.654
3.118.722
37.833.826
28.872.351
195.360
443.943
18.914.402
114.745.979

On average, over 114 million kuna are invested annually in forest fire protection and prevention. Of this amount, the largest share refers to the construction and maintenance of fire lines
with elements of forest roads. Over 66 million kuna are invested annually in these activities.
Considerable means are also invested in the organization and work of the surveillance-alert
service. A total of 22,622,242 kuna is spent annually on fire monitoring and reporting, as well
as constructing and maintaining lookout towers. Such large means spent on surveillance and
alert, as well as the construction and maintenance of fire lines with elements of forest roads have
proved to be more than justified; in practice, fires are detected and reported rapidly and efficient-
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ly and the constructed fire lines allow firefighters to access most fires with hardly any difficulty.
The remaining means are invested in more rigorous forest patrols during periods of heightened fire danger, in promotional activities and in costs incurred by the Croatian Forests Ltd.
employees engaged in fire suppression activities, and similar.
6

CONCLUSIONS

Fires represent an extremely serious threat for the forest of Croatia, and especially for the forests
on the islands and the coast (the Mediterranean).
In order to prevent such threat, state bodies, public institutions, local management and selfmanagement units, citizens’ associations, mass media and all other subjects involved in fire
protection should implement all the legally prescribed measures within their scope of competence.
Appropriate implementation of preventive fire protection measures is one of the basic prerequisites for efficient and overall forest fire protection. Recognizing the importance of this prerequisite, the company Croatian Forests Ltd. will continue to undertake these measures in the
coming period.
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ABSTRACT: An integrated approach for early forest fire detection and suppression is based on
a practical combination of different detection systems depending on wildfire risk, the size of
the area and human presence affiliated with an adequate logistical infrastructure and innovative
extinguishing technology based on armoured tracked fire fighting vehicles. As large areas have
to be monitored only a remote sensing technology is able to perform early detection adequately.
Fast and effective detection is a key factor in forest fire fighting, for this purpose camera-based
systems are used. To reduce false alarms a remote controlled unmanned aerial vehicle (UAV)
equipped with gas sensors combined with a smoke detector, a microwave radiometric sensor and
a thermal camera flies to the place where a fire is assumed to confirm that the origin of the smoke
was most likely a fire.
1

MOTIVATION

Forest fires are a major problem in many places around the world, significant economic and environmental damages are caused every year, an increasing number can be recorded worldwide.
Global warming has increased the intensity and frequency of droughts in many areas. This is a
major problem in hot countries with low humidity, e.g. Mediterranean regions, California and
Australia. The climate of these countries allow the growth of trees, but have extended dry and
hot periods. In summer and autumn grasses, leaves and shrubs dry out and become highly flammable. Especially the oil of a lot of shrubs is extremely inflammable.
In Germany, the federal state of Brandenburg was graded into the highest hazard class A1 for
forest fires in Europe. Dry and sandy soil, pine as the major tree species and low rainfall are the
determining factors. In addition to location and climatic conditions tree species as well as the age
of the trees are important. During the last years the risk of forest fires was reduced by conversion
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of forests to forests with broad-leafed trees in Germany.
Most wildland fires are human caused. About 95 percent have non-natural causes such as fire
clearing, malicious arson (getting land for building in a protected landscape) or carelessness (e.g.
wild campfires and cigarettes). The other 5 percent are natural caused (e.g. lightning).
2

GENERAL OUTLINE

To avoid uncontrollable wide spreading of forest fires it is necessary to detect fires in an early
state and to prevent the propagation. ���������������������������������������������������������
An integrated approach for forest fire detection and suppression is based on a practical combination of different detection systems depending on wildfire
risk, the size of the area and human presence.
Fast and effective detection is a key factor in forest fire fighting. It is important to move adequate fire equipment and qualified operational performance as fast as possible to the source of
the fire. Furthermore an adequate logistical infrastructure for sufficient supply of extinguishing
devices and maintenance is necessary as well as continuous monitoring of fire spread. Moreover
the training of personnel is an important component for successful combating of forest fires.
At the beginning of 2008 the research project “International Forest Fire Fighting” (iWBB)
was funded by the Minister
��������������������������������������������������������������������������
for Economic Affairs and Energy of the State of North Rhine-Westphalia, Germany. A group of companies, research institutes and universities are working together
for an integrated approach. The idea behind this project is to develop a system consisting of all
necessary parts such as early detection, remote sensing techniques, logistics, training by simulation, and fire-fighting vehicles (Fig. 1).

Figure 1. Schematic structure of the integrated forest fire detection and fire fighting system.
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Applied sensing techniques depend on different risk levels, the size of the area and human
presence (which imply a higher wildfire risk and a need for earlier intervention). Small high risk
areas can be observed by local staff. �������������������������������������������������������������
For very large and low risk areas satellite and aero monitoring is possible. �������������������������������������������������������������������������������
In Germany, several hundred observation towers have been built in forests �����
(Kuehrt et. al., 2001). As large areas have to be monitored only a remote sensing technology is able
to perform the detection adequately. For this purpose camera-based systems are used, especially
in the eastern part of Germany.
Recorded video sequences are transmitted to a control centre and analyzed by an appropriate software. If a fire is clearly identified, fire suppression will be initialized by an alarm going
directly to the fire fighters. As known from other fire detection technologies the problem of false
alarms requires additional measures for alarm verification. Possible false alarms are caused e.g.
by dust produced by farmers, fog, smoke and water plumes produced by power plants (Fig. 2). In
case of an ambiguous decision a remote controlled Unmanned Aerial Vehicle (UAV) can fly to
the place where a fire is assumed to provide detailed pictures and a multitude of other measured
data. Depending on these data a fire will be confirmed or unconfirmed.

Figure 2. Scenes with alarm and false alarm situations

A very high reliability of fire detection and concomitant low false alarm rate can be achieved
by the combination of a microwave radiometric sensor and additional sensors for fire products
respectively smoke particles, working with conventional and established methods of fire detection. These detectors should be insensitive to dust.
The imaging of IR-radiation it is not applicable in early forest fire detection because there
normally is smoke and a plant cover between fire and the sensor. It is known, that IR-waves are
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highly absorbed by leaves. As described by Kempka et. al. (2006) fires can be detected with
radiometric sensors working at frequencies from 2GHz – 40GHz. Measurements at 35GHz and
94GHz were conducted by the FGAN Research Institute for High Frequency Physics and Radar
Techniques. Radiometric sensors can be used to detect a fire even through plant cover, smoke
and dust. Willms et. al. (2008) show the possibility to oversimplify a competitive microwave
radiometer. The radiometer will be mounted on an UAV together with other sensors for early fire
detection. Available space and weight are limited. In the case of monitoring extinguished fires,
observation with a radiometer, gas and smoke detectors and a thermal camera attached to a blimp
is performed.
To reduce false alarms a remote controlled UAV can fly to the place where a fire is assumed
to confirm that the origin of the smoke is most likely a fire. In case of a fire it is an extreme
challenge to control the flames, especially in hardly accessible terrain such as a forest fire in the
mountains. Heavy equipment used by fire brigades is only suitable to a limited degree for rough
terrain. Often it is very difficult to bring adequate fire engines and sufficient water to the source
of the fire. That is why it is often not possible to prevent the propagation of a small fire to a largescale fire. If the source of a fire is not accessible for common firefighting vehicles with conventional tyres it is only possible to extinguish the fire from the air or by using so-called “smoke
jumpers”. A new solution is an innovative extinguishing device mounted on a reconstructed
armoure plateded firefighting vehicle (Fig. 3 and 4) as known from military use, in particular the
Marder A3. An extinguishing system with high-pressure vortex technology was developed to
provide a vehicle with extremely low water consumption (Poeschel, 2008).

Figure 3. Airmatic armoured rescue defend
(RED) firefighting solution

3

Figure 4. Extinguishing with an armoure plated
Airmatic firefighting vehicle

EARLY FIRE DETECTION WITH GAS SENSORS AND SMOKE DETECTORS

The department of Communication Systems (NTS) of the University Duisburg-Essen is working
in the field of fire detection since more than 20 years and owns a fire lab with extensive measurement capabilities used by leading companies in the field of fire detection. In this lab it is possible
to perform fire tests for testing gas sensors and smoke detectors for example aspiration systems
in terms of the availability for use in an UAV (Fig. 5).

58

W. Kruell, R. Tobera, I. Willms, N. von Wahl & S. Heinen

Figure 5. Gas and smoke detection done the department of Communication Systems (NTS)

For developing the detection algorithm and its parameter values a large number of fire and
non-fire tests have to be carried out and have to be evaluated. For proper data several reference
measurement devices are needed. A Dräger Polytron 7000 with gas sensors for the detection of
CO, H2 and NO2 was used for these laboratory tests. For measuring smoke density 2 commercial
highly sensitive aspirating systems are used.
The sensor system shall be used to verify an ambiguous situation detected by a video-based
system. Therefore sensors have to be widely immune against disturbances like steam, fog, dust
pollution and condensing water, which cause video-based systems to give false alarms.
Three phases of fire development are shown in table 1. To achieve the aim to detect forest
fires in a very early state it is essential to understand the ignition phase of a forest fire. This application requires a different way of testing, compared to the test methods for smoke detectors
installed in buildings. The difference to in house installations is the dilution caused by wind. The
sensors have to be sensitive enough to detect even very low smoke concentrations. For this reason CO, H2 and NO2 sensors or a combination of gas sensors together with an aspiration system
will be used.
Table 1. Three phases of fire development
Ignition / pyrolysis phase

Invisible smoke aerosols
Fire gases

Smoldering fire

Visible smoke aerosols

Open fire

Heavy smoke and heat
development
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Detection range of gas sensors
and aspirating systems
Detection range of gas sensors
and optical smoke detectors
Detection range of optical smoke detectors
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Different fuels can have a different effect on the intensity of a forest fire, how fast it can ignite
and the rate of spread. Understanding the behavior of the fuel is of great importance to eliminate
false alarms. Jervis et. al. (2008) have shown that there is a big difference between dead pine
needles and live needles. Dead needles will ignite and burn faster with a higher intensity for
example and cause different values for gas and smoke concentration. Pine needles are representative for Mediterranean regions.
The response behavior of a lot of species was analyzed by performing smoldering fires (ignited by a hotplate) and small open fires (ignited by ethyl alcohol). Straw, hay, oven-dried leaves,
pine needles and small branches were used as fuel. First tests show that it is a good solution to
use a combination of semiconductor gas sensors and an aspirating system. It is possible to detect
fires in the pyrolysis phase of the fire as well as in the smoldering stage. Pictures and results of
two smoldering fires are shown below. Both fires (each with 50g fuel) were ignited by a hot plate,
starting at 23°C the temperature was increased within 11min to 600°C.
The hay fire (Fig. 6) had a very fast rise of the smoke density compared to the pine needle fire
(Fig. 7). A lot of bright white smoke appeared but no flame. It can be seen that the characteristics
of CO, H2 and smoke density are very similar in both cases. Values of the gas concentration are
smoothed due to low pass filtering by the suction tube.
Interesting are the three stages of the oven-dried dead pine needle fire (Fig. 7), beginning
with bright white smoke in the smoldering stage, abrupt flash-over with 50cm high flame and
dark smoke with small particles ending again in a smoldering and out-glowing stage. At the
abrupt transition to an open flame the particle size and the gas concentration of the fire products
are different. The size of the produced smoke particles is too small to be seen well by the infrared
sensor of the smoke detector after flash-over. This phase of the fire should be detected by the
microwave radiometer. After a short time the smoke production is big enough to be seen by the
gas sensor and the smoke detector again.

Figure 6. Smoldering hay fire ignited by a hot plate
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Figure 7. Smoldering pine needles fire ignited by a hot plate

4

FIRE DETECTION WITH A RADIOMETRIC SENSOR

The FGAN Research Institute for High Frequency Physics and Radar Techniques (FHR) �������
department Millimeter-Wave Radar and High Frequency Sensorics (MHS) works
���������������������������
together with the department of Communication Systems (NTS) of the University Duisburg-Essen for the supply of
sensor components for airborne platforms. In early forest fire detection, as illustrated in Figure 2,
normally there is smoke and a plant cover between fire and the sensor. It is known, that IR-waves
are highly absorbed by leaves, the absorption decreases with lower frequencies. Frequencies in
the millimetre wave region were more valuable for this application.

Figure 8. Block diagram of a simplified radiometer
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According to the Planck’s law any object radiates electromagnetic waves. It is well known
that this radiation is strongest at infrared wavelength but that the phenomenon is present in the
millimeter wave region as well. It was shown that it is possible to detect fires with a radiometer.
In a second step it was shown that the radiation can partly penetrate leaves, it is already known
that smoke affects millimetre waves only minimal.
It was investigated if the radiation of fire and the penetration through leaves is high enough
at frequencies in the 10GHz to 94GHz region to detect fires. The first point was proven in a measurement where a 10cm by 10cm large fire was scanned by a 35GHz radiometer at a distance of
10m. A block diagram of a simplified radiometer and a picture of the defined fire can be seen in
Figure 8 and 9. The radiometer was placed in approx. 1.5m height with 10m distance to the fire.
The signal unit of the measurement result (Fig. 10) is [°C]. It is the equivalent temperature of a
resistor, which radiates the same amount of electromagnetic energy at 35GHz as the fire, not the
real temperature of the fire.

Figure 9. Picture of a 10cm x 10cm large fire setup placed in 10m distance to the radiometer

Figure 10. Scan of a fire and its environment at 35GHz

Furthermore, the penetration through leaves was investigated at 35GHz. A fire was set up at a
distance of 5m to the radiometer. First, the fire was measured directly (Fig. 11), secondly, a plant
was placed in line-of-sight (Fig. 12). The color bar scales where chosen unequal to increase the
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dynamics in case of a plant in line-of-sight. The plant consisted of branches and leaves which
have different absorption characteristics. This led to an inconsistent distribution of hot spots.

Figure 11. Scan of fire at 35GHz

Figure 12. Scan of fire with plant in line-of-sight

The major challenge for the implementation of a radiometer on an UAV is the limited given
space and payload. This led to the selection of an antenna in patch technology. A patch antenna
consists of a printed circuit board, where the electronic components can be placed on the back
side. This decreases the payload. An antenna which was simulated and built at FGAN for a
24GHz radiometer is plotted in Figure 13. With its size of 7cm x 7cm it forms a beam with an
opening angle of approximately 10°. The opening angle depends on the wavelength and the antenna size. For instance, a patch antenna of 14 cm x 14 cm would, at the same frequency, lead to
an opening angle of approx. 5°.
In further steps, the angle of beam that is required for the described application will be defined. The footprint on the ground depends, according to trigonometry, on the angle of beam, the
height above ground, orientation relative to earth etc. A minimum ratio between fire size and area
covered by footprint is required to detect fire. Research was and will be done to determine the
minimum ratio, to increase the signal to noise ratio (SNR) and to decrease the payload.

Figure 13. Patch antenna for a 24GHz radiometer
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5

CONCLUSIONS

Semiconductor gas sensors are widely immune against disturbances like steam, fog, dust pollution and condensing water. Together with an aspirating smoke detection system it is possible to
detect even lowest smoke and gas concentrations to confirm an alarm under laboratory conditions. More experiments with different fuel are needed to study the effect of packing density,
packing size and different species on gases and smoke density. Further measurements have to
show response behavior under ambient conditions.
A Microwave detector can be used to detect a fire even through plant cover and smoke. It
overcomes the difficulties of IR detectors because lower frequencies are generally less absorbed
in leaves and smoke.
Concerning the attenuation there are also differences within the GHz range and it was shown
that it is best to choose frequencies with wavelengths as long as possible. For a fixed footprint
this also leads to an increase in antenna aperture. �����������������������������������������������
Since there is only little space and a low payload allowed on a UAV the antenna aperture should be kept as small as possible. A compromise
between frequency and footprint still needs to be defined. For this purpose, the detection threshold of radiometers will be investigated in further steps. All sensors have to be adapted to the
requirements of the UAV concerning payload, size and power consumption.
Finally gas concentration, smoke density, results of radiometric measurement and pictures of
a thermal imaging camera have to be transmitted from the UAV to a control centre to be applied
to a detection algorithm, having a good discrimination between alarm and false alarm.
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ABSTRACT: Live Fuel moisture content (LFMC) is a critical variable for fire danger systems
since as FMC increases ignition delay and fire rate of spread decreases. In spite of the relevance
of LFMC, few fire danger assessment systems explicitly include such estimation since most of
them rely on meteorological data, which are good predictors of dead fuels, but generally do not
provide a reliable estimation of moisture content of live fuels, which are more dependent of
species physiology and soil conditions. Remote sensing data have been proven to be a soundly
alternative to estimate LFMC. Unlike meteorological indices, the estimation of LFCM by remote
sensing imagery is directly derived from vegetation conditions (reflectance or temperature) and
not from atmospheric characteristics. Additionally, the measures are taken from the actual plots
where fire danger is to be assessed, instead of from scattered points (like the weather stations).
This paper presents a method to estimate LFMC from satellite data and include those estimations
into a fire danger assessment system. LFMC of Mediterranean grasslands and shrublands was
estimated from multitemporal Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) reflectance data extracted from Cabañeros National Park (central Spain) using
inversion of radiative transfer models (RTM). A Look Up Table (LUT) inversion method based
on the search of the minimum relative root mean square error (RMSE*p ) between the observed
reflectance and the simulated reflectance found in the LUT was used as the inversion approach.
The estimated LFMC values were converted to fire occurrence (number of fires, burned area and
occurrence of large fires) using logistic regression functions.
1

INTRODUCTION

Forest fires are recurring natural processes in the Mediterranean areas of the world. However an
increase in occurrence and intensity has been detected in the last decades, mainly due to human
action (EFFIS 2006). The higher incidence rate in which forest fires presently occur is a worrying matter, causing high soil erosion levels and being an important cause of vegetation degrada-

		

65

tion (Carreira et al. 1996).
Therefore an increasing interest exists in developing new systems for forest fire prediction and
prevention to limit these negative effects. These forest fire risk assessments generally have as input parameters factors associated to fire ignition, propagation and vulnerability (Chuvieco et al.
2003). The Fuel Moisture Content (FMC , the proportion of water over dry mass (1)) of both live
and dead fuels, has a direct influence on ignition delay and the fire rate of spread and is therefore
an essential variable within these forest fire assessments (Chuvieco et al. 2004). FMC of dead
fuels (DFMC) influences the ignition delay and is therefore very important at the start of forest
fires. DFMC is generally estimated using meteorological indices which have given good results
(Aguado et al. 2007). On the other hand, Live Fuel Moisture Content (LFMC) largely influences
the fire intensity and rate of spread (Byram 1959; Van Wagener 1967), but it is more difficult to
estimate, being the topic of this paper.

(1)

where Wf = fresh weight, Wd = dry weight, A= leaf area, EWT=Equivalent Water Thickness and
DMC= Dry Matter Content
Over time, many different ways to estimate LFMC have been developed. The most direct one
is the measurement in the field but obviously, it is unfeasible to obtain data at adequate spatial
and temporal scale. However, field data is used to validate indirect measurement systems due to
its high accuracy.
Meteorological indices have been widely applied for LFMC estimation (Castro et al. 2003).
Meteorological data are good predictors for DFMC, however LFMC does not change as fast as
meteorological parameters due to the physiological adaptations of Mediterranean plant species to
drought stress (Barceló et al. 1995). In this way, Viegas et al. (2001) found that different species
give different LFMC values for the same meteorological circumstances. Furthermore, meteorological data can be rather limited in densely forest areas since meteorological stations are mainly
situated around urban areas. Due to the problems encountered, it does not seem possible to apply
meteorological indices for LFMC estimation at a large scale and for different vegetation types.
Consequently, the two former methodologies, field measurements and meteorological indices, lack the ability for generalization of the estimations in time and space. Remote sensing
is another alternative for LFMC estimation since variations in LFMC influence the vegetation
reflectance and temperature. Furthermore remote sensing techniques obtain data over extensive
areas at a high temporal scale, both necessary for forest fire risk assessment (Ceccato et al. 2003).
Therefore remote sensing techniques are considered sound methods to obtain LFMC estimations
for forest fire risk assessment. En general LFMC has been estimated constructing empirical
regression models between measured LFMC and radiometric data. Although these empirical
models obtain good results, they are hard to extrapolate in space and time. Therefore, recent efforts have been undertaken to obtain more accurate results at a more global scale by simulation
approaches (Yebra et al. 2008b; Zarco-Tejada et al. 2003). These simulation approaches have fre-
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quently been based on the inversion of Radiative Transfer Models (RTMs). The RTM inversion
general consists in constructing a table of theoretical spectra (Look-Up Table, LUT) and identifying the spectra in the LUT that resembles most the spectra obtained from satellite imagery.
Since these models are based on physical relationship and therefore not sensor or site dependent
they should be more universal applicable, overtaking in this way the main limitation of empirical
models (Yebra et al. 2008a; Yebra et al. 2008b). However, if we want to apply this methodology for local or regional purposes, results obtained from data with higher spatial resolution may
highly improve the estimations, overcoming the limitation of using MODIS reflectance data for
retrieving LFMC over sparsely or mixed vegetation area.
In this study we tested whether inversion of RTMs for LFMC retrieval is also applicable to
sensors with higher spatial resolution. For doing so, we used Landsat-TM/ETM+ reflectance
data because in the past good results using these imagery were obtained, mainly thanks to the
available bands in the SWIR region of the spectrum (Chuvieco et al. 2002). Furthermore the
imagery will be freely distributed from 2009 onwards (USGS 2008). We also tested which combinations of bands and indices give the best LFMC estimations for inversion. Afterwards, the
LFMC estimations were used for forest fire occurrence estimations.
2
2.1

MATERIAL AND METHODS
Study area and field sampling.

The study was performed in Cabañeros National Park, situated in the province of Toledo and
Ciudad Real (figure 1).

Figure 1. Image of the study area with the 5 sampling plots: 2 shrublands (S1& S2) and 3 pastures
(P1, P2 & P3)

The study area is dominated by a Mediterranean climate, this is low winter temperatures and
very high temperatures in summer with overall low precipitation, concentrated in spring and
autumn. During summer the potential evapotranspiration is much higher than the actual evapor-
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tanspriation, leading to a severe drought stress during the hottest part of the year, when the highest forest fire risk exists. LFMC data was collected by the investigation group of the Geographic
Department of the University of Alcalá for more than 10 years. It was measured at 5 plots: 3 plots
of grassland and 2 plots of shrubland, with 3-5 km between each other. Plots were 30 x 30 m
long, coinciding with the Landsat-TM/ETM+ spatial resolution, and situated in areas with gentle
slopes (<5%). Grassland plots were 100% covered with herbaceous species while the shrublands
had a 95% cover of shrub species, mainly Cistus ladanifer, Erica australis, Phillyrea angustifolia and Rosmarinus officinalis. The specie C. ladanifer dominates the shurblands study plots so
LFMC measures for this specie were considered representative of the complete plot.
Field measures were taken every 8 or 16 days, coinciding with the Landsat satellites’ orbital
cycle of 16 days, from the beginning of April to the end of September. Samples were taken at
noon, between 12 p.m. and 2 p.m., when the LFMC is the lowest and consequently, the fire risk
the highest. For herbaceous species all aboveground parts were sampled while only less than
one year old sprouts were sampled from the shrubs. 3 samples were taken in each plot and the
average values were used. Each sample containing about 100g were sealed in an envelope and
weighed with a field balance (precision 0.01g). The samples where then dried for 48h at 60°C
and weighed again at the laboratory. LFMC was calculated following equation (1).

2.2

Image processing

Ten Landsat-TM and 3 Landsat-ETM+ images covering the study site were purchased. LFMC
values had strong seasonal variations and inter-annual differences. Therefore images were obtained for every month of the study period (April - September) and spread over different years
(1996-2002) to have representative data of all variation in LFMC values encountered in the field.
The images were geo-referenced with an RMSE smaller than 1 pixel. Radiometric correction was performed using the coefficients given in the header files and the revised dark-object
method (Chavez 1996). The reflectance of the non-thermal bands was thus calculated with the
following equation:

(2)
Where rk is the reflectance for band k; K is a factor that takes into account the variation in
sun-earth distance; a1,k is a given calibration coefficient; DNk and DNmin,k are the digital values for
band k and the minimal values for band k; Eo,k is the solar radiation at the top of the atmosphere
and Ji the solar zenith angle. K was calculated as a function of the Julian day (D):
(3)
Reflectance data of the imagery was extracted as the median reflectance of the 9 pixels around
the field plot in order to prevent possible anomalous extreme values.
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2.3

LFMC estimation

2.3.1 LUT generation
The simulation approach for LFMC estimation was based in constructing a LUT of theoretical spectra with their corresponding LFMC using radiative transfer models (RTM). Theoretical
spectra for the wavelengths between 400 and 2500nm were obtained using the PROSPECT
linked to the SAILH RTMs.
Reflectivity and transmittance at a leaf level was modeled by the PROSPECT RTM, a model
based in Allen’s generalized “plate model” (Jacquemoud and Baret 1990). The model has 4 input
variables; N, a structure parameter; Cab , leaf chlorophyll a+b; DMC, leaf dry matter content and
EWT, equivalent water thickness. The canopy reflectance was simulated by the SAILH model,
an improved version of the RTM constructed by Verhoef (1984), including the Hotspot parameter (a relation between canopy height and leaf size). The main input variables of SAILH are
the reflectivity and transmissivity of the leaf, simulated by the PROSPECT and the following
canopy variables: leaf angle distribution function (LADF), leaf area index (LAI), soil reflectivity,
solar (θs) and observation (θv) angle, relative azimuth sensor-sun (jsr) atmospheric transmissivity
and the hotspot.
A LUT was constructed by running the PROSPECT-SAILH models for a large variety of
LFMC values. The spectra were afterwards convolved to the Landsat-TM/ETM+ bands to facilitate the determination of the similarity between simulated and observed reflectance. LFMC
for every spectra of the LUT was calculated using two input variables of PROSPECT, DMC
and EWT following equation (1). The input parameters for running the models were taken from
literature and field data, based on Yebra et al. (2008b). Different LUT were constructed for grassland and shrubland. This was necessary because of the differences in vegetation structure and
species morphology and therefore distinct values for the input variables. A survey of the chosen
values for the input variables can be found in Table 1.
Table 1. Model input parameters for pasture and shrublands LUT generation. The LADF parameter was set to erectophyle for grasslands and plagiophile for shrublands. The 3 different
soil spectra introduced were obtained by measured soil reflectance in the Cabañeros National
Park (GER2600) and multiplying this spectrum with a wetness and drought parameter of 0.6
and 1.4 respectively.
Pasture

Shrubland

Model

Parameter

Min

max

step

Min

Max

step

PROSPECT

N
DMC (g cm` ²)
EWT (g cm` ²)
Cab (µg cm` ²)
LAI
Hotspot
θs (°)
θv (°)
jsr (°)

1.25
0.002
0.0001
10
0.5
0.001
27
5
-30

2.25
0.007
0.017
50
1.7
0.001
51
5
-30

0.5
0.001
0.0003
20
0.6
12
-

1.25
0.01
0.012
10
0.5
0.008
27
5
-30

2.25
0.04
0.03
50
2.9
0.008
51
5
-30

0.5
0.003
0.002
20
0.1
12
-

SAILH
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Although a LUT built in this way covers all possible combinations of parameters some problems can arise taking into account that different combinations of parameters can give the same
spectrum. This well-known phenomena is the ill-posed inverse problem (Garabedian 1964), distorting the applicability of the inversion technique. However, many of these parameter combinations do not occur in natural conditions so to obtain a good inversion it is necessary to eliminate
the ecologically unrealistic simulated spectra and just use for inversion the spectra obtained with
realistic combinations of input parameters (Yebra and Chuvieco 2008c; Yebra et al. 2008b).
Strong relationships between different input variables of RTM has been observed in the field
for Mediterranean vegetation (Yebra et al. 2008b,c). Using field measurements two linear relations were established between LFMC and LAI for pastures and shrubland (figure 2). This
dependency can be used for removing the unrealistic parameter combination from the LUT by
eliminating all cases exceeding a certain threshold set around the regression fitting. Yebra et al.
(2008b) randomly set the threshold at 110% of the maximal or minimal residual. This threshold
of 110% is a discussible point and in this study we will search the threshold values that give the
best estimations.

Figure 2. Regression analysis for LFMC and LAI for grassland (left) (adapted from Yebra et al. (2008b)
and shrubland (right)

2.3.2 Inversion technique
Ones the LUT is constructed, containing all possible reflectance and the coinciding LFMC values for a determined set of input parameters, the technique for LFMC estimation consisted in selecting the theoretical spectra, and its coinciding LFMC value, that resembled most the observed
reflectance extracted from the Landsat imagery. The most resembling spectra was determined
by comparing the observed reflectance extracted from Landsat imagery with the theoretical reflectances in terms of the relative root mean square error (RMSE*p ) formulated by Weiss et al.
(2000)(4).

(4)
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where ri,Obs and ri,mod are the observed and simulated spectra in band i and n the number of
spectral bands used to compare both spectra.
2.3.3 Auxiliary information
One of the main problems for LFMC estimation is the confounding effect on reflectance between this variable and LAI. Yebra et al., (2008b) used the MODIS LAI product (MOD15A2)
in the inversion to counteract this distortion effect. However the authors showed that some of
the inaccuracies when estimating high LFMC were related to the saturation of the LAI product
at those high LFMC. Consequently they highlighted the need of new procedures to estimate this
parameter.
Koetz et al. (2005) obtained good LAI estimations using the cumulative temperature mayor
than 8°C after sowing. However the authors constructed the model for crops so it may be inappropriate to apply to Mediterranean vegetation. To overcome these limitations another source of
LAI had to be used. The LAI has its highest values in March. From April on the LAI decreases
gradually, depending on the meteorological circumstances. Taking into account the Julian day of
the year, a good relationship between the day and LFMC was obtained (Fig. 3). LAI values were
extracted from the MOD15A2 product. The MODIS LAI product was not directly used for the
LFMC retrievals to simplify the methodology.

Figure 3. Relationship between LAI and the Julian day of the year for shrublands

2.4

Relations between LFMC and forest fire occurrence

Forest fire risk assessments are currently very focused on meteorological variables. Integrating
LFMC values, together with other parameters, should provide a more complete forest fire risk
assessment. Chuvieco et al. (2008) calibrated 3 different logistic models to predict: (i) periods
with more and less than 7 fires, (ii) periods with and without large fires (>500 ha), and (iii) periods with more and less than 200 ha burned. The logistic regression was based on the formula:
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With the following z functions presented by Chuvieco et al. (2008):
Number of fires:

Z = 2.239 - 0.03*FMCgrass

(5)

Large fires:

Z = 5.035 - 0.057*FMCcistus

(6)

Burned area:

Z = 0.272 - 0.031*FMCgrass

(7)

These formulas were applied to the estimated LFMC to compute fire occurrence and the
results were compared with the field-measured LFMC.
3
3.1

RESULTS
Inversion results

The best LFMC estimations were obtained when the LUT was parameterized applying a 200%
threshold around the LAI-FMC relationship for grasslands and a 40% for shrubland.
Changing the number of selected cases highly changed the results. The best estimations were
obtained selecting between 10-50 cases. When selecting less than 10 cases the RMSE increased
drastically for both vegetation types. When selecting more than 50 cases the RMSE increased
strongly for grasslands, but decreased slightly for shrublands. Selecting 50 cases gave good results for both vegetation types so this number was used for further analysis.

Figure 4. LFMC estimation results for grassland (left) and shrublands (right)

Regarding the radiometric information used for the inversion of grassland refelctance, we
obtained the best result introducing band 4 and 5 (Fig. 4, left). For shrubland no good estimations
were obtained just introducing the reflectance bands or related indices. When fixing the LAI to
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the estimated as a function of the Julian day, the results improved drastically. Consequently, the
inversion for shrublands was carried out introducing the estimated LAI and the band 3 and (Fig.
4, right). Because we introduced LAI estimations for inversion we set the step size for shrubland
LUT generation at 0.1. If we would have kept a higher step value clustered estimations would
have been obtained, useless in forest fire risk assessment. The results show that all high LFMC
of shrublands have the same estimated value (120%). Introducing a simple LAI estimation did
not improve the estimation for grassland. The final inversion models performances are presented
in table 2. Due to the much higher LFMC values present for pastures the RMSE was higher than
the one encountered for shrubland LFMC estimation. For both vegetation types the unsystematic
RMSE (RMSEu) was higher than the systematic one (RMSEs) what means that the errors caused
by the model performance and the predictors were lower than those caused by uncontrolled factors (Willmott, 1982).
Table 2. Model performance for LFMC estimation
r²

slope

RMSE (%)

RMSEs (%)

RMSEu (%)

grassland

0.744

0.819

30.68

15.10

26.71

shrubland

0.767

0.711

13.47

8.90

10.12

3.2

Relations between LFMC and forest fire occurrence

Using the grassland LFMC estimations obtained by RTMs inversion we were able to estimate
the probability of fire occurrence expressed in number of fires and burned area while using
shrublands LFMC the probability of occurrence of large fires (Fig. 5). A clear co-variance can be
observed between measured LFMC (grassland and shrublands) and the estimated probability of
fire occurrence. In this way, periods of high LFMC concurred with periods of low probability of
fire occurrence while periods of low LFMC with high probability of fire.

Figure 5. Relations between measured LFMC values and estimated probability of fire occurrence
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4

DISCUSSION

We have presented a simple inversion method for LFMC estimation. It offers the possibility to
estimate the LFMC at a detailed scale using Landsat-TM/ETM+ data, but may be generalized to
any other sensors which cover the SWIR region.
For shrubland it seemed impossible to disentangle the influence of the LAI from the LFMC
variation, with weaker results obtained using a simple inversion. It seems necessary to control
LAI variation when estimating LFMC of more complex vegetation types. Even the simple LAI
estimation used in this research, not even taking into account inter-annual variations, highly improved the LFMC estimation for shrublands. Next to LAI a band from the SWIR region strongly
influenced by LFMC variations was introduced. Better LFMC estimations were obtained introducing band 7 than band 5 in the inversion. LAI variations have a stronger effect on band 7 than
band 5, so band 7 probably adjusts the LAI estimation to the real situation. For pastures, the
LFMC estimation did not improve when introducing LAI in the inversion. Large inter-annual
variation in LFMC were observed for pastures and it seems logic that this is also the case for
LAI. Therefore improving the LAI estimation could improve LFMC estimations for pastures in
the future.
LFMC estimations for shrubland all had the same value (120%) when very high LFMC values were measured. This is mainly caused by the limitations set for inversion and LUT generation. The median LFMC of the 50 most similar spectra was used as LFMC estimation. Due to
the fixed values for the model input parameters certain LFMC values are very common and have
a higher probability to be chosen. To counteract this tendency Yebra et al. (2008b) introduced
a random noise in the simulation for the LUT generation. This seems a good habit to avoid this
problem. However, we do not consider this lack of accuracy in LFMC higher than 120% because
variations for high LFMC almost do not have influence in forest fire risk assessments. The critical situation is when LFMC is situated between 70% and 30% (Yebra et al., 2008a).
The results obtained with the inversion methodology are quite good, although a lot of noise
is still present in the estimations. Yebra et al. (2008b) obtained better results for pasture LFMC
estimation. One of the most obvious reasons is the fact that we need very exact radiometric
measurements and corrections. This is because we are comparing theoretical spectra with the
ones obtained from imagery. Small changes in reflectivities or inconsistencies between bands
can influence the inversion strongly. The MODIS sensor offers more stable measurements thanks
to eight day composite data. Furthermore, the atmospheric/radiometric correction methods applied for Terra-MODIS data is much more advanced than the ones applied in this study to Landsat-TM/ETM+ data. Therefore less accurate estimations could have been expected when using
Landsat-TM/ETM+ imagery.
Estimating the probability of fire occurrence was possible using the obtained LFMC estimations. A clear co-variation between measured LFMC and fire occurrence was observed.
5

CONCLUSION

An adapted inversion methodology for the estimations of LFMC from satellite imagery was
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presented, giving acceptable LFMC accuracies for grasslands and scrublands. It has been shown
that the knowledge of LAI is essential for accurately retrieving shrubland LFMC. This indicates
that the estimation of biophysical parameters by applying an inversion methodology can significantly improve by controlling the variability of certain parameters that cause the mayor distortions. In this paper a simple equation based on the day of the year has been used as source of LAI.
Inversion of RTM can be used for LFMC extraction from spectral data. Furthermore, the first
indications of the general applicability, making sensor and site independent estimations possible,
have recently been given (Yebra et al. 2008a). This general applicability indicates that these
inversion methods could potentially be used for monitoring of LFMC variations at large scales.
Furthermore, the obtained LFMC estimations had the power to estimate the probability of forest
fire occurrence, expressed in number of fires, burned area and occurrence of large fires. This all
indicates the importance that the estimation of LFMC by inversion methodologies could play in
forest fire risk assessment.
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ABSTRACT: Natural disasters such as floods, wildfires, earthquakes and volcanic eruptions usually result in significant human losses and environmental degradation. In particular, the dramatic
increase in forest fire outbreaks in countries around the Mediterranean basin during recent years
has affected the lives of thousands of people. To minimize the consequences of these catastrophic
events, fire managers and national authorities need to have in their disposal accurate and updated
spatial information concerning wildland fire risk. The assessment of forest fire occurrence represents a critical tool to effectively support the decision-making process in what concerns strategic
(long term) planning with the definition of fire prevention actions at European and national
scales, as well as in the suppression and pre-suppression phase for short-term periods as the case
of the allocation of fighting resources and fuel management among others.
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Meteorological variables influence and determine fire occurrence and behaviour especially in
the case of large fires. Instead, satellite imagery can give important insights about the conditions
of the live fuel moisture content. Fire events occurred in Greece during the fire season of 2003
were recorded and visualized in a GIS environment while meteorological data was obtained from
a mesoscale model and then used to calculate the Canadian Fire Weather Index (FWI). Furthermore, the Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index
(EVI) were calculated from daily MODIS/TERRA imagery. To validate the relationship and to
determine the most important meteorological and vegetation indices affecting both the ignition
and spread of large wildfires, an efficient data mining techniques such as the classification and
regression trees (CART) was used.
Wind velocity and NDVI showed high correlation with fire occurrence. However, errors concerning the exact location of the fire ignition points might have affect the results of the analysis.
No correlation could be established between the weather/satellite data and the size of the burned
area due to the same reason.
1

INTRODUCTION

Fire is an integral part of many ecosystems, including the Mediterranean one. However, in recent
decades the general trend in number of fires and surface burned in European Mediterranean areas
has increased spectacularly (Pausas and Vallejo, 1999). Fires have a profound influence on the
natural cycle of vegetation succession and on ecosystem dynamics (Le Page et al., 2007). To
minimize the consequences of these catastrophic events, fire managers and national authorities
need to have at their disposal accurate and updated spatial information concerning forest fire risk
(Chuvieco and Salas, 1994).
In order to estimate forest fire risk and develop efficient pre-fire planning and management
strategies, information regarding fuel moisture, weather data, vegetation land cover and topography are essential (Koutsias and Karteris, 2000). Fire managers need to spatially describe fuel
characteristics across different spatial scales to aid in fire management decision-making (Leenhouts 1998).
There are two temporal scales in fire risk estimation, namely, the long-term and the shortterm. Long-term fire risk accounts for the risk that does not change, or changes very slowly over
time. Indices developed to assess long term risk, involve the use of variables mostly related to
the structural factors that affect fire ignition and propagation in a given site (Chuvieco 1999)
such as topography, vegetation type, climate, land use patterns and socioeconomic parameters
among others.
On the other hand, short-term or dynamic indices are those based on variables that change
nearly continuously. They aim to estimate the vegetation water content, or what is also referred
to as the vegetation water stress. It is assumed that the dryer the vegetation is, the more prone it
is to be burned. Since it is difficult and costly to directly estimate the vegetation water content,
surrogate variables are used to estimate it (San Miguel-Ayanz et al. 2003). This is often done
through the use of meteorological variables (Viegas et al. 2000), or through the use of vegeta-
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tion indices computed from remotely sensed data (Paltridge and Barber 1988, Lopez et al. 1991,
Illera et al. 1996).
As weather conditions play a significant role in determining fire occurrence and behavior,
several specific meteorological fire danger indices (Bovio and Camia, 1997) have been developed for the estimation of the fire risk level combining different weather variables.
The Fire Weather Index- FWI (Van Wagner 1974), is composed by six sub-indices referring
respectively to the daily variation of water content for fuels with different response time changes
according to weather conditions, the initial rate of spread for propagation, the quantity of fuel
and the expected intensity of the flame front. Each of these components is determined usually on
the basis of information collected from noon local standard time weather readings. Although the
FWI was originally developed for forest fire danger estimation in Canada several authors have
extended its use to Europe and shown that high values of the FWI are linked to high levels of
forest fire risk (Viegas et al. 2000, Gabban et al. 2008).
Satellite remote sensing is considered to be a useful tool in forest fire research since data
can be obtained easily and cost effectively (Chuvieco 1999). Normalized Difference Vegetation
Index (NDVI) is a widely used vegetation index computed from the combination of visible and
near-infrared light reflected by vegetation. Several studies have shown the utility of NDVI index
data derived from high temporal resolution NOAA AVHRR imagery for dynamically assess the
potential fire risk (Burgan et al. 1998, Maselli et al. 2003).
The aim of this study was to assess forest fire occurrence potential in Greece using meteorological data and satellite remotely sensed data.
The specific objectives were:
• to investigate the relationship between meteorological parameters (daily surface temperature,
humidity, wind velocity, precipitation and the Fire Weather Index), daily MODIS imagery
derived products (NDVI, EVI) and recorded fire ignition points in Greece for the year 2003
by employing ‘Classification and Regression Tree’ statistical analysis.
• to investigate the relationship between the size of the burned area and the meteorological/
satellite parameters.
2

STUDY AREA DESCRIPTION

Greece lies at the southern extremity of the Balkan Peninsula in southeastern Europe (Figure
1) and covers an area of 131 000km². It is located in the Mediterranean climatic zone, with
temperatures ranging from below 0 ºC in the winter to 35 ºC in the summer. The mean annual precipitation varies throughout the country, ranging from 400 to 1800mm per year,
corresponding to the strongly undulating terrain. The wet months are March,
April and November, while July and August are very dry (Alexandridis et al 2008).
The landscape of Greece is fragmented by numerous faults and fractures in the earth’s crust.
These faults have produced much of the topography of Greece, as we know it today, namely
mountains and hills (80%) of various heights, small basins, plain areas, deep bays, promontories
and peninsulas, scattered islands, rugged cliffs and coastlines. These formations can be seen
especially in the islands of the Ionian Sea in particular, but on the whole all over Greece itself.
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Much of the country is dry and rocky; only 28% of the land is arable. Greece is endowed with
a spectacular richness of flora - over 6000 species, some of which can be found nowhere else.
Although, northern Greece still has extensive forests, goat grazing, felling and particularly
wildland fires have seriously denuded the rest of the country. Both in south and north Greece,
wildland fires occur on a regular basis, especially during the summer, and constitute a great
threat for the stability of the ecosystems throughout the country.

Figure 1. Location of study area, Greece

3

MATERIALS AND METHODS

3.1 Dataset description and pre-processing
This study used daily weather data collected and distributed by the National Observatory of Athens. In addition, the Fire Weather Index (FWI) was also calculated at the Joint Research Centre
(JRC). Furthermore, daily Moderate Resolution Imaging Spectroradiometer (MODIS) imagery
was employed for the 2003 fire season (Table 1). The ignition points of 383 forest fires which
occurred in the study area were acquired by the Greek Forest Service.
Table 1. Datasets used in this study
Data type
Spectral

Weather
Forest Fires

Variable

Spatial Resolution Source

NDVI images

0,5 km2

NASA. Earth Observing System Data Gateway

EVI images

0,5 km2

NASA. Earth Observing System Data Gateway

Daily FWI images

X /Y Data

Joint Research Centre

Temperature, Relative
Humidity, Wind Velocity,
Precipitation
Ignition Points

Grid 7x7 km
X /Y Data

National Observatory of Athens – Institute
of Environmental Research and Sustainable
Development
Greek Forest Service

A set of meteorological data related to daily temperature, relative humidity, wind speed and
total rainfall was compiled with the use of the PSU/NCAR mesoscale model (MM5). The MM5
is a limited-area, nonhydrostatic, terrain following sigma-coordinate model designed to simulate
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or predict mesoscale atmospheric circulation. Following, weather information for the fire ignition points was extracted on a daily basis from the meteorological dataset using ESRI’s ArcMap
and ArcInfo GIS software (Figure 2).
The Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index
(EVI) were obtained from the MODIS/TERRA daily Surface Reflectance product at 500m pixel
resolution. NDVI and EVI are both global-based vegetation indices aimed at providing consistent spatial and temporal information regarding global vegetation. The EVI is a modified NDVI
with improved sensitivity to high biomass regions and enhanced vegetation monitoring capability through a de-coupling of the canopy background signal and a reduction in atmospheric influences (Liu and Huete 1995).
The two products were reprojected from the Sinusoidal projection to the Greek Grid (EGSA
1987) and the tiles covering the study area were mosaicked and masked to the extents of the
Greek mainland (Figure 3).

Figure 2. Weather data extraction to the ignition
points

Figure 3. Satellite data preparation

NDVI and EVI images were processed using ERDAS Imagine 9.1 software (Figures 4 & 5).
The FWI was calculated in collaboration with the Joint Research Centre (personal communication with Dr. Giuseppe Amatulli).
As mentioned before, the official forest fire database (Greek Forest Service) for the period
May - October 2003 was used. The database includes information related to the spatial location
and date of fire events and the total area burned (Figure 6). For every recorded forest fire, all
weather and satellite information were extracted over the corresponding images. In addition
to the ignition points, adjacent unburned points were sampled on the images. Unburned points
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consisted of land features within a zone less than 20 km from the burned areas. All information
were extracted using ESRI’s ArcMap and ArcInfo GIS software.

Figure 5. EVI image

Figure 4. NDVI image

Figure 6. Spatial location of the fire ignition points
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3.2 Statistical analysis
The regression analysis was carried out by means of a tree-based method, in particular the Classification and Regression Trees analysis (C&RT) in order to identify the relationship between
the several selected variables to explain the fire phenomenon in Greece. For that purpose the
C&RT software, developed by Breiman et al. (1984) was used (Salford Systems, 2001). C&RT
technique modelling selects a set of predictors and their interactions that optimally predict the
dependent measure. The developed model is a classification tree (or data partitioning tree) that
shows how major “types” formed from the independent (predictor or splitter) variables differentially predict a criterion or dependent variable. In our case study, the dependant variable is the
present or absent of fire and the independent variables are the satellite and weather data. The
main goal is to produce subsets of the data that are as homogeneous as possible with respect to
the target variable.
A previous correlation analysis was performed to investigate the degree of linear relationship
among the predictor variables useful to understand their positive or negative correlations. Between the size of the burned area and the meteorological parameters and the parameters derived
from satellite data, the Pearson’s Correlation was applied. Pearson’s Correlation is a common
measure of the correlation between two variables (call them X and Y), reflects the degree of
linear relationship between them and it ranges from +1 to -1. A positive value for the correlation
implies a positive association (large values of X tend to be associated with large values of Y and
small values of X tend to be associated with small values of Y). A negative value for the correlation implies a negative or inverse association (large values of X tend to be associated with small
values of Y and vice versa).
4

RESULTS AND DISCUSSION

This study focused in investigating the relationship among various meteorological and satellite
variables and the existence of forest fires. Wind velocity values established the highest correlation (Table 2) where the predictor importance reached the value of 1. NDVI was found to be an
important factor since it reached 0,679 of importance. FWI and EVI had lower importance, 0,416
and 0,390 respectively. Precipitation, relative humidity and temperature of burned areas did not
differ significantly from the corresponding unburned areas. The mean difference between the
burned and unburned points were 0,09mm, 0,4% and 0,1° C respectively.
Table 2. Predictor variables rank and importance on the regression
Variable Rank
Precipitation
Relative Humidity
Temperature
Wind Velocity
NDVI
EVI
FWI

13
28
25
100
68
39
42
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Importance
0,128
0,279
0,248
1
0,679
0,390
0,416
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As shown above ‘wind velocity’ is the variable that presented the highest importance rank
value in the model. As far as it concerns the satellite derived data, NDVI was the index that presented the best results among the two examined indices. However, it should be noted that both
vegetation indices showed higher importance than all single meteorological variables excluding
wind velocity.
The analysis between the different variables which were used for the calculation of the daily
fire risk probability maps derived from MODIS imagery and from daily meteorological data and
the size of the burned area recorded very low correlations (Table 3).
Table 3. Pearson’s correlation results

It should be noted that the ignition points that were extracted from the official forest fire
database were found to have errors concerning their exact spatial location. This is expected that
has affected the results of the analysis.
5

CONCLUSIONS

The current work investigated the relationship between meteorological parameters, daily MODIS satellite imagery derived products and officially recorded fire occurrence data in Greece for
the year 2003.
Wind velocity and NDVI were the two parameters that presented the highest correlation with
recorded fire ignitions points. However, errors concerning the exact location of the fire ignition
points might have affect the results of the analysis.
No correlation could be established between the weather/satellite data and the size of the
burned area due to the same reason.
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Further investigation is needed to investigate the possible relations among fire occurrence
and weather and satellite derived data. In particular it would be interesting to extend the investigation to other year’s data and to explore the influence of those variables on the burned areas
extension.
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ABSTRACT: Burnt area mapping and burn severity estimation are two key factors in the postfire management. In this paper, the burnt area of a large forest fire in central Spain was quantified
using a η index, defined as a component of GEMI (Global Environmental Monitoring Index). In
addition, burn severity was estimated in terms of GeoCBI comparing two approaches: empirical fitting and inversion of simulation model. The latter was the most accurate, estimating burn
severity with a RMSE= 0.14.
1

INTRODUCTION

Forest fires are a major cause of environmental disturbance in Mediterranean ecosystems, causing biodiversity loss, soil degradation (Doerr et al. 2006), and greenhouse gas emissions (Andreae and Merlet 2001). Post-fire management is normally focused on minimizing post-fire erosion effects (mitigation) and shortening ecosystem recovery times (rehabilitation) (Miller and
Yool 2002). In large forest fires, both post-fire mitigation and rehabilitation treatments can be
costly and cumbersome due to the extension of the area affected. In addition, summertime forest
fires are generally followed by autumn rains, which are often torrential and cause erosion and
soil degradation. Consequently, treatments must be completed within weeks after the fire. In this
context, it is critical to target the efforts on high priority locations to reduce erosion risks in a
cost effectively approach (Miller and Yool 2002). Both short and long-term post-fire effects on
vegetation and soil can be estimated in terms of “burn severity” (Chuvieco et al. 2006; De Santis
and Chuvieco 2007; Key 2005; Lentile et al. 2006; van Wagtendonk et al. 2004; White et al.
1996). After the burnt area mappingg, detailed knowledge of the level of damage and its distribution throughout the burnt area (burn severity map) is a key factor to quantify the impact of fires
on landscapes (van Wagtendonk et al. 2004), to select and prioritize treatments applied on site
(Patterson and Yool, 1998), to plan and monitor restoration and recovery activities and, finally,
to provide baseline information for future monitoring (Brewer et al. 2005). Different methods
of burn severity estimation have been applied using post-fire field evaluation of soil and vegeta-
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tion conditions (Moreno and Oechel 1989; Pérez and Moreno 1998). However, field surveys are
costly and time consuming and do not provide a good spatial coverage. Remote sensing are a
sound choice to map burn severity, since vegetation removal, soil exposure, changes in soil and
vegetation moisture content imply changes in reflectance (Jakubauskas et al. 1990). Indeed, firerelated decreases in chlorophyll content and vegetation moisture lead to decreases in the visible
and near-infrared (NIR) reflectance and increases in the mid-infrared (SWIR) reflectance (White
et al. 1996).
Since the amount of green biomass destroyed by fires depends upon the burn severity, several authors have found good correlations between vegetation indices (namely, NDVI (Chafer,
2004) and NBR and dNBR proposed by Key and Benson, 2002) remotely sensed data, and burn
severity (Díaz-Delgado et al. 2003; Doerr et al. 2006; García-Haro et al. 2001; Hammill and
Bradstock; Ruiz-Gallardo 2004; Sunar and Özkan 2001). Other indices that include the midinfrared spectral region have also shown high correlations, according to Rogan and Yool (2001)
and Wagtendonk et al. (2004), but generally did not perform as consistently as the NBR index.
The studies previously referred to are based on empirical approaches, which are relatively easy
to compute, when a good set of field data is available. However, empirical approaches have also
limitations due to the lack of physics introduced in the retrieval technique which reduces their
generalization power (Weiss 2000). Recent studies have proposed the use of Radiative Transfer
Models (RTMs) to simulate the continuum interval of burn severity levels measured in CBI
(Chuvieco et al. 2007; Chuvieco et al. 2006; De Santis and Chuvieco 2007). RTMs simulate
spectral signatures from a set of input parameters at both leaf and canopy level. In the forward
simulation mode, RTMs are used to analyze the effects of such plant parameters on spectral reflectance, whereas, in the inverse mode, spectra (from remotely sensed data) are used as an input
to estimate some of those plant parameters (output).
The use of RTM in forward mode to simulate burn severity scenarios (in terms of CBI) was
proposed by Chuvieco et al. (2006). De Santis and Chuvieco (2007) used the same simulation
scenario in the inverse mode to estimate CBI values from large forest fire using Landsat-TM
images. RTMs used in both studies performed better than the traditional empirical fitting (De
Santis and Chuvieco, 2007) especially in the extreme values of burn severity. However, in the
intermediate range, burn severity was not correctly estimated, due to the high vertical contrast
between the understory, which was highly affected by the fire, and the less affected overstory
(Chuvieco et al. 2007; Chuvieco et al. 2006; De Santis and Chuvieco 2007). In these studies, the
simulation was carried out linking two models: PROSPECT (Jacquemoud, 1990), a widely used
leaf level model, and a canopy model developed by Kuusk (Kuusk, 2001), which considers each
vegetation stratum as a homogeneous layer composed of a turbid medium, and the validation was
carried out using CBI field values. In De Santis et al. (2008), the authors improved the estimation
using the GeoSail model and the GeoCBI, a new version of the original CBI field index that is
better adapted to the use of remotely sensed data (De Santis and Chuvieco, 2008).
The main objective of this paper is to test the performance of this geometric RTM (GeoSail)
with respect to the use of an empirical model. The validation was carried out in a large forest fire
in a Mediterranean area and burn severity was defined in terms of GeoCBI. In addition the fire
perimeter was extracted using η index, defined as a component of GEMI (Global Environmental
Monitoring Index), which show the best performance in Oliva et al. (submitted).
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2
2.1

MATERIALS AND METHODS
Study area and field data

The study area is located in central Spain (figure 1). This area was affected by a large forest fire
on July 16th 2005, which lasted four days and burned 13,000 ha of pine forest (Pinus pinaster)
mixed with semi-deciduous oaks (Quercus pyrenaica and Quercus faginea).

Figure 1. Study area location

Burn severity was estimated in the field between two weeks and one month after the fire. A
modified version of the CBI, named the GeoCBI index (De Santis and Chuvieco, 2008), was
computed for each plot. This index is a modification of the original CBI (Key and Benson, 2005),
which was designed to improve retrieval of burn severity values from remotely sensed data. The
modifications were based in considering the fraction of vegetation cover and changes in LAI. In
accordance with (Key 2005)), average conditions of soil and plant communities were visually
examined in 30m-diameter field plots, and the vegetation was considered to be composed of five
strata, organized in a hierarchical structure (field estimation, table 1). The main field variables
assessed to estimate GeoCBI were litter and fuel consumption, changes in soil colour, foliage alteration, canopy mortality and char height. These attributes are rated in numerical scores ranging
from 0 (unburned) to 3 (completely burned). The numerical rating derived for each attribute was
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obtained from a consensus of two field observers.The main modification proposed to improve
the correlation of the field index to reflectance of burnt area, was to quantify the contribution to
the burn severity of the total plot of each vegetation stratum taking into account its fraction of
cover (FCOV, percentage of cover with respect to the total extension of the plot). Consequently,
the GeoCBI was computed as follows:

(1)

where m is the identification of each stratum and n is the number of strata.
A total of 104 field plots were selected within areas with homogeneous burn severity levels, as
recommended by Key and Benson (2005).

2.2

Remotely sensed data

In consistency with the field plot size (30 m), a post-fire Landsat 5 Thematic Mapper (TM, 30
m pixel, figure 1) image was selected. Image data sets were radiometric and geometrically corrected and an illumination correction was also carried out due to the ruggedness of the terrain.
The accuracy of the burn severity estimation was quantified in terms of the Root Mean Square
Error (RMSE) between simulated GeoCBI (extracted from the burn severity maps obtained from
remotely sensed data) and that observed in the field.

2.3

Burned area mapping

According with previous studies (Oliva et al., submitted), we selected η index to map the burned
area. This index is defined as an intermediate component of GEMI (Pinty and Verstraete 1992),
but since η index is a vegetation index on its own we decided to use it as a separate index.
(2)

Where,
(3)
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A two-phase thresholding process was applied (Chuvieco et al. 2008; Garcia and Chuvieco
2004; Pereira 1999). The first threshold aimed to reduce commission errors, and therefore only
those pixels with the clearest burned signal were selected. The second was focused on reducing
omission errors and, therefore, a more relaxed criterion was applied. The final map of burned
areas is a combination of the maps obtained with the two thresholds. Polygons obtained with the
second threshold are retained only if they contained “seed pixels” (result of the first threshold).
The first threshold was defined as the mean of the burned area, computed from a random sample of 200 burned pixels. And the second threshold was defined as the mean plus the standard
deviation. A 5x5 median filter was applied over the second threshold map in order to eliminate
isolated pixels and to smooth out the outline of the burned area.

2.4

Empirical fitting

For the empirical fitting, several spectral indices and transformations were tested. NBR (Key
and Benson, 2002) was selected for being the only one index specifically developed for burn
severity analysis. This index was calculated for the pre- and post- fire images, after which the
dNBR (equation 3) was computed. Likewise, NDVI from both pre- and post-fire images was
obtained and consequently, dNDVI was generated. In addition to these indices, the Tasselled
Cap (Kauth and Thomas 1976)����������������������������������������������������������������
)���������������������������������������������������������������
transformation and the Hue, Intensity, Saturation (HIS) transformation (Koutsias et al. 2000)) were computed from the TM7, TM4, TM1- RGB composition.
Single reflective bands of the TM post-fire image and the results of spectral indices and linear
transformations were correlated against the GeoCBI of all field plots. Due to the spatial resolution of the TM sensor and to the size of field plots (30 m diameter), the data to be used in the
empirical fittings were extracted using the pixel value corresponding to the coordinates of the
centre of each field plot. As suggested by Key and Benson (2005), a sub-sampling was carried
out from the total 104 plots to obtain a similar representation of each severity group (GeoCBI
under 1.5, from 1.5 to 2.5, and over 2.5). A total of 47 plots were randomly selected and used for
the calibration of the empirical model. The remaining 57 plots were used in the validation phase.
The linear regression technique applied was the stepwise forward selection (SPSS 13), and the
empirical fitting was evaluated using the RMSE between observed and predicted GeoCBI.

2.5

Parameterization of simulation model

At leaf level, the PROSPECT model was used in forward mode to simulate only one representative spectrum for each of two reference leaf types (green and brown). In the case of green needles, the input parameters were derived from reference literature, while for the brown needles
input values were selected considering leaf deterioration due to the fire.
At canopy level, as observed by Chuvieco et al. (2007), supervised simulation yielded better
results than full range variations in burn severity retrieval, because this method reduced the noise
introduced by unrealistic combinations when random combinations of inputs were considered.
In short-time assessment of burn severity, field experience helped to select realistic combina-
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tions of damage levels between the different vegetation strata, which depended on vegetation
type and both fire behaviour and intensity. For these reasons, only supervised combinations
of inputs were used in this study to perform the canopy simulation (for more details about the
parametrization of the models see De Santis et al., 2008). The GeoCBI simulation was carried
out in intervals of 0.05, for GeoCBI values from 2.3 to 3, because this is the most relevant range
(moderate and high) of burn severity in the short-term post-fire assessment. In the remaining
cases (GeoCBI from 0 to 2.2), the step varied between 0.1 and 0.5.

2.6

Model inversion strategy

The set of spectra obtained from the canopy level simulation, were matched with a look up table
(LUT), where each GeoCBI value corresponds to a reflectance spectrum (figure 1). The LUT
was turned into a spectral library and convolved to Landsat 5 TM bands. This spectral library
was used as reference spectra (endmembers) to perform a Spectral Angle Mapper (SAM) supervised classification. SAM is a pixel-based supervised classification technique that measures the
similarity between spectra, in this case between each pixel in the TM images, and the simulated
spectra included in the LUT. The similarity is computed from the spectral angle (in radians),
when each spectrum is considered as an m-dimensional feature vector, with m being the number
of spectral channels (Kruse et al., 1993; Debba et al., 2005). This angle is independent of the
length of vector (Bakker & Schmidt, 2002), so it is insensitive to differences in illumination or
albedo. The result of this classification was a burn severity map, in which GeoCBI values were
assigned to each pixel of the post-fire image.
3
3.1

RESULTS
Burnt area mapping

Figure 2 showed the burned area mapping process. It can be observed the significant reduction
of commission pixels after the median filter application. In addition, the selection process of the
burned area perimeters using the pixels selected by the first threshold allowed to eliminate the
remaining commission pixels.
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Figure 2. Burned area mapping process

3.2

Empirical fitting

The GeoCBI of the total plot correlated most strongly with Greenness (Tasselled Cap transformation result) and dNDVI (r= -0.76 and r= 0.76, respectively), followed by TM band 4 and
NDVI (r = -0.75). NBR and dNBR had a correlation coefficient slightly lower (r= -0.72 and r=
0.73, respectively). These results suggest that the NIR is the most sensitive spectral region for
burn severity estimation. In contrast, the SWIR has a low sensitivity to minor differences in high
CBI values. This explains why TM band 7 (SWIR) had a low correlation (r= 0.39), due to the fact
that most observed CBI values were high. A total of 47 randomly sub-sampled plots were used
to perform the linear regression. The linear regression returned a model with the dNDVI and the
S result of the HIS transformation:
CBI=1.679 + 2.83dNDVI - 9.574S
This model explained 67% of the total variance and its fitting showed an R2adjusted=0.66
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3.3

Simulation model

The GeoSail simulation was based on a set of 30 supervised spectra that corresponded to GeoC�����
BI values from 0 to 3. Simulation results showed the expected trends in reflectance for different
values of burn severity (Chuvieco 1999; Chuvieco et al. 2006; Key 2005; Pereira et al. 1999;
Trigg and Flasse 2000).

3.4

Burn severity maps

The severity map in figure 3 (left) was calculated using the empirical model. Since GeoCBI is a
continuous index, the value of each pixel was represented using a colour scale with six intervals
that emphasize differences in high severity values. Unburned areas were masked using the fire
perimeter. Intermediate values are predominant in this map, due to the over-estimation of the
lower CBI and to the under-estimation of the higher GeoCBI.
The map obtained using the inversion of the simulation model (figure 3, rigth) shows three
zones or belts in a NE-SW direction. The two outer belts show a great contrast between very high
and low GeoCBI values. The central belt is more homogeneous (very high GeoCBI), but since
the colour scale emphasizes the small differences between CBI=2.7-2.9 and CBI=2.9-3, which
are due to the presence/absence of tree crowns, it is possible to identify narrow stripes with high
and very high CBI, parallel to the maximum slope line. The red plotted areas correspond to the
zones which had a direct contact with the flames, whereas the yellow-orange areas represent
the areas where the crown was scorched by the high temperatures from the surrounding the fire.

