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Foreword

During the last two decades, interest in forest fire research has grown steadily, as more and more
local and global impacts of burning are being identified. The definition of fire regimes as well as
the identification of factors explaining spatial and temporal variations in these fire characteristics
are recently hot fields of research. Changes in these fire regimes have important social and
ecological implications. Whether these changes are mainly caused by land use or climate
warming, greater efforts are demanded to manage forest fires at different temporal and spatial

scales.

The European Association of Remote Sensing Laboratories (EARSeL)’s Special Interest Group
(SIG) on Forest Fires was created in 1995, following the initiative of several researchers
studying Mediterranean fires in Europe. It has promoted five technical meetings and several
specialised publications since then, and represents one of the most active groups within the
EARSeL. The SIG has tried to foster interaction among scientists and managers who are
interested in using remote sensing data and techniques to improve the traditional methods of fire

risk estimation and the assessment of fire effect.

The aim of the 6th international workshop is to analyze the operational use of remote sensing in
forest fire management, bringing together scientists and fire managers to promote the
development of methods that may better serve the operational community. This idea clearly links
with international programmes of a similar scope, such as the Global Monitoring for
Environment and Security (GMES) and the Global Observation of Forest Cover/Land Dynamics
(GOFC-GOLD) who, together with the Joint Research Center of the European Union sponsor

this event.

Finally, I would like to thank the local organisers for the considerable lengths they have gone to
in order to put this material together, and take care of all the details that the organization of this

event requires.

Emilio Chuvieco
Forest Fire SIG Chairman
Alcala de Henares (Spain), July, 2007
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Grand Challenges in Wildland Fire Technology and Management

Stephen R. Yool, Ph.D., Associate Professor
The University of Arizona Tucson, AZ 85721, yools@email.arizona.edu

Keywords: Wildland Fire, Remote Sensing, GIS, Decision Support System

ABSTRACT: Will the global community promote actively the alliances between the natural and social sciences
required to manage wildland fire effectively? We must to achieve this alliance integrate fire, climate and society
variables. Meeting grand challenges in remote sensing and geographic information science (GIS) define first steps
toward wildland fire management. The grandest challenge of all is, however, integrated decision support that
empowers people and fire to co-exist, thus stabilize atmospheric processes and benefit from the renewal fire brings
to natural systems. A Fire-Climate-Society (FCS) prototype uses the Analytical Hierarchy Process (AHP) to bring
together suites of fire probability variables (e.g., fuel moistures; lightning and human ignition probabilities) and
societal values at risk (e.g., property; recreation; endangered species). Resulting maps create consensus on high
priority fuel treatment areas.

1 THE PREHISTORY OF GLOBAL FIRE

There was no intent by early humans to limit fire; it was a natural part of living. Nomadic agrarians laid
down a pattern of surface fire wherever they traveled. Early societies thus joined a fire cycle that
sustained them and their fire-adapted habitats (Pyne, 2001). Fire promoted a natural biodiversity (Wright
and Bailey, 1982). Climate always played a key role: Precipitation promoted production of fine grass
fuels. Ignited seasonally by lightning storms, dry grasslands carried surface fires across planetary prairies,
from the lowlands into the mountains. It was by fire that landscapes were renewed yearly (Figure 1).

Figure 1. A ‘creeping’ surface fire reduces surface fuels, recycles nutrients and maintains open, healthy conditions
(Source.: U.S. Forest Service).

Fire has engineered Earth’s complex of plants and animals, creating a rich biotic mosaic. Early humans
used fire for cropping, cooking, warmth, and companionship (we still do, over much of the world). The
air was hazy because there was always fire on the land. Frequent fire kept forests open and healthy
(Figure 2a).

Figure 2a. Flagstaff, Arizona, about 1909. Open, park-like conditions prevail before fire suppression increased
stand densities (Source: U.S. Forest Service).



Figure 2b. Flagstaff, Arizona today. Fire suppression has produced dense ‘doghair’ thickets, increasing the crown
fire hazard (Source: U.S. Forest Service).

Modern humans have modified the natural cycle of fire. Grazing, fire suppression and land use change
have altered fire regimes, producing overstocked conditions (Figure 2b). Climate change--the prospect of
greater climate variability, stronger rains and deeper droughts---today forces fierce fires that threaten
overstocked ecosystems on a grand scale (Westerling et al. 2006; Kitzberger et al. 2006). As keepers of
the flame, humans are now responsible solely for the survival of fire-starved ecosystems. While many
believe in fire and forest restoration, no one knows yet how best to rekindle this cycle of renewal.
Technology may be the answer; but what is the question?

1.1 The Grandest Challenge

The grandest challenge to wildland fire technology and management is this question: Will human
societies on our planet promote actively the alliances between the natural and social sciences required to
co-exist with wildland fire? Climate and society are resonating themes in wildland fire today. I believe we
must unify these themes to return the cycle of fire, which implies fire and society must evolve together.
Maps are key to such unification. I describe here advances in wildland fire technology using satellite
remote sensing, assessing the diversity of studies on immediate and long term fire hazards: I frame
wildland fire hazards in a global context. The bulk of this paper then reviews fire mapping science
(remote sensing principles; sensor systems; methods to map fire hazards). The paper ends by introducing
a decision support system that integrates fire, climate and society for the purposes of fire hazard education
and management. I choose the term ‘wildland fire’ (or just ‘fire”) to mean undeveloped landscapes—but I
note hastily we are seeing increasing urbanization of formerly wild areas, thus growth of wildland-urban
intermix areas that inevitably link fire and society. I address this issue throughout the paper, starting with
the global context of fire.

2 THE GLOBAL CONTEXT OF WILDLAND FIRE

Fire has always been an integral part of land use and culture around the world. Earth Scientists are placing
greater emphasis on obtaining more accurate assessments of emissions from biomass burning, both
natural and intentional (Kasischke et al. 2005; Kasischke and Penner 2004). (Biomass is the weight per
unit area of vegetative material, living or dead.) Remote sensing of vegetative fuels, active fires and burn
scars enables improved assessments and facilitates study of short and long term fire effects from fine to
broad spatial scales.

2.1 The Fire Feedback Cycle and Atmospheric Warming

Forest fires, brush fires, and slash and burn agriculture—all varieties of biomass burning—are a
significant force of environmental change from local to global scales: While fires shape ecosystems such
as the boreal forest (Canada, Alaska, and Russia) and chaparral (Southern California) naturally, fires are
simultaneously a major force in climate change, emitting greenhouse gases and particulates into the
atmosphere. Fire emissions likely contributed to the 0.5° Celsius increase in the Earth's average surface
temperature over the past 100 years. Earth system scientists are thus concerned increasingly about
wildland fire contributions to greenhouse gas emissions. Emissions promote formation of polluted clouds
that affect Earth's radiant energy budget (heat and sunlight), influencing climate on regional and global
scales. Though current global estimates of gas and particulate emissions from biomass burning vary
significantly, global circulation models predict atmospheric warming will be most evident in the northern
circumpolar regions (Shugart et al., 1992). Wildland fire may in fact be the most important large-scale
driver in changing the taiga under climatic warming conditions (Fosberg, 1996). Forecast increases in
severe droughts in a 2xCO2 atmosphere suggests fire regimes will change significantly, and may prompt
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an escalating fire feedback cycle (Kurz et al., 1994): Increasingly longer fire seasons will spur
increasingly large, high-intensity fires until a new climate-vegetation-fire equilibrium is reached
(Westerling et al 2006).

2.2 Fire Hazards without Boundaries

Wildland fires know no boundaries; fire is a lousy botanist: The capacity of fire to range unchecked over
geopolitical lines, threaten rare species, delimit different cultures and management priorities draws global
attention, and concern. In addition to catastrophic economic consequences, global fire can be devastating
personally, claiming lives and property, fouling airsheds, precipitating floods and landslides. We have
witnessed over the last decades major firestorms around the world: Recent global ‘hot spots’ include
Indonesia, Brazil, Russia, Canada, and the United States. Satellite technology is being deployed
increasingly to monitor active fires globally: The experimental Wildfire Automated Biomass Burning
Algorithm (WFABBA) generates from the National Oceanic and Atmospheric Administration (NOAA)
Geostationary Orbiting Environmental Satellite (GOES) half-hourly active fire images for the Western
Hemisphere. WFABBA images are typically available within 90 minutes of satellite overpass. WFABBA
products combine GOES data with a landcover map produced from ~lkm resolution NOAA Advanced
Very High Resolution Radiometer (AVHRR); fires the WFABBA detects in GOES data are
superimposed on the AVHRR product (http://cimss.ssec.wisc.edu/goes/burn/wfabba.html).

2.3 Forest Fire Suppression: A Global Culture

Consider Earth’s vast boreal forests: Boreal forests and other wooded land within the boreal zone span
about 1.2 billion hectares. Approximately 920 million boreal hectares are closed forest--about 29% of the
worlds total forest area and 73% of coniferous forest on the planet (Economy Commission for
Europe/Food and Agricultural Organization of the United Nations, ECE/FAO 1985). The value of forest
products exported from boreal forests is roughly 47% of the world total (Kuusela 1990, 1992), hence an
economic incentive to suppress fires.

Forest fire suppression is a global culture. Humans have for example mostly eliminated fire in Western
Eurasia. Average annual area burned in Norway, Sweden and Finland is less than 4,000 hectares. Despite
suppression--and indeed because of it--increasingly larger fires scorch the Earth—until stopped by
weather. Major Eurasian wildland fires burn freely in the territory of the Russian Federation and other
countries of the Commonwealth of Independent States. Burn scar maps derived from satellite data show
that during the 1987 fire season, for example, approximately 14.5 million hectares were burned (Cahoon
et al., 1994). In the same fire season about 1.3 million hectares of forests burned in the montane-boreal
forests of Northeast China (Goldammer and Di 1990; Cahoon et al. 1991). Fires in boreal North America
in the past decade burned an average 1-5 million hectares per year. An exceptional year was 1987: 7.4
million hectares of forests were burned in Canada (Fire Research Campaign Asia-North, FIRESCAN
Science Team 1994).

3 ASSESSING GLOBAL FIRE HAZARDS WITH FIRE MAPPING SCIENCE

The Food and Agricultural Organization of the United Nations (FAO) concluded the following in their
2001 world congress:

‘...the continued high annual rate of loss of tropical forest cover and outbreak of major wildfires over the
past decade, in contrast to increased plantation development, successes in sustainable forest management
and increases in protected areas show a complex picture of the past and possible future of the world's
forests and mankind's interaction with them. Future global assessments should strive to improve both the
accuracy and depth of the information provided by increasing country capacity, developing worldwide
assessment standards and encouraging the development of a global forest survey system. Decision-makers
must be fully involved in defining future information needs that will address their questions and concerns
about the state and rate of change of the world's forests.” (FAO, 2001, supp. 1)

Patterns and dynamics of wildland fire across space and time are key information targets for the
geography of fire. Geographers studying fire hazards use maps as their principal media of
communication. Given the integrative nature of geography as a discipline, the geography of fire should,
as we shall read, act to unify human and physical factors underlying the hazard map. Geospatial
information technologies such as remote sensing and geographic information systems (GIS) are key tools
for mapping fire hazards from local to global scales (Ahern et al. 2001). From ecologists interested in fire
regimes, to earth systems scientists monitoring fire-related carbon fluxes to the atmosphere, to
geographers investigating the spatial patterns of fire, there is always demand for geospatial methods that,
when powered by human intellect, can coax refined information from raw data. This practice promotes
exchange, replication and extension of scientific findings.
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3.1 Remote Sensing: A Key Technology in Fire Mapping Science

Remote sensing has over the past quarter century facilitated mapping and analysis of planetary resources
(Townshend et al. 1991). Space-based images are now considered essential to global studies of land
surface processes (Pinker 1990). Use of remote sensing for fire hazard assessments is based on the
reflectance behaviors of vegetative fuels (Figure 3).

Figure 3. The spectrum of vegetative fuels: The visible, near-infrared and shortwave infrared portion of
electromagnetic spectrum define the spectral response pattern of green vegetation: Absorption by leaf pigments
(chiefly chlorophyll) controls reflectance in the ‘visible’ portion of the spectrum (0.4um-0.7um). Internal leaf
structure mediates reflectance in the near-infrared portion of the spectrum. Leaf water content controls reflectance
in the shortwave infrared, producing peaks in this graph at about 1.7um and 2.2um. The ‘valleys’ in the shortwave
infrared represent absorption of energy in these wavelengths, chiefly by water vapor in the atmosphere (Source:
Jensen, 2000).
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Figure 4. This Landsat Thematic Mapper image collected after the Cerro Grande Fire (May-June, 2000, Jemez
Mountains and Los Alamos, New Mexico) enhances the classic ‘signature’ of a fire scar. This image was enhanced
by computer processing to show fire-induced changes in the visible and near-infrared portions of the spectrum. The
enhancement algorithm is the normalized difference burn ratio (Key and Benson, 2005). Unburned areas retain
their bright tones, due chiefly to high near-infrared reflectance. Dark, burned areas are outlined to help visualize
the extent of this ~19,000 hectare fire (Source: Author).
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Healthy vegetation produces low reflectance in the blue and red chlorophyll absorption wavelengths and
high reflectance in the near-infrared (Gates et al., 1965). The Normalized Difference Vegetation Index
(NDVI: (Red — Near Infrared/Red + Near Infrared)) exploits this behavior and is used extensively to
monitor global vegetation condition. Except for modest increases in the blue and red wavelengths due to
destruction of chlorophyll, fire generally decreases reflectance across this portion of the spectrum,
producing images bearing dark ‘scars.” (Note however very hot fires produce light ash rather than dark



ash.) Computer enhancement of remotely sensed data can reveal spatial patterns of scarring following a
fire (Figure 4).

3.2 Remote Sensing Systems for Fire Hazard Assessment

Fire is a keystone surface process: the presence (or absence) of fire can drive a large number of
biophysical processes that act at different scales of space and time; fire influences the ecological
composition, physical structure and functioning of landscapes far more than its abundance would suggest.
Image data bases, such as those produced from the Landsat Multi-Spectral Scanner (MSS, 80m), Landsat
Thematic Mapper (TM, 30m), Landsat Enhanced Thematic Mapper (ETM, 30m), French Systeme Pour
I'Observation de la Terre (SPOT, 20m), Advanced Visible Infrared Imaging Spectrometer (AVIRIS,
20m), Advanced Very High Resolution Radiometer (AVHRR, 1km), and Geostationary Orbiting
Environmental Satellite (GOES, 8km) have, among others, assessed fires at a rich diversity of spatial and
temporal scales (Chuvieco 2003). Readers interested in how the AVHRR has for example contributed to
fire assessments in the United States should consult the Wildfire Assessment System (WFAS,
http://www fs.fed.us/land/wfas/). The WFAS produces national maps of selected fire weather and fire
danger components of the U.S. National Fire Danger Rating System (NFDRS).