Figure 3. Burn severity maps

3.5

Performance of simulation versus empirical model

Figure 4 shows the comparison of the performance of both methodologies, which was carried
out correlating observed and estimated GeoCBI. The linear fitting obtained using the inversion
of the simulation model is close to the 1:1 correlation, with low dispersion of the values and a
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R2= 0.61. The Root Mean Square Error (RMSE) between observed and simulated GeoCBI is
also very low (RMSE= 0.14) and the accuracy is homogeneous in all range of the field index.
In the case of the empirical model, there is a general underestimation of the burn severity values
and a higher dispersion of the values respect to the linear correlation. The correlation coefficient
is significantly lower than in the previous case (R2=0.35) and consequently the RMSE is very
high (RMSE = 0.66). Moreover, the underestimation is higher in correspondence of the lower
GeoCBI values.

Figure 4. Scatterplot between observed and estimated GeoCBI values using both methodologies
(validation phase)

4

CONCLUSIONS

Burn severity is a key factor in post-fire assessment, but has normally been estimated from
field observations and empirical fittings using remotely sensed data. The first method is costly
in terms of time and both human and economic resources, and has a limited spatial coverage.
Nowadays, field work is cost-effective in the verification phase of remote sensing methods.
Empirical fittings may render a high correlation with the ground truth data within a certain study
area. However the results are site-specific and difficult to apply on other areas. RTMs offer an alternative approach to represent the variability of burn severity. Simulation results are independent of local conditions and are therefore applicable to all site and sample conditions (Privette et
al. 1996). The accuracy of biophysical variable estimations from inversion techniques mainly
depends on the quality of the radiative transfer model and the type of inversion technique used,
as well as the a priori knowledge of the distribution of input variables (Gastellu-Etchegorry
2003; Weiss 2000 4680).
In this paper, the model inversion and the empirical fitting methods were compared, using
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Landsat TM imagery. In order to identify the differences in the performance of both methods.The
model inversion method was most accurate than empirical fitting and showed a very homogeneous accuracy in all range of GeoCBI. Therefore the severity map derived from this technique is
by far the most accurate. The information derived from these burn severity maps can be used to
identify areas with different levels of burn severity, and thereby assist forest managers in allocating resources for restoration efforts (Patterson and Yool 1998).
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ABSTRACT: The vegetation fires are a regular phenomenon with extraordinary scale in space,
time and context, at least in Croatian coastal and sub coastal regions and islands. Although the
vegetation fires are very likely to happen every year, their dimensionality and impact were not
recognised by response at the level that is as good as necessary. The smaller and medium fires of
vegetation and other types of fires that are spatially stable and last shorter time can be suppressed
by existing technology, organisation and forces. For larger vegetation fires, which are moving
fast, that appear at several locations and last for longer time the existing fire suppression system
can not provide adequate response and provide necessary protection. This case happened many
times in the year 2007 (examples of vegetation fires that were “imported” from Bosnia and Herzegovina) and warned that it is last minute to apply adequate measures that would enable system
for needed efficiency of the fire suppression of vegetation fires. The existing fire suppression
system should be transformed into the fire fighting system, with needed command, control, communications and intelligence (C3I) structures suited to new purposes. Our attention is focused to
the system that should provide information and data about vegetation fire, its features, context,
endangered infrastructure, and other valuable objects, fire fighting forces, effects of the suppression, hot spots detection after suppression, etc. Regarding the early warning the most efficient
solution is the use of the lookout towers, that are suitable for protection of the high valued forests
if a large detection budget is available (e.g. national parks). The lookout towers cover fixed area,
they are expensive but provide constant surveillance. Oppositely, the use of the aerial platforms
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is flexible, provides intermittent surveillance, it is less expensive than lookout towers but could
be used for early warning only in limited cases. Once the vegetation fire was detected the aerial
reconnaissance and surveillance have many advantages in comparison to lookout towers, while
they can be available in the regions where vegetation fires broke out. The two mentioned approaches of the acquisition of the vegetation fires data and information are complementary and
are not competitive; the lookout towers are dominant for early warning while the aerial systems
are the only means to provide intelligence of the existing vegetation fire to the fire fighting
commander in the real time. In the paper, we present approaches to develop systems for the
airborne reconnaissance and surveillance of the vegetation fires that were designed and realised
in the project “System for the multisensor airborne reconnaissance and surveillance in the crisis
situations and the protection of environment“. There are several abilities how to provide aerial
reconnaissance and surveillance: a) The use of the unmanned aerial vehicle (UAV) with one or
two electro optical sensors (colour camera and thermal long wave infrared camera) that provide
imagery of the fire and transmit it to the commander in a real time, only in the visual range of
system operator. b) The use of the manned helicopter and thermal long wave infrared camera,
without radiometric processing for the survey of the fire perimeter c) The use of the helicopter
or an airplane with infrared thermal camera and multispectral sensors and post processing that
provide reliable fire perimeter assessment, detection of the hot spots during the existence of
the fire, geocoded reports about vegetation fire and the contextual information, with the guaranteed probability and the coverage of the fired area. The first attempts to use remotely piloted
unmanned aerial vehicle (UAV) for the imagery acquisition of the vegetation fires started in the
2003. (M. Hucaljuk). In the year 2007, project “System for the multisensor airborne reconnaissance and surveillance in the crisis situations and the protection of environment” was started,
that advanced this UAV based imagery acquisition system and transforms it into an intelligence
gathering system. Main contributions are: improvements in aerial vehicle guidance and control
to allow more stable flight, the development of the mission control station that enables mission
planning, preparation and execution, a georeferencing of the imagery, some interpretation of the
vegetation fire scene, quick reporting, mission analysis etc. Further advancement covers imagery
processing and interpretation at the mission control station. While the legislative constrains limit
the operation of the UAV for civil purposes, the development of the more powerful intelligence
system for fire fighting is conduced on the manned helicopter as a test bed. Once legislative
restrictions disappear, the larger UAV with longer endurance will be produced or purchased and
the acquisition system that was developed and tested on the manned helicopter will be installed
on this type of the UAV.
1

INTRODUCTION

The smaller and medium fires of vegetation and other types of fires that are spatially stable and
last shorter time can be satisfactory suppressed in Croatia by the existing technology, the organisation and the forces. For larger vegetation fires, which are moving fast, that appear at several
locations and last for longer time, the existing fire suppression system can neither provide adequate response, not provide necessary protection. This case happened many times in the year
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2007 (examples of vegetation fires arrived from Bosnia and Herzegovina and Monte Negro) and
warned that it is the last minute to apply adequate measures that would advance a system for the
needed efficiency of the fire suppression of vegetation wild fires. The existing fire suppression
system should be transformed into the fire fighting system, with needed and the suitable command, control, communications and intelligence (C3I) structures. Our attention is focused on
the information gathering and the processing systems as an input of the fire fighting intelligence
system. For this purpose is available the airborne surveillance and the reconnaissance technology
and options that are feasible for the operational applications in the fire fighting in Croatia. After
the general discussion of the need (not fully formal and rigorous) are considered the options of
the a) preventive surveillance (before the activation of the wild vegetation fire) and b) airborne
the reconnaissance and surveillance of the activated wild vegetation fire. The a) and b) activities
are complementary and not competitive, while the integration of their results can provide significant impact on the efficiency of the already available fire fighting forces and the technology.
2

GENERAL CHARACTERISTICS OF THE NEED

The very general characteristics of a need for fire fighting of the wild vegetation fires in Croatia
could be analysed using the official data provided by the National protection and rescue directorate,
of the Republic of Croatia (www.duzs.hr), Tab. 1.
Table 1. Vegetation wild fires in Croatia in the years 2000. – 2006.
Year

Number of fires

Area ha

2000
2001
2002
2003
2004
2005
2006

7797
4024
4692
6923
2853
3368
3571

129883
27251
74945
77359
8988
21407
18782

The finer insight into the spatial – temporal distribution of the larger wild vegetation fires is possible using the data and the annual reports of the European Forest Fire Information Service (EFFIS), [9], [10], the example is shown on the Fig. 1.
Through the seasons, the spatial distribution of the wild vegetation fires changes its density,
in the Spring the maximum density of the wild vegetation fires shifts to the central parts of the
country. The only rare sources are available in Croatia that enable more thorough insight into the
spatial – temporal features of the wild vegetation fires, example is [13], that considers the situation of the Dubrovačko Neretvanska Conty. Examples from [13] are shown on Fig. 2, Fig. 3 and
Fig. 4. For the Splitsko – Dalmatinska County certain information about wild fires are given in
[3]. The Fig 3. enables the better feeling of the complexity of the wild fires situation in the case
shown at Fig. 2. and the required efforts of the fire fighting forces.

Airborne reconnaissance and surveillance of the vegetation fires

101

Figure 1. The distribution of the larger (> 1x1 km) wild vegetation fires in Croatia, from 1.06.2007. to
30.10.2007. g. (http://effis.jrc.it/ ). The typical „fires season“ in Croatia is from June till October. Note
a increased density of the vegetation fires in two regions, in the Southern (the coastal and the subcoastal
region) but although in the Eastern parts of Croatia.

Figure 2. Example of the spatial – temporal behaviour of the wild vegetation fires around Dubrovnik, on
4th and 5th August 2007. [13]. The arrows show the directions of the advancement of a fires, a red line is
the border of the area attacked by the fire, a blue line is the border between the Republic of Croatia and
Bosnia and Herzegovina. The fires arrived from the territory of Bosnia and Herzegovina.

The considered data and the examples show that the protection against the wild vegetation
fires should be able to shift its firefighting resources in accordance to the prevailing spatial – temporal density; this is the common practice of Croatian firefighting system. In this context, we
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will consider the role of the reconnaissance and the surveillance of the wild vegetation fires. The
allocation of the resources for the preventive surveillance and the early warning has to follow
the importance and the value of the protected areas, good example of the stationary tower based
early warning is [3]. The main candidates for stationary tower based system of the early warning
are e.g. the national parks, the parks of the nature, the valuable forests, the important industrial
and infrastructural facilities etc. The expenses of this kind of the preventive protection should be
covered by the owners (or by the responsible agencies) of the mentioned objects. The analysis of
the balance between the cost and the benefit of the detection of the forest fires [2] and thorough
analysis of the effectiveness of the airborne operations in the firefighting against the wild forest
fires [5] are useful references for development of the surveillance and reconnaissance systems,
and we use them.

Figure 3. The 3D presentation
of the situation shown on Fig.
2, [13]

Figure 4. The zoomed image
of the wild vegetation fires in
the region around Dubrovnik,
in the period 1.06.2007. to
30.10.2007. Data obtained on
EFFIS nework,
(http://effis.jrc.it/ )
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3

SATELLITE BASED SERVICE OF THE EARLY WARNING APLIED IN CROATIA

The national protection and rescue directorate, of the Republic of Croatia started to use services
[10] from June 2008. The result is the experimental early warning about the wild vegetation
fires in Croatia and about the wild vegetation fires approaching the Croatian borders from the
territory of the Bosnia and Herzegovina and the Monte Negro. The full potential of this new
functionality in Croatia is not exploited yet, the advancement is expected in the year 2009.
4

AIRBORNE RECONNAISSANCE AND SURVEILLANCE SYSTEMS AVAILABLE IN
CROATIA

The airborne visual surveillance and the reconnaissance in Croatia is used in the case of the larger wild vegetation fires lasting several days and covering larger area, but the only one airborne
remote sensing system is available in the year 2008., Fig. 5a. It was realised in the frame of the
technology project “System for the multisensor airborne reconnaissance and surveillance in the
crisis situations and the protection of environment“, TP-06/0007-01, supported by the Ministry
of science, education and sports, of the Republic of Croatia, [14].

a

b

Figure 5. a) The airborne multisensor system was developed in the project TP-06/0007-01, only for civil
applications, and is demonstrated, tested, calibrated and evaluated (March – June, 2008.) in cooperation with Croatian Air Forces. This is advanced version of the former system of the project ARC. b) The
former simpler system was developed and used in years 2001. – 2003., in the frame of the project ARC
(Airborne Minefield Area Reduction, European Commission Project IST–2000-25300).

The existing airborne multisensor system, Fig. 5a., has five digital electro – optical sensors,
the computerised acquisition by one computer, the positionining and the orientation by means of
the inertial measuring unit, the parametric geocoding by the software PARGE and the navigation
by means of the moving map and the GPS receiver, [12]. Only one operater manages the acquisition. In the former system were used three computers for the acquisition, two operaters managed
the acquisition and the positional acuraccy was provided only by GPS data. The hyperspectral
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sensor worked in the line scanning mode, while in the new system is enabled a full hyperspectral imaging mode, [16]. The longwave infrared (thermal) sensor works in digital 14 bits mode
and enables variety of the remote sensing modes of the surveillance of the wild vegetation fires.
The availability of the synchronised images (longwave infrared, the visible and near infrared
hyperspectral images, color images, as well as the color infrared images) enables application
of the variety of methods for the reconnaissance and surveillance of the active wild vegetation
fires, and we will focus our attention in year 2009. to the problems related to this matter, [4],
[7], [8], [15], [17]. The previous experience collected [11], on the former airborne multisensor
system, Fig. 5b, will contribute to the assurance and the control of the quality of the remote sensing functionalities of a new system. The considered airborne system, Fig. 5a., is multipurpose
multisensor system, a version like the one shown on Fig. 5b. is a simpler solution that can satisfy
current and acute needs of the reconnaissance of the wild vegetation fires.
5

THE LIGHT AERIAL MODEL WITH DUAL SENSOR AND THE MISSION CONTROL
STATION

The development, production and the operational use of the unmanned aerial vehicles (UAV) in
Croatia has seventeen years history. This fact should be in favor of the civil application of the
UAVs in Croatia, in comparison to the experience in other countries, for e.g. [1], [6], [18], [19],
[20]. The first attempts to use remotely piloted UAV for the imagery acquisition of the vegetation
fires started in the 2003. (Mr. M. Hucaljuk), and later a company Pastor Group supported his activity. The technology project “System for the multisensor airborne reconnaissance and surveillance in the crisis situations and the protection of environment”, supported by Croatian Ministry
of science, [14], advanced the imagery acquisition system and transformed it into an intelligence
gathering system. Main contributions are: improvements in aerial vehicle guidance and control
to allow more stable flight, the development of the mission control station that enables mission
planning, preparation and execution, a georeferencing of the imagery, some interpretation of the
vegetation fire scene, a quick reporting, a mission analysis etc. The further advancement covers
the imagery processing and the interpretation at the mission control station. While the legislative
constrains limit the operation of the UAV for civil purposes in many aspects, the current vehicle
uses a legal name “the light aerial model” and not the UAV! The current version of the light
aerial model, Fig. 6., was demonstrated several times in 2008., although its testing, calibration
and evaluation are not finished yet. Nevertheless, the advanced model was tested in fire fighting
environment in late summer of 2008. and experience was encouraging despite the unreasonable
administrative obstacles.
The development of the interpretation functionalities of the considered system is accomplished by the use of the manned helicopter Bell-206, where are wider limits of the weight. In
this case the helicopter is used as a test bed. Once legislative restrictions disappear, the larger
UAV with the longer endurance will be produced or purchased and the acquisition system that
was developed and tested on the manned helicopter will be installed on this type of the UAV.
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Figure 6. The light aerial model produced by Pastor Group and advanced by technology project [14].
The system for the surveillance and reconnaissance of the wild vegetation fires consists of the light aerial
model, mission control station (MCS), communication subsystem, radio control station (RCS) and auxiliary items. Onboard of the model are two sensors, a colour camera and long wave infrared (thermal) camera, both deliver video imagery via analogue microwave link.

6

EXAMPLES OF CURRENT WORK

The aim of the developed airborne systems, considered in the chapters four and five, is to provide the intelligence data about the wild vegetation fire to the fire fighting commander and the
operational officers. The data and the information they need shall be timely, they shall cover the
area of interest and these requirement pose the limitations on the operational characteristic of the
used technology, [5], [7], [8], [15], [17]. We avoid a further discussion of this matter while it is
core of the further development of their implementation in the operations, and we present several examples of the current work. Examples of the controlled fire show the images obtained by
digital sensors in the visible wavelengths, Fig. 7, in the long wave infrared Fig. 8 and Fig. 9. The
digital 14 bit infrared images provide potential for variety of digital processing methods which
can satisfy requirements of the near real time detection of the wild vegetation fire.

Fig 7. The digital colour photogra- Figure 8. The image acquired
phy of the controlled fire
in long wave infrared, 14 bits

Figure 9. The long wave
infrared image processed

There are several options of the processing and the interpretation of the longwave infrared
images of the vegetation fire, among them the treshlding can be recognised by the firefighting
commander as an extremely useful tool., see example Fig.10.
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Figure 10. Thresholding the long wave infrared image in the real time, during the reconnaissance flight,
enables detection of hot spots (yellow), colder areas (green). The real time histogram (red) and threshold
inform about relative distribution of the presented values. Made by ThermaCamResearcher (Agema).

The behaviour of the vegetation fire, the structure of the fire, the influence of the variety of
factors makes the measurement of the wild vegetation fires a very complex task, [7], [8], [15],
[17]. The probability models for detection of the hot spots of [7], were applied on the long wave
infrared sensor we use, Fig. 11.

Figure 11. The detection probability
for the hot spot, at the temperatures of
smouldering (370 oC), glowing (590
o
C) and flaming (860 oC). For the
probability 90% the flight altitudes
should be 325 m, 425 m and 480 m
respectively.
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7

CONCLUSION

The airborne systems for the reconnaissance and the surveillance of the wild vegetation fires
were developed and realised in Croatia. One is aimed for use onboard of the helicopter Bell-206
with digital sensors and acquisition system. This system was tested, calibrated, evaluated and is
ready for the operational use. The second is based on the light aerial model (UAV); the testing is
under way, after the calibration and evaluation will be available for operations.
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ABSTRACT: The wild fires of the vegetation are in the Mediterranean countries very frequent,
the fire fighting requires extensive resources, material losses are significant and casualties of
firefighters are one of the worst consequences. Due to large spatial extension, and the duration
of several days, many of the vegetation wild fires are often demanding for advancement of the
firefighting technology. In Croatia is the existing organization a mixture of the public professional firefighting brigades and firefighter volunteers and it can successfully cope with smaller
and medium vegetation wild fires. In the case of the dynamic spreading of the fires at larger area
and lasting more than day or two, these resources are not sufficient. There are several approaches
how to improve efficiency of the available fire fighting resources and they are related to costly
organizational changes, change of funding scheme, purchasing the new technology etc. Nevertheless, to the future of the started processes, the training of the fire fighting commanding officers
and operations managers is a constant need and it is part of the normal activity. One part of the
education and training not implemented yet is the training for management and commanding in
larger and spatially and temporally changing fires of the vegetation, requiring more firefighters
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(e.g. more than 100). The vegetation fires in the year 2007. In the coastal region, especially in
the Dubrovnik – Neretva County, show all deficiencies of the existing fire fighting system in the
Republic of Croatia and stress the need for urgent and significant advancements.
The training could be one of important goals. One of the contributions to the solution of the
problem is to introduce the best suitable simulation program for the training of the commanders
and operation managers. In many fires, the lack of information about the current state and the
dynamic evolution of the fire play a central role. Thus, vegetation fire perception in real-time is a
key issue for the development of advanced fire fighting strategies. For this purpose concept of the
simulation system was derived that includes well selected software, that is approved by historical data of former vegetation fires, the matched digital elevation model, the spatial information
of the vegetation cover, other contextual dependent data (wind strength and direction, moisture
of the fuel, type of fuel). Analysis of various simulation software showed that some of them are
suitable and reliable for short term, near real time prediction, when the uncertainty and the lack
of information and data has the largest risky impact on decision. By use of the simulation for
the determined starting position at time when the early warning information is received, several
alternatives can be derived and ranked in accordance to the relevant criteria. Commander can
evaluate options and his decision can better match to the likely development of the vegetation
fire. The software for the simulation and the operational prediction of the vegetation fires was selected, approved on the historical fires data of islands Lastovo and Korčula, supported by needed
spatial data and evaluated in the frames of the project. Further steps are: validate it preliminary
at the workshop of firefighting commanders and operations managers and operationally evaluate
its value during the firefighting season in the main firefighting operations centre. The experience
collected in these steps will serve for definition and the design of the system for the simulation
and the operational prediction of the vegetation wild fires.
1

INTRODUCTION

The severity of the wild vegetation fires in Croatia requires improvement of the efficiency of
the existing firefighting system. There are several approaches how to improve efficiency of the
use of the available fire fighting resources, all connected to the costly organizational changes,
changes of funding scheme, purchasing the new technology etc. We consider following ways
that can advance the existing firefighting system: a) involve training by the simulation, b) introduce application of the satellite borne early warning about forest fires approaching the borders
of the country, c) apply the airborne remote sensing technology for the surveillance and reconnaissance of the wild fires, d) apply the simulation software for the operational prediction of the
advancement of the vegetation fires, e) integrate all previous into an intelligence system. The
activities and results regarding a), b), d), e) achieved in the frame of the technology project TP06/0007-01 [12] supported by the Ministry of the science, education and sports of the Republic
of Croatia are presented in next chapters, while the activities and results related to c) are separately shown in [9].
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2

TECHNOLOGY PROJECT INITIATIVES

The technology project “System for the multisensor airborne reconnaissance and surveillance
in the crisis situations and the protection of environment”, TP-06/0007-01, supported by the
Ministry of the science, education and sports of the Republic of Croatia was prepared in the year
2006., and realized in the years 2007. and 2008. [12], [8]. The following set of the requirements
determines aims, goals, tasks and expected results of the development and the implementation of
the operational prediction module:
• Produce a software module for the operational prediction of the wild vegetation fires, by
means of the public software system Farsite [7], following the conclusions and recommendations given in [4]; combine it with GIS software that is in use or is suitable to the user.
• Implement the operational prediction module in a way that can apply topographic maps, and/
or digital ortho photo maps (DOF) and the digital elevation model (DEM)
• Complete the contents of the used maps and/or digital ortho photo maps (DOF) by data about
objects existing in fact (vegetation polygons, types of vegetation, clearings in the forest,
paths, ways, objects, etc.). For this purpose apply the data collected by the airborne remote
sensing systems and implemented methods and procedures for the interpretation of the vegetation wild fires.
• Consider and select the sources that can provide data about the vegetation needed for the
operational prediction of the wild vegetation fires (the biodiversity maps of the Republic of
Croatia, the interpreted satellite images, the colour digital ortho photo maps, etc.).
• Foresee the options of the application of the prediction module a) in the field, on the Mission Control Station (MCS), during the use of the aerial survey system, based on the light
unmanned aerial vehicle [9], after the flight and the processing of the images; b) in the Firefighting Operations Centre, where are available all needed cartographic and other data, which
receives vectors of the actual, real thematic contents from MCS.
• Provide functionality for the analyses and simulation, for the operational advancements of
the models that are implemented in the module for the operational prediction of the wild
vegetation fires.
• Demonstrate the operational prediction module to fire fighting commanders and operations
officers, test it in the fire fighting operations centre and decide about the future steps.
• Initiate further development of the simulation technology and its implementation into the fire
fighting system in Croatia.
The mentioned initiative is accomplished in the technology project [12]. A group of researchers (from Institute for Physics Zagreb and Faculty of Geodesy University of Zagreb) and experienced firefighting managers presented their results at the workshop in the School of the firefighting and protection and rescue Zagreb on March 6, 2008, [6]. The response of the audience was
very positive and supported the efforts for further development, see next chapters. The National
protection and rescue directorate, of the Republic of Croatia decided to support in the years 2008.
and 2009. further development and implementation of the simulation system in its various forms,
for the needs of the firefighting in Croatia.
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3

TRAINING BY THE SIMULATION

The training of the fire fighting commanding officers and operations managers is a constant need
and it is part of the normal activity. One part of the education and training not implemented yet
is the training for management and commanding in larger and spatially and temporally changing fires of the vegetation, requiring more firefighters (e.g. more than 100). The vegetation fires
in the year 2007. in the coastal region, especially in the Dubrovnik – Neretva County, show all
deficiencies of the existing fire fighting system in the Republic of Croatia and stress the need
for urgent and significant advancements, [10], [11]. The training could be one of important
goals. One of the contributions to the solution of the problem is to introduce the best suitable
simulation program for the training of the commanders and operation managers, [4], [7]. In many
fires, the lack of information about the current state and the dynamic evolution of the fire play a
central role. Thus, vegetation fire perception in real-time is a key issue for the development of
advanced fire fighting strategies. For this purpose concept of the simulation system was derived
that includes well selected software [7], that is approved by historical data of former vegetation
fires, the matched digital elevation model, the spatial information of the vegetation cover, other
contextual dependent data (wind strength and direction, moisture of the fuel, type of fuel), [1],
[6]. The firefighting commanders and the operations officers, who participated the workshop [6],
stated that the system for the simulation of spreading the wild vegetation fires is a perfect tool for
the training. Training by simulation is suitable for supposed larger and spatially and temporally
changing fires of the vegetation, requiring more firefighters (e.g. more than 100). This initiative
should be accomplished in the next year.
4

THE OPERATIONAL PREDICTION OF THE SPREADING OF THE VEGETATION
FIRES

In many fires, the lack of information about the current state and the dynamic evolution of the
fire play a central role. Thus, vegetation fire perception in real-time is a key issue for the development of advanced fire fighting strategies. For this purpose concept of the simulation system
was derived that includes well selected software, [7], [4], that is approved by historical data of
former vegetation fires, the matched digital elevation model, the spatial information of the vegetation cover, other contextual dependent data (wind strength and direction, moisture of the fuel,
type of fuel), [1]. Analysis of various simulation software, [4], showed that some of them are
suitable and reliable for short term, near real time prediction, when the uncertainty and the lack
of information and data has the largest risky impact on decision. By use of the simulation for
the determined starting position at time when the early warning information is received, several
alternatives can be derived and ranked in accordance to the relevant criteria. Commander can
evaluate options and his decision can better match to the likely development of the vegetation
fire. The software [7] for the simulation and the operational prediction of the vegetation fires
was selected, approved on the historical fires data of islands Lastovo and Korčula, supported
by needed spatial data and evaluated in the frames of the project, [1]. The most critical issue of
the implementation of the system for the operational simulation of the vegetation wild firs is the
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availability of the spatial data. Due to support of the National protection and rescue directorate of
the Republic of Croatia, the geodetic data that exist in the Geodetic Directorate of the Republic
of Croatia are provided for further implementation of the operational and training simulation
systems. A further development and implementation of the simulation system is supported by the
National protection and rescue directorate, of the Republic of Croatia.
5

APPLICATION OF THE SATELLITE PROVIDED DATA FOR EARLY WARNING

The early warning information about wild vegetation fire is extremely important, and efforts
cope with this demand world wide, [2], [3], [5], [13]. A global initiative and service of the early
warning about larger forest fires [3] has its European branch [5]. At the workshop [6] was announced possibility that National protection and rescue directorate, of the Republic of Croatia
could start to use services [13], [5] and in June 2008. this functionality started. The main benefit
of the applied function is the early warning about the wild forest fires approaching the Croatian
borders from the territory of Bosnia and Herzegovina and Monte Negro. The seriousness of this
kind of the fires (“imported from abroad”) is thoroughly described in [10], [11], Figure 1. and
Table. 1.
The initial testing of the satellite early warning service in a fire season of the 2008. contributed to the better awareness of a new potential resource, but its full value will be used when the
operational simulation become operational.

Figure 1. The forest fires
that arrived in Dubrovačka
Neretvanska County from surrounding countries as given in
Table 1
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Table 1. The forest fires that arrived in Dubrovačka Neretvanska County from the Federation
of Bosnia and Herzegovina (Federation BH), Serbian Republic (SR) and Monte Negro, from
14.03.2007. to 6.08.2007., [10], [11]. Total area under fires in Croatia was 8311 ha.
Nr

Date

Time

Location

Town/County

ha

Arrived from

1
2
3
4
5
6
7
8

14.03.07
17.07.07
19.07.07
21.07.07
21.07.07
25.07.07
28.07.07
29.07.07
04.08.07
04.08.07

22:30
20:25
06:40
04:00
10:18
17:00
16:00
05:30
19:00
20:30

Plat
Debeli brijeg
Trnovica
Šibenica
Čepikuće
Glušci
Sanković
Zažablje
Zavrelje
Postranje

35
555
541
70
230
10
20
1800

Federation BH
Monte Negro
Federation BH
Federation BH
Federation BH
Federation BH
Federation BH
Federation BH

9

04.08.07

22:00

Plat

3476

Federation BH

10

05.08.07
05.08.07
05.08.07

05:00
17:00
21:08

Ivanica
Golubov kamen
Duba-Stravča

Župa dubrovačka
Konavle
Dubrovačko primorje
Metković
Dubrovačko primorje
Metković
Metković
Zažablje
Župa dubrovačka
Župa dubrovačka
Župa dubrovačka,
Konavle
Dubrovnik
Dubrovnik
Konavle

764

11

06.08.07

11:30

Ivan Križ-Stravča

Konavle

810

SR
SR,
Federation BH

Sum of the fires in Croatia (from 14.03 to 6.08.2007) that arived from abroad, in ha.

6

8311

APPLICATION OF THE AIRBORNE RECONNAISSANCE OF THE VEGETATION
FIRES

Although the suppression of the wild vegetation fires is dominantly realized by the
airborne technology (Canadair, Air Tractor, Mi-8 MTV), the airborne reconnaissance
and the surveillance for this purpose is only visual and a helicopter Bell-206 is aimed
for this purpose. In the frame of the technology project [12], were developed and
realized two kinds of the airborne reconnaissance and the surveillance, [9]. One is
based on the application of a “light aerial model” (this is strictly legal name for this
kind of the plane, although is in common use the term the unmanned aerial vehicle
(UAV)). The aerial model is advanced by the autopilot and ground based mission
control station. Onboard of the aerial model are two sensors, a color camera and the
long wave infrared thermal camera. Wireless microwave communication provides both
video images in the real time on the ground. The other system is a multisensor system
that is used onboard of the helicopter Bell-206. It is aimed to collect digital data about
fires and deliver them after the landing. Both approaches are presented in [9].

116

Milan Bajić, Miše Miloslavić, Katica Biljaković, Damir Starešinić, Sanja Šamanović & Ana Kuveždić

7

INTEGRATION INTO A FIREFIGHTING INTELLIGENCE SYSTEM

The year 2008. was successful regarding the new approved technologies that can
significantly advance the command and control of the larger and longer lasting wild
vegetation fires. They are considered in the previous chapters and in [9]. This situation
is an ideal opportunity to integrate efforts of these different activities and establish
an advanced firefighting system. The experience, references and approved own
developments are guarantee that one such project is feasible.
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ABSTRACT: We have used the vegetation fire growth simulation software Farsite to simulate
the spatio-temporal evolution of two historical vegetation fires that occurred on the Adriatic
islands of Korčula in 1998 and Lastovo in 2003. The spatial, vegetation, meteorological and
agrometerological data have been obtained from various national agencies. The historical fire
perimeters have been collected by firefighting commanders. By selecting the appropriate fuel
models from the extended set of fuel models in Farsite, we have obtained a very good match
between the simulated fire perimeters and observed ones. The sets of fire models corresponding
to the Mediterranean vegetation on these two islands will be used as the starting point for the
calibration of Farsite for the operational use in the Croatian firefighting organization.
1

INTRODUCTION

Vegetation fires occur frequently on the Croatian coast of Adriatic Sea, particularly during the
summer months. In this densely populated area, prompt and efficient fire suppression and control is essential in order to prevent casualties and significant material losses. However, it is
not always easily achieved, as the dry climate and highly flammable Mediterranean vegetation
support high fire spread rates while complex relief and frequent, even diurnal, wind changes
prevent reliable spread direction estimates. This condition resulted in numerous large-area fires
in recent years. The problem of fire suppression management is even more important on Adriatic
islands, where local volunteer firefighter crews have to be supplemented by external firefighting
resources in the case of large-area fires and the correct estimate of these resources is essential
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for successful fire suppression. The use of fire growth simulation software, which is capable to
predict the spatio-temporal fire spread in conjunction with reliable spatial and meteorological
data and proper vegetation fuel models might help firefighting commanders to manage the fire
suppression more efficiently.
Here we present the results of the first simulations of the historical vegetation fires on the
Adriatic islands. This work represents the first step towards the simulation-based operational
support to firefighting organization in Croatia. In this respect, it encompasses more than just
the simulation and aims at establishing the system for the data collection, simulation and dissemination of the results in collaboration with relevant state agencies, academic institutions and
firefighting organization (Bajić, Miloslavić and others 2008).
2

INITIAL PROCEDURES

The first step in the preparation for the simulation of the fire growth was the selection of the appropriate simulation software package. The choice of Farsite (Finney 1998) has been based on
the comparative study of several fire growth simulation software packages released in 2001. by
CLIFF project of the IST FP5 programme. According to this study, the Farsite software is the
most versatile, accepting detailed spatial variations in the relief and vegetation as well as spatiotemporal variation of the meteorological and agrometerorological (fuel moisture) conditions.
Also, it featured the most advanced treatment of multiple fire occurrences, merging/overlapping
fire lines and enclaves. Various simulation results can be exported in several formats accepted by
standard GIS software. Finally, it is released free of charge and, apart from the Windows-based
executable, parts of the code that perform the actual computing are available as well. All this
makes Farsite a very good choice for the initial study/simulation of actual historical fires.
Next we have verified that the various data sets required by the software package are available and identified the sources of these data. The official topographic maps at scale 1:25 000
(TK25) and 25 m resolution digital terrain models (DTM25) can be obtained on request from the
State Geodetic Administration. The official vegetation maps, created according to the Habitat
classification of the Republic of Croatia, are available from State Institute for Nature Protection, on-line and on request. The meteorological and agrometeorological data are available from
the Croatian Meteorological Service. The level of historical or prognostic data details we are
interested in requires additional processing, however, for the state agencies it is available free of
charge upon agreement.
The data on the evolution of the fire growth in time for the historical fires we have obtained
from the firefighting commanders. This level of the fire data collection is beyond the official requirements and depends on voluntary work by commanders. It cannot be accessed through official reports and it has to be retrieved from the local firefighter archives or even personal archives.
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3

DATA SETS, FORMATS, CONVERSION PROCEDURES AND EXAMPLES

The historical vegetation fires that we have studied in this work occurred on the island of Korčula
in 1998. and on the island of Lastovo in 2003. We have obtained scanned topographic maps with
the fire perimeters at different times, every few hours for Lastovo, where the fire have been contained within one day, and daily for Korčula, where the fire have been contained after 10 days.
The scanned topographic maps have been georeferenced in Autodesk Map. This was followed
by a manual vectorization of the fire perimeter lines and by exporting of all lines to the shape file
format, suitable for Farsite.
The obtained DTM data are based on Bessel’s ellipsoid, 6th zone of the Gauss-Krüger projection. As the DTM data are distributed according to the sheet line system Croatian national
topographic map TK25, several sheets had to be combined in IDRISI to cover the entire surface
of the islands. The aspect and slope data have been computed from DTM in IDRISI and exported
as raster data in the GRASS ASCII format. In order to import them in Farsite, minor changes in
the file header had to be made.
Additionally, the main and secondary roads, rivers and buildings have been vectorized from
topographic maps using the same procedure as for the fire perimeters. The position of some of
the main roads was necessary for the emulation of important firefighting activities which effectively present barriers for the fire spread.
The vegetation maps have been derived from the habitat maps of the Republic of Croatia. We
obtained the maps in the shapefile format, geocoded in the Gauss-Krüger projection on Bessel’s
ellipsoid, zone 5. The attribution is according to the the Habitat classification of the Republic
of Croatia, which is compatible with the CORINA Landcover classification and the smallest
attributed area is 9 ha. The two islands are covered with about 10 different habitat types. The
important ones are the urban/industrial areas, cultivated agricultural habitats, meso- and thermo-Mediterranean short-grass grasslands, Adriatic lowlands garrigues and meso-Mediterranean
woodlands of mixed broadleaved and coniferous evergreens. The maps have been transformed
in IDRISI to match the projection and the extents used in DEM and the attribution has been converted to the simple numbers with appropriate legends. Then they have been converted to rasters
and exported in the GRASS ASCII format.
The fire spread in the woodlands of Lastovo and Korčula proceeded mostly through the active crown fire, as witnessed by the fire commanders at the fire sites. In order to include it in the
simulation, additional themes for Firesite have been created from the vegetation map, describing
the canopy characteristics. For the woodland areas the canopy cover has been set to 100%, while
for the other areas to 0%. Likewise, the crown height has been set to 10 m and base height to 1
m, according to the rough estimates based on the experience of firefighting commanders we have
collaborated with. The crown bulk density value has been set to 0.1 kg/m3, a density at which the
crown fire remains active regardless of the spread rate.
The meteorological data required by Farsite are the daily temperature and humidity maxima
and minima, precipitation and cloud and the temporal variation of the wind speed and direction. For both Korčula and Lastovo these data had to be transcribed from analog meteorological
station outputs. The wind speed on the beaufort scale and the cardinal wind direction has been
recorded on Korčula in 1998. at 7, 14 and 21 o’clock daily. The wind speed has been converted
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to the average values in m/s for each class on beaufort scale, while the cardinal directions have
been converted to azimuths. On Lastovo the wind speed with the 1 m/s resolution and wind direction with 11.25° resolution has been recorded every 10 min. Our collaborators at the Croatian
Meteorological Service have verified the recorded wind variations against the ALADIN based
prognostic values for the corresponding periods. Moreover, additional numerical simulations
based on the more realistic MM5 model have been performed on the 1 km grid, as we wanted
to check if there have been any significant spatial variations of the wind and to include them in
the simulation. However, neither the direction nor the speed of the wind in the simulations have
been affected by the relief, so we used in the simulations the recorded values as reliable for the
entire area.
The initial fuel moistures have been calculated from the moisture codes based on the Canadian Forest Fire Weather Index (FWI) System, according to the standard conversion formulas (Van
Wagner 1987). The moisture codes are released daily by Croatian Meteorological Service. The
standard fuel sizes are categorized in Farsite according to the time lag of the moisture changes
as 1hr, 10hr and 100 hr and they do not correspond entirely to the fuel types described by fine
fuel, duff and drought codes in FWI, however this is the only available estimate that we have
had. For the island of Lastovo the 1hr fuel moisture was 2%, the 10hr moisture 3% and the 100hr
moisture 5%. For the island of Korčula the corresponding moistures have been 3%, 5% and 8%
for 1hr, 10hr and 100hr sizes.
It should be noted that such fuel moisture estimates are suitable for the vegetation and conditions in Canada for which FWI has been developed and they can vary substantially depending on
the species producing corresponding fuel. Moreover, the values of the live vegetation moisture,
required by Farsite, are not included in FWI and we have adopted in our simulations some previously published values (Arca 2007, Duguy 2007). Fortunately, systematic measurements of the
fuel moistures in various meteorological conditions for characteristic Croatian vegetation are in
progress.
4

SIMULATION PROCEDURE AND RESULTS

With all required data available, the simulation procedure was rather straight forward. The spatial resolution has been set to 25 m corresponding to the raster cell size. The time steps have been
set to approximately 1/10 of the typical time interval between the observed fire perimeters, 10
min for Lastovo and 1 hour for Korčula. The crown fire has been modeled according to the Scott
and Reinhardt method. Torching and spotting was excluded from the simulation, as it required
a lot of computational time and the results were not entirely reproducible. Other parameters not
previously defined, such as fire acceleration, fuel moisture calculation intervals, and canopy
foliar moisture have been adopted according to the values preset in Farsite.
There are only several fuel models predefined in Farsite for each type of vegetation (grass,
shrub, woodland) which is present in the vegetation maps of two islands, particularly if the
corresponding climate type is taken into account. We have tried various combinations of available fuel models for corresponding vegetation types in order to match as closely as possible the
fire perimeters observed after given periods of time. Eventually we have obtained very good
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agreements between the simulated and the observed fire perimeters at first two time intervals,
as presented in Figure 1. for Lastovo and in Figure 2. for Korčula. At longer times, however,
the simulated perimeters exceeded the observed ones. The figures represent actual maps from
Farsite which combines vegetation map draped over DTM with road and man-made object map.
Legends, toponyms and ignition point symbols have been added afterwards.

Figure 3. (in color online) The excerpt of the vegetation map of Lastovo draped over the DTM with the
observed (thick red line) and simulated (thick black line) fire perimeters after 3 hours (left panel) and after
9 hours (right panel). Yellow star represents the ignition point, thin black lines represent roads and white
squares man-made objects.

Figure 4. (in color online) The excerpt of the vegetation map of Korčula draped over the DEM with the
observed (thick red line) and simulated (thick black line) fire perimeters after 13 hours (left panel) and
after 39 hours (right panel). Yellow star represents the ignition point, thin black lines represent roads and
white squares man-made objects.

The most suitable fuel models that produced presented simulation results are as following.
For the woodland it was the very high load, dry climate timber-shrub fuel model (TU5 of Scott
2005) for both islands. For the grass it was short, sparse dry climate grass (GR1) for Lastovo and
low load dry climate grass (GR2) for Korčula. For the shrub it was the low load dry climate shrub
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(SH2) for Lastovo and very high load dry climate shrub (SH7) for Korčula. Urban and cultivated
areas have been declared as nonburnable, the simulated perimeters deviated from observed ones
at longer times.
5

DISCUSSION

Presented results demonstrate a very good correspondence between the observed and simulated
fire perimeters for two historical vegetation fires, with all required parameters given within the
available accuracy and with appropriately selected fuel models corresponding to the climate of
these islands. They suggest that the vegetation fires on the Croatian coast of the Adriatic Sea can
indeed be successfully simulated with the fire growth simulation software Farsite.
However, there are several issues that have to be addressed here and in the future development of the simulation-based operational support to firefighting organization in Croatia. First
of all, the results of the simulations at times longer than presented deviate from the observed
fire perimeters, i.e. the simulated fire spreads faster than observed. This discrepancy originates
almost certainly from the fire suppression activities during the fire. Unfortunately, the prevailing
firefighting method of the ground firefighting in Croatia is the use of the fire retardants, even in
the case of wildland fires, and this method is not incorporated in the Farsite fire spread model.
Thus, at longer periods of time when the firefighting activities start to affect substantially the fire
spread, Farsite is not capable to predict is successfully. The use of Firesite as the operational support should therefore be restricted to the evaluation of the initial, still uncontrolled, fire spread,
which still has substantial merit, or the Farsite model should be extended to support the ground
fire suppression with retardants as well. Although this latter approach seems to be quite complicated, we believe that the basic modification would consist of adding the spatial and temporal
variation of the fuel moisture content corresponding to the ground crew position and fire suppression capacities.
In this respect, even the fuel model parameters we have obtained from the simulations of the
initial fire spread should be taken with caution. It is particularly evident in the different choice
of the fuel models for nominally same grass and shrub vegetation on two islands. It is not possible any more to determine accurately the state of the vegetation in these two cases prior to the
fire and to determine whether the difference in the fuel model selection corresponds to the actual
differences in the vegetation or it is a consequence of the fire suppression. The only indication
we have that the difference in the vegetation might be real is the fact that the same area on the
Lastovo island has burnt in 1998. i.e. 5 years before the fire that we have simulated. It is possible
that the vegetation has not completely regenerated in this period so the choice of fuel models
with smaller load seems reasonable.
The second issue is the determination of the actual fuel moisture content, which is an important parameter whose small variation can affect considerably the fire spread. As we have already
mentioned, the fuel moisture contents we have used are based on the Canadian FWI System
which is not necessarily appropriate for the Mediterranean vegetation. The ongoing development
of the proper Croatian system will lead to better estimates of the moisture content for different
fuel types. On one hand, it will improve the predicting power of simulations, but on the other it
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will require the re-evaluation of the appropriate fuel models.
The third issue, which has been already partially addressed above, is the precise determination of the vegetation cover characteristics. As we have shown, different fuel models that we
have used for the same vegetation types in the simulations probably originate from the different
cover characteristics such as fuel load and depth. The more information is available about such
variations in the regions where Farsite will be used for operational support, the more appropriate
fuel models could be used and the simulations will be more reliable. A new method that combines the imaging spectrometry and LiDAR data (Koetz and others 2008, Mutlu and others 2008)
enables a detailed assessment of the spatial patterns of fuel types as well as the three-dimensional
structure and state of the vegetation. The initial attempts to introduce the airborne multisensor
imaging in the reconnaissance and surveillance procedures in the crisis situations and the protection of the environment have been already achieved (Bajić, Gold and others 2008) and the results
are promising.
Finally, although the results obtained for the two islands are promising, these are just the first
steps towards the operational use of the fire growth simulations in the firefighting activities. A
much wider set of historical vegetation fires will have to be analyzed in order to create a reliable
data base of the vegetation cover of the Adriatic coast of the Republic of Croatia with the corresponding fuel models. Unfortunately, the detailed information on the spatial and temporal evolution of historical fires, as we already mentioned, is sparse. Therefore the further development
will crucially depend on the ability to survey systematically the new vegetation fire occurrences
and to collect as much data required for the simulations as possible. In this respect, the collaboration with the fire fighting organization and particularly with field commanders is essential. The
field commanders can authorize airborne surveillance of the fire perimeter, help in the evaluation of the volume and the impact of the fire suppression activities and instruct the field crew to
monitor the spatial and temporal evolution of fire perimeter. On the other hand, as the simulation
system evolves, they can eventually benefit from the results of the simulations and help in the
evaluation and the validation.
We have already presented the simulation software and the results from this work to the
experienced firefighting commanders and received a lot of interest and support for further development. Even in the present state the software can serve for the education and training. Recent
contacts with the National protection and rescue directorate and acceptance of the project proposal submitted to the Directorate provide the possibility to continue our work and to achieve
the final goal.
6

CONCLUSION

We have demonstrated in this work that the vegetation fire growth simulation software Farsite
can be used to simulate the spatio-temporal evolution of the vegetation fires on the Croatian coast
of the Adriatic Sea, provided that all required spatial, vegetation, meteorological and agrometerological data are collected and the appropriate fuel models are selected. In the case of two
historical vegetation fires that occurred on the Adriatic islands of Kor-čula in 1998 and Lastovo
in 2003. a very good correspondence between the observed and simulated fire perimeters for two
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historical vegetation fires has been obtained. For the operational use in the Croatian firefighting
organization, however, several advancements are required. The fire spread model used in Farsite
has adapted to the fire fighting techniques used in Croatia and the vegetation data base with corresponding fuel models has to be created and verified through the simulation of the systematically monitored new vegetation fire occurrences.
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ABSTRACT: Meteosat second generation images can be successfully used for the detection and
positioning of the forest and vegetation fire, due to very high sensitivity of the 3.9 µm channel to
high temperatures. The main disadvantage is rather low spatial resolution, due to which the size
of the fire cannot be precisely determined. In addition, the presence of the clouds above the fire
can completely eliminate the effect of the high temperature on the ground, making the hot spots
invisible to the 3.9 µm channel. The advantage of the Meteosat data is high temporal resolution,
which enables tracking of the changes with only 15 minutes interval between the images. The
work shows practical application of the properties of the 3.9 µm channel for the detection of the
fires on the Croatian Adriatic coast and the adjacent regions.
1

INTRODUCTION

Forest and vegetation fires at the Croatian Adriatic coast are very frequent during summer season
and year after year they cause substantial material damage. In summer 2007 more than 750 fires
were recorded at the coast and on the islands, destroying nearly 160.000 acres of trees and other
vegetation. In a tragic fire on the island Kornat there were even human casualties. This statistics
clearly show the importance of the early detection of fires. Detection of wild fires in uninhabited
or very scarcely inhabited areas is one of the most frequent fields for using remote sensing data.
On the global level monitoring is performed by using the data from polar-orbiting satellites due
to their good spatial resolution. These data are used for fire detection in many countries, especially in the higher latitudes (i.e. Canada, Finland). In our part of the globe the time-span between
two successive images is the main reason why they can’t be used for the operational fire detection. Since the launch of the first of the Meteosat Second Generation (MSG) satellites fire monitoring over Europe and Africa is enabled from the geostationary orbit. The only disadvantage of
monitoring the fires from the geostationary orbit is rather low spatial resolution of the data. The
advantage is, however, very high temporal resolution, with new data being available every 15
minutes and since the summer 2008, with rapid scanning service over Europe, every 5 minutes.
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2

PROPERTIES OF THE 3.9 µM CHANNEL

Temperature measured on the site of the forest or vegetation fires is usually in the range of 500
to 1000 K, or in average around 750 to 800 K. According to Wien’s displacement law, given as
l= kT-1

(1)

where l is the wavelength, T is the temperature and k a constant, the wavelength of the maximal
radiation of the black body is reversely proportional to its temperature. Taking into account the
constant k (k=2898 Kµm), if the temperature of the radiating body is about 750 K, the wavelength of the maximal radiation coming from that body will be about 4 µm. This is the reason
why 3.9 µm (or in case of NOAA satellites 3.7 µm) channel is the most appropriate one for fire
detection. SEVIRI (Spinning Enhanced Visible and Infrared Imager) instrument on board of
both Meteosat-8 and Metosat-9 satellites, currently in orbit, measures the radiation in 11 spectral
regions, among which is also the one at 3.9 µm. The radiation in 3.9 µm channel enables the
recognition of the hot-spots, which represent the fires.
An important property of the 3.9 µm channel is its strong response to change in the temperature, which can be seen from Figure 1.

Figure 1. Relation between the radiation intensity and the wavelength for different black-body temperatures.Left: short wavelengths - strong non-linear increase of radiance with increasing temperature; Right:
long wavelengths - more “linear” increase of radiance with increasing temperature. (Adapted from: Introduction to Channel 04 (3.9 µm), MSG-Interpretation Guide, 2006)

The distribution of the radiance for longer wavelengths, on the right-hand side of Figure 1
(for example 10.8 µm), has almost linear response to temperature, whereas for the 3.9 µm, as
seen in the left-hand side of Figure 1, the response to temperature growth is much stronger. That
makes 3.9 micron channel especially sensitive to high temperatures.
Another very important property is the sub-pixel response. This can be explained by assum-
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ing that the area caught by the fire is of a size that matches 25% of the size of the pixel in the
satellite image. If only 25 % of the pixel has a temperature of about 500 K the temperature measured for the whole pixel in 3.9 µm channel will be around 450 K, whereas at the same time the
temperature in other IR channels, for example 10.8 µm channel, will be around 390 K. In other
words, 3.9 µm channel shows very strong sensitivity to hot areas of sub-pixel size. Even if only
5% of the pixel is on fire, the difference between the temperature in 3.9 µm and 10.8 µm is still
about 40 K. The largest temperature difference between these two channels is found when about
20% of the pixel is caught by the fire. If the fraction is much larger, then both channels detect the
fire and the difference is smaller. This property explains why the difference between 3.9 and 10.8
µm channel is often used as an additional criterion for fire detection.
3

DETECTING FIRES USING 3.9 MICRON CHANNEL

Operational fire products, derived from both polar-orbiting and geostationary satellite data are
mostly based on 3.9 µm channel temperature and the difference between 3.9 and 10.8 µm temperatures. An overview and the evaluation of the fire detecting algorithms from polar-orbiting
satellites data is given by Li et. al, 2003, whereas an algorithm for Active Fire Monitoring product that uses both 3.9 and 10.8 µm channel is given in a technical note by EUMETSAT, 2007.
In Figure 2 an example of the fire product derived from MODIS data, with image resolution of
250 m is shown.

Figure 2. An example of the fire product derived from MODIS data (image resolution 250 m). Fire on the
island Hvar on 29 August 2007 is shown

Fire area is marked by a red line surrounding the fire pixels, here seen on the island Hvar.
What can also be clearly seen is the smoke plume spreading from the fire. This kind of spatial
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resolution can only be achieved by the polar orbiting satellites. On the other hand, their main
disadvantage is very low temporal resolution.
The observation from the geostationary satellites has a great advantage in high temporal
resolution. The data is available every 15 minutes and in case of rapid scan data even every 5
minutes. The spatial resolution is much lower than the one of the polar satellite data, about 3km
at subsatellite point. Therefore, the property of sub-pixel sensitivity of the 3.9 µm channel becomes very important because fire is detectable even if only a very small fraction of the pixel is
covered by fire. An example of such a small, but a catastrophic fire is the one that happened on
the island Kornat on 30 August 2007, depicted in Figure 3. Although the fire was actually rather
small from the point of view of the size, it could be well seen in the 3.9 µm channel. Seen from
Meteosat-9, there was only one fire pixel detected, as seen in Figure 3. An RGB combination is
made from 3.9 at red, 0.8 at green and 0.6 µm channel at blue. This way of displaying the temperature information combined with the information from the solar channels makes fires easily
recognizable, since the fire pixels appear as the red dots.

Figure 3. Meteosat 9 satellite image on 30 August 2007 at 1300 UTC. The RGB combination of channels
3.9 µm, 0.8 µm and 0.6 µm is shown. Hot spot representing the fire is seen as a red dot.

Besides, displaying the solar channels gives also the information about the cloud cover which
can substantially decrease the signal from the surface in 3.9 µm channel. A disadvantage of this
composite is the fact that it can be used only during daytime.
4

OPERATIONAL APPLICATION

In some cases, especially those with small fires, operationally available fire detection products
are sometimes not enough to detect all the fires. That is the reason why it was decided for the
operational purposes to display only the 3.9 µm temperature. The temperature threshold varies
from 290 to 310 K, depending on the solar zenith angle. Bearing in mind the fact that this brings
to the detection of too many “fires”, especially during the hottest part of the day, it is still a way
not to miss the small fires, which are sometimes overseen by the operational algorithms.
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Figure 4. Meteosat-9 IR 3.9 µm temperature for 10 August 2008. Temperature values > 305 K are displayed

For the purpose of visualisation Croatian Adriatic coast has been divided into three parts with
towns and places marked at the images to make the orientation easier. An example in Figure 4
shows the fire near town of Benkovac on the 10th of August 2008. The fire lasted for couple of
days and was detectable in the 3.9 µm channel image most of its duration. Fire was obviously
rather large in size, although only the darkest pixels are actually the active fire pixels, whereas
the light red pixels are the ones only contaminated with fire.

Figure 5. Meteosat-9 IR 3.9 µm temperature for05 August 2007. Temperature values > 300 K are displayed
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The other example, depicted in Figure 5, is the example of the catastrophic fire in Dubrovnik
in summer 2007. This fire lasted for several days and its development and spreading could very
well be followed by 3.9 µm channel images. The size of the fire was quite substantial which is
confirmed by the number of fire pixels.
The possibility of early detection of the fires in Dubrovnik region is of a vital importance
for the fire authorities in that region, since the fire usually comes from across the border, from
uninhabited areas of Herzegovina and by the time the fire gets to Dubrovnik it already has a front
of several kilometres and is hard to fight with.
5

CONCLUSIONS

Despite rather poor spatial resolution, Meteosat 3.9 µm data can be successfully used for the
positioning of the forest and vegetation fires. The possibility is to use one of the available fire
products, or to simply show the 3.9 µm temperature with a certain temperature threshold. The
best results would be obtained by the combination of both, since some of the small fires are not
seen by the algorithm of the Active Fire Monitoring product. Taking into account some of the
problems that came up from the operational use, EUMETSAT experts are developing a new fire
product. It will not have fixed temperature thresholds, but the thresholds will be variable and will
be calculated according to the current state by means of the radiative transfer model. This should
make the product more reliable and consistent and avoid many false alarms. The new product
will be tested during the next summer season to the fires at the Croatian Adriatic coast.
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ABSTRACT: The region of Zadar geotectonically belongs to the Outer Dinarides. There are two
geotectonical units lying in the concerned region: (a) the Adriaticum and (b) the Dinaricum. The
Adriaticum consists of the North Dalmatian mainland and islands. This area lies in the centre
of the carbonate shelf characterised by very intensive subsidence of carbonate layers. The Dinaricum consists of mountain massifs (Mt. Velebit, Mt. Dinara etc.) and is composed mostly of
carbonate complex of the Mesozoic age, which is overthrust onto the Adriaticum.
The area has been explored by diverse methods: remote sensing, geophysical survey and by using the registered data on earthquakes. On Landsat-7 images, numerous tectonic lineaments from
the neotectonic times have been registered. By means of geophysical measuring, deep tectonic
ruptures have been registered, particularly at the seabed of the Adriatic basin. For the seismotectonic interpretation of the area, relevant data on stronger earthquakes, which were registered
(i.e. measured) by instruments, have been used.The interpretation of data obtained by various
methods has enabled us to single out the unstable zones, along which the majority of strong
earthquakes had occurred. Based on the data obtained from various sources, it was possible to
prepare the seismotectonic model of the explored area.
1

INTRODUCTION

The Zadar region belongs to the North Dalmatia; in the geological sense, it is a part of the socalled Outer Dinarides. According to M. Herak (1986), two geotectonic units may be differentiated here: the Adriaticum and the Dinaricum. The Adriaticum is relatively uniform with respect
to the pelagic elements, being deposited in a carbonate platform environment (Gušić & Jelaska,
1990). The Dinaricum is rather diverse in relation to the pelagic elements. The Dinaricum unit
(Mt. Velebit and Mt. Dinara) is composed of the Permian- L.Triassic clastics, evaporites and
eruptives, while the Triassic-Jurassic-Cretaceous (dominant carbonate complex) is overthrust
onto the Adriaticum unit. The Adriaticum consists of Dalmatinska Zagora, Ravni Kotari and the
islands of the North Dalmatia.
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The Adriaticum represents the inner part of the carbonate shelf, with maximal subsidence
and successive sedimentation of the carbonate and evaporite layers (Oluić et al., 1972). On thick
Mesozoic carbonate and evaporite layers, equally thick so-called Promina-clastic layers have
been deposited. All this indicates intense sloping of the basement.
Between the Adriaticum and the Adriatic basin, a slope with turbidites is located: Dugi Otok
(Oluić et al., 1972).
The model of the seismotectonic activities present in the area concerned has been composed
on the basis of the data on earthquakes, the satellite data and the data gained by geophysical
survey.
2

TECTONICS

The tectonic interrelations present in the area concerned are highly complex. Here, large geotectonic units with complex tectonic interrelations, which had been formed during several orogenic
phases of the Alpine orogeny, border on one another. The form of the basic morphostructure of
the terrain, as created in the older tectonic phases, became – during the neotectonic times – disturbed by predominantly radial tectonics, which may be well observed on the satellite images.

2.1

Satellite Images

On the digitally processed Landsat images (Fig. 1), numerous fractures of diverse intensity and
orientation have been registered.

Figure 1. Landsat 3D Model (false-colour and black/white) of the Zadar region
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They are mainly consequences of the recent tectonic activity, which was accomplished by
differentiated vertical and sub-vertical mass movements in the neotectonic period (Neogenic
and Quaternary). They had given shape to the current morphostructure of the terrain. Many neotectonic fractures registered on satellite images have dissected the terrain into major and minor
blocks; thereby, a web of fractures reminding of the parquet structure has been created. However, two basic orientations may be differentiated here: the northwest - southeast and the northeastsouthwest ones. Among the fractures of longitudinal orientation, the Lika fracture (NW-SE from
Gospić to Gračac), the fracture at the foot of Velebit (Starigrad-Obrovac), stretching eastwards,
whereby it branches off into two, one to the northeast, the second to the southeast (Knin), being
intersected by several transversal fractures (Fig. 2).

Figure 2. Fractures from Landsat images

Furthermore, there are two almost parallel dislocations, stretching from the Adriatic Sea
(Šibenik) to the north (Srb) within a 10-15-km-wide zone. These dislocations have been of great
importance in the formation of the tectonics of the said area. They are, most probably, a consequence of intense palaeo-tectonic fractures intersecting the geological structure of longitudinalDinaric orientation. The terrain between these dislocations, as it was remarked, is tectonically
more intensely disturbed than the areas westwards and eastwards from the said zone.
Geophysical data (results of geomagnetic, seismic and regional gravimetric measuring) have
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been used in order to accomplish a more thorough understanding of the deep subsurface structural interrelations.

2.2

Geophysical Data

According to geo-magnetic measuring, at the seabed of the Adriatic basin (Zadar-Dugi Otok
and further to the southwest), the most distinguishing lifted part of the Adriatic basement has
been defined, which stretches – in the form of a ridge (horst) – from the islands of Silba, Dugi
Otok and Kornati toward Dubrovnik. It was named the Littoral-Dalmatian Ridge (Brdarević &
Oluić, 1979). At the level of Dugi Otok, its width is approximately 100 km at the foot, whilst at
the top it amounts to approximately 20 km. At the location of the ridge, the basement is at the
depth of approximately 6 km. The ridge has been dislocated by several fractures, along which
it relatively moderately sinks toward the southwest, i.e. into the Central Adriatic depression, in
which the basement is at the depth of approximately 13 km. However, the lifted part sinks steeply
and step-like toward the northeast into a deep depression, the deepest one in the Adriatic Sea,
oriented northwest-southeast, from Karlobag, Zadar and Benkovac toward Šibenik (Fig.3 and
Fig.4), named the Littoral-Dalmatian depression (Brdarević & Oluić, 1979). In it, the basement
has been registered at the depth of more than 15 km.

Figure 3. The map of the principal fractures based on geophysical survey and satellite images
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Figure 4. The geological-tectonic profile constructed on the ground of geomagnetic and seismic data

According to the biggest subsidence in the transversal profile Zadar-Obrovac (the Zrmanja river), the thickest part of sediments, which had probably been moved to the foot of the Velebit
massif due to subduction, was gathered in that area.
In the same area, a number of discontinuity planes within a distance of approximately 2,500
m have been registered across the vertical by the means of seismic measuring (Prelogović,
Aljinović & Bahun, 1995). Border planes may, apart from lithological characteristics, also have
the features of the sloping of the basement of the Adriaticum under the Dinaricum. The deepest
and the most prominent horizon corresponds to the lithological border located at the depth of
more than 17 km and sinking toward the northeast.
The geological-tectonic profile has been constructed on the grounds of geomagnetic and
seismic data – with strictly defined basement borders in the Adriatic Sea, and of the data gained
from the deepest seismic reflectors in the Zadar hinterland.
The geophysical data shown on the residual gravimetrical map (Fig. 5) also indicate intense
tectonic movements in the wider Zadar area.
On the gravity residual anomaly map, three areas become evident. In the northwestern part
(Gospić – Gračac), the residual anomalies are of long and orderly form, and northwest southeast
oriented. Such form of anomalies indicates the impact of a relatively less intense tectonics. Similar features may be found in the southwestern part of the terrain, located to the southeast from
Drniš and Knin.
In the area located between the two earlier mentioned ones, that is, between Zadar and
Šibenik, stretching in a transversal zone toward the northeast, the residual anomalies are positioned and oriented in a completely different manner. In that part of the terrain, the orientation
of the anomalies differs; nevertheless, the northeast-southwest orientation prevails. Furthermore,
these anomalies are of significantly smaller dimensions. Consequently, it may be stated that the
geological structures of longitudinal orientation in the northwestern and the southeastern parts
of the terrain have been cut in this zone by transversal dislocations and are significantly more
disturbed. This indicates that the tectonic movements had been taking place during several orogenic phases of the Alpine tectonics, and therefore created such a tectonic style in this area that
differs from the one described earlier. Such profile of the terrain is directly connected with the
seismotectonic activity, i.e. the occurrence of more intense earthquakes.
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Figure 5. The gravity residual map (modified from Labaš, 1987)

3

SEISMICITY

The seismic activities in Croatia are most present along the Adriatic coast and in several zones
transversal in relation to the Dinaric orientation. The seismic activity becomes intensified toward
the south; it is particularly expressed in the following epicentral areas: Rijeka, where the strongest earthquake occurred in 1916 (Io=VII–VIII degrees MCS); Zadar-Šibenik, where the strongest earthquakes occurred in 1280 and in 1300 (Io=VIII degrees MCS) and Dubrovnik, where the
strongest earthquake occurred in 1667 (Io=X degrees MCS).

3.1

Zadar-Šibenik Epicentral Area

The importance of this epicentral area is shown in the map of earthquake epicentres and the map
of earthquake frequency, as well as by some migration features and the temporal sequence of
intensified seismic activity in the Zadar-Knin area in the period between 1979 and 1987.
The map of the principal fractures and stronger earthquake epicentres (Fig. 6) includes the
stronger earthquakes from the period between 1879 and 1987 (M≥5.0)
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Figure 6. The map of the principal fractures and stronger earthquake

The stronger earthquakes (M≥3.1; Io≥V degrees MCS) from the period between 1879 and
1987, and reliable data on stronger earthquakes (Io≥VII degrees MCS) from the period before
1879 (Fig. 7). It becomes evident that the earthquake epicentres are grouped along the Adriatic
coast and at the seabed in the areas surrounding Zadar, Murter and Šibenik. Toward the hinterland, the earthquakes spread in two directions: from Nin and Zadar toward Gračac, and from the
seabed in front of Šibenik toward Drniš, Knin and Bos. Grahovo. It is particularly worth mentioning that the focus of many earthquakes, registered in the past in the Zadar area, has probably
been located at the Adriatic seabed.
c) The map of earthquake frequency (Fig. 8) includes all the known stronger earthquakes
(Io≥V degrees MCS; M≥3.1) from the long period between 361 and 1985. Several areas of a
thicker concentration of earthquake epicentres may be singled out: in the areas surrounding Zadar, Murter and Šibenik, at the seabed in front of Šibenik and in the area around Knin.
d) The migration of intensified seismic activity in the period between 1979 and 1987 in the
analysed area, spread from Benkovac toward Gračac, further toward Knin and Drniš and finally
to the northeast toward Bos. Grahovo. In the periods between 1983 and 1987 and between 1986
and 1987, the intensified seismic activity had commenced in the east, and subsequently migrated
to the southeast. Following the principal earthquake, it had been most expressed around Knin,
and then migrated toward Sinjsko polje in southeast direction.
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Figure 7. The map of earthquake epicentres in the wider Zadar-Knin area

e) The temporal sequence of intensified seismic activity
In the period between 1923 and 1924: approximately 20 stronger earthquakes and many
weaker ones in the epicentral area of Šibenik (the sea);
During 1963, three stronger earthquakes and many weaker ones in the epicentral area of
Drniš;
In 1970, six stronger earthquakes and many weaker ones in the epicentral area between
Šibenik and Gračac, and around Bos. Grahovo;
During 1986, five stronger earthquakes and many weaker ones in the epicentral area between
Knin and Bos. Grahovo. Subsequently, several more earthquakes occurred in the said area.
Consequently, the intensified seismic activity had in some periods migrated from the seabed
(Šibenik) toward the hinterland (Bos. Grahovo).

3.2

The destructive effect of earthquakes

It has been mentioned earlier that the intensity of the strongest earthquakes in the wider Zadar
area had been as follows: Imax=VIII degrees MCS, or magnitude Mmax = 5.6. Such earthquakes
may have diverse effects upon the terrain, buildings and people.

142

Marinko Oluić, Sreten Romandić & Dragutin Cvijanović

Figure 8. The map of earthquake frequency (period 361-1985)

The destructive effect of earthquakes upon the terrain: on level and compact terrain, the effect of earthquakes is–in general–mostly irrelevant. However, on steep rocks, smaller or bigger
blocks may split off and plunge downwards, and thereby endanger people and buildings. Furthermore, during the occurrence of an earthquake, landslides may become activated, which may
consequently have a negative impact upon buildings, roads and people.
The destructive effect of earthquakes upon buildings: an earthquake of the intensity of VIII
degrees MCS significantly damages approximately one third of all the buildings; roofs of houses
fall in, major structural rifts develop in bearing walls, old and less solidly built houses fall in
utterly. The effect of earthquakes will be stronger should a series of earthquakes occur within a
short time period, e.g. in the Šibenik area in 1923.
The destructive effect of earthquakes upon people: generally, when buildings are destructed,
there are also human casualties. Nevertheless, earthquakes of this level of intensity usually do
not record high numbers of human casualties.
The tsunami occurrence: since the major part of the Zadar-Šibenik area lies along the sea
(coast and islands), and the occurrence of earthquakes of magnitude M = 5.6 had already been
recorded at the Adriatic seabed, the tsunami occurrence may not be excluded either, though no
phenomena of this kind, strong in intensity, have so far been recorded.
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4

SEISMOTECTONICALLY ACTIVE ZONES

The interpretation of the data gained by various methods has enabled us to single out the unstable
zones along which the majority of strong earthquakes had occurred. A contact zone between
the Adriatic basin and the Dinarides is one of them. According to the results of geophysical
measuring, the Adriatic micro-plate is sinking underneath the Dinarides; in this subduction zone,
earthquakes frequently occur. A significant number of earthquakes have been registered in the
zone Karlobag-Zadar-Šibenik. The bigger the angle of the slope plate of the Adriatic mass, the
stronger and more frequent the earthquakes (Cvijanović & Labaš, 1990). Apart from the occurrence of earthquakes in the longitudinal zone along the coast, there are two zones transversal
in relation to the former: one stretching from Zadar toward Gračac, and the other from Šibenik
toward Knin. In these seismically active zones, major tectonic dislocations transversal in relation
to the longitudinal orientation of the geological structures have been registered; along those, a
significant number of stronger earthquakes have been recorded.
The decomposition of the Adriatic plate into smaller units is a result of tectonic movements.
During the geological post, the movement of the plate had changed its direction. This caused the
platform rotation (Aljinović et al., 1990). The rotation is particularly evident in cases of the following rock massifs: Velebit, Svilaja and Dinara. The Adriatic micro-plate and the fact that it is
fragmented are important in the search for reasons for the occurrence of the seismo-tectonically
active zones (Skoko et al., 1987). The spatial position of the seismotectonically active zones is
conditioned by the distribution of different rock massifs, and by their size and position within
the Dinarides. These massifs provide direct resistance to the Adriatic micro-plate movements
(Kuk et al., 2000).
5

THE MODEL OF SEISMOTECTONIC ACTIVITY AND PROCESSES

Comparing the tectonic data obtained by means of satellite images with the data obtained by
means of geophysical measuring and with the recorded epicentres of more intense earthquakes,
it becomes evident that there is an interrelation between the tectonic structures and earthquakes.
On the basis of the said data, the model of intensified seismotectonic activity in the analysed area
has been composed (Fig. 9).
According to the frequency criterion, three characteristic zones, within which intense earthquakes occur, may be singled out:
The zone of greatest subsidence, stretching from Karlobag and Zadar to Šibenik, predisposed by strong longitudinal fractures, is certainly a zone of intensified seismic activity. Furthermore, the following intense fractures of transversal orientation: from Dugi Otok and Obrovac to Gračac, and from Šibenik, Drniš and Knin to Srb, have predisposed the forming of the
transversal zones of intensified seismotectonic activity. In the said zones, stronger earthquakes
occur most frequently, whilst the areas outside these zones are seismotectonically less active, and
consequently, intense earthquakes occur there less frequently.
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Figure 9. The model reconstruction of the zones of intensified seismotectonic activity
6

CONCLUSION

During the investigation of the seismotectonic activity in the Zadar region, the tectonic data
obtained by having analysed satellite images, the data obtained by various types of geophysical measuring and the recorded data on previous earthquakes have been used. By the analysis
of Landsat images, fractures from the neotectonic period, which had given shape to the current
morphostructure of the terrain, have been found. By geophysical measuring, some lithological
horizons in the depth and ruptures, indicating the location of the basement and its structural
relation with the current tectonics, have been defined. The epicentres of strong earthquakes,
marked on the tectonic map, indicate a direct linkage between tectonic movements and earthquake occurrence. Tectonic movements have predisposed unstable zones, within which more
intense earthquakes occur mainly along strong ruptures, as well as they do at the intersections
of diversely oriented ruptures. Three unstable zones, within which the most of the earthquakes
had occurred, may be singled out: the coastal zone of longitudinal orientation and two zones of
transversal orientation (Dugi Otok-Gračac and Šibenik-Knin-Srb).
The proposed seismo-tectonic model is elaborated on the basis of the comparison of the data
from various sources.
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ABSTRACT: Rapid delivery of information is of key importance for organizations in charge of
emergency management when a disaster occurs. To meet these needs and also as a support to
the International Charter, a rapid mapping service using satellite data is operational at SERTIT
(Strasbourg, France). This service, available 24h / 7d, has been activated more than 50 times
since its creation and has provided rapid mapping information related to different types of events
all over the world. Examples related to recent major events which have occurred in the Mediterranean Region such as the Greek fires of August 2007 illustrate the type of products delivered to
civil protections during the Disaster Management and Emergency Response phase and finally an
overview of the user feedback about the service is given.
1

THE RAPID MAPPING CONTEXT

In the case of a major event, authorities and organizations in charge of disaster management,
such as civil protection or humanitarian aid, have immediate information requirements (i.e. location and extent of affected zones, human and material impact assessment) for dimensioning
rescue means and deploying and establishing these means in the field. To meet these needs, rapid
mapping using satellite data can be a response element and provide in a rush mode useful geoinformation and maps derived from Earth Observation images acquired before and just after (or
during) the catastrophic event such as the ones provided by the International Charter “Space and
Major Disasters” (http://www.disasterscharter.org/disasters/).
The Charter, operational since 2000, is an international agreement between space agencies
(ESA, CNES, CSA, ISRO, NOAA, CONAE, JAXA, CNSA, …) who make their satellite Earth
Observation resources available to emergency and rescue operations, helping thus to mitigate
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the effects of disasters on human life and property. When a natural or man-made disaster occurs,
the International Charter can be immediately triggered by Authorized Users (civil protection,
humanitarian aid) in order to provide rapidly satellite images of the event. Earth Observation
data acquisition over affected areas, either optical or radar such as ERS, ENVISAT, SPOT, RADARSAT, IRS, Landsat, SAC-C, ALOS, …, and EO data delivery to users takes place on an
emergency basis. Nevertheless, it has to be noticed that the Charter delivers raw images, and
not ready to use geo-information products or maps which have to be derived from the Charter
images for further users’ exploitation in the field or for crisis management. Moreover, organizations in charge of crisis management, including emergency and rescue services, have to focus
on the different crisis phases and related actions, so most of them don’t want to spend time and
specialized resources for EO data interpretation. What is rather expected and searched is a close
collaboration with image processing services.
Therefore, to meet these emergency information needs and as a support to the International
Charter, and in order to realize the added value and the extraction of geo-information from
Charter data, a rapid mapping service using Earth Observation images has been set up during
the ESA-EOMD “Plain Flood Monitoring” project and is operational at SERTIT (Strasbourg,
France) since 2000 (http://sertit.u-strasbg.fr). This service, available 24h / 7d, is supported by the
European Space Agency (ESA) and by the European Commission (EC) within the framework
of the European GMES (Kopernikus) program, i.e. on the one hand through ESA-GSE projects
(GMES Service Elements) such as RISK-EOS, delivering geo-information services for natural
Risk Management, or RESPOND, supporting humanitarian relief, disaster reduction and reconstruction, and, on the other hand, through EC-FP6 projects such as PREVIEW, developing new
information services to support the management of risks, or BOSS4GMES aiming at building
operational sustainable services for GMES. This rapid mapping service is also retained by the
French Space Agency (CNES) as technical service provider during International Charter activations placed under French responsibility. This service has been activated more than 50 times
since its creation and has provided rapid mapping information related to different types of events
all over the world (Fig. 1), including floods, fires, earthquakes, hurricanes, storms, tsunami , ….

Figure 1. Rapid mapping of
major disasters around the
world
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2

THE RAPID MAPPING SERVICE

During a major disaster, the crisis management authorities and actors need information to facilitate response organization (the progress of plain flood front) and/or its consequences (an
earthquake’s impact). Principally, two types of information are requested: the extent of the event
with affected areas location and the impact of the event on the landscape, including infrastructure
and assets. To meet this need, the rapid mapping service’s mission is to produce and disseminate
geographical information related to natural and man induced disasters, during a crisis, using all
available sensors. The service’s products are thus digital maps created on-the-fly, using event and
reference satellite imagery, merged with all available geo-referenced data.
The procedure of crisis information production can be subdivided into 4 phases (Fig. 2).
A first “mobilization” phase represents the time needed to trigger the Charter after the disaster
event. A second phase includes satellite tasking and crisis data acquisition, resulting in the data’s
transfer to the distributor’s ground station. A third phase finalizes the raw data production, i.e.
from ground station processing to the transmission of the raw image to the operator in charge of
producing crisis mapping. A fourth phase includes rapid mapping products realization and diffusion to crisis services and actors.

Figure 2. Phases in a rapid
mapping action

The service’s function (phase 4) is thus to produce geographical information from low to very
high resolution raw satellite EO data, are they from radar or optical sensors, and to distribute
this consumable digital geographical information to the users. Presently, the time delay for rapid
mapping products generation and delivery to users is generally less than 12 hours after EO data
reception at SERTIT (fastest delivery performed was less than 2hrs in the case of the Romania
and Ukraine Floods of July 2008). This time delay comprises all the necessary processing steps
to generate a mapping product showing the extent and/ or the impact of the catastrophic event,
starting from raw EO data acquired before and after the event and delivered by EO data providers.
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The rapid mapping process can be described as followed. The first processing step, after data
importation within the image processing software, is systematically dedicated to geometric correction and ortho-rectification (associated with geo-referencement) and usually takes around 4
hours. The next processing step is to extract the requested thematic information, on the basis of
change detection techniques applied on image pairs, and / or of image segmentation techniques,
and / or of (semi-automatic) photo-interpretation, depending on available EO images characteristics (type, resolution, quality, …) and on the needed requested information (inundated areas for
floods, burned areas for fires, damaged areas or buildings for earthquakes, etc, …). This thematic
information extraction step can take around 6 hours. The last step of the rapid mapping process,
which can take around 2 hours is finally to package the extracted information into ready-to-use
mapping products by using tailored map templates and to deliver these to the users, usually by
FTP means, or by publishing these maps on SERTIT’s web site. This complete rapid mapping
process is usually performed by a team of specially trained experts, which also includes at each
stage of the process a quality check control of the results and a mutual cross-control of the experts’ respective work (-the 4 eyes principle-).
In order to reduce the overall processing time of rapid mapping products generation, the
CNES, the French national space agency has undertaken the development of a specific software
called “Risk Chain” which comprises automatic image processing procedures for extracting requested information (where and what are the changes, what is the impact) from EO data supplied
by the Charter. This processing chain allows successively the automatic co-registration and orthorectification of EO images, such as the ones acquired before and during / after a crisis, their fusion
when needed and appropriate, and the detection of changes which can be observed within such
EO data pairs. Within the framework of the PREVIEW project, this Risk Chain is progressively
being transferred to the operational Rapid Mapping Service of SERTIT in order to assess it from a
pre-operational point of view and to give feedback to the CNES for the improvement and refinement, if necessary, of the implemented automatic processes. Some modules have been tested during the Greek fires of August 2007 and within the EUROMED 2007 exercise (MEDA program).
Examples of products delivered to civil protections, including those derived from ORFEO-PLEIADES simulations data, and the user feedback about the service, are presented hereafter.
3
3.1

RAPID MAPPING PRODUCT EXAMPLES
The Greek Fires of August 2007

Catastrophic wildfires devastated Greece end of August 2007 from the 21st of August to the
beginning of September. Considering the situation and the event’s magnitude, and at the request
of the General Secretary of the Greek Civil Protection, the Charter was triggered on the 29th of
August 2007 (Call No. 175). The CNES took on the role of joint Project Manager (PM) with
ESA and supported SERTIT to perform the value adding. A geographical distribution of value
adding was agreed with the DLR-ZKI, working within RISK-EOS. SERTIT mapped the fires
affecting the Peleponnese and the DLR-ZKI the region around Athens.
During this Charter Call, SERTIT’s Rapid Mapping Service elaborated 27 products by us-

150

N. Tholey, S. Cherchali & J.J. Bozabalian

ing ENVISAT MERIS, SPOT and Landsat reference data along with MERIS, SPOT 4, SPOT 5,
DMC NigeriaSat-1 and Formosat-2 crisis data. The first rapid mapping product (Fig. 3) has been
generated the 30th August 2007 by using MERIS data acquired the same day. Example of a rapid
mapping product showing the burnt areas extent and envelop, with a fire which is still active on
the 02/09/07 in the Meligalas area, is also provided hereafter (Fig. 4).

Figure 3. Greek fires of August 2007; large-scale fire mapping, 30th August 2007

Figure 4. Greek fires of August 2007; crisis space map showing the burnt areas, 2nd September 2007
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3.2

The EUROMED 2007 Exercise

EUROMED 2007 exercise (MEDA program) of March 2007 was a civil protection table-top exercise over the Mediterranean region involving the 27 EU member states and 10 Mediterranean
countries. In this framework and regarding the scenario simulating two catastrophic earthquakes
both followed by tsunami, SERTIT made its know-how available to show how satellite data can
benefit crisis management. 5 major topics were explored: reference maps, assets mapping, mapping of areas potentially affected by a tsunami, earthquake building damage mapping, and emergency operations monitoring. Using high and very high resolution images, including ORFEOPLEIADES simulations, 31 products were delivered to civil protection users.
It can be noticed that during the post crisis phase, involving humanitarian aid and reconstruction, the use of VHR data, such as ORFEO-PLEIADES simulations, can be very opportune (Fig.
5 and Fig. 6). They provide a very pertinent source of information on highly damaged buildings,
on debris management, on the evolution of displaced population camps, covering precarious to
structured camps. Over a longer period, such as a number of years following an earthquake,
these data can give also an opportunity to regularly follow the reconstruction phases, the transformation of temporary camps into structured camps and then into newly built areas, etc …

Figure 5. Before and after pair of VHR satellite data
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Figure 4. Greek fires of August 2007; crisis space map showing the burnt areas, 2nd September 2007

4

USER FEEDBACK ON RAPID MAPPING

Actually the civil protection services can ask for the rapid mapping service through the ESAGSE RISK-EOS and/or the activation of the International Charter “Space and Major Disasters”.
The French civil protection (DDSC) has regularly activated this service in the past years for
different types of events (e.g. NE France Flooding of December 2001, SE France Floods of
September 2002, Algeria Earthquake of May 2003, Forest Fires in the French Var Region of July
2003, South of France Flooding of Dec. 2003, Bam - Iran Earthquake of Dec. 2003, SE Asia
Earthquake and Tsunami of Dec. 2004, South of France Fires of July 2005, Katrina Hurricane of
Sept. 2005, South of France Floods of Sept. 2005, NE France Floods of Oct. 2006, EUROMED
Exercise of March 2007, …, Hurricanes in Haïti of September 2008).
For Civil Protection issues, the Rapid Mapping can be a valuable tool for high-level decision
makers and operational centres at national, zonal and local scales. There is no redundancy with
other existing service and the provided RM products are complementary to others “sensors”
and relay of information such as command reports from field or aerial coordination, etc ... The
information provided by the Rapid Mapping service can be useful during the crisis phase in order
to manage the crisis situation and its evolution by giving information which will guide decision
making during the crisis phase, in particular the CP rescue logistics management (geographical
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position, broken access by road, size of rescue means, …) and, moreover, these rapid mapping
products can be also useful during the post crisis phase for feedback experience and event capitalization, and furthermore for crisis preparedness, replay scenarios and rescue plan preparation.
In fact, besides crisis management, Rapid Mapping activities can bring benefits to the “broad
user community” involved in risk management : Civil Protection, Environment, Infrastructure,
Local Planning services and other communities for post crisis, prevention and , e.g. in the case
of floods, forecasting issues.
However, to optimize the use of the rapid mapping products during the crises management
and for emergency purposes, it is still necessary to improve the overall time delivery of the
information, and especially the EO satellite acquisition programming delay. This point would
improve the usefulness of the near real time products and would allow to meet what it is expected by high level decision makers, such as “Préfet”, by operational headquarters (COGIC,
COZ, CODIS and COD) and, at European level, by the MIC (Monitoring Information Centre). A
minimum performance expectation is that Rapid Mapping products should be received by these
different headquarters 24h maximum after the user request and within 6-8h for the next satellite
acquisition. Civil protection services are expecting that the next generation of EO systems will
be more adapted to emergency operation situation with an appropriate revisit frequency (e.g.
minimum twice a day or even every 3 hours) combined to an improved spatial resolution (e.g.
infra-metric). More over, and for example regarding the next GEO systems, in a very complementary way, they are expecting two GEO capabilities for near real time acquisitions even if the
resolution is not at the same level.
Finally, all partners are expecting a continuity of the service which means not only to maintain and to improve the EO rapid mapping chain, but which requires also that EO rapid mapping
services will be ensured in terms of technical and financial aspects for a real sustainability.
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ABSTRACT: Increased interest in seismic hazard and risk in recent decades has greatly increased the importance of macroseismic data. Macoseismic data are the oldest ever collected
earthquake data. They consist of the descriptions of the earthquake effects on people, object,
buildings and nature. No complicated instruments are needed, as in macroseismology everything we see around us is an instrument. After a damaging earthquake, it is very important for
seismologists to start collecting the macroseismic data as soon as possible. This type of data is
very vulnerable, and they are destroyed the moment the teams for removing the damaged buildings start to work. Seismologists visit the localities and make detailed reports about the extent
of each particular type of damage, and on the basis of the statistical distribution of the effects
the intensity for each locality is estimated. However, very strong seismic events in Turkey and
Greece in 1999, as well as numerous examples from the past, have shown that the seismological
community in Europe lacks any mechanism for the fast organisation of macroseismic data collection in the case of damaging earthquakes in European territory. There now exists a proposal
for the establishment of a framework, under the aegis of the European Community and European
Seismological Commission (ESC), for sending survey teams to the area affected by strong earthquakes in Europe and adjacent areas, to ensure that in future these important data are recorded
and made available to the wider community. It is important to ensure that the interests of the
wider community are served by the preservation and promulgation of the data sets recording the
effects of such earthquakes.
1

MACROSEISMOLOGY AND MACROSEISMIC DATA

Macroseismology is a part of seismology that deals with non-instrumental data about earthquakes. It is a scientific discipline that collects and evaluates the evidence of earthquake effects
on people, objects, buildings and nature. The use of non-instrumental data not only provides the
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possibility of calibrating the important historical earthquakes in comparison to the modern ones,
but also gives the essential base for the studies of seismic hazard and risk and helps protecting
the natural environment, as well as preventing the loss of life and property in future earthquakes.
One among the primary goals of macroseismology is assessing intensities. Intensity is a classification of the strength of shaking at any place during an earthquake, in terms of its observed
effects. The first known descriptions of earthquake effects are a few millennia old, but data (at
least in Europe) started to be collected in an organised way in the XIX century. The methods
used then are still in use today, with some changes. The rapid development of technology has
significantly shortened the time required for the collection of information after the earthquake,
but many of the descriptions of effects have not changed much. People are still being awakened
because of the clatter of glasses and window panes, they panic and leave their homes when
things start to fall from the shelves and are still in general terrified when the ground beneath
them shakes (although education on safety measures towards earthquakes has been solidified
and intensified in the last decades in earthquake prone countries), much the same way today as
in the XV or any other century.
It is important to be aware that intensity is not a physical parameter, but rather a shorthand for
longer descriptions. To emphasize that, the intensity data are traditionally written using Roman
numerals. In case when there is not enough information in order to decide whether the intensity
was e.g. V or VI, a term V-VI is being used, with the meaning “it is definitely V and there are
some hints that it could have been VI, so the intensity in this place is V or VI”. It is easier if we
can visualize the intensity as a ladder or staircase; it is not possible to stand between two defined
steps on the ladder, either we are on the fifth or on the sixth step. However, if an obsever is standing far away, he might not be sure on which step we are, and unless he gets more data on it, the
description of the position is V-VI.
Macroseismic data are the data on behavior of people, objects, buildings and nature during
the earthquake. They can range from “felt only by individuals at rest” to “total collapse of almost
all buildings”. Even “not felt” is a valuable information for macroseismology, as it gives us
the perimeter of the susceptibility of the earthquake. The good thing about macroseismology is
that it does not need expensive equipment, as everything we see around us is actually a sensor.
Moreover, we are the sensors as well, as our own experience during the earthquake can be evaluated in the process of intensity assessment.
In the case of low intensity degrees, simple sensors like teacups can be considered to respond
to the same degree of shaking in roughly the same way. Thus, differences from place to place
in the number of teacups that rattled or were spilt can be compared directly to differences in the
earthquake shaking, and not to differences between the size or type of teacup. Since comparisons
in the degree of shaking are what the seismologist wishes to make, items like teacups are good
sensors for determining intensity all over the world. However, more diverse sensors require more
explicit description.
This becomes crucial when one comes to deal with damage to buildings. For buildings can
be of very different strengths, and so when comparing damage from one locality to another it
is vital to compare like with like. It happens often that an earthquake causes serious damage to
some buildings and no damage is visible on others, in the close vicinity. It depends on several
factors, the most important one being the quality of construction and type of the building. One
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cannot therefore just use “damage to buildings” as a sensor; it is essential to consider damage to
buildings of equivalent strength.
Macroseismic data are evaluated using intensity scales, the most recent and modern one being European Macroseismic Scale 1998 (EMS-98)
2

THE COMPLEXITY OF DAMAGE

EMS introduces the concept of the vulnerability of the building, as an expression of the way how
it responds to earthquake shaking. Six classes of increasing vulnerability are proposed (A-F),
first three representing the strenght of different types of buildings built without earthquake resistant design (ERD), and the second three introduce different levels of reinforcement and ERD.
Also, a difference between masonry buildings and reinforced concrete buildings is being emphasized. In fact, there are different factors that affect overall vulnerability of a building, construction type being only one of them. Here we have to take into account quality and workmanship,
then state of preservation, regularity of shape, ductility, position in respect to other buildings,
strenghtening and ERD etc.

Figure 1. Two examples of severe damage on different types of structures, taken from EMS-98 scale. The
left one is from Kairakkoum, Tadjikistan, 1985, and the one on the right from Leninakan, Armenia, 1988.

Assigning a vulnerability class for a building is a difficult task for seismologists, who often
have no civil engineering backround. Therefore a close cooperation with engineers is strongly
advised. However, an experienced seismologist can do this work very satisfactory, with a help of
the guidelines published with the ESC scale. For intensity assesment it is not very important to
go into the details for each and every building, and to stress some extreme cases; what is needed
is a good statistics of how many buildings of each vulnerability class suffered some level of damage. EMS clasifies the damage in five different grades, the first one being negligible to slight, and
the fifth one referring to destruction (total or near total collapse of the building).
Another important issue is that a strong earthquake rarely comes alone; in the pre- and aftershock activity even small aftershocks can cause additional damage on already damaged buildings.
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Moreover, due to the search and rescue operations, and other actions performed by the authorities, the scene of damage can be seriously changed when the men and machines start to remove the rubble. Therefore we say that macroseismic data are very fragile – if an earthquake was
weak, people soon forget the details, and if it was strong, they hurry to clean up. In both cases
it is obvious that seismologists have to be as fast and efficient as possible, for in other case the
valuable data are forever lost. An earthquake is a unique phenomenon and can not be reproduced
in the laboratory at some more convenient time. Therefore the seismologists have to be ready to
react fast in order to be able to see the real effects caused by the ground shaking.

Figure. Post office building in Casenove, Italy, three days apart (October 1997); the partial collapse was
caused by an othervise insignificant aftershock. (photos by I. Cecic).

a

b

Figure 3. a) Removal of earthquake damage in Valmi, Greece, 2008. (photo by V. Kouskouna);
b) a firefighter rescuing a few things from a destroyed house in Arvello, Italy, 1997 (photo by I. Cecic).
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3

ORGANIZING A MACROSEISMIC SURVEY

After an earthquake is felt in some region, there are several possibilities as to how to collect the
data. The final choice depends on many factors, such as: how strong the earthquake was, and,
therefore, how important the data are; whether it was a single shock or a part of a long sequence;
if there is already existing network of earthquake observers in the region, and whether the network is dense enough (this is especially important for weaker events, with no damage); financial
situation of the institution that collects the data, etc.
In case of a strong and damaging event in some inhabited area, the ability to predict the
possible extent of damage to buildings and infrastructure is of great importance. The up-todate knowledge of the damage on roads, landslides and other geological effects that might have
caused problems in accessing some localities is very important, both for planning the itinerary of
the trip, as well as for ensuring the safety of the team members. Also, when planning the survey
one should be prepared in advance for the situations with no electric power supply (problem with
recharging batteries and use of computers), no operating phone networks (which causes problems in communications among the team members), no drinking water nor available supplies
(the team members should pack enough provisions to be self-sustainable during the survey), no
hotels or other possibilities for lodging (tents are a possibility, but this can be very complicated
during winter or bad weather conditions) etc. All the facts stated in the previous sentence are
known with time, but very often the extent of the damage is still not known in detail during the
preparations of the team. Therefore, careful planning should be among the most important parts
of the entire process.
Let us illustrate this with an example of the existing practice in Greece, which is one among
the European countries with strongest earthquakes. Macroseismic field surveys in Greece are organized for earthquakes with EMS intensity larger than VI. Within six hours after the earthquake
occurrence, it is made clear if such a survey is necessary.
The Macroseismology team of the Department of Geophysics – Geothermy, National & Kapodistrian University of Athens consists of three seismologists, two post-graduate and a number
of undergraduate students of Seismology, specializing in Macroseismology, which varies every
year (minimum four).
Official permit is provided within one day. One vehicle is provided by the Department, private vehicles are also used. No funding is provided before the survey. One full day is needed
for the organization of the team. At the end of the day, the team coordinator is responsible for
monitoring the availability of vehicles and field equipment (portable gps, cameras, maps, etc.),
as well as arranging accommodation for the team. The earliest possible departure is 24 hours
after the event.
Collecting the data in a small settlement is done the following way: usually soon after the car
is parked people come around and start telling what happened. Their answers, as well as their
addresses are written in the notebook or recorded on the tape. If the earthquake caused some
damage, this is the fastest way to learn where to find it. If possible, it is very desirable to take
photographs of damage and keep record of it. Then a short survey of the settlement should be
done, taking notes on the total number of buildings of each category and the number of damaged
ones, as explained in the scale.
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If the locality is still populated after the earthquake, it is usually very useful to visit briefly
some points where people come together (shop, post office, parish office, hairdresser, local pub
etc.). A visit to a school in rural area can give a lot of data in relatively short time, because in the
same class one can find children living in many different villages or isolated farms. However,
if the earthquake had the intensity larger than VI, schools are closed generally for prevention
purposes (e.g. damaging aftershock), at least until the second (detailed) engineering survey is
performed.
If the intensity in some locality was high and the houses are badly damaged, the inhabitants
are usually living in some improvised shelters and not in the village. In that case the entrance
to the settlement can be closed and the field team should contact the local authorities in order to
obtain the necessary documents to visit the damaged area. They (civil defense, firemen, police
etc.) are also a very useful source of data on the damage and usually can point out some interesting cases.
In a case of a large settlement (small or big town) it is impossible to make a complete detailed
survey and count every house. One should then contact the local authorities and see which would
be the areas of particular interest. If the locality is still populated, the fastest method to collect
data is a visit to schools, preferably for older children. The whole address including street and
number written on their answers is necessary in order to be able to divide the town into smaller
fractions (quarters, wards) when doing more detailed intensity studies. However, where heavily
damaged areas have been evacuated and cordoned off, damage data on a house-to-house basis
may be ultimately available from co-operation with the civil defense authorities.
It is necessary to stress out once more that a good macroseismic survey for a damaging earthquake can not be done without the co-operation with civil engineers. It is especially important
to establish such co-operation in the cases when the damaged area is large; although it is highly
recommended to include a civil engineer into field teams every time there is damage, however
slight it might be. Seismologists generally lack training and experience in civil engineering, and
identifying the building vulnerability class may be difficult, especially in cases of engineered
structures and buildings which have been modified to include some sort of earthquake resistance.
Examples from recent earthquakes have shown that without the close co-operation with civil
engineers, the accurate assessment of damage, and intensity as well, would be difficult, if not
impossible.
4

MAKING A FIELD SURVEY MORE EFFICIENT

In order to be more efficient, to be able to make better planning for scientific field surveys, but
at the same time to be able to provide the valuable information about the situation in the disaster
striken area, different teams are developing tools and expert systems. Web Based Decision Support Tool “Extremum” was developed in Russia, and is used, among other things, to compute
the damage extent, possible social and economic losses due to earthquakes and identifying the
effective response measures (see Chen Yong et al.).
Among the main problems, when it comes to damage on buildings, are scarce, non-existent
or classified building directories. If one is to caclulate the possible damage in some area, the

160

Ina Cecić & Vicki Kouskouna

input information should be the number, position and quality of buildings, as well as their use.
In many countries it is very hard, if not impossible, to get access to such data. Some attempts
were made to use satellite images and to calculate the probable height of the buildings from their
shadows, and on the basis of that assigning them some provisional vulnerability class. Of course
such estimates are very rough and can lead to quite unrealistic predictions.
5

CONCLUSIONS

The quantity of information, databases, technological tools, possibilities in today’s world is expanding every day. Therefore the need for better cooperation of different research areas, in order
to combine the knowledge and produce something new, better and more useful, is a must. In this
sense, macroseismology is turning to the possibilities opened by remote sensing community, as
it can definitely be a very important and useful link.
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ABSTRACT: Earthquake risk is a combination of the factors that determine the potential for
people to be exposed to this type of natural hazard, and can best understood in terms of three
crucial categories: the seismic hazard itself; the vulnerability of the built environment; and the
human, socio-economic and cultural impact of earthquake; as well as the country’s preparedness
and response to an event. This latter category has increased in importance both as a result of the
greater value accorded human life today and higher levels of investment in each individual in
terms of training and education as a result of economic development. Managing earthquake risk
requires patience and collaboration. It means creating efficient and cost-effective preventative
strategies to increase national capacity to cope with the impact of disasters through strengthening
policy responses to hazards and alerting the public to their role in reducing vulnerability. The
first step in Risk Management is to adopt a “total risk reduction” approach by considering all aspects of the hazardous environment itself. This means studying the causes of an earthquake and
its natural outcomes – its effects on the soil – and the structural consequences of a disaster both
in terms of life and economic development. The role of scientists in this effort is to develop an
effective, comprehensive and participatory programme for risk reduction. As well as providing
doable and effective solutions. The role of engineers and policy makers is to turn this know-how
to policy and action; and the role of people is to trust the scientist and follow the policy. We are
all at risk and only by working together can we mitigate the impact of a natural hazard on human
life and society.
The earthquake risk reduction or Risk Management program in Iran has started after the
catastrophe of Manjil in June 1990 which led to the creation of the national, multi-disciplinary
Earthquake Hazard Mitigation Programme (EHMP) with four core goals of:
• Increasing the scientific knowledge required for earthquake risk reduction.
• Reducing structural vulnerability and improving construction standards.
• Raising public awareness of seismic hazards and promoting a culture of risk reduction.
• Developing plans for rapid reaction and disaster mitigation.
The EHMP has resulted in greater recognition by policy makers, scientists and the public

		

163

of the country’s vulnerability to earthquakes and led to sweeping changes in building regulations, architectural and civil engineering curricula and standards and the establishment of multidisciplinary networks for disaster preparedness and mitigation A nationwide public awareness
campaign was launched, starting with the schools and the media, to teach people how to save
themselves and their families when disaster struck.
The Bam earthquake of December 2003, which killed 31,828 people and levelled the ancient
citadel of Argh-e-Bam, was a harsh reminder of the need for constant vigilance and a multi-disciplinary approach to risk reduction. In the 13 years since Manjil, Iranian scientists had amassed
a wealth of knowledge about earthquakes and vulnerability. But research needed to be more effectively applied in order to foster appropriate technical development and good management. To
be more effective; the Earthquake Risk Reduction Strategy was developed in the aftermath of the
Bam disaster to improve national safety and preparedness for earthquakes. The new Strategy was
built on the HMP, but called for more action-oriented objectives such as:
• Increase public awareness and promote a culture of disaster prevention and safety.
• Increase the scientific and technical knowledge required for earthquake risk reduction.
• Improve urban development planning and management.
• Zero tolerance for violations of aseismic building regulations.
• Implementation of effective risk reduction of the existing built environment, especially in the
public buildings and infrastructures.
• Improve disaster response and management.
• Draw up effective plans for post-earthquake reconstruction and rehabilitation.
The earthquake risk reduction program in Iran or any country can only succeed if it is implemented through doable and effective programmes for preparedness, prevention, response, reconstruction and rehabilitation. This requires:
• A multi-disciplinary approach
• The application of civil engineering and architectural solutions to real life economic and
socio-political contexts
• A comprehensive programme of public education to enable home owners and renters to make
informed choices about accommodation
• A robust regulatory environment and good governance
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ABSTRACT: The Syrian region which is located on the eastern coast of the Mediterranean
sea and between Arabian plate, African plate and European Asian plate is suffering from increasing the number of natural and man-made disasters such as earthquakes. The earthquake
effect often depends on many elements, such as seismic hazard, vulnerability, exposure and
emergency response and recovery capability. With the rapid development of economic construction and urbanization in Syria, highly dense population, infrastructure and traffic, caused a lot
of troubles to the main cities. The protection of transport infrastructures, industrial plants and
strategic buildings from earthquake damage is of paramount importance in Syria. Great change
becomes to integrated management and more to eco-environmental safety construction, especially to the prevention for disasters destroyed structure as earthquake. The continued research
on dangerous seismic regions and active tectonic zones pointed out the large benefits and wide
use of space images with multi-scales and bands, the small, medium and large scales images used
after their processing with the help of other data in solving many problems related to the studies
and predicting of earthquakes. It is not possible to completely avoid earthquakes, but the sufferings can be minimized by creating proper awareness of these disasters and its impact through
developing an integrated system of the geographical and environmental data collection and data
management tools with simulation and decision tools for earthquake reduction and assessment..
A scientific approach to the solution of earthquake hazards is still to date very rare. Moreover, the
volume of data collected for effectively modelling of the tectonic activity is growing rapidly and
robotic algorithms that can provide a degree of functionality to efficiently optimise this volume
is essential. Therefore, an innovative methodology based on the advanced space and geo-information technologies (GPS, RS, GIS, etc) coupled with dynamic optimization procedures based
on artificial intelligence can provide valuable tools for developing of an advanced processing
strategy for modeling the tectonic activity. Developing this strategy requires a neotectonic map
with a centralized database which contains all the related information, and a dynamical model
based on optimization and simulation procedures and linked with the internet. With regards to
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the neotectonic map of Syria, several selected sites examined in details to study the volcanic
activity and few samples were collected to carry out absolute age analysis and paleomagnetic
analysis. The results of this study are presented in a geodynamic and seismologic maps that can
be used by decision makers as a base for a reliable, scientific and national strategy for mitigation of the effects of future earthquakes in this vulnerable region, and for site selection of vital
establishments and infrastructures. On the other hand, the centralized database is a valuable
source of information for policy making such as earthquake hazards and impacts, transportation,
public facilities, emergency services, elevation, land use/zoning and high resolution imagery.
This will support disaster-planning processes, comprehensive disaster risk assessment, reduction, and management activities. Therefore, this paper is effectively link into wider strategic aims
of bringing together innovative ways of thinking based on knowledge and technology in many
scientific disciplines (e.g., dynamic optimisation and advanced computer simulation procedures,
artificial intelligence, graphical visualisation, geo-information technology, risk analysis and environmental impact assessment, early warning systems, spatial and environmental planning).
More precisely, the purpose of this paper is to implement metaheuristic techniques, which are
based on ideas from artificial intelligence, for providing an advanced data processing strategy to
find an optimal solution to the above problems. This strategy will provide access to a wide range
of data collected at investigated region, and combine the observational data with innovative data
analysis in order to improve forecasting and assessment. Metaheuristic techniques are iterative
procedures that combine different operational and organizational strategies based on robustness and computerized models in order to obtain high-quality solutions to complex optimization
problems. These techniques can provide instantaneous comparisons of the achieved results of
different developed designs using several procedures such as convergence, diversity, and complexity analysis, etc. This will allow the modeller to develop a precise and unambiguous specification that can strongly help in estimating the impacts of the proposed metaheuristics on an actual development process of the presented design. The well-known metaheuristics that have been
successfully applied to optimise many real-life problems are: simulated annealing, tabu search,
ant colony optimization, genetic algorithms, and neural networks. These metaheuristics are inspired, respectively, by the physical annealing process, the proper use of memory structures, the
behaviour of real ant colonies, the Darwinian evolutionary, and the human brain processes.
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ABSTRACT: The hazards and disaster are not area specific and their vulnerability is high in
urban area where the concentration of high risk population prevails. Floods are major hazard
occurs frequently across every part of the world, with varying characteristics and intensity. They
cause magnified damage in urban areas. The floods in the city occur mainly due to manmade
activities leading to blockage of natural drainage, high rainfall intensity and haphazard construction of roads, buildings and storm water drainage network. This paper is emphasizing on
minimizing the effect of floods in an urban area using Geographical Information System (GIS).
It measures the capacity of storm water drainage network and its integration with the rainfall,
topography. It measures the water logged scenario in varied conditions of rainfall. The study
focus on understanding the spatial pattern and land use of Ahmedabad city in India and causes
of floods in terms of its topography, carrying capacity of the storm water drainage pipeline and
then generating model with the help of GIS software. It helps in predicting the high risk zone and
volume of water under different intensity of rainfall and land use.
1

INTRODUCTION

The increase in urbanization has raised the issue of efficient delivery of urban infrastructure
services. This issue led us to another dimension of the problem of disaster and its management in
urban area. In the recent decades, the officials of urban local bodies have turned their attention
to the risk of such disasters. The literature mention that one of the most frequent hazards, flood
occur most frequently across the very part of ward and the reported damages from flood has been
increasing too. All The natural hazards, flood is the most destructive because it occurs most frequently. Cities are with high built density; this flood causes unexpected and heavy damages. By
the turn of this century it is estimated that at least thirteen cities around the world that are prone
to natural hazard. These cities are medium to large cities in regard to the population that range of
10 to 25 million. The alarm is out of these, nine cities are in Asia. The annual loss due to disaster
during the last decade was $ 80 billion. The change in land use associated with urban develop-
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ment affect flooding in many ways. Decrease and removal of agriculture, vegetation, soil, land
resurface and construction of drainage networks increase the chances of runoff. All these lead us
to a need for proper planning and infrastructure in urban areas.
2

AIM OF THE STUDY

India is one of the worst flood-affected countries, being second in the world after Bangladesh and
accounts for one fifth of global death count due to floods. About 40 million hectares or nearly
1/8th of India’s geographical area is flood-prone. This paper aims to identify the urban flood risk
and planning for mitigation. An attempt is made here to study the flood in the urban area due to
the heavy rainfall. An application of GIS (Geographical Information System) is done to indentify
the potential areas of the flood (water logged for longer duration). The models are used to calculate the runoff, velocity and discharge considering the rain fall and time of concentration. The
result of this study provides a guide line to the urban government in order to know the requirement of to be upgraded, enhanced or design the network. An attempt is made to use the spatial
multi-criteria decision-making techniques which provide a systematic approach for assessing
and integrating the impact of various factors.
3

CITY OF AHMEDABAD

The city of Ahmedabad is sixth largest metropolis in India. It is the first largest city in the State
of Gujarat. According to Census of India 2001, the population of urban agglomeration reached to
4.5 million. The city is situated on 23°00’N Latitude and 72° 00’E Longitude. River Sabarmati
is passing through the city divides into two parts, East and West. The western part of the city is
comparatively newly developed. Therefore it is planned and sparsely built in comparison to the
eastern part. Ahmedabad city is accorded 23 % of the State’s urban population and 7% of the
State’s total population. The decadal growth rate of the population is 22%. The city reveals the
decreasing trend of population growth rate whereas the urban agglomeration is increasing trend.
The city of Ahmedabad lies in the plain, dry and sandy area. It has a flat terrain having very
gentle slopes. The direction of the slope is almost parallel to the flow direction of the River
Sabarmati. These are a few mounds of a very low height in the city. The sea is 96 km away at
the Gulf of Khambhat where River Sabarmati meets the sea. The soil of the city is largely sandy
soil. The water table is 90m below ground level and is estimated to decrease at .3m every year.
The depression from the Bay of Bengal moves west or north of the city of Ahmedabad. It
observes a large variation in the rainfall across the year at Ahmedabad. The reason may be due to
the depression in the Bay of Bengal. The number of rainy days is varied between 30 to 40 days.
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Figure 1.

4

STORM WATER DRAINAGE (SWD)

The storm water drainage are constructed parallel to the road network there are 23% of the roads
length is covered with storm water drainage the rainfall between the month of June to September. The rainwater drains to the river Sabarmati through this network. The city government
provides storm water drainage facility to the citizen while constructing storm water drainage
underground to the road length. The purpose of providing storm water drainage is to carry over
the rainfall, runoff from the terraces, paved court yard, footpath, roads etc. This process reduces
the occurrences of flooding to the acceptable frequency.

Figure 2.

Negligence of natural drainage in the growth and development of Ahmedabad city has led to
problems of water logging and flooding during the monsoons. The city experienced worst floods
in 2000 when large areas of western and eastern part of the city were affected.
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5

STUDY AREA

Of the 195sq km of the city’s geographical area, western part of the city is taken for the study
which encompasses 43 sq. km. The land use is shown in the map below.
Table 1.
Land use break up for West zone (AMC)
SN Land Use
1
2
3
4
5
6
7

Residential
Commercial
Institutional
Village Settlement
Open and vacant land
Water bodies
Roads
Total

Area
(Sq km)

% of total
area

23.61
5.64
1.10
2.06
6.02
1.07
3.82
43.32

54.5
13.01
2.53
4.76
13.9
2.48
8.82
100

Figure 3.

Of the total geographical area it is more than 75% is built up area. The roads consist of 9% of
the geographical area. 14 % open land and 2.5% falls under water body. This represent the need
for the proper drainage facility of the rain water as there is not much open land to let the rain
water percolation to the underground.
Table 2.
S.
Ward Name
N.

Area
Populat
(Sq.k m) ion

1
2
3
4
5
6
7
8
9

5.78
5.5
6.69
6.8
3.32
3.5
2.23
3.68
4.82

Paldi
Vasna
Gandhigram
Navrangpura
Stadium
Naranpura
Nava Wadaj
Juna Wadaj
Sabarmati

63,663
67,387
64,592
62,380
63,185
63,293
63,450
63,135
64,348

Densit y
11,014
12,252
9,655
9,174
19,032
18,084
28,453
17,156
13,350

Figure 4.
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The city has 43 wards wherein the study area consists of nine wards. The distribution of the
ward is made for the administrative conveniences. The population of each ward may not increase
more than seventy thousand. The area of each ward is varied and so as the density of the population. Nava Wadaj ward represents the highest density whereas Navrangpura ward the least. This
is represented in the map prepared using GIS.
The contour map has been prepared to reveal the topography of the study area. The study
area is plain, dray and sandy. The direction of the slope is from North West to South East. The
maximum height is 65 meters and minimum height is 36 meters from mean sea level. There is
couple of small mounds falling in this area where the predominant land use is residential. The
commercial centers are located on the main roads in this area.

Figure 5.

6

Figure 6.

Figure 7.

NETWORK OF SWD

Out of 318 km length of storm water drain, 51 km storm water drains are in the study area. The
most recent heavy rainfall that brought Ahmedabad to a virtual standstill demanded the urgent
need for long term planning to overcome water logging problem. Planning, design, operation and
maintenance of urban drainage system are a challenge for urban government because of fast, unplanned and dense development. During last 2 decades, the study area is experiencing the flood
during heavy rainfall, causing disturbance in normal activities. In the past when city was small
in size and population, traffic with lesser number of vehicles, the roads with open land across it,
the seepage of rain water used to take place. The reaming water after evapo-transpiration goes
to the River Sabarmati. The built up area due to residential and institutional development started
increasing on a large scale. Thus causing heavy storm water flows, stopping traffic from 1 hour
to 48 hours and also causing soil erosion.
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7

CATCHMENTS

The natural drainage system as observed in the first map is now no more exists on ground. This
is because of the urbanization and the larger part of the area is covered under buildings. The
digitization of the storm water drainage lines has been done and from that the catchments map
was generated by considering natural drain, contour profile and slope using hydrological Model.
Table 3.
Area of
Sr
Name of Catchment Catchment
No
in Ha
1
2
3
4
5
6
7
8

Figure 8.

Vasna
Paldi
North Navaranpura
South Navrangpura
North Gandhigram
Stadium
South Gandigram
New wadaj

52.41
95.08
273.29
1380.47
112.76
36.96
284
542.12

Figure 9.

The south Navrangpura area is one of the largest catchments in the study area. Nava Wadaj,
North Navrangpura and South Gandhidham follow after this with the area ranging between 540
ha to little higher than 250 ha. The Stadium is the smallest in terms of geographical area followed
by Vasna and Paldi.
8

ESTIMATION OF STORM WATER RUNOFF

Hydrology deals with estimating flow peaks, volumes, and time distributions of storm water runoff. The analysis of these parameters is fundamental to the design of storm water management
facilities, such as storm water drainage systems and structural storm water controls. Surface run
off refers to the flow of water at the ground level which actually the remaining water, after seepage of water in the sub surface and loss of water due to evapo-transpiration due to the presence
of vegetation and biotic community.
9

RATIONAL METHOD

It is used to determine the peak runoff rate. This model estimates the peak rate of runoff at any
location in a watershed as a function of the drainage area, runoff coefficient, and means rainfall
intensity for duration equal to the time of concentration, Tc.
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This is expressed as follows:
Q = CIA
Where:
Q = maximum rate of runoff
C = runoff coefficient representing a ratio of runoff to rainfall
I = average rainfall intensity for a duration equal to the Tc (mm/hr)
A = drainage area contributing to the design location (ha)
Table 4. Percentage coefficients of runoff for the Catchments characteristics
Density built up area of cities with
metalled road
Residential areas not densely built, with
metalled road
Lightly covered

0.60
0.60
0.50

Ditto, with unmetalled roads
Suburbs with gardens, lawns and
macadamized roads
Park, lawns, meadows

0.20- 0.50
0.30
0.50 -0.25

RAINFALL INTENSITY (I)
The rainfall intensity (I) is the average rainfall rate in mm/hr for duration equal to the time of
concentration for a selected return period. Once a particular return period has been selected for
design and a time of concentration calculated for the drainage area, the rainfall intensity can be
determined from Rainfall. The formula for the intensity of rainfall is expresses as:
(1)
Where
I is the intensity of rainfall, Tr the recurrence interval
Tc Time of concentration, a, b, n are constants.
TIME OF CONCENTRATION
Use of the Rational Formula requires the time of concentration (Tc) for each design point within
the drainage basin. The duration of rainfall is then set equal to the time of concentration and is
used to estimate the design average rainfall intensity (I). The time of concentration consists of
an overland flow time to the point where the runoff is concentrated or enters a defined drainage feature (e.g., open channel) plus the time of flow in a closed conduit or open channel to the
design point.
For each drainage area, the distance is determined from the inlet to the most remote point
in the tributary area. From a topographic map, the average slope is determined for the same
distance. To obtain the total time of concentration, the pipe or open channel flow time must be
calculated and added to the inlet time. After first determining the average flow velocity in the
pipe or channel, the travel time is obtained by dividing velocity into the pipe or channel length.
Velocity can be estimated by using the hydraulic design table.
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10 CARRYING CAPACITY USING MANNING FORMULA
The capacity of storm water drains is controlled by its size, slope, and friction resistance. Several
flow friction formulas have been advanced which define the relationship between flow capacity
and these parameters. The most widely used formula for gravity pressure flow in storm water
drains is Manning Equation.
The Manning formula was developed by the Irish engineer Robert Manning. The available
head in the storm water drain is utilized in overcoming internal resistance. The Manning’s Formula given below is commonly used for such design.
or

(2)

Where
V = Mean Velocity, m/s
Q = rate of flow in, m /s
Kv =0.397 (0.59)
KQ =0.312 (0.46)
n = Manning coefficient
D = diameter of pipeline in m (ft)
S = Slope of hydraulic grade line m/m (ft/ft)
3

SOUTH NARANPURA CATCHMENT AREA
North Naranpura Catchments area
• Area of catchments:-1400Ha
• Runoff ofcatchments:-23.22 (cum/sec)
• Main Storm water drain length in the
catchments area:-3100mt
• G.L at start point:-60.46mt
• G.Lat end point:-60.38mt
• I.L at start point:-58.48.26mt
• I.L at end point:-50.50mt
• Average size of SWD drain:-900mm
• Storm Water carryingcapacity of
existing SWD line:-22.60(cum/sec)

Figure 10.

Figure 11.

The above mentioned details reveals that the carrying capacity of the particular segment of
the storm water pipeline is 22.60 cum/sec where as the calculated runoff is 23.22cum/sec. This
means the runoff is higher than the carrying capacity and therefore this area represents the flooding situation at the time of the rainfall.
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L_Section of existing SWD in Naranpura catchment area

Table 5.
Land use
Road
footpath
Commercial
Residential
Open plot
Total

Area in
hectares

Area in
%

206.57

15.16

213.99
886.45
55.36
1,362.37

15.70
65.06
4.06

Figure 12.
Runoff =886.45*0.8*40*1/360+213.99*0.85*0.4*1/360+55.36*0
.4*40*1/360+206.57*0.9*40*1/360= 23.22 cum/sec

PALDI CATCHMENT AREA
Paldi Catchment Area
• Area of catchments:-168 Ha
• Runoff of catchments:-15.03
(cum/sec)
• Main Storm water drain length in
the catchments area:-1850 mt
• G.L at start point:-44.66mt
• G.L at end point:-43.87mt
• I.L at start point:-43.50mt
• I.L at end point:-39.42mt
• Average size of
SWD drain:-450mm
• Storm Water carrying capacity of
existing SWD line:
-14.89 (cum/sec)

Figure 13.

Figure 14.

L_Section of existing SWD in Paldi catchment area

Figure 15.

Total runoff = 154.05*0.80*40*1/360
+8.27*0.85*40*1/360 + 5*0.90*40*1/360
+1.24*0.40*40*1/360 = 15.03 cum/sec

Again the Paldi catchment area reveals the similar situation where in the carrying capacity of the
storm water pipeline is lesser than the runoff calculated scientifically over the specific location.
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Table 6.
Sr. No

Name of
catchment

Area of
catchment
in Ha

Watershe
d runoff
(cum/sec)

Total pipe carrying capacity
(using Manning’s hydraulic table)
(cum/sec)

Vulnerability

1
2
3
4
5
6
7
8
9

Vasna
Paldi
Ellisbrige
Navrangpura
Gandhigram
Stadium
Naranpura
New wadaj
Near old wadaj

280
238
210
142
179
155
301
425
111

23.43
18.9
20.33
12.12
15.14
12.85
23.75
21.09
23.64

16.47
12.66
14.89
12.60
17.85
11.75
22.60
24.90
22.80

High
High
High
Nil
Nil
Low
Medium
Nil
Low

The analytical result represents that except three catchments all other catchments are in the
high, medium and low vulnerable zone. The city is still expecting higher density and therefore
the load over the network would expect to increase.
11 SPATIAL MULTI-CRITERIA DECISION ANALYSIS
This paper has attempted multi-criteria decision analysis (MCDA) to enhance the result of the
models used. The MCDA involves a set of alternatives that are evaluated on the basis of conflicting and incommensurate criteria. It is a process where geographical data is combining and transform in to a decision. It involves input data, the decision makers’ preferences and manipulation
of both information using specified decision rules and reclassifies the data. Here the input data is
geographical data. It uses the specific values to ‘no data cell’. The common scale is suggests how
much vulnerable to a particular location.
All the thematic layers have been reclassified and prepared in GIS environment. Those are
slope map, surface runoff map, population density map and drainage density map. Inputting these
layers in a model the result map has emerged which is nothing but the flood vulnerability map.
The vulnerability has been classified in to five hierarchies. The highest vulnerable area in is
the southern part of the study area which represents through red colour. In the map the largest
area falls in the high vulnerable and moderate vulnerable area. The land use map has been superimposed on the levels of the vulnerability. This exercise led us to count the population and the
assets under the effect of flood.
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Figure 16. Flood vulnerability map

12 CONCLUSION
This paper represents exploratory steps towards developing a new methodology for identification of the flood affected areas using GIS. This analysis also addresses the need for the storm
water drainage pipelines in the specific areas which are flood affected in a given intensity of rain
fall and therefore vulnerable. This paper is based on GIS and spatial technique for analysis and
understanding flood or water logging problem in the study area. The flood affected areas of different magnitude has been identified and mapped. The result of this paper is useful to engineers,
urban planning authority for identification of risk areas, prioritizing and taking proper decision
at right time.
The flood vulnerability maps give insight to emergency services a valuable tool for assessing
flood risk. The scope of this paper may enhance to the entire city level. The important condition
of this model to have a successful implementation is availability of the maps, the data on rainfall
for more than 60 years daily and monthly, land use, mobility, storm water drainage network
details, broad topography and the slope. Many developing countries do not have the up to date
maps and other information and therefore they are not capable to estimate the damage and loss
due to flood or heavy rain in the city.
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ABSTRACT: In September 2007 Slovenia was hit by a storm with torrential rains, causing
severe floods. Six people died and several hounded families lost all their property. The international Space and Major Disasters Charter was activated immediately after the disaster, providing
before and after imagery from several Earth observation satellites. We processed the imagery
with standard algorithms and procedures: geometric correction, image enhancement, modelling
(landslide/flood detection), visual interpretation, and mapping. Histogram enhancement and
spectral response analysis were applied to determine the probability of flooding. Although the
results are not definitive, they provide a good indicator for visual interpretation. 41 maps in
three scales were produced, printed and delivered to the Administration for Civil Protection
and Disaster Relief of the Republic of Slovenia as the end user. Communication between all
partners was excellent and results (maps) included in the reconstruction and damage estimation
processes. Imagery quality and delivery speeds were sufficient for the proposed activities (SPOT
data especially), but the delay in imaging/mapping/delivery is still an issue for rescue operations.
1

INTRODUCTION

Today, the world is facing disasters on an unprecedented scale causing immense material and
economic devastation. More than 255 million people were affected by natural disasters globally
each year, on average, between 1994 and 2003. In the last 30 years, these disasters claimed more
than 2 million lives (Guha-Sapir et al. 2004). Forecasting is limited and all available technology has to be employed. The European and French space agencies (ESA and CNES) recognised
this problem and initiated the International Charter “Space and Major Disasters” in 2000, with
the aim at providing a unified system of space data acquisition and delivery to those affected by
natural or man-made disasters. Several space agencies followed the idea and subsequently joined
the programme.
The charter can be activated by Authorized Users in case of any major human or natural
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caused disaster. A work group is assembled within minutes. It determines the plan of data acquisitions according to the disaster in question (type, extent, location) and natural conditions (terrain, precipitation, weather conditions). Collaborating organisations offer their imaging systems
free of charge and data is delivered within hours or days, depending on the system and weather
conditions. A qualified, typically local, expert group then processes the images and prepares
products such as basic satellite and derived thematic maps (extent of the catastrophic event,
damage assessment …).
In Slovenia the charter has been activated twice: following the Mount Mangart landslide in
November 2000 (Oštir et al. 2003) – this was the first activation of the charter, only weeks after
it has been declared operational –, and after the catastrophic flooding in September 2007. The
latter is summarised in the following chapters, with more in-depth information available in the
report to the charter (Oštir et al. 2007).
2

SPACE AND MAJOR DISASTERS CHARTER ACTIVATION

A major storm with torrential rains hit Slovenia on September 18th 2007. It ravaged northern
Slovenia and spread to the east, caused floods that damaged more than 4300 residential

houses and 1000 enterprise buildings, swept away 50 bridges, 150 cars, destroyed nearly 2000 km of roads, and buried a World War II hospital — a national monument. Six peo-

ple died and several hounded families lost all of their property. The total damage was estimated
to be more than 200 million EUR.
The Slovenian authorized user – the Administration for Civil Protection and Disaster Relief,
activated the charter with the on-duty operator at the Argentinean CONAE in the morning after
the storm. The activation was lead by the emergency on-call officer at the German DLR, while
the Scientific Research Centre at the Slovenian Academy of Sciences and Arts was commissioned to coordinate, receive and process the data.
Earliest archive images were delivered on September 21st. In the same morning, three days
after the disaster, first new images were acquired and delivered on September 24th. 25 images
from 16 acquisitions were supplied in total (Table 1). However, the activity plan was not completely fulfilled: Envisat experienced acquisition device problems, Ikonos acquisition was cancelled due to lengthy time window, and two SPOT images were unusable because of cloudiness.
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Table 1. Satellite images acquired in the framework of Space and Major Disasters charter, activation 179. The storm with heavy rains hit Slovenia on September 18th 2007.
Agency

Satellite

Type

Acq. date

Date received

AOI

ESA
ESA
ESA
NSPO
NSPO
NSPO
NSPO
NSPO
ISRO
CSA
CSA
CSA
Spotimage
Spotimage
Spotimage
Spotimage

Envisat
Envisat
Envisat
Formosat
Formosat
Formosat
Formosat
Formosat
IRS-P6
Radarsat
Radarsat
Radarsat
SPOT-5
SPOT-5
SPOT-5
SPOT-5

radar
radar
radar
optical
optical
optical
optical
optical
optical
radar
radar
radar
optical
optical
optical
optical

19.07.2007
22.07.2007
30.09.2007
21.09.2007
22.09.2007
23.09.2007
24.09.2007
25.09.2007
22.09.2007
19.08.2001
22.09.2007
26.09.2007
12.03.2007
05.08.2007
21.09.2007
30.09.2007

24.09.2007
20.09.2007
01.10.2007
25.09.2007
25.09.2007
25.09.2007
25.09.2007
26.09.2007
24.09.2007
24.09.2007
24.09.2007
26.09.2007
21.09.2007
24.09.2007
24.09.2007
01.10.2007

West
West
East
West
West
West
West
West
West
West
East
West
West
West
West
East

Figure 1. Satellite imagery acquisition focused on the most stricken areas. The map shows the extent of
SPOT images for the western and eastern “epicentres”. According to the Administration for Civil Protection and Disaster Relief the nine indicated municipalities were hit most severely.

3

PROCESSING

All images were geometrically corrected immediately after their delivery. However, subsequent
effort was focused only on the images with appropriate quality to suit the end user’s needs
(Figure 2).
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3.1

Geometric corrections

Distortions on satellite images are a result of
the Earth’s curvature and topographic relief
displacements, camera/sensor orientation and
systematic errors. In order to be represented on
a planar surface and in a suitable map projection the images have to be geometrically corrected – rectified. Assigning map coordinates
to the image data is called georeferencing and
is done with the use of ground control points.
If these are automatically extracted from another, already referenced image, the process is
called (automatic) registration. The orthorectification process on the other hand removes
the geometric distortions inherent in imagery
in a way that the resulting images are planimetrically true and represents ground objects Figure 2. Satellite imagery processing model
in their true “real world” positions. This is
done by considering a digital elevation model
(DEM), data on satellite location and camera orientation and characteristics (rational polynomial
coefficients, RPC) at the time of the acquisition. Measurements taken off an orthoimage correspond to measurements taken at the same place on the Earth’s surface (Marsetič in Oštir 2007).
All newly acquired SPOT images were orthorectified with a 12.5 m resolution DEM of Slovenia (3.2 m average vertical accuracy). Accuracy rectification was enhanced by 15 measured
ground control points. Envisat images were orthorectified with the same DEM and considering
the SAR model. Most of the anomalies, such as shadows and layover, were removed. Positional
accuracy of the processed images is in the order of a pixel size. All other images were automatically registered to existing imagery: IRS L3, IRS L4, and archive SPOT data were registered to
orthorectified archive SPOT and IRS data acquired in the framework of the CORINE 2006 programme; Radarsat images were registered to archive images owned by our group; the Formosat
data was aligned to the national orthophoto dataset (DOF5).
Geometrically corrected images served for visual interpretation of the consequences of the
storm. Radar imagery, normally very convenient for moisture detection, proved unusable because of fast water outflow after the event and rough terrain. Optical imagery worked better for
our purpose. IRS images are useful for mapping large areas, however the phenomena we wanted
to observe required better resolution. SPOT data fulfilled this (Figure3A), and we also received
new data covering both effected “epicentres” to compare with existing own archive. Formosat
imaged the western part five days in a row. Unfortunately, the images have been already rectified
(basic terrain correction) but not mutually registered (not even the multispectral and panchromatic image pairs), and we were unable to eliminate the errors. Their geometrical quality was
therefore insufficient for detailed analyses.
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For the rapid damage assessment and production of maps we have decided to process SPOT
data only.