But there are inevitable tradeoffs in remote sensing between spatial and temporal resolution: The Landsat
ETM, for example, ‘images’ a ground area approximately the size of a baseball infield--but only roughly
every two weeks. The AVHRR, in contrast, ‘paints’ the world twice daily--albeit with a comparatively
broad 1km2 ‘brush.” The SPOT has cross-track pointing; enabling revisits every 3-4 days (based on two
pointable sensors in orbit simultaneously). The new generation of remote sensors carries enhanced
resolutions: Commercial IKONOS and Quickbird satellites capture data finer than 5m2 --but as a result
cannot be everywhere all the time. The National Aeronautics and Space Administration (NASA) orbits
several experimental systems, including the Advanced Spaceborne Thermal Emissions and Reflection
Radiometer (ASTER, 15m-30m-90m) and Moderate Resolution Spectroradiometer (MODIS, 250m-
500m-1000m). MODIS and ASTER have for example delivered near-real time images of active fires
(Figures 5-8). MODIS updates daily, ASTER, roughly every two weeks. All these remote sensing
instruments carry the spectral resolution to ‘see’ vegetation--the red and the near-infrared wavelengths
(Figure 3).

Figure 5. NASA MODIS images human-set cropping fires in Sierra Leone, West Africa, April 4,2004.
htip.//eob.gsfc.nasa.gov/Newsroom/Newlmages/Images/WestAfiica2.A2004095.1410.250m.jpg

#S.

Figure 6. NASA ASTER captures the Old Fire/Grand Prix fire, October 26, 2003. The fire is burning on both sides
of Interstate Highway 15 in the San Bernardino Mountains 80 km east of Los Angeles, California.
http://asterweb.jpl.nasa.gov/gallery/images/sanberdofire jpg




Figure 7. Thousands of fires burning in Southeast Asia were covering the region with a pall of smoke when this
MODIS image was captured by the NASA Aqua satellite on March 27, 2004. While cropping fires like these are not
imminently hazardous large-scale burning can have a strong impact on weather, climate, human health, and natural
resources. hilp.//earthobservatory.nasa.gov/NaturalHazards/natural_hazards v2.php3?img_id=12034
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Figure 8. A wind-driven forest fire burns out oj; control in central Portugal on March 27, 2004, prompting
evacuations. Hundreds of firefighters fought the fire, which reportedly broke out in a eucalyptus grove.

ov/NaturalHazards/natural_hazards_v2.php3?img_id=12042
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3.3 Pre-fire Fuels Assessments

A spatial description of wildland fuels is essential to assessing fire hazard across a landscape. Many
agencies strive to inventory, categorize, and map wildland fuels (Chuvieco and Congalton, 1989). These
inventories contribute also to timber resource, watershed, and wildlife management. Several strategies
have been used to map fuels: Before the advent of remote sensing, fuels maps had to be developed
through extensive fieldwork. Most fuels projects today map spatial complexity of fuels indirectly,
assigning fuel biophysical characteristics to vegetation maps derived from remotely sensed data (Burgan
et al.,, 1998). Vegetation-based fuels maps can thus be derived from satellite data (Figure 9). Due to
potential spectral similarities among vegetation classes (e.g., pine vs. mixed conifer), however, collateral
non-image data such as elevation and aspect can be combined with spectral data to improve vegetation
classification accuracies (Strahler et al. 1978). Differences in fuel load between plots within a single
vegetation type can vary depending on structural stage class (e.g., open or closed overstory canopy, and
dense or sparsely vegetated understory, Keane et al., 2000) that may be controlled by disturbance history,
soils, and/or moisture availability. Given such variability, vegetation type alone is thus not an optimal
proxy for fuel loading.



Figure 9. A Landsat ETM classification map of vegetation in the Valles Caldera National Preserve, New Mexico
USA (Source: Author).
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3.4 Spatial Complexity and Fuels Mapping

The most difficult problem in mapping fuels accurately is their high variability across space (Brown and
See, 1981). Extensive field data are therefore required to characterize fuel variability adequately (Figure
10). Standard techniques, such as the planar intercept method, exist for fuels data collection (Brown,
1974; Brown et al. 1982) but are time consuming and costly. One means to reduce sampling costs is to
use a fuels photo series (Ottmar et al., 1998): A photo series is a compilation of photographs taken in
representative vegetation community types where forest stand characteristics and fuel loads have been
measured (e.g., ponderosa pine; mixed conifer; shrub). Fuel loads and associated fire behaviors in
unsampled plots can be estimated by finding the closest match between the photo series plots and
unsampled plots. Design studies show a strong relationship between fuel loads estimated by photo series
vs. estimates derived using the more laborious planar intercept method. Unsampled plots thereby ‘inherit’
the sampled information from the closest-matching plot in the photo series, enabling assignment of a fire
behavior fuel model.

Figure 10. Setting up the sampling plot: This team of student and faculty researchers is using a global positioning
system (GPS) to establish coordinates for a fuels sampling plot in the Santa Catalina Mountains, Arizona. GPS is a
key geospatial information technology for integration of ground data with satellite observations. This plot supported
heavy ground fuels, including extensive litter and large logs. These studies occurred prior to the catastrophic Aspen
fire that burned ~85,000 wooded acres in June-July 2003, destroying some 350 structures in and around the
mountain community of Summerhaven (Source: Author).
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3.5 The Fire Behavior Fuel Model Concept

A generalized description of fuel properties based upon average fuel conditions, called a fire behavior
fuel model, is based on ground measurements and used typically to describe the physical characteristics
of a fuel class in an area (Figures 11 and 12). One of the most commonly used fire behavior taxonomies
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in the US is based on 13 distinctive fuel models (Albini, 1976, Table 1). These fuel models are useful for
fire behavior prediction but they do not quantify fuel characteristics such as large logs, duff, and crown
fuels needed for fire effects predictions (Keane et al., 2001). Neither do these fuel models estimate
differences in fire behavior with varying fuel moistures.

Table 1.— Deseription of fuel models used in fire behavior as decumenied by Albini (1976)

~ Fuelloading Moisture of extinction
Fuel modeal Typleal fuel complex 1 hour 10 houwrs 100 hours  Live Fuel bed depth dead fuals
Tonsiacre Fest FPercent
Grass and grass-dominated
1 Short grass (1 foot) ] 0.00 0.00 0.00 1.0 12
2 . Timber {grass and understary) 2.00 1.00 i) .50 1.0 15
3 Tall grass (2.5 leel) 3 ] oo .00 25 25
Chaparral and shrub fields
4 Chaparral (& leel) 501 401 2.00 501 G.0 20
5 Brush (2 fest) 1.00 .50 00 2.00 2.0 20
] Dormanl brush, hardwood slash 1.50 250 2.00 .00 2.5 25
il Southern rough 1.13 187 1.50 a7 25 40
Timber litter
8 Closed timber litles 1.50 1.00 2.50 0.00 0.2 ao
k| Hardwored litter 292 A1 15 ] 2 5
10 Timber {litter and undersiory) 3.0 2.00 5.0 2.00 1.0 a5
Slash
i1 Light legaing slash 1.50 461 551 .00 1.0 15
12 Medium logging slash 4.01 14.03 16,53 00 23 20

13 Heawy logging slash m 23.04 2E.05 Ry} 30 25

Figure 11. This ponderosa pine fuels plot, Jemez Mountains, New Mexico is an example of Fire Behavior Fuel
Model 8. Fire is carried in this case by the needleleaf litter on the ground (Source: Author).
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Figure 12. This grassland fuels plot, Huachuca Mountains, Arizona, is an example of Fire Behavior Fuel Model 1.
Fire is carried in this case by the grasses (Source: Author).

3.6 Satellite Technology Supporting Fuel Moisture Measurement and Monitoring

Most fire researchers and managers agree fuel moisture is the key driver of fire behavior and associated
hazards. Comments in this section refer to live fuel moistures. Fire ecologists and managers could use
fuel moisture maps to estimate spatiotemporal variations in fuel curing during the fire season. The



physical fact that leaf and soil temperatures become elevated as moisture decreases motivates use of
remote, broad scale measurements of surface temperature. Nemani and Running (1993) demonstrated an
inverse relationship between NDVI and temperature: Evapotranspiration processes working at highest
NDVI values produced lowest surface temperatures. This finding can be used to enhance spatial
resolution of apparent fuel moisture differences (Figures 13 and 14).

Figure 13. Experimental AVHRR fuel moisture image map for the continental United States for the first two weeks
of June 1999. Dark areas are moister, light areas, drier. Note the entire Southwest Region is comparatively dry,

o g
Figure 14. Experimental AVHRR live fuel moisture image map for the continental United States for the first two
weeks of September 1999. Dark areas are moister, light areas, drier. Compared to June 1999, this September 1999
image expresses the response of the Southwest Region to summer monsoonal precipitation (Source: Author).
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4 FIRE HAZARD EDUCATION AND ASSESSMENT

In the 1990s, the International Decade for Natural Disaster Reduction provided a new opportunity to
confront natural disasters and limit their damage (National Academy of Sciences, 1991). Science and
technology now make it possible to anticipate hazardous events and protect people, property, and



resources from their potentially devastating impacts as never before. The United Nations declared the
1990s a time for the international community to foster cooperation to reduce natural disasters.

Disaster reduction requires a complex mix of technical and social actions. No single prescription fits
every location and hazard, nor does any one discipline have all the answers. A distinguishing
characteristic of the Decade was a call for all disciplines to collaborate, to seek the challenges and
frustrations of interdisciplinary communication that promote practical strategies for disaster reduction.
Fire hazard is exemplary.

Fire hazard reduction begins with education and ends in effective actions. Public understanding and
involvement in decision making is key to enduring, successful policies. The importance of fire hazard
education programs cannot be overstated: While fire will always be a global phenomenon, effective
management actions begin at local levels. One example of public education in the United States is
Firewise (http://www.firewise.org/): Firewise disseminates educational information for people who live in
fire-prone areas of the United States. It was designed to assist in meeting the challenges of living with
wildland fire. Firewise is thus an example of translating information into action.

Translating Technology into Action: The Fire-Climate-Society Model

Geospatial information technology empowers translation of natural and cultural data into wildland fire
hazard reduction alternatives (http://walter.arizona.edu). The first Fire-Climate-Society (FCS-1) model,
for example, combines geospatial information and user (stakeholder) preferences, producing alternative
fire hazard maps (Figure 15). The resolution of FCS-1 is 1km2, the finest resolution available for the
climate data used to validate the relative fuel moisture index.

Figure 15. The first version of FCS (FCS-1) in schematic form: The ‘physical’ data layers appear in the left column,
the ‘human’ dimensions layers, in the right column. These primary physical and human data layers integrate to
form, respectively, Fire Probability and Values at Risk; these secondary data layers integrate, in turn, producing the
composite map (Source: Author).

4.1 A Sketch of FCS Data Layers

* Human Ignitions: Probability map derived from database reporting fires produced by human activity
(e.g., tossed cigarettes, untended campfires, road densities).

* Relative Fuel Moisture Index: Probability map of fuel moistures based on remotely sensed departure
from average fuel moisture (Figures 13 and 14). Fire hazard for a current fire season is related to climate:
a) precipitation during the prior rainy season; and b) air temperatures for the current fire season.

*Lightning: Probability map of lightning-caused fires based on historical strike statistics.

* Fire Return Interval Departure: Fire probability map of based on departure from historical fire return
interval.

* Large Fire Probability: Fire probability map based on historical statistics of ignitions, by vegetation
community type, producing fires >250 acres.
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* Personal Landscape Value: Derived from field interviews. Interviewees identified areas on maps having
high personal values. These areas were digitized.

* Property Value: Represented by cost of replacement. Given the requirement to place values on
undeveloped property, this layer is particularly complex.

* Recreation Value: Digitized hiking and biking trails.
* Species Habitat Richness: Map of landscape characteristics favoring biodiversity.

4.2 Producing Priority Maps for Fire Hazard Reduction

The ‘engine’ that produces composite map products from the FCS model is the Analytic Hierarchy
Process (AHP). The AHP enables complex decisions involving data that are difficult to quantify. AHP is
based on the assumption that humans faced with a complex decision typically group data based on
common properties (Saaty, 1980): Stakeholders are presented all unique pairwise combinations of FCS
primary data layers. Each stakeholder produces a relative weighting for each unique pair: A given
stakeholder might, for example, assign a higher rank to ‘Relative Fuel Moisture Index’ than to ‘Human
Ignition.” AHP derives from this set of exhaustive unique pairwise comparisons a weight for each primary
data layer (Figure 15). Weights are multiplied by actual data layer values. The sum of these products
produces a composite map, which identifies priority areas for fuels reduction (Figure 16).

Figure 16. Sample FCS-1 Composite Map of wildland fire hazard for a region within the Jemez Mountains, New
Mexico USA. The AHP computes weights for each data layer (Figure 15) based on stakeholder responses. Darkest
cells represent highest fire hazard priority areas (Source: Author).
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4.3 Building Consensus Among Stakeholders

Each stakeholder typically produces a distinctive composite map--the result of their own weighted
preferences. When convening a diverse group of stakeholders, similar maps may or may not emerge. Fire
researchers typically have different priorities than fire managers, thus produce different composite maps.
Maps derived from this process can, however, serve as concrete instruments of negotiation; they can be
used to build consensus.

5 CONCLUSIONS AND THE WAY FORWARD

We live in an extraordinary time. Never have data carried such breadth and depth; never has computing
technology been so powerful and ubiquitous. Yet we remain profoundly ignorant about the forces of
nature. Natural systems are not more complex than we think; they are more complex than we can think.
Perhaps humans should take cues from other carbon-based life forms: World forests have, as far as we
know, been the ‘lungs’ of our planet for countless millennia. Only recently have humans exerted authority
over such natural systems. We are now seeing the consequences (Figure 16).

Management of wildland fire is an integrative process. Best available satellite technology appears capable
of measuring and monitoring the more general characteristics of fuels (i.e., fuel model and condition) if
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supported by plot level data. The technical challenge for wildland fire hazard mapping is to develop
accurate, timely, fine-grained information over large geographic scales. There are many unresolved
issues: We lack the capability as of this writing to characterize surface fuels remotely due to the
intervening forest canopy. A good fuels map requires a good vegetation map—yet accuracies of species-
level maps are 80%-85% at best. We can create fuels maps by combining vegetation type and biomass
maps—but fuels map accuracies run much lower (40%-60%). Instruments with very high spectral
resolution (e.g., AVIRIS) can separate species and detect fuel moisture differences (Roberts et al. 1998).
Active remote sensing technologies, including Light Detection and Ranging (Lidar) systems, are enabling
new research into forest structural properties, if at local spatial scales, but remain too coarse, too noisy
and/or too expensive to apply operationally. Commercial ventures such as SPOT, IKONOS and
Quickbird, will support high-resolution mapping of pre-fire fuels and post-fire scars. The MODIS and
GOES systems will continue to offer rapid response data for assessment of active fires.

Now I would like us to return to the grand challenge: Will human societies on our planet promote actively
the alliances between the natural and social sciences required to manage wildland fire hazard effectively?
It is too early to know, but we must begin the process immediately. The FCS model is exemplary for
wildland fire hazards, using AHP as a tool to enable stakeholders to achieve their highest possible
objective: To perceive unity in diversity, to focus on conflict resolution and consensus building—to move
the process of wildland fire hazard management forward in a sustainable manner.

Figure 16. Primary succession begins anew after the Cerro Grande fire scorched the Jemez Mountains in and
around Los Alamos, New Mexico. We will not see this forest return in our lifetimes; neither will our children, nor
theirs (Source: Author).
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ABSTRACT: Prevention is broadly considered as a key issue in wildfire management. Wildfire prevention
embraces a wide range of activities and strategies. Many of them can benefit from remote sensing. In this paper we
look at the mode that satellites products and remote observation techniques are operative for pre-fire planning. Our
aim is to determine to what extent remote sensing products and techniques are being used by wildfire agencies and
organizations and not to perform a complete revision of the remote sensing products and techniques available for
wildfire prevention. We outline the reasons for the observed underutilization of remote sensing operational
products and finally draw some recommendations for the implementation of their full potential.