3.2

Pan-sharpening

Pan-sharpening or resolution merge process allows multispectral images of lower spatial resolution to be sharpened using a panchromatic image of higher resolution. The result contains the
positive of both: multiple bands of high resolution (Figure 3). Various techniques (Pohl & Van
Genderen 1998) give results of different quality (Švab & Oštir 2004).

Figure 3. A detailed view of Železniki area.
An orthorectified panchromatic 2.5 m resolution
SPOT image (A), an orthorectified multispectral
10 m resolution SPOT image, bands 4, 1 and 2
(B), and a pan-sharpened multispectral image (C).

Modified IHS (intensity/hue/saturation) method (Tu et al. 2002; Siddiqui 2003) was used to
pan-sharpen orthorectified SPOT images. The common IHS method transforms three multispectral bands, covering the same wavelengths as the panchromatic band, from RGB to IHS colour
space, replaces the intensity band with the panchromatic band, and converts the result back to
RGB. The modified IHS method addresses the three bands limitation by iterative processing,
assessing the spectral overlap between each multispectral band and the panchromatic band, and
weighting the merge based on these relative wavelengths. Therefore, it works best when merging
images (and bands) with a significant overlap of wavelengths.
4

INTERPRETATION AND MAPPING

SPOT satellite recorded the eastern study area almost two weeks after the storm and therefore
the interpretation was done only for the western part. Consequences of the disaster, particularly
mud and other material deposits could be recognised. Still, identification was not easy: panchromatic band does not distinguish between flooded areas (flood waters have already receded by
the time of imaging) and fields and pastures, while none of the multispectral bands combinations
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definitively distinguishes between flooded and built-up areas. Discrimination was improved by
contrast enhancement and spectral response analysis. Models were calibrated on Železniki with
surroundings because flooding consequences were most recognisable here.

4.1

Contrast enhancement

Heavily contrast increase (by 70%) and brightness decrease (by 30%) of the panchromatic image
resulted in good separation of built-up from non-built-up (including flooded) areas (Figure 4A).
A combination of multispectral bands 4, 1 and 3 displays built-up and flooded areas in violet
colours, the first being slightly lighter than the latter. By deforming colour histogram curves with
narrowing the possible colour variations by standard deviation histogram stretching with saturation (standard deviation was 0.3) (Richard and Jia 2006), it was possible to extract the flooded
parts (Figure 4B). Overlaying the transformed images visually exposed flooded regions in pink
colours on an unevenly grey background (Figure 4C). The iterative procedure is subjective and
requires an experienced interpreter. Urban elements, fields (especially wet or recently ploughed
up), and clouds remain the main challenges of the method.

Figure 4. Interpretation of a SPOT image with
contrast enhancement. A modified panchromatic
image with added contrast and reduced brightness
(A), a multispectral image with applied standard
deviation stretch with saturation (bands 4, 1 and
3) (B), a combination of the two with visually
pronounced stricken areas in pink colours on an
unevenly grey background (C).

4.2

Automatic detection of affected areas with spectral response analysis

The idea behind this method is that it is possible to determine a typical range of surface (pixel)
spectral response values classified as flooded areas for individual multispectral bands. With multispectral SPOT images a set of four DN intervals can therefore be determined and every pixel
of the image is compared to this set. If its values correspond to all four intervals it is classified
as flooded with high probability, if they lay within three intervals it is classified as flooded, otherwise it is not regarded as effected by water. The method has been tested on a pan-sharpened
SPOT image (Figure 5) and the band intervals ware calibrated to flooded areas around Železniki

186

Ž. Kokalj, A. Marsetič, P. Pehani & K. Oštir

(Table 2). Fields, rocks, clouds, and rivers present a major hindrance to the procedure; however,
rivers can be removed quite easily with the use of vector hydrology data and a DEM.
Table 2. Manually selected DN ranges of values for SPOT bands
SPOT band

Range of DN values

Inside interval

Outside interval (clearly eliminated)

1
2
3
4

150–255
140–255
70–90
90–110

flooded, built-up, forests
flooded, built-up, fields
flooded, forests
flooded, fields

fields
forests, meadows, some fields
bright fields
built-up, (coniferous) forests

Figure 5. Interpretation of a pan-sharpened SPOT image with spectral response analysis. The result is a
probability raster with dark and bright red indicating flooded areas with high and medium probability respectively, presented overlaid on a panchromatic image.

4.3

Mapping

For the use in the field the Administration for Civil Protection and Disaster Relief of the Republic
of Slovenia requested A2 sized hardcopy maps. Maps are bilingual (English/Slovenian) to enable
usage both for the home user as well as the international programme. They are in the national
coordinate system (D48) and have basic textual and graphic elements: data sources, description
of processing, analyses and interpretation, an overview map and a legend. Large overview maps
in scale 1:100,000 have been prepared for the western part and in scale 1:150,000 for the eastern
part:
• 12.5 m digital elevation model map with settlements, railways, roads and main rivers.
• 2.5 m pan-sharpened SPOT image map in false colours. Flooded areas are visible but in
places hardly distinguishable from built-up areas.
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•
•

23.5 m IRS image map in false colours. Flooded areas are not easily recognizable.
Composite Envisat map (only for the western part) of two images from 2 months before and
12 days after the storm. Larger areas of increased wetness can be recognized but a detailed
interpretation is impossible because of terrain morphology and noise.
23 detailed SPOT maps in scale 1:25,000 were prepared for the western and 11 for the eastern
part. Only names of settlements and streams (both provided by the Surveying and mapping authority of the Republic of Slovenia) are presented on these maps. Roads were left out since they
would only obstruct information already present in the images. An example map of Železniki
area is shown in Figure 6.

Figure 6. An example of a 1:25,000 scale map (pan-sharpened multispectral 2.5 m resolution SPOT image, bands 4, 1 and 2). Flooded areas are visible in dark violet colours.
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5

CONCLUSIONS

Several Earth observation systems, belonging to the Space and Major Disasters charter member
organizations, have provided before and after images of the areas affected by a severe storm that
hit northern Slovenia in September 2007 (approximately 7000 km2 in total have been observed).
Envisat, Formosat, IRS, Radarsat, and SPOT images have been received and processed. Due
to rough mountainous terrain and relatively fast water outflow after the event, consequences of
flooding could not be observed on radar images. Optical images, especially SPOT, proved to
more appropriate for the interpretation for several reasons, most importantly high resolution of
data (2.5 m for SPOT panchromatic, which was used also to sharpen the multispectral images).
Although the images have been acquired several days after the event the weather conditions were
optimal and the images have excellent radiometric properties.
Satellite images have been processed with standard algorithms and procedures: geometric
correction, image enhancement (contrast manipulation, pan-sharpening, etc.), modelling (landslide/flood detection), visual interpretation, and mapping. Histogram enhancement and multispectral data analysis have been applied to determine the probability of the flooding (with several levels). Although the results were not definitive, they provide a good indicator for visual
interpretation. Maps were prepared in three scales: overview maps are in scales of 1:100,000 and
1:150,000, and detailed maps in 1:25,000. They were printed and delivered to the end user – the
Administration for Civil Protection and Disaster Relief of the Republic of Slovenia. The Slovenia case has proved the usability and effectiveness of the Space and Major Disasters Charter. The
communication between all the partners was excellent and the results (maps) were included in
the reconstruction and damage estimation processes. Imagery quality and delivery speeds were
sufficient for the proposed activities (SPOT data especially), but for rescue operation the delay in
imaging/mapping/delivery is still an issue. The Charter has been closed in two week and all the
maps were delivered, but data processing has continued to enhance the automatic feature detection. We also believe that appropriate training of the end user and the simulation of the activities
could additionally improve the effectiveness of the operation in the country.
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ABSTRACT: The main aim of this study is to quantify the actual increase in urban area over the
past forty five years in an area of interest located in the vicinity of the Agriokalamin River area in
Kissonerga Village in Paphos- Cyprus. The results of this study will encourage decision mak-ers
or the local authorities to consider land use planning as an effective non-structural measure for
flood risk mitigation. Remotely sensed data such as aerial photos, Landsat-5 TM and Quick-bird
image data have been used to track the urbanization i.e. building activities near the catch-ment
area. GPS measurements have been used to locate in-situ the boundaries of the catchment area.
The urban growth factors for the catchment area were much closed with those found from the
available data (number of buildings). The results clearly illustrate that tremendous urban development has taken place over the last 45 years. A flood risk assessment was performed with
some preliminary results shown that Tala Village area was the most high-risky area than the other
areas. Hydraulic analysis is also applied to retrieve the storm/flood ‘return period’.
1

INTRODUCTION

Ecosystem and floods are closely related and any changes in the ecosystem such as urbanization
across the catchment’s area may trigger off a sequence of flood occurrence causes. The causes
of floods are closely related to topological, meteorological, climatic, biological and hydrological
fac-tors. Nevertheless, as witnessed by floods worldwide, land use and cover change associated
with human activities may change the hydrological processes and increase flood risks (Campana
et al., 2001; Crooks and Davies, 2001; Sullivan et al., 2004; Khan 2005; Brath et al., 2006).
Expansion of human settlements and accompanying activities, especially the rapid urbanization
occurring in the developing countries, play an important role in global land use and cover change
(Masek et al., 2000), causing changes to ecological processes on a local and global scale.
The remote sensing techniques can be used to monitor the current situation before, during
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or after disaster like floods. Such image-data can be used to provide baseline data against which
future changes can be compared while the Geographical Information Systems (GIS) techniques
provide a suitable framework for integrating and analyzing the many types of data sources required for disas-ter monitoring such as flooding (Hadjimitsis et al., 2001).
2

STUDY AREA

The severe weather conditions that causes flood on the 30th of October 2006 in the Paphos District area in the area covered near the Agriokalamin River in Kissonerga-Tala-Emba-Tremithousa Vil-lages (located southwest of Paphos) (see Figure 1, 2 and 3), lead to the loss of two human
lives.

Figure 1. Agriokalamin Catchment area (Quickbird image)

Figure 2. The catchment area
including the Agriokalamin
River and the nearby villages
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Figure 3. Photo of the existing
catchment area (northern part
of the Kissonerga area)

3

METHOD

The type of datasets needed for hydraulic modeling and impact assessment include mainly the
to-pography of the area and land use. Such data can be found based on the combined use of GIS,
re-mote sensing and topographical mapping.
The overall methodology consisting of various steps such as follow:
• Define and measure the catchment area based on the use of the topographic maps, digital
elevation map (see Figure 4)
• Use GIS software to measure the catchment area (see Figure 4)

Figure 4. Overlay of the Topographical Map (defined cathment area) on the Quickbird
image (acquired on Dec-2003).
The catchment area has been
measured as 7.5 km2 using the
GIS software.
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4

Apply geometric and radiometric correction (including atmospheric correction) to the Landsat TM imagery
Overlay all the available imagery (based on the area of interest)
Apply different available land-cover change algorithm (Maximum Likelihood Supervised
Classification technique and unsupervised classification)
Determine the urbanization factor in %. This factor denotes the amount of building activi-ties
occurred in the area under investigation and includes all the pixels in the scene that is not
agricultural, water, grassland i.e. buildings, asphalt areas, concrete areas, sand etc.
PROCESSING OF SATELLITE IMAGES

The following pre-processing steps have been applied to the series of satellite images:
Geometric correction: Geometric correction was carried out using standard techniques with
ground control points and a first order polynomial fit. Twenty well-defined features in the images such as road intersections, corners of large buildings were chosen as ground control points.
Topographical maps of 1:5000 have been used to track the position of each ground control point.
Radiometric correction: Satellite images were converted from digital numbers to units of radiance using standard calibration values. Then the next step was to convert the at-satellite radiance
values into at-satellite reflectance using the solar irradiance at the top of the atmosphere, sunearth dis-tance correction and solar zenith angle.
In this study, the darkest pixel atmospheric correction was applied to every image (Hadjimitsis et al., 2003; Hadjimitsis et al., 2004; Hadjimitsis, 2008). It has been found that atmospheric
effects contribute significantly to the classification technique. So the darkest pixel atmospheric
correction has been applied to the available images.
Maximum Likelihood Supervised Classification technique was used to classify the available
im-ages. The following five classes have been used for both for the ‘supervised and unsupervised classification algorithms’ and have been applied: - vegetation (thinly vegetation), asphalt
area, ur-ban area no.1, urban area no.2 denotes buildings, water, and bare soil (see Figure 5).
These five classes have been used based on the land-survey maps, topographical maps and townplanning records.
5

RESULTS

Table 1. shows the degree of urbanization (buildings, road infrastructure=urban area) based on
the results found by applying the unsupervised classification technique (as shown in Figure 5).
There is a significant change in the building activities that have been occurred in the last 7 years
especially for the Tala area. Estimated number of buildings for Kissonerga Village for the 1982
and 2002 were 256 and 665 respectively (38.5 % increase). By comparing the urbanization factors found from the classified images acquired on 1985 and 2003 (the nearest dates), urbanization
factors of 6 and 16 % was found (i.e. 38.5 % increase). It is apparent that both indicative results
were much closed.
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Table 1. Determined urbanization factors for each image
Data
Air-Photos
Air Photo -1963
Satellite Images
(Landsat TM-5) 03-06-1985
(Landsat TM-5) 29-09-1987
(LandsatETM+7) 30-5-2000
(LandsatETM+7) 30-01-2001
(Quickbird) 2003
(Quickbird) 2006

Urbanization Factor (building activities) (%)
0.9
6.0
7.2
11.8
12.2
16.0
27.0

Figure 5. Unsupervised classification results

6

HYDRAULIC ANALYSIS AND RISK ASSESSMENT STUDY

A three dimensional hydraulic representation of the catchment area is performed as shown in
Figure 6. The return period of the flood has been estimated to be 75 years using the existing
meteoro-logical data found during the 30th of October 2006 flood event. The maximum flow of
water has been calculated for several periods of years as shown in Table 2. The existed return
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period of the 2006 flood was characterized as ’75 years return period event’. Therefore, the only
parameter that may affect the area is coming only from the urbanization effects.
Table 2. Return period and average water flow
Return period (years)
75
50
25
10
5
2

Average Water Flow m3/s
69
59
48
29
17
10

Figure 6. A three dimensional
hydraulic representation of the
catchment area

By neglecting other factors used to flood estimation, the results in this stage are treated as
indicative rather than definitive. A flood map of the area under investigation was produced and
the urban areas that appeared to be at highest risk were considered. The author used the demographic data that were available on the 2002 for all the villages around the area under investigation. Flood hazard map was prepared based on the estimated depth of inundation for a fifty-year
flood by simu-lating the path of over bank flow from the main channel to the adjacent flood plain.
Indeed, it has been found that the highest flood risky area in comparison with the other areas was
the Tala village.
7

CONCLUSIONS

Remotely sensed imagery and other auxiliary data were employed to examine the linkage between land uses and cover change and flood risk in Agriokalamin catchment area in Cyprus.
The results clearly illustrate that tremendous urban development has taken place over the last 44
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years. Inevi-tably, the urban lands increased the pressure of the drainage systems. A flood risk
assessment was performed with some preliminary results shown that Tala Village area was the
most high-risky area than the others in terms of its impact in the catchment’s area. Future work
consists of further flood risk assessment analysis using full hydraulic data.
On local and regional scales, the ongoing urbanization and associated land use change have
impaired the function of draining systems and increased flood risk in any river area. Lessons
from the flood occurred on October 2006 case implied that, in addition to natural processes, human activities driven by socio-economic factors may be responsible for the recently increasing
level of flood risks. Further investigation of the urbanization activities in other catchment’s areas
in Cyprus is one of the main future works.
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ABSTRACT: On Slovenian coast, sea floods of various extenses are quite common. Usually
floods are not high and they do not cause any damage, but every few years there are floods that
cause material damage and approximately once in a century we can expect extreme floods that
cause much more severe danger. For determining flood areas, lidar scanned data can be very
helpful. From lidar scanning, we obtained precise digital terrain model with cell size 0,5 × 0,5
m. We analysed the long-term data about sea flood heights and calculated to which elevations on
DTM these heights correspond. This was followed by terrain analyses during which we analysed
the barriers and other objects that could stop the water flow. In the end we obtained precise flood
charts representing various flood areas and degrees of land endangerments. The data was made
available for civil protection and it should also be used for spatial planning.
1

INTRODUCTION

Sea floods of various extents occur on Slovenian coast often. Their extent and inflicted damage
are usually not extensive, but occasionally they may pose a significant damage.
As Slovenian coast is well populated it is important to know the extents of flooded areas.
There are various methods to determine the flooded area, usually in connection with known
extent of previous floods. But this approach is difficult to use for extreme flood which happens
approximately once every 100 years. The development of remote sense techniques has rendered
possible newer quite precise techniques for determining flooded areas. Later on we will describe
how we have determinate sea flood areas on Slovenian coast with use of data obtained by lidar
scanning.

1.1

Short description of Slovenian coast

Slovenian coast is situated on top of the Adriatic sea. It is 46,6 km long. The main characteristic
of the area is that it is quite varied in height. The difference between the sea and the highest
mountain is over 1000 m. The coastal area, consisting of three communities, has an area of 386,4
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km2. With 79.604 inhabitants, the average population density is 206 people per km2, but in narrow coastal areas the density is over 500 people per km2. The area is also very interesting for
tourists.
Slovenian coast is a ria coast, a characteristic of which is that the major direction of the coast
is perpendicular to geological structure. Another characteristic are long bays in sunken river
valleys, between which long peninsulas extend far into the sea. Main coast shapes are coastal
plains in interior of the bays and steep cliffs on the peninsulas. In case of Slovenian coast Gulfs
of Koper and Piran are deepen in geologically softer base, respectively they are sunken valleys
of Dragonja and Rižana rivers. Between them extend long peninsulas. Predominating direction
of the cost is north-east which is transversal Dinaric direction (Kunaver, et al., 1996).
2

DESCRIPTION OF SEA FLOODS

On Slovenian coast, sea floods of various extensions are quite common. Usually floods are not
high and they do not cause any damage, but every few years there are floods that cause material
damage and approximately once in a century we can expect extreme floods that cause much more
severe danger.

2.1

Development of sea floods

Main cause for sea floods is very high tide, which is caused by specific meteorological factors in
combination with specific hydrological factors. The tide is highest full moon and at new moon,
which means that the sun and the moon are in opposition or conjunction what cause their influence on tide to sum up.
Average daily tide amplitude in Koper is around 60 cm. In case of other mentioned influences
the amplitude can rise a lot. The difference between the highest high tide and lowest low tide
between years 1955 and 1997 in Koper was 286 cm.
The tide rise depends very much on direction and strength of the wind. Typically winds from
south quadrant, from which the most common is wind “jugo”, cause the sea level to rise (Bernot,
1983). The rise of water caused by moderate and long lasting jugo can amount up to 25 cm,
meanwhile during strong jugo, especially in the autumn and first half of winter, the sea level can
rise for more than half meter (Bernot, 1983).
The role of waves is also very important, because they can be up to couple of meters high,
what adds to the flood a destroying force.
The decrease of air pressure for 1 mb also causes the rise of sea level for 1 and up to 1,5 cm
(Bernot, 1993a, Robič 2003/2004). During bad weather and jugo, for which low air pressure is
characteristic, the air pressure can fall during one day for more than 20 mb, what consequently
cause the rise of sea level for 20 cm.
There is also a typical weather front situation for days of sea floods. This is so called Genova
area of low pressure, which is formed in Gulf of Genoa and moves towards east and reaches
north Adriatic. Consequently on Adriatic strong south winds starts to flow (Bernot: 1983, 1993a,
1993b).
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The sea floods have another accompany effect. When the sea level rises and the water from
entire Adriatic pushes towards north, the mouths of rivers are dammed, what causes that the river
water cannot outflow normally. The consequence is that the level of rivers rises and they flood
the nearby area. The flooded areas of the sea and the rivers are this way joined.

2.2

History of sea floods

Systematic tide measurements of sea level in Koper begun in 1958, but the data are available
only since 1963. They give us the opportunity for detailed analysis of sea floods and inflicted
damage with the support of statistical methods.
We can expose five floods as the most powerful in twentieth century. In the year 1966 the sea
level reached the value of 352 cm on mareographical lath (the different types of height measurements will be explained in next chapter) which corresponds to 52 cm of water on lowest part of
the coast. The flood lasted (with internal oscillations) 21 hours. Because of strong jugo also the
material damage caused by flood and waves was very high.
Next high flood which is also the highest reported in second half of 20th century was in 1969.
The sea level reached 394 cm which is 94 cm of water on lowest parts of the coast. It lasted 3
hours (Kolega, 2005).
Next high flood was in 1979, which lasted 4 hours and it had caused some material damage.
During years 1980 and 1982 there were two higher floods with the hight of 361 (61 cm of water
on lowest parts of the coast). Between them the first caused lass damage because it was not accompanied with strong jugo. Both floods lasted about 3 hours.
The average level of water during the floods between 1963 and 2002 was 309 cm or 9 cm of
water on lowest parts of the coast (Kolega, 2005).
3
3.1

THE PROCESS OF DETERMINATION OF SEA FLOOD AREAS USING LIDAR DATA
Previous researches and maps of sea

Despite that sea floods on Slovenian coast are constantly present, there is not a lot written about
them and especially maps of flooded areas are very few. In 1983 Julij Titl made some maps representing sea flood areas in coastal cities during the high flood in year 1969. Unfortunately this
sea flood maps are very imprecise and of small scale.
More precise maps of sea floods areas on Slovenian coast have been created in 2005 (Kolega,
2005), which are also a methodological base for actual sea floods maps.

3.2

Lidar scanning

In October 2007 3 km wide coastal zone (on same parts even wider) was scanned with lidar.
From the scans we obtained a set of points approximately 20 cm apart, with an important quality
that not only terrain features, but also artificial and natural objects, like buildings and trees, were
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captured and considered. After the processing of data, we obtained very precise grid of points,
from which it was possible to distinguish terrain features and objects, precise DTM with resolution 0,5 × 0,5 m and orthophoto with resolution of 10 cm.

3.3

Methods

We analyzed the long-term data about sea flood heights and calculated to which elevations on
DTM these heights correspond. This was followed by terrain analyses during which we analyzed
the barriers and other objects that could stop the water flow. In the end we obtained precise flood
charts representing various flood areas and degrees of land endangerments.
Mean long-term value of sea level, which is used as staring-point (between high and low
tide) corresponds to value 215 on mareographical lath on which tides are measured. But geodetic
value of zero (0) is 15 cm lower than mean long-term value of sea level and it corresponds to
value of 200 cm on mareographical lath. The value at which the sea starts to flood, the lowest
parts of the coast, is 300 cm, which means 100 cm above geodetic zero. The highest noted flood
in the second half of 20th century was 394 cm (194 cm above geodetic zero) or almost 1 meter of
water on lowest parts of the coast. We can label this flood as extreme or hundred-year flood. This
was also the value used for the determination of extreme floods areas. For the determination of
yearly floods the value of 330 cm was used.
After this values were calculated we transferred them to precise 0,5 × 0,5 m resolution Digital Terrain Model. We made contours for every half of meter between the lowest value on DTM
and 2 m of height. Especially because Bonifika in Koper is a depression, we can find on DTM
places with values that are also lower than -2 m. We extracted the zones of this contour values
and obtained potentially flooded areas.
This was followed by the analysis of terrain characteristics, which was done as field-work
and with the help of precise orthophoto, during which we analyzed the barriers and other objects
that could stop the water flow. Because the great accuracy of DTM on some places we can clearly
see that there are narrow dikes near the sea with higher elevation that stops the water to flow
on. The height of the majority of this dikes is between 1,3 m and 1,5 m, which means that they
are successfully blocking the water during yearly floods. But the sea level of extreme floods is
higher (1,94 m), which means that the dikes would not stop the water. In this condition the water
would overflow that dikes and all depressions in the interior. We can assume that when the water
reaches 350 cm (1,5 m above geodetic zero) the much bigger and connected flood area starts to
form, because the majority of dikes with the role of barriers is overflown. This way the areas
from DTM have been settled in two classes that corresponds to yearly and extreme sea floods.
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Picture 1. Determination of potential flooded areas on DTM

3.4

Description of sea flood areas

The range of the extent of sea floods is quite big and therefore we distinguish two main types of
flood that base on their extent:
• yearly sea floods – about 30 cm of water on lowest parts of the coast
• extreme (hundred years) sea floods – about 1 m of water on lowest parts of the coast.
The area of every year flood is approximately 7,2 km2 and the area of extreme floods is approximately 14,7 km2
We can divide sea floods areas by the type of surface. We can distinguish
Depressions – approximately 0,006 km2 for yearly floods and 1,0 km2 for extreme floods.
Actually on Slovenian coast there is only one wide depression. This is Bonifika near Koper. Historical Koper was an island and Bonifika was shallow sea, which was later filled up with earth.
Lower parts of coastal cities near the sea and narrow parts of the coast on foots of slopes –
approximately 0,2 km2 for yearly floods and 0,8 km2 for extreme floods. This category is treated
as one because all old cities on Slovenian coast are situated on hills, which means that extents
of flooded areas are delimited by hills which is the same for narrow parts of the coast on foots
of slopes.
Alluvial plains and lower parts near rivers – approximately 7,0 km2 for yearly floods and 12,8
2
km for extreme floods. Common for this, the biggest type of flooded areas, is that this areas are
somehow connected with rivers; they are the result of alluvial deposition or rivers pass across
them and occasionally floods in combination with sea floods. The biggest areas of this type are
salt-pans.
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Picture 2. The extent of yearly
and extreme floods

Slovenian coast is quite populated therefore especially extreme floods can endanger buildings and other infrastructure and also people living there. With the help of data representing centroids of buildings we analyzed how many inhabitants are endangered and which are the surfaces
that are covered with buildings and which of them are inhabited.
Map representing the areas of extreme floods divided in three types:
• Surfaces without buildings – approximately 7,2 km2 for yearly floods and 13,5 km2 for extreme floods. The biggest areas of this type are salt-pans and depression Bonifika.
• Surfaces with building – approximately 0,02 km2 for yearly floods and 0,7 km2 for extreme
floods. The biggest area of this type is again Bonifika because there is situated a lot of industrial and economy infrastructure.
• Surfaces with inhabited buildings – approximately 0,04 km2 for yearly floods and 0,5 km2
for extreme floods. The areas of this type are in all old cities on Slovenian coast (Piran, Izola
and Koper).
3.4.1 Description of sea flood areas in Koper
In Koper and its neighborhood, there is a number of areas that would be flooded during extreme
floods. Port of Koper would be, because of its location, almost entirely under water. This could
cause serious material damage. The water would overflow almost to Srmin.
During yearly floods, only the lowest parts of the Port of Koper are flooded, and that doesn’t
cause serious problems. During extreme floods, the regions flooded would include Bonifika, part
of large inhabitated areas Olmo and Šalara near the Badaševica river. In the old town of Koper,
Marina Koper, Ukmar’s square, part of Carpaccio’s square, Pristaniška street, Ljubljanska street
and Bonifika would be under water during extreme floods. In the old city center, several houses
would be under water. During yearly floods, Semedelska street, part of the marina and the coast
area near the harbor would be flooded. Residential buildings are not in danger. The area towards
Žusterna with the parking place and the beach would be under water as well as some parts of
the main road between Koper and Izola during extreme floods. Only the beach is flooded during
yearly floods.
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Picture 3. The extent of yearly
and extreme floods divided by
buildings and inhabitants in
Koper

3.4.2 Description of sea flood areas in Izola
During extreme floods the following parts of Izola would be submerged: a bigger part of shipbuilding yard of Izola, the beach west from shipbuilding yard and a small peninsula with the
lighthouse and the large part of the town Izola itself would also be flooded: near the harbor, Big
square, Manizioli’s sqare and the entire part to Ljubljanska street and Gorki’s street. The water
would also cover the marina with its buildings and the area near Simonov zaliv (Simon’s Bay),
in addition to quite a few residential buildings, especially in old city center. During yearly floods,
only a narrow part of the coast and very few residential buildings would be flooded mainly those
on the Veliki trg (Big Square), and maybe the area near marina.

Picture 4. The extent of yearly
and extreme floods divided by
buildings and inhabitants in
Izola
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3.4.3 Description of sea flood areas in Piran
Floods pose the greatest threat to Piran. They have caused the worst damage there also in the
past. A big part of the old city centre would be flooded during extreme floods. Water would
overflow along entire coast around the cape Madona to Ressel’s street and the beginning of
Gregorčič’s street (behind the former Punta hotel) and then to lower part of the Square of 1st May
and Verdi’s street.

Picture 5. The extent of yearly
and extreme floods divided by
buildings and inhabitants in
Piran

The entire Tartini’s square and the area up to Ulica Svobode and Tomšič’s street would be under
water. Also flooded would be the Dante’s street and entire Fornače. Quite a few houses would be
flooded and material damage would be high. During yearly floods in Piran, the areas under water
are Kidrič’s and Prešeren’s quays, Tartini’s square and a part of Cankar’s quay with the harbor.
Out of the city, only a narrow costal part would be flooded. Prešeren’s and Kidrič’s quays.
3.4.4 Description of sea flood areas in Portorož and Lucija
In Portorož, during extreme floods only the beaches would be flooded.
In Lucija, quite a large part of the surface would be flooded during extreme floods. Those regions would include the entire marina Portorož and the water would overflow on till Obala street
which be partly flooded as well as Ukmar’s street. Along stream Fazan, the water would overflow
all the way to Fazan and Fazanska street. In case of extreme floods, many of residential and other
buildings would be flooded, causing considerable material damage. The main Lucija’s beach and
a narrow part of quay near the canal at the mouth of the Fazan stream which serves as a mooring
place for small boats, are flooded during yearly and extreme floods. The beach and a smaller part
of autocamp Lucija would be flooded during extreme floods. Yearly floods in Lucija do not cause
serious problems because flooded areas are mostly beaches and narrow coastal parts.
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4

CONCLUSION

Precise DTM can be very useful for determining sea flood areas. With some field work and terrain analysis we can obtain quite precise maps of flood areas.
The area of sea floods during extreme floods is quite big and the same holds for the number
of inhabitants. This is troublesome in various aspects. Slovenian coast is quite attractive for new
buildings, tourist and other similar activities – as demonstrated by quite high density of population and buildings. Local and other authorities, judging from existing building and plans, do not
sufficiently realize the dangers to the area. From this we can conclude that the damage in case of
extreme floods would be much higher than it was in the past.
The town most at risk is Piran, because of its position exposed to high tides and south-eastwind. A lot of buildings in the town are directly on the coast, which is relatively low.
The main propose for creating this more precise flood area maps was that they can be used by
the Civil protection as risk charts. Honestly we can say that this is quite a big step forward that
someone of the authorities is conscious of the risk that sea floods are presenting for Slovenian
coast. In the future it would be very welcome if also space planners would start to consider the
threat of sea floods when they are making plans for flood areas.

Picture 6. The extent of yearly and extreme floods divided by buildings and inhabitants in Portorož and
Lucija
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ABSTRACT: A self-developed early warning system aimed at flooding effects prevention, is
presented. FAMS, Flooding Areas Monitoring System, gathers static information useful for hydrological assessment and produces dynamic flood scenarios, according to forecasted (or present) rainfalls and to a past flood event archive. It operates in a near real time mode and it behaves
as a Decision Support System (DSS). It is a modular system whose core is an hydrological
procedure based on neural network algorithms aimed at forecasting water level at different river
sections, starting from rainfall measurements coming from meteorological stations sited in the
monitored basin. Estimated water levels are assumed as keys to define the potential flooding scenarios. The FAMS is a research prototype of an operational tool useful for territory decision makers, working in an early warning context. In particular it is aimed at describing statically an hydrological basin and at following its evolution during risky situations related to floods. Its basic
requirement is an operational mode near to the real time, operating through a continuous dialog
between the processing module and a network of rainfall measurement stations spread over the
monitored basin. Its main task is, in fact, to check for risky situations and to propose potential
flood scenarios, including relationship between the calamitous event and the impacted features.
It gathers, archives, manages, synthesizes, transforms and visualizes georeferenced data in order
to supply the operators useful information for flood emergencies management. The ideal place
for the exploitation of such a tool is the Operational Room, that is a centralized environment
where data coming from the field can be addressed to, processed and transformed into information for managing the territory. This peculiarity is obtained assigning to the DSS a high degree of
automation, able to produce a sort of monitoring (a repeated observation). The prototype is the
result of research efforts lasted two years. It was developed merging skills coming from different
fields and supplied by different research groups. Hydrologists, GIS developer, survey and map
experts, hydraulics and technicians of the territory supplied their own scientific and operational
contribution. The case study, use to evaluate DSS performance, is the High-Tiber basin, but, the
adopted philosophy can be suitable for any basin around the world.
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1

INTRODUCTION

The FAMS (Flooding Areas Monitoring System) is a research prototype of an operational tool
useful for territory technicians, working in an early warning context. In particular it is aimed at
describing statically an hydrological basin and at following its evolution during risky situations
related to floods. Its basic requirement is an operational mode near to the real time, operating
through a continuous dialog between the processing module and a network of rainfall measurement stations spread over the monitored basin. The system was developed in a GIS environment
but, due to its dynamical structure, it can be reasonably considered a true Decision Support
System (DSS). Its main task is, in fact, to check for risky situations and to propose potential
flood scenarios, including relationship between the calamitous event and the impacted features.
It gathers, archives, manages, synthesizes, transforms and visualizes georeferenced data in order
to supply the operators useful information for flood emergencies management. The ideal place
for the exploitation of such a tool is the Operational Room, that is a centralized environment
where data coming from the field can be addressed to, processed and transformed into information for managing the territory. This peculiarity is obtained assigning to the DSS a high degree of
automation, able to produce a sort of monitoring (a repeated observation). The prototype is the
result of research efforts lasted two years. It was developed merging skills coming from different
fields and supplied by different research groups. Hydrologists, GIS developer, survey and map
experts, hydraulics and technicians of the territory supplied their own scientific and operational
contribution. The case study, use to evaluate DSS performance, is the High-Tiber basin, but, the
adopted philosophy can be suitable for any basin around the world.
2

DECISION SUPPORT SYSTEM DESIGN

The developed system, denominated FAMS-DSS, has been designed referring to the following
field operational scheme:
A. the monitored hydrological basin must be equipped with a network of rain measurement
stations. During this experience the adopted stations are traditional ones. Anyway, some
considerations were made about the possibility of integrating (or substituting) the traditional
stations with GPS ones, exploiting the estimation of the tropospheric delay of the GPS signal to get information about potential rain. Rain measurements, updated in a real time mode,
represent the input for the hydrological model on board of the FAMS, aimed at river flow
determination;
B. measurement stations upload their data into a remote collecting SERVER (FAMS Server)
that is in charge of formatting and archiving them in the right way waiting for the FAMSDSS client requests. During this research experience the FAMS server was a static one; that
means that some data, formatted as the ones produced by instruments on the field, were
manually uploaded and organized in a MySQL Database, containing the rainfall measurement history. In the operational version a specific routine, autonomously working (repeating
requests at a specified time interval), will be dedicated to the data download from measurement stations and to their organization from the original format to the MySQL database
required one.
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C. some FAMS-CLIENTS continuously access, by INTERNET, the FAMS-Server requesting
the last updated rain measurements coming from the stations. In this work great attention is
dedicated to this module of the system, that is the one that required the heaviest research and
development efforts.
3

FAMS CLIENT

FAMS Client is the DSS (Decision Support System) module of the system. It is the tool that the
operator, in charge for the monitoring, can use to control the response of the basin to the rain
and to check for possible risky situations. The proposed DSS was developed within the ESRI
ArcView 3.3 environment. The system mainly works through some AVENUE (programming
language) routines appositely designed and developed. It also includes some external executable
(hydrological models) that continuously dialog with the system. The choice to develop the DSS
in the ESRI Arcview 3.3 software is mainly due:
• to the period the research project was granted (2003);
• to the proved stability and expandibility of this GIS software;
• to the high degree of diffusion of ArcView 3.X tool by public technical offices that represent
the potential users of the DSS. This choice permits to limit the training path about the DSS
of the selected operators.

3.1

Fams client tasks

FAMS CLIENT tasks can be summarized as it follows:
• continuous download of the rain measurements (real or potential) from the collecting FAMS
SERVER through the INTERNET, with a specified time frequency;
• DSS table, link and view updating according to the new downloaded data.;
• Downloaded data formatting aimed at push them into the hydrological/hydraulic model;
• Calibration and execution of the resident hydrological model;
• Hydrological model output interpretation and execution of the developed procedures aimed
at identifying eventual critical situations (eg: very sensible flooded areas);
• Management of all the data (static and dynamic) filling the system through query and visualization operations appositely designed inside the DSS.
A workflow is given in Figure 1. It is activated by the operator while opening the Arcview
project; it runs, repeating operations in a cycle mode, until the operator decide to stop it. The
frequency of the repetition can be managed by the operator through suitable developed user interfaces (GUI, Graphic User Interface). Other GUI allow the user to select also the river section
the monitoring is required for.
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Figure 1. Operational design
(workflow) of the FAMS
CLIENT

3.2

The working environment organization

To guarantee a better flexibility, the DSS was structured in 2 functional levels respectively dedicated to satisfy:
• hydrological/hydraulic instances aimed at comprehension and interpretation of the basin
structure and dynamics independently from any risky event. This functional level is mainly
thought for high experienced technician and aimed at static management of the basin. It was
denominated “Hydrologists View (HW)”;
• monitoring and early warning instances during risky meteorological events potentially leading to floods. It was denominated “Operational Scenario (OS)”.
This two operational levels were implemented inside the DSS defining two different VIEWS.
The ArcView concept of VIEW is something similar to an independent working context, instantly accessible without conditioning the other views. Different views can dialog each other
through the spatial reference system. The FAMS was designed taking care to dynamically link
the two views in such a way to immediately establish a spatial correspondence between the observed area in one view and the same area in the other one. Apposite buttons were inserted in the
toolbar of the DSS to give access to the views (Figure 2).
All operations regarding monitoring take place inside the OS View. Differently from the
HW, the latter is dynamic, that is, the showed layers change during DSS updating if any risky
situation is identified.
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Figure 2. Screenshot of the toolbar equipped with
the buttons giving access to the views

3.3

The neural network hydrological model

FAMS is equipped with an hydrological model that, according to the rain measurement coming
from the FAMS server and some other parameters successively listed, is in charge of determining (estimating) the water level at some river sections. The real-time requirements of the system
suggested to operate with a very fast model. A Neural Network-based one (NNHM, Neural
Network Hydrological Model) was chosen to be integrated in FAMS. It operates in a black box
mode, exploiting the well known function approximation properties of the Neural Network algorithms. It is based on the Multi Layer Perceptron Neural Network model trained with the Back
Propagation strategy (Rumelhart et al., 1986). It is not goal of this work to deeply investigate
the features of such instrument. It is anyway necessary to underline the fact that it was developed
by the hydrologist research group of “La Sapienza” University of Rome (Prof. R.Guercio), that
strictly collaborated to the project.
The NNHM must be opportunely trained on the basis of some historical observation defining:
• the hydraulic/hydrologic properties of the basin;
• the response of the river to the rainfalls;
• the geometry of the rain measurement stations network;
• the river section the model is referred to.
The NNHM is specifically trained for a unique well identified river section. Monitoring different river sections means to have different trained hydrological models.
Main added value of such approach is the speed of the model output generation that allows to
adopt it in a quite real time mode. Its task is to produce estimated water level at a specified river
section starting from rainfall data coming continuously from the FAMS Server.
The model was supplied as a compiled executable application (.exe) developed in the FORTRAN programming language. According to the suitable AVENUE routine it was possible to
include the executable inside the DSS and make it working inside the monitoring workflow.

3.4

Flood Scenarios

The DSS continuously check for risky situation according to the outputs of the hydrological
model, for a specified river section.
In an operational context the DSS should be thought as available on different clients, each
dedicated to a specified river section. The check performed by the system is a comparison between the water level estimated by the model for the monitored river section and some critical
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level values archived in the DSS.
An appositely designed archive (accessible by automatic table queries) is filled with a series
of scenarios corresponding to different growing values of water level recorded at the considered
section. This scenarios were derived from past monitored flood events (an historical investigation was done) relating the recorded water level at the section and the area interested by the flood
during the considered past event.
As far as this case study is concerned, historical investigation and scenarios supplying were
effectuated by the research group of the hydrologists of the “La Sapienza” University of Rome.
The supplied scenarios refer to past monitored events and they were originally supplied in a point
vector format. For each point was communicated:
• the position of the point in map coordinates;
• the water height over the ground (meters);
• the velocity (X and Y directions) of the gone out water in that point (m/s).

Figure 3. Example of water
velocity field generated by interpolation (10 m resolution) of
the point vector data and represented in a raster format

These data were successively organized in a suitable format for the DSS. The required information is supplied as maps showing both the extent of the flooded area and the field of water
height and velocity. According to these requirements maps were generated through interpolation
based on Kriging algorithm and they were represented in a raster format (Figures 3 and 4).

214

Enrico Borgogno Mondino & Mario A. Gomarasca

Figure 4. Example of water
level field generated by interpolation (10 m resolution) of
the original point vector data
and represented in a raster formatpoint vector data and represented in a raster format

Figure 5. Operational scenario
showing a risky. The dark area
is the flooded one, represented
in a vector polygon format.
Three new layers (dynamical)
were generated: they contain
respectively the flooded buildings, flooded roads and flooded
area borders

Successively a specific routine runs checking for values of water level on the ground greater
than 0 m; this leads to the determination of the potential flooded area. This is immediately translated into a polygonal vector format (Figure 5) useful for the further geoprocessing mainly devoted to the intersection with those layers (e.g., road and buildings) considered as critical.
Two raster maps (showing respectively the water level and water velocity field during real or
simulated events) and one vector polygonal map (showing the borders of the flooded area) are
stored in an opportunely designed archive of potential scenarios (Figure 6).
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Figure 6. Pivot table aimed at linking the output (estimated water level) of the NNHM with the corresponding scenario (polygonal vector file defining the borders of the potential flooded area). Note that for
the same section are defined different records corresponding to different scenarios produced with different
water levels at the section.

In order to improve and enlarge the archive, according to the few supplied scenarios of past
events, some fictitious ones were generated by interpolation. Considering two consequent values
of critical water levels (WLlow and WLhigh) measured at the river section during past flood events,
was decided to produce other possible scenarios referred to intermediate supposed value of water
level (WLnew).
That was possible exploiting the raster format of the water height and velocity maps. Homologous pixels were considered and interpolated in a linear way considering the relationship
between WLnew and the range [WLlow,WLhigh] it falls in.
(1)
where: Hinew = new calculated water level (or water velocity) for the generic pixel of the new
produced scenario map; Hihigh = water level value (or water velocity) of the generic pixel read
from the raster scenario map referred to WLhigh; Hilow = water level value (or water velocity) of the
generic pixel read from the raster scenario map referred to WLlow.
Exploiting the pivot table (Fig. 6) the system, referring to the value of water level (at the
observed river section) estimated by the NNHM, can select the appropriate scenario.
During the DSS working flow, the NNHM is activated with the time frequency defined by the
user, and, according to the last incoming rainfall measurement, proceeds to estimate the water
level at the considered river section.
If this is higher (or equal) than the minimum value recorded inside the pivot table the scenario generation procedure is activated. The estimated value of water level is used (again through
the pivot table) to get from the scenario archive, the most appropriate one. If the estimated value
is not exactly equal to one of those recorded in the pivot table, the scenario corresponding to the
recorded value immediately higher than it, is selected.
Once identified, the scenario is shown to the user through the OS view, in order to make him
able to evaluate the ongoing situation. In the meantime the DSS intersects (geoprocessing operation) the polygon defining the potential flooded area with the sensible layers (roads and build-
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ings). The intersection produces new layers (as many as the sensible ones) containing those features that are interested by the flooding event (that is contained inside the flooded area polygon).

4 CONCLUSIONS
The FAMS can be considered an interesting experience where different skills were integrated
producing an operational tool useful for territory management. It represents a prototype and it
can be certainly improved. It is author’s opinion that the philosophy driving this research and
tool can be successfully transferred to more updated contexts, as the ones suggested by the new
deal of the ESRI GIS family. The translation of FAM AVENUE routines in VISUAL BASIC
ones (as required by the ARCMAP 9.X software) or in more suitable programming languages
(e.g. Python open source) should be done. The substitution/integration of measured rainfall
data, coming from traditional measurement stations, with potential rainfall estimated through
the GPS tropospheric delay analysis, could guarantee an earlier warning, giving more chances to
the necessary interventions.
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ABSTRACT: Soil erosion and torrent disasters are natural phenomena which occur by various
intensities throughout the earth. Disaster management and emergency response in the field of
torrent and erosion control require clear and rational solutions applicable in practice. Remote
sensing is one of research methods which facilitates the research procedure and supports the
solutions in torrent control practice.
Modern satellite images have brought about significant innovations in the form of multi-spectral
images, by which it is possible to select the representation of individual characteristics of the
region, from bedrock composition, vegetation cover, developed structures and other contents.
Today, there are numerous program packages and accompanying models and programs for the
analysis of remote sensing images and for the mapping of erosion processes.
The technological development brought about the opinion that remote sensing excludes the need
of field investigations. On the other hand, the advocates of field investigations diminish the significance of remote sensing.
In the Institute “Jaroslav Černi“, the engineers for torrent control have been trying for more than
50 years, to promote their research by applying various forms of remote sensing.
This paper will present the several-decade long experiences on the use of remote sensing in the
assessment of erosion processes and torrential floods, as a base for disaster management and
emergency response in Serbia.
1

INTRODUCTION

Modern speed of broadcasting the news, images and direct transmission of human tragedies of
people throughout the world caused by natural disasters and calamities leads to the awareness of
the unexpected increase of the number of events compared to the past centuries and millennia of
human remembrance.
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However, the truth is different. Earthquakes, volcano eruptions, hurricanes, rains, snow, ice,
droughts and heat have been forming the relief since the beginning of the Earth.
Unfortunately, we remember only the phenomena that destroyed the built-up populated areas
after which the survivors, if any, left to their successors at least the stories in the memory of the
disaster.
It is impossible to assess how many small-scale disasters affected and destroyed the settlements. It is an undeniable fact that the disasters have always occurred all over the world, but now
they have become available by media.
For an individual and his family, it is an unimaginable disaster if his beloved are killed or
injured by a natural disaster, if his livestock is killed, if his house and all the goods earned by the
generations of his ancestors are destroyed.
As opposed to tectonic movements, climate factors do not move and tumble the hills and valleys, but their adverse effect is realized in a flash and powerfully, imperceptibly but permanently.
Every day we can see on TV the phenomena that occur rapidly and last for a proportionally
short time, such as rapid and powerful actions of climate factors, shipwrecks, destructions left
after the storms, torrential floods and similar incidents.
On the other hand, there is the imperceptible action of climate factors through the gradual
breaking down of the surface soil layer. The professional term for wearing away is “erosion“.
Erosion is slow and difficult to detect till the time when it denudes the entire regions, countries
and parts of continents. Traces of civilizations that existed but disappeared thanks to the effects
of erosion are present all over the world and today they are shown as attractions to the tourists.
The denuded areas are ideal for the unobstructed runoff during heavy rains. As there are no
obstacles to reduce the speed of water, its wearing away action is stronger and it forms rills,
ditches, and torrential flood waves.
Torrential floods and soil erosion are inseparable natural phenomena which used to shape the
relief far before the appearance of living beings on the Earth.
Since the time immemorial, humans have tried, if possible, not to be in the way of the destructive torrential floods. At places where the destructive torrents could not be avoided, people
had to build more or less successful structures for the protection against the torrents
The control of negative consequences of torrential floods and soil erosion requires the knowledge of a set of factors on the catchments conditions and the details on the torrent channel, as
well as the meteorological and climate characteristics.
In short, the catchments conditions are defined by the following data sets on:
• Relief
• Parent rocks
• Soil cover
• Land use
• Erosion processes.
The state of torrent channel conditions is defined by:
• Detailed geodetic situations of the terrain and the structures (bridges, buildings, roads, etc.)
• Characteristics of torrential sediment
• Data on endangered structures.
Meteorological data and the accompanying climate data include:
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•
•
•

Data on rains (quantity, types, intensities and distribution of precipitation)
Data on winds (events, speed, incidence and frequency).
Data on temperatures (maximal, minimal and mean daily values)
Almost all the above factors have been measured and monitored already for several decades,
by the application of a large set of remote sensing methods. Photogrammetry, spectrometry, telemetry, radar locating and tracking, satellite imaging, laser measurement and similar methods
are some of the numerous tools that are widely used nowadays.
Despite the great spectre of remote sensing methods, there is a series of problems that should
be solved to achieve better efficacy in the monitoring system of the state and the changes, as well
as in the timely responses.
In Serbia, remote sensing methods have been used for decades in the field of erosion and torrential flood research and control. In this field, the procedures have been developed for the work
with the available remote sensing methods, suitable to the desired results.
2

EROSION MAPPING

Soil erosion is a complex process which is clearly discernible only in the extreme conditions. The
determination of erosion class and intensity requires the preparation and processing of several
different sets of spatial data. They are relief characteristics, parent rock, soil, land use, erosion
characteristics and climate characteristics. In most cases, the state services produce the analogue
or digital maps, and they are authorized for their production and maintenance. A common characteristic of such maps is that their content and processing are adapted to a large spectre of users.
For this reason, each data set has to be adapted to the demands of the concrete mapping method. Frequently, the demanded sets of spatial data are mapped in the scale considerably lower than
the scale of the target erosion map. Then it is necessary to import the corrections. This is possible
by field research and by remote sensing methods.
The following two sets of spatial data belong to the category of dynamic data, because they
can change very quickly: land use and erosion characteristics. Both data sets can be acquired and
processed by field research and by the methods of remote sensing.
There were attempts to impose exclusively the field method of research and erosion mapping,
because the direct field research was thought to be more precise. Also, there were attempts to
map exclusively by applying the remote sensing method. Both extremes failed and instead of usable erosion maps, they generated colorful maps. The reason is conditioned by the fact that each
research method has its limitations.
The introduction of satellite multispectral images brings about a new dimension to mapping,
which due to its apparent simplicity forms the prejudice that field research is unnecessary. Is it true?

2.1

The reasons and needs of erosion mapping

It is often thought that precise mapping is not necessary, and that regional and state small-scale maps
are satisfactory. This is the consequence of not knowing the reasons of erosion map production.
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It should always be taken into account that erosion mapping is not performed for tourist leaflets, but as a technical base for the calculations and designs. That is why most methods of erosion
mapping applied in the world are analytical.
It might seem strange that there are methods which are intended for banking, however, the
investors often do not want to invest their resources in detailed erosion mapping before the main
mapping of “erosion risk”. Namely, the building of storage and reclamation systems requires
the investment of tens and hundreds of million dollars. The research works, which also include
the research of erosion intensity, account for up to 5% of the total investment, which is a lot of
money by itself, and no investors want to invest a lot of money without a previous rough estimation of potential risks.
Even the layman can see that large-scale mapping (1:5,000), even of a proportionally small
area, can be almost completely performed by field research, which is excluded in the case of
large areas and in smaller-scale mapping.

2.2

Erosion Potential Method

In Serbia” Erosion Potential Method “(EPM) has been used for a long time. By the development
of this original method (“Jaroslav Černi” Institute for the Development of Water Resources), a
complex method was created for the spheres of erosion and torrents, named “Erosion Potential
Method”. In short, this method has for a long time been the standard method and the tool for all
engineering problems related to erosion and torrents in the field of water management and later
on even for wider use. The method consists of:
Quantitative classification of erosion (1954)
Quantitative sediment regime (1955)
Torrent classification (1956)
Methods of optimizing calculations of the volume of erosion control works (1958)
The method was enhanced several times:
Erosion Potential Method I phase (1966)
Erosion Potential Method II phase (1968)
Erosion Potential Method III phase (1986)
Identification of erosive regions (1998)
Development of information and GIS procedures and applications for EPM (1985 - to date).
(Gavrilovic S. (1972); Gavrilovic Z. (1988); Gavrilovic Z.Stefanovic M. (1998).)
Some modules of the “Erosion Potential” Method are well known, such as the module for
erosion mapping, often under the title “Gavrilović’s method or model“, after the surname of the
creator of the method - Slobodan Gavrilović. Under his leadership, during the period 1952-1976,
the basic modules were realized, two phases were completed and the third phase of the method
improvement was started.
The EPM erosion mapping procedure requires investigations and computations to determine
and present on a map the surfaces with the same quantitative erosion class. The basic EPM value
of the quantitative erosion intensity is the Erosion Coefficient (Z). (Gavrilovic S. (1972); Gavrilovic Z. (1988))
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The method is analytical and intended for erosion mapping. In contrast to other methods, it
can be implemented to all slopes. It was developed as a system support for implementation in
water management, torrent management and erosion control. The method produces the qualitative and quantitative indicators of erosion intensity.
The erosion mapping module has been presented several times to the professional audience,
because it is the module which represents the base of the method. Although erosion mapping by
this method and module requires a trained specialist, the apparent simplicity of the method and
the similarity to other methods led to several erroneously constructed erosion maps and unprofessional modifications.
Namely, all the mistakes made during the phase of erosion mapping bring in an exponential
error to all subsequent calculations. This issue was devoted much attention to in several papers.
In Serbia and in the countries of the former Yugoslavia, which make up one fourth of the
Danube catchments, there are several different types of erosion mapping, for which their authors
claim to have applied EPM. However, they cannot explain why their maps present the weak erosion processes in the areas with the developed gully erosion in forests, or the severe erosion in
the areas of mild slopes and intensive agricultural production. For this reason, it is recommended
to be cautious in using the non-authorized erosion maps.
From the beginning, the method (EPM) applied the remote sensing, which was improved in
time and enabled considerably faster work and the reduction of the scope of field investigations,
which are still inevitable.
In this field, the procedures have been developed for the work with the available remote sensing methods, suitable to the desired results.
On the other hand, the advantage of aerial photographs is still the low price for the details of
the images and the visibility of details compared to the satellite images of the same resolution.
The advantage of satellite images is that they are delivered in multispectral form. Of course,
the resolution and the number of spectral lines affect the price.
For this reason in practice, disregarding the erosion mapping method, we select the combination that has the satisfactory preciseness for the target map scale.
Multidisciplinary approach, i.e., the use of knowledge and experience from other professions
enables the detection of numerous other phenomena, such as the presence of underground water
to the depth of 1 m, detection of bedrock, etc.
3

DESIGNATION OF ZONES WITH TORRENTIAL FLOOD RISK

Torrential floods which occurred in the European countries during the last decade point to a series of misbeliefs on the application of the same principles for flood zone designation for large
waterways and for torrents.
Large waterways were regulated primarily for the navigation transport and then for flood
control. The embankments constructed on the naturally flooded land narrowed the stream channel. In this way, large spaces were made available for other purposes, and the conditions for safe
navigation were created also during flood waters which overflowed the inundation space.
On the other hand, torrents were regulated by the systems of solid structures (dams, regula-
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tions, etc.) or they were not regulated at all, because they are too numerous.
The shaded space is the part of the channel through which almost all flood water is discharged
(Fig.1).

Figure 1. Shows a scheme of the maximal discharge parallel for a large river and for a torrent

The inundation space of large streams is predominantly used for forest production and the
stream velocity in these parts of the stream channel is low. As water level is determined by the
levels of the embankments, there is no need for very precise data on the inundation-space geometry, while the changes of the main channel geometry are continuously monitored by bathymetry
(under water measurements). Simply, the total discharge does not depend on the minor changes
of inundation geometry.
However, it is quite different with torrents. During low and medium water levels, they are
small rivers and brooks in which water depth is several tens of centimetres, and channel width
during low and medium water levels is proportionally small. During torrential floods, water
overflows the inundation, through which almost all flood water is discharged. For this reason, the
study of inundation geometry is essential for the correct calculation of the flood zone.
As this task can be done only by geodetic survey, taking into account the great number of
torrents, the surveying was mostly avoided till the moment when the destruction and damage
exceeded the tolerable limits.
The classical geodetic surveying is too expensive and long lasting, so faster and cheaper
methods of supplying the necessary geodetic data had to be investigated.
Remote sensing methods are eligible because of their feasibility and preciseness. Evidently,
any increase in preciseness also increases the costs.
The calculation of inundation zones requires the digital model of the terrain with the accompanying constructions, of satisfactory preciseness and in the form suitable for hydraulic
calculations.
The difference between torrents and large streams is in the required elevation accuracy. In the
case of inundations, the satisfactory elevation accuracy for large streams is 0.5m, whereas the
necessary elevation accuracy for torrents should not be lower than 0.2m.
The floods of large rivers pointed out that the elevation accuracy of 0.2m is necessary in the
defended areas which include towns, factories and other buildings of high value. For this reason,
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the more urgent surveying of the regions that are considered as “protected” is performed.
The application of remote sensing and the acquired data contributes to a better quality of the
obtained results also in other aspects of torrent management activities. Thus in the calculation
of the torrential flood zones, the potential of presentation of the obtained results is increased by
using digital terrain model (DTM) in combination with hydrological and hydraulic calculations.
From the aspect of the acquisition of the necessary databases for floodplain calculation of all
types of streams, the following two basic products are of the highest significance:
Digital terrain model (DTM)
Digital orthophoto (DO).
The possible combination of DTM with digital orthophotos (of recent date) simplifies and
objectivises the defining of the land use. This is especially significant because of the calibration
of the hydraulic model and the assessment of damage, because orthophotos show the degree of
urbanization and the exact position of industrial and other significant buildings. In this way, the
critical cross sections for the evacuation of peak flood (bridges, culverts) can also be defined in
detail and processed, and the optimal solutions for the function of the sewerage systems can be
proposed (outlets, main sewers, retentions, etc.). This enables the better analysis of damage in
potentially threatened zones, it provides the necessary database for spatial planning and development, etc. (Fig.2).

Figure 2. The results of flood
zone calculation on a part of
the Topčiderska Reka

4

REMOTE SENSING OF METEOROLOGICAL PHENOMENA AND ITS
APPLICATION IN TORRENT CONTROL

Meteorological monitoring consists of two types of remote sensing. Radar is the oldest type and
it is constantly improved. Radar detection is limited by radar range, varying with the model,
from 25 to 400 km, and especially added functions Most of the modern radars are connected with
computers which display the radar imagery on the monitors and prepare the data for the numeric
analysis and the forecast calculations.
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Figure 3. Radar image – Bilogora Croatia

Figure 4. Meteorological satellite image

Meteorological monitoring by satellite is used at the global scale and today it is the base of
meteorological monitoring. This type of remote sensing is suitable for the announcement of the
rains that can cause the flooding of large rivers.
In the case of small torrents, satellite monitoring is suitable only for the announcement of the
rain spell. In this case, radar monitoring is irreplaceable because its resolution is from 200 m to 2
km, which enables the detection of any cloud that brings the rain of high intensity.
Radar monitoring detects the process of formation of dangerous clouds, the beginning and
the intensity of rain and the amount of water in the cloud. Today, radars are connected to the
automatic rain gauges which enable the continuous calibration of the obtained data.
Today, both types of imagery are available also to the unprofessional Internet users.
5

PROBLEMS OF WELL-TIMED ANNOUNCEMENT OF TORRENTIAL FLOODS

Who knows how many times we are asked why there are so many torrential floods and destructions if meteorological monitoring is so perfect and rapid.
In Serbia, this problem was raised in 1988. It was the time of the torrential flood of unprecedented proportion and the destruction reached the damage of about one milliard dollars. In
short, a heavy rain covered the area of about 300 km2, and in four hours the amount of rain was
220 mm, which is one fourth of the annual average. The classical network of meteorological and
hydrological monitoring was erased completely, together with the bridges, roads, parts of settlements and towns. It was over in less than twelve hours from the beginning of the rain. Only one
rain gauge survived in the entire area.
In this case, the radar meteorological service sent the information on the initiation of a disastrous meteorological situation in time. Unfortunately, the flood control system was adapted to
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the defence on the large rivers.
This triggered the development of the method of active defence against torrential floods,
which has since been permanently improved. Similar events worldwide conditioned the development of similar methods in many places in Europe and throughout the world.
Most of the methods of flood control organisation on large rivers include the remote meteorological sensing. The simplified scheme of such an organisation is presented in the Figure 5.
The above scheme was also applied for torrential floods. It had some disadvantages because
the information necessary for alarming was late, because the processing of the observed data
required a great deal of time. So, there were cases that the alarming was organised after the torrential flood and the destruction have already occurred.
In Serbia, the method for the preparation of plans for the defence against torrential floods
was prescribed in 1998. This theme was reported in many papers. We knew how much time was
needed for the hydrological and hydraulic calculations, which were fortunately two- and threedimensional. It was clear from the beginning that four- and five-dimensional meteorological
calculations needed a great deal of computer work.
The experts for radar meteorology proposed to make the work easier. Our task was, for the
concrete area, to define the rain that can cause torrential flood.
On this basis, the method was developed that could satisfy the required speed. Actually, we
prepared the calculations in advance for each analysed torrent and identified the torrential rain
that can cause the flood.
The radar meteorological service was supplied with the threshold values of the rains in the
monitored region. After the detection, they inform the endangered area and after that, they inform the defence headquarters on the movements of rain clouds. A simplified scheme of the
organisation of torrential flood control in Serbia is presented in the Figure 6.