1 INTRODUCTION

In a broad sense wildfire prevention covers the all activities that are performed before a wildfire begins.
Within the scope of wildfire management, wildfire prevention comprises all the activities that can be
performed in order to reduce or prevent wildfire occurrence as well as to minimise wildfire potential
impacts and damage (Vélez, 2002). Based on this, early warning related activities can be considered as
wildfire prevention, since they aim to reduce wildfire impacts. Wildfire prevention is a simple concept
involving a complex implementation. Prevention comprises fields as public awareness raising and
environmental education, personnel training, preparedness and coordination (among the different
institutions involved in wildfire management and suppression) and also, legislation enforcement.
Regarding wildfire prevention, the legal framework normally includes restrictions to control fire ignition
in high risk areas and periods. Hardly ever legislation regulates the inclusion of wildfire prevention
activities as part of forest management plans. However, new pragmatic approaches, as “FireSmart Forest
Management” include wildfire prevention activities as part of the regular forest management, adapting the
traditional forest management practices to reduce the probability of fire ignitions, to decrease the fire
behaviour potential of landscape and to enhance the capability of fire suppression resources (Hirsch et al.
2001). Related to this approach, agro-forestry policies that promote sustainable rural development
(focusing on silvopastoral practices) are key issues for fire-smart forest management plans in the
Mediterranean environment. In addition, a holistic approach to prevention should also include Research
and Development programs aimed to gain a better understanding of the wildfire, as well as to optimise the
implementation of the prevention strategies.

Because of the broad spectrum of activities included, prevention can be designed and performed at
different scales, involving a great variety of institutions ranging from communities and local agencies to
regional and nationwide organisations. To effectively implement wildfire prevention strategies these
institutions need to get accurate and comprehensive information about the landscape they plan to manage.
Spatial databases containing fire occurrence records, fire causes, and the track of the suppression
activities performed are vital for the success of prevention strategies (Mérida et al. 2007). Remote sensing
(RS) techniques reveal as an excellent tool to obtain geo-information such as land cover and land use,
vegetation condition, fuel type and load and meteorological data. The combination of geo-data with fire
statistics, socioeconomic statistics, property maps and values at risk is useful to support long-term
wildfire prevention planning, particularly important at the wildland-urban interface areas.

2 OPERATIVE CONTRIBUTIONS OF REMOTE SENSING TO FIRE PREVENTION

The review of operative contributions of RS to forest fire prevention has turned up to be a complex task.
The present analysis of the state of the art has searched beyond bibliography on potential applications of
satellite products and has looked realistically into operational end users, i.e.: institutions with mandatory
competencies in fire prevention, such as forest managers, civil protection departments, meteorological
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institutes, army departments, owners and local associations. The analysis gets even more difficult
considering the supra-national, national and regional levels of administrative competencies in forest fire
prevention that meet in the same horizon. These difficulties advised against reviewing experiences
exhaustively but rather presenting successful operative cases at global, continental and local scales.

At global level wildfire prevention activities aim to get a better understanding of the interactions between
large-scale phenomena and fire regimes. The analysis of wildfire role in climate change and the
hydrological and biogeochemical cycles (among others subjects) requires information on fire timing,
seasonality and inter-annual variability of fire locations. Several operational global monitoring systems
supply for these needs providing georeferenced products of fire-affected areas and early ﬁre—warningsl. In
this context the GOFC/GOLD-Fire Mapping and Monitoring Theme” aims at refining the international
observation requirements and optimise the possible uses of fire products from the existing and future
satellite observing systems for fire management, policy decision-making and global change research.
Similarly, the GFMC”® of the UN/ISDR gives access to various early-warning systems providing a
workspace for wildlfire related documentation and monitoring that is accessible to the public through the
Web. Pathfinding initiatives and operational prototyping by individual research groups working with
GOES, AVHRR, TRMM, ATSR and DMSP have provided examples of how future operational products
can be generated. NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) is currently the
only system generating unique global systematic daily fire products, thus providing a prototype for future
operational fire monitoring from the envisaged NPOESS VIIRS system (Justice et al. 2002, Roy et al.
2005). The MODIS Rapid Response System is also providing important advances in the web-based
distribution of global data within near real time of satellite acquisition. The European Forest Fire
Information System (EFFIS), developed by the Joint Research Centre (JRC) of the EC, provides large-
scale cartography of burned areas larger than 50ha derived with MODIS imagery (Barbosa et al. 2006).
Since 2003 the JRC is also responsible for the maintenance of the European database on wild fires.
Analyses derived from this database significantly contribute to prevention through a better understanding
of wildfires from the European perspective. In order to promote the operational use of RS products, the
user-driven approach is a common feature of the ongoing EO European projects dealing with wildfire
prevention. Among the several existing projects RISK-EOS and the PREVIEW projects are worth
mentioning. Both intend to be fully operational in the mid-term horizon addressing organisation schemes
to prepare the deployment and future operation of the services. Recent disaster events have highlighted
the urgent need to consolidate information from disparate systems supporting citizen protection and
disaster management operations. In this context, the ORCHESTRA project aims to design the
specifications needed for a service oriented spatial data infrastructure to improve operability among risk
management authorities in Europe. Finally it is also worth to underline the GSE Forest Monitoring, an
element of the Global Monitoring for Environment and Security (GMES) Joint Initiative which supplies
information on the state of forest in order to support sustainable management and related activities,
including wildfire prevention.

At national level, the number of responsibilities related to wildfire prevention increases. To illustrate the
operational use of RS at this level Spain is an interesting case of study. The seventeen Spanish regional
governments are responsible for wildfire prevention within their own boundaries. However the national
wildfire management agency, ADCIF - belonging to the Ministry of Environment- supports the regions
with additional resources. These comprise mainly prevention crews and aerial surveillance aircrafts. The
ADCIF has made an important effort in order to take advantage of RS potential, specifically aimed at
improving preparedness for one of its main duties: the dispatch of its suppression resources. For this the
ADCIF relies on early-warnings obtained from MODIS and MSG-SEVIRI imagery (algorithm by Abel et
al. 2006). In addition the ADCIF receives perimeters of fire-affected areas obtained from different
sources (MODIS, Landsat, SPOT) and contractors. As it commonly happens in wildfire management
agencies, in the ADCIF the fire risk forecast basically relies on the weather forecast, which is provided by
the National Meteorological Institute. Weather data is supplied via Internet within a GIS that allows
managers to create forecast maps. Among the data supplied, there is also cloud structure derived from
MSG-SEVIRI and NDVI data from NOAA-AVHRR. Besides, the service includes specific fire variables
such as daily maps of BEHAVE’s Probability of Ignition. The computation of fire risk indices that
parameterise live fuel status with satellite data is currently under development.

' MODIS website: http:/modisfire.umd.edu/MCD45A1, GEM Unit at JRC (EC): http://www-
gem.jrc.it//Disturbance by _fire/index.htm

? GOFC/GOLD (Global Observation f Forests and Land Cover Dynamics http:/gofc-fire.umd.edu/bkgrd/index.asp)
* GFMC (Global Fire Monitoring Center http://www.fire.uni-freiburg.de/ ), UNISDR (UN-International Strategy for
Disaster Reduction http://www.unisdr.org/ )
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Even though the use of satellite products at the regional level has not become widespread, hot-spots and
burned area data are fairly common products used by the Spanish regional fire agencies. These products
are usually provided by private companies, Universities or cartographic institutes. As and example, the
cartographic institutes of Catalonia and Valencia provide the regional managers with yearly data of
burned areas bigger than 5 ha, which are obtained using Landsat, SPOT and, sometimes, DMC and CASI
data. The region of Asturias considers long-term fire recurrence derived from Landsat, along with other
variables, to officially declare risk areas in its territory. In very few cases RS is used operatively to obtain
dynamic risk indices, however, the regions have recently started to receive fuel moisture content
estimations. Some regions, like Castilla y Leon, receive through a Web service daily estimations of this
variable derived from MODIS according to the algorithm proposed by Chuvieco et al. (2004).

Portugal and Greece are other interesting examples to illustrate the use of satellite products at national
level. In Portugal, forestry managers use satellite data to obtain an annual fire risk map that combines the
short- and long-term perspective. In the model the long-term approach uses the proportion of area burned
- obtained from Landsat- as the independent variable, whereas the NDVI is used to account for the short-
term risk (Pereira and Carreiras, 2007). In addition, the Portuguese fire managers are receiving annually
(weekly during the summer fire season) burned area maps derived from MODIS. In Greece, the Civil
Protection Department uses daily estimation of fire risk produced by the Aristotle University of
Thessaloniki from MODIS data. This fire risk index is based on the computation of a series of vegetation
indices and the computation of “change maps” for 10-days periods. We have observed that although the
methods to create satellite-based risk indices are already available, in most countries the operative use of
these products is still pending further validation. For instance, Italian Civil protection is testing the use of
vegetation indices for fire danger forecasting (RISICO system). In Spain fire managers at different levels
will test this summer the satellite products (FMC and fire risk, among other variables) from FIREMAP
project .

3 POTENTIAL vs REAL OPERABILITY

Regarding the operational use of RS in fire prevention it is necessary to point out three main issues. First,
it is essential to distinguish between what is technically feasible and what is actually operative. Second, it
is necessary to understand that the use of RS data for wildfire prevention begins much earlier in time than
the actual moment of fire detection. Finally, it is important to remind that the operative requirements of
end users still remain undefined and research interests of the RS scientific community do not completely
meet the operational needs of forest managers or wildfire agencies. Although RS has proved to be a
useful tool for the integrate approach to wildfire prevention, gaps still remain in the operational use of
satellite products. There are technological gaps clearly identified (CEOS-DMSG 2002), gaps in the
definition of policies that affect forest management, and gaps in the coherence and operability of fire
prevention practices and the way environmental data are effectively integrated into them. Deficiencies are
found in the current architecture of satellites and sensors, as required for forest fire prevention: the gap
between high spatial and high temporal resolution is there to be solved. Fires can break out at any
moment and anywhere, so monitoring tools must be active on a permanent basis. Within the scope of
remote sensors design, wildfires are a particularly sensitive application that poses the technical challenge
of bringing together the benefits of geostationary satellites and sun-synchronous satellites. Furthermore,
the characteristics and calibration of the thermal channels are critical, given the fact that wildfires have a
large range of burning temperatures, ranging from lower than 500°K to higher than 1000°K, either in a
whole pixel or as a variable fraction of burning area within a pixel. Operational remote fire observation
needs to integrate high temporal resolution (geostationary) and, at least, medium spatial resolution.
Specifically, this means less than 15 minutes of image provision lapse time, thermal range for night/dense
smoke fire detection, ability to detect small (<1ha), low intensity and brief ignitions and the capacity to
avoid false hot-spots detection (adjusted algorithms). The current most relevant geostationary satellite
equipped for forest fire detection is MSG SEVIRI (Spinning Enhanced Visible and InfraRed Imager).
SEVIRI was a remarkable advance in the temporal resolution required for early fire detection and
warning; however, its spatial resolution (1 km at nadir) is far too coarse to satisfy the requirements. All
sun-synchronous satellites have properties to match forest fire applications. MODIS is the most widely
used on account of its temporal-spatial-radiometric characteristics. MODIS’s spatial resolution is ideal for
hot spots detection, but the overpass schedule makes the system miss out the detection of the inter-passes
short lasting fires (happening within 12 hours). Gaps are also found in the RS data supply chain of
different agencies. European agencies have a highly controlled accessibility while American suppliers

* http://www.geogra.uah.es:8080/firemap/
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make data and products more easily available. This suggests that the larger the number of RS data users
the greater the number of scientific results the end- user community may get.

At European political and administrative level, although forest fires are of great concern for all land
planning policies (i.e.: agriculture, urban, risk management, civil protection, land use), guidelines
encouraging the use of RS for wildfire prevention have not been stated beyond simple recommendations.
Just as the Common Agricultural Policy has framed the use of RS to control subsidies or to predict yields,
forestry policies should include the use of RS in mandatory terms The validation of methodologies
against detailed ground data and for different bioclimatic areas is one of the gaps found between the
research results and the operational use of RS in fire management. Detailed and local verification
procedures may put at risk some methods since the parameters considered for vegetation monitoring
usually have a high temporal and spatial variability. Nonetheless, ground verification activities should be
a major objective to develop in the near future. The lack of standards and validation protocols prevent the
use of RS in the design of forest fire prevention strategies. Related to this local wildfire prevention
agencies will have to closely work with researchers to design the contents of those protocols.

4 CONCLUSIONS AND RECOMMENDATIONS FOR THE FUTURE

A large number of applications and RS products for wildfire prevention are available for final users.
However the number of applications and RS products that are fully operational is quite small. Despite the
potential of RS for wildfire prevention practices, today pre-fire planning does not rely on RS as much as
fire detection, active fires monitoring and post-fire evaluation do.

Important initiatives have been successfully implemented at global scale for years. However these
products and results from RS have not yet had repercussions on regular wildfire prevention practices and
procedures. The responsibility for the implementation of wildfire prevention strategies belong to lower
levels, i.e. regional governments or local agencies. More often than not these wildfire management
agencies lack resources, either technical skills or economic, to be able to benefit from RS in their regular
prevention activities. In the particular case of Spain 17 different wildfire agencies are responsible for
prevention within their own territories having different needs, requirements and management challenges.
In this context, it is more difficult for the very first links of the RS chain to reach the final users and to
develop products that fully meet their needs, especially in terms of spatial and temporal resolution.

New satellites and observation instruments aim to improve the quality of the information needed to
incorporate RS products and techniques into regular wildfire prevention planning. To improve the
operational use of RS, greater attention has to be paid to data availability, product accuracy, data
continuity, data access and the way data is used to obtain effective results. Validation of methodologies
by means of ground data collection must be enhanced. Besides, there are no international standards
regarding in situ measurements or common reporting procedures that should be developed by the
international wildlfire community.
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ABSTRACT: Fires emit large amounts of heat, and their peak wavelength of thermal energy emission is
fortunately in the middle infrared atmospheric window region of the electromagnetic section. In this region, the
spectral radiance emitted by a fire is thousands of times more intense that that from the ambient background,
meaning that a fire need only fill between 10-3 and 10-4 of a pixel in order to be detected by either simple
thresholding methods, or by more advanced spectral and spatial contextual processing techniques if a more wide-
ranging and confident detection capability is required. The long-term records of active fire detections provided by
such instruments as AVHRR, (A)ATSR, TRMM, and more recently MODIS have proved invaluable for depicting
the areas most affected by fires, for quantifying interrannual variations in fire activity, and for scaling the
emissions estimates made by other mechanisms. More recent developments have seen data from such instruments
also used to estimate the rate of fire energy emission, and this has been related in turn to the rate of fuel
consumption. This potentially provides a new route for emissions monitoring purposes and for those wishing to
obtain quantitative estimates of fuel consumption to compare with those derived from alternative approaches.
Geostationary systems are in theory optimum for his application due to their ability to sample the full fire diurnal
cycle regularly and over large areas concurrently. This provides an ability to integrate fire radiative power
measures to directly estimate total fuel consumption, but the coarse spatial resolution MIR and TIR measures
provided by the current generation of geostationary systems limit their fire detection capability to those fire events
at the larger/more intense end of the spectrum. Comparisons to MODIS for example indicate that regionally, the
geostationary SEVIRI sensor on Meteosat-8 and —9 detects fires that are responsible, on average, for around 40-
60% of the MODIS registered FRP (albeit almost continuously throughout the day, whereas MODIS is limited to ~
4 observations per 24 hours). Statistical extrapolations can provide a first order method of adjusting the
geostationary-derived estimates for the effects of these non-detections, but the availably of higher spatial resolution
sensors providing occasional, but very detailed FRP observations over sub-samples of the area of interest seems
likely to provide the best solution for overall quantification of the complete fire regime via blending of repetitive
geostationary derived data with the more precise but less frequent polar-orbiting derived data products. Future
launches of even higher spatial resolution systems with pixel sizes of the order of 250 m or better would allow the
as yet largely unquantified low-FRP portion of the fire regime to be assessed.