Figure 5. Scheme of flood defence organisation

Figure 6. Scheme of torrential flood defence organisation in Serbia

In essence, torrent control in Serbia is based, in addition to the construction of the classical
passive defence system, on the drawing of the plans of defence against torrential floods.
The plans include all the necessary calculations for the supposed meteorological situations.
Of course, these calculations are not “accurate“, but who needs the “accurate“calculations just to
be informed about the scope of disaster that caused the destruction.
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We are of the opinion that more feasible calculations are those that vary within the “range of
magnitudes“, generally widespread in the engineering practice in the real world.
6

CONCLUSION

In many countries of the world, the research issues of soil erosion and torrential floods and the
organization of defense against these two related evils are completely separated. If the meteorological and hydrological monitoring is added, which is also separated in many countries, the
problem becomes more complex.
To avoid the problems of outdated data, mixed, incomplete and crossed responsibilities,
which is the main cause of the damage caused by torrential floods, it is necessary to do the following:
Systematic monitoring of erosion changes, as well as the changes of land use. These changes
are the base for the correction of numerous calculations (hydrology, sediment, and the like).
Enhancement of all the procedures for the assessment of characteristics of torrential flooded
areas, from the aspects of the accuracy, reduction of unit prices and aiming at the faster procedures for compiling the databases for calculation.
Improvement of the system of meteorological monitoring and announcement of heavy storms.
Development of methods of more precise and faster forecasting of the events of torrential
floods for the observed rain.
Enhancement of the alarming system and the application of prevention measures for the
mitigation of torrential flood consequences.
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ABSTRACT: Because of its climatic and vegetation characteristies the Mediterranean karst area
of Republic Croatia is mostly endangered by fire. The soil erosion on the burned forest areas is
extensive. In a very short time after the fire the soil layer which the vegetation was creating for
centuries, disappears. The protection of soil from erosion on this area has great economical and
social significance. To denote the quantity of erosion and surface rainfall flow off on burned
areas and the impact of vegetation on the parameters a stationary forest experiment was set near
Split (SE of Croatia). On two experimental plots of 100 m2 (20 x 5 m) during the year 2002-2003
the quantity and intensity of rainfall, surface flow off of rainfall and erosion of soil was observed.
The first experimental plot was set on the burned area of Aleppo pine, which was burned in
August 2001. The GPS coordinates: N 43° 31´, E 16° 32´. The plot lies on the eroded rendsine
on marl, on the inclination 20°, at 212 m altitude. The second experimental plot was set in the
preserved area of Aleppo pine of complete stand, GPS coordinates N 43° 33´, E 16° 30´, on the
inclination of 26° and 227 m altitude. The plot is on brown soil on marl covered by thick layer of
leaves. The results show that, in the burnet area of Aleppo pine, during the period observed out
of 84 rain days 29 were erodibile. The surface flow off and soil erosion were induced by rainfall
from 5.9 mm/m2 to 68.6 mm/m2. The year value of erosion was 19.94 t/ha, the surface flow off
of rainfall 36.83 mm/m2, and the coefficient of surface flow off was from 0.0026 to 0.2697. In
the preserved area of Aleppo pine out of 84 rainy days, 17 were erodibile. The surface flow off of
rainfall, and soil erosion were caused by rainfall of 14.1 mm/m2 to 68.6 mm/m2. The annual value
erosion was 0,044 t/ha, the surface flow off of rainfall 6.43 mm/m2, and the coefficient of surface
flow off was from 0.0030 to 0.0556. The Aleppo pine stand in the mouth of the torrent Rupotine
has an important and extremely positive part in the protection of soil from erosion. It protects by
its crowns the destroying influence of raindrops, the important part of rainfall is retained by the
crowns (30%), the rest being dropped on the soft forest soil, which takes and infiltrates them. The
surface flow off of rainfall under this cover is small, and the soil loss is quite under the tolerated
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yearly loss, so there is no danger of erosion, or it is very small. The erosion danger is very strong
on the burned areas of Aleppo pine, on erodibile soils, such as the degraded rendsine on the marl,
what was evident on experimental plot Kučine. It is obvious that the values of surface flow off
and soil loss on the plot Kučine were great in this year of research, the second after the fire, when
they were caused by little quantity of rainfall, under 10 mm. The reason is the vegetation cover.
On the erodibile soil left without forest vegetation, the soil has no protection from the rainfall so
the surface flow off and soil loss are obviously very large.
1

INTRODUCTION

Because of its climatic and vegetational characteristics the Mediterranean karst area of the Republic of Croatia belongs to the most endangered by fire. Forest fires are the greatest danger
for Mediterranean forest. After forest fires the enormous forest complexes disappear, the environment is changed, the quality of forest soils becomes worse, erosion appears, the ecologic
equipoise is changed, biological diversity of flora and fauna gets lost, the touristic attraction
diminishes, losses in economy are great and hardly recompensed (Vukelić, Topić 2005).
In recent decades forest fires are constantly increasing, especially in warm and dry parts of
Mediterranean, which is considered one of the most endangered. Regarding the fact that the part
of the Republic of Croatia, the area of 1,538.909 ha, from which 972 665 ha are forest and forest
soils, are in this area (Topić, 1994) forest fires, especially in summer time, have become almost
inevitable. Since eighties till today fires happen more often, get catastrophic dimensions and destroy huge forest complexes on the Adriatic area. Damages caused by fire are great, sometimes
catastrophic, they have impact on the entire population and endanger people’s lives.
In the Mediterranean part fire on vegetation has worrying dimensions and has become «natural appearance». In eumediterranean part of Dalmatia, on representative types of soil (rendsina
on flysch, calcicambisol and red soil) change in surface stratum of soil are noticed which shows a
strong degree of soil degradation, that can be ascribed to the influence of forest fires (Martinović
and all, 1978; Martinović, 1987.).
Soil erosion on burnt forest grounds gets excessive dimensions, where in a very short time
after fire the soil, which the vegetation had been created and preserved for centuries, disappears.
Therefore the protection of soil from erosion on this area has important economic and social significance. Great attention has been payed to this problem by inhabitants, especially on the coast
and on the islands, where strong erosion processes are present because of the unfavourable natural characteristics (flysch). To preserve the soil, small terraces have been built on arable areas,
which played an important role in the development of agriculture on the area and their building
stopped flowing off the fertile soil.
Of the entire area of the Mediterranean karst part of Republic of Croatia, which amounts
to 15 389 km2, about 95% is under influence of various intensity of soil erosion by water, of
that part 40% by significant erosion (Topić, 1988, 2003.). Accordingly, the area is strongly endangered by erosion, and some of its parts are completely degraded. On this ecologically very
sensitive area with high percent of erosion risk, soil degradation and vegetation devastation, 668
torrents have been registered, with the entire mouth area of 3024 km2, what makes it one of the
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biggest torrent areas in Croatia (Topić i Leko, 1987; Mičetić, 2000; Topić, 2005.).
Yearly soil loss, that is the quantity of alluvium which is irreversibly taken into the Adriatic
Sea, amounts to 2280.72 m2 a year or 60% of the produced mass, what corresponds to on area of
1140 ha of 20cm soil (Topić, 2003.).
This paper shows the research results of impact of preserved and burnt stands of Aleppo pine
on various inclinations on the surface flow off of rainfall and soil protection from erosion.
2

RESEARCH AREA AND METHODS OF WORK

To state the quantity of alluvium and surface flow of rainfall on the burned and preserved area
of Aleppo pine on the impact of vegetation on parameters mentioned above, a research was conducted in the environment of Split (SE Croatia).
The stationary forest experiment was set in the eumediterranean phytogeografic region characterised by Mediterranean climate with high monthly temperatures and rainfall diversities.
According to Köppen classification, using the data by Seletković & Katušina (1992.), this
area belongs to Csa type of climate. The main characteristics of this climate is summer draught,
with high temperatures, while winters are mainly mild, with lot of rain. According to several year
average, the mean yearly air temperature amounts to 15.9 °C, the mean yearly quantity of rainfall
826 mm. The yearly rainfall is not evenly distributed on all months or seasons.
On researched area, in cold year period about 63% of mean yearly rain falls. Generally, the
wettest month is November, July the month with least rainfall.
On two experimental plots set in radius of 10 km, during the year 2002. – 2003. the quantity
and intensity of rainfall, surface flow off and soil erosion was observed.
The first experimental plot was set in August 2002, a year after the fire, above the village
Kučine, in area Brdine, GPS coordinates N 43° 31´, E 16° 32´. The plot lies on the eroded brown
rendsina on marl (Vrbek 2002), on the inclination 20°, see level 212 m, west exposition.
Before fire, in August 2001, the stand of Aleppo pine, 25 year old, of medium quality and
growth was on the plot. The sanation of burned area was done in 2002, by taking away of burned
forest mass and by managing forest order. The natural succession of vegetation is present on the
plot, besides maquis elements Aleppo pine appears in abundance (Figure 1).

Figure 1. Burned area of Aleppo pine before and
after sanation
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The second experimental plot was set in August 2002 in the torrent mouth of Rupotina (GPS
N 43° 33’, E 16° 30’) whose perimeter takes the area above Solin to Klis, under mountain Kozjak, on the area with mild and steep inclination and valley.
The plot lies in the stand of Aleppo pine, 55 years old, on brown soil on marl, sea level 227
m, east exposition, inclination 26° (Figure 2).

Figure 2. Experimental plot in stand of Aleppo
pine 55 years old

The experimental plots were set parallel to the inclination. The dimensions are 20m x 5m and
are fenced by metal railing. The fence is put so that the plot can not accept water or suspension
of soil from the sides, or lose water uncontrollably or soil suspension. Each plot has its basin of
1000 l capacity for collecting of alluvium.
The plots are equipped with necessary measure instruments (rain gauge, ombrograph, from
which every day at 7 o’clock the data have been collected. In erodible days water in containers is
measured, the samples are dried in laboratory, and their weight measured.
The set goal of research demands reliable data about weather, especially about quantity and
intensity of rainfall.
For that purpose the ombrograph is set on plot, which, using stripes installed in clock mechanism, enables the all day survey of rainfall, that is, when it started to rain, how long, and what is
most important for erosion, which quantity of rainfall fell in times unit. Rain gauges are also set
on the plots, for measuring of the entire rainfall during 24 hours. Measuring of rainfall by gauge
checks the ombrograph.
Quantities of erosion suspension (t/ha/year, g/m2/day) is stated by suspension of soil in the
container of the basin. Samples are taken on every erodible day, so that the suspension gets well
mixed and average sample of 1 l is taken. Analyses are made in the Institute for Adriatic Crops
and Karst Reclamation. Estimation is done on the basis of dry soil from the suspension sample,
on filter paper. Calculation in t/ha is got by multiplying the coefficient 100, which represents the
relation between the area of experimental plot and 1 ha.
Surface flow off represents the percentage of rainfall which flows on the surface of soil doing
erosion and transport of eroded mass in suspension in direction inclination. Calculation is made
by multiplying rainfall on square meter with reduced area of erosion plot and put into relation
towards quantity of water in basin – container, where rainfall is collected.
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On each plot pedologic profiles are open and samples of soil analysed chemically.
3

RESEARCH RESULTS AND DISCUSSION

On experimental plots, in the period between 22 August 2002 till 22 August 2003, 84 rainy days
were recorded and 826.5 mm of rain fell, what corresponds to several year approximately rainfall
quantity on research area.
On burnt area of Aleppo pine, Kučine, of the entire number of rainy days, 29 were erodible.
Surface flow off and soil erosion were caused by rainfall of 5.9 mm/m2 (medium intensity) to
68.6 mm/m2. By rainfall, where the quantity of rainfall was less than 10 mm, surface flow off
was recorded in 14 cases.
Yearly value of eroded mass amounted to 19.94 t/ha, surface flow off 36.83 mm/m2, and coefficient of surface flow off was from 0.0026 to 0.2697. From the entire quantity of surface flow off
in 21 % of cases it was the same or less than 0.1 mm/m2.
Data about monthly values of surface flow off and soil erosion are represented in Table 1 and
Graph 1. It can be concluded from the data that monthly values of surface flow off are between
zero and 14.56 mm/m2, the soil erosion from zero to 19.51 t/ha.
In preserved stand of Aleppo pine out of 84 rainy days 17 were erodible. Surface flow off
and soil erosion was caused by rainfall of 14.1 mm/m2 (moderate intensity) to 68.6 mm/m2. By
rainfall of less than 10 mm surface flow off and soil erosion were not noted in any case.
Yearly value of erosion mass amounted to 0.044 t/ha, surface flow off of rain 6.43 mm/m2,
the coefficient of surface flow off was between 0.0030 to 0.0556. Out of the entire quantity of
surface flow off in 49% of cases it was equal or less than 0.1 mm/m2.
Table 1. Monthly values of quantity of rainfall and soil loss on experimental plots, 2002/2003 year

Month

August 2002
September 2002
October 2002
November 2002
December 2002
January 2003
February 2003
March 2003
April 2003
May 2003
June 2003
July 2003
Sum

Rainfall (mm)

80.9
189.4
71.6
54.1
112.2
169.4
67.9
1.7
25.3
7.3
11.5
35.2
826.5

Burnt stand of Aleppo pine

Preserved stand of Aleppo
pine

Inclination 20°

Inclination 26°

Soil loss g/m2

Soil loss g/m2

2.51
1951.41
11.58
2.33
6.76
16.69
2.68
0
0.28
0
0
0
1994.24

0.56
3.05
0.44
0.10
0.04
0.19
0.04
0
0
0
0
0
4.42
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Monthly values of surface flow off and soil erosion vary from zero to 2.03 mm/m2, soil erosion from zero to 0.031 t/ha (Table 1, Graph 1).

Graph 1. Monthly values of quantity of rainfall and surface flow off on experimental plots, 2002/2003
year

In Table 2 daily values of surface flow off and soil loss on experimental plot are shown, on
burnt area of Aleppo pine and Rupotine, in preserved stand of Aleppo pine. It can be seen from
the Table that the biggest quantity of erosion was 1951.409 g/m2 (19.51 t/ha) and was recorded
on burned ground on 24 September 2002, after rainfall of 150,6 mm, which lasted three days.
We do not have data about the intensity of rainfall, because the plot was just set up, without
measure instruments (ombrograph, rain gauge) so we used data from the main meteorological
station Split – Marjan. This erosion mass was caused by three rainfalls on 22, 23, 24 September
2002.The first rain quantity was 42.00 mm, the second 68.6 mm, the third 40.0 mm. We can not
state which of the three rainfall caused stronger erosion, so we take all three rainfalls together
as a cause for erosion, which amounts to 98 % of the entire quantity for the period of one year.
The reason for such great soil loss is the momentous state of vegetation cover. On such erodible
soils without forest vegetation after fire, the rains during September completely saturated the soil
and so made conditions for surface flow off and high values erosion mass. The same quantity
and intensity of rainfall on preserved stand of Aleppo pine did not cause any significant soil loss.

How important forest vegetation on karst is on the protection of soil from erosion
can best be seen if we compare surface flow off and erosion on burned and preserved
experimental plot of Aleppo pine. Although the plots have the same geologic and pedologic characteristics on which the same quantity of rain falls and with the same intensity,
yearly value of surface flow off on the plot in preserved stand of Aleppo pine of complete canopy and inclination 26° is 6 times less, soil loss is 450 times smaller, compared to the
burnt area of Aleppo pine, on the inclination of 20°.
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Table 2. Daily values of quantity of rainfall, surface flow off and soil loss on experimentalplots,
2002/2003 year
Date of
beginning of
erosion
2002/2003
22.8.2002.
22.-24.9.2002.
11.10.2002
12.10.2002
3.11.2002
23.11.2002
1.12.2002
4.12.2002
29.12.2002
1.1.2003
6.1.2003
7.1.2003
8.1.2003
9.1.2003
10.1.2003
22.1.2003
30.1.2003
31.1.2003
5.2.2003
22.4.2003
∑

4

Rainfall
(mm/m2)
14.1
150.6
25.5
20.6
20.4
21.2
18.6
19.7
21.9
14.5
18.3
27.6
8.2
21.8
25.3
32.3
8.2
5.9
65.7
9.2

Intensity of
rainfall

8.05
2.09
5.32
1,82
3.02
1.82
6.26
1.22
13.73
3.45
5.06
2.4
5.11
5.89
1.12
5.9
4.23
0.52

Burned stand of aleppo pine,
Kučine

Preserved stand of aleppo pine,
Rupotine

Inclinatio 20°

Inclination 26°

Flow off
mm/m2

Soil loss
g/m2

Flow off
mm/m2

Soil loss
g/m2

3.80
14.56
2.43
1.05
0.49
1.24
0.65
0.49
1.25
0.32
1.92
3.43
1.12
0.32
0.48
0.56
0.40
0.40
1.68
0.24
36.83

2.511
1951.409
9.665
1.911
0.356
1.969
1.987
0.249
4.518
0.090
3.329
10.611
1.062
0.249
0.248
0.476
0.270
0.346
2.678
0.282
1994.24

0.42
2.03
0.76
0.34
0.42
0.17
0.17
0.09
0.09
0.05
0.38
0.17
0.17
0.33
0.42
0.42
6.43

0.563
3.045
0.405
0.029
0.083
0.016
0.015
0.01
0.011
0.098
0.016
0.028
0.039
0.040
4.42

CONCLUSIONS

Aleppo pine stand in the mouth of the torrent Rupotina has important positive impact on the protection of soil from erosion. Aleppo pine protects by its crowns the impact of raindrops, a great
part of rainfall is taken within the crown (30 %) the rest of rain is let on the surface of soft forest
soil, which, the drops being slower, are infiltrated into the soil. Surface flow off in the stand is
small, the soil loss is much under the tolerable year loss, so there is no danger from erosion or it
is insignificant.
Rainfall under 10mm does not cause any surface flow off or soil erosion in completely preserved stands of Aleppo pine.
The danger of erosion is very great on burnt areas of Aleppo pine, on erodible soils, such as
the degraded rendsina on marl, which is confirmed on the experimental plot Kučine. It is evident
that the values of surface flow off and soil loss on plot Kučine were great in this year of research,
the second after the fire, when they were caused also by small quantities of rainfall, under 10
mm.
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The reason for that is the vegetation cover. On such erodible soils, left without forest vegetation, the soil has no protection from rainfall, so the surface flow off and soil loss are extremely
great.
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ABSTRACT: Generally, the landslides study is aimed towards determination of their physicalgeological characteristics and the peculiarities of their structure. The main tasks are determination of the landslide surfaces and the contact zones, along which is performed the rock mass
movement, determination of the shape, the dimensions, and the spatial situation of the landslide
body, determination of the main trends of the contact and tectonic lines, along which is performed the rock mass movement, in order to direct the hydro-technical and the drainage activities, control of the deformation processes through systematic measurements in order to forecast
hazardous geodynamic processes.
The possibilities, provided by the non-invasive geophysical methods, for the solution of the
defined problems depend mostly on the landslide physical-geological model. Most often the geological section of a landslide site is well differentiated according to electrical resistivity. For this
reason geoelectrical techniques applied for obtaining high-resolution images of the underground
resistivity have leading role in geophysical investigations of landscapes.
The possibilities for mapping landslide bodies provided by the electrical resistivity techniques
are confirmed by a number of studies on the territory of Bulgaria. It was found that the most suitable technology for the non-invasive imaging of the shallow subsurface is electrical tomography.
In this study are presented results obtained from the application of electrical resistivity techniques for investigation of a landslide site on the territory of Bulgaria – near the town of Pernik.
1

INTRODUCTION

Geophysical methods can be successfully applied for the detailed study of the near-surface geological section of landslide sites. They fulfill the results from the borehole investigations and allow correct interpolation of the general behavior of the present geological formations. Electrical
resistivity methods have wide application for the detailed mapping of the near-surface geological
section. Their geological efficiency is connected to the rocks differentiation according to electrical resistivity. For a precise geoelectrical section the rocks electrical resistivity is tied to the
existing preconditions for presence of ionic conductivity.
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Electrical tomography can be effectively applied for obtaining a detailed picture of the geoelectrical differentiation in the near-surface section of landslide sites. This method is based on
the use of modern equipment, optimal measuring techniques, and computer processing of acquired data (Dimovski et al. 2007).
The approach and the basic elements of the measuring techniques and of the data processing and interpretation are presented on the example of an electrical tomography surveying performed in the area of a landslide site on the railroad Sofia-Pernik.
The object of the study is the near-surface geological section down to the depth of 40-45
m. Predominant role in this section has the Paleogene sediment complex. On its upper part it is
composed of a layer brown to yellow-brown sandy clays and clays with sand bands which thickness varies in the range from 4-5 up to 9-10 m. Underneath is spread a thick layer of yellow-red
to brown-red solid clays and silty-sandy clays with clayey-sandy bands. At a depth of 30 m the
red clays alternate with layers of sandstones, clayey sands, and thin bands of clays and gravels.
Underneath the above-described clayey-sandy series in the section are present much more solid
clays and rock varieties (sandstones, conglomerates, etc.).
In the studied region the landslide processes have affected a limited area on both sides of the
railroad Sofia-Pernik (at km 19+400). Most probably the landslide is formed as a result of mass
movements along the sliding surface between the yellow-brown sandy clays and the underlying
red clays present in the upper part of the section.
The main objective of the performed geoelectrical surveying is to detail the geological section in the area under study, to localize the zones characterized by decreased stability, and to map
the behavior of the probable sliding surface.
2

BASIC ELEMENTS OF THE ELECTRICAL TOMOGRAPHY SURVEYING
TECHNIQUE

Electrical tomography is a new and rapidly evolving technology for the non-invasive imaging
of the shallow subsurface. This technique for imaging the subsurface electrical structure is using
conduction currents. From a series of electrodes, low frequency electrical current is injected into
the subsurface, and the resulting potential distribution is measured. A large variety of different
source and receiver positions are used to sample the target section (2-D electrical tomography).
This electrical resistivity surveying method is performed with a big number of electrodes connected to a compound cable (Griffiths and Barker, 1993). The exact four electrodes necessary
for each measurement (two current and two potential) are selected through a mechanical or an
electronic device.
In Figure 1 is illustrated a typical 2-D measuring scheme that comprises 20 electrodes, located along the surveying line at one and the same distance “а”. When the Wenner array is applied,
the process includes consecutive measurements with electrode spacing “n.a”. In the first stage
all possible measurements with electrode spacing “1а” are performed. For each measurement
the precise combination of two current and two potential electrodes is selected. For a measuring scheme composed of 20 electrodes are available 17 possible measurements with electrode
spacing “1а”. After accomplishing the measuring cycle with distance “1а” between adjacent
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electrodes is started the next cycle of successive measurements with electrode spacing “2а”.
This measuring process is repeated with spacing between adjacent electrodes “3а”, “4а”, “5а” и
“6а”. The number of possible measurements for a fixed spacing “n.a” decreases with the increase
of the distance between adjacent electrodes. The number of possible measurements for specific
electrode spacing and for fixed count of electrodes along the surveying line depends on the applied measuring array. Among all types of arrays used in 2-D electrical resistivity tomography,
the Wenner array provides the smallest number of possible measurements, but it has the highest
signal-to-noise ratio among the conventional arrays.

Figure 1. Illustration of a typical 2-D measuring scheme that comprises 20 electrodes, located along the
surveying line at one and the same distance “а”, possible measuring sequences and arrangement of data
points in the pseudosections for the Wenner array

The pole-dipole array provides not only a very good horizontal and vertical coverage of
the section, but is also very sensitive towards local non-uniformities. In figure 2 is illustrated a
possible measuring sequence for a pole-dipole array that comprises 20 electrodes. The spacing
between each two adjacent electrodes along the surveying line is “а”. In this array the second
current electrode (C2) is located far enough, so that C1 can be regarded as point current source.
The first measurement is performed selecting electrodes 1, 2, and 3. Electrode 1 is the second
potential electrode Р2, electrode 2 is the first potential electrode Р1, and electrode 3 is the first
current electrode С1. In the second measurement electrodes 2, 3, and 4 are selected as Р2, Р1,
and С1, respectively. This procedure is repeated until electrodes 18, 19, and 20 are utilized in the
last measurement with electrode spacing “1а”, i.e. when the dipole separation factor “n” is set
to 1 (the distance between the current electrode C1 and the potential electrode P1 is usually an
integer multiple of the distance between the potential electrode pair Р1-Р2).
For a pole-dipole array composed of 20 electrodes are available 18 (20-2) possible measurements for n = 1. After accomplishing the measuring cycle with distance “1а” between electrodes
С1 and Р1 is started the next cycle of successive measurements when the dipole separation

Application of electrical resistivity techniques for investigation of landslides

243

factor “n” is set to 2 (n = 2), i.e. with distance “2а” between electrodes С1 and Р1. In the first
measurement of this cycle are selected electrodes 1, 2, and 4. This procedure is repeated until
electrodes 17, 18, and 20 are utilized in the last measurement with dipole separation factor “n”
set to 2. For a pole-dipole array composed of 20 electrodes are available 17 (20-3) possible
measurements for distance “2а” between electrodes С1 and Р1. In the next measuring cycles the
dipole separation factor “n” increases until it reaches its maximum value of 9. After this stage
the measured potential differences become relatively small and it is difficult to acquire reliable
data. In order to expand the depth of the survey, the distance between the potential electrode pair
Р1-Р2 is increased to “2а” and new measurement cycles are performed for different values of
dipole separation factor “n”.

Figure 2. Illustration of a typical 2-D measuring scheme that comprises 20 electrodes, located along the
surveying line at one and the same distance “а”, possible measuring sequences and arrangement of data
points in the pseudosections for the pole-dipole array

If the number of electrodes is not sufficient to cover the entire length of the surveying line,
then a special procedure is performed in order to increase the horizontal coverage of the scheme.
In this case after each set of measurements the compound cable is moved towards the end of the
studied line by a step that is an integer multiple of the spacing between two adjacent electrodes.
All combinations where one ore more electrodes in new positions are included are measured and
thus a complete coverage of the line under study is ensured.
In Figure 3 is illustrated the movement of a measuring scheme composed of 20 electrodes
towards the end of the studied line by a step of “2а”. Arrangement of the new data points in the
pseudosection is also shown.
The true resistivities in the subsurface area are determined by the computer program RES2DINV (Loke, 2001). For this purpose, the resistivity values measured by the field equipment in
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different points (having particular electrodes location) have to be transferred into apparent resistivity values after taking into consideration the array geometry. The computer program is using
as input data the information about the electrodes location on the surface and the apparent resistivity values in each measured point. On this basis the program is automatically dividing the subsurface area into a given number of rectangular blocks. Then, applying the least-squares method,
the resistivity of each block is determined in such a way that the calculated apparent resistivity
values for the composed model are fitting in the best possible way the measured electric field.

Figure 3. Movement of a measuring scheme towards the end of the studied line by a step of “2а” and arrangement of the new data points

The computer program RES2DINV provides three vertical sections as a final result from the
interpretation of the 2D electrical surveying data. These sections are: measured apparent resistivity pseudosection - made after interpolation of the apparent resistivity values derived from the
field measurements in each point; calculated apparent resistivity pseudosection - composed as a
result of interpolation of the apparent resistivity values calculated in each point after solving the
forward problem for the model; inverse model resistivity section – created as a result of interpolation of the determined resistivity values in each rectangular block of the composed model.
The comparison between the two pseudosections illustrates the reliability of the obtained model
solution. The third section reveals the true resistivity distribution in the subsurface area and is
providing the possibility for making qualitative and quantitative esteems.
The so determined geoelectrical model can be transformed into a geological one on the base
of:
• general information of the geological, tectonic, and hydrogeological conditions in the studied
region
• reference data for the electrical resistivity of different rock types (Keller & Frischknecht,
1966; Daniels & Alberty, 1966, etc.)
• data from the drilled boreholes
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3

SURVEYING RESULTS, ANALYSIS, AND INTERPRETATION

The precise location of the geophysical surveying lines in the area under study is illustrated in
Figure 4. The field measurements were performed along six profiles (each with a length of 230
m) having a total length of 1380 m. The position of the drilled 13 boreholes is also shown in
Figure 4.

Figure 4. Location of the geophysical surveying lines and of the drilled boreholes in the area under study

The measuring scheme applied during the electrical tomography surveying performed in the
area consists of 24 electrodes and the spacing between two adjacent electrodes equals to 10 m.
The field measurements were performed utilizing a four-electrode Wenner-Schlumberger array.
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The measurements were performed by Terrameter SAS 1000. This resistivity and IP instrument is produced by the Swedish company ABEM. This instrument is with integrated PC for
full control of data acquisition process and storage of data. It has a built-in transmitter with
maximum ±400 V (800 V peak-to-peak) and 1000 mA output. The receiver discriminates noise
and measures voltages correlated with transmitted signal current (resistivity surveying mode and
IP mode) and also measures uncorrelated DC potentials with the same discrimination and noise
rejection (voltage measuring mode). The microprocessor monitors and controls operations and
calculates results. In geophysical surveys, the SAS 1000 permits natural or induced signals to
be measured at extremely low levels, with excellent penetration and low power consumption.
Moreover, it can be used in a wide variety of applications where effective signal/noise discrimination is needed.
The processing of the acquired data and the interpretation of the obtained results are performed by the Departments of Applied Geophysics and Hydrogeology and Engineering Geology, University of Mining and Geology “St. Ivan Rilski”, Sofia.
The analysis of the obtained geoelectrical sections along the six studied surveying lines in the
area (see Figure 5) is in accordance with the geological sections recorded in the thirteen drilled
boreholes. The performed analysis gives reason the following conclusions to be made:
1. The geoelectrical section along all lines is very consistent regarding the electrical resistivity
distribution in depth.
2. The electrical resistivity of the varieties composing the studied geological section changes in
a relatively wide range – from about 7.5 Wm up to more then 50 Wm.
3. It can be summarized that the studied geoelectrical section is represented by two electrical
resistivity media, mapping two zones with different lithological characteristics:
• The first electrical resistivity media (zone A) is characterized by relatively low values of
the electrical resistivity for the studied geoelectrical section – in the range from about 12.5
Wm up to 30 Wm. This zone maps the upper part of the Paleogene sediment complex. It is
composed of brown to yellow-brown sandy clays and clays with sand bands. Underneath are
spread yellow-red to brown-red solid clays and silty-sandy clays with clayey-sandy bands.
Deeper the red clays alternate with layers of sandstones, clayey sands, and thin bands of clays
and gravels. The total thickness of these clayey-sandy series varies in the range from 20 m up
to 35 m. The lower thickness values (20-25 m) are typical for the area to the southeast of the
railroad (in the elevated parts of the studied region). The higher thickness values (25-35 m)
are observed to the northwest of the railroad (in the lowered surface relief forms).
• The second electrical resistivity media (zone B) is characterized by the highest values of
the electrical resistivity for the studied geoelectrical section – in the range from 30 Wm up
to more then 50 Wm. It maps the spread of the predominant in depth much more solid clays,
silty-sandy clays, and rock varieties (sandstones, conglomerates, etc.).
4. Along all six studied surveying lines is observed the near-surface spreading of a third electrical resistivity media (zones C1, C2, and C3). It is characterized by the lowest values of the
electrical resistivity for the studied geoelectrical section – in the range from about 7.5 Wm up
to 14 Wm. This media is characterized by well-expressed ionic conductivity. Most probably it
maps the spread of highly water-saturated and definitely unconsolidated zones some of which
are result of local mass movements and others suggest impending development of landslide
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Figure 5. Electrical resistivity sections obtained along Line 1 (a), Line 2 (b), Line 3 (c), Line 4 (d), Line 5
(e), and Line 6 (f)
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processes.
• Zone C1 is characterized by electrical resistivity values in the range from about 7.5 Wm up to
12.5 Wm. This zone maps the spread of the area that is affected by landslide mass movements
along the sliding surface. Its average width is in the range of 70-80 m and to the northwest
(towards the direction of sliding) decreases to 25-30 m. The depth towards the probable sliding surface varies in the range of 5 to 15 m (most often is about 10 m).
• Zone C2 is differentiated by electrical resistivity values in the range from 10 Wm up to 12.5
Wm. This zone most probably locates area where is possible future development of landslide
processes. It spreads in the vicinity of the railroad Sofia-Pernik (along surveying lines 1, 2,
and 3) and has width in the range of 20 to 40 m. The depth towards the possible sliding surface is about 4-5 m.
• Zone C3 is distinguished by electrical resistivity values in the range from 12 Wm up to about
14 Wm. It maps the highly water-saturated zone neighboring the uncased ditch located in the
southeastern part of the studied region. The water-course runs from southeast to northwest
and outflows in the drainage channel that is parallel to the railroad.
As a result of the derived geoelectrical sections along the six studied surveying lines is elaborated a scheme of the spreads of the area where actual landslide mass movements along the
sliding surface are present and of the zone where future development of landslide processes is
possible. The developed scheme is illustrated in Figure 6. The area where actual landslide mass
movements along the sliding surface are present is marked as Zone 1 and the zone where future
development of landslide processes is possible – as Zone 2.
4

CONCLUSIONS

Most often the geological section of a landslide site is well differentiated according to electrical
resistivity. For this reason geoelectrical techniques applied for obtaining high-resolution images
of the underground resistivity have leading role in geophysical investigations of landscapes. The
possibilities for mapping landslide bodies provided by the electrical resistivity techniques are
confirmed by a number of studies on the territory of Bulgaria. It was found that the most suitable
technology for the non-invasive imaging of the shallow subsurface is electrical tomography.
In this study are presented results obtained from the application of electrical resistivity techniques for investigation of a landslide site on the territory of Bulgaria – near the town of Pernik.
The analysis of the obtained geoelectrical sections along the six studied surveying lines in
the area is in accordance with the geological sections recorded in the thirteen drilled boreholes.
It can be summarized that the studied geoelectrical section is represented by two electrical resistivity media, mapping two zones with different lithological characteristics. The first electrical
resistivity media (zone A) maps the upper part of the Paleogene sediment complex. The total
thickness of its clayey-sandy series varies in the range from 20 m up to 35 m.
The second electrical resistivity media (zone B) reflects the spread of the predominant in
depth much more solid clays, silty-sandy clays, and rock varieties (sandstones, conglomerates,
etc.). Along all six studied surveying lines is observed the near-surface spreading of a third electrical resistivity media. This zone is characterized by well-expressed ionic conductivity. Most
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probably it reveals the spread of water-saturated and unconsolidated areas some of which are result of local mass movements and others suggest impending development of landslide processes.
The obtained results show that the possibilities provided by the non-invasive geophysical
methods, for obtaining high-resolution images of the underground resistivity depend mostly on
the landslide physical-geological model.

Figure 6. Scheme illustrating the spreads of the area where actual landslide mass movements along the
sliding surface are present (Zone 1) and of the zone where future development of landslide processes is
possible (Zone 2)
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ABSTRACT: Remote sensing has emerged as a powerful tool for mitigation planning and postcrisis assessment in various natural hazards. The development of advanced remote sensing
technologies has improved mapping capabilities and expanded areas of application. The most
significant improvement is the commercialization of very high spatial resolution satellite data.
Here, remote sensing data and methods were used to support the development of tsunami inundation maps for the City of Rhodes, Greece, as well as to help ground truthing modeling results.
Information about the topography was derived using both satellite and aerial images. ASTER
(Advanced Spaceborn Thermal Emission and Reflection Radiometer) stereo images were used to
provide a Digital Elevation Model (DEM) for the whole island, whereas aerial imagery was used
to derive a high resolution DEM for the Northern part where the city of Rhodes is located. These
DEMs were used to orthorectify multispectral ASTER and Ikonos images, respectively. Land
cover/use was extracted for the coastal area of Rhodes using both ASTER and Ikonos images.
The latter was also used to extract the shoreline and information about the main buildings. The
DEMs and the shoreline were used in the numerical computations of inundation, whereas the
orthorectified products were used to validate the resulting inundation estimates on the ground.
Finally, contour lines which extracted from the high resolution DEM along the inundation lines
revealed the topographic controls on tsunami inundation.
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1

INTRODUCTION

Remote sensing has emerged as a powerful tool in mapping changes on land after natural hazards
such as floods, earthquakes, landslides, forest fires and cyclones/hurricanes. The development of
advanced remote sensing technologies has improved the mapping capabilities and expanded its
applications. The most significant improvement has been the commercialization of high spatial
resolution satellite images such as Ikonos and QuickBird (Vu et al. 2007). In the case of tsunamis, because of the logistical challenges of doing fieldwork in a major disaster area where critical locales are simply inaccessible, satellite observations provide an excellent tool to carry out
rapid, regional assessments (Synolakis & Okal 2005, Synolakis and Bernard 2006). Soon after
the occurrence of the Sumatra tsunami in 2004 for example, satellite data were used in tsunami
waves detection (Geist et al. 2006, Gower 2007), as well as in damage assessment by detecting
the changes along the coastal regions, water logging, ocean wave pattern, loss of vegetation
and forests along the coasts (Borrero 2005, Borrero et al. 2006a, Singh et al. 2007, Kumar et al.
2007, Wikantika et al. 2007). By integrating satellite data into tsunami studies, more efficient and
thorough post-tsunami surveys can be completed.
Tsunami hazard reduction can be also supported with satellite data. For example, the inundation limit (usually defined as the inland limit of wetting during the entire duration of the event)
can in principle be detected in high resolution satellite images during post-crisis assessment.
Moreover, satellite data can be used to develop Digital Elevation Models (DEMs) and slope
maps. DEM techniques can be used to identify and delineate tsunami inundation and runup
elevation (Kumar et al. 2007). Using slope rather than elevation to predict the inundation may
be of use for planning future tsunami evacuations (McAdoo et al. 2007). For example, tsunami
inundation maps are now available for some areas in Northern Sumatra (Borrero et al. 2006b).
Inundation maps based on computations of tsunamis from scenario geophysical events are
used in emergency preparedness and are the basis for designating evacuation routes, shelters and
signage (Synolakis et al. 2002). The computation is not simple, as fluid motions during runup
involve the interaction of three phases of matter, solid liquid and gas, and are known to be inherently unstable with large height gradients and velocities (Liu et al. 1991). Many models that
claim to calculate inundation actually stop the computation at some offshore location to avoid
instabilities, see Synolakis (2003) for a discussion. In California, early maps for specific regions
reflected an elevation (contour) equal to the maximum runup generated by all possible relevant
tsunami scenarios for the region. In general, the extent of vertical runup of any specific tsunami
depends on the source seismic parameters and the target coastline location relative to the source.
For earthquake tsunamis, the runup depends on the tectonic parameters of the parent earthquake,
the ocean topography at the generation region, the bathymetry in the propagation path and exquisitely on the target coastline’s shoreline topography (Kanoglu & Synolakis 1998, 2006). For
these reasons, numerical computational models are used in inundation mapping. When validated
per standard methods (Synolakis et al. 2007), numerical models produce excellent projections
when compared with small scale laboratory and large scale geophysical data.
Advancements in remote sensing technologies have resulted in an increase in the size and
complexity of image databases. Therefore, choosing the relevant image data is not simple. Vu
et al. (2007) developed a framework to integrate high spatial resolution (Landsat or ASTER),
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very high spatial resolution (QuickBird or Ikonos) satellite images and DEM data in mapping
tsunami-affected areas. The processing flowed upwards from macro-scale (high spatial resolution data) to micro-scale (very high spatial resolution data). Across this pyramidal searching,
only necessary data is acquired, processed and the focused geographical extent is narrowed.
The objective in this study was to examine the potential of satellite remote sensing in supporting tsunami mitigation planning in the Mediterranean. Remote sensing data and methods
were used to support the development of tsunami inundation maps for the island of Rhodes,
in the framework of the EU funded project TRANFER (Tsunami Risk ANd Strategies For the
European Region) aimed at tsunami hazard and risk assessment and the identification of the best
strategies for reduction of tsunami risk. Geographical Information Systems (GIS) methods were
used to manage all spatial data and to create and combine the different inundation map components. The remote sensing data and methods were finally combined with in-situ observations
with GPS (Global Positioning System) to validate numerical modeling results.
2

DATA AND METHODOLOGY

The study area is shown in Figure 1. Three nested grids were used for inundation computations
which were done with MOST ������������������������������������������������������������
(Method Of Splitting Tsunami) numerical model ��������������
(Titov & Synolakis, 1998, Bernard et al. 2006). MOST has been extensively validated and is the code used by
NOAA (National Oceanic and Atmospheric Administration) for tsunami mapping and tsunami
forecasts in the Pacific and Indian Oceans, see www.pmel.noaa.gov. The finer grid C covers the
Northern part of the Rhodes island where the city of Rhodes, as well as the main facilities of the
tourism industry are located.

Figure 1. The study area in southeastern Mediterranean and the three nested grids. The bathymetry is also
depicted in shades of blue, the darker being the deeper.
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The data use in this study were aerial stereo images acquired during a low flight campaign over
Rhodes (covering the Northern part of the island with 1 m spatial resolution), an Ikonos multispectral image (4 bands, covering the Northern part of the island with 1 m spatial resolution)
and an ASTER multispectral stereo image (15 bands, covering the whole island with 15 to 30 m
spatial resolution).
If the earthquake source parameters for scenario events are well established, the only uncertainty for producing accurate inundation maps is detailed information about the topography and
the land cover/use (Synolakis & Bernard 2006). DEMs of usable details are still not available for
much of the earth’s land masses. The aerial stereo-images and the ASTER images were used in
combination with GPS data to provide DEMs for Rhodes, capable of being used in the computations in the fine grids of MOST. ASTER covers a wide spectral region with 14 bands from the
visible to the thermal infrared with high spatial, spectral and radiometric resolution. Its visible
and near infrared subsystem provides stereo view which exploited in DEM production. Aerial
triangulation methods were applied to aerial images to produce a high resolution DEM (1 m
pixel) for the Northern part of Rhodes. Furthermore, the methodology described by Chrysoulakis et al. (2004) and Nikolakopoulos et al. (2006) was applied to extract a low resolution (15 m
pixel) DEM for the whole island, using ASTER stereo imagery.
Both ASTER and Ikonos images were used to derive the land cover/use information as needed. However, orthorectification of these images was necessary prior their GIS integration. Orthorectification took into account the geometric distortions during image acquisition, as well as
the effect of topography, so that image features ended up with correct planimetric coordinates.
Inundation lines overlay, as well as quantitative estimations such as area calculations, shoreline
detection etc., were performed in orthorectified products.
To orthorectify the original satellite image into a map-image, there are two processing operations: a geometric operation to compute the cell coordinates in the original image for each
map-image cell (eliminating the geometric distortions) and a radiometric operation to compute
the intensity value of the map-image cell as a function of the intensity values of original image
cells that surround the previously-computed position of the map-image cell. The geometric operation requires the observation equations of the geometric model with the previously computed
unknowns and elevation information. The 3D models take into account elevation distortion,
therefore a DEM is needed to create precise orthorectified images. The DEM affects the orthorectification process, both in terms of elevation accuracy for positioning and in terms of grid
spacing. To orthorectify the ASTER image the ASTER derived DEM was used per Chrysoulakis
et al. (2004), while the Ikonos image was orthorectified per Lipakis et al. (2008).
Then, the shoreline was extracted for the Ikonos and ASTER oerthorectified products. The
accuracy of image orthorectification, as well as the accuracy of image classification, are the most
important factors affecting the accuracy of the extracted shoreline. The methodology of Lipakis
et al. (2008) was used to extract the shoreline: Ikonos data were orthorectified and a feature extraction technique was then used. This technique employed machine-learning algorithms which
exploit both the spectral and spatial information of the image. The basis for shoreline extraction
is the water-land separation; therefore the orthorectified image was classified and a polygon
corresponding to water wetted area was extracted. Taking into account the land cover mapping
constraints for very high spatial resolution satellite data (Foody 2000, Berberoglu et al. 2000),
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a machine learning classifier approach was selected as the best solution for Ikonos multispectral image classification. The Feature Analyst software (VLS 2007) was used, since it employs
machine-learning techniques which have the potential to exploit both the spectral and spatial
information.
Land-use mapping was performed for coastal areas of Rhodes using both high and very high
spatial resolution multispectral satellite imagery. The first method resulted in a general mapping
of urban areas with elevation lower than 20 m. ASTER data with the spatial resolution of 15 m
and the positional accuracy of 15 m were used to map the whole island. The second method resulted in a detailed land-use mapping for areas with elevation lower than 20 m. Ikonos data with
the spatial resolution of 1 m and positional accuracy better than 2 m were used here. The ASTER
orthorectified multispectral image was classified to 11 classes by employing a per-pixel supervised classification procedure based on the maximum likelihood classification algorithm (Foody
2000, Gallego, 2004). Following, post-classification sorting merged the above classes into 2
main categories, urban and non-urban. The ASTER derived DEM was used to extract the pixels
in the classified image that corresponded to areas with elevation lower than 20 m. As already
mentioned, the accuracy of per-pixels classification techniques is low for very high spatial resolution satellite data, therefore a semi-automatic classification method was used to classify the
Ikonos image. This semi-automatic method was based on both manual digitization and machine
learning classification techniques (VLS 2007), which are considered as the optimum approach
for VHR multispectral data classification and feature extraction.
Information about buildings type and height is also useful in inundation mapping. The Ikonos
imagery was used to detect 150 major building located in the Northern part of the island. The
detection and the orientation of these buildings was performed using the orthorectified image. An
example of building orientation is shown in Figure 2 where the major axis of the “Hotel Casino”
was identified (green line) and two angles were estimated: the angle between the major axis and
the direction of North and the angle between the major axis and the Normal to the shoreline.
Information on buildings height and type was also extracted and stored in our database. Initially,
a classification scheme of 4 building height classes (1 floor increments) and four building types
(old - masonry made, 60’s type, 80’s type, and modern) was developed. Then the height and type
information was extracted by combining Ikonos data with GoogleEarth/Panoramio (http://earth.
google.com), as also shown in Figure 2. The extracted buildings location, orientation, type and
height was validated and corrected using in-situ observations during a field campaign in July
2008.
Several seismic sources have been considered for providing scenario initial conditions for the
computations of the inundation maps for the City of Rhodes. Here, we present results from four
extreme seismic scenarios. These were our preliminary runs and they are still being evaluated
by geologists in terms of geophysical realism and relevance. A bathymetric grid was built using
selected bathymetric data and the Ikonos derived shoreline polygon as input for the interpolation. The resulting grid was clipped to the water data. The topographic grid used the aerial and
ASTER derived DEMs and the water polygon as input and then clipped to the land polygon in
the same manner. The topographic and bathymetric grids were merged into a final grid, from
which the three nested grids (Figure 1) were extracted and used by the MOST numerical model
(Titov & Synolakis 1995, 1998).
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Figure 2. Building identification, orientation and classification

3

RESULTS AND DISCUSSION

The Root Mean Square Error (RMSE) in xy (planimetry) and z (elevation) were used for the
DEM accuracy assessment. Assuming parallax difference correlation errors in the range of 0.5
to 1.0 pixels (0.5-1 m for aerial images and 7-15 m for ASTER), elevation errors (RMSEz) are
expected to be less than 1 m for aerial images and in the ±12 m to ±26 m range. Figure 3 shows
the DEM derived from ASTER, whereas Figure 4 shows the DEM derived from aerial imagery.
Several survey monuments were used to check their vertical accuracy as described in Chrysoulakis et al. (2004). The RMSEz was found less than 1m for aerial images derived DEM and less
than 16 m for the ASTER DEM.
The orthorectified images derived from ASTER and Ikonos multispectral data are shown
in Figures 5 and 6, respectively. The ASTER orthoimage is shown as pseudocolor composition
of the ASTER channels 1, 2, and 3N (RGB: 3N-2-1), and it has been derived using the ASTER
DEM. The Ikonos orthoimage, which is shown as pseudocolor composition of the Ikonos channels 2, 3, and 4 (RGB: 4-3-2), has been derived using the high resolution DEM.
The high resolution DEM was used to mask the Ikonos orthoimage, so the areas with elevation greater than 20 m were eliminated, because these areas were not needed in inundation
mapping even in cases of extreme scenarios, - note that per Okal & Synolakis (2004), the runup
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seldom if ever exceeds twice the seismic slip, a magnitude 9 earthquake has a slip of 10m. Therefore, the areas with elevations lower than 20 m were the suspect vulnerable coastal areas. The
remaining part of the Ikonos orthorectified image after the DEM masking is shown in Figure 7.
The extracted shoreline has been superimposed in vector (ESRI shapefile) format (yellow line).
According to past studies (Zhou & Li 2000, Li et al. 2003, Grodecki & Dial, 2003), the positional
accuracy of this shoreline was expected to be in the range of 2 - 4 m. This was verified by means
of in-situ observations with GPS during a filed campaign in July 2008.

Figure 3. The ASTER derived DEM

Figure 4. The aerial imagery derived DEM

Figure 5. The ASTER orthoimage

Figure 6. The Ikonos orthoimage

Remote sensing in support of tsunami mitigation planning in the Mediterranean

261

Figure 7. The vulnerable areas with elevation below 20 m, with the shoreline superimposed. Per
Okal & Synolakis (2004), runup seldom exceeds
twice the seafloor deformation during the tectonic
motion, which is about 10m for magnitude 9.0
events

The ASTER land cover classification results (urban - non urban for the whole island) were
used to derived vector information: polygons covering the urban areas of the island. Two examples of extracted polygons containing man made structures are shown in Figures 8 and 9 with
blue lines. The polygon containing the airport of Rhodes is shown in Figure 8 and the polygon
containing the town of Afadou is shown in Figure 9. A comparison with Ikonos and aerial data
concluded that that the ASTER performance in urban area detection was satisfactory.

Figure 8. Artificial areas detected from ASTER

Figure 9.Urban area detection using ASTER

The machine learning classification scheme applied to Ikonos multispectral orthoimage (corresponding to areas with elevation lower than 20 m) resulted in 13 land use classes: shoreline,
old city, residential areas, business areas, industrial areas, port, airport, cemeteries, sport areas,
major hotels, mixed agricultural and tourist areas, agricultural areas and beaches. A detailed map
of the extracted land use classes is shown in Figure 10. The building classification result for the
city of Rhodes (areas with elevation lower than 20 m), resulting from combining the Ikonos
orthoimage with the GoogleEarth/Panoramio product is shown in Figure 11. Both classifications
were validated by in-situ observations during a field campaign in July 2008.
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Figure 10. Land use classification

Figure 11. Main buildings classification

The inundation lines computed by MOST for the preliminary extreme scenarios are shown in
Figure 12. The Ikonos orthorectified image (pseudocolor composition of visible channels RGB:
3-2-1) is used as background. Since both the land use map (Figure 10) and the buildings classification (Figure 11) have been produced using the Ikonos orthoimage (therefore they are georeferenced) the TRANSFER GIS structure has the potential to make use of these maps to support
the mitigation planning, as well as to assess the damage in each tsunami scenario.
Figure 13 shows the scenario one inundation line superimposed on a contour map produced
using aerial imagery derived DEM. The 3 m contour line has been highlighted in light blue. It is
obvious that the red inundation line follows the 3 m contour, as expected - the maximum inundation height calculated was 3.7 m. As can be seen in Figure 13, this agreement is even closer for
steep slopes and can be explained considering the 0.5 – 1 m vertical accuracy of the high resolution DEM, as checked using survey monuments. The positioning of the inundation line and its
consistency with the 3 m contour was verified by GPS observations during the in-situ campaign
in July 2008.
4

CONCLUSIONS

Computed tsunami inundation maps are used for emergency preparedness and are the basis for
designating evacuation routes, shelters and signage. Satellite data can be used to support tsunami
inundation mapping. In this study we discuss the potential of remote sensing data and methods
to support planning maps for the City of Rhodes, Greece calculated with NOAA’s code MOST
used for real time forecasts. Information about the topography was derived using both satellite
and aerial images. ASTER stereo images were used to provide a DEM (RMSEz ~ 15 m) for

Remote sensing in support of tsunami mitigation planning in the Mediterranean

263

the whole island, whereas aerial imagery was used to derive a DEM (RMSEz < 1 m) for the
City of Rhodes. Both DEMs were used to orthorectify multispectral ASTER (RMSExy ~ 15 m)
and Ikonos images (RMSExy < 2 m). Next, land use maps were created by combining satellite
derived and in-situ spatial information. Land use was extracted for the coastal areas from both
ASTER and Ikonos images using per pixel and object oriented machine learning classification
methods, respectively. The latter was also used to extract the shoreline, as well as to identify the
location, the height, the type and the orientation of major building in city. The DEMs and extracted shoreline were used to produce computational grids required for the overland inundation
calculations. Finally, our orthorectified images were used to validate inundation lines produced
by MOST, as well as to provide the requisite GIS layers, to support tsunami mitigation planning
in the Mediterranean Sea.

Figure 12. The resulted inundation lines for the
four hypothetical extreme scenarios as superimposed over the Ikonos multispectral orthore-ctified
image.

Figure 13. Contour lines as derived from the high
resolution DEM. The contour of 3 m is shown in
blue and the inundation line in red.
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ABSTRACT: Since May 2007 the regular operational satellite monitoring of the north Caspian
Sea was set up and carried out. The purpose of the project is to monitor the ecological situation
(namely, oil spills) particularly around the oil-rig offshore exploration platforms operating in
Russian and Kazakhstan sectors, as well in the overall area of the North Caspian Sea. The used
data set includes RADARSAT and ENVISAT SAR, ENVISAT MERIS imagery and meteorological data available in Internet. The methodology of monitoring includes expert analysis of the
SAR images, extraction of oil spills and oil spill-alikes, comparison with weather data and oil
dynamics from a series of images using the geo-informational approach developed by authors. It
was shown that the spaceborne radar is the valuable source of information while performing the
off-shore oil and gas exploration activities.
1

INTRODUCTION

Now the area of North Caspian Sea is subject to intensive ecological loading due to active development of oilfields including exploratory and industrial drilling. In may 2007 Russian oil
company “Lukoil-Nizhnevolzhskneft” has established the regular operational monitoring of oil
pollution in the North Caspian. This project was initiated in connection with the start-up of the
exploitation of the new Russian floating oil-rig offshore exploration platform “Astra”. Originally
it was installed in Yu. Korchagin oilfield in the Russian sector of the Caspian Sea where it operated for about 3 months. Then it was moved to other positions for exploratory drilling.
The purpose of the monitoring project is to operationally detect and measure possible oil
release from oil platforms, natural seepages from oilfields, other pollutions connected with oil
exploitation as well as with other anthropogenic activities (ship leakages, river discharge, etc.).
The scientific purpose was the further progress in reliability of oil spill detection from SAR data.
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2

DATA SET AND PROCESSING METHODS

The overall scheme of monitoring project is shown in Figure 1. The main data source are the
all-weather synthetic aperture radar (SAR) imagery from CSA’s RADARSAT (ScanSAR 300 x
300 km and 500 x 500 km products) and ESA’s ENVISAT (WideSwath 400 x 400 km products)
satellites. Data are received and primary processed by Moscow reception station of R&D Center
“Scanex” 2 to 5 times per week. For the operational analysis of meteorological situation we
used the prognostic data on wind and waves from the web-site of Turkish state meteorological
service. The real meteorological parameters were not available due to weakly developed network
of meteo stations in this region. The comprehensive analysis of radar and attendant satellite and
other data (wind and waves maps, optical and infrared imagery) is performed by expert group
operationally (within 1 hour after SAR satellite pass).

Figure 1. The monitoring outline

The methodological basis for SAR data processing and oil film mapping have been considered in Ivanov, et al., 2004, A.Yu.Ivanov, et al., 2005, K.Ts. Litovchenko, et al., 2007. For the
valuable analysis of SAR imagery we have used the geo-informational approach worked out
by P.P. Shirshov Institute of Oceanology (A.Yu. Ivanov, V.V. Zatyagalova, 2007). This approach
allows the highly effective oil spills identification taking into account the wide set of additional
information. The composite maps of anthropogenic film pollution ar produced and analyzed
weekly and quarterly. The information about all film (included oil film) pollutions is delivered to
the “Lukoil-Nizhnevolzhskheft Ltd.” operationally (within 2-3 hours after SAR satellite pass).
The data processing methods include the following steps:
1. Radiometric correction
2. Geometric correction and geocoding using orbital data and ground control points. For radiometric and geometric correction the SAR processing software developed by “ScanEx” R&D
Centre was used.
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3. Speckle noise filtration.
4. Adaptive thresholding for automated detection of smoothed areas (slicks) on SAR image.
5. Interactive classification of slicks and extraction of oil films taking into account their
shape, dimensions, texture, contrast, etc., as well as the additional geographical information represented in geoinformational layers and meteorological data. The final identification of oil spills
and other objects of interest is performed by means of expert evaluation.
The ESRI ArcGIS software was the main instrument for geoinformational analysis. The example of ENVISAT ASAR image combined with the map is shown in Figure 2.

Figure 2. ENVISAT ASAR image in ESRI ArcGIS project

3

RESULTS OF OIL SPILL OBSERVATION

The following main types of film pollutions were picked out during the project:
• oil release from platform or oil well;
• ship leakage and escape;
• river discharge
• concentration of surfactants of biogenic or anthropogenic origin;
• seepages from gryphon on sea bottom.
The examples of typical cases of the spill types observed in the project are shown in figures 3-6.
The analysis of the oil pollution maps obtained from May to December 2007 shows that the
ecological environment observed in the Russian sector of the Caspian Sea was propitious as a
whole. The ascertained oil patches were of minor measurement and, in most cases, were produced by the ships. The area of spills did not exceeded 1-2 square km. Occasionally the spills
produced by superficial (ports of Makhachkala and Caspiysk) and river (Terek, Sulak, Volga)
discharge were observed. This is stipulated for the faulting of economic - everyday waters polluted with mineral oil. A series of ship-produced spills were detected in the roadstead of Astrakhan.
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The only oil spill produced by the technological worst-case situation on the “Astra” platform was
detected nearby the platform. Its area was 28 km2 but it dissipated very quickly (Figure 6). The
estimated volume of released oil is around 280 m3.

Figure 3. Ships and ship-generated spills near the Kashsgan platform (Kazakhstan sector)

Figure 4. Ship escape (left) and surfactant films as a result from Volga river discharge (right)

The largest ship-generated spills were detected in the Kazakhstan sector of the sea along the
ship routes towards Aktau port. Patches of various origin were detected also in the area adjacent
to Fort-Shevchenko and Bautino. A series of large (more than 15 sq. km) ship-generated spills
were detected in the north of Azerbaijan sector of the sea. Everywhere the films formed by
surfactants produced by plankton and fish vital activity in the areas of their concentration and
habitation were revealed.
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Figure 5. Low wind smoothed area and surfactant
films visualizing currents in vortical structures

Figure 6. The accident oil release resulting the
technological breach on “Astra” platform on July
23, 2007

Figure 7. The generalized map
showing distribution of oil
spills over North Caspian in
July-December 2007
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4

CONCLUSIONS

During the campaign about 250 oil spills of different origin were detected in the North Caspian.
All spills detected have been put on the map (Figure 7). The ecological situation in Russian sector of the sea was in general satisfactory. The most oil patches were small (less than 1-2 km2)
and of ship origin. A series of river discharge generated patches were detected nearby the river
(Sulak, Volga) estuaries. They are probably caused by the economic and everyday waters escape.
The only reliable oil spill connected with exploitation activity was detected on July 23 near the
“Astra” floating platform. The spills in Kazakhstan sector of the sea were of various origin (natural, economic, ship-generated, surfactant, etc.). The greatest ship-generated spills were detected
along the ship traffic routes nearby Aktau port.
The monitoring campaign results have show the high efficiency of complex multi-sensor
geoinfomational approach used for heterogeneous remote sensing and attendant data interpretation and analysis.
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ABSTRACT: The contamination of the Mediterranean Sea and the Adriatic Sea by the oil spills
is a very serious threat to their ecology. This problem was recognized by many authors and
institutions and the attention was expressed in order to estimate and assess its scale. The establishment and the deployment of the European system for the satellite oil spills detection at sea
(CleanSeaNet) in 2007 enabled Coastal States to receive early warning about possible oil spill
within declared 30 minutes after satellite overpass which allows timely reaction for necessary
airborne/vessel verification. Initiative started in the year 2005 and in 2007 Croatian Ministry of
the science, education and sports decided to support a technological project that deals with the
airborne detection of the oil spills. The airborne multisensor system was developed and realized
in the frame of the project, its aim is to provide the airborne civil service of the reconnaissance
and the surveillance in the crisis situations and the protection of environment. This remote sensing system applies five electro optical sensors, the positioning and the orientation subsystem, the
digital acquisition of the imagery and the data. The main sensor is a hyperspectral scanner that
operates in the visible and near infrared wavelengths, provided by measurement of the insolation. A long wave thermal infrared camera is in a sensors’ set too. The calibration of the system is
accomplished and preparations for trials on the sea are under way. Possibility to include airborne
hyperspectral oil spills detection, its mapping and estimation of the relative depth into the chain
of evidences, together with the combination of the early warning satellite based oil spill detection
and information from the automatic identification system (AIS) will be tested in 2008.
1

INTRODUCTION
Two processes aimed to support protecting of the Adriatic Sea against the pollution by oil,
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reached their finale in the middle of the year 2008. First, Croatia got the right to join newly developed CleanSeaNet service, developed by the European Maritime Safety Agency (EMSA), [6]
and second, the airborne multisensor system was realized in the frame of the technology project
supported by Croatian Ministry of science, education and sports, developed, tested, calibrated,
demonstrated and are available for the operational use, [13]. The option of the further development of the system of the surveillance of the Adriatic Sea is considered in next chapters.
2

THE NEEDS AND THE POSSIBILITIES

The Mediterranean Sea and the Adriatic Sea are exposed to a very intensive pollution by illegal
discharge of the oil, ballast water and other harmful substances from the ships; see the excellent
analysis about the Adriatic Sea case, [3]. A similar situation exists in the Baltic Sea and even
the North Sea is not an exception. This was a cause for the North Sea states and the European
Community to accept a Bonn Agreement, that enables combating pollution and to carry out the
surveillance and the detecting pollution on the sea, ( URL: http://www.bonnagreement.org/eng/
html/welcome.html ).
The experience collected in the thirty-six years of the Bonn Agreement resulted in many
documents that enable application of the best practice of the sea protection. There are several
references that are particularly suitable for our purpose, [1], [2], [8], [15], the development of
the sustainable system for the airborne oil spills detection at sea and the verification and the
validation of the early warning service of the CleanSeaNet which is based on satellite synthetic
aperture radar (SAR) data, [6]. A very informative analysis of the potentials of the space imagery for the monitoring the Adriatic Sea oil pollution [4], announced the era of the CleanSeaNet
service that started in Croatia in June 2008., [6]. There were several contributions to the awareness about the needs for the airborne surveillance of the Adriatic Sea oil pollution, [11], [5], [9],
but the proactive and really efficient response was support of the Ministry of science, education
and sports of the Republic of Croatia to the technology project [13]. In this project was realized
an airborne multisensor system, particularly aimed to the surveillance and measurement of the
sea oil pollution. The realized system was tested, calibrated and demonstrated in March – June
2008., with support of the Croatian Air Forces, [13]. At the CleanSeaNet info day in the Ministry
of the sea, traffic and infrastructures of the Republic of Croatia was presented concept of the
operational exercise of the fusion of the information acquired by the airborne multisensor system
and the information provided by the CleanSeaNet about the Adritic Sea oil pollution, [10]. The
rationale for this operational pilot exercise is the need to collect a basic experience about the real
potentials and limitations of technologies, the space borne and the airborne, about the processes,
procedures and the conditions of the securing evidences on discharges from ships, [1]. The main
advantage of the space based technology used by CleanSeaNet is the wide coverage (300 x 300
km to 400 x 400 km) and short time of the interpretation of the imagery; they provide early warning at least at 30 minutes after the flight above the considered area. Currently, the main limitation
is low frequency of the satellite overpasses over the Adriatic Sea (about every third day for each
satellite), a low probability and the confidence of the detection of the oil spills at the sea, possible false alarms due to many factors, lack of the estimation of the oil quantity. Despite to these
constrains the early warning and wide area coverage is a very valuable first step of the sea surveillance and enables the synergy with the technologies of the airborne surveillance. The practice
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of conventional visual surveillance from the airplane is well developed in the Bonn Agreement
states, [1], [8], [15], [2], although it requires educated observers – interpreters that shall be in the
permanent training. This is the main reason of the advancement of the remote sensing technology
application; see e.g. [2], [7], [14]. Our contribution was developed in the frame of the technology project [13], while the main technical feature was described in [16]. The reconnaissance and
the surveillance of the oil spills at the sea is a new kind of the tasks for the airborne operators of
the remote sensing technology, this is indeed a complex methodology of the measurements and
estimation of the oil spills parameters, and not conventional methodology like the detection of
the military targets or persons and objects in the search and rescue missions. Therefore follows
conclusion that the understanding of the fusion of the information collected by two considered
technologies, satellite and the airborne is valuable goal for the operational research,e.g. through
the exercise. The legal frame of the fusion exercise is the plan of the intervention in unexpected
sea oil pollution, [12]; ���������������������������������������������������������������������������
it defines conditions, interrelations to included subjects and many technical and operational parameters.
3

THE AIRBORNE SYSTEM FOR THE MULTISENSOR SURVEILLANCE OF THE SEA
OIL POLLUTION

The airborne system for the multisensor surveillance of the sea oil pollution, developed, tested,
calibrated and demonstrated in the frame of the technology project [13] supported by Croatian
Ministry of science, education and sports, Fig. 1. The Croatian Air Forces supported this activity
too, they enabled use of the helicopter Bell-206, while the larger helicopter Mi-8 will be used
for the operational testing missions of the surveillance and reconnaissance of the oil spills on the
Adriatic Sea, [10]. The following sensors are used in the system: 1) a hyperspectral line scanner
V9 that can work in sampling or in the imaging mode; 2) a multispectral camera MS-3100; 3) a
long wave infrared (thermal) camera Photon; 4) a digital video color camera Sony FCB-IX11AP;
5) a digital photo color camera Fuji FinePix S2. The hyperspectral scanner V9 covers the range
from 430 to 900 nm in at least forty-five channels (the possibility exist for more channels, the
throughput rate of the actual acquisition system is a source of the limitations). The multispectral
camera MS-3100 covers four channels in the visible and the near infrared wavelengths. A infrared thermal camera Photon works in the longwave infrared range from 7.5 to 13.5 µm. Other
two sensors cover the red, the green and the blue channels in the visible wavelengths. The aim
of the digital video color camera Sony FCB-IX11AP is to support navigation, for the search, and
its data are auxiliary. Nevertheless, it can be used for the collecting the evidences about vessel.
The examples of the images collected by the multisensor system during the testing, the calibration and the demonstration are shown on Fig. 2. The considered system enables the parametrical
geocoding of the images; this was provided by use of the inertial measuring unit (iMar), the GPS
receiver and the parametric geocoding software (PARGE), [16].
The basic operational parameters of the multisensor system, used onboard of the helicopter
Mi-8 are:
• The coverage with multisensor imaging per hour is from 18 km2 for altitude 450 m to 36 km2
for the altitude 900 m.
• The endurance is from 3 to 5 h, while within a 24 h is realizable 12 h of flight.
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•
•
•
•

The cruising speed is 220 km/h, while the speed for the imaging is between 100 and 120
km/h.
The crew are three persons plus the operaters of the multisensor system.
The near real time processing and the interpretation is possible on board of the helicopter, for
this purpose is needed one or two interpreters.
The navigation is accomplished by the digital moving map and the GPS receiver.

a) The helicopter Mi-8 will be used for the multisensor surveillance of the sea oil spills

b) The pilot and co-pilot use a digital moving map,
trace of the route, watch the real position of the
helicopter

c) The helicopter Bell-206 was used for the development and testing of the multisensor system,
will be used over the land. Sensors are in the pod
installed below the fuselage

d) The example of the map and route of the tests
in March – June 2008

Figure 1. The airborne multisensor system a) will be used d of the on helicopter Mi-8, b) the digital moving map c) the testing, calibration and demonstration on the helicopter Bell-206, d) the example of the
used map.
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The acquisition of the images provided by the multispectral camera (MS-3100), the long
wave infrared (Photon), and colour digital camera, shown at Fig. 2, is easier task than the production of the hyperspectral images, [13], [16]. The processing of the raw data into a raw hypperspectral cube, that is not geocoded, and after that the parametrical geocoding of the raw hyperspectral cube into a geocoded cube is realised by use of the programs developed in Matlab [13],
while for the geocoding is used the software PARGE (ReSe Applications Schlaepfer and Remote
Sensing Laboratories (RSL) of the University of Zurich). The example of the parametrically geocoded hyperspectral image and the example of its classification are shown at Fig. 3. The applied
classification was unsupervised (Fuzzy C-means) and not one of the hyperspectral classification
methods, e.g. Spectral Angle Mapping (SAM). Our experience shows that the application of the
SAM method increases number of detected classes of water in comparison to the Fuzzy C-means
supervised or unsupervised classification. The Fig. 4 shows the difference between the raw, non
geocoded and the parametrically geocoded hyperspectral images.