1 INTRODUCTION

Biomass burning is a key process in the Earth system, and in particular the terrestrial carbon cycle, and a
globally significant source of atmospheric trace gases and aerosols which impact air quality, atmospheric
chemical composition and the Earths radiation budget (Le Canut et al., 1996). Globally, on average,
vegetation fires are believed to generate carbon emissions equivalent to between one third and one half of
those from fossil fuel combustion, with those from savanna fires responsible for perhaps 50% of this total
(Williams et al., 2007). Burning is prevalent on every significantly vegetated continent, and Africa is on
average, the single largest biomass burning emissions source at the continental scale, responsible for
between 30 and 50% of the total annual fuel consumption (van der Werf et al., 2006). Burning is typically
characterized by strong interannual, seasonal, and diurnal cycles, and this strong variability means that,
wherever possible, measurements of fires and their emissions are required for many science applications
and the use of ‘climatological means’ is insufficient. These measurements generally come from data
collected by Earth observation satellites, either responding to the active fire thermal emissions, the release
of a particular trace gas species or aerosols, or the change in surface reflectance caused by the passage of
fire over the landscape.

This paper concentrates on reviewing the use of active fire thermal emissions for fire detection, which is
something that has been undertaken since the 1980’s, and the more recent use of these emissions
measurements in the quantification of fire magnitude (in terms of rate of energy output) and fuel
consumption.
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2 ACTIVE FIRE DETECTION

2.1 Physical Basis

Planck’s Radiation Law (eqn 1) shows us that the amount of energy emitted by a body within a particular
wavelength region changes in a non-linear way as the temperature changes, and the degree of non-
linearity depends strongly upon the wavelength in question (Figure 1).

B(A,T) = 2h™ ) [exp((he/AxT) - 1] [1]
where B is spectral radiance (W/m?sr/m), A is wavelength (m), 7T is temperature (K), 4 is Planck’s
constant (6.6 x 10-34 Ws?), k is Boltzmann constant (5.67 x 10-8 W/m*K4), and ¢ is velocity of light (3 x
10° mys).
Figure 1: (a) Relationship between emitted spectral radiance and wavelength for different emitter temperatures
corresponding to the approximate range found on Earth (cold, high clouds to flaming fires) as described by
Planck’s Radiation Law. Note the logarithmic scale of the y-axis. The ultra-violet, visible, near infrared,
shortwave/ middle-infrared and thermal infrared spectral regions are indicated. (b) Relationship between emitted
spectral radiance and emitted temperature for the MIR and TIR spectral bands present on many low spatial
resolution imagers.
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As you can see from Figure I (b), the increase in emitted spectral radiance with temperature is
particularly rapid at shorter wavelengths as opposed to longer wavelengths, and the wavelength of peak
thermal emission (4,,,) rapidly decreases with increases in emitter temperature. The equation governing
this relationship, derivable by differentiating the Planck function with respect to wavelength, is known as
Wien’s (Displacement) Law:

Amax = b/T [2]
b=2.898 x 10~ (Wein’s Constant), T is temperature (Kelvin), A is wavelength (m)

Solving Wein’s Law for the sorts of temperatures expected in vegetation fires (e.g. around 800 - 1300 K,
or 527 — 1027 °C) indicates that for fires A,,, lies within the MIR spectral region, whilst background
ambient temperature surfaces have A, occurring in the TIR, and this is confirmed by examination of
Figure I (a).

Many spaceborne sensors (for example AVHRR, GOES, MODIS, SEVIRI and (A)ATSR) have a spectral
channel within the MIR, meaning that fires emit the peak of their thermal energy within a spectral region
sampled by these imagers. In addition, these instruments have spectral channels in the TIR (around 11
pm) and it is worth noting how the radiance emitted within these two wavelength regions increases
differently with temperature (Figure 1b). These sensors have ground pixel areas of 1 km? or more, and
active fires will typically be many orders of magnitude smaller than this pixel size. This means that the
actual radiance received by the satellite when viewing such a ‘sub-pixel’ fire will be intermediate between
that of the ‘pure’ ambient background and the ‘pure’ fire. The advantage offered by a MIR channel in
this case is that because the relationship between temperature and spectral radiance is so-much more non-
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linear at MIR wavelengths than at TIR wavebands, a subpixel fire of a particular size will increase the
MIR pixel radiance over and above that of the background by a far greater degree when compared to the
TIR channel, and that the ‘pixel integrated’ MIR brightness temperatures (calculated by using Equation 1
to calculate T from the spectral radiances measured at the particular fire pixel in the MIR spectral
channel) will differ greatly between the fire pixel and the ambient background. Both these facts allow the
detection of active fires using spectral radiance measures made at even rather course spatial resolutions,
such as those from the instruments listed above

2.2 Example Calculation

As an example, the following calculation illustrates the very high sensitivity of suitably equipped remote
sensing devices to highly sup-pixel fires. Here we a assume a lkm spatial resolution sensor having pixel
area 1 x 10° m?, and a relatively small active fire of size 100 m x 5 m (total area = 500 m2).

The fires proportion (p) within a pixel is 0.0005 or 0.05 %. Assuming an 850 K fire temperature and a
300 K background temperature and using equation [1] to calculate the spectral radiance from the fire and
the background at 3.7 (MIR) and 11 pm (TIR) we get: at 3.7 um - fire = 1789, background = 0.4
W/m#sr/um and at 11 um - fire = 196, background = 9.5 w/m?%sr/um. Assuming for simplicity no
atmospheric or surface emissivity effects, the actual spectral radiance of the pixel (L) is then equal to the
area-weighted sum of the spectral radiances from the fire and from the background:

L(A) = pB(A, Tjire) + (1-p)B(A, Thackground) (3]
For the 500 m? fire example shown here, L is therefore calculated as:
At 11 pm: L(11pm) = (5x10™*)(196)+ (1-5x10%)(9.5) = 9.59 W/m?/sr/um
At 3.7 um: L(3.7um) = (5x107)(1789) + (1-5x107%)(0.4) =1.29 W/m?/st/pm

These results indicate that, whilst at 11 pm the pixel containing the fire exhibits a spectral radiance
increase of less than 1% above that of the surrounding ambient temperature pixels (and hence is largely
impossible difficult to detect in this channel), at 3.7 um the spectral radiance of the fire pixel is 3x that of
the background pixels and this pixel is therefore very easily discriminated as a ‘hotspot anomaly’.

Furthermore, if the pixel integrated spectral radiances 11 um and 3.7 um are converted into brightness
temperatures using the inverse of equation (1) we obtain for our hypothetical fire pixel:

Ti1um =300.5 K (a 0.5 K increase over the background ambient temperature pixels)
T3.7um = 329.5 K (a2 29.5 K over the background ambient temperature pixels)

Again, whilst the 0.5 K increase in the 11 um brightness temperature would very likely be below the
normal ‘background’ variation in ambient pixel brightness temperatures (due to factors such as landcover
and elevation variations) the 29.5 K increase at in the MIR is very much greater than any such effects, and
easily discriminated.

Furthermore, in addition to fire pixels elevated MIR brightness temperature when compared to that of the
background, many fire detection algorithms use the large MIR-TIR brightness temperature difference
exhibited by pixels containing sub-pixel fires as the basis of a active fire detection process (Figure 2).
From this example calculation, it is seen that the fire pixel is easily discriminated, despite the fire itself
covering only 0.05 % of the pixel area. Further calculations suggest that flaming fires can de reliably
discriminated down to those covering around one fifth of this pixel proportion, though for the coolest
fires this threshold maybe increased by an order of magnitude since their MIR thermal emissions are
lower. By using quite high spatial resolution sensors such as those of the Bispectral Infrared Detection
(BIRD) satellite (Zhuckov et al., 2006), such methods can detect fires down to potentially just a few m? in
area under optimum conditions.
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Figure 2: Nighttime brightness temperatures obtained over a 25 x 25 km region of Canadian forest by the 1 km
spatial resolution ATSR sensor, including an active forest fire. The MIR-TIR brightness temperature difference
measure suppresses the variation caused over the ambient background pixels, and makes thresholding of this
parameter a strong basis for detecting the active fire pixels.
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2.3 Satellite Data Products

Detection of active fires via the above methods is provided by number of instruments measuring in the
mid-to-thermal infrared spectral region, most notably AVHRR, TRMM, MODIS, (A)ATSR and certain
of the recent geostationary satellites (e.g. Meteosat-8). Global monthly maps are available from the ATSR
series of sensors since November 1995 (http://dup.esrin.esa.it/ionia/wfa/index.asp), though only from
nighttime observations which is unfortunately typically at the minimum of the daily fire cycle. More
recent global data from TRMM provides samples of the full diurnal cycle, though it takes more than one
month to do so, whilst the most recent MODIS products provide active fire detections day and night four
times per day (or more at high latitudes). Nevertheless, orbital constraints of even relatively rapid revisit
sensors such as MODIS still mean that such polar orbiting satellites may simply not overpass an area
when a short-lived fire occurs at the appropriate time to record it, and for this reason geostationary fire
detection can be advantageous since it offers close to complete temporal coverage in some areas (Figure
3; albeit the fires must be somewhat larger to be reliably detected due to the larger pixel areas of
geostationary imagers).

Figure 4. Geostationary SEVIRI-derived maps of African active fire detections for February (left) and August
(right) 2004. By sampling every 15 minutes the coverage is nearly complete, providing the fires are large enough to
be detected and not covered by meteorological cloud.
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Whilst these datasets are an excellent source of fire identification and monitoring data, it should also be
mentioned that thick meteorological cloud typically hinders detection of any underlying fires from space
and thus absence of fire detections may not necessarily mean absence of fires in such datasets.
Fortunately, since fires are largely confined to local dry seasons this effect is not as limiting as it might
first appear to be. Furthermore, fire products consisting of numbers of active fire detections per grid cell
typically adjust the detection number for the proportion of overlying cloud cover within the grid cell, in
order to make an attempt at assessing the magnitude of this effect (Giglio et al., 2003). Unlike the
obscuration provided by cloud cover, the use of the MIR and TIR spectral regions, whose wavelengths
are significantly larger than the generally < 1 pm diameter of smoke particles, means that the effect of
even rather thick overlying smoke is rather limited (Figure 4).

Figure 5: Daytime observations of a fire affected region in Indonesia in September 1997, made at a 1 km spatial
resolution from the ATSR-2 sensor. The thick smoke masks the surface at NIR wavelengths (left) but is largey
transparent at MIR wavelengths, where the surface can be observed (right). Bright (highly radiant) pixels in the
MIR image are those that contain active fires.

Active fire counts from the sensors and procedures described above are an extremely valuable source of
information on the seasonal and geographic variations in fire occurrence, and provide some indication of
levels of interannual fire activity variation that can be used to scale emissions data from other sources
(Schultz, 2002). However, it is when they are combined with some form of fire quantification method that
relates to the source strength of the fire and the amount of fuel burned and emissions produced, that they
most likely become of maximum value for quantitative studies.

3 ACTIVE FIRE QUANTIFICATION

3.1 Physical Basis

As described here, active fire quantification relates to the process of estimating the amount of fuel
consumed or emissions produced directly from the active fire being observed. When observing such a
fire, the thermal emitted energy signature that was used to detect the presence of the fire (see above) is a
direct result of energy stored in the biomass being released as the fuel burns. The chemical equation for
combustion can be illustrated in the complete combustion of a simple sugar (e.g. d-glucose):

CsH,,04 + 60, > 6CO, + 6H,0 + 1.28 x 10° kJ [4]

The fuels burned in wildland fires are much more complex than the simple glucose described above, and
the different fuel components (e.g. woody materials, leaf litter, live foliage) contain energy stores in a
variety of forms (Rothermel, 1972). Nevertheless, the potential (theoretical) heat yield of the fuel is
remarkably constant across the many different vegetation types at between 16 000-22 000 kJ.kg
(Whelan, 1995), though only a fraction of this is released as radiation when the fuel burns and available to
be sensed by satellite-based remote sensing systems. It is the part of this energy emission that occurs in
the MIR and TIR spectral regions that is the basis of the fire detection methods described above, but via a
variety of methods (previously intercompared by Wooster et al., 2003) these measures can also be used to
estimate the rate of energy emission over all wavelengths (i.e. the fraction of the fuel heat yield that is
released as radiation). However, if this fraction is known either theoretically (e.g. from simulation
modeling) or from empirical experiments, there exists the possibility of estimating the rate at which
vegetation is being consumed in the fire via observations of the rate of radiant energy release.
Furthermore, since it is expected that such biomass combustion estimates are likely to be strongly
correlated to the rate at which emissions of trace gases and aerosols are produced (Kaufman et al., 1996),
if sufficient radiant energy emission observations are available and can be integrated over the fire’s
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lifetime then in theory the total amount of radiative energy release can be calculated and used to estimate
the total amount of biomass consumed. A post-fire measure of the fire-affected area would can then be
used to provide an estimate of the fuel consumption per unit area, a figure that is possible to compare to
field-based measures for validation purposes.

3.2 Application to Satellite Imagery

Kaufman et al. (1996, 1998) first suggested and tested the use of remotely sensed fire energy emission
measures to estimate rates of smoke production, at that time using MODIS airborne simulator data. Some
years after the launch of the MODIS spaceborne instrument in December 1999, Ichoku and Kaufman
(2005) performed a similar set of experiments with global data from that instrument and found similarly
strong relationships in many areas. Meanwhile, Wooster et al. (2005) studied the direct relationship
between the rate of fire radiant energy emission and the rate of fuel consumption (Figure 3), and Wooster
et al (2003), Roberts et al (2005) and Zhukov et al (2006) demonstrated how such relationships could be
applied to satellite-active fire detections, by first using the measures of a fires MIR (and in some cases
TIR) energy emission rates to estimate the overall rate of thermal radiant energy release.

Figure 6: Relationship between fuel consumption rate and rate of release of fire radiant energy (the so-called fire

radiative power), as calculated by Wooster et al. (2005) during a series of small-scale experimental fires.
o
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Since geostationary satellites can provide very high temporal resolution fire detections, they can also be
used to calculate the rate of fire radiant energy release repeatedly over a fires lifetime, or over grid cells
covering large, continental scale regions. Since Figure 6 shows a strong relationship between the fire
radiative power and the rate of fuel consumption, these geostationary-based measures can be integrated
over time to produce an estimate of the total fuel mass burned, either per-fire, per-grid cell or per-
country/region. The geostationy sensor that has been most used for this purpose thus far is the Meteosat-
8 SEVIRI system, which provides 15-minute temporal resolution data over Africa, Europe and a part of
South America. Figure 7 shows an example of the fire radiative power and fire radiative energy measures
calculated from SEVIRI data for the southern African dry season, and indicates the expected relation to
the corresponding fuel consumption measures on the rhs y-axis. By applying the standard emission
factors of Andreaec and Merlet (2001) to these fuel consumption measures the required estimates of
carbon, trace gas and aerosol emissions can be easily calculated. Though rather taxing to validate, these
new estimates of fuel consumption are currently being compared against the current ‘best available’
estimates, in particular those from the GFEDv2 global emissions database of Van der Werf et al. (2006)
and in the future from inversions of atmospheric trace gas concentrations, also measured from spaceborne
sensors (e.g. Arellano et al., 2006). Parallel to this, once further confidence is gained in the estimates
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produced by these procedures, operational agencies are considering adding such geostationary fire
radiative power and fire radiative energy measures to their climatological product suite, potentially
providing real-time estimates for monitoring purposes and for building up climatological quality datasets
over coming years.

Whilst attractive in many ways, the limitations of such geostationary measures should also be pointed out.
The primary on being that a significant proportion of the fire regime remains unquantified by
geostationary systems due to their coarse spatial resolution; they simply cannot detect the smaller fires
that form less than ~ 10-4 of the pixel area (see Section 2.2). Comparison to MODIS indicates that, for
example, when SEVIRI and MODIS view the same area at the same time SEVIRI typically retrieves on
average only 50-60% of the fire radiative power that MODIS does, due to the simple fact that SEVIRI can
detect fires emitting radiative powers down to around 40 or 50 MW, whilst MODIS can confidently
detect fires emitting FRPs five or more times smaller than this. Whilst each of the small, undetected fires
maybe relatively insignificant compared to the larger events, there are usually many more of them and so
overall they represent a significant fraction of the overall FRP and thus are responsible for a significant
fraction of the total fuel consumption. Roberts et al. (2005) suggests the use of fairly simple statistical
techniques that can be used to extrapolate the frequency-magnitude relationships of the detected, high
FRP fires in order to estimate the numbers of non-detected low FRP events. Using such methods, fuel
consumption measures can be adjusted upwards accordingly, and initial experiments suggest this is a
relatively good technique for making such first order amendments. However, the ideal situation will be
the availability of higher spatial resolution imagers for providing the information to characterise the
uncertainty inherent in such adjustments, and make alterations where necessary. Currently MODIS offers
this capability, but in future VIIRS and potentially even high resolution systems that may follow on from
BIRD could be used to provide the repetitive checks, and if necessary alterations to, the adjustments
being made via statistical methodologies. In this way it is expected that optimum FRP and fuel
consumption products could be provided from a blend of coarse but repetitive and detailed but more
occasional satellite remote sensing data sources.

Figure 7: Timeseries of SEVIRI-derived active fire data, showing (upper plot) the fire radiative power recorded at
15 minute intervals, and (lower plot) the fire radiative energy calculated by integrating the fire radiative power on a
daily basis. Area of study was Africa south of the Equator (including Madagascar) between 1 July and 31 October
2004 (southern African dry season). The three curves on the daily FRE plot represent the FRE calculated using the
observed FRP (the lowest curve) and the FRP weighted by the grid-cell cloud fraction, calculated at 1° and 5° grid-
cell resolution. Full details of this latter calculation are provided in Roberts et al. (2005). Observational data on 4-
7 October are partially missing from the SEVIRI record. Right-hand y-axis shows the equivalent fuel consumption
measures.
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4 CONCLUSION

Fire detections provided by polar orbiting and geostationary systems have long been providing useful data
on fire incidence, timing and relative magnitude for use in many regional and earth system science
applications, as well as certain operational monitoring initiatives, most particularly in the fields of carbon,
trace gas and aerosol emissions estimation. The MIR and TIR spectral channels provided on many earth
observation imaging systems mean that a wide variety of sensors have be used for providing such
measures since the early 1980’s. More recent developments have seen data from such instruments also
used to estimate the rate of fire energy emission, and this has been related in turn to the rate of fuel
consumption. Provided the sensors used have sufficient dynamic range in the MIR spectral channel to
avoid senor saturation over fires, whilst providing a signal-to-noise ratio that is useful in estimating the
necessary ambient background signals, this potentially provides a new route for emissions monitoring
purposes and for those wishing to obtain quantitative estimates of fuel consumption to compare with
those derived from alternative approaches. Geostationary systems are particularly attractive for this
application due to the highly repetitive nature of their observations, and thus the ability to integrate their
fire radiative power measures to estimate total fuel consumption. However, the coarse resolution
provided by such systems limits their fire detection capability to those fires at the larger/more intense end
of the fire regime spectrum, and so statistical methods must be used to assess the fraction of the overall
fire radiative power that maybe being missed. Such extrapolations can provide a first order method of
adjusting the geostationary-derived estimates for this effect, but the availably of higher spatial resolution
sensors providing occasional, but very detailed FRP observations over sub-samples of the area of interest
is likely to provide the best solution for overall quantification of the complete fire regime.
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Operational Fire Monitoring
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ABSTRACT: Satellite Earth observation is the only method able to provide repetitive data at the spatial and
temporal scales necessary for detection and monitoring of wildfires. Most of the space borne sensors currently used
for detection and monitoring of wildfires are multi-spectral scanners which have (a) broader application objectives
and (b) channels in the mid and thermal infrared (MIR and TIR).

For reliable HTE detection and monitoring imaging multi-spectral observations in the spectral range from the
visible to the thermal infrared are needed but, the MIR channel is considered as the leading band for space-borne
active fire observation.

Existing meteorological and environmental satellite sensor systems, such as NOAA-AVHRR, MODIS, and some
geo-stationary ameteorological satellite sensors, provided data which are useful for fire monitoring and post-
assessment purposes on coarser scales, but often with limited value for on-the-ground fire managers mostly
because of inherent data inaccuracies.

All existing satellite-data based fire information systems provide occurrence data only for major fires and the
spatial resolution (pixel size) of about 1 km is insufficient to accurately locate a fire and identify individual fire
fronts. Data products do not offer information on fire attributes such as fire intensity, front line length or front line
strength.

Real-time-data processing procedures on-board of satellites are a means to improve the efficiency of satellite based
detection and monitoring systems. Real-time detection and monitoring would enable global fire detection and
monitoring services that can be rapidly delivered to on-the-ground wildland fire managers.

The paper presents experiences with high definition fire detection and monitoring using the German Bi-spectral IR
Detection (BIRD) satellite, also in comparison with active fire data obtained by the MODerate resolution Imaging
Spectro-radiometer (MODIS), nearly simultaneously with BIRD records.

Deficiencies of existing coarser spatial resolution InfraRed (IR) sensors are identified. Requirements to prospective
fire detection and monitoring sensors operated in a Low Earth Orbit (LEO) are grouped.

Alternatives for operational fire monitoring are discussed: (i) by combined use of existing coarse resolution IR
sensors and the prospective Infrared Element, and (ii) use of dedicated fire monitoring constellations.

1 INTRODUCTION

Wildland fire management decisions rely on timely information on fire location, intensity,
direction and rate-of-spread, and burn severity (for post-fire rehabilitation needs).

Operational fire monitoring is the repeated observation and quantitative evaluation of wildland fires
during its active phase on a regular technical and logistic base.

Currently, mostly in developed countries, aerial reconnaissance provides fire managers with this critical
information, and space-borne sensors provide usually guidance information for the fire monitoring
aircraft.

Quantitative and geo-referenced satellite data based fire monitoring information is of great value for fire
ecologists, health organisations and national administrations, too.

1.1 Sensitivity of IR spectral bands to signals from fires, background, and possible false alarms

The radiance signatures of vegetative background, fire, sun-glints (both occupying only 1% of a pixel),
and warm soil are shown in Figure 1 in the 0.4 — 15 pm wavelength region together with the relevant
spectral bands for reliable detection and monitoring of wildfires [Zhukov, et al, 2006].
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Figure 1: Radiance signatures of vegetative background, fire, sun-glints, & warm soil together with relevant
spectral bands for space-borne fire detection and monitoring
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Most of the space borne sensors currently used for detection and monitoring of wildfires are multi-
spectral scanners, which have channels in the mid and thermal infrared (MIR and TIR). Because of the
high sensitivity of the MIR spectral region (at ~ 4 um) to the presence of high temperature sources that
are even very significantly smaller than the pixel size (i.e. << 1%), hotspots are normally detected via
their increased spectral signature in this wavelength region. For reliable fire detection and monitoring
imaging multi-spectral observations in the spectral range from the visible to the thermal infrared are
needed.

Whilst sensor systems with IR bands in the short wave infrared (SWIR) and/or TIR (but without a MIR
band), like Enhanced Thematic Mapper (ETM) or Advanced Space-borne Thermal Emission and
Reflection Radiometer (ASTER), can in some circumstances be used for fire detection (albeit at a very
poor temporal resolution totally unsuited for a ‘monitoring’ role) they offer very limited capability for
quantitative characterization of wildfires since they saturate over even very modest fires [Oertel, 2005].

1.2 Available satellite sensors for fire observations

Moderate resolution polar orbiting satellites currently provide data used in the detection of active fires
(and burn scars). The system having the clearest operational status is the National Oceanic and
Atmospheric Administration (NOAA) Polar Orbiting Environmental Satellite (POES) Advanced Very
High Resolution Radiometer (AVHRR). Many of the existing national or regional operational systems for
detecting active fires rely on AVHRR data downloaded from direct readout stations.

The National Aeronautics and Space Administration (NASA) Moderate-resolution Imaging Spectro-
radiometer (MODIS), a research instrument, has demonstrated the value that improved spatial resolution
(in the optical bands), radiometric calibration, geo-location accuracy, and, in particular, an extended suite
of spectral bands with characteristics optimised for observation can add to fire remote sensing. MODIS
sensors are currently flying on NASA’s Terra and Aqua satellites. Data from the European Space Agency
(ESA) (Advanced) Along Track Scanning Radiometer ((A)ATSR) have been processed to produce multi-
year global compilations of night-time active fires and daytime burn scars.

Currently Imagers on the US Geostationary Operational Environmental Satellites (GOES) allow for
diurnal fire detection and monitoring throughout the Western and Asian/Pacific hemispheres. The
European “Meteosat-8” Spinning Enhanced Visible and Infrared Imager (SEVIRI) provides diurnal fire
monitoring capabilities in Western Europe and Africa. Whilst these systems provide excellent
possibilities for temporal sampling, their spatial resolution limits their use to the larger/more intense fires
only.
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A linear relationship between fire radiative power (FRP) and biomass combustion rates has been
determined during experimental burns, giving important information on fire impact and greenhouse gas
emissions that could be derived from the data provided by satellite IR sensors [Wooster, 2002].

Recent advances in information technology make it easier to provide relevant, accurate, timely and
reliable active fire information by integrating remote sensing products and GIS data for resource
managers in a readily accessible format. They use the data delivered by the above mentioned polar
orbiting and geo-stationary satellite sensors.

2 IDENTIFICATION OF WILDFIRE SATELLITE MONITORING REQUIREMENTS

2.1 Comparison of MODIS and BIRD data obtained over wildfires

A quantitative, comparative analysis of data from various wildfires obtained nearly simultaneously by
BIRD and by MODIS on the “Terra” satellite in 2002 and 2003 was conducted during the ECOFIRE
study [ECOFIRE Study Final Report, and Oertel, 2005].

Table 1 shows the relevant parameters the MODIS and BIRD channels used for fire recognition. As one
example, Figure 2 shows fragments of forest fire images acquired on 16 July 2003 by MODIS (4:21
GMT) and BIRD (4:46 GMT) at Lake Baikal. The knowledge of the FRP and the fire front line strength
are crucial for classifying fires into predominantly flaming or smouldering events, for discriminating
stand-replacing crown fires from ‘beneficial’ surface (cleaning) fires and for identifying head-fire or
back-fire events, i.e. the attributes required to assess the fire ecosystem and atmospheric impact.

Table 1: Main characteristics of the MODIS and BIRD channels used for fire recognition

MODIS on EOS -Terra/ Aqua BIRD Sensors
Spectral channels for fire MIR: 3.9-4.0 pm MIR: 3.4-4.2 um
detection and monitoring TIR: 10.8-11.3 um TIR: 8.5-9.3 um
RED: 0.62-0.67 um NIR: 0.84-0.90 pm
NIR: 0.84 - 0.88 um
MIR channel saturation at 500 K at 600 K
Spatial resolution 1 km 370 m/ 185 m
Swath width 2330 km 190 km
Revisit time 4 times a day Experimental imaging of selected
areas

The conducted MODIS and BIRD comparison well illustrates the potential of BIRD to validate fires
detected by MODIS. For example, a few weak bright spots in Figure 2 just north of the strongly radiant
front 1, which were recognised as nominal-confidence fires in the MODIS fire product, turn out to be
false alarms after comparison with the higher-resolution BIRD image. There are also clearly some fire
fronts detected by BIRD that are totally missed by MODIS, for example the fire to the northwest of fire
front 1 in the BIRD image.

Figure 2: Fragments of forest fire images acquired on 16 July 2003 by MODIS (4:21 GMT) and BIRD (4:46 GMT)
at Lake Baikal; the detected hot clusters are colour-coded using their FRP and projected on the MIR band, the
arrows indicate apparent false alarms in the MODIS data
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Detailed analyses conducted in [Wooster et al, 2003, and Zhukov et al, 2006] showed also that in the
MODIS (Terra) data, some of the small fires detected by BIRD are missed, while others cannot be
discriminated and are united in larger clusters. Only the former (i.e. missing of small fires) leads to total
scene FRP underestimation from MODIS, and the magnitude of this depends on the proportion of small
fires in the scene, which varies with ecosystem and fire season intensity.

2.2 Deficiencies in current space-borne systems used for semi-operational fire monitoring

The frame of this paper does not allow to discuss and to show in detail other examples of BIRD wildfire
observations and related quantitative evaluation of fire parameters, such as FRP, fire line strength and
effective fire cluster area, as done, for instance, in [Oertel, et al, 2004, and Zhukov et al, 2006]. However,
BIRD has proved an invaluable source of unique and space-borne sensor data both from small and large
wildfires, world-wide. The BIRD fire data allowed to quantify the deficiencies of existing space-borne
systems used for semi-operational fire monitoring.

Figure 3 shows (i) the histogram distribution of FRP obtained from a large number of BIRD fire
observations and (ii) arrows for the FRP (with accuracy better than +/- 30%) ranges which are covered by
MODIS, SEVIRI, GOES at day and night and by AVHRR and (A)ATSR - only at night. This figure
clearly indicates:

(a) the resolution deficiencies of existing satellite IR sensor systems for smaller wildfire detection and
monitoring;

and

(b) a requirement on the higher spatial resolution for prospective fire detection and monitoring satellite
systems.

Figure 3: Histogram distribution of Fire Radiative Power (FRP) obtained from BIRD fire observations and arrows
for the FRP (with < +/- 30% accuracy) ranges which are covered by BIRD, MODIS, SEVIRI, GOES at day and
night and by AVHRR and (A)ATSR - only at night.
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2.3 Requirements to prospective fire monitoring systems in Low Earth Orbit (LEO)

General requirements to sensor systems for forest fire monitoring and mapping are discussed in several
papers in a comprehensive workshop report [Ahern et al, 2000].