Color infrared image

Longwave thermal
infrared image

Channels 45, 20 and 1
shown as the color image
of the 45 hyperspectral
channels

Visible color
image

Figure 2. Examples of the images collected by the multisensor system in the tests over the Jarun lake, Zagreb, March – June , 2008., [13]

Although all sensors will be active in the surveillance missions of the multisensor system, the
main role has the hyperspectral imaging system. We have tested different processing and interpretation methods and the advantages of the methods aimed to the analysis of the hyperspectral
data, in the form of layers and in a form of the hyperspectral cube. Several references serve as a
guide in this direction, [7], [14].
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a) The south – east part of the hyperspectral image
of the Jarun lake, Zagreb, June, 2008

b) The thematic map of the unsupervised Fuzzy Cmeans classification in 30 classes

Figure 3. Example of the unsupervised Fuzzy C-means classification in 30 classes of the part of the hyperspectral data of the Jarun lake, Zagreb, June 2008., [13]. a) The image of three selected channels, shows
the water of the lake is in northwest part of the image, while the water of the Sava river is in southeast
part. b) The classification map. The water of the lake is classified at least in five classes while the water
of the Sava river is classified in four classes.

a) The raw un-geocoded hyperspectral image
(three channels are shown). Although geometrically incorrect, can be used for the quick – look
control of the airborne acquisition.

b) The parametrically geocoded hyperspectral image (three channels are shown). Image is rotated.

Figure 4. a) The raw non-geocoded and b) the parametrically geocoded hyperspectral images of the Jarun
lake, Zagreb, 2008., [13], [16]. The a) image is the intermediate product, obtained during testing of the
process of the geocoding.
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3

VISUAL SURVEILLANCE OF THE SEA OIL SPILLS

The visual surveillance will serve as the second method in the planed airborne mission. The
Bonn agreement oil appearance code, [8], will be used in Croatia for the first time. The examples
of the code are shown at Fig. 5 and a Tab. 1., [8], [15].

Figure 5. The example of the application of a color
Bonn Agreement Oil Appearance Code, [8], [15]

Table 1. The relation between the color, the detected oil thickness and the estimate of the oil
quantity, [8], [15]
Description

Oil thickness µm

Liter per km²

1
2
3
4
5

0,04 – 0,3
0,3 – 5
5 – 50
50 - 200
> 200

40 – 300
300 – 5000
5000 – 50.000
50.000 –200.000
> 200.000

Sheen
Rainbow
Metallic
Discontinued color
Continued color

The visual surveillance, a subjective process, and the multisensor surveillance will be both
integrated with the process of the collecting the other evidences, about the sea oil pollution, in
the accordance to [1], [2]. The data and the experience collected will serve for further development of the surveillance system in Croatia.
4

CONCLUSIONS

Croatia started the use of the service of the CleanSeaNet from June 2008., which provides early
warning about detected sea oil pollution of the Adriatic Sea, on the basis of the synthetic aperture radar (SAR) images acquired from space. In the nearly same time was realized the airborne
multisensor system, aimed for the sea oil pollution surveillance. This system is a result of the
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technology project supported by Croatian Ministry of science, education and sports. It was developed, tested, calibrated, demonstrated and is now available for the operational use. The fusion of the information provided by both technologies can enable satisfactory efficiency needed
for the combating the illegal Adriatic Sea pollution.
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ABSTRACT: Zadar is situated on the eastern coast of the Adriatic Sea in the region of northern
Dalmatia. Due to the vicinity of the southern end of Velebit – the 145 km long coastal mountain
range that forms part of the Dinaric Alps – the area less than 20 km inland from Zadar is known
for high frequency of severe Bora. In contrast, in the city of Zadar, Bora is considerably less
frequent and weaker compared to its surroundings. Knowledge of the space-time variability of
Bora flow and its strong shear and turbulence in the wider Zadar area is very important for traffic
safety, in particular of the air traffic at the nearby Zadar-Zemunik airport. During the winterspring 2004/5 season, a new Scientec MFAS sodar system was deployed at the Zadar airport.
The Zadar sodar provides continuous vertical soundings in the range from 40 to 700 m MSL at
the temporal resolution of 10 minutes and the vertical resolution of 20 m. The availability of
these continuous high-resolution wind profiles allows us to examine mesoscale variability at
very short temporal scales. Due to the limitations of the sodar system and its vertical reach, we
focus here on the analysis of data obtained between 50 and 500 m MSL. The sodar data reveal a
significant variability in the wind speed and direction during the severe Bora events. The maximum Bora speeds were observed in the layer between 300 and 700 m. The sodar also provides
continuous measurement of vertical motions. The temporal variability of the vertical wind velocities evidences the existence of wave flow and turbulent mixing in the layers above 200 m
by the alternation of patches of upward and downward motions. The observations are compared
with results of very high-resolution numerical simulation carried out with the NRL COAMPS
model. Initial simulation results indicate that the Bora flow never fully penetrated to the surface
near the coast in the Zadar area. The simulation results also suggest that the primary mountain
wave could be responsible for low-level flow separation over the steep terrain, leading to weak
surface winds over Zadar, downstream of Velebit.
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1

INTRODUCTION

Each winter several damaging bora storms hit the coastal region and islands of Croatia strongly affecting road transport safety and life in general. The most severe Bora is found beneath
the southern slopes of Velebit, where complex orography is an important factor causing great
horizontal and vertical wind speed variability over a relatively small area (e.g. Grubišić, 2004;
Belušić and Bencetić-Klaić, 2006). One of the most pronounced spatial variabilities of Bora is
present in the Zadar region.

Figure 1. Location of the
broader Zadar area. Letter
codes designate stations mentioned in the text: ZD – Zadar,
ZZ – Zadar-Zemunik, OB –
Obrovac, PB – Pag bridge, SR
– Sv. Rok tunnel

Zadar is situated on the eastern coast of the Adriatic Sea in the region of northern Dalmatia
(Fig.1). Due to the vicinity of the southern end of Velebit–the 145 km long coastal mountain
range that forms part of the Dinaric Alps–the area less than 20 km inland from Zadar is known
for high frequency of severe Bora. In contrast, in the city of Zadar, Bora is considerably less
frequent and weaker compared to its surroundings. Knowledge of the space-time variability of
Bora flow and its strong shear and turbulence in the wider Zadar area is very important for traffic
safety, in particular of the air traffic at the nearby Zadar-Zemunik airport.
The ����������������������������������������������������������������������������������������
existing statistical analyses highlight Zadar as the meteorological station with remarkably low wind speeds in comparison to the nearby locations. This is well illustrated by the maximum measured wind speeds in the broader Zadar area during the special observation period in
winter 2003/2004. That winter 10 anemometers were placed along the highway connecting the
Sv. Rok tunnel (600 m MSL) and Zadar (5 m MSL). Relative frequency of Bora varied between
40-50% on the upper slopes (terrain heights above 200 m MSL) and 20-30% along the flat area
closer to the Zadar station. Measured 10-min averaged wind speeds on the Velebit slopes reached
up to 30 ms-1 with gusts up to 45 ms-1. During the same time period, the measured maxima at
the Zadar station were 12 ms-1 for the 10-min averaged wind speed and 27 ms-1 for wind gusts.
In this study, we investigate small-scale characteristics and spatial variability of severe Bora
flow in the wider Zadar area with the specific objective of identifying physical mechanisms behind the “Zadar calm”.
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2

BORA OBSERVATIONS

A detailed analysis of one Bora event that occurred in the winter-spring 2004/5 season is undertaken, during which a new sodar system was deployed at ZZ. The observational analysis includes surface data from three automatic weather stations available inside the target area. Figure
2 shows the time series of surface wind speeds and direction for the period 18 to 22 December
2004 from available surface sites (ZD, OB and PB), which are indicated in Fig.1.

Figure 2. Time series of the 10-minute wind speed (thick solid line), wind gusts (thin solid line) and direction (doted line) from automatic weather stations at Obrovac (OB), Pag bridge (PB) and Zadar (ZD) for
the period 18-22 December 2004

Two Bora outbreaks, marked by a rapid increase of wind speed, occurred during this period.
The first Bora period started in the morning hours of 18 December 2004 and lasted almost 24
hours. After a short break, the Bora started again in the early morning of 20 December 2004.
Winds were strongest at OB and PB (observed gusts exceeding 35 ms-1), which are located at the
southern end of Velebit and are directly affected by the Bora flow. The downstream station ZD
observed significantly weaker Bora winds (maximum gust 16 ms-1).
During the winter-spring 2004/5 season, a new Scientec MFAS sodar system was deployed
at the Zadar airport (ZZ) (Jeričević et al., 2005). The Zadar sodar provides continuous vertical
soundings in the range from 40 to 700 m MSL at the temporal resolution of 10 minutes and the
vertical resolution of 20 m. The availability of these continuous high-resolution wind profiles
allows us to examine mesoscale variability at very short temporal scales. Due to the limitations
of the sodar system and its vertical reach, we focus here on the analysis of data obtained between
50 and 500 m MSL. Figure 3 reveals significant temporal variability of the lower tropospheric
winds at ZZ observed on 20 December 2004, during the second severe Bora event described
above. The maximum Bora speeds were observed above 300 m MSL, while the low-level flow
was, for the most part, characterized by weak winds. This observational analysis is in agreement
with the surface data from ZD.
The sodar also provides continuous measurement of vertical motions (Fig.3). The magnitude
of the vertical wind variability (± 6 ms-1) was clearly related to the strength of the Bora and its direction. The temporal variability of the vertical wind velocities evidences the existence of wave
flow and turbulent mixing in the layers above 200 m by the alternation of patches of upward and
downward motions.
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3

VERTICAL FLOW STRUCTURE

Since there is no observational data available to describe the vertical flow structure over the entire target area, we use the NLR COAMPS model simulation runs carried out at 333 m horizontal
resolution. In Fig. 4, shown are the wind field at the surface and in the vertical cross-section passing over Zadar and the southern tip of Velebit. The surface wind field reveals a band of strong
flow at the base of Velebit extending farthest offshore in the central portion of the range. Around
the southern tip of Velebit, the strong lee-side flow is confined to the immediate lee as further
downwind the flow gets decelerated, giving rise to the surface wind minimum over the Zadar
area - the so called “Zadar calm”.

a

b

Figure 3. Time-height diagrams of wind speed (ms-1) and wind vectors (a) and the vertical velocity (ms1; b) derived from the Zadar-Zemunik sodar data during 20 December 2004

The vertical cross-section of wind and potential temperature (Fig.4) shows a steeply amplified gravity wave above the Velebit lee slope. As a result of the pressure gradient due to descending isentropes, the flow accelerates across the ridge and forms a jet in the immediate lee. Further
downwind from the base of the mountain, the jet separates from the surface and is found in the
layer between 400 and 1000 m MSL some 50 km downstream. This flow separation is accompanied by the upward displacement of isentropes over the coastal terrain and offshore islands resulting in the local surface flow deceleration under the elevated jet. In agreement with the surface
measurements, the Bora jet does not reach the surface at the coast near ZD.
The model results also suggest that the primary wave could be responsible for low-level flow
separation over the steep terrain, leading to the strong Bora flow “lifting off” the ground. Local
near surface wind speed minimum and the strongest bora flow above it are in a good agreement
with the sodar measurements in ZZ. Similar Bora flow separation was detected to occur near
Senj, in the lee of the northern part of the Dinaric Alps in the numerical study of Gohm and Mayr
(2005).
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Figure 4. 10-m wind and vertical cross-section of wind and potential temperature (1K) for the NRL
COAMPS model for 15 UTC 20 December 2004 forecast. The arrows represent the direction of the horizontal wind, and the shaded areas correspond to the wind speed (ms-1). Black line in the left panel represents the base of the vertical cross-section shown to the right.

4

CONCLUSIONS

In this study, we investigate small-scale characteristics and spatial variability of the severe Bora
flow in the wider Zadar area with the specific objective of identifying reasons for the “Zadar
calm”. The Zadar sodar provides continuous vertical soundings in the range from 40 to 700 m
MSL at the temporal resolution of 10 minutes and the vertical resolution of 20 m. The availability of these continuous high-resolution wind profiles allows us to examine mesoscale variability
at very short temporal scales. The analysis reveals a significant variability of the wind speed
and direction during the severe Bora event examined. The maximum Bora speeds above Zadar
were observed between 300 and 500 m MSL, while the low-level flow was characterized by
weak winds. The temporal variability of measured vertical velocities gives evidence of of waves
and turbulent mixing in the layers above 200 m MSL by the alternating patches of upward and
downward motions. Initial simulation results indicate that the Bora flow never fully penetrated to
the surface near the coast in the Zadar area. The simulation results also suggest that the primary
mountain wave could be responsible for low-level flow separation over the steep terrain, leading
to weak surface winds over Zadar, downstream of Velebit..
Knowledge of the space-time variability of Bora flow and its strong shear and turbulence
in the wider Zadar area is very important for traffic safety, in particular of the air traffic at the
nearby Zadar-Zemunik airport.
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ABSTRACT: Tectonic movements in the Adriatic region during the last 2000 years can be observed through architectural studies of Roman maritime villas on the eastern Adriatic coast. The
structures built at the shoreline in the first century are today partially submerged and provide
some indication of the extent to which the sea level has risen since antiquity. Maritime villas
were opulent estates with architecture spread along the waterfront and on terraces above it, and
where the sound of waves reached every room.
The changes in the sea level are most visible in the remains of harbor installations and waterfront
structures, such as jetties, piers, stone-built embankments and fishponds (piscinae vivariae),
porticoes with exedrae which are today below the sea surface at all villas on the eastern Adriatic
coast. The coast on the eastern side of the Adriatic has sunk, while ancient sites on the western,
Italian coast like Spina and Adria (two important ancient port cities) are today found at some
distance from the coast, which has risen.
1

INTRODUCTION

According to recent studies of American and Croatian scientists leading with R. Bennett (University of Arizona in Tucson, Department of Geosciences, USA) the reason of these changes is in
the motion of Euroasian plate and Adriatic microplate. T. Bašić the director of the State agency
of geology and prof. of University of geology, Ž. Bačić, M. Marjanović and G. Buble from State
agency of geology are in croatian part of the team. Eastern part of the Adriatic coast is on the
Euroasian plate, while the western part of Adriatic coast is on Adriatic microplate (in the past it
was the part of African plate). Tectonic split is sited in the middle of the Adriatic sea spread from
Dubrovnik in the direction toward the northwest, 200 km long. On this line Euroasian plate is
situated over the Adriatic microplate and push Adriatic microplate. This can be the reason of the
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sinking of the eastern Adriatic coast and the risening of the Italian coast.
Precise measurements of the coastal sinking at the villa sites could provide evidence for the
rate of about 1 mm per year. This process is expected to continue. The measurements of the
existing levels of embankments, floors of the waterfront porticos and of piers at several major
sites have shown different values between the sites in Istria and those in Dalmatia. This would
indicate not only sinking but also bending of the Euroasian plate on the position of the eastern
Adriatic coast.
2

GENERAL CHARACTERISTICS OF MARITIME VILLAS ON THE EASTERN
ADRIATIC COAST

Maritime villas are Roman villas built on the shoreline in the direct contact with the sea. The sea
became an internal, desired space, embraced by floating porticoes. The architecture is opened to
the landscape and to the most beautiful view, so called panoramic views. There are monumental
villa sites and their development did not occur until the growth of an economy , especially an
economy of scale in the early imperial period. (Fig. 1).

Figure 1. Map of the eastern Adriatic coast with the maritime villa sites – 1. Katoro, 2. Loron, 3. Sorna, 4.
Barbariga, 5. Brijuni, 6. Val Bandon, 7. Banjole, 8. Vižula, 9. Šimuni, 10. Caska, 11. Muline, 12. Murter,
13. Stari Trogir, 14. Piškera, Nečujam, 15. Zlatni Rat, 16. Soline, Sv. Klement, 17. Lumbarda, 18. Sreser,
19. Polače, 20. Tiha

Aerial photographs were analyzed by means of computer processing by the method of linear
histogram modification. These explorations indicated structures under the sea level on the all
sites. Using aerial photos in archaeological investigations is recommended method, an easy way
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of detecting the aerials should to be underwater archaeological explorated.
The first maritime villa on the Croatian Adriatic coast from the north is villa on Katoro near
Umag. The villa is situated on the low promontory and reached into two bays on either side. The
side is today called Katoro and in roman time Ca d’oro – domus aurea – golden house. The position is panoramic with vistas on all sides. Some architectural remains of a high level were found
on the top of the promontory – peristyle, row of the rooms, massive terraces, staircase and the
baths located in the north St. Margaret’s bay (Gluščević, Bolšec Ferri, 2003, 116). On the aerial
photoes there are visible under the sea level the remains of while a large, semicircular piscina
with compartments in the south bay and big pier in the north bay. They are today some 30 - 50
cm below the sea level and as they were originally 1 m above the sea level the sinking might be
130 to 150 cm. The building may be dated to 1st century.
Four nautical miles north of Poreč a large maritime villa was spread over two bays Santa Marina and Cervar and a promontory between them. In the bay of Cervar-Porat, was located the second largest amfora workshop in Istria active from the 1st to 4th century. Recent Franco-Croatian
excavations on the north side of the bay have uncovered a long row of rooms on the shore and
under the sea level, and one room with hypocaust probably the part of the baths. Walking for over
500 meters along the curving shoreline and on the slopes of the promontory between the bays,
one can see evidence of dispersed buildings constructed both at 1 meter above sea level and on
terraces. (Tassaux, Matijašić, Kovačić, 2001, 89, 312). A piscina has been located at the end of
the second bay, today with the surface cca 50 cm below the sea level. Original level of the villa
have to be cca 80-100 cm under the today sea level. According to historical sources and known
senatorial owners, Cornelius Sisenna, Statilius Taurus and Calvia Crispinilla the complex may
be dated to 1st century. (Fig. 2).

Figure 2. Maritime villa at
Loron near Poreč – row of the
rooms on the beach partlly
under the sea level (Tassaux,
Matijašić, Kovačić, 2001)

Two nautical miles south of Poreč on a narrow promontory of Sorna, today within the tourist
complex called Green Lagoon, a large villa (150 x 130 m) was excavated in 1960’s. The villa
straddles the promontory and long porticoes open to the wide vistas on all three sides. At the
highest point of the promontory a large triclinium is centrally located and the axial symmetry
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of the two peristyle complex indicates a unified design (Matijašić, 1998, 126). The row of the
room and the baths are today on the beach and partially under the sea. It is impossible to make
the measurement of the sinking, but it have to be more than 1 meter.
At Barbariga north of Pula the maritime villa is located on the coast, seemed to have been the
luxury residence of the estate. The villa plan on the screen shows three interconnected building
ending in a mole and the harbour area. The great staircase and the first terrace of the north part
of the villa, such as the mole and harbor area are today under the sea level (Schwalb 1902, 2-3).
The sinking are about 80 – 150 cm. (Fig. 3).

Figure 3. Maritime villa at Barbariga – plan with
part of the perystile under the sea level (Schwalb,
1902)

Maritime villa in Verige bay on Brijuni islands north of Pula is the most elaborate maritime
villa known, on the eastern Adriatic. The villa has been owned by the senatorial family of Laecanii in the early 1st century. Terraced maritime villa with monumental porticoes touching the
sea consists of residential part, temples, library, palaestra, bath spread over about 6 hectares. A
semicircular colonnade follows the shoreline which had a stonebuilt waterfront. Two piers protected the harbour are visible on aerial photoes (Schrunk, Begović 2000, 257). Today stonebuilt
waterfront, piers and harbor area, long porticoes, semicircular portico and part of the bath are
under the sea level. We were measuring how deep are the piers today under the sea level and it
is 50 – 80 cm. (Fig. 4).
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Figure 4. Maritime villa on Brioni islands - aerial
photo and the view to pier under the sea level

The villa in the deep bay of Valbandon has been built with two parts on the opposite side of
the bay. Villa was partially excavated early in the 20th century. Imaginative architectural forms
and finds of high-quality decoration, including a floor in opus scutulatum indicate a luxury maritime villa. In the southern complex, almost all the residential areas were decorated with mosaics
(Matijašić, 1998, 122). There was evidence that the inner part of the bay was enclosed to form a
piscina, which was fed by a creek that flowed into it. The complex is dated to 1st century. Today
part of the villa and the whole piscina are 50 to 100 cm under the sea level. (Fig. 5).

Figure 5. Maritime villa at Valbandon - photo

South of Pula the coast is low with promontories and deep bays. The partially excavated
maritime villa of modest size is in cove at Banjole. The villa has been located on the shoreline
with frontal portico expanded toward the sea (Matijašić, 1998, 115). Today, part of the villa is
50 – 80 cm under the sea level.
East of Banjole, by the present-day town of Medulin, the largest maritime villa in this are,
and perhaps the largest one in Istria, occupied most of the promontory of Vizula. The promontory is located in a deep bay, which offers safe anchorage and protection from all winds. The
whole villa, built on the terraces, covered about 10 hectares. The complex is dated from 1st to
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6th century. The villa had a panoramic position and would have had a visual control of the straits
leading into the bay. The great portico with black and white mosaics, bath, harbour area, row of
the rooms with aps and lot of the uninvestigated walls are today under the sea level (Džin, 1995,
75,77). It was impossible to make the proper measurement of the sinking, but it seems to be
between 80 to150 centimeters. (Fig. 6).

Figure 6. Maritime villa on Vižula near Medulin
– plan with porticoes under the sea level (Džin,
1995)

One maritime villa is located in Šimuni on the island of Pag. There is some evidence of the
estate of Calpurnius Pison’s family was on the island of Pag. The inscription Calpurnia L. Pisonis Auguris Fillia had been found on the site Cissa today Caska (Zaninović, 2001, 153). There
is also evidence for the relationship between the senatorial and imperial properties in the SC de
Pisone padre II. 71-90, in which the goods of Piso are confiscated to the state with the exception
of saltus in Illyricum. The villa is located in the bay and some parts are today under the sea level.
The sinking is about 150 to 200 centimeters. (Fig. 7).

Figure 7. Maritime villa on Šimuni, island of Pag
– aerial photo

In the bay of Caska on the island of Pag 4 meters below the sea level there are same evidence
of villa site. The walls which follow the walls on the ground and same stone blocks were find in
the bay. The same site was described by M. Sabljar during his traveling in Dalmatia from 1852.
to 1854. and described like architecture (rooms), and lot of amphoras under the sea. (Vrsalović,
1974., 24).
The villa in Muline on the southern side of the island Ugljan exhibits the features of early
Imperial and late antique construction. It is on the edge of a fertile land abounding in water, in
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a favorable protected bay. In late antiquity a martyrium was built on the villa containing memorial cellae, a basilica with annexes and a vaulted mausoleum (Suić, 2003, 367). The remains of
harbour and same part of the villa are about 100 to 120 cm under the sea level.
The maritime villa on the island of Murter is situated on peninsula below the hill Gradina
with long porticoes and row of the rooms facing the sea. The villa from the 1st century is only
partly excavated. The medieval name for the site is Villa magna. The long porticoes, row of the
rooms (one with an aps), big cisterna and the bath have been excavated on the beach (Faber
1998, 114). The aerial photoes are of the great help. The floors of the rooms and porticoes are
under sea level about 30 – 50 cm. The remains of the pier and harbour are about 100 to 110 cm
under the sea level. (Fig. 8).

Figure 8. Maritime villa on Murter – room under
the sea level

The maritime villa in the bay Stari Trogir is located north of Split and Trogir. The bay is well
protected from all winds and a small island in front of it provides further protection. Part of a
piscina with a central circle framed by lateral rectangular compartments is visible under the sea
(Kirigin, Marin 1989, 123-124). On the beach there are remains of the bath and a large cistern,
divided into two compartments some of the walls are under the sea level. More walls are visible
on the slope, as the villa was raised on the terraces. The sinking is about 200 cm. (Fig. 9).

Figure 9. Maritime villa in
Stari Trogir bay – plan with
part of the villa under the sea
level (Kirigin, Marin, 1989,
according to Jelić)
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The villa in the Piškera Bay in Nečujam on the island of Šolta (name derives from piscina)
had in front of it a large fish pond (piscina vivaria) whose remains can still be seen under the
sea surface. The entire Piškera Bay was closed by a large wall with an opening in the middle to
enable the circulation of sea water (Oreb 1990, 51). The villa was not explored. It is located in
the deepest inlet of the well-indented Nečujam Bay, whose name indicates that it is protected
from all winds. Nečujam was the last mooring site and control before setting sail in the port of
Aspalathos and Salona. The villa must have had a strategic importance, but it is also connected
to the fertile diluvial fields on the island of Solentia on which grapes and olives were cultivated.
The inlet is also called Diocletian’s fish pond and we find the a large wall 150 – 200 cm under
the sea level.
In the villa built on the northern side of Zlatni rat (Golden cape) beach near the town of Bol
on the island of Brač a plate has been found representing the sea-god Neptune in relief (N. Cambi
2000, 92). The villa is situated on one of the most beautiful sandy beaches of the central Adriatic
on the controlling position of a frequented maritime route along a channel between the islands
of Brač and Hvar, ending with the gates of Split . In front of the villa, in the sea, the remains of
the quay and the built coast have been found 200 to 250 cm under the sea level (according to N.
Cambi). (Fig. 10).
In the bay Soline on the island St. Klement near the island of Hvar there is a maritime villa
built on the northeast side of the bay. The villa dated from 1st BC with new additions in late
antique. Walls are in parts preserved up to 2,5-3 meters (Novak, 1972, Petrić, 2008). The whole
bay seemed to be divided with the strong wall and same rather big stones are visible on the
aerial photoes under the sea The dimension of the stones are 54 x 46x40, 48x48x35, 60x48x48,
48x42x38 cm) and they are situated 56-58 cm deep, under the sea level, probably the part of ancient saltwork. The part of the harbour has been found on the eastern part of the bay 100-110 cm
deep under the sea level. The sinking is possibly 200-210 centimeters (according to T. Schrunk).
(Fig. 11).

Figure 10. Maritime villa on Golden cape on Bol,
island Brač – aerial photo

Figure 11. Maritime villa in Soline Bay, island St.
Clement near island Hvar – the saltworks under
the sea level

The maritime villa at Lumbarda on the island of Korčula is located on a promontory, on an
elevated, panoramic position, between the two bays named Bili Žal and Pržina. The layout shows
two rectangular buildings connected by a 93 m long seafront portico (Zaninović 2001, 151). One
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stretch of exposed wall is built in opus reticulatum, a technique rare in the eastern Adriatic and
outside of Italy in general. The villa is situated on the plateau and on the slopes of a low hill with
same walls stretching to the bays Bili Žal and Pržina (on the opposite site of the promontory)
visible on the aerial photoes. In the bay Bili Žal some architectural remains have been found –
the harbour area and the part of the villa 130-150 cm deep under the sea level (according to T.
Begović).
On the Rat promontory in front of Sreser on the Pelješac Peninsula, there is a spacious villa
on the most picturesque part of the sea coast. The room facing the sea were explored, some of
which had mosaics. The area belongs to the Narona ager. In the vicinity there is a villa at the
foot of the Janjina hill-fort on which the inscription was found mentioning Publius Anius Aper
and Publius Anius Tiro from the Tribus Tromentina of Narona. Both were decurions and quattuorviri in the Narona Colony (Zaninović 1988, 95). The villa on Rat is found in the so-called
„Small Sea“ between Pelješac and the mainland. Well protected in a quiet bay it had a strategic
importance for the mooring of boats and control of navigation toward Narona. Same remains of
architectural evidence and harbour area are today 180 to 200 cm under the sea level.
The palace situated on the north side of the island of Mljet, facing the Pelješac channel is in
Polače village. It is located at the bottom of a deep bay, its entrance protected by a line of small
islands. There are two maritime villas in the bay: an early imperial and a late antique villa. The
early villa has dispersed buildings and only parts of the bath with mosaics have been investigated. The later villa built in the 5th century, is a compact, two storied cross-shaped building with
polygonal corner towers (Brusić 1988, 139-142; Fisković 1999, 63; Zaninović 1990, 730). Walls
are in parts preserved up to 20 meters in height. On the aerial photos in front of the late villa, on
the both side of its representative central hall for audience, there are visible same harbour area
remains. They are 80 – 120 – 180 cm deep under the sea level (according to T. Begović). (Fig. 12).

Figure 12. Maritime villa in Polače, island Mljet –
part of the harbour under the sea level

Upon the hill above the site of the maritime villa in Tiha bay near Cavtat the massive walls of
a cistern has been founded. An inscription was found in that cistern in 1547, which honored Augustus’ legate to Illyricum P. Cornelius Dolabella. A marble head and fragments of a statue were
also found, perhaps of Dolabella himself (Faber 1966, 25; Zaninović 1988, 95). The postulated
villa has been traditionally attributed to him as well. The remains of the villa with mosaics is
today under the foundations of the hotel Epidaurus constructed in the late 1960-this and reconstructed in 1982-1983. On the aerial photos it is visible a lot of walls under the sea, one corner
with two long walls and on the south of the bay the harbour remains. Same of the explorers in
1953. thought about the whole city are under the sea. But recent investigations in 2001 (under-

Rising of the sea level on the eastern Adriatic coast since antiquity- evidence of Roman villas sites

297

water archaeologists from Ministry of Culture) found that it is villa site under the sea level. In
the bay the stone wall is situated 15-20 m from the beach (in front of the hotel Epidaurus) and
it is 15 m long and 25 cm wide situated 1,30 m under the sea level. Four meters father is the
second wall 1,6 m under the sea level and a little bit father the third one 10 m long and 35 cm
wide situated 1.6 m under the sea level (according to D. Maurović and D. Bobanović). Same local tectonic process could been caused the slightly different situation in the bay The sinking is
possibly about 250 meters.
3

TIDE CHANGES

Tide changes are caused by the pull of the moon, and to a lesser extent by the sun. The difference
between high and low tide in the Adriatic is not the same on the different parts. It is least in the
central Adriatic (Šibenik-Zadar) – 15-30 cm, and slightly more towards the south and the north.
In Istria it is about 60 cm, exceptionally is 100 cm. Weather also affects tidal action. During periods of high pressure and the northeast wind (bura) the water level is lower (as much as 40 cm).
Low pressure and southern winds make it higher (to 70 cm) (Simković, 1993, ). The remains of
the Roman maritime villas on the eastern Adriatic coast are never, even during the period of the
low tide above the sea level.
4

HISTORY OF INVESTIGATIONS

According to geologist Hilber who publicated his work in the acts of Wien Academy volume 98,
1889, 278-345 archaeologist A. Gnirs suggested that the sinking of the eastern Adriatic coast is
200 cm in the last 2000 years (Gnirs 1908). According to geologist Cusmani archaeologist A.
Degrassi suggested the sinking is minimum150 cm for Istria in the last 2000 years (Degrassi
1962). D. Vrsalović in his book on underwater archaeology suggested the sinking of 200 cm in
last 2000 years (Vrsalović, 1974, 47). Archaeologist M. Suić on the base of his life experience
in archaeological and underwater archaeological investigations suggested the sinking is 200 to
250 cm (Suić 1992, 24). According to geologist Ė. Fouache archaeologists Tassaux, Matijašić,
Kovačić suggested the sinking is 50 to 150 cm for Istria in the last 2000 years (Fouache chapter
in the book Tassaux, Matijašić, Kovačić, 2001, 18). Fouache also wrote about biological markers
for sinking such as shells fossil (grew on the edge of tides) on the ancient blocks in the Roman
harbours – mussels and oysters for example (Tassaux, Matijašić, Kovačić, 2001, 17).
5

WATER SPRINGS, HARBOURS, SALTWORKS AND FISH-PONDS

There are same other facts demonstrate the situation – water springs situated close to the sea,
which was of extremely importance for ancient harbours, are today not in function. Ground water and springs are polluted with salt water ( Vela Spilja on the island of Hvaru, Dobri island near
St. Clement, Pula harbour water spring etc.). Owing to the sinking of eastern Adriatic littoral and
geological upheavals the parts of settlements, villas and architecture were submerged. (Fig. 13).
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Figure 13. Maritime villa on
the bay of Banjole (Matijašić,
1998)

Break-waters and harbour remains situated in sheltered coves or along the coast, used to be parts
of ancient villas and settlements (Vrsalović, 1974, 240). These objects originally constructed at
the sea bottom were made of big stone blocks, at least in the lower layer, while the surface ones
were filled with smaller pieces. Their surface were originally min. 100 cm above the sea lever.
The excavations of such sites often vield very rich cultural strata of waste material which enables
explorers not only to find out the typological characteristics of the site, but to date them as well.
Fish-ponds (vivaria piscinum) were constructed as closed pools, their surface above the sea
level. Salt-works were also built in ancient period on villa sites and their pools were constructed
on the bottom of the sea. Today, like salt-works on Saline bay on the island of St. Clement, and
salworks on Brioni islands they are under the sea level.
6

CONCLUSION

It is not easy to measure exactly the sinking on the villa sites, mostly because it is difficult to
find the original ancient level and how height it was originally above the sea level. The mosaics
on the ground level of poticoes close to the sea are only exactly measurable points , but we are
never sure how height there were originally above the sea level. The piers might be damaged
on the surface and not show the original level. The sinking is possibly in Istria 80 to 150 cm,
and in Dalmatia 150 – 250 cm. All this measuring can be slightly different. But the sinking of
the eastern Adriatic coast really exist. Using the aerial photoes and satellite data are valuable in
preparing archaeological and underwater archaeological investigations. Specially, in the shallow
water the architectural structures such as piers, harbour remains, porticoes, rooms etc. are visible
under the sea level on aerial photoes and satellite data. Farther cooperative investigations needed
between geologists and archaeologists.
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ABSTRACT: The main objective of the project is the development, the implementation and the
management of an operational system for Early Warning, Monitoring and Impact Assessment
for Forest Fires in Cyprus. The system will address the crucial needs for pre- and post-fire evaluation. The early warning will include the development/adoption of algorithms and methods to
forecast fire risks based on the processing of archived satellite images. Models together with GIS
and meteorological data shall be used to develop a forest fire risk index and a dryness/flammability index, which will enable decision makers to delineate areas prone to fires and to enhance
the accuracy of early warnings. The developed indices and tools will enable decision makers to
monitor areas with high fire risk on a continuous basis and will help to optimize human resources
before and during fire events. A novel approach for data collection from a wide area using wireless sensor network will be applied. Various environmental sensors will be deployed in several
high-risk areas as shown by the risk –assessment study using ad-hoc wireless sensor nodes. This
paper will present an overview of the proposed methodology.
1

INTRODUCTION

Fires can cause threats to the forests and the generally damage ecosystem very rapidly through
out the world. These can have adverse effects not only to the forest but both to the soil and to people. During fire, the soil nutrients are reduced and the soil is left bare making it more “sensitive”
to soil and water erosion. Furthermore, the cycle of live is being disturbed and animal populations dwindle due to their death and others migrate due to loss of their habitats. Burning may
also lead to an increase of the “green house” effect. Air pollution due to smoke causes prolonged
effects on human health such as respiratory and cardiovascular problems (Yousif et al., 2008).
Therefore, it is vital to have not only correct and timely knowledge of the total area burned
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and the type of forest burned. It is very difficult to effectively manage fires without a clear and
correct understanding of the distribution and dynamics of forest fires. The use of remote sensing can be an important method for monitoring these natural disasters, especially in vast areas.
Remote Sensing can not only detect burnt forest but also to develop a spatial model to predict
potential fires (Yousif et al., 2008; Movaghati et al., 2008). Additionally, remote sensing has the
advantage of presenting different spectral reflectance characteristics between the fire scars and
healthy vegetation especially in the infra-red part of the electro magnetic spectrum (Yousif et
al., 2008).
Remotely sensed data can be combined with in situ data to provide accurate inventory, supply
accurate growth and yield estimates etc. Monitoring of forest burnt areas, thought information
from remote sensing can have multitask aims: to accurate geo-reference, locate and estimate
the extent of fire destruction, to assess the damages suffered by the forest stands, to see through
time the potential if the ecosystem can naturally recover after the disaster, to support planning
of reclamation interventions, to assess the dynamics (pattern and speed) of the natural recovery,
to check the outcome of any eventual restoration intervention etc (Chirici and Corona, 2005).
Furthermore, remote sensing provides regular observations allowing for regular updates of the
fire situation (Yousif et al., 2008).
Recently, the effectiveness of remotely sensed imagery is increasing due to the advancement
of tools and techniques, and to the lowering of the costs. For the support of post-fire management
(burnt scar perimeter mapping, damage severity assessment, post-fire vegetation monitoring), an
average mapping scale of at least 1:10000-1:20000 is required: hence, the selection of remotely
sensed data is restricted to aerial imagery and to satellite imagery characterized by high (HR)
and, above all, very high (VHR) spatial resolution. In the last decade, HR and VHR passive
remote sensing has widespread, providing affordable multi-temporal and multi-spectral pictures
of the considered phenomena, at different scales (spatial, temporal and spectral resolutions) with
reference to the monitoring needs (Hongrui et al., 2008) The integration of GPS field survey and
HR (Landsat 7, Spot HVR) and VHR satellite imagery (Ikonos, Quickbird, Spot 5) is currently
sought as a highly viable option for the post-fire monitoring [3] although some limitations of
detection small area fires can be found (Lorenz et al. 2008).
For most post-fire applications, high (HR) and very high (VHR) resolution data are particularly suitable: they are characterized by improved information depth (over 8 bit per pixel per
spectral band), fairly high signal-to-noise ratios and allow mapping with a consistent geometrical
reliability (panchromatic channel: 15 m for Landsat 7; 10 m for Spot HRV; 6 m for IRS-1C and
Spot 4; 2.5 m for Spot 5, ≤ 1 m for Quickbird and Ikonos) for management purposes. Image
classification methods can be calculated either on manual photo interpretation or on automatic/
semiautomatic image processing algorithms though sophisticated soft -wares.
This approach may be mono-temporal (static), based on the acquisition of just a single postfire image, or multi-temporal (sequential - seriation), based on the acquisition of at least two
images, one pre-fire and one post-fire. Static approach is low cost and of easy to use. However,
the identification and recognition of areas that have been burnt may be difficult if the image
temporally distant from the event. In such situations, the vegetation may change the spectral signature of the burnt area which becomes very similar and close to that of the surrounding unburnt
land cover. Classification problems may also be occurring when forest and non-forest fires have
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to be distinguished. The mono-temporal approach is commonly applied with HR/VHR data. In
the case of medium-low resolution data (pixels of size between 180-250 m and 1 km), burnt
areas pixels frequently have a mix signature with averaged digital numbers corresponding also
to unburnt ground coverages.
In the case of sequential approach, based on the acquisition of (at least) two images (before
and after the fire), the identification of burnt area is as easier as the post-fire image is acquired
temporally closer to the event. The classification of the area based on the type of vegetation burnt
is more feasible than the mono-temporal approach. However the multi-temporal method is much
more expensive and technically complex to be implemented, since all the images have to be geometrically geo-reference and spectrally normalised. Multi-temporal low and medium resolution
data are frequently used for monitoring big forest fires over large territories.
Multi-spectral remotely sensed images are ideal for classifying and mapping the severity of
fire damages to vegetation. The overall multi - view of areas and the possibility of calculating the
reflection in the single spectral bands make such imagery able to recognize and qualify the disaster. The results from such technique can be even better than visual assessment by field teams.
Damage assessment is usually based on classification system of raw multi-spectral channels,
with particular reference to red and near infrared bands, or on indexes calculated as combination
from those channels, with particular reference to NDVI, notoriously related to photo-synthetically active biomass (Chirici and Corona , 2005; Lorenz et al., 2008))
Finally, “3S” a general integration of global positioning system (GPS), geographical information system (GIS) and remote sensing (RS) can improve monitoring of fires. Through the
application of GIS, GPS and remote sensing, the objective of effective fire management can be
achieved (Wang et al., 2008; Kang and Wang, 2008). Wireless mobiles technologies can acquire
real-time remote sensing information through handheld mobile equipment (Yuefeng et al., 2008).
Evaluation and mapping of areas affected by forest fires is a frequent application of remote
sensing. The area burned by large forest fires, which is very related to land use changes, is increasing in Mediterranean countries to magnitudes unknown in recent times.
2

THE METHOD

The proposed methodology will consist of the main components as presented below:
(1) Auxiliary information and in-site visits
• Land use information
• Previous ground surveys
• In-situ visits
• Maps
• Statistics and other auxiliary information (collect data from previous fire events)
(2) Satellite remotely sensed imagery
• Landsat TM images, ASTER, SPOT (multi-temporal)
• Pre-processing (geometric & atmospheric correction)
• Post-processing: NDVI (Normalized Difference Vegetation Index) and MSAVI (Modified
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Soil-Adjusted Vegetation Index) vegetation indices, image differencing and unsupervised
classification techniques
(3) Risk assessment
• Risk assessment maps to locate ‘risky areas’ for future fire events using archived satellite
images.
• forest fire risk index and a dryness/flammability index
(4) Spectro-radiometric measurements
• Spectral characteristics
• To support image post-processing
(5) Wireless sensor network
• Agro-meteorological data, climatic data
• Early warning sensors
(6) GIS Database
• Develop a GIS database.
3

WIRELESS SENSOR NETWORK: MONITORING OF ENVIRONMENTAL AND
METEOROLOGICAL PARAMETERS & EARLY WARNING SYSTEM

The Wireless Sensor Network (WSN) will consist of wireless nodes placed at various locations
in different forest areas. Emphasis will be given to ‘risky areas’. The WSN acts as a wide area
distributed data collection system deployed to collect and reliably transmit soil and air environmental data to a remote base-station hosted at Cyprus University of Technology, as shown in
Figure 1.
The sensors are deployed using ad-hoc multi-hop communication protocol and transmit their
data to a gateway which is responsible to collect, save and forward them to a remote database
through a GPRS connection. The solar powered gateway shown in Figure 1 is equipped with
various meteorology sensors such as rain, wind, barometric pressure, temperature etc, which
give additional information to the system. The gateway also hosts a GPS sensor for identifying
the exact position of the WSN an event-driven smart camera for acquiring real-time pictures of
the area and also a GPRS modem for communicating with the remote server which is deployed
tens of thousands of kilometers away. The absence of power and communication infrastructure
was tackled by creating a fully solar operated gateway (autonomy of three days without sunshine) and by incorporating a low power GPRS modem for communication.
A multi-parameter decision system running on the remote server would be able to process
the sensor data and produce valuable information about watering different vegetables and create
early notifications and suggestions which are then distributed to farmers and water management
authorities. The system would be able to process multi parameter data collected from different
sensors such as soil moisture, soil temperature, leaves wetness and temperature, humidity, rainfall, wind speed and direction and ambient light.
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Figure 1. Wireless Sensor Network System as developed at the Cyprus University of Technology

4

REMOTE SENSING

The availability of cloud free images for operational projects is very important and depends on
the geographical position and the prevailing weather conditions for the area of interest. Countries such as Greece and Cyprus are characterised by good weather conditions and the availability of cloud-free images. This is important when using satellite remote sensing in multi-temporal
studies of those areas as shown by. It has been found by Hadjimitsis et al. (2000 & 2007) and
Kontoes and Stakborg (1990) that the availability of cloud-free images in the Mediterranean
and especially in Greece and Cyprus increases the potential of using satellite remote sensing
techniques for those areas
By examining previous fire events occurred in the past, a risk assessment map can be produced. This can be also achieved by applying the following algorithms that used to retrieve temporal land-cover changes: NDVI Normalized Difference Vegetation Index) and MSAVI (Modified Soil-Adjusted Vegetation Index) vegetation indices, image differencing and unsupervised
classification techniques.
An example of previous fire events is the one occurred on the 29/6/2008 and 30/6/2008 in
Cyprus. The fire is located in the southern part of the Troodos Forest at an altitude of about 650m,
in the region of the villages Pelendri, Saittas and Moniatis. Brutia pine (pinus brutia) was the
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dominant tree species. A large number of smaller trees and shrubs were occupied the burned area.
Along main riverbeds the dense vegetation it was made up of oriental plane (Platanus orientalis),
oriental alder (Alnus orientalis), laurel (Laurus nobilis) etc. contributing considerably to landscape diversity and providing an ideal refuge to wildlife. Wildlife of the area it was also rich with
high conservational value. Total burnt area has been determined using satellite image and GIS
has to be 1182 ha (hectares). The mean age of the burnt forest was 90 years.

Figure 2. Landsat TM Image
of Cyprus: Geographical position of Saittas Fire

5

CONCLUSIONS

A new method for forest fires monitoring and assessment using an integrated use of satellite
remote sensing and micro-sensor technology has been presented. The sensor network will be deployed in a wide forest areas and the platform will be designed for real time monitoring of various environmental parameters. Further publish of scientific results based on the analysis of the
WSN data in combination with the satellite images is expected to take place in the near future.
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ABSTRACT: This paper presents an analysis on the forest fires occurred in Galicia (northwest
Spain) in August 2006, when nearly 930km2 were almost entirely burned over the course of
eight days. This study presents an algorithm for burn mapping that synergistically combines
remotely-sensed reflectance and active fire data as measured by the MODIS (MODerate resolution Imaging Spectrometer) sensor on board Terra NASA (National Aeronautics and Space Administration) satellite. Burned area data collected from this work was compared to official fires
statistics from the Spanish Ministry of Environment and to perimeters that were derived using a
high spatial resolution satellite image.
1

INTRODUCTION

Forest fires are a major source of concern not only for environmental reasons, but also those
including economy, society and human safety in many parts of the world. Each year, this phenomenon affects millions of hectares of forests around the world. Forest fire effects at a local
scale alter the ecosystem functionality due to the fact that fire plays an essential role in vegetation
composition, biodiversity, soil erosion and water cycle, moreover, this phenomenon generate
an important landscape impact (Pyne et al., 1996). In addition, forest fires release a significant
amount of greenhouse gases, particulates and aerosol emissions into the atmosphere, which significantly increases the anthropogenic CO2 emissions (Levine, 1991).
The use of remote sensing data provides temporal and spatial coverage of biomass burning
without costly and intense fieldwork. The resulting information is suitable for its integration
into a Geographic Information System (GIS) which allows the storage and processing of large
volumes of spatial data (Chuvieco, 1996) as well as the production of spatial analysis (Sunar and
Özkan, 2001). Related to forest fires, remote sensing data provide information on environmental
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conditions before, during and after a fire occurs. The range of remote sensing methods dealing
with scar mapping includes among others: (i) differencing of pre- and post-fires original bands
or indices (Key and Benson, 1999; Loboda et al., 2007), (ii) thresholding of original bands or
indices (Hall et al., 1980; González-Alonso and Merino-de-Miguel, 2008), (iii) unsupervised or
supervised classification of original bands or indices (Milne, 1986; Miller and Yool, 2002), (iv)
using active fire detections (Justice et al., 2002; Giglio et al., 2003), (v) spectral mixing analysis
(Cochrane and Souza, 1998; González-Alonso et al., 2007), (vi) time series analysis (Milne,
1986; Roy et al., 2002; Roy et al., 2005), etc.
Among the different methods for burn mapping by means of reflectance satellite data, the
use of spectral indices is one of the most widespread. Vegetation indices (e.g. NDVI - Normalized Difference Vegetation Index), whose estimation typically involves data from the red and
near-infrared (NIR) bands, have been commonly used to derive vegetation properties but also
to discriminate and map burned areas. According to Lentile et al. (2006), in most environments
and fire regimes and at the spatial resolution of most satellite sensors (>30m), burned vegetation results in a drastic reduction in near-infrared (NIR) surface reflectance, which is typically
accompanied by a rise in short wave infrared (SWIR) reflectance. In this way, there arose some
spectral indices that integrated the NIR and SWIR bands; both of which register the strongest
response, albeit in opposite ways, to burning (Roldán-Zamarrón et al., 2006). This is the case
of the Normalized Burn Ratio (NBR) and the differenced NBR (dNBR), developed by Key and
Benson (1999) and the MODIS Burned Area Index (BAIM), developed by Martín et al. (2006).
In addition to the use of spectral indices, several studies have showed the utility of active fire
detections for burn mapping. In active fire detection, fire thermal energy, as measured by midinfrared channels, is used to identify active fires. In a second step, scar mapping is developed
based for example in the total number of active fires (Pozo et al., 1997). However, the temporal
and spatial patterns of biomass burning cannot be estimated reliably from active fire data, as the
satellite may not overpass at the time of the fire, or the fire may be obscured due to cloud cover or
dense smoke (Roy et al., 2002). This difficulty can be solved through the combination of active
fire information together with spectral indices (Roy et al., 1999; Fraser et al., 2000; Al-Rawi et
al., 2001; Pu et al., 2004).
The work presented here assesses the estimation and mapping of burned areas in Galicia (northwest Spain) in 2006 using a method that integrates a spectral index with active fire
data, both as derived from MODIS data. In a second step, the resulting 500m spatial resolution
MODIS-based scar map is validated using an 56m spatial resolution AWiFS (Advanced Wide
Field Sensor) -based scar map that was derived in a previous research (González-Alonso and
Merino-de-Miguel, 2008).
2

STUDY AREA AND DATASET DESCRIPTION

The approach is applied here to Galicia (northwest Spain, Figure 1) where hundreds of forest
fires occurred during the first days of August 2006. This region, situated in the northwest of the
Iberian Peninsula, just to the north of Portugal, is one of the most humid parts of Spain. The
study area covers 29,681.65km2, almost 70% of which, according to the Third National Forest
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Inventory (1997-2006), is classified as ‘forested’, with 64% being tree-covered (conifers and eucalyptuses mainly). In this region, woodland fires are usually small but frequent. In fact, Galicia
is undoubtedly the region with the greatest concentration of wildfires in Spain. During August
2006, nearly 930km2 were almost entirely burned over the course of eight days, producing significant economic losses and severe social upheaval. It is thought that about 90% of the forest
fires were caused by people.
Three types of data were used for this work: (i) a post-fire satellite image, (ii) active fire data
and (iii) ancillary maps and information. We used one post-fire image from the MODIS sensor
onboard the NASA Terra satellite dated the 21st of August 2006 (Figure 1c), as well as MODIS
active fire data for the whole 2006 year until the 21st of August 2006 (Figure 1b). The ancillary
maps and information we used consisted of the CORINE Land Cover Database (CLC2000) at
1:100,000 scale and a digital map on Eco-regions at 1:100,000 scale.

Figure 1. (a) Study area (Galicia) within the Spanish territory, (b) MODIS active fire locations (dated 1st
January to 21st August 2006) and (c) MODIS post-fire image (dated 21st August 2006; RGB composition: 721; UTM – Zone 30 – ED50 coordinate system)

MODIS is a sensor onboard Terra and Aqua satellites with more than 30 channels at variable
spatial resolutions (250, 500 and 1000m). We used one post-fire MODIS image that was downloaded from the EOS Data Gateway free of charge and it consisted of atmospherically-corrected
surface reflectances in the optical range (7 bands, visible to shortwave-infrared wavelengths) at
500m spatial resolution (MOD09GHK). The MODIS Hotspots / Active Fire Detections (NASA
/ University of Maryland, 2002), as provided free of charge through the Internet, consisted of a
set of shape files (one per year) with one record per active fire. Information related to each active
fire included: location (latitude and longitude), date, time, confidence level and satellite involved
(Terra or Aqua). The particular area in question, Galicia, (almost thirty thousand square kilometers) experienced 3,563 active fires between the 1st of January 2006 and the 21st of August 2006,
95% of which concentrated during the first twenty days of August 2006. A general description
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of the MODIS fire products can be found in Justice et al. (2002). A detailed description of the
MODIS active fire detection algorithm (version 4) can be found in Giglio et al. (2003).
3
3.1

METHODS
Development of a burned area mapping algorithm using
MODIS reflectance and active fire data

All burned area estimation and mapping followed four steps: (i) Burned Area Index (BAIM) calculation using the MODIS reflectance image, (ii) BAIM threshold establishment, (iii) CLC2000
mask application and (iv) active fire analysis for final burned area map production. Image and
data processing was carried out using ENVI 4.4, ArcView 3.2 and ArcGIS 9.2 software packages.
The MODIS Burned Area Index (BAIM) is adapted to the spectral resolution of MODIS
reflective bands for mapping recently burned areas in Mediterranean ecosystems. The utility of
the BAIM index to map burned areas was assessed against other spectral indices using MODIS
data over the Iberian Peninsula and it provided the greatest discrimination ability (Martín et al.,
2006). The BAIM index is estimated using the following equation:

(1)
where ρcnir and ρcswir are the near-infrared (NIR) and shortwave-infrared (SWIR) reference
reflectance values, respectively, and ρnir and ρswir are the pixel reflectances in the same bands. The
BAIM index was specifically defined to discriminate between burned and unburned areas using
data from the Terra&Aqua MODIS sensor (Martín et al., 2006). It is based on its predecessor,
the BAI index, which is ‘computed from the spectral distance from each pixel to a reference
spectral point, where recently burned areas tend to converge’ (Chuvieco et al., 2002). The BAIM
uses ‘concentric distances to a convergence point, defined from radiative properties of recently
burned areas in the NIR and SWIR bands’ (Martín et al., 2006). It is calculated using pixel
reflectance values in the NIR (MODIS band 2 at 0.841-0.876μm) and SWIR (MODIS band 7
at 2.105-2.155μm) bands as well as using NIR and SWIR reference reflectance values, those
corresponding to the aforementioned convergence point. Such reference values are usually calculated based on the literature available and the analysis of several sets of satellite sensor images
(Chuvieco et al., 2002).
For the present work, reference reflectance values were calculated using the MODIS image
itself. To do so, we used the statistical distribution of burned pixels reflectances, as extracted
from the relevant bands (band 2 in the NIR and band 7 in the SWIR), by means of manual digitalization of more than 50 training areas. The digitalization process was carried out by an expert
throughout the study area using both the original bands (displayed using an RGB composite) and
some spectral indices (NDVI and NBR).
Van Wagtendonk et al. (2004) showed in their work on fire severity assessment using AVIRIS
and Landsat ETM+ data that, the higher the fire severity, the greater the negative response to fire
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in the NIR wavelengths and the greater the positive response to fire in the SWIR. Therefore, if we
are looking for ‘for-sure-burned’ pixels within the MODIS training areas because those pixels
would give us the best definition of the BAIM index, lower values are the most telling in the case
of NIR bands, while the same is true of greater values in the case of SWIR bands. In this way
we would be maximizing the distance between burned pixels and other potentially confusing
land uses. In practice, we defined reference reflectance in the NIR (ρcnir) as the ‘ρnir value for
5% of accumulated probability (5 percentile, burned NIR reflectance distribution)’ and reference
reflectance in the SWIR (ρcswir) as the ‘ρswir value for 95% of accumulated probability (95
percentile, burned SWIR reflectance distribution)’. We used the 5% and 95% of accumulated
probability instead of the minimum and maximum respectively, in order to screen out any noise.
Resulting convergence values were 0.07 and 0.20 for the NIR and SWIR bands, respectively.
After the BAIM index was calculated, a suitable threshold had to be established to distinguish
between burned and unburned pixels. It is recognized that an effective threshold for separating
burns is spatially variable (Fraser et al., 2000) because both the surface itself and the sensing
system introduce variations in space (Roy et al., 2002). All the studies carried out on this subject
have used one of the two possible approaches of fixed or variable thresholds. Many authors have
favoured the use of the variable approach, but in this study we have opted for the fixed approach
firstly, and together with the analysis of a stratification variable prior to threshold determination
secondly. According to the Biogeoclimatic Classification of Spain (Elena Rosselló, 1997), that
classifies the territory into eco-regions, Galicia can be divided into two homogeneous parts based
on climatic variables such as the mean annual temperature and the annual days of snow and frost
in a year. For brevity, these two regions will be named as eco-region 1 (warmer, more humid) and
eco-region 2 (colder, dryer, continental).
The BAIM threshold was determined in all the cases: Galicia, eco-region 1 and eco-region 2,
based on the analysis of the best correlation between ‘burned area’ and ‘number of accumulated
MODIS active fires’ for different grid sizes (1, 2, 3, 4, 8 and 10km). We started with the 1km grid
size, as this is the spatial resolution of the MODIS active fire product, and then kept on increasing grid size regularly up to 10km (Galicia is covered by 363 cells of 10x10km). It was found
that the coarser the spatial resolution of the grid, the better the correlation between ‘burned area’
and ‘number of accumulated MODIS active fires’ (results are presented for some grid sizes and
threshold values in tables 1 and 2). ‘Burned area’ was established retaining only those polygons
containing at least one MODIS active fire inside. This technique may not identify all burns, but
those identified are certain to be truly burned. BAIM threshold values originally considered for
the analysis were: 30, 35, 40, 41, 42, 43, 44, 45, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60 and 65.
Subsequently, the best correlation results, expressed in terms of the coefficient of determination,
were found for BAIM threshold values of 55 (Galicia), 45 (eco-region 1) and 65 (eco-region
2) (see Tables 1 and 2). In the same tables an increase in the coefficient of determination as a
function of grid size can be seen, which is due to the generalization process caused by larger cell
sizes and the resulting decrease in the sample size. The application of the threshold values of 55,
45 and 65, resulted in three burned-unburned images which assured the greatest consistency between datasets concerning burned area (according to the BAIM criterion) and number of active
forest fires as detected as thermal anomalies.
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Table 1. Coefficients of determination between ‘burned area’ and ‘number of active fires’ for
different BAIM threshold values and grid sizes. Results are for the whole Galician territory
Grid sizes
BAIM

2x2km

4x4km

8x8km

10x10km

30
35
40
45
50
55
60
65

3.94%
8.91%
17.11%
26.58%
42.29%
43.20%
42.36%
41.99%

8.27%
17.77%
30.76%
40.36%
65.14%
66.59%
65.86%
64.38%

8.72%
19.43%
35.86%
48.56%
77.87%
79.22%
78.33%
78.76%

9.07%
21.18%
38.08%
52.19%
81.79%
84.22%
83.93%
82.49%

Table 2. Coefficients of determination between ‘burned area’ and ‘number of active fires’ for
different BAIM threshold values and grid sizes. Results are for the two different eco-regions
Grid sizes
Eco-region 1

Eco-region 2

BAIM

2x2km

4x4km

8x8km

10x10km

2x2km

4x4km

8x8km

10x10km

30
35
40
45
50
55
60
65

35.98%
45.79%
50.49%
51.77%
49.64%
48.04%
46.67%
45.80%

57.84%
71.06%
74.71%
74.84%
73.44%
71.81%
70.60%
68.92%

75.70%
83.04%
85.01%
84.96%
83.78%
82.91%
81.65%
80.68%

78.40%
88.41%
89.95%
90.17%
89.30%
88.87%
87.95%
85.73%

0.02%
0.32%
0.38%
1.31%
7.34%
11.02%
11.54%
11.98%

0.57%
0.39%
0.94%
1.55%
25.26%
31.03%
32.18%
29.40%

1.74%
1.77%
3.97%
6.61%
39.80%
48.16%
48.06%
54.59%

4.46%
6.93%
11.81%
15.21%
53.41%
58.43%
57.10%
56.72%

In terms of spectral response in the optical range (visible and infrared), burns are very often
confused with water bodies and other low reflective surfaces; furthermore, the present work
focuses on forest fires. Consequently, a vegetation mask was needed in order to screen out water
bodies, urban or un-vegetated areas and, in turn, produce a reliable burned area map. The selected forest mask was developed from the CLC2000 coverage, a European land cover database
at a scale of 1:100,000. The CORINE Land Cover map comprises 85 different classes in the case
of Spain; and 13 of those, classified as either ‘un-burnable’ or ‘no-forested’, were found in the
Galicia region. The mask obtained from this process was applied to previous burned-unburned
maps which produced improved results in terms of the map’s accuracy. These maps were subsequently converted into vector polygon format.
The Galicia region is 30,000 square kilometers in size, hosting a wide range of ecosystems
from the Atlantic to the Mediterranean areas (west to east and north to south). Such spatial
variation, combined with the threshold value we used for the whole study area (threshold value
of 55), produced an excellent delineation of burned patches in the west part of Galicia, but a
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large number of commission errors, especially in the southeast area in our study. As expected,
the application of a fixed threshold did not result in burn mapping of homogenous quality; no
matter how precisely the BAIM threshold had been defined. Therefore, and to better cope with
the diverse environments throughout Galicia, the burn mapping algorithm required the use of
threshold values based on climatic and vegetation properties, as the ones that are summarized in
the eco-regions map.
Despite the use of two different threshold values for the Galician territory (45 for eco-region
1 and 65 for eco-region 2), some commission errors did still remain on the burned area map. The
last step consisted of using the MODIS active fire locations to confirm burned polygons, thus
eliminating many ‘false burns’. A visual analysis of the MODIS image together with the MODIS
active fire locations revealed that most burned areas (which appear darker throughout the MODIS image) contained active fires inside, therefore it was decided to use the latter to screen out
clearly unburned polygons as well as small polygons (commission errors). The resulting maps
are shown in Figure 2.