The requirement analysis for Space-borne High Temperature Event Observing Mission Concepts,
conducted by a European expert team for ESA in the ECOFIRE Study [ECOFIRE Study Final Report,
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Oertel, 2005] led to a mission refinement and to the review of the mission requirements for the /nfraRed
Element. The InfraRed Element was initially considered by ESA as:

(1) a dedicated fire detecting and monitoring sensor, and

(2) a payload passenger for the planned Sentinel -1,-2, and/or -3 satellites

of the upcoming European initiative on Global Monitoring for Environment and Security (GMES) as
outlined, for instance, in [ESA/PB-EO(2005)93].

During the ECOFIRE study and the Infrared Element mission requirement review three different
application groups with diverging objectives and requirements have been identified [ECOFIRE Study
Final Report, EO-PSM/1163 MR-dr] in 2005:

Global group which covers the requirements on observations of Global Change related observation of
forest-, savannah- and peat-fires for all relevant vegetation zones from the tropics to the boreal as well as
fire observations relevant for global climate monitoring and European air quality forecasting,

Eco-Regio group which covers the requirements on ecozonal fire monitoring and on three regional
targeted applications: Mediterranean forest fires, boreal forest / steppe fires, and radioactively
contaminated vegetation fires,and

Special target group which covers the requirements on observations of volcanic activity, tropical peat land
fires, and coal seam fires.

The High Temperature Event (HTE) observation and data product requirements of these application
groups are summarized in Table 2.

A major disadvantage of existing sensors used currently, such as MODIS, GOES and SEVIRI, is their
coarse spatial resolution. The finest currently available spatial resolution of 1000 m is a factor of 2-3
coarser than the 300 -500 m spatial resolution requirement of the Global group and a factor of ten coarser
than the 100 m spatial requirement of the Eco-Regio group.

Most of the currently available fire information systems are delivering GIS compatible vector/raster map
information on fire ‘hot spots’, containing essentially the location of the larger fires only. Therefore, to
close this significant gap for operational space-borne fire monitoring, higher spatial resolution satellite
sensors with high radiometric dynamic in their MIR and TIR bands are required.

3 ALTERNATIVES FOR PROSPECTIVE SPACE-BORNE OPERATIONAL FIRE MONITORING

The currently existing geo-stationary satellite sensor systems GOES and Meteosat 8 SEVIRI fulfill the
requirements on temporal resolution and small data delivery very well, exhibit a good spatial coverage for
latitudes and longitudes < +/- 50° from the nadir point, but provide a very coarse spatial resolution of > 3
km which allows the reliable detection of fires with a FRP > 50 MW only. The last is the most crucial
deficiency of these systems.

An assessment of the wildfires diurnal FRP cycle with geostationary satellites is also limited by their
rather weak detection sensitivity due to larger pixel size.

MODIS data are successfully used to validate the “Meteosat-8” SEVIRI data based FRP measurements,
obtained over Africa [ECOFIRE Study Final Report].

Furthermore, the MODIS BIRD comparison showed that there is a high complementary potential of two
types of Low Earth Orbiting (LEO) IR sensor systems for innovative active fire detection, monitoring and
characterisation:

MODIS type: Wide-swath low-to-moderate-resolution spectro-radiometers on polar-orbiting
environmental  satellites  providing daily  global coverage of fire detection, and
BIRD type: Medium spatial resolution imagers to be flown:

# on micro-satellite constellations, or

# as payload passengers on medium-scale satellites

allowing detailed monitoring and validation of the HTE information of hotspots which occurrence was
detected before by:

(a) MODIS type wide-swath sensors on other LEO satellites,

(b) a wide-swath Fore Field Sensor on the same platform, and/or

(c) geostationary satellite sensors.

The term “BIRD-type IR sensor” means a push-broom sensor equipped in its MIR and TIR bands with
photodiode line array detectors and integrated machine coolers. This detector technology allows to
provide a Noise Equivalent Difference Temperature (NEDT) of the sensor below 0.4 K at a background
temperature of 300 K in both the MIR and TIR bands.
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Unfortunately, the currently available micro-bolometer detector arrays — which are cheaper than cooled
photovoltaic array detectors - do by far not provide a similar NEDT in the MIR band, the leading channel
in space-borne fire detection and monitoring. This is the reason, why satellite IR sensor projects which
plan to utilize micro-bolometer arrays as detectors in the MIR and TIR, are not considered in this paper as
candidates for operational fire monitoring.

3.1 Combined use of existing coarser resolution sensors and the prospective GMES InfraRed Element
Among the existing coarser resolution sensors the following available sensor systems are considered:

# the Moderate Resolution Imaging Spectro-radiometer (MODIS) on the Terra and Aqua satellites, on
Low Earth Orbit (LEO) with 705 km altitude, and

# the imaging component of the Visible Infrared Spin Scan Radiometer Atmospheric Sounder (VAS) on
the GOES satellites — the “GOES Imager”, and Spinning Enhanced Visible InfraRed Imager (SEVIRI) on
“Meteosat-8” both on geo-stationary orbits.

Taking into account the shown in previous chapter complementary potential of MODIS and BIRD type
sensors, it is recommended in [ECOFIRE Study Final Report] to create a new fire monitoring system
which should rely on three principal space components:

# existing (semi)operational satellite sensor systems: MODIS, continued by VIIRS,
# geo-stationary satellite sensors (GOES, SEVIRI), and

# a dedicated fire detection and monitoring sensor system in a Low Earth Orbit (LEO), the InfraRed
Element..

Table 2: Summary of High Temperature Event (HTE) — Observation and Data Product Requirements

Data product, sensor, and system Global group Eco-Regio group Special target group
requirements
Spatial resolution (m) 300 - 500 100 Volcano, Peat: 50; Coal: 30 -
40
Fire radiative power (FRP) 20 20 20
estimation error (+/-, %)
Effective HTE temperature 100 50-100 50-100
estimation error (+/-, K)
Effective HTE area estimation 30 20 - 30 20-30
error (+/-, %)
Geo-referencing accuracy (m) 300 - 500 100 Volcano, Peat: 50; Coal: 15 -
20
Sensor swath width (km) 1500 500 150 - 250
Sensor field of regard (km) 3000 2500 500
Preferred local observation a: 14.00, b: a: 14.00, b:16.00 Peat: a: 14.00, b: 16.00,
time(s) (by priorities: a, b, c) 15.00 ¢:13.00 c:4.00
c: 12.00 Volcano / Coal: night / dawn
Re-visit time period (h) 6 2-3% Peat: 3, Volcano: 48, Coal:
168
Data delivery delay (h) 8 0.5 -1** Peat: 1, Volcano: 4, Coal: 48
Near-real time data delivery yes yes Peat: yes, Volcano: yes,
requested (yes/no) Coal: no
N° of sensors in one constellation 3-6 2-10° Peat: 8, Volcano: 4, Coal: N/A
MIR channel - NEDT (K) at 300 0.5 0.5 0,5
K
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TIR channel - NEDT (K) at 300 0.2-03 0.2-03 0.2-03
K

MIR channel saturation level (K) 650 750 Volcano, Peat: 840; Coal: 920
TIR channel saturation level (K) 580 630 Volcano, Peat: 730; Coal: 850
Visible (RED) channel 5-500 5-500 5-500

radiometric dynamic range
[W/(m2-pm-srad)]

* TWO (consecutive) measurements are requested within preferred local observation time (at afternoon), and a third
observation at about 8 -10 h local time is desirable

** 0.5 - 1 h data delivery delay is required for the fire management related monitoring, and 8 h data delivery delay
is required for ecological monitoring

*NEDT — Noise equivalent difference temperature

'3 with across track tilt and up to 6 without across track tilt of the sensors Field of View (FOV)

22 with across track tilt and up to 10 without across track tilt of the sensors FOV

As a design baseline for the Infrared Element minimum of three spectral bands (MIR at 4 um, TIR at 10
pm and Red at 0.55 pm) are needed at a spatial resolution between 100 and 250 m to capture the range
from high-energy fires down to low temperature smouldering fires and in order to separate thermal
background information from the temperature events to be detected [ECOFIRE Study Final Report, and
EO-PSM/1163 MR-dr].

In November 2006, however, the requirements to the GMES Infrared Element was discussed in a broader
application horizon at a workshop where it was recommended “to decide with priority if the IR Element
should be optimised for one particular application or to a compromise which would fulfil the
requirements of as many applications as possible* [EOP-SM/1564/MB-mb 2006]. This decision is still
pending.

If the Infrared Element will be flown as a payload passenger of the GMES land-application satellite
Sentinel-2 and / or the GMES ocean application satellite Sentinel-3, the local equator crossing times will
be 10:30 / 22:30 h and / or 10:00 / 22:00 h, respectively — see [EOP-SM/1564/MB-mb 2006]. This is
acceptable but far from optimum for fire monitoring. Therefore, it was also mentioned in [EO-PSM/1163
MR-dr] that the InfraRed Element does not necessarily have to be implemented on Sentinel-2 or -3, but
could be flown on separate platforms to secure the afternoon local equator crossing.

A critical aspect of the described combined use of data from (i) geo-stationary satellites, (ii) MODIS type
systems and the (iii) GMES Infrared Element as one operational fire monitoring service maybe, that that
the Fire Monitoring Information System(s) on ground must be able to receive and to process the data
distributed by at least three different space segments (i) — (iii).

3.2 Dedicated fire monitoring satellite constellations

To analyse the needs of a commercially a world-wide user community interested in operational fire
detection and monitoring services to be provided by a constellation of dedicated micro-satellites, a market
study for a Fire Recognition Satellite system (FIRES) was proposed [Oertel, D., Ruecker, G. 2004].

The space segment of the Fire Recognition Satellite system (FIRES) shall consist of four BIRD-like
micro-satellites and it shall feature innovative on board processing capacities that perform detection,
classification and geo-referencing of fire information, such as the FRP, fire line strength and other.

This design feature FIRES shall enable the “on-board generation” of a very compact high-end product
with a sufficiently small data size for a direct broadcast to mobile, hand-held reception units which could
be integrated, for instance, with commercially available GPS receivers — building a “Fire-GPS” system.

A qualitative phase of the FIRES market study was conducted by the German small enterprise ZEBRIS
GbR, and the Integrated Fire Management Group (IFMG) on behalf of the German Aerospace Center -
Technology Marketing division (DLR-TM) in 2005.

The FIRES market study activities included an international workshop on “FIRES Concept and Product
Test” with experienced fire managers and fire information experts from five continents [Ruecker, 2005].
Considering the workshop recommendations on observation characteristics, the FIRES satellite sensor
base line design comprises four spectral bands (MIR at 4 pm, TIR at 9 pum NIR at 0.85 pm and Red at
0.55 pm) with a spatial resolution of 300 m. All four bands will have a swath width of ~ 1150 km on
Earth surface.
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The four FIRES satellites shall fly at about 600 km altitude in two angular spaced polar sun-synchronous
orbit planes with two satellites phased by 180° in each orbit.

These observation characteristics of the FIRES satellites will provide four observations in 24 hours (two
at day time and two night time) of each point on the Earth land surface (except the polar regions, where
no wildfires occur).

The two orbit planes of the FIRES space segment shall be chosen in a way that the local equator crossing
times of the two pairs of satellites will be at 14:00/02:00 h and 16:30/04:30 h, respectively, i.e. the local
equator crossing times will be at the optimum for fire detection and monitoring (see Table 2).

Fire attributes, to be transmitted in real time by the FIRES satellites, such as FRP and fire line strength,
can support decisions by fire managers in fire suppression planning, crew mobilization & movement and
post fire assessment. Direct broadcast of GIS ready fire information from the FIRES satellites would
enable fast delivery to fire managers even operating at remote sites without internet or telephone
connection. Establishment and maintenance of costly ground receiving stations would not be necessary.

A specific aspect of a dedicated operational fire monitoring system with such an extreme high level of on-
board autonomy is that its ground segment will be cheap, compact, mobile and simple in operation. This
might be seen as an advantage, compared with a system described in the previous chapter. However, the
workshop on “FIRES Concept and Product Test” revealed that there will be also relevant users interested
to receive preferably the radiometrically and geometrically corrected imaging data (Level 1B data of all
channels) from the FIRES satellites directly, because they plan to use their own receiving and processing
stations and their own fire detection and monitoring algorithms. To fulfil this supplementary requirement
will be technically possible, but it will generate additional operation cost.

A crucial precondition for the implementation of a mostly commercially funded space mission is to get
the financial support by an organisation or a consortium of organisations, which are ready to carry the
financial risk of the mission.

The AUSBIRD fire monitoring constellation proposal won the backing of insurers, state governments and
fire fighting authorities in Australia, accordingly to [The Australian News, January 03, 2007].

The AUSBIRD project is a joint venture between German Aerospace Center (DLR), German technology
companies BERATA and Kayser Threde, and the Australian partner Euro Pacific Strategies (EPS).

The Victorian and South Australian governments had expressed their interest in the AUSBIRD project.

South Australian Infrastructure Minister signed a memorandum on AUSBIRD with the joint venture
consortium in Cologne, Germany, in December 2006.

AUSBIRD shall provide a ground revisit time of 6,5 h for operational fire detection and monitoring over
Australia, New Zealand, the several fire prone regions in North America (USA, Canada), and the
Mediterranean region.

The AUSBIRD sensors shall be able to detect flaming fires with an area > 10 m* and shall not suffer from
saturation in the MIR/TIR channel during the observation of large fires.

AUSBIRD will be a constellation of at least four micro-satellites with identical sensors of the BIRD-
type, with observation and product characteristics close to that explained for the FIRES constellation.

On-board data processing is foreseen in AUSBIRD to generate compact “hot spot” information on the
location and the extent of the fire fronts/clusters.

Geo-referenced image products of all channels will be processed in the AUSBIRD ground segment.

4 CONCLUSION

Recent developments in small satellites for Earth observation, for instance, the German demonstrator
mission on Bi-spectral InfraRed Detection (BIRD) show the potential to provide the information required
for wildland fire management decisions and for fire ecology by:

e combined utilisation of existing coarser resolution IR sensor systems together with new dedicated
spatially higher resolution IR sensor systems flown as payload passengers or free flyers, and / or

e prospective constellations of dedicated micro-satellites equipped with compact and intelligent IR
sensor systems.
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ABSTRACT: Researchers working in different regions and ecosystem types have developed a variety of
applications for satellite and airborne remote sensing data to monitor the post-fire environment. These studies have
focused on assessing characteristics of the site immediately after the occurrence of a fire (measures of fire severity)
as well as monitoring how a site recovers from the effects of a fire (burn severity). While most of this research has
focused on using data from the visible and reflected infrared regions of the electromagnetic spectrum, studies have
also been carried out using microwave data. Approaches have focused on quantifying patterns of fire and burn
severity, monitoring specific post-fire surface characterististics such as soil moisture, and assessing vegetation
regrowth after a fire,. Most research to date has focused on developing approaches to use satellite data to assess the
immediate impacts of fire on the environment, and the results from these studies are reviewed here. In this paper, I
also present examples from my own research in Alaska to illustrate recent research on using satellite remote
sensing data to monitor the impacts of fire. While these test cases are for a specific biome, they illustrate the
challenges and opportunities for using remote sensing data to monitor the post-fire environment in any region.
Specifically, I present test cases that: (a) demonstrate the difficulties associated with using the Normalized Burn
Ratio (NBR) to generate maps of fire severity in boreal forests; (b) show how imaging radar data can be used to
assess patterns of soil moisture in burned black spruce forests; and (c) how MODIS data can be used to detect
shifts in post-fire forest successional patterns that result from variations in fire severity.

1 INTRODUCTION

While remote sensing scientists have a long history of using airborne and spaceborne remote sensing
systems for the direct monitoring of active fires, mapping burned area, and assessing the impacts of
biomass burning, it has only been over the past decade that fire scientists and land managers have
recognized the importance of this technology for meeting their information needs. The advancement in
computer technology (hardware, software, data storage, and data delivery) along with the advanced
training of students in the use information generated from the analysis of remote sensing data within
geographic information systems have produced the means for land managers and scientists to routinely
use satellite-derived information for fire monitoring, management, and research. In turn, this
infrastructure (human and technological) has produced an ever-increasing demand for the additional fire
information products that are currently being developed.

In this paper, I will review different approaches that are currently the topics for research on the utilization
of satellite remote sensing data to assess and monitor landscape and regional-scale effects of fire on the
environment. I begin this paper by discussing the requirements for information on the impacts of fire.
This is followed by a review of research on using satellite remote-sensing data to monitor the immediate
post-fire effects of fire. I then present results from ongoing studies in Alaska that use satellite data not
only to monitor fire severity, but another important post-fire environmental characteristic, soil moisture.
Results are presented that demonstrate how satellite data can be used to monitor and detect variations in
post-disturbance vegetation regeneration that are a result of variations in fire severity. Finally, I outline
what I feel are some key research areas which require the attention of the remote sensing community.
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2 INFORMATION REQUIREMENTS

One of the challenges for researchers developing new applications for remote sensing data is
understanding the specific information requirements of the end users. Since fire impacts a large number
of environmental and ecosystem characteristics, the study of fire effects is truly inter-disciplinary in
nature, involving scientists and managers spanning a wide-range of disciplines. This range of users and
their broad range of information requirements, in turn, offer the opportunity to exploit data from a variety
of land-surface remote sensing systems, a point that is obvious to the attendees of this conference.

As with any endeavor involving managers and scientists from different disciplines, an understanding of
the nomenclature being used to study or describe a process or phenomenon is essential, and this is
especially true in the fire science community. Jain (2004) provides a conceptual framework for describing
and discussing fire through what she refers to as the “Fire Disturbance Continuum”. We find this
framework provides a rationale basis for remote sensing scientists to readily separate the different classes
of users who are interested in using data products for the study of fire:

1 The Pre-Fire Environment — the environmental characteristics of a site prior to the fire;

2 The Fire Environment — the environmental characteristics of a site during the fire (the processes
involved with combustion of biomass, including fire intensity and fire behavior);

3 The Post-Fire Environment — the environmental characteristics of a site immediately after the fire;
and

4 Response — the longer-term biological, physical, and chemical responses of the environment
(including ecosystems) at a site to variations in the effects of the fire.

The fire science community uses a variety of terms to describe the characteristics of fire and its effects.
This paper addresses research associated with two of these terms: fire severity and burn severity. As noted
by Lentile et al. (2006) and others, these terms are often used interchangeably in describing the post-fire
environment (something we admit to being guilty of in the past), when in fact each refers to a specific
time period in the Fire Disturbance Continuum. Here, we follow Lentile et al. (2006), who define fire
severity as a measure of the immediate impacts fire has on the environment (e.g., The Post-Fire
Environment), whereas burn severity refers to how an ecosystem and environment recover from the
impacts of fire (Response). The two terms are related in that

Burn Severity = f (Pre-Fire Environment + Fire Severity)

One of the challenges in temporally separating these two terms is that different processes related to each
can occur at different time scales, even within the same ecosystem. For example, tree mortality is a
common characteristics that is related to fire severity. However, in many systems the damage inflicted by
fire takes several years to cause mortality in overstory trees. Thus, measuring this characteristic of fire
severity takes place over several years. The degree of vegetative reproduction that occurs at a site depends
on the number of propogules that are not removed or damaged by burning (a measure of fire severity).
The rate of regrowth through vegetative reproduction from propogules represents a measure of burn
severity can take place over the same time period that tree mortality is occurring. Thus, those attempting
to monitor the effects of fire can have situations where they are analyzing land surfaces that are
simultaneously exhibiting the effects of fire severity (impacts of fire) and burn severity (the response of
the system to the impacts from fire). In such situations, the correct interpretation of the signatures
observed on satellite remote sensing data will depend on an understanding of the vegetative processes that
are occurring.

While the understanding the difference in nomenclature used in describing the fire environment is
important, it is only the first step in determining the information requirements for a specific user group, as
different disciplines focus on specific environmental features or characteristics that are impacted by fire.
Thus, while a generic approach to defining a surface measure that characterizes burn or fire severity (such
as the composite burn index of Key and Benson 2006) may be attractive in that it provides a simple,
consistent approach to quantify the effects of fire, such indices are only useful if they can predict the
characteristics of fire/burn severity that are of interest to the end user. In most cases, end users of
fire/burn severity information focus on specific characteristics of an ecosystem or an environment, such
as tree mortality (Keyser et al. 2006), changes in soil repellency/surface run-off (Doerr et al. 2006; Lewis
et al. 2006), changes to the permafrost regime and soil moisture and temperature characteristics
(Yoshikawa et al. 2002; Kasischke and Johnstone 2005), variations in tree mortality, levels of biomass
consumption during a fire (Kasischke et al. 2005), post-fire soil respiration (O’Neill et al. 2002, 2003;
Bergner et al. 2004), and patterns of post-fire seedling recruitment and succession (Johnstone and
Kasischke 2005; Jayen et al. 2006; Kemball et al. 2006), amongst many others.
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To illustrate the above concepts, we will use the mature black spruce forests to the interior region of
Alaska as well as throughout the North American boreal forest (this forest type represents >50% of
forests in the N.A. boreal region, and >60% of all forests that burn). Figure 1 presents surface
photographs of this forest type from interior Alaska. While most of Alaskan black spruce forests have low
(< 6 m tall), open canopies, in many regions of Canada, black spruce forests occur in closed stands, with
taller trees. There are several characteristics that are common in boreal black spruce forests. First, a well
developed surface organic layer exists in all forest types, with depths of 8 to > 40 cm found in mature
stands. Second, these deep organic layers serve to insulate the ground surface, resulting in a cooling of the
ground and the formation of permafrost.

The understory layer of black spruce forests typically contains highly flammable ericaceous vegetation. In
addition, this tree species does not shed dead lower branches, which when ignited, serve as ladder fuels to
carry surface fires into the living canopy of the trees. During dry conditions, this fuel matrix readily
burns, and given the predominance of this forest type on the landscape, provides a fuel-bed matrix that
supports burning over long-time periods (e.g., weeks to months). As a result, fire sizes easily reach >
10,000 ha, with >100,000 ha events being common during large fire years.

We recently carried out research to further study the patterns of fire severity that occur in Alaskan black
spruce forests. Figure 2 illustrates the range of post fire conditions observed in black spruce forests. In
low severity fires, sites were affected primarily by surface fires, with a small degree of the canopy trees
igniting, and very little of the surface organic layer being consumed. In high severity fires, the entire
surface organic layer was consumed during the fire, resulting in the burning of tree roots, with all trees
falling down as a result.

Different surface characteristics can be used to quantify fire severity in black spruce forests (Table 1;
Kasischke et al. in review). Low severity fires usually only occur at the edges of fire events in black
spruce forests, so for most of the areas burned, canopy tree mortality is 100%. Because of this, common
measures of fire severity in other ecosystems related to tree mortality, such as scorch height, are not
useful for black spruce forests. In addition, consumption of understory vegetation is extremely high (e.g.,
see Figure 2), so measures involving this canopy layer provide very little information regarding fire
severity. Important characteristics quantifying fire severity in black spruce vegetation include levels of
tree canopy consumption and the fraction of trees remaining standing. Burning of the deep surface
organic layer in black spruce forests controls a number of post-fire ecosystem characteristics and
processes (Table 1; Kasischke et al. in review), thus measuring depth of burning, depth of the remaining
surface organic layer, and the type of surface (e.g., the surface organic or mineral layer which remains
after a fire) all can be used to assess fire severity.

A number of studies have been carried out to evaluate the Normalized Burn Ratio (NBR) for mapping
variations in fire or burn severity (van Wagtendonk et al. 2004; Brewer et al. 2005; Epting et al. 2005;
Sorbel and Allen 2005; Roy et al. 2006; Chuvieco et al. 2006; Miller and Thode 2007; Walz et al. 2007;
Allen and Sorbel in review; Hall et al. in review; Hoy et al. in review, Murphy et al., Verbyla et al. in
review). A common approach to demonstrate the utility of the NBR is through correlation with a surface
measure of fire/burn severity — the composite burn index (CBI). The CBI is derived by making visual
estimates of the impacts of fire in five different strata (substrate, herbs/low shrubs, tall shrubs/saplings,
understory trees, and canopy trees), and averaging the values for each strata for a single measure. What
few studies have done is to evaluate the utility of the CBI for assessing specific characteristics that are
used to assess the impacts of fire, such as those presented in Table 1. Our research in black spruce forests
in Alaska shows there was little correlation between CBI and other surface measures of fire severity,
primarily because most of the variation in CBI was due to variations in a single strata, the substrate strata
(Kasischke et al. in review). These results do not mean the CBI cannot provide useful information on fire
severity — however, they do indicate that researchers need to evaluate the utility of the CBI for estimating
specific surface characteristics used to quantify fire severity in the ecosystems they are studying.
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Figure 1. Surface photographs of mature (80 to 200 years old) black spruce forests in Interior Alaska.
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A different set of surface characteristics are used to quantify burn severity (the response of the
environment or ecosystem to the impacts of fire) than are used to measure fire severity. Measures of burn
severity fall into two general categories: (a) surface measures (other than those used to assess fire
severity) that can be used to predict how systems will respond to the impacts of fire; and (b) surface
measures that quantify how systems are responding to the impacts of fire. As with fire severity, the
surface characteristics being measured or mapped depend on the specific process being monitored. A
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wide range of processes or surface characteristics are affected by variations in fire severity, including
surface runoff, permafrost formation, ground-water infiltration, surface runoff, patterns of vegetation
regrowth, fuel bed characteristics and wildlife habitat. As with fire severity, a single measure of burn
severity is unlikely to satisfy all users; therefore it is incumbent on the producer of burn severity
information to understand the requirements of the specific users in specific regions. For example, those
interested in being able to predict how an ecosystem will respond to variations in fire severity may be
interested in seasonal variations in soil temperature and moisture, nutrient availability, and patterns and
rates of soil erosion. Those interested in understanding how ecosystems are recovering variations in fire
severity may be interested in patterns and rates of seedling recruitment, vegetative reproduction, and
species composition and rates of plant growth.

Table 1. Surface measurements that can be used to measure fire severity in Alaskan black spruce forests.

Surface Measurement Environmental or Ecological Effect
Canopy tree mortality Stand age structure
Seed availability
Canopy biomass consumption Trace gas emissions
Carbon and nutrient cycling
Seed availability
Fraction of trees standing Seed dispersal distance
Depth of burning of the surface organic layer Trace gas emissions

Carbon and nutrient cycling

Availability of propogules in surface organic
layer (affects level of vegetative
reproduction)

Depth of the remaining surface organic layer Substrate quality — bulk density, hydraulic
conductance (affects substrate quality for
seedling germination and soil water
repellency)

Soil temperature

3 APPROACHES TO USING SATELLITE DATA TO ASSESS THE SHORT-TERM FIRE EFFECTS

3.1 Overview of previous research

Based on a review of the published literature, we identified 35 studies that used moderate (e.g., ca 20 to
60 m pixels) and coarse-resolution (e.g., ca 250 to 500 m pixels) satellite data to assess fire severity
(listed chronologically in Table 2), which date back to using Landsat MSS data to study fire severity and
patterns of regrowth in Michigan pine forests (Jakubauskus et al. 1990). While most of the studies used in
this review were from the peer-reviewed scientific literature, we included two studies from the gray-
literature that deal with an important program in the U.S. — the Burned Area Reflectance Classification
(BARC) approach used by the U.S. Forest Service Burned Area Emergency Response (BAER) project
(Bobbe et al. 2003; Hudak et al. 2004). Landsat TM or similar moderate resolution data were used in the
vast majority of studies, although three recent studies used coarser resolution MERIS and MODIS data
(Roldan-Zamarron et al. 2006; Gonzalez-Alonso et al. 2007; Walz et al. 2007). These studies were carried
out in a number of different regions with different vegetation cover, including in forests, shrublands, and
grasslands in the Western U.S. (18 studies), forest, shrublands, and tundra in boreal and sub- boreal
forests in North America and Russia (9 studies), shrublands, savanna, and forests in Australia (3 studies),
forests and shrublands in Spain/Portugal (4 studies), and savannas in Africa (Namibia — 1 study).

The methods to used to provide estimates of fire severity to compare with information derived from
satellite remote sensing data included the collection of field data or interpretation of aerial photography to
provide: (a) user specified classes of fire severity (15 studies); (b) specific measures of fire severity,
including overstory tree mortality, combustion completeness, mineral soil exposure, ash cover, tree
scorch height, fractional components of ground cover (including vegetation), depth of burning of the
surface organic layer, tree crown consumption, erosions, and gully regeneration (10 studies); and (c) the
data needed to calculate the Composite Burn Index (CBI) (12 studies).

The evaluations of using satellite data to map or measure fire severity fell into four broad categories: (a)
classification of satellite data into distinct fire severity classes (16 studies); (b) correlation of the
Normalized Burn Ratio and its derivatives (ANBR, RANBR) with the Composite Burn Index (10 studies);
(d) correlation of the Normalized Burn Ratio and its derivatives (AINBR, RANBR) with other surface
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measures of fire severity (5 studies); and (d) correlation of other remote-sensing indices with surface
measures of fire severity (10 studies).

A review of the approaches used and results from these studies (Table 2) reinforces the concepts
discussed in Section 2 on user information requirements. Specifically, researchers defined different
classes of fire severity based upon the vegetation types and fire characteristics in the region under study,
illustrating the fact that developing a single definition for fire severity across all vegetation types may not
be possible. The diversity of fire regimes and surface effects is reflected in the different approaches used
to measure fire severity in the studies summarized in Table 2. For example, the mixed
coniferous/deciduous southern boreal forests of Siberia typically experience surface fires with some
crowning. In this situation, tree mortality is a key measure of fire severity (Isaev et al. 2002). In contrast,
black spruce forests common to the boreal region of interior experience stand replacing crown fires
(Figure 2). Here, depth of burning of the surface organic layer as well as crown canopy consumption are
typical measures of fire severity (Table 1).

The average classification accuracy for mapping of fire severity was 73% (range of 50 to 95%). The
studies showed that classification accuracy varied as a function of spatial resolution of the satellite system
(with moderate resolution data achieving higher accuracy than coarse-resolution data) and that
topographic influences (such as shadowing) reduced classification accuracy. The studies also showed that
variations in fire severity were more readily mapped in forests than in shrublands and grasslands. Finally,
accounting for pre-fire vegetation cover improved fire severity classification and estimation.