Figure 2. On the left, burned area map: patches of BAIM greater than 55 and containing at least one active fire inside. On the right, burned area map: patches of BAIM greater than 45 (within the eco-region 1)
or greater than 65 (within the eco-region 2) and containing at least one active fire inside

3.2

Validation of the 500m MODIS-derived burned area map

Final burned area maps (shown in Figure 2) were validated using a 56m AWiFS-derived burned
area map that had been produced in a previous research (González-Alonso and Merino-deMiguel, 2008). The methodology that we developed for the AWiFS-derived scar map does not
differ much for the one used in this work, except for the stratification process. For validation
purposes, we did compare vector layers that represented the different burned area maps using
geo-processing GIS tools. The comparisons were done: (i) between the AWiFS-derived burned
area map and the MODIS-derived with one fixed threshold value burned area map, and (ii) between the AWiFS-derived burned area map and the MODIS-derived with two threshold values
(one per eco-region) burned area map.
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4
4.1

RESULTS AND DISCUSSION
Development of a burned area mapping algorithm using
MODIS reflectance and active fire data

Figure 2 shows two burned area maps for the Galicia region (northwest Spain) for the 2006
summer season until the 21st of August. The affected area was 859.50 and 944.75 square kilometres, respectively. As explained in the methodology section, the first steps for burn mapping
included BAIM estimation and threshold plus mask application, all of which resulted in a vector
layer with 546 polygons that covered a total of 1270.00km2, for the first estimation (an single
threshold value of 55 for the whole Galician territory), and in a vector layer with 469 polygons
that covered a total of 1679.25km2, for the second estimation (a threshold value of 45 for the
territory in the eco-region 1 and a threshold value of 65 for the territory in the eco-region 2).
Although these figures may appear elevated when compared with official statistics (according to
the Ministry of Environment the burned area was 930km2), it was decided to keep the threshold
values, not only because they produced the best correlation (see Tables 1 and 2) but also because
it best delineated the boundaries of individual burns (especially in the west) in spite of producing
many commission errors (thousands of small polygons) in the southeast. Some authors propose
dynamic thresholds based on the magnitude of one pixel relative to the surrounding pixels or to a
time series (Fraser et al., 2000; Roy et al., 2005). For the present work however, it was decided to
rely on the fixed threshold values that produced the best delineation and to screen out unburned
polygons by using available information on active fires accumulated during the period of study.
Active fires were thus used to maintain those polygons where fire had happened with a high degree of certainty, a process which produced 121 and 125 polygons accounting for an area 859.50
and 944.75 square kilometres, respectively.
Prior to thorough validation using the AWiFS-derived burned area map, the obtained results
were compared to the official fire statistics from both the Spanish Ministry of the Environment
and the Galician Forestry Service. The obtained results tally with data from the Ministry of
the Environment (Ministerio de Medio Ambiente, 2006) which record figures of 929.41 km2 of
burned area for the Galicia region until the 1st of October 2006. Our analysis compared to the
official record of burned area per province is presented in Table 3, which shows that high quality
results were reached for three of the four provinces.
Table 3. Galicia burned area: figures from the Ministry of Environment versus reached results,
areas expressed in squared kilometers per province; relative difference between both sets of data
One threshold value

A Coruña
Lugo
Orense
Pontevedra
Galicia
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Two threshold values

Ministry of
Environment

Reached
results

Relative
difference

Ministry of
Environment

Reached
results

Relative
difference

345.04
60.80
120.67
402.90
929.41

376.75
16.75
128.00
338.00
859.50

-9.19%
72.45%
-6.07%
16.14%
7.53%

345.04
60.80
120.67
402.90
929.41

432.25
17.50
101.50
393.50
944.75

-25.27%
71.22%
15.88%
2.33%
-1.65%
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The case of Lugo, where more than half the ‘burned area’ was missed, was analyzed concluding that either there had been a wildfire between the 21st of August (AWiFS image) and the 1st of
October (Ministry of the Environment data) or there had been an early season fire (or fires) after
which the vegetation had partially recovered. According to the Galician Authorities (Xunta de
Galicia, 2007), the affected area for the whole year was 938.87 square kilometers.

4.2

Validation of the 500m MODIS-derived burned area map

Validation of the two 500m MODIS-derived burn maps was carried out in comparison with
the 56m AWiFS-derived burn map. For doing so, we used the polygon vector format files that
compromises all the burned patches as detected by the different maps involved in the analysis
(an example in shown is Figure 3). The geo-processing, that was straightforward, consisted of
doing some intersections between layers. The area detected as burned in both maps (AWiFS
and MODIS) referred to the AWiFS-derived map, was of 68.00% for the MODIS-derived map
based on one fixed threshold value and, of 72.97% for the MODIS-derived map based on two
fixed threshold values (one per eco-region). Results are quite satisfactory within the limits of the
MODIS image spatial resolution. As shown in Figure 3, all large patches, detected by means of
the AWiFS data, were also classified as burned using the MODIS data. Main differences between
the two maps were found inside the patches (AWiFS-derived map is more precise not only delineating but also detecting unburned pixels inside a patch) and concerning the detection of small
polygons.

Figure 3. Burned area map: patches of the 56m AWiFS-derived burned area map (light red) and patches of
the 500m MODIS-derived burned area map (dark red)
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5

CONCLUSIONS

This article presents an analysis on the affection of fire to the forested lands of Galicia (northwest Spain) during the 2006 summer season (until the 21st of August 2006). It starts presenting a semi-automatic algorithm for burned area mapping that uses remote sensing techniques
and data and that was successfully applied to the Galicia region (Spain). For the first step, it
uses satellite information from four different parts of the spectrum (NIR, SWIR, middle- and
thermal-infrared, or MIR and TIR, respectively). We developed a methodology that is based on
the combination of a spectral index with active fire locations, which builds on previous research
works (Roy et al., 1999; Fraser et al., 2000; Al-Rawi et al., 2001; Pu et al., 2004) and also introduces innovations like the use of the BAIM index (Martín et al., 2006) and MODIS data. To be
more precise, the BAIM index (based on NIR and SWIR bands) thresholding is used to produce
a ‘burned-unburned’ map while the active fire series (based on MIR and TIR bands) are used to
calculate the threshold values but also to remove falsely detected burns. The overall result is a
close approximation to actual burn boundaries within the limits of the MODIS pixel size. There
are five advantages to the method presented in this paper which are worth pointing out here: (i)
pre-processing and processing of data is rapid, (ii) no field data is needed, (iii) not much humanbased decision-making is required (objective method), (iv) it is easy to implement and (v) it has
been successfully applied at least once on a regional scale.
The methodology in question here has produced reliable results largely due to its use of best
correlation between two sets of data, each one coming from a different part of the spectrum. On
the one hand, the BAIM index is estimated using information from the NIR and SWIR channels, where reflective processes are dominant. On the other hand, active fire data is elaborated
using information from the emissive part of the spectrum, where the MIR and TIR channels are
located. It is however important to note that as burn mapping results from the intersection of
these two sets of data the result will necessarily be adjusted to compensate for both commission
and omission errors. The comparison of the reached results in relation to the statistics from the
Ministry of Environment and the Galician Forest Service, in a first step, and in relation to the
56m AWiFS-derived burned area map, in a second step, show that the methodology is promising
although further improvements will be studied in the future.
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ABSTRACT: We investigated the joint use of spaceborne optical and SAR sensors to characterize urban landscapes with the purpose of establishing an operational methodology for rapid urban mapping. The proposed algorithm consists in a complete unsupervised procedure that can be
applied on a couple of co-registered SAR/optical images. The method was tested and validated
on Bucharest (Romania) and Cayenne (French Guiana) using two pairs of Radarsat-1 and SPOT4 images. The developed SAR/optical information fusion scheme improved the capabilities of
urban areas extraction when compared with the separate use of SAR and optical sensors. Further
investigations are being conducted on the assessment of operational performance of current SAR
sensors for the delimitation of urban areas. The first findings are also briefly presented concerning the optimum SAR configuration for rapid and reliable urban areas extraction.
1

INTRODUCTION

Increasing number of natural and man-made disasters have demonstrated to the scientific
community and to the local actors and authorities the importance of a better awareness for the
protection of the environment and for the safety of the citizens. Remote sensing systems have
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proven to be invaluable sources of information that enable the disaster management community
to make critical decisions based on obtained information for better preparedness and initial assessments of the nature and magnitude of damage and destruction. Timeliness and reliability are
the key elements for an appropriate disaster management framework for the international and
national communities and mainly for humanitarian aid.
These issues and concerns are targeted by the LIMES project (Land and Sea Integrated Monitoring for European Security), established within GMES programme (Global Monitoring for Environment and Security). LIMES aims at developing prototype information services to support
management at EU and global level. One of the main objectives of the project is to improve the
methodology for provision of rapid urban mapping products, especially in the fields of damage
assessment and humanitarian relief and reconstruction. In the LIMES framework, we investigated the joint use of space borne optical and SAR sensors to characterize urban landscapes with
the purpose of establishing an operational methodology for rapid urban mapping.
The possible advantages of combining radar and optical satellite data have already been analyzed for different types of applications Some authors have attempted to explore the joint-use of
SAR and optical sensors for urban characterization and monitoring. Gomez-Choval et al. (2006),
studied the potentialities of combining multi-temporal interformetric SAR and multi-spectral
data for urban area characterization and monitoring. In Stramondo et al. (2006), the change
detection capabilities of different features extracted from optical and SAR data were tested for
earthquake damage assessment in urban areas. In an overview of the literature covering urban
remote sensing and data fusion issues, Gamba et al. (2005), cited and discussed the main studies
that exploited the synergism of SAR and optical sensors. However, the existing methods lack
automation and are not properly designed for fast information extraction for the purpose of rapid
urban mapping.
In this communication, the opportunities offered by the combination of information obtained
from these imagery types are demonstrated and discussed. An original approach is proposed and
implemented. It consists in a complete unsupervised procedure that can be applied on a couple of
co-registered SAR/optical images for operational urban areas extraction. In Section 2 a detailed
description of the basic idea underlying our algorithm is given. In Section 3, experimental results
are reported and analyzed. Section 4 discusses some exploratory results on performance assessment of currently operating SAR systems in terms of configuration (frequency, incidence angle,
polarization and spatial resolution) for rapid urban mapping.

2

DEVELOPPED PROCEDURE

In this study, an urban area refers to the geographical area of continuous built-up development.
This geographical area exists in opposition to non –urban areas. This definition does not take in
to account the criteria of population size nor the economical and functional levels.
To delimit the so-defined urban areas from SAR and optical sensors a three-step procedure is
developed (Figure 1). It is organized as follows: 1) texture analysis, 2) fuzzy K-means clustering,
3) information fusion.
A description of each of these three steps is provided in the following paragraphs.
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Figure 1. Flow chart of the
three-step procedure for rapid
urban mapping based on the
synergy between SAR and optical sensors

2.1

Texture analysis

Recent works on classification of optical and SAR satellite images in urban environments showed
that textural features can yield high classification accuracies (Alhaddad et al., 2007; Dekker,
2003). This is because urban environments are characterized more through their structure than
through their spectral reflection properties or backscattering intensity.
Motivated by the success of texture-based image analysis algorithms, we use a similar strategy for our automated urban areas extraction system. Among the numerous model-based approaches described in the literature, we chose to analyze the texture through a four-connected
GMRF model developed by Descombes et al.(1999) for the following reasons:
• GMRF is quite a simple model requiring relatively few parameters and a reduced processing
time which makes it suitable for rapid mapping purposes,
• with respect to the complexity of optical and SAR image textures, its parameters can discriminate these different textures, mainly those of urban areas,
• moreover the robustness of the employed technique for parameters estimation leads to an
accurate delineation of the urban areas,
• finally the parameters are local mean independent.
Details on the GMRF can be found in Descombes et al., (1999). For the texture analysis step,
an estimation window of 15 × 15 pixels is used for the computation of the texture parameter.
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There is actually a trade-off in choosing the size of the window. This is due to the fact that as the
window size increases, the texture feature is better estimated in terms of robustness in the statistics, but, the uncertainty zone between two different textures also gets larger, and the edges are
not localized as accurately. It seems that a window size of 15 ×15 pixels is a good compromise.

2.2

Fuzzy K-means clustering

The texture features images obtained at the previous stage are classified using a fuzzy K-means
clustering method. The main advantage of such a classification is that it provides, for each pixel,
membership degrees for the urban cluster thus offering the opportunity to handle the output for
further processing, namely for the information fusion process.
Urban areas delineation, can be considered as a 2-classes (urban/non-urban) classification
problem for which two different classification results are available, one provided from the SAR
image (i) and the other one by the optical image (j). Hence, for a given pixel x, the outputs of the
fuzzy classification of the texture features images obtained from sources i and j, are respectively
the sets of membership degrees:
(1)
As a conclusion for every pixel, two fuzzy sets are computed
the input for the last fusion process.

2.3

. They constitute

Information fusion

This step is concerned with the combination of the information on urban areas issued from SAR
and optical sensors so to improve the “urban/non-urban” classification results. Information fusion aims at exploiting redundancy, in order to increase global information and complementarity,
to improve certainty and precision (Bloch et al., 2001). Information fusion is particularly flexible
in the framework of fuzzy sets, due to existence of a variety of fuzzy combination operators,
which may deal with heterogeneous information. Combination operators can be classified into
three categories depending on their behaviour (Oussalah, 2000) :
• they are conjunctive if the sources are reliable. The conjunctive operator is usually applied
when searching for a redundancy between sources, or a common zone. A conjunctive combination is modelled by the t-norm operators which are a set generalization of ordinary set
intersection giving the distribution pL:
(2)
•
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i.e. a set generalization of set union operation giving the distribution

:
(3)

•

they behave like a compromise and have an intermediate “cautious” behaviour between the
two above operators. T (a, b) is a compromise combination if it satisfies:
min(a, b) < T(a, b)< max(a, b)

(4)

The choice of an operator is hence crucial for the combination of the results provided by
SAR and optical sensors. In this paper, we propose to adapt the behaviour of the combination
operator as a function of the conflict between the classification results obtained from the two
sources.
The conflict according to (Dubois and Prade, 1992) may be defined as 1- h with :
(5)
According to the level of conflict, the adaptive operator behaves as follows:
it is conjunctive if the two sources have low conflict,
it is disjunctive if the sources have high conflict,
it behaves in a compromise way in case of partial conflict. The arithmetical mean is used in
this study as a compromise operator.
The final binary decision (urban/non-urban) is issued at the end of the processing chain. It is
based on the maximum of membership values after the combination step. In the proposed methodology, the final decision is taken by selecting the class with the largest resulting membership
values.
•
•
•

3
3.1

EXPERIMENTAL RESULTS
Test sites and data set description

In this section, we present the application of the proposed procedure for the extraction of urban
areas on two test sites of different terrain relief, structure of urban settlements and land cover
complexity. The first site is located in Bucharest (Romania) and covers an area of approximately
32 x 20 km. It is characterized by its flatness and the presence of mixture of urban settlings and
large agricultural fields. The second study area of 12 x 12 km is located in Cayenne (French Guiana) and is characterized by a heterogeneous relief and a mixed urban landscape with spontaneous settlements. Due to its location in tropical latitudes, Cayenne is known to be a notorious area
for persistent cloud cover that presents a challenge to optical remote sensing operations
The data set included two pairs of Radarsat-1 and SPOT-4 multispectral images. Because the
GMRF model requires single band data, texture feature extraction on SPOT-4 data is performed
using band B2, which is equivalent to the panchromatic mode of SPOT-4. The main characteris-
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tics of the remote sensing data used in these experiments are presented in Table 1.
Table 1. Characteristics of the image data set used in the experiments
Bucharest (Romania)

Cayenne (French Guiana)

Source

Kalideos database
http://kalideos.cnes.fr/

Espace unit IRD Database
http://www.espace.ird.fr/

Sensor Type
Date of acquisition
Pixel size (m)
Orthorectification
Coregistration RMSE (pixels)

Radarsat -1
03/05/2001
12.5 x 12.5
Yes
0.27

SPOT-4 (B2)
03/05/2001
20 x 20

Radarsat-1
01/05/2001
12.5 x 12.5
No
2.24

SPOT-4 (B2)
02/07/2001
20 x 20

For each of the three steps of the algorithm, the CPU time is calculated and presented in Table 2.

Table 2. CPU time for each step of the algorithm calculated for the two tests (2 GHz Pentium
IV, 2 GB RAM)
Bucharest
Cayenne

3.2

Image size

CPU Texture analysis

CPU FKM

CPU Information fusion

1600 * 1000
600 * 600

3 min 20 s
1 min 02 s

4 min 12 s
2 min 11 s

2 min 10 s
1 min 45 s

Results analysis

The SAR/optical coupling methodology for automatic delineation of urban areas is tested against
a single-source approach that lies on the individual use of SAR and optical data. We denote SS
(Single Source), the approach in which a classical K-means algorithm is used for classifying
SAR and optical driven texture images, without taking into account the final results integration
step.
Unfortunately, suitable reference data for the first Bucharest site, showing the urban areas
with a reasonable accuracy, are unavailable. Hence for this site, the validation of the results is
conducted by visual interpretation and manual delineation of urban areas on the SPOT-4 image
(yellow contours on Figure 2a). Conversely, a reference map, obtained by visual interpretation
of an aerial photograph and by ground survey, is available for Cayenne test site (Guernier, 2006).
This allows to quantitatively assess how much the proposed procedure is effective in improving
the results obtained from the separate use of SAR and optical sensors.
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Figure 2. Results of the experimental tests over the Bucharest study area. a) the yellow contours correspond to the reference data obtained from visual interpretation of SPOT-4 imagery, the red polygons
represent built-up areas resulting from the joint use of SPOT-4 and Radarsat-1 images according to the
proposed approach b) the greyscale map shows the results of the SS procedure applied separately on
SPOT-4 and Radarsat-1 data. It evinces the complementary properties between the two images suggesting
their use in a combined approach.

Figure 2a shows the final delineation of urban areas (red polygons) obtained from the joint-use of
Radarsat-1 and SPOT-4 images on Bucharest site compared to the reference data resulting from
a computer-assisted visual interpretation of SPOT-4 imagery. For a better visual inspection of
the result, delimited urban areas are overlaid on the multispectral SPOT-4 image. A qualitative
comparison can be done between Figure 2a and Figure 2b where the results of the SS procedure,
applied individually to SPOT-4 and Radarsat-1, are represented in the form of a greyscale map.
On the optical image, urban areas are characterized by a high variance. Nevertheless, such criteria lead to false detection as it can be seen from the result on Figure 2b. Indeed, regions composed of small non-uniformly oriented objects such as row-cropped fields have identical responses to urban areas in some privileged directions. Besides, edges of roads, clouds and barren
lands can also have high values for the texture parameter leading to some false detections. On
the other hand, the false alarms on SAR image correspond to areas where backscattering varies
a lot, like fields with rough bare soils or with high soil moisture content. On Figure 2b we may
also notice the complementarity between the two types of images and the importance of taking
advantage from the strengths of SAR and optical sensors. The combination of the information
derived from the couple of SAR and optical images allows to reduce the uncertainty in urban
areas extraction by exploiting the complementarities between the two sources as evidenced in
Figure 2a. The remarkable improvement is noticeable in the precise limits of urban areas and the
reduction of false alarms.
For Cayenne site, the results of fuzzy K-means classifications of urban textures extracted
from SPOT-4 and Radarsat-1 images are represented on Figures 3a and 3b respectively. The
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different colours represent the fuzzy membership values to the urban cluster in the range (0-1):
the higher the membership degree, the more likely the pixel could be treated as belonging to the
urban cluster.

Figure 3. Results of fuzzy K-means classifications of urban textures extracted from a) SPOT-4 and b) Radarsat-1 on Cayenne city. Each colour class corresponds to a range of degrees of membership to the urban
cluster.

On optical data, certain urban built-up materials can be easily confused with non asphalt roads,
bare soils, sparsely vegetated areas, muddy coastal sediments and clouds. The ellipses overlaid
on Figure 3a highlight some of these confusions. Ellipse A is an example of incorrect assignment
of high membership values to sparsely vegetated areas. Likewise, ellipse B is an illustration of
abusive false assignment of bare soils to the urban cluster. On SAR data, the above cited confusions are overcome. However, new types of false assignments may be encountered. Ellipse C
represents an example of the confusions associated with the SAR scene. It corresponds to regrowth forests incorrectly identified as urban areas with relatively high membership values (0.7
to 0.87). In this south-eastern part of Cayenne, regrowth forests are located on steeply sloping
areas facing the radar beam. They appear bright in SAR imagery and can be easily mistaken with
urban settlements. These results highlight the limitations of using individually SAR and optical
data sources and the importance of exploiting the information provided by each sensor following
the information fusion scheme.
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Table 4. Comparison of urban mapping capabilities for the SS approach and the proposed SAR/
optical information fusion approach, in terms of spatial extent of urban areas and deviation to
reference area in the case of Cayenne site. The reference area, obtained from ground survey
and visual interpretation of aerial photos, is estimated to be around 24.3 km².
CAYENNE SITE
Entent of urban areas (km²)
Deviation to reference area (km²)

SS approach
Radarsat -1

SPOT-4 (B2)

17.8

30.2

- 6.5

+ 5.9

SAR/optical
information fusion

Reference
area

20.3

24.3

-4

NA

Table 4 proposes a quantitative evaluation of the results obtained from the joint use of SAR
and optical sources compared to the SS approach. The “reference area” of urban areas in the
window under study is estimated to be around 24.3 km2. A first comment to this table is that the
sole use of SAR data in a SS approach leads to an underestimation of 6.5 km² of the real extent
of urban areas. This is essentially related to the highly cluttered nature of the urban areas in
Cayenne city where changes in street orientation and in building density induce strong variations
in the backscattering echo and hence in the texture parameter. For instance, significant missed
detections were observed in high density urban areas in the south-western part of Cayenne. This
may be explained by the fact that when the urban density is large, some buildings may be hidden from the radar illumination by other buildings. This shading results in a weak backscatter.
Besides, high-density squatter settlements are characterised by flat roofs made of metal plates.
Hence, the roof faces appear dark on SAR imagery, because the signal is mainly reflected away
from the sensors. The strong spatial heterogeneity and composition of the urban environment in
Cayenne city adds evidence on the complexity of detecting urban settlements and explains the
significant underestimation of their real extent. On the contrary, the SS approach applied to optical data results in overestimation of urban areas of almost 6 km². The advantage of the joint use
of SAR and optical data is evident in the reduction of the difference between the “reference area”
and the one resulting from the automatic rapid urban mapping approach. The proposed procedure
not only allows reducing the deviation from reference to 4 km², but also provides well-located
limits of urban areas and few false alarms. However, in terms of overall performance, our approach undervalues the extent of urban areas. Underestimation is mainly observed in peri-urban
areas located in the western and south-western sectors of Cayenne.
4

FURTHER EXPERIMENTS

The advent of a new generation of SAR satellites like ENVISAT (C-Band), ALOS (L-Band)
and TerraSAR-X (X-Band) offers further potentials for applications related to the monitoring of
urban areas. To our knowledge, no work has been done on performance evaluation of currently
operational SAR sensors for the extraction of urban areas. In the framework of the presented
study, a series of investigations were conducted with the purpose of determining the best sensors
configuration for rapid mapping of urban areas using the above described procedure. 7 images
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acquired from different SAR sensors and having different acquisition characteristics in terms of
spatial resolution, incidence angle and polarization, were used in this experiment (2 ASAR, 3
ALOS and 2 TerraSAR-X images). They were acquired over the Reunion Island; a mountainous
area with cultivated land and cities concentrated on the coastal lowlands. A small area was selected for the tests. It covers approximately 2 km x 1.3 km. For a full performance assessment, intersensors and intra-sensor comparisons were conducted according to the following procedure:
• All images were processed according to the SS procedure and the results of urban areas
extraction were compared to expert-derived urban masks delineated on each single image.
It is worth noting that for dual-polarized data, each polarization was treated separately for a
complete intra-sensor evaluation.
• The effect of spatial resolution on the results of urban areas delineation from TerraSAR-X
data was analyzed using the 1 m images resampled to 5 and to 10 m.
Because, the outcomes of these experiments are outside the scope of this paper, only the
major results are presented and briefly commented.
Figure 4, summarizes the results of accuracy assessment based on the error matrices produced for each single image. The producer’s accuracies represent the percentages of pixels correctly assigned to the urban cluster. This summary table enables an intra-sensor as well as an
inter-sensors comparison. The resampled TerraSAR-X images are also analyzed in terms of suitability of spatial resolution for the delineation of urban areas. As it is apparent from this figure,
large differences in accuracies are observed between the different sensors and between the images of the same sensor.

Figure 4. Performance comparison of SAR images for urban mapping. The characteristics of each image,
in terms of spatial resolution, incidence angle and polarization are indicated within the coloured cylinders.
Intra-sensor and inter-sensors comparisons are done on the basis of percentages of pixels correctly assigned to the urban cluster.

In terms of intra-sensors comparisons, it seems that the performance of each sensor greatly
depends on the configuration and, precisely, more on the polarization than on the incidence
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angle or the spatial resolution. This can be observed for ASAR image acquired on 16/01/08 and
ALOS image acquired on 06/08/07. As for inter-sensor evaluation, it can be noticed that the HV
polarization of the ALOS image acquired on 06/08/07 yields the best result (%). However, when
resampled to 5 m and 10 m, TerraSAR-X images outperform ALOS whatever the incidence
angle. The fact that 1 m TerraSAR-X images give poor results may be related to the fact that the
finer the resolution, the more textured and heterogeneous the image will be. The GMRF model
tends to extract homogeneous areas corresponding to urban features using a predefined window
size that was set to 15 x 15. The unsatisfactory results obtained on 1 m resolution images suggest
an increase in window size used for estimating the texture parameter. On-going research efforts
are focused on sensitivity analysis to test the effect of window size on the results of urban areas
extraction from TerraSAR-X data.
5 CONCLUSIONS
In this paper, we proposed an automatic method for operational rapid urban mapping. The
developed approach takes advantage of the complementary properties between SAR and optical sensors for an enhanced delimitation of urban areas. The analysis revealed that the sole
use of optical imagery may result in false detections, mainly associated with the presence of
non asphalt roads, bare soils, sparsely vegetated areas, non-uniformly oriented objects like rowcropped fields and clouds. Alternatively, on SAR imagery urban areas may be easily recognized
because of their strong and rarely anisotropic backscatter. However, SAR backscatter from an
urban environment is highly dependent on the radar frequency, polarisation and viewing geometry. Therefore SAR imagery allows detecting urban features in a complementary way, but it can
also become blind towards other buildings and structures depending on the viewing geometry,
the incidence angle and the urban fabric. These findings demonstrate that the limitations of SAR
and optical sensors for urban areas extraction may be compensated by appropriately combining
the information extracted from each sensor. The results obtained from the joint-use of SAR and
optical data have consistently demonstrated the validity of our proposal. In the two experiments,
false detections were reduced and the final results showed accurate delineation of urban areas.
In terms of computational cost, the methodology is time-efficient. The IDL source codes have
not been yet optimized. Currently our unoptimized implementation runs on a 2 GHz Pentium
IV-class machine. The speed for an average 3000 x 3000 pixels is around 20 minutes, thereby
proving the suitability of our approach for rapid mapping purposes. Presently, we are extending
the use of this approach for urban areas extraction on very high spatial optical images combined
with SAR images in different configurations (different spatial resolutions, incidence angles, polarizations). The purpose is to determine the optimal configurations that allow to fully exploit the
advantages of SAR and optical data for enhanced urban areas extraction.
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ABSTRACT: A frequent and quite normal situation in the crisis management is an instance of
uncertainty and a lack of amount, structure, time adequacy and quality of information and data,
thus demanding that the decisions makers and reacting managers have to deal with this problem.
In the technologic project TP-06/0007-01 was implemented Decision Support System (DSS) for
the area reduction for mine action management on a strategic level through the use of data fusion
methodological approach and the upgrade of the results from SMART project1. Although the
DSS was applied on the problems of the humanitarian demining, it has wider potential and could
be applied in other crisis situations. Data fusion methodological approach is based on (1) the
interpreted and fused multi-sensor imagery collected by aerial reconnaissance and surveillance,
(2) enhanced and extracted indicators of mine presence and indicators of mine absence, (3) the
formalized expert knowledge, (4) the combined contextual data, (5) the spatial data provided by
geographic information system (GIS) and (6) the data contained in other information systems
(e.g. Mine Information System (MIS) of the Mine Action Centre (MAC)). The generic solutions
from SMART have been integrated with data fusion methodological approach and implemented
in the form of the DSS. SMART is intended to provide some of this additional information that
would help in two ways: it can reinforce the suspicion of some places and reduce the suspected
area on others. Output of the DSS at the final stage consist of three maps: (1) the map of mine
danger measure, (2) confidence map of indicators of mine presence and indicators of mine absence, (3) the map of spatial stability of results. The methodological combination of three of
1 Space and airborne Mined Area Reduction Tools (SMART), European Commission project IST-200025044, 2001.-2004.
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them enables the validation or dismissal of areas proposed for reduction, thus they are suitable
for practical use in mine action management of the humanitarian demining.
1

INTRODUCTION

The Decision Support System (DSS) was designed for analyzing and processing all accessible
compatible data, information and expert knowledge about some particular scene and specific
matter on it. After collecting all accessible data about some particular scene and phenomenon on
that same scene it is necessary to put all that data in a comparable relationship. It is mandatory for
using all indicator impacts on the scene for getting final results (thematic images). DSS provide
end-users methodological tools for processing multi-spectral and hyper-spectral data (images of
the scene), contextual data and expert knowledge. The final results of that processing are images
that show impacts of all indicators on the some particular scene. Those images were made for
helping the decision makers and reacting managers at decision making. In humanitarian demining that decisions are decisions about the reduction of mine suspected area (MSA) or reinforce
suspicion in MSA. In the oil pollution domain that can be decisions about cleaning and legal actions against polluters.
The thematic images which display the interaction between all input data (danger maps and
confidence maps) are made on the basis of that data processing. Before input data and information
processing it is necessary to analyze the data and information and to define their characteristics
(imperfections, redundancy and complementarity (Yvinec at all, 2005)) and levels (low – mostly
original data, high – pre-processed data (Yvinec at all, 2005)). The decisions on the further actions make the decisions makers and reacting managers. The decision is made on the basis of the
results of the processing of all input data. Products of DSS are also thematic images of confidence
and stability of declaims on mentioned thematic images (danger maps and confidence maps).
This system developed by the implementation of the generic methodology for support in decision
making from the project Space and airborne Mined Area Reduction Tools (SMART) (EC-ISTSMART, 2001) funded by the European Commission. The aim of the SMART project was to
provide end-users with safe, cost-efficient, innovative, validation and user friendly tools for the
monitoring of the environment and for the assistance to the decisions makers and reacting managers in humanitarian demining. The results of DSS are used for helping in the reduction of MSA or
reinforce of suspicion in MSA. However, all modules developed in the SMART project were not
implemented in one unique methodological system. So, in the technologic project System for the
multisensor airborne reconnaissance and surveillance in the crisis situations and the protection
of environment (TP-06/0007-01) funded by the Ministry of Science, Education and Sports of the
Republic of Croatia, was implemented DSS for the area reduction for mine action management
on a strategic level through the use of data fusion methodological approach and the upgrade of
the results from SMART project2. Data sources for this kind of system in project TP-06/0007-01
were: multi-sensor, multi-spectral and hyper-spectral images data, geoinformation system (GIS),
mine information system (MIS), data base, ground truth, contextual data and expert knowledge.
2 Space and airborne Mined Area Reduction Tools (SMART), European Commission project IST-200025044, 2001.-2004.
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2

PREVIOUS WORKS

The efforts of the Croatian scientists in the domain of the remote sensing for the needs of the humanitarian demining started in 1996., (Bajić at all, 2008), and continued in the scientific projects
financed by the European Commission and other international institutions (EC-IST-SMART,
2001), (ITF, 2008). Among several scientific projects aimed to support a humanitarian mine
action by the technology of the remote sensing, only one satisfied rigorous validation by the
conventional technology (EC-IST-SMART, 2001), (Yvinec at all, 2005). This project Space and
airborne Mined Area Reduction Tools (SMART), developed approach and methodology that
can support decision makers in the MAC by defining the areas that could be released to the
use although they were earlier declared as mine suspected (Yvinec at all, 2005), (Bajić at all,
2008). The mathematical definition of the problem of the reduction of a mine suspected area is
explained in (Acheroy, 2005). The methodology of SMART assumes that the measures of the
confidence of the inputs are known (measured, estimated). An example of the mine field records
is presented in (Matic, 2005). The role of the mined scene interpreters is presented in (Vuletic,
Krtalic, 2005) the role of the “man in the loop” is especially stressed in SMART (Vuletic, Krtalic,
2005). The image quality measure (IMQ) defined in (Nill, Bouzas, 1992) is used for the estimation of the quality of the data contained in the different images acquired by the remote sensing
systems or in the digital orthophoto maps.
3

CURRENT WORKS

The main deficiency of the project SMART (Yvinec at all, 2005) is the lack of the integration
of the developed tools into a system, thus the application in the humanitarian mine action was
not realized yet. In the technology project TP-06/0007-01 which was financed in the time period
2007 - 2008 this deficiency was removed and the SMART methodology can be used for operational purposes in the humanitarian mine action (MZOS RH, 2007). The International trust fund
for demining and the mine victims assistance (ITF, 2008) invited Croatian team to apply the
SMART methodology on three communities with huge mine contamination using the solution
realized in the project TP-06/0007-01 (MZOS RH, 2007).
4

CONCEPT OF THE SYSTEM

The basic concept of the DSS and its interactions with environment is displayed by scheme
on Figure 1. The main activities in DSS construction are: determining list of indicator, input data
collection, data pre-processing, validation of input data, data processing, data fusion, thematic
images (discrete and continuous) generation, validation of the results.
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Figure 1. Concept of DSS and
its interactions with environment

4.1

Indicators

The operator (the mined scene interpreter) (Vuletic, Krtalic, 2005) must have specific knowledge, skills and knowledge about particular scenes (mined scene) for managing this system. For
that reason the interpreter of the mine scene must closely cooperate with demining experts in
some particular scene and phenomenon on it (mined scene). The list of the objects is made on the
basis of this collaboration. That objects are indicators (Yvinec at all, 2005), and those indicators
need to be detected and marked on the multi-sensor images. That can be done automatically or
interactively depending of the indicator. Indicators in humanitarian demining are divided in two
categories: indicators of mine absence (IMA) and indicators of mine presence (IMP). Objects
like agricultural land or asphalt road in use lead to the conclusion that this area is free of mines.
On the contrary, objects like trenches, bunkers, abandoned agricultural land and minefields records lead to the conclusion that mines are present somewhere in that area. The detection and
marking of IMA and IMP need to be done on multi-sensor images. The determination of the
position in space and the vectorizing thereof are also mandatory for contextual data (minefield
records, mines accidents). Further more their impacts on other objects at the scene must be taken
into account in the data processing from the contextual data. For that reason the fuzzy logic is
used indicator impacts are displayed by membership function (Figure. 2) on the basis of information from experts in humanitarian demining (Tab. 1). Presumptions of experts for mine action
serve as basis for the pondering of indicator impact on environment and the mutual impacts.

Figure 2. Shape of the membership function for
trenches (Wolff, 2004)
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Table 1. Control points used to determine the shape of the membership function for the Blinjski
kut region (Wolff, 2004)
Blinjski kut region
Indicator

Risk starts
at (m)

High risk
from (m)

High risk to
(m)

No risk
beyond (m)

Agricultural areas that are no longer in use (IMP)

indicator

indicator

indicator

indicator

Bridges (incl. destroyed bridges) (IMP)
Confrontation zone from analytical assessment (IMP)
Damaged, destroyed houses (IMP)
Forest edges (IMP)
Forest edges (IMP)
Forest edges (IMP)
Trenches and man-made embankments (IMP)

0
0
0
-10
0
0
0

0
100
0
0
0
0
100

100
250
50
10
100
100
150

150
300
50
20
120
120
300

4.2

Input data

Input images data for DSS (Figure. 1) in TP-06/0007-01 project are multispectral (3 visible and
one infrared channel), hyperspectral (44 channels in range 0.4 – 1.0 μm) and thermal digital images (8-12 μm). The input data also can be geo-spatial data like aerial photogrammetric images,
digital orthophoto (DOF - panchromatic or colour) and digital terrain models (DTM) if that exist.
Geographic maps of different scales can also serve as input data for DSS. The other input data
are specific contextual data about particular phenomenon which is analyzed on the scene and
based on expert knowledge. Ground truth data (data from the field) about particular scene are
also input data. This data is used in data processing and validation of results of classification,
data fusion and thematic layers.

4.3

Pre-processing and validation of all input data

The purpose of data pre-processing is the detection and enhancement of indicators on input
(multi-sensor) images. Only undoubtedly detected indicators can serve as inputs into the DSS
system. Because of the fact that the aerial images acquisition system is a multi-sensor system,
every sensor within has different resolution of the images. The precondition for the combination and data processing (classification, data fusion) of the information from those images is the
registration of all input images regarding to one reference image (mostly image with the best
ground resolution) (Krtalic, 2006). After that action all images have the same image resolution
and they can be combined. The quality of the image registration should be known and taken
into account in the assessment of the results. The quality assessment of overlapping of geodetics bases and multi-sensor images need to be done (Krtalic, Fiedler, 2006). Further more, an
estimate of the reliability of all contextual data which are inputs for data fusion also need to be
done. The source of contextual data must be determined before data processing. Table 2 shows
one example of statistical estimation of reliability of mine records quality for tree tested regions
in project SMART (Matic, 2005). The number of 113 mine records were estimated statistically
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(based on 34 parameters equally weighted – model of uniform importance). Table 2 shows the
minimal, maximal, mean and standard deviation of this estimation.
These 113 mine records were also estimated by experts for mine actions and the results were
significantly different from the statistical estimation because models of the non-uniform importance (Figure. 3) were used. The significant differences are visible except in the range from 45
to 50 % (Figure. 3).
Table 2. Basic parameters of the confidence of mine field records of test regions (Matic, 2005)
Test region

Min

Max

Mean

Standard deviation

Ceretinci
Glinska poljana
Pristeg

0,5
0,462
0,357

1,0
0,923
0,929

0,768
0,791
0,830

0,1399
0,1195
0,1404

Figure 3. The difference between expert’s estimation and
estimation based on uniformly
weighted 34 parameters of
113 minefield records. RED
– uniform importance, BLUE –
expert’s estimation of 34 analysed parameters (Matic, 2005)

4.4

Data processing and data fusion

The aim of data processing is to prepare all data for classification and data fusion, followed by
production of thematic images. Pixel and object oriented classification are based on uncertain
statements (fuzzy logic). The purpose of the classification is to detect and separate indicators
from other objects on the scene. In the SMART project better results give object oriented classification base on fuzzy systems (Yvinec at all, 2005). This kind of classification is non-binary
(soft) classification. Fuzzy logic is a mathematical approach to quantifying uncertain statements.
The basic idea is that the truth value of the statement from strictly logical value yes or no be
replaced by continuous range of values from zero to one [0...1], where 0 means exactly no and
1 means exactly yes. The output of a fuzzy classification system is a fuzzy classification, where
the membership degree to each class, i.e. land use class, is given for each object. For a successful
classification a deliberate choice of membership function (Definiens Professional, user guide) is
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crucial. This allows interpolation of expert knowledge into the system.
The first aim of data fusion is to combine all results derived within DSS and from expert
knowledge. The second aim is to produce thematic images with impacts of indicators on the
scene and also impacts between indicators on the base of the fusion results.
4.4.1 Thematic images (Danger maps)
Danger maps (Wolff, 2004) are synthetic documents designed to help the end-users in their
decision-making process regarding MSA reduction. They are documents that combine the results yielded by detectors and classifiers, with added expert knowledge referring to the size of
the area of influence of each indicator. For each IMP and IMA, detectors and classifiers were
implemented to derive location, and confidence images. The location images are binary masksfeaturing the indicators, whereas the confidence images show the confidence value in the detection or classification result. Some location and confidence images came from other sources, like
the MIS. Data fusion was performed when there was more than one result for a given indicator.
After this process, a single location image and a single confidence image were available for each
indicator (Wolff, 2004).

a

b

Figure 4. a) Discrete location map of IMP, b) Discrete location map of IMA for Blinjski kut region

Danger maps were produceds on the basis of location and confidence images. Two types of
danger maps were defined, with the objective of providing the end-users with information that
can help them make a decision about area reduction: discrete danger maps (Figure. 4a) and
continuous danger maps (Figure. 4b) (Wolff, 2004). The discrete danger maps cover a complete
scene and mainly feature the area of influence of all the indicators that were detected. They are
documents that combine the results output by the detectors and classifiers, with added expert
knowledge referring to the size of the area of influence of each indicator. Continuous danger
maps cover a complete scene and feature more elements than discrete danger maps. They introduce more nuances and require additional expert knowledge.
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4.5

Validation of the results

The results of the classification and thematic images should be evaluated for the purpose of testing the efficiency of DSS. The validation of the results is done by confusion (error) matrix and its
parameters (Congalton, Green, 1999). For this purpose good ground truth data of the scene and
objects on it (collected from the field) are needed. They represent a reference data for comparison with the results derived from DSS. The parameters of the confusion matrix give analytical
presentation of benefits of all DSS results (classification, thematic images). The benefits of the
DSS results can be also presented with cost-effective analysis by comparison of assets needed
for the proposal for reduction of MSA by regular survey and by methodology of DSS.
5

CONCLUSION

DSS is a methodological system developed for humanitarian demining problem. It is proved
that this system gives usable results in this domain (Yvinec at all, 2005). DSS is applicable also
in other domains of human activities. For that purpose close collaboration with field experts of
particular domain with the aim to establish the list of indicators responsive for observed phenomenon and their separate and mutual impacts on the environment is mandatory. The domain
of sea pollution with oil spill is an additional domain of human activities in which the described
methodology of DSS can and will be used. The results of this future application should be thematic images of the current situation of pollution (classification) and information for helping the
revealing of pollution committers
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ABSTRACT: Remote sensing techniques may be successfully employed for investigating various issues related to waste management, especially taking into consideration the techniques’ cost
effectiveness. Unfortunately, remote sensing is not being utilized on a wider scale. The following
paper illustrates three examples where remote sensing techniques were successfully used for the
remediation of an existing landfill and for evaluating sites for new ones. The first example deals
with the Prudinec – Jakuševec Landfill, where aerial images were used to monitor the increased
volume of waste between 1986 and 1989. The second example demonstrates how satellite images were used during the first phase of complex geological investigations of a planned site for
the Kladnjice Waste Management Centre in the County of Split-Dalmatia. The investigation plan
required the creation of a photogeologic map of the location and surrounding area at a 1:5000
scale. This was both an important and essential step in the investigation, as no concise geologic
documentation was available for the project site. The third example deals with the Baštijunski
Brig Landfill in Biograd where satellite images were used to create a more accurate division of
pedologic units in the vicinity of the dumpsite.
1

INTRODUCTION

Today the disposal of waste requires a comprehensive investigation of potential disposal sites to
establish basic planning needs and verify design parameters for its development or remediation,
as the case may be. The investigation should be structured such that the appropriate data is collected while at the same time being cost effective. Remote sensing has proven to be a relatively
inexpensive component of this type of investigation, providing valuable knowledge for the general direction of operations, as well as more precisely focusing the field surveys. Until recently,
remote sensing techniques were not widely used in Croatia for activities related to waste management. The following paper looks at three examples in which remote sensing were successfully
used (Figure 1). The first example deals with monitoring the increase of waste volumes between
1968 and 1989 at the Prudinec-Jakuševec municipal landfill. The second example examines the
use of satellite images during the first phase of a complex geological investigation of the site
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for the Kladnjice Waste Management Centre in the County of Split-Dalmatia. The last example
looks at the use of satellite images of the Baštijunski Brig Landfill in Biograd which were used
for creating more accurate divisions of pedologic units in the vicinity of the landfill site.

Figure 1. Locations of chosen examples: 1.
Prudinec-Jakuševec municipal landfill; 2. Kladnjice Waste Management Centre and 3. Baštijunski
Brig Landfill

2

EXAMPLE 1 WASTE VOLUME INCREASE BETWEEN 1968 AND 1989 AT
PRUDINEC – JAKUŠEVEC DUMPSITE

Wastes were initially disposed at the Prudinec (Jakuševec) site in 1965, whichwas composed
on unlined shallow gravel pits and old river channels. It was used as a disposal site for various
wastes from the city of Zagreb. Over time, the site expanded and today extends over a surface
area of 80 ha and contains approximately 8.0 million m3 of waste (Figure 2). Approximately
1000t of waste are disposed at the site daily with partial sorting of usable components. During
the late1990’s, activities were initiated to remediate the site to cleanup the site’s impact on the
environment.. Site remediation was completed in 2005. As part of the remedial investigation, it
was important to precisely determine the amount of waste disposed at the site to appropriately
plan and implementation the treatment activities.

Figure 2. Jakuševec Landfill

346

Ratko Vasiljević & Mirko Budiša

Remote sensing techniques were successfully used in helping establish waste volumes with
data gathered from Landsat TM (from the years 1984, 1990 and 1992) and SPOT P (from the
year 1994). The long term Landsat images which showed the area surrounding the of Prudinec
site were used to identify through ten spectral bands, the changes in the site that had occurred
over time. Panchromatic and infrared aerial images from 1968, 1977, 1981 and 1989 were also
used, as well as thermal images from 1974. The images made it possible to visually track the
expansion of the dumpsite and register any thermal anomalies. Volume increases between 1968
and 1989 were calculated using photogrammetric measuring systems on stereo pairs from 1968,
1977, 1981, and 1989. For the time period for which the measurements were calculated approximately, 3,129,053.00 m3 of waste volume were recorded. In 1996 however, the volume had
increased to approximate 5,183,053.00 m3 (Oluić, Buchroitner, 1996)
When the site was first used for disposal, the waste was disposed in old river channels and
abandoned gravel pits; thus coming into direct contact with groundwater, which subsequently
influenced the quality of groundwater. Interpretation of aerial images taken between 1968 and
1989 shows that no significant damage was suffered surrounding forests.
Both a visual and digital analysis of satellite images was conducted as part of the remedial
investigation to determine the relationship between geological and structural formations at the
site. Infrared images were especially helpful in distinguishing between areas where river channels and meanders had previously flowed, as well as areas with elevated levels of moisture in the
soil Old river channels indicated that groundwater movement in this area was very complex. The
majority of quaternary deposits along the river Sava have been created as a result of sediment deposits from river meanders. Furthermore, there was substantial lithologic diversity within these
sediment deposits (Bodrožić, Jovičić). A few generations of meanders had been discovered, although those in direct contact with the river were from the most recent era (Figure 3 and 4).

Figure 3. Location of Jakuševec Landfill on geology map (Basch 1981)

Figure 4. Explanation marks for the Figure 2
and 3
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This heterogenic feature of the deposits helped identify the tracing test method used in the
investigation. The results of the measurements of the speed at which the radioactive tracer iodine (J131) moved, carried out under natural groundwater flow conditions at the Jakuševec and
Mičevec sites, indicated the speed of the groundwater flow at Jakuševec was between 19.2 and
22.7 m/day at high tide in the river Sava (Kvastek 1989). At the Mičevec site, the indicator
moved at a speed of 14.3 m/day during low tide and 19.6 m/day during high tide, following the
more characteristic horizontal layers of the aquifer. Colour tracing tests (using fluoresceine)
conducted during testing čb-1 well drainage, located east of Jakuševec, indicated an average
flow speed of 76 m/day (GZZ 1980). Results of tracing tests conducted with potassium chloride in 2001 showed a maximum speed of 3.8 m/day, whilst 3.42 m/day was the average speed,
(Vasiljević et all, 2002). These results suggested that the aquifer located at the site was very
complex geologically, resulting in significant differences in the hydraulic properties of the aquifer both horizontally and within the profile of the aquifer itself.
The tracing tests were conducted without the help of remote sensing data, even though it is
now believed that the tests could have benefited from such data, especially since the heterogenic
features were an indication that the values of hydraulic permeability were unequally distributed.
The remediation investigation for this project would have yielded better results had remote sensing been combined with knowledge of registered lithotypes. Furthermore, hydraulic permeability could also have been associated with each lithotype, which would have provided a valuable
basis for further modelling of pollution movement.
In this example remote sensing was shown to be an efficient method for determining the volumes of disposed waste at thesite, as well as being useful for distinguishing between particular
lithotypes. Therefore it was concluded that remote sensing should be used in the future to help
structure and refine field studies. Also it was concluded that there was significant benefit to
routinely correlate field results with those obtained through remote sensing techniques, to help
control project costs.
3

EXAMPLE 2 PHOTOGEOLOGIC AND TECTONIC MAP OF THE SURROUNDING
KLADNJICE AREA

The new Waste Management Strategy of the Republic of Croatia includes regional waste management centres and the next example shows the use of aerial images as part of a site assessment
for the planned Kladnjice Waste Management Centre in the County of Split-Dalmatia.
The project site occupies approximately 8 km2 of land and is situated 30 km north west of
Split. The site can be divided morphologically with a characteristic asymmetric depression. It
includes a number of karst phenomena where elevation differences may exceed 100 m.
The planned investigation included the creation of a photogeologic map of the surrounding
area, with a 1:5000 scale.. This was an important and essential step in the investigation, as no
concise geologic documentation was available for the project sitesite. In fact, the only obtainable
map was a Basic Geological Map of SFRY 1:100.000 (Figure 5), the Drniš Sheet. Unfortunately,
the map was of little use as the scale was too small to consider specific tectonic relationships at
the project site.
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Instead, panchromatic aerial images, at a 1:20000 scale, were used as a basis for the photogeologic analysis of the site. The images proved helpful in registering a number of structural
elements in the area, the most important being fault lines and geologic contacts (Figure 6). These
elements provided more comprehensive insight into the tectonic relationships of the project site.
The geological and structural elements registered on photogrammetric aerial images (3D
models) were verified through field observations at established points and measurements of the
physical position of the contacts. However, due to dense vegetation and difficult terrain, only
field observations made it possible to record the slips on the faults. Results showed that the
central part of the project site is characterized by a negative morphostructure, elongated in the
east west direction. The southern side of the morphostructure is defined by elevations of approximately 500 meters above sea level, whilst the central part is approximately 100 meters lower.

Figure 5. Explored area in the Basic Geological
Map of SFRY 1:100 000. (Ivanović et all. 1977.).
Black elipse - original report, red elipse – explored area

Figure 6. Photogeologic and tectonic map of the surrounding Kladnjice area (reduced size). Created by
GEOSAT Ltd (ECOINA 2004.).
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The structure has a predominant central fault line (the largest found at the site), extending
from the east to the west with a slight deviation at the western end curving to the northwest. The
fault is vertically and diagonally traversed by a number of minor faults causing it to be separated
into smaller segments. The current features of the morphostructure are a direct result of the
fault’s movements, which have seriously displaced and deformed the rocks it is composed of.
Furthermore, fault movement has caused major development of karst formations - up to 14 karst
sinkholes have been found on an area no larger than 1 km2. The terrain is noticeably broken
up and solutioned along the major fault line, especially at intersections with the vertically and
diagonally traversing minor faults. The greatest number of karst sinkholes has, in fact, formed
along this line; at the various intersections with other faults. To the north and approximately
parallel to the predominant fault line is another east-west fault line, traversed by a number of
diagonal faults extending in a northeast-southwest direction. In the southern part of the site,
another dominant fault line can be traced, extending in a northwest-southeast direction. The slip
on the fault, although severely deformed by other vertically and diagonally traversing faults can
be observed extending from the east to the west. Deposits along this fault have been seriously
deformed and the dip is primarily steep.
The number of faults lying across or diagonally to the dominant faults is far greater. They
are responsible for breaking up the mentioned morphostructure into separate sections or blocks.
Based on these faults and the degree of solution of the terrain, three major blocks (units) can be
identified at the project site.
• Block A. This block is located in the western part of the site and is bound by the three dominant faults and diagonally traversed by a major fault line extending in a northeast-southwest
direction. Due to dense vegetation in this area of the site, not many structural and geological
elements were registered, nor did the terrain show any exceptional degree of solutioning.
• Block B. This block is located in the central part of the site where the rocks show the most
severe deformation. A number of faults of varying orientation have been registered, which
have severely broken up the block. The deposits are mostly inclined towards the north or
northeast, whilst those found in the northeast part of the block are inclined towards the northwest. On the whole, the deposits found in this block mostly exhibit a medium steep to steep
dip. Taking into consideration the intense breakdown of the rocks, it was noticed that the
terrain was severely dissolved, increasing its permeability.
• Block C. This block is situated in the eastern part of the project site and is separated from
Block B by two robust parallel fault lines extending from the north to the south. The rocks
have been broken up by minor faults. The physical position of the deposits is generally inclined towards the north with a medium steep to very steep dip. Taking into consideration
the degree of terrain solutioning, Block C was assessed as the most favourable for further
investigations related to the construction of the Waste Management Centre, due to the fact
that the dissolution of the terrain was less advanced than that recorded in Blocks A and B.
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4

EXAMPLE 3 PEDOLOGIC SOIL CLASSIFICATION AT BAŠTIJUNSKI BRIG NEAR
BIOGRAD NA MORU

Baštijunski Brig Landfill is located approximately 4 km to the north of Pakoštan and extends in a
north-northeast direction. It is situated at an elevation at approximately 18 meters above sea level
(Figure 7). Cleanup of minor dumpsites and construction of regional waste management centres
is mandated by the Waste Management Strategy of the Republic of Croatia. In order for this to be
realised at the site in question, it was necessary to assess the impact of remediation on soil quality, especially since soil is one of Croatia’s most important natural resources (ECOINA 2006.).
From a pedologic perspective, a combination of soil generating factors, such as geological
processes, climate and relief, have produced very different soils at the site. The only available
soil mapping for the site has a 1:200000 scale and was insufficiently precise.
Figure 8 provides more detail of the landfill and the surrounding area (red square on the map).

Figure 7. Baštijunski Brig Landfill. Excerpt from
Šibenik Sheet Topographic Map 1:100000

Figure 8. Excerpt from the Pedologic Map of the
County of Zadar (ECOINA 2006.)

Baštijunski Brig Landfill is marked number 1, whilst various soil types are marked numbers 2-7.
Soils registered at the project site are of the following 6 types:
• Eutric brown soil on sand (2)
• Acid brown soil on sand (3)
• Non-gleyic fluvisol (4)
• Shallow and medium deep terra rossa (5)
• Gleyic fluvisol (6)
• Semigleyic chernozem (7)
Eutric brown soil on sand (2) is classified as eutric cambisol. This soil type is preserved and
well represented in temperate regions with 600-700 mm of annual rainfall and an average yearly
temperature between 10oC and 12°C. The parent material of eutric cambisols is lake sediment clay.
Acid brown soil on sand (3) can be found on the northern bank of Vransko lake. Compared
with eutric soil, acid brown soil contains more sandy components. The soil’s parent material
is sandstone but the area is covered by lake sediments; however, the deposits are situated in the
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vicinity of an outcrop composed of flish from the Upper Eocene era, which provides the source
material for this soil type. Differences between these two areas can also be seen on the satellite
image (Fig. 9).

Figure 9. Satellite image of
project site (marked with red
square on the excerpt from the
Pedologic Map of the County
of Zadar)

Fluviso soils, such as the non-gleyic (4) and gleyic (6) soils, are classified as hydromorphic
soils. They are characterised by periodic or constant excess of water in part of the profile or the
entire soil. In a saturated state all the pores are full of water, which stagnates or flows slowly.
Iron, manganese and sulphur reduction occurs resulting in gleyic soil.
Terra rossa (5) is a product of the weathering of limestone rocks. The red soil goes through a
rubification process, which is a pedogenesis stage in which hematite dehydrates and crystallises.
The soil at the project site follows an outcrop of limestone from the Upper Eocene era.
The semigleyic chernozem (7) soils are found in arid and semiarid climates and can form on
carbonate clay substrata. The soils contain optimal physical and chemical characteristics placing
them among the most fertile soils for tillage.
A satellite image taken from Goggle Earth (Figure 9) was used to refine the pedologic unit
boundaries. Differences in soil, visible on the pedologic map, can also be differentiated on the
satellite image (Figure 9). The numbers on the satellite image correspond to the numbers on the
pedologic map and represent the same elements. This is the simplest example of applying remote
sensing techniques for investigation purposes. Nonetheless, it is a good illustration of how to
deal with a problem in a quick, inexpensive and efficient way.
5

CONCLUSION

The benefit of using remote sensing investigation techniques could be summarised in one sentence - it is a very cost effective method of investigation. It was therefore decided to conclude
this paper with a number of concise guidelines, with the intention of showing how remote sensing investigation techniques may be used in order to greatly reduce the costs of investigation for
waste management related activities
Use of certain remote sensing investigation techniques may greatly reduce the need for field
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exploration and investigation in a number of disciplines such as geology, biology, agriculture,
forestry, and monitoring. However it is important to keep in mind that remote sensing techniques
do not eliminate field work. Practice has shown that high costs and a limited budget can often
force field operations to be kept to a minimum resulting in the collection of less data. Remote
sensing makes it possible to improve the quality of field programs by using aerial and satellite
images to more accurately define locations and quantities of samples to be collected and therefore reducing the cost of the field program. Therefore, remote sensing techniques should be used
before investigation teams are sent out in the field.
Efficient and effective use of remote sensing techniques requires investing in staff training
such that they are familiar with current remote sensing data and correct techniques, as well as
being trained in interpreting images and to steering field investigations based on project needs.
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ABSTRACT: COnstellation of small Satellites for Mediterranean basin Observation (COSMO-SkyMed) is the largest Italian investment in Space Systems for Earth Observation, commissioned and funded by Italian Space Agency (ASI) and Italian Ministry of Defence (MoD).
COSMO-SkyMed is a Dual-Use (Civilian and Defence) end-to-end Earth Observation System
aimed at establishing a global service supplying provision of data, products and services compliant with well-established international standards and relevant to a wide range of applications,
such as Risk Management, Scientific and Commercial Applications and Defence Applications.
The system consists of a constellation of four LEO mid-sized satellites, each equipped with a
multi-mode high-resolution SAR operating at X-band. The first and second COSMO-SkyMed
satellites have been successfully launched the 8th of June and the 9th of December 2007 respectively, while the remaining two satellites will be gradually deployed by the end of 2009.
COSMO-SkyMed 1 and 2 completed their Commissioning phase to test, verify and qualify the
overall System and from the 1st of August both satellites are in the operational phase. The results
of the commissioning phase of COSMO-SkyMed 1 and 2 are presented together with the Scientific Mission Exploitation strategy (i.e.: Announcement of Opportunity, Background Mission).
1

INTRODUCTION

COSMO-SkyMed is the first italian dual Space System dedicated to the Earth Observation.
COSMO-SkyMed is the largest Italian investment in Space Systems for Earth Observation, commissioned and funded by Italian Space Agency (ASI) and Italian Ministry of Defence
(MoD). It is a Dual-Use (Civilian and Defence) end-to-end Earth Observation System aimed at
establishing a global service supplying provision of data, products and services compliant with
well-established international standards and relevant to a wide range of applications, such as
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Risk Management, Scientific and Commercial Applications and Defence Applications.
The system consists of a constellation of four LEO mid-sized satellites, each equipped with
a multi-mode high-resolution SAR operating at X-band.
ASI in cooperation with MoD manages the contract assigned to an Italian industrial team,
that is in charge of the project development. Thales Alenia Space Italia (TAS-I) is the Prime
Contractor.
2

BRIEF MISSION NOTES

The Mission has been conceived to:
• realize a global coverage in every atmospheric condition and during the day and night,
• produce a wide number of acquired images with high resolution and images accuracy (geolocation, radiometry etc) making available SAR images with superior image quality,
• produce images with polarimetric and interferometric capabilities,
• deliver images with very fast revisit and response times, fast and simple product ordering
and delivery.
COSMO-SkyMed Space Segment, at fully deployed constellation (4 satellites), will be capable to collect up to 1800 images per day; while the Ground Segment will be capable to archive
up to 560 images per day and to process 200 products of level 1C/1D per day.
The acquisition modes used for the images acquisitions are the following:
• SPOTLIGHT, high resolution and medium image area;
• STRIPMAP (HIMAGE and PING-PONG), medium resolution and large image area;
• SCANSAR (WIDE and HUGE REGION), lower resolution and wide image area.
2.1

Operative Modes

COSMO-SkyMed can operate in three different operative modes:
• Routine,
• Crisis,
• Very Urgent.
Each operative mode allows to satisfy different needs in terms of timeliness:
• Routine mode: once per day. The plan can be satisfied in less than 72 hours.
• Crisis mode: twice per day. The plan can be satisfied in less than 36 hours.
• Very Urgent mode: asynchronous. The plan can be satisfied in less than 18 hours.
3
3.1

LEOP AND COMMISSIONING PHASES
Overview

The first satellite has been launched on the 8th of June 2007 and the second one on the 9th of
December 2007 from Vandenberg Air Force Base in California (US). Both satellites have been
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successfully launched through BOEING DELTA II Rocket. The outstanding performance of the
Rocket allowed both satellites to be in the expected orbit and to preserve important amount of
propellant.
The third satellite will be launched in October. The entire constellation will be completed at
the end of 2009 and it will be fully operative at the beginning of 2010.
4

OPERATIONAL PHASE

The System entered in the operational phase on the 1st of August and currently is used by both
civilian and defence users.
5
5.1

ACQUISITIONS DURING THE COMMISSIONING PHASE
Overview

During the Commissioning Phase the first two satellites have begun to acquire thousands of images all over the globe, showing the full potentiality of the System.
In the following there are some examples of applications realised using the images of COSMO-SkyMed 1 and 2 during the Commissioning Phase, to give an idea of the capability of the
System and also to highlight the activities already performed to help rescue actions in emergency
and natural disaster situations (Myanmar Flood and China Earthquake).

5.2

Ocean And Ice Applications (February-March 2008)

The images acquired by the COSMO-SkyMed satellites during February and March over the
Northern Caspian Sea and the Antarctic Region show the great potentiality of the X-band SAR
data in Ocean and Ice applications.
The penetration of the X-band electromagnetic waves allows volumetric analyses of the ice,
as shown in Figure 1 (Stripmap HIMAGE collected on the 9th of February 2008).
The same image acquired by an optical sensor should show the sea surface completely covered by ice.
Figure 1 shows that the X-band can show the internal difference of the ice sheets, for example
the rescue ways, traced by icebreakers in the previous months (that are not visible in the optical
spectral range), are clearly shown in the X-band image (circle and arrows highlight the rescue
ways).
At the end of March after the alert based on the images collected by ENVISAT satellite of the
European Space Agency (ESA), COSMO-SkyMed acquired some images of the disintegration
of the Wilkins Ice Shelf as reported in Figure. 2 (Stripmap HIMAGE of the 31st of March 2008).
COSMO-SkyMed constellation makes possible the monitoring of these fenomena with a fast
revisit time and the identification of large and small ice pieces thank to its high resolution.
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Figure 1. Stripmap HIMAGE collected on the 9th of February over the
Caspian Sea (zoom)

5.3

Figure 2. Stripmap HIMAGE
collected on the 31st of March:
disintegration of the Wilkins
Ice Shelf, Antarctica

Myanmar Flood (May 2008)

Devastating Cyclone Nargis hit the Yangon region (southern Myanmar) on May 3rd 2008. The
following acquisitions have been done by COSMO-SkyMed 1 after the flood:
• ScanSAR Huge Region: May 6th
• ScanSAR Wide Region: May 7th
• StripMap HIMAGE: May 8th
• Spotlight-2: May 10th
• Spotlight-2: May 11th
• StripMap HIMAGE: May 14th
On the 6th of May over Rangoon area COSMO-SkyMed 1 acquired an image (SCANSAR
- Huge Region) with a fast Response Time equal to 20 hours, allowing to know in a short time
the situation of the areas affected by the flood and to identify the main zones where the rescue
actions had to take part.