In general, the studies in Table 2 demonstrated that relating variations in surface reflectance detected by
moderate resolution satellite systems (Landsat, SPOT, MSU) were more influenced by variations in
aboveground vegetation characteristics than surface (mineral soil, litter, and organic soil) characteristics,
indicating that satellite maybe be more suitable for mapping fire severity characteristics of vegetation in
many ecosystems. Kushla and Ripple (1998) showed the correlation (in this paper, the correlations we
present are all R” values) between a Tassel-Cap Transformation and tree mortality was 0.78, while Isaev
et al. (2002) found a correlation of 0.82 between tree mortality and ANDVI. Robichaud et al. (2007)
found a correlation of 0.58 between NBR % green vegetation as well as % litter cover, and a correlation
of 0.58 between dNBR and % green vegetation. Hoy et al. (in review) found a correlation of 0.67 between
RdANBR and a canopy severity index (based on levels of consumption of canopy biomass), a correlation of
0.65 between dNBR and the canopy severity index, and a correlation of 0.52 between the ratio of Landsat
TM bands 7/5 and the canopy severity index. However, in grassland savannas, Alleaume et al. (2005)
found no correlation between dNBR combustion completeness. In contrast to measures of fire severity in
the vegetation layer, Kokaly et al. (2007) and Hoy et al. (in review) both found little correlation (0.30 <)
between dNBR and other spectral indices and surface measures of ground-layer fire severity (e.g., ash
cover, exposed mineral soil, depth of the surface organic layer, depth reduction in the surface organic
layer).

Table 2. Summary of studies that evaluated the use of satellite data for mapping of fire severity (Acronyms used are
as follows — BARC: Burned Area Reflectance Classification; CBI: Composite Burn Index;, dNBR: differenced
Normalized Burn Ratio; ANDVI: differenced Normalized Differenced Vegetation Index; PC: Principal-Component
transformation; RANBR: relative differenced Normalized Burn Ratio; TC: Tasselled-Cap transformation).

Study Vegetation Type | Remote Sensing Field Results
Approach Observations
Jakubauskas et al. | Pine forest, Level slice of Landsat | n/a n/a
1990 Midwestern U.S. | MSS band 4/band 3
ratio
White et al. 1996 | Steppe, Supervised Fire severity classes | 63% classification
shrublands, classification of (3 levels)) from accuracy
grasslands, Landsat TM data aerial photo
conifer forests interpretation
Western U.S.
Kushla & Ripple | Coniferous forest, | Regressions of TC Tree mortality R* =0.78 between
1998 Western U.S. wetness using Landsat TC transform and tree
TM data mortality
Patterson & Yool | Pine and oak Supervised Fire severity class (4 | Kappa=0.73 for TC
1998 forests, western classification using levels) transform, 0.62 for
U.S. TC and PC PC transform
transformations of
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Landsat TM data

Key & Benson Conifer forests, dNBR derived from CBI High R* = 0.64
1999 western U.S. Landsat TM imagery between CBI and
for same year as fire dNBR for initial data,
(initial) and following 0.84 for extended
spring (extended) (non-linear
regression)
Michalek et al. Spruce forests, Supervised Fire severity classes | n/a
2000 Alaska classification of (3 levels) from
Landsat TM data surface observations
and interpretation
aerial photos
Rogan & Yool Grassland, Supervised Fire severity class (3 | Kappa = 0.66 using
2001 woodland, classification using levels) TC greenness,
chaparral, TC and various brightness, and
western U.S. remote sensing indices wetness transforms
derived from Landsat
TM data
Miller & Yool Conifer forests dNBR severity maps Overstory Kappa = 0.86 for
2002 and woodlands, (BARC products) and | component of CBI supervised
western U.S. supervised classification, = 0.38
classifications —0.63 for INBR
generated from maps
Landsat TM data
Isaev et al. 2002 Mixed conifer/ ANDVI from SPOT Tree mortality from | R?= 0.82 between
deciduous forests | and MSU data aerial and satellite tree mortality and
in southern photographs ANDVI
Siberia
Bobbe et al. 2003 | Conifer forests, NBR and dNBR Fire severity class (4 | Fire severity class
western U.S. severity maps (BARC | levels), surface accuracy = 50% for

products) generated

measures of fire

NBR maps, 60% for

from Landsat TM data | severity dNBR maps
Diaz-Delgado et Mixed vegetation | ANDVI from Landsat | Fire severity class (7 | R*=0.55 between
al. 2003 types TM data levels) fire severity and
(unspecified) in ANDVI
Spain
Ruiz-Gallardo et | Mixed vegetation | ANDVI from satellite | Field observations of | Combined with other
al. 2003 types data erosion landscape features,
(unspecified) in ANDVTI is a good
Spain indicator for erosion
Chafer et al. 2004 | Chaparral, ANDVI from SPOT Fire severity class 88% classification
savanna, data (6 levels) accuracy
woodlands in
Australia
Hudak et al. 2004 | Conifer forests, NBR and dNBR using | Field measures of NBR/dNBR more
western U.S. Landsat TM and aboveground and correlated with
SPOT data ground severity aboveground
measures than
belowground
measures
van Wagtendonk | Pine forests, dNBR derived from CBI R?=0.89 between
et al. 2004 western U.S. Landsat TM data dNBR and CBI, but
saturates for CBI >
24
Alleaume et al. Savanna, Namibia | dNBR derived from Combustion dNBR not correlated
2005 MODIS data completeness from with combustion
field observations completeness
Brewer et al. 2005 | Grassland, dNBR derived from Fire severity classes | Classification
shrubland, Landsat TM data (4 levels) in multiple | accuracy of 56%

forests, western

land cover types

when land cover not
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U.sS.

considered, 96%
when land cover
accounted for

Bigler et al. 2005 | Sub-alpine dNBR derived from Fire severity classes | No accuracy statistics
conifer forests, Landsat TM data (4 levels) presented
western U.S.
Cocke et al. 2005 | Pine forests, dNBR derived from CBI and fire severity | Accurately identified
western U.S. Landsat ETM data classes (4 levels) severely burned areas
based on pre- and
post-fire
measurements,
Epting et al. 2005 | Conifer, dNBR and other CBI R?=0.52 (average for

deciduous, mixed
forests and
shrublands in

indices derived from
Landsat TM imagery

4 events) between
dNBR and CBI for
different fire events

Alaska
Finney et al. 2005 | Conifer forests, dNBR derived from Fire severity classes | Fire severity varied as
western U.S. Landsat TM imagery, | (3 levels)asa a function of pre-fire
regression tree function of pre-fire fuels treatment
analysis fuels treatment
Sorbel & Allen Conifer, dNBR derived from CBI R*=10.78 (across 10
2005 deciduous, mixed | Landsat TM imagery fire events) between
forests and CBI and dNBR across
shrublands, all fire events
Alaska
Hammill & Shrublands, ANDVI from SPOT Fire severity class Classification
Bradstock 2006 woodlands, and Landsat TM data | (5 levels) accuracy dependent
Australia on pre-fire vegetation
type
Roldan-Zamarron | Shrublands, dNBR and spectral Fire severity classes | Classification

et al. 2006

forests, Spain

unmixing using
Landsat TM, MERIS,
and MODIS data

(4 levels)

accuracy of 74%
achieved using
spectral unmixing of

Landsat TM data
Hyde et al. 2007 Mountainous Burn Severity Gully regeneration BSDI a good
regions in Distribution Index indicator for gully
western U.S. derived from NBR regeneration — NW
data (Landsat TM slopes had poor
data) results because of
shadows
Gonzalez-Alonso | Shrublands, Spectral unmixing Fire severity classes | Classification
et al. 2007 forests Spain analysis of MERIS (4 levels) accuracy of 51% for
and SPOT HRG data MERIS data and 70%
for SPOT data
Kokaly et al. 2007 | Conifer, dNBR (BARC Ash cover, exposed dNBR map did not
deciduous forests, | product) derived from | soil, scorch height, capture variations in
western U.S. Landsat TM data additional surface surface fire severity
measures of fire measures in different
severity severity categories
Miller & Thode Conifer forest, dNBR and RANBR CBI R%= 0.49 between
2007 shrublands, Sierra | derived from Landsat CBI and dNBR and
Nevada TM data 0.61 between CBI and
Mountains of on RANBR (exponential
of California/ equations)
Nevada
Robichard et al. Conifer forest, Spectral unmixing on | Fractional R?=0.58 between
2007 western U.S. AVIRIS data and components of NBR/dANBR and %

dNBR (BARC
product) generated
from Landsat TM data

ground cover
remaining after the
fire

green vegetation and
NBR and % litter
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Stow et al. 2007 Shrublands and TC transform and a CBI Accuracy of 64%
forests, California | supervised using TC transform,
classification using forests had higher
Landsat imagery accuracy than
shrublands
Walz et al. 2007 Deciduous forests | dNBR generated from | Fire severity classes | 85% accuracy using
in southwestern Landsat TM and (4 levels) Landsat dNBR, with
Australia MODIS data lower accuracies
achieved using
MODIS dNBR
Allen & Sorbel in | Conifer, dNBR generated from | CBI R?=0.61 for tundra
review deciduous, mixed | Landsat TM data to 0.71 for black
forests, spruce between CBI
shrublands, and dNBR,
tundra, Alaska correlations improved
for tundra using
extended dNBR
Hall et al. in Conifer, dNBR generated from | CBI R*=0.84 (for all fire
review deciduous, mixed | Landsat TM data events) for CBI as a
forests, western function of ANBR
Canada (quadratic equation)
Hoy et al. in Black spruce dNBR generated from | CBI (modified for R*=0.43 (average for
review forests, Alaska Landsat TM data, TC, | Alaskan forests), two events) between
PC, and other spectral | additional field dNBR Low
indices measures of burn correlations found
severity between field
measures of fire
severity and all
satellite indices
Murphy et al. in Conifer, dNBR generated from | CBI (modified for R* =0.36 (for 6 fire
review deciduous, mixed | Landsat TM data Alaskan forests) events) between
forests, dNBR and CBI
shrublands,
Alaska

3.2 Assessing dANBR vs.CBI Correlations

There is a general consensus in the land resource management community in the United States that the
NBR or dNBR can be used to generate maps of fire or burn severity across different vegetation and
ecosystem types Landsat TM/ETM+ or SPOT data. Based on this consensus, two major programs have
been initiated to generate NBR/ANBR fire severity maps.

The U.S.D.A. Forest Service dispatches a Burned Area Emergency Response Team (BAER) to major fire
events in order to prepare plans for restoration/rehabilitation of fire impacted areas. The BAER teams are
dispatched within the same season that a fire occurs, typically within weeks after fire activity ends. Using
the ANBR approach, the Forest Service generates a Burned Area Reflectance Classification (BARC) (see
http://www.fs.fed.us/eng/rsac/baer/barc.html) to aid in the restoration/rehabilitation planning.

The U.S.D.A. Forest Service, the U.S. Geological Survey, and the National Park Service recently initiated
a second, project to generate maps of burn perimeters and burn severity for all fires greater > 400 ha in
size in the U.S. for the period of 1984-2010. This multi-year project (named Monitoring Trends in Burn
Severity — MTBS - http://svinetfc4.fs.fed.us/mtbs/) is being implemented by using the dNBR approach
applied to Landsat TM and ETM+ data to generate fire perimeter and fire severity maps.

Both of these programs were based on a few studies that demonstrated there was a high correlation
between dNBR and the Composite Burn Index (Key and Benson 1999; van Wagtendonk et al. 2004), as
well as success in classifying burn severity using the dNBR approach (Brewer et al. 2005). These initial
studies were carried out in the western U.S. in fire events that were dominated by mature coniferous
forests. Since these initial studies were conducted, additional research on correlating dNBR and CBI have
been carried out in fires that occurred in the Sierra Nevada mountain in areas that were dominated by
mature pine, but contained areas of oak and sagebrush and in the boreal forests and tundra of Alaska and
Canada (see Table 3). These additional studies showed that the relationships between CBI and dNBR are
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complex, with some fire events resulting in high correlations and others resulting in very low correlations.
The following observations can be made from these studies:

1. The range of correlation was high, from a low of 0.11 in an Alaskan boreal forest region (Murphy
et al. in review) to a high of 0.89 in a Californian pine forest (van Wagtendonk et al. 2004).

2. The nature of the optimal relationship between CBI as a function of dNBR varied between
studies. While in most cases, the highest correlation was found using a linear relationship, in
several cases, a non-linear relationship (quadratic or exponential) produced the highest
correlations. These results indicate that for programs such as BAER and MTBS that are using the
dNBR approach to map fire severity classes at a national scale need to carry out studies to
determine thresholds for different regions.

3. The fact that the relationship between CBI and dNBR is non-linear may limit the usefulness of
satellite data for assessing areas with high levels of fire severity. Figure 3 presents a plot of the
relationship between CBI and dNBR found by van Wagtendonk et al. (2004). The non-linear
nature of this relationship indicates variations in CBIs > 2.3 cannot be reliably predicted from
dNBR for this specific forest type.

4. Signal saturation may have contributed to the low correlations found in several of the studies
conducted in Alaska. Both Hoy et al. (in review) and Murphy et al. (in review) carried out studies
in fires that occurred in Alaska in 2004. In the black spruce forests studied by Hoy et al. (in
review), the average CBI was 2.48. The CBI values produced by Murphy et al. across all forest
types averaged 2.0, with 36% of the observations being greater than 2.5. The data show the
average correlation for boreal studies using all vegetation types averaged 0.55 in the fires from
2004 compared to 0.66 from fires in other years.

5. The results indicate that ANBR derived from Landsat TM/ETM+ data collected during the year
following the fire (e.g., extended data) produced higher correlations with CBI than data collected
during the same year as the fire (e.g., initial data). In addition to the results of Key and Benson
(1999) (see Table 3), the studies from the North American boreal region show that the average
correlation using initial data was 0.49, while the correlation using extended data was 0.75.

Table 3. Summary of results of linear correlations between CBI and ANBR
Study Fire Event Post Fire Image Relationship Correlation
Date (yr after fire) | between CBI (R?)
and dNBR
Western U.S. Coniferous Forests
Key & Benson Starvation & Adair 0 non-linear 0.64
1999 Ridge 1 non-linear 0.84
van Wagtendonk Hoover 1 quadratic 0.89
et al. 2004
Miller & Thode Multiple (14) fires 1 exponential 0.49
2007
North American Boreal Forest — All Vegetation types
Epting et al. 2005 | Survey Line 1 linear 0.49
YC242 0 linear 0.67
YC260 0 linear 0.37
YC248 0 linear 0.56
Sorbel & Allen Witch, Jessica 0 linear 0.75
2005, Allen & Beverly 0 linear 0.45
Sorbel, in review Otter Creek/Chitsia 1 linear 0.79
Foraker 1 linear 0.75
Herron River 0 linear 0.88
1 linear 0.83
Cottonwood Bar 1 linear 0.78
Uyon Lakes 1 linear 0.78
Milepost 85 1 linear 0.77
Murphy et al. in Lower Mouth 0 linear 0.44
review Winter Trail 0 linear 0.64
Glacier Creek 0 linear 0.36
Black Hills 0 linear 0.25
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Bonanza Creek 0 linear 0.36
Clawanmenka 0 linear 0.11
Hall et al. in Green Lake, Montreal 1 quadratic 0.85
review Lake
Wood Buffalo 1 quadratic 0.87
Dawson 1 quadratic 0.88
Green Lake, Montreal 1 linear 0.76
Lake
Wood Buffalo 1 linear 0.76
Dawson 1 linear 0.76
Alaskan Boreal Forest — Specific Vegetation Types
Epting et al. 2005 | Closed spruce 0/1 linear 0.14
Open Spruce 0/1 linear 0.25
Spruce woodland