Figure 3. ScanSAR Huge Region collected on the 6th
of May over Rangoon Area, Myanmar
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The COSMO-SkyMed acquisition (ScanSAR Huge Region collected on the 6th of May) is
reported in Figure 3.

5.4

China Earthquake (May 2008)

A powerful earthquake has killed at least 10,000 people in China’s south-western Sichuan province, up to 5,000 of them in just one county. Many more have been killed and injured in other
parts of China after the 7.8 magnitude quake struck on the 12th of May. COSMO-SkyMed processed the first image with a Response Time of 16 hours from the alarm.

Figure 4. Spotlight collected on the 13th of May 2008 over Guan-Xian
city, China

Figure 5. Spotlight collected
on the 13th of May 2008
over Guan-Xian city, China
(zoom)

In Figure 4 is reported an image of the Guan-Xian area (in Sichuan province). The image was
relevant for monitoring the damage and the general situation of Guan-Xian area and the potential
damage of the dike (see top left of the image). The image clearly shows the damage of a building
after the quake.
The images acquired by COSMO-SkyMed, in the days immediately after the earthquake,
were of a great importance to help the rescue actions. This event showed the relevant help of the
COSMO-SkyMed space constellation in monitoring and observation of a natural disaster like
that.

COSMO-SkyMed mission status

359

5.5

Agriculture Multi-Temporal Acquisition (May-July 2008)

A multi-temporal acquisition over agricultural fields have been performed on the 25th of May,
26th of June and 28th of July 2008 over Kumagaya (Japan) area, near Tokyo city (Figure. 6). The
area of acquisition is essentially composed of agricultural fields. The three COSMO-SkyMed
images are acquired in the Spotlight mode and the multi-temporal acquisition is a Co-registered
product obtained using the three Spotlight images.
The multi-temporal acquisition highlights a strong signal on the 28th of July (red-violet colour) that should be due to the presence of the rice fields (confirmed by observations in situ).
On May the rice fields are just at the beginning of the cultivation status and on May-June the
presence of the water becomes quite relevant (in such cases the radar signal is weak), on July the
first rice plants begin to grow up and their presence makes stronger the SAR signal.

Figure 6. Spotlight collected on the 25th of May, 26th
of June and 28th of July 2008 over Kumagaya area,
Japan

5.6

Remarks

These are just examples of the capability of the COSMO-SkyMed constellation. Now with the
beginning of the operational phase, COSMO-SkyMed becomes an important vehicle for the
study of the Planet.
6

COSMO-SKYMED SYSTEM ACCESS

The access to the COSMO-SkyMed products for civilian use is ruled by the COSMO-SkyMed
data Policy. According to this policy there are two main classes of Civilian users:
1. Institutional Users
2. Commercial Users
The institutional users are “entities” that pursue institutional, scientific (no profit oriented)
and public objectives.
The access to COSMO-SkyMed civilian institutional user is granted through a web site:
www.cosmo-skymed.it. On this site the potential user will find all the information about COS-
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MO-SkyMed available products and services and the general terms and condition of the service.
The Institutional Use status needs to be assessed via a process managed by ASI under the
data policy regulation.
A specific agreement will be settled identifying the user class and the relative quota of the
COSMO-SkyMed System resources (including data and products) to be assigned to the end-user.
At the end of the process the user will get the information (user-name and password) necessary to log-in the system allowing to request data through a relevant web-form.
7

SCIENTIFIC MISSION EXPLOITATION STRATEGY

The Scientific Mission Exploitation Strategy is focused mainly on two projects:
• The COSMO-SkyMed Announcement of Opportunity
• The Background Mission
The main scopes of the Scientific Mission Exploitation Strategy is to grant the access to the
System to the Scientific community, supporting them with the provision of COSMO-SkyMed
data to conduct scientific projects in several thematic areas.

7.1

The First Cosmo-Skymed Announcement Of Opportunity

In May 2007 ASI issued the Announcement of Opportunity (AO) through the web pages of the
Agency, to stimulate the use of COSMO SkyMEd system for civilian research purposes and
Earth Observation application development, using the products of the Mission for:
• development of scientific applications
• development and validation of Level 2 geophysics products algorithms
• demonstration of the capabilities of COSMO-SkyMed in the thematic areas of GMES and
GEO
• new ideas for system exploitation
The first Announcement of Opportunity has been a success since the CSK AO has attracted a
great interest from over 600 scientists in more than 40 nations. In response to the CSK AO these
scientists have proposed around 200 complex and interdisciplinary projects covering a wide
spectrum of applications.

7.2

Background Mission

The Background Mission has been conceived by ASI with the aim to collect images all over the
world for the catalogue fulfilling. The Background Mission implements the lowest level of priority plan, i.e. when no further activity (so called foreground activity) is defined.
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8

CONCLUSIONS

At worldwide level COSMO-SkyMed is the only SAR constellation currently operative dedicated to the civilian use.
At present COSMO-SkyMed constellation allows to reach high performance in terms of
Revisit and Response Time, number of images, image quality, short gap for interferometric acquisitions, these performances will be further enhanced when the third and the fourth satellite
will complete the constellation (end of 2009).
COSMO-SkyMed is capable to produce a great amount of images with high performance in
terms of geometric (1 m.) and radiometric resolution. The results coming from the Commissioning Phase confirm the high performances of the System.
The large amount of images to be acquired and processed by COSMO-SkyMed makes the
Italian constellation unique in the world allowing the scientific community to use an exclusive
space system to satisfy their specific needs.
For the scientific community the main project dedicated to the exploitation of the COSMOSkyMed data is the Announcement of Opportunity.
In response to the first COSMO-SkyMed AO more than 600 scientists, coming from more
than 40 nations, have proposed around 200 complex, interdisciplinary and international projects.
Selected projects will be activated at the end of September and they will last two years.
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ABSTRACT: Special attention in this paper is given to operational mapping of natural disasters,
here mainly floods. In general, the potential of radar data for the delineation of surface water extent coupled with all-weather, day and night acquisition capability makes radar a unique choice
for mapping of surface water extent, particularly during floods. Even compared to other SAR
satellites TerraSAR-X is specifically suited to serve flood event mapping due to its multi-mode,
multi-angle, multi-polarisation acquisition capability in combination with its short access time
allowing the best combination of SAR acquisition parameters. Already in the satellite’s commissioning phase (July 2007) the potential and demand of TerraSAR-X data for flood mapping
could be demonstrated impressively: During the severe flood event in England in July 2007
flood extent maps were produced on the one hand by triggering the International Charter “Space
and Major Disasters” and on the other hand on request by an insurance company. In this paper,
relevant examples for preparedness and early-warning (flood risk analysis products) as well as
for crisis management and recovery (operational mapping) are presented.
1

TERRASAR-X

TerraSAR-X is a new German radar satellite that was launched in June 2007 and is in operational
mode since January 2008. It carries a high frequency X-band SAR sensor operating in different
modes of polarisation, coverage and spatial resolution of down to 1m. Using the microwave part
of the electromagnetic spectrum, TerraSAR-X is able to monitor the Earth’s surface independently of day or night time and weather conditions – an important requirement for example for
an effective flood monitoring.
TerraSAR-X derived risk management services support the accurate and efficient risk assessment in case of large infrequent events. Earth observation and especially weather independent
TerraSAR-X data are important contributors for risk diagnostics, which are related to natural
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hazards and man-made disasters. In addition, those services especially support insurers and the
reinsurance business, respectively.
To be able to cope with increasing disastrous weather events due to climate change and human influence or earthquakes, a global overview of the affected area is necessary for a quick
and effective risk management. With TerraSAR-X data, amongst others the following services
and related geo-information products can be offered: Reference and assessment mapping, assets
mapping, flood extent mapping, land subsidence monitoring and burned area mapping.
These products are an essential input for considering the whole risk cycle from preparedness,
early-warning, crisis management and recovery. With the unique capabilities of TerraSAR-X
these event mapping products can be provided near real time.
The contribution of TerraSAR-X data as input for risk management products includes activities like
• Estimation of spatial and qualitative extent of damage caused by disasters to help with logistics planning
• Long-term prediction and trend analysis of events
• Development and validation of mathematical models (e.g. for floods)
• Scenario generation to analyse estimated maximum loss based on data from previous events
• Input to site specific risk assessment like landslide and subsidence mapping
• Development of early warning systems to track the real time evolution of events to avoid or
reduce damage
Special attention in this paper is given to operational mapping of natural disasters, here mainly flood:
In general, the potential of radar data for the delineation of surface water extent coupled with all-weather, day and night acquisition capability makes radar a unique choice for mapping of surface water
extent, particularly during floods. Even compared to other SAR satellites TerraSAR-X is specifically
suited to serve flood event mapping due to its multi-mode, multi-angle, multi-polarisation acquisition
capability in combination with its short access time allowing the best combination of SAR acquisition
parameters. Already in the satellite’s commissioning phase the potential and demand of TerraSAR-X
data for flood mapping could be demonstrated impressively: During the severe flood event in England
in July 2007 flood extent maps were produced on the one hand by triggering the International Charter
“Space and Major Disasters” and on the other hand on request by an insurance company. In this paper,
relevant examples for preparedness and early-warning (flood risk analysis products) as well as for
crisis management and recovery (operational mapping) are presented.
2

APPLICATION EXAMPLES

In this section selected mapping examples in response to flood and earthquake events are shown.
In July the United Kingdom experienced extremely heavy rainfall, which led to flooding in some
areas of the country. The map illustrates the possible flood extents in and around the town of
Tewkesbury, Gloucestershire, as observed on the 25th of July. The flood extents were derived
from a combination of TerraSAR-X imagery, aerial photography and a high resolution Digital
Terrain Model. Normal river levels were digitised from historical aerial photography.

364

Marc Mueller, Marek Tinz & Jerome Soubirane

Figure 1. Flood in England, July 2007

Figure 2. Flood in Bolivia, February 2008
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The UN’s UNOSAT has rapidly generated a flood water analysis for the City of Trinidad (Urban
Flood Map), Bolivia, after a high resolution TerraSAR-X acquisition of the area was delivered
by the image provider within only 48 hours after the initial request.

Figure 3. Earthquake in China, May 2008

Following the recent earthquake in China (12 May, 2008), rescue teams were supported with
valuable geo-information based on recent TerraSAR-X acquisitions. The image shows a rapid
analysis of Maowen City, Sichuan Province, namely an annotated situation map based on TerraSAR-X SpotLight Acquisition May 16, 2008, 11.10 hrs (CET). For more information about
the use of remotely sensed data in support emergency management and disaster response it is
referred to Koudogbo et al. (2008).
This product is a flood extent map based on TerraSAR-X StripMap Acquisition (post-event)
and Landsat ETM (pre-event) data for the Mississippi region (June/July 2008). The dark blue areas are water bodies, light blue depicts flooded areas. Considering not only TerraSAR-X data but
also other Earth observation data sources (multi-mission approach) the use of remotely sensed
data in combination with modeling and GIS techniques offers a wide range of services and products supportive of flood risk analysis (see Holzhauer et al., 2008).
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Figure 4. Flood in USA (Mississippi region), June 2008

3

CONCLUSION

The weather-independent TerraSAR-X satellite and its quick site access time of 2.5 days max.
(2 days at 95% probability) to any point on Earth is an ideal data source for rapid mapping in
case of natural or man-made disasters. Accurate and up-to-date maps significantly support crisis
response organizations during the actual crisis situation, as well as insurance services and liability / reinsurance businesses in fulfilling their follow-up responsibilities. As near-future prospect
the launch of TanDEM-X should be mentioned, which is a second, very similar spacecraft that
will orbit in a close formation flight with TerraSAR-X (as from 2009). This unique twin satellite
constellation will allow the generation of global Digital Elevation Models (DEM) at an unprecedented accuracy, coverage and quality. A consistent DEM of the Earth’s land surface is envisaged to be acquired and generated within three years after launch.
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ABSTRACT: Under European Commission supported scientific project: “Airborne minefield
area reduction (ARC)”, that lasted from year 2001 to 2003, several electro-optical digital sensors
and the acquisition systems were obtained and the acquisition software Recorder was developed.
Among the acquired sensors, a hyperspectral line scanner ImSpector V9 (for the wavelengths
from 430 nm to 900 nm), along with an insolation collecting unit (Fodis), was also purchased
and lately used in this project. The scanner was used for the acquisition of the reflectivity samples of the mine suspected areas over few different types of terrain whereas the quality of data
was limited by several factors. This limitation was the reason to evolve the characteristics of
the airborne hyperspectral remote sensing system, by use of V9 in its core, within the frame
of the technologic project “System for the Multisensor Airborne Reconnaissance and Surveillance in the Crisis Situations and the Environment Protection”, in accordance with the foreseen
applications. The following kinds of applications are foreseeable: a) measuring the radiance at
discrete samples (static or in a direction of flight), b) measuring the reflectance at the discrete
samples (static or in a direction of flight), c) imaging the radiance of the area in a form of the
strip across the flight direction, d) imaging the reflectance of the area in a form of the strip across
the flight direction. While during previous use (2001 – 2003), when only GPS data (1 Hz to up
to 5Hz) were available, thus without capability of measuring the sensor’s orientation parameters,
in a novel solution a new Position and Orientation System has been applied and combined with
the parametric geocoding system program (ParGe). Mentioned achievement in advancing the
features of the airborne hyperspectral remote system, enabled wider kinds of the hyperspectral
imaging applications.
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1

INTRODUCTION

The measurement and the acquisition of the hyperspectral data started in Croatia in 2002., [1],
[3], and the simple reflectivity sampling which dominated at the beginning was transformed into
an airborne imaging hyperspectral acquisition system on board of the helicopter, [9], [6], [13].
Since the radiance, what the sensor measures directly, depends on illumination intensity, geometry, surface roughness and atmospheric conditions, usefulness of the radiance measurement is
limited due to its strong dependence on the illumination which is changing during the acquisition
mission. In other hand, the reflectance is the ratio of the amount of the electromagnetic waves
leaving/striking the target, and it represents a property of the observed matter which is equivalent
under different illumination conditions. The basic measuring properties of V9 are determined by
its design. Depending on its configuration, the use of different slit widths narrow slit (at the front
end of the optical part of the system), enables different spectral resolutions and number of wavelengths bands in spectral range of 430 nm to 900 nm, to be used. When the scanner is directed at
nadir to the ground, the area mapped below the scanner is a narrow strip whose dimensions is the
function of height above ground and slit width. The V9’s associated digital camera at the output
plane provides different combinations of pixel numbers and radiometric range, which dictates requirements toward the acquisition system. The spatial accuracy of the discrete measurements of
the imaging depends on the dynamics of the aerial platform and the accuracy of the Position and
Orientation System capable to quantify the measurements of aerial platform dynamics. While
during previous use (2001 – 2003), when only GPS data were available (1 Hz or even several
Hz), in a novel solution a new Position and Orientation System has been applied and combined
with the parametric geocoding system program (ParGe). This process and outcomes are outlined
in the next text.
2

SAMPLING THE RADIANCE AND THE REFLECTANCE

The hyperspectral line scanner ImSpector V9, with an insolation collecting unit (Fodis) and the
digital acquisition unit were obtained in the frame of the scientific projects supported by the
European Commission “Airborne minefield area reduction (ARC)”, (from 2001 to 2003). In the
same project was developed the acquisition software Recorder, [5]. The scanner was used for
the acquisition of the reflectivity samples of the mine suspected areas in several different types
of terrain, [2], on board of the helicopter Bell-206, [1]. The quality of data was limited by several
factors, [3]. This was the reason to advance characteristics of the airborne hyperspectral remote
sensing, by use of V9, within the frame of the technologic project “System for the Multisensor
Airborne Reconnaissance and Surveillance in the Crisis Situations and the Environment Protection”, in accordance to the foreseen future applications, [9], [6]. There are foreseen following
kinds of applications: a) measuring the radiance at discrete samples (static or in a direction of
flight), b) measuring the reflectance at the discrete samples (static or in a direction of flight), Figure. 1, c) imaging the radiance of the area in a form of the strip in the flight direction, d) imaging
the reflectance of the area in a form of the strip in the flight direction. Radiance is what the sensor measures directly and it depends on illumination intensity, geometry, surface roughness and
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atmospheric conditions. The usefulness of the radiance is limited due to its strong dependence
on the illumination which can change during the acquisition mission. Thus we did not apply a
system to measure the radiance. The reflectance is the ratio of the amount of the electromagnetic
waves leaving the target to the amount of the electromagnetic waves striking the target. It is a
property of the observed material and is equivalent under different illumination conditions. The
basic measuring properties of V9 are determined by its design and throughput of the digital acquisition system, [3]. Current configuration uses narrow slit (8.8mm x 50µm) at the front end of
the optical system, enables spectral resolution of 4.4nm of nearly 106 channels in spectral range
from 430 nm to 900 nm. When the scanner is directed at nadir to the ground, the area mapped
below the scanner is a narrow strip that has dimensions 0.333H x 0.00208H, where H is height
above ground. The V9’s associated digital camera at the output plane provides different combinations of pixel numbers and radiometric range (from 640x512 pixels, 8 bits to 1280 x 1024
pixels 12 bits) and dictates requirements toward the acquisition system.

Figure 1. Measurement of the reflectivity, [3]

Figure 2. The data recorded for one spatial line
contain the spectral information of the radiance
and the insolation, [3]

The Fig. 3 and Fig. 4 are examples of the measuremets before the advancement of the hyperspectral line sampling system into the imaging system in the frame of the technology project [9], [6].

Figure 3. The hyperspectral
reflectivity samples of the
minefield No. 3016 in Glinska Poljana [2], acquired by
the airborne system [1]
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Figure 4. The hyperspectral reflectivity samples (the change of the reflectivity of the mistletoe removed
from the fir) [10], acquired by the ground based system

3

THE ADVANCEMENT OF A HYPERSPECTRAL SAMPLING INTO AN IMAGING
SYSTEM

The measurement of the spectral characteristics of the different kinds of vegetation was performed by the ground based system, whose data agree well with [7]. The calibration of the
airborne measurement of the reflectivity can be performed in accordance to [11]. The spatial accuracy of the airborne discrete measurements or those of the imaging depends on the movements
of the aerial platform, accuracy of the positioning and orientation system. While in the previous
use (years 2001. to 2003.) were available only GPS data (1 Hz or even several Hz), an advancement is foreseen and realised in the technology project [9], [6]. The main advancements are: a)
application of the parametric geocoding and orthorectification of Airborne Scanner Data [12], b)
application of the Positioning and Orientation system [13], use of the spectralon reflectance target for the calibration of the radiometry [8]. The advanced features of the airborne hyperspectral
remote system enable wider kinds of the applications.

3.1

Imaging geometry requirements

To utilize the line scanner in full imaging mode, means acquiring contiguous scan lines
(without gaps between them), it is necessary to find the optimum ground speed of the aircraft,
which is function of desired Ground Sampling Distance (GSD) and scanner imaging frequency,
according to simple equation (1), used to arrive at optimum distance per second:
GS=

GSD
fi

(1)

where GS = Ground Speed of the aircraft in [m/s], GSD = Ground Sampling Distance in [m] and
fi = Imaging scan period in [s].
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Additional constraint for finding the optimum ground speed is spatial resolution along the
aircraft track which is determined by the line width and integration time per one scene line (=one
detector frame). Actual configuration of ImSpector V9 line scanner, depending on used vertical
binning of CCD operation (x1 or x2) and exposure time (i.e. 50ms), provides the integration time
per scene line of 129.82ms or 90.32ms, respectively. Thus, predicted spatial resolution along
track for Zagreb/Jarun Lake campaign was 1.34m. Above described mapping geometry depends
on height of the aircraft above ground level (pixel scale factor) which could be obtained from a
Digital Elevation Model (DEM). Finally, high imaging resolution of pushbroom scanners, both
spectral and spatial, as in case of ImSpector V9 (i.e. Zagreb/Jarun Lake flight campaign using
Bell B206 helicopter had produced, in average, the lines with length of 218m and 1.63m wide,
with across track pixel size of 19cm at altitude of 750m; in full spectral range with bandwidth of
80 channels and with spectral resolution of 4.4nm), requires additional technology and methods
for final exploitation of their produced data, by using mentioned POS and performing the direct
georeferencing.
The application required a Position and Orientation System capable to measure and record
inertial orientation and GPS position data at high frequency, according to general requirement
for line imaging mode utilization of hyperspectral imaging scanner, which states that read-out
IMU frequency should be at least of those of scanner imaging frequency. Thus, Position and
Orientation System, is built around chosen tactical-grade MEMS iMAR iVRU-RSSC, so-called
Vertical Reference Unit, with integrated internal GPS unit and strap-down processor. Latest
mentioned proved as self-sufficient system capable to deliver at least one set of exterior orientation parameters (Roll, Pitch, Yaw, Latitude, Longitude, Altitude) for each scan line, allowing
for direct georeferencing of each separate line to be performed and by time domain transforming these lines into contiguous mapping, or imaging mode (in opposite to the sampling mode
performed during earlier use of the System). Transformation of the hyperspectral line scan from
sampling to imaging system, along with associated Position and Orientation System, resulted in
successfully production of first geocube of Zagreb/Jarun Lake area, (Figure 5).

Figure 5. One channel of geocoded hypercube of Jarun Lake produced after Zagreb/Jarun Lake flight
campaign with ImSpector V9 in full imaging mode (Projection: Transverse Mercator; Datum: Hermannskögel)
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4

FURTHER APPLICATION OF THE HYPERSPECTRAL IMAGING SYSTEM

Further application of the developed airborne hyperspectral imaging system could be sea oil pollution detection and measurements, [4], forest health research, research of the traffic influence of
the motor ways on the environment, water quality monitoring etc.
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ABSTRACT: As a requirement for geocoding of raw hyperspectral line scan imaging data, the
exterior orientation data set need to be obtained, especially in all-parametric geocoding processes. Application such those defined within recent technologic project “System for the Multisensor Airborne Reconnaissance and Surveillance in the Crisis Situations and the Environment
Protection“, supported by Croatian Ministry of Science, Education and Sports, highlighted the
need for position orientation system capable to measure and record inertial orientation and GPS
position data at high frequency. Integration of the PGP imaging spectrograph (pushbroom scanner) system and Position and Orientation System (POS) was requested due to geocoding of
raw data cube produced by pushbroom scanner. Several approaches were examined and one
presented here was chosen. Integration of hyperspectral imaging scanner, acquisition PC system
and POS has been achieved by sharing reference PC clock time as common platform. In this
digital interface configuration, PC clock is continuously updated and corrected by GPS UTC
time externally provided by 5Hz GPS data and 1PPS signal. Thereafter, both the control and
acquisition timing of hyperspectral imaging sensor and POS are referenced to PC GPS time. The
impact of time synchronisation on imaging capabilities and spatial accuracy of such system will
be discussed. Position and Orientation System is based on iMAR iVRU-RSSC, the GPS coupled
MEMS based Inertial Reference Unit, providing Roll, Pitch, Yaw, GPS Latitude, GPS Longitude
and GPS Altitude data at maximum frequency of 200Hz, according to general requirement for
line imaging mode utilization of hyperspectral pushbroom scanner, which states that read-out
frequency of Inertial Measurement Unit (IMU) should be at least of those of scanner imaging
frequency, implying that at least one set of mentioned orientation and position data for each line
scan need to be available. The spatial and dynamic characteristics of chosen POS fulfils all high
precision hyperspectral imaging application requirements based on ImSpectror V9 pushbroom
scanner which is currently in use, as far as future high precision-high frequency electro-optical
sensor requirements.
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1

INTRODUCTION

For the first time in Croatia an airborne application of hyperspectral imaging was introduced
under recent technologic project “System for the Multisensor Airborne Reconnaissance and
Surveillance in the Crisis Situations and the Environment Protection“, supported by Croatian
Ministry of Science, Education and Sports (MZOS RH, 2007). Such airborne use of various
digital electro-optic (EO) sensors, and especially the hyperspectral pushbroom scanner, with its
precision imaging spatial and spectral resolution led to definition of the performances for the
POS capable to deliver required precision exterior orientation (attitude and position) data needed
to perform Direct Georeferencing (DG) of produced scanner lines. Furthermore, the application
required integration of the subsystems, comprised of pushbroom scanner as core sensor and
other sensors (multispectral frame camera DunchanTech MS3100, LWIR thermal imaging camera FLIR Photon, VIS video camera Sony FCB-IX11AP), and POS gathered in a fully functional
and self powered multisensor pod controlled by PC based acquisition system.
The application highlighted the need for position orientation system capable to measure and
record inertial orientation and GPS position data at high frequency, according to general requirement for line imaging mode utilization of hyperspectral pushbroom scanner (Müller, 2002). The
Position and Orientation System, is built around chosen tactical-grade MEMS iMAR iVRURSSC, rather than fully integrated INS/GPS since there is no need for real-time navigation
processing for the POS.
Integration of hyperspectral imaging scanner, acquisition PC system and Position and Orientation System (POS) has been achieved by sharing reference PC clock time as common platform,
in relation to other possible ways which also have been considered (Ding et al., 2008). In this
digital interface configuration, PC clock is continuously updated and corrected by GPS UTC
time externally provided. Such synchronization allows the control and acquisition timing of
hyperspectral imaging sensor and POS are referenced to PC GPS time. The impact of time synchronisation on imaging capabilities and spatial accuracy of such system is of huge importance.
2

SUBSYSTEMS

The Airborne Multisensor System comprises of few subsystems: Position and Orientation System, Sensors System and Acquisition/Control System.

2.1

Position and Orientation System

In case of core sensor, the pushbroom scanner, the application highlighted the need for position
orientation system capable to measure and record inertial orientation and GPS position data at
high frequency, according to general requirement for line imaging mode utilization of hyperspectral imaging scanner, which states that read-out IMU frequency should be at least of those
of scanner imaging frequency. Position and Orientation System is built around state of the art,
tactical-grade MEMS iMAR iVRU-RSSC, so-called Vertical Reference Unit, with integrated
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internal L1 GPS unit and strap-down processor, providing: amongst other data (gravity/earth
rate compensated and raw acceleration and angular rates), Roll, Pitch, Yaw (or relative Heading),
GPS Latitude, GPS Longitude, GPS Altitude and GPS Velocity data, at maximum frequency of
200Hz, interfaced with PC based acquisition system.
2.1.1 POS Trigger Time Synchronisation
Via an internal RS232 interface, the GPS NMEA sequence GPGGA is provided with the leading
‘$’ allowing the iVRU to detect this data sentence to extract the UTC time of the recent Pulse per
Second (PPS) rising edge (iMAR, 2007). Then the trigger time is set to this UTC time (seconds
of week) from the recent PPS (taken from the NMEA sequences). To use this feature the availability of the NMEA sequence as well as the PPS trigger was provided by internal 1Hz GPS
receiver.

2.2

Airborne Pushbroom Scanner

Hyperspectral imaging pushbroom scanner shown in Figure. 1 (modified after Rochester Institute of Technology’s Digital Imaging and Remote Sensing Laboratory - definition of pushbroom
concept, 2006) is a powerful tool since it delivers imaging spectroscopy data which allows classification and change detection of an object matter, measuring its unique spectral characteristics.
Today the pushbroom scanners are becoming widely used and often replacing the older whiskbroom scanners. Airborne use of pushbroom scanning, along with its space use, reveals the full
power of imaging spectroscopy.
Actual configuration of ImSpector V9 pushbroom scanner, depending on used vertical binning of CCD operation (x1 or x2) and exposure time used (i.e. 50ms), provides the integration
time per scene line of 129.82ms or 90.32ms, respectively. Thus, predicted spatial resolution
along track for Zagreb/Jarun Lake campaign was 1.34m. Above mapping geometry depends
on height of the aircraft above ground level (pixel scale factor) which could be obtained from a
Digital Elevation Model (DEM). Finally, high imaging resolution of pushbroom scanners, both
spectral and spatial, as in case of ImSpector V9 (i.e. Zagreb/Jarun Lake flight campaign using
Bell B206 helicopter had produced, in average, the lines 218m long and 1.63m wide, with across
track pixel size of 19cm at altitude of 750m; in 80 spectral bands with spectral resolution of
4.4nm), requires additional technology and methods for final exploitation of their produced data,
by using mentioned POS and performing the DG.
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Figure 1. Pushbroom Scanner concept (including
current configuration specifications of ImSpector
V9)

2.3

Acquisition/Control System

The Acquisition/Control System is a PC based platform running under Windows OS. Simultaneously, this System serves as the integration platform for the hyperspectral imaging scanner, other
electro-optical sensors and Position and Orientation System. Beside its autonomous integration
tasks, the System is used for the EO sensors acquisition operations (start/stop/recording functions etc.), control of the POS, control of the time synchronisation subsystem, and for real-time
aircraft navigation. Separate software “Recorder” has been developed for the control of the hyperspectral pushbroom scanner.
2.3.1 Acquisition/Control System time synchronisation
The Acquisition/Control System time synchronisation is done by GPS precision timing. In this
digital interface configuration, PC clock is continuously updated and corrected by GPS UTC
time externally provided by 5Hz GPS data and 1PPS signal extracted from NMEA 0183 GGA
and/or ZDA sentences. This process of PC clock synchronization is achieved by use of precision
timing software „TAC32Plus“(by Communications, Navigation and Surveillance Systems Inc.).
This software package, originally designed to work with hardware clocks for NASA high precision timing purposes, offers a dozen of functions to improve and correct synchronisation issues
(Figure 2).
Furthermore, once the Acquisition/Control System is GPS UTC synchronized, it is possible
to synchronize other Windows computers to this one (if other Windows computers are on the
same LAN with the one running this program, it can be easily to synchronize their clocks to the
time master computer).
Since the precise timing using GPS is playing vital role in System synchronisation, mentioned software has been chosen and used especially due to its unique functions designed to
support user’s accuracy improvements. Major functions used to support the timing accuracy
achievement are: Instrumentation offset (various delay definitions), Total 1PPS offset from UTC,
UTC correction, Epoch offset, Periodic PC Clock update, Threshold definition of PC Clock er-
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ror, GPS mode (ability to use 0-D Nav Mode instead of 3D/2D Nav Modes), Satellite geometry
selection (TDOP) and Application Type. Finally it offers another unique future; ability to log and
track statistics of timing updates/differences.

Figure 2. Timing/PC Clock/GPS Rx setup functions most used within “TAC32Plus” software, which are
performing vital tasks in synchronisation and integration of all subsystems in the Airborne Multisensor
System

3

INTEGRATION ARCHITECTURE

Schematic overview of integrated POS-Sensors-Acquisition System is shown in Figure. 3. Integration and mutual synchronization of hyperspectral imaging scanner, Acquisition/Control System and POS has been achieved by sharing reference PC clock time as common platform, in
relation to other possible ways which also have been considered (Ding et al., 2008). Since the
PC clock of the Acquisition System is precisely synchronised to GPS UTC time, all peripherals
are then synchronised to the reference absolute time. Since the Trigger Time of the POS is also
synchronised to GPS UTC Time (by using its internal GPS receiver), both the control and acquisition timings of hyperspectral imaging scanner and POS are referenced to unique reference GPS
Time. The impact of time synchronisation on imaging capabilities and spatial accuracy of the
System is of vital importance and should be maintained at high level and monitored too.
In present configuration, the POS is the master counter source for the control of other EO
sensors (multispectral frame camera MS3100 and LWIR thermal imaging camera FLIR Photon;
with option to more sensors), by using the Sample timer/count module which provides scalable
triggering signals and routing to the EO sensors. However, as the master counter source for POS,
the ImSpector V9 has been used (opposite direction also available), which provides external
trigger signal for the POS used to time stamp its IMU and GPS data (POS internal Clock is
always running at nominal frequency of 200Hz; external triggering is only used for time stamp
function). Preliminary tests of such synchronisation showed the POS data Sample Time (Time
Stamping; no internal Clock sampling time) at trigger signal provided by ImSpector V9 is causing the variations of up to 10ms (mainly due to variations in sampling rate and integration time
per scan image of V9).
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Figure 3. Scheme of integration architecture of operational
Airborne Multisensor System

4

RESULTS

The Airborne Multisensor System test flights, using Bell B206 helicopter, have been already
performed and the integration architecture proved itself as operational, with POS and hyperspectral pushbroom scanner in its core. In Figure. 4 is shown the part of first geocoded hypercube
of Jarun Lake, produced by ImSpector V9 in fully imaging mode and Position and Orientation
System. The parametric geocoding has been made in ParGe software (Schläpfer, 2006), in direct
georeferencing mode without use of Ground Control Points.

Figure 4. One of 80 wavelength bands of geocoded
hypercube of Jarun Lake produced after Zagreb/Jarun Lake
flight campaign with ImSpector V9 in full imaging mode
(Projection: Transverse Mercator; Datum: Hermannskögel).
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5

CONCLUSIONS

Since the 2001, when the hyperspectral imaging spectrograph has been used as the reflectivity
sample collection tool only (Bajić et al., 2004), today this industrial grade PGP imaging spectrograph becomes the fully imaging mode utilized, airborne hyperspectral pushbroom scanner,
thanks to the use of Position and Orientation System and system integration and configuration
made of commercial off-the-shelf components, placing it at lower range of system costs, but
in upper range of hyperspectral imaging capability tools, the first and currently only in use in
Croatia.
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ABSTRACT: The multipurpose remote sensing system was developed and realized in the technological project aimed to enable a civilian multisensor airborne reconnaissance and surveillance system for different applications as they appear in crisis situations and the protection of
environment. The operational requirements depend on the application, on crisis situation, on a
threat to the environment and therefore different airborne platforms shall be used. While the use
of the system will not be permanent but depends on demands, the system structure has to satisfy
several sets of requirements and constraints and depends on the available airborne platform at
the time of the needed action.
1

INTRODUCTION

The airborne multisensor acquisition system collects images and data used in remote sensing
research and its sensing and processing characteristics depend on the application. The developed
system is available for operational use with a multi-spectral and a hyper-spectral sensor, that
cover wavelength range from 0.4 μm to 13.5 μm, an acquisition hardware and software, a modifiable sensor pod that can be installed on different airborne platforms.

		

385

It is the realization of a concept started in 1978 as the post graduate project on the Faculty
of Transport and Traffic Sciences, University of Zagreb (Franjković et al. 2001) and evolved
through the European Commission funded research project on humanitarian demining (EC
2001) and the Croatian Ministry of Science, Education and Sports funded technological project
on the application of multisensor airborne system in reconnaissance and surveillance missions in
crisis situations and the protection of the environment (MZOŠ HR 2007).
The acquisition system realized in the year 2002 consists of a visible near infrared camera
and a hyper-spectral line scanner incorporated in a remote controlled gimbal, a thermal infrared
camera and a navigation and computing equipment, all installed on a helicopter platform and
used in humanitarian demining project (Fig. 1).

a

b

Figure 1. a) Part of the image acquisition system used in humanitarian demining project b) installed on a
helicopter

2

DESIGN AND CONSTRUCTION OF THE ACQUISITION SYSTEM AND THE POD

Design and construction of the airborne multisensor acquisition system in the technological project ‘System for the airborne multisensor reconnaissance and surveillance in crisis situations and
the protection of the environment’ had as an aim upgrade of the existing system developed in
former projects and realization of the operational system that, depending of the mission goals
and environment in which the system will be used, can be easily mounted on suitable or available
airborne platforms.
The most important categories of the requirements and constrains were related to the:
• capacity of a needed reconnaissance and surveillance (e.g. coverage in km2 per one hour,
endurance in h, storage capacity provided on board of the aircraft etc.),
• solution of acquisition of a multisensor data (single computer or more computers, one acquisition software or different software for different sensors, synchronization etc.),
• providing the electric power,
• way of installation of the sensors,
• providing the positioning and orientation system, collection of the insolation data needed for
hyper-spectral imaging and GPS signals,
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•
•

navigation,
simple adaptation to different airborne platforms.
From aims of the project, a new requirements and constraints were put on the system sensors.
So the existing Duncantech MS3100 visible near-infrared (VNIR) camera and ImSpector V9
hyper-spectral (HS) line scanner are expanded with a Sony FCB-IX11AB color (RGB) camera,
a Flir Photon thermal infrared (TIR) camera and a Fuji FinePix S2 photographic camera (Fig. 2).

Figure 2. Sensors, interfaces, position, navigation
and timing system and control computer

Position and orientation system (POS) is built around a chosen MEMS iMAR iVRU-RSSC
unit that come with an integrated internal global positioning system (GPS) receiver and strapdown processor and is interfaced with a control computer of the acquisition system. POS provides position (latitude, longitude and altitude) and orientation (roll, pitch and yaw) and assures
synchronization of images and data from sensors (Šemanjski et al. 2008).
In comparison to a former developed system that used distributed control of sensors and
where operator should control imaging of each sensor by dedicated laptop computer separately,
the considered system reduce the workload of an operator during imaging by organizing the collection of images and data and control of POS unit using single desktop personal computer (PC).
Despite of the high processing performances of nowadays PC the huge quantities of data coming
from sensors requires that communication and storage components support high data throughput
and storage capacity.
Sensors and POS system are enclosed in a sensor pod developed during the technological
project (Fig. 3). The adjustment or change of sensors can be carried out by replacement of a
pod’s compartments. The remotely controlled door on the bottom side of the pod is closed during takeoff and landing and opened during the flight from the cabin. The pod is mounted on the
airborne platform using a simple adapter.

Airborne multisensor acquisition system and the sensor pod
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a

b

Figure 3. Sensor pod a) manufacturing sheet (Kičinbači 2007), b) mounted on a platform fixture

With simple adjustment of an adapting system a pod can be quickly mounted on several
available platforms, i.e. helicopter Bell 206 of the Croatian Air Forces and airplanes Cessna 172
and Piper PA-44 Seminole of the Faculty of Transport and Traffic Sciences, University of Zagreb
(Fig. 4).

a

b

Figure 4. Image acquisition system enclosed in a sensor pod and mounted on a) helicopter Bell 206 and
b) airplane Cessna 172R

Because a change of any element on an aircraft results in a change of its aerodynamics and
flying characteristics, the mounting of an acquisition system and sensor pod is treated as a modification of aircraft performances and is subject to the legal procedure of verification. For now a
helicopter Bell 206 is operational and used in imaging missions and verification procedure for a
Cessna 172 aircraft is in progress.
3

CONCLUSION

The team that worked in the project had experience and references from similar projects from the
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1998, and several of them even from 1992, on developing airborne imaging systems on different
platforms, airplanes An-2 and Cessna 172R and helicopters Mi-24, Mi-8MTV and Bell-206. The
most valuable experience was gained in the frame of the scientific project ARC. In ARC the multisensor system on board of the helicopter Bell-206 and used for the research of the humanitarian
demining has been developed. There were used three electro optical digital sensors, two acquisition computers, software for imagery acquisition and interpretation, digital moving map and
positioning of the platform by GPS receiver. The acquisition capacity was limited, workload of
the sensor operators was significant, imaging angles were controlled by gimbals and a lack of the
synchronization caused additional demands on the imagery and data processing. Based on these
facts a novel solution of the acquisition system has been designed and realized and significant
advancement in all aspects was achieved. Special attention was given to the sensor pod which
was designed and realized in a way that enables its quick installation on the standard fixtures
of the helicopters (Bell-206, MI-8) and airplanes (Cessna 172 R, Piper Seminole). The simple
adapter is needed for other types of the airborne platforms. This system starts its exploitation in
spring 2008 and its further use is expected too.
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Keywords:
ABSTRACT: An airborne multisensor system was developed and realized in the frame of the
project1 , its primary aim is to provide the airborne civil service of the reconnaissance and the
surveillance in the crises’ situations and the protection of environment. This is a multipurpose
airborne remote sensing system. Besides its primary role it will serve as the laboratory for the
research in different scientific disciplines too. The paper considers requirements, approaches
and experience of the identification and the calibration of the system. There are two reasons that
require the identification and the calibration of the system: first, to use full potential of applied
sensors; second, to provide set of the operational parameters that enable variety of the applications. The goal of the first case is to assess the relevant reference characteristics of used sensors
in the ideal conditions (single sensor, no processing, no movement, a well defined scene, no
transmission and the compression of the imagery). The available technical data for used sensors
are not complete, only basic information is available, and the calibration and identification serve
to provide the reference (ideal) characteristics of sensors. When implemented in the system, the
characteristics of the particular sensors will be degraded; the measure of the degradation will
serve as a criterion for the evaluation of the design of the system. For the second case (differ1 “System for the multisensor airborne reconnaissance and surveillance in the crisis situations and the
protection of environment“, TP-06/0007-01, supported by the Ministry of science, education and sports,
of the Republic of Croatia.
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ent applications of the system), it is necessary to identify and to calibrate the basic operational
characteristics of the whole system and not only of the isolated sensor in the ideal conditions.
When the basic operational characteristics of the airborne multisensor system were determined,
the estimation of their behavior is possible for changeable conditions. The considered airborne
multisensor acquisition system form the following subsystems: a) passive digital electro optical sensors, b) acquisition hardware, c) acquisition software, d) synchronization subsystem, e)
positioning and orientation subsystem, f) control of imaging angles for two sensors, g) radio
transmission of the selected imagery from the aerial platform to the ground, h) subsystem for
the navigation, i) moving map, j) subsystem for the automatic tracking of the aerial platform by
GPS – GSM. The most important feature of the considered system is its ability to parametrically
geocode images oving to data collected by inertial measuring unit and GPS and the use of the
software for the parametric geocoding (PARGE). In the system are applied following sensors: 1)
hyperspectral line scanner V9 that can work in sampling or in the imaging mode; 2) multispectral
camera MS-3100; 3) longwave infrared (thermal) camera Photon; 4) color video camera Sony
FCB-IX11AP; 5) digital photo color camera Fuji FinePix S2. A hyperspectral scanner V9 covers up to forty-five channels and the multispectral camera MS-3100 covers four channels in the
visible and the near infrared wavelengths. Thermovision camera Photon works in the long-wave
infrared range from 7.5 to 13.5 mm. Other two sensors cover red, green and blue channels in
the visible wavelengths. Calibration includes measurement of the modulation transfer function
(MTF), ground resolving distance (GRD), radiometric response for used channels (except for
V9), and spatial acuraccy. For the radiometric calibration is used target Spectralon SRT-MS-180
(LabSphere), for hyperspectral sensor is provided ground truth measurement by means of the
FieldSpec 3 Spectroradiometer (ASD), for Photon are used data of the temperature collected by
data loggers. Extensive calibration and identification was performed and the airborne multisensor system is now provided by a rich set of the characteristics.
1

INTRODUCTION

For the purposes of project2 an airborne multisensor system was developed and realized. Its
primary aim is to provide the airborne civil service of the reconnaissance and the surveillance in
the crises’ situations and the protection of environment. This is a multipurpose airborne remote
sensing system based on integration of several stand alone sensors. Besides its primary role in
reconnaissance and the surveillance, it will also serve as the laboratory for the research in different scientific disciplines too.

2 “System for the multisensor airborne reconnaissance and surveillance in the crisis situations and the
protection of environment“, TP-06/0007-01, supported by the Ministry of science, education and sports,
of the Republic of Croatia.
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2

AIRBORNE MULTISENSOR SYSTEM AND DUAL SENSOR SYSTEM ON
UNMANNED AERIAL VEHICLE

In this work are considered requirements, approaches and experience of the identification and
the calibration of the airborne multisensor imaging system, Fig. 1 and the dual sensor imaging
system used onboard of the light unmanned aerial vehicle (UAV) Fig. 2, that were realised in the
frame of the project [9] supported by the Croatian Ministry of the science, education and sports.

Figure 1. The advanced airborne system for the
multisensor reconnaissance and surveillance in
the pod installed on the helicopter Bell-206 of the
Croatian Air Forces, realised in the project [9]

Figure 2. The dual sensor installed in the pod on
the unmanned aerial vehicle (Pastor d.d.) advanced in the project [9]

In the system are applied following sensors: 1) the hyperspectral line scanner V9 that can work
in the sampling or in the imaging mode; 2) the multispectral camera MS-3100; 3) the longwave
infrared (thermal) camera Photon; 4) the digital video color camera Sony FCB-IX11AP; 5) the
digital photo color camera Fuji FinePix S2, Fig. 3. The hyperspectral scanner V9 covers up to
forty-five channels and the multispectral camera MS-3100 covers four channels in the visible
and the near infrared wavelengths. Thermovision camera Photon works in the longwave infrared
range from 7.5 to 13.5 mm. Other two sensors cover red, green and blue channels in the visible
wavelengths.

Figure 3. The set of five electro-optical digital sensors of the
system shown on Fig. 1. The system on UAV contains the video
color camera Sony FCB-IX11AP and the thermovision camera
Photon.
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3

PRELIMINARY DATA COLLECTED FOR THE TESTING AND CALIBRATION

The testing and calibration was a very intensive part of the project [9], where a lot of data was
collected and the processing and analysis are under way. Examples are shown from Fig. 4. to Fig.
9. The black and white test bars were used for the assessment of the modulation transfer function
(MTF) [2], [3], [4], [8], [1] of the sensors in the visible wavelengths, Fig. 4.

a

b

c

d

Figure 4. For the assessment of the modulation transfer function (MTF) were used the test bars: a) fixed
testbars at the airport Lučko, b) two different test bars used for static testin of the sensors at premisses
Faculty of Geodesy University of Zagreb, c) profile of acquired image above (dynamic) d) profile of acquired image above (static), [2], [3].

Different kinds of images are shown at Fig. 5, the MTF is analyzed for each channel of the
images. The hyper-spectral images are acquired by the scanner V9, processed by the software
developed in Matlab in the frame of the project [9] and parametrically geocoded by the software
PARGE, [11]. Example of the subset of the south – eastern part of the of the hyperspectral image of lake Jarun is shown on Fig. 6a, small part of the Sava river is visible too. The spectral
response was measured in situ (from the boat) at ten locations on the water of the Jarun lake, Fig.
6b. The coefficients of the reflection of the Jarun lake and the Sava river were measured on the
hyperspectral images acquired by the system shown at Fig. 1, and are shown at Fig. 8, [9] . The
difference is obvious.
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a
b

c

Figure 5. Examples of the images obtained by a) digital color photo camera, b) by the multispectral camera , c) by the long wave infrared (thermal) camera. All images are acquired over the lake Jarun, Zagreb,
June 16, 2008 [9].

a

b

Figure 6. a) Subset of the forty-five channels of hyperspectral image (channels 45, 20 and 1 are shown as
red, green and blue) of the lake Jarun and the Sava river, Zagreb, b) spectral response measured “in situ”,
from the boat [9]. The upper left part shows the water of the Jarun lake, while the lower right shows the
water of the Sava river.

The radiometric quality of the imaging system is very important for all sensors. The mathematical models will be derived for the transformation of the digital numbers (DNs) of the pixels
into the coefficients of the reflection, for this purpose is used Spectralon reflectance target [6],
see example at Fig. 7 and the calibration data at Fig. 9 of the SRT-MS180 used in the project [9].
For all sensors, geometrical calibration will also be done. For that purposes calibration field
of 24 points was designed and measured on the airport Lučko. Initial elements for interior orien-
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tation will be determined in process of self calibration. Also, elements of distortion for used lens
will be determined. Elements for interior orientation can be used for measuring some images,
and achieving geospatial information’s on pictured elements of any kind. Since geometrical calibration is primary used for sensors used in photogrammetry it will be interested to see what is
happening with sensors of unusually design (for example, MS 3000 has three sensors, with beam
splitter) from photogrammetric aspect.

a

b

c

d

Figure 7. Calibration of the radiometry of different sensors by reflectance standard Spectralon [6]: a)
helicopter hovers over the Spectralon target for the initial calibration of the sensors before and after the
acquisition flight, b) Spectralon target, c), [12] profile of the response, [9] d) 3D profile of the response

The calibration of the thermal imagery is a bit complicated due to difficulty to provide relevant data about the emissivity. This is a consequence that the only longwave infrared data
were collected; in the future we should provide a shortwave sensor and avoid this problem.
Nevertheles we have collected data about the kinematic temperature of the selected objects and
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of simulated fire and by this approach estimated emissivity. Due to limited amount of data this
activity should continue.

b

a

Figure 8. The coefficient of the reflection measured on the hyperspectral images of the a) water of Jarun
lake, b) Sava river

Figure 9. The calibration data of the Spectralon
target SRT-MS-180, [6], that we use in the project
[9]

Figure 10. Test field for geometrical calibration of
sensors on the airoport Lučko
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4

IDENTIFICATION OF THE IMAGES QUALITY BY JOHNSON’S CRITERIA, IQM
AND NIIRS

The airborne multisensor system shown Fig. 1 is aimed for use in different applications and
conditions. Therefore it is important to know or estimate its operational characteristics and the
parameters. The identification of the operational features of the system is presented in [7] and
was made by use of the following criteria: Johnson criteria, ([3], pp. 317- 319), NIIRS – the
national imagery interpretability rating scale [5] and the the Image Quality Measure (IQM) [10].
The simulation model for the assessment and estimation of the range of the operational parameters of the airborne reconnaissance and the surveillance system is developed [8] and is used in
the project [9].
5

CONCLUSIONS

After whole process of calibration and identification will be made, airborne multisensor system
and dual sensor for unmanned airborne vehicle will be completely coverage with operational
data needed for successful planning for using those two systems. Also, data for calibration will
be regularly collected, so all determined elements of all specified calibrations will be monitored
during longer period of time.
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ABSTRACT: This article describes the research and the activities undertaken in the last ten years
(1998-2008) on the development of a civilian airborne system for reconnaissance and surveillance. The development started as part of the postgraduate program at the Faculty of Transport
and Traffic Sciences, University of Zagreb. The aim was to build a multipurpose airborne laboratory for remote sensing research. The initial system consisted of a consumer television camera
enclosed in a remote controlled gimbal, mounted on a light aircraft. This image acquisition
system was enhanced with a visible/near infrared camera and a hyper-spectral scanner, during
the scientific projects funded by the European Commission Airborne Minefield Area ReduCtion
(ARC) and Space and airborne Mined Area Reduction Tools (SMART), aimed on a mine suspected area reduction. The thermal infrared camera and the positioning and orientation system,
all installed in an adjustable pod to be mounted on different aircraft and helicopter platforms,
were added during a project aimed specifically on airborne multisensor reconnaissance and surveillance in crisis situations and the protection of the environment funded by the Ministry of Science, Education and Sports of the Republic of Croatia. Today the developed airborne multisensor
acquisition system is operational and ready to acquire images and data in the current minefield
reduction and environment protection projects.
INTRODUCTION
In 1998 the development of the civilian airborne multisensor reconnaissance and surveillance
system at the Faculty of Transport and Traffic Sciences, University of Zagreb, Croatia, was
started as a part of the postgraduate program. The goal was to develop a multipurpose airborne
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laboratory for remote sensing research, providing more than just the analysis and control of traffic flows and transport infrastructure (Bajić & Gold 1998, Bajić et al. 1999). The concept was
based on the modular design of the system with off-the-shelf components, i.e. sensors, computing components and was integrated by the members of the laboratory. In this way functionality
of the system can be adapted to a particular mission. One of the goals, from the beginning of the
project, was that the system should be available to all interested subjects at the University, to
research institutes and other users, all on a non-profit basis.
After this first step the development continued under the financial support of the European
Commission (EC) 5th Framework Programme, through technological projects “Airborne Minefield Area ReduCtion - ARC” and “Space and airborne Mined Area Reduction Tools - SMART“
and the complete attention and efforts were focused on the needs of the humanitarian demining
from 2000 to 2004 (EC 2001a, EC 2001b).
In 2005, with the goal to enhance the available system with a wider range of sensors and
improved operational characteristics for reconnaissance and surveillance used in crisis situations
and the protection of the environment, the national project for multisensor system was prepared
and submitted to the Ministry of Science, Education and Sports of the Republic of Croatia in the
year 2006. Project proposal was accepted at the beginning of 2007 and a technological project
named “System for the multisensor airborne reconnaissance and surveillance in the crisis and
the protection of environment“, TP-06/0007-01, was realised during 2007 and 2008 (Fiedler et
al. 2007). The results of this technological project served as a starting point of a project, which is
continuing former efforts in the domain of the humanitarian mine action and a new application
for a developed system that is the reconnaissance and surveillance of the oil spills on the sea,
monitoring of the quality of the open waters for the diagnosis of the vegetation’s health.
Today, in 2008, the system is equipped with the sensors for visible, near and thermal longwave infrared imaging as well as with the sensor for hyper-spectral imaging. The position of
sensors needed in processing of images is provided by the positional system comprised of a
global positioning system receiver and an inertial measurement unit. Sensors are in a pod that
can be quickly mounted on several airborne platforms. The system is applied in the minefield
area reduction project “Deployment of the Decision Support System for Mine Suspected Area
Reduction” funded by the International Trust Fund for Demining and Mine Victims Assistance
(ITF 2008).
2

BEGINNING AT THE FACULTY OF TRANSPORT AND TRAFFIC SCIENCES
UNIVERSITY OF ZAGREB

In 1998 at the Faculty of Transport and Traffic Sciences all prerequisites to develop the multipurpose airborne laboratory for remote sensing research were achieved. The airborne remote sensing progressively found its usage increasing in the transport and traffic analysis and control, e.g.
airborne analysis of traffic flow dynamic, congestion analysis in urban areas, analysis of traffic
pollution impact on the status of environment, etc.
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a

b

Figure 1. Airborne image acquisition system a) on Cessna 172R aircraft with b) remote gimbal control; in
1998

The course “Remote sensing and air- spaceborne electronic reconnaissance“ mostly followed
by former alumni students of the aeronautical department, professional pilots and potential operators of the system, was introduced into the postgraduate program. Since the Faculty has a fleet
of Cessna 172-R aircrafts used for the education of pilots and are equipped with the sophisticated
navigational equipment, the developed system aimed to support the course, was based on this
platform. The image acquisition system initially comprised of a Sharp View Cam VL-H420S and
later a Sony Hi8 video camera enclosed in a remotely controlled gimbal mounted on the aircraft
with the ability to rotate the imaging sensor in a vertical and horizontal plane (Fig. 1).
Several flights have been done to test the system, to train operators for mission plan¬ning
and surveying, and to improve the coordination between the pilots and operators. Suitability
of remote sensing software, the methods of image interpretation and the data fusion of the collected data were tested (Šemanjski et al. 1999). To make the acquisition system operational in
the field, the system resolution, the effects of the platform’s disturbances and vibrations on the
aerial images and characteristics of airborne reconnaissance with digital electro-optical sensors
were being analyzed (Franjković et al. 2001). Georeferencing and geocoding of airborne images
on the satellite image and classification of objects in an urban traffic area by different classification methods were some of the first results of the application of the system (Vidušić et al. 2001).
3

AIRBORNE REMOTE SENSING APPLICATION IN THE HUMANITARIAN
MINE ACTION

From the beginning the ability to use the airborne multisensor system for the research in other
fields was recognised, particularly for humanitarian mine action and demining, i.e. determining
the status of vegetation and objects on the mine polluted areas (Bajić & Babić 1998).
The contamination of landmines is an enormous problem for many countries around the
world, and in Croatia the situation was extremely difficult. According to the United Nations
Mine Action Centre Croatia data from 1996, there was 13000 km2 of mine suspected area in
Croatia. Croatian Mine Action Centre (CROMAC, Croatian acronym: HCR), established in
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1998, improved the assessment of the mine suspected area. At that time the mine suspected area
covered 6000 km2 or 10.5% of Croatian national territory. The available demining technology
was dominated by the manual mine clearing (average capacity for deminer is 45 m2 per working
day) and thus it was not possible to clear minefields in a reasonable time span. The recognition of
the demands for the suspected area reduction was straightforward; in addition, world experience
showed that minefields occupy less than 30 % of the suspected area.
From 1998 to 2005, this challenge to develop airborne remote sensing was recognised and
resulted in further development of the concept of the dedicated airborne remote sensing system.
The new wider frame, for this phase of development, was introduced when the Scientific Committee of the Croatian Mine Action Centre was established. The harmonised efforts of Croatian
scientists, demining experts, staff of Croatian Air Forces and Croatian Army experienced in airborne reconnaissance and surveillance, were aiming towards the reduction of the mine suspected
area. The Croatian mine contamination problem was presented in many papers, together with
challenges for the airborne remote sensing application (Bajić 1999a, Bajić 1999b, Bajić 2000).
These efforts resulted in the invitation to participate in scientific projects supported by the
European Commission Airborne Minefield Area ReduCtion - ARC (EC 2001a) and Space and
airborne Mined Area Reduction Tools – SMART (EC 2001b). The members of the Croatian
teams taking part in these projects were from the University of Zagreb (Faculty of Geodesy,
Faculty of Transport and Traffic Sciences, Faculty of Forestry, Faculty of Agronomy, Faculty
of Electrical Engineering and Computing), Croatian Air Forces, Croatian Army, Croatian Mine
Action Centre, HCR Centre for Testing, Development and Training Ltd., Terafirma Ltd., Doking
Ltd. and others.
The findings of these projects developed and implemented the airborne multisensor remote
sensing system comprised of a multispectral visible/near infrared (VNIR) high resolution camera
Duncantech MS-3100, a hyper-spectral line scanner (HSLS) ImSpector V9 and a thermal infrared camera AGEMA THV1000 that used the helicopter Bell-206 as a platform. For navigational
aid and enhancement of situational awareness during imaging, a pilot, copilot and operator(s) are
included in the navigational loop through the use of a global positioning system (GPS) receiver
and moving map on which a planned aircraft route and an actual location of airborne platform
are displayed (Fig. 2).

a

b

Figure 2. Image acquisition system a) on a Bell 206 helicopter and b) moving map in cockpit; in 2002

404

M. Bajić, T. Fiedler, D. Gajski & H. Gold

Results of EC projects give valuable support to mine experts and managers in decision making about the activities in the mine contaminated areas (Matić 2005, Pernar et al. 2005, Laura
et al. 2004, Bajić et al. 2008). To obtain measurable and effective results the SMART project
accentuates the role of the mined scene interpreters and their training. Cooperation in ARC and
SMART brought out the experience and practice, a trained team, the multisensor and contextual
data, software systems, digital sensors and acquisition systems.
4

AIRBORNE MULTISENSOR RECONNAISSANCE AND SURVEILLANCE IN
CRISIS SITUATIONS AND THE PROTECTION OF THE ENVIRONMENT

After the ARC and SMART projects ended, the preparations were started for a new project aiming to develop and to realise the system for the airborne multisensor reconnaissance and surveillance in crisis situations and the protection of the environment. Development of the concept
started in the year 2004, and since 2007 the project is supported by the Croatian Ministry of the
Science, Education and Sports; partners in the project are Faculty of Geodesy and Faculty of
Transport and Traffic Sciences University of Zagreb, HCR Centre for Testing, Development and
Training Ltd. and Pastor Group (Fiedler et al. 2007).
The project has several goals and covers the needs of the forest fire control, detection and
mapping of oil spills pollution, open waters quality monitoring and forest decline assessment.
To cope with the planned goals, new sensors, i.e. a high resolution colour (RGB) camera Sony
FCB-IX11AP positioned in a gimbal for search activities, a long-wave infrared (TIR) camera
Flir System Photon, primarily used for fire detection and surveillance, and a digital photo colour
camera Fuji FinePix S2, were added to the existing system of VNIR camera and HSLS scanner.
The positioning and orientation of sensors by measurements of the position, roll, pitch and heading are obtained by a system comprised of GPS receiver and an inertial measurement unit (IMU)
(Šemanjski et al. 2008). To enable the accommodation of the sensors and orientation system, a
moving opening was designed for the pod. This pod with simple modification can be quickly
mounted on a different aircraft and helicopter platforms (Fig. 3).

a

b

Figure 3. Image acquisition system a) enclosed in sensor pod and b) mounted on a Bell 206 helicopter; in
2008
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One of the most important outputs of the project is the operational hyper-spectral system that
produces ninety-five channels of different spectral values. Quantification of detected objects and
phenomena are enabled in near real time through the use of software for direct georeferencing
and parametric geocoding of images. An example of a hyper-spectral imaging application in
analysis of traffic pollution and vegetation monitoring along a highway is shown in Fig. 4.

Figure 4. Hyper-spectral imaging in analysis of
road traffic pollution and vegetation monitoring

Imaging of flammable solids and liquids, river and lake waters were performed during several airborne campaigns. Valuable information on the characteristics of mentioned phenomena
was gathered by the interpretation of collected and processed images. Image interpretation was
done by subjective interpretation and by using related software packages. This developed and
integrated a multispectral imaging system, which combines information from five sensors which
total more than fifty different spectral channels, providing the scene interpreter and analyst with
a powerful tool in scene analysis of critical situations and protection of the environment.
5

APPLICATION OF DATA FUSION METHODOLOGY IN DECISION SUPPORT
SYSTEM

In 2008, the International Trust Fund for Demining and Mine Victims Assistance (ITF), from
Ig, Slovenia, funded another project for humanitarian demining needs titled “Deployment of the
Decision Support System for Mine Suspected Area Reduction” (ITF 2008). The main goal of this
project is the application of the data fusion methodology by the employment of generic SMART
methodology in the decision support system for mine suspected area reduction. To assist a mine action expert in decision making on the basis of data fusion, the methodology needs data from different sources, i.e. airborne collected images and data, geospatial data and maps, specific contextual
data and expert system knowledge (Krtalić 2006) as shown in Fig. 5.
Data processing and data fusion based on anomaly detection and fuzzy logic are used to provide
classification of areas and objects collected during imaging and derive indicators of mine presence
and mine absence, and suspected locations of military objects, e.g. trenches, bunkers, destroyed
military vehicles, or the status of land use, e.g. agricultural areas that are no longer in use (Fig. 6).
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Figure 5. Decision Support
System and data sources for
mine suspected area reduction
based on data processing and
fusion methodology

a

b

Figure 6 a) Destroyed military vehicle as a mine presence indicator and b) part of mountainous mine suspected area

In the project, a fraction of the airborne campaign is focused on the parts of suspected areas
that are not accessible on the ground for mine clearance and demining machines, as are mainly
forested and mountainous areas where only airborne surveys can provide the necessary data
(Bajić & Gold 2002).
6

CONCLUSION

From the idea to develop an airborne multisensor system aimed to support remote sensing research at the University of Zagreb in 1998, to the operational image acquisition system for image
and data collection in forested and mountainous areas in 2008, several upgrades of the system
were realised. Upgrades were primarily initiated by the goals and requirements of former and
present projects oriented on airborne activities in a minefield area reduction, reconnaissance
and surveillance in crisis situations and protection of the environment. Projects have brought
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new sensors, positioning and orientation devices and acquisition hardware and software to the
system.
Today, in 2008, the multipurpose airborne system consists of a multispectral visible/near
infrared high resolution camera, a hyper-spectral line scanner, a thermal longwave infrared camera, a high resolution colour camera and a digital photo colour camera. All sensors are remotely
controlled and measurements of the position and orientation of sensors are assured by the GPS/
IMU system. Commercial and open source remote sensing and geospatial software packages
and proper algorithms and programs are used for image processing and interpretation. To obtain
employable data during a flight, pilot and operator collaboration is encouraged and complete
preparation of both pilot and operator is obligatory before a mission. The training of a photo
interpreter is ongoing.
One of particular the features of this work in the past ten years is the increase in the number of
participants and institutions that collaborated on different aspects of our airborne remote sensing
projects. This article shows that first initiative from 1998 has evolved in operational multisensor
system in 2008.
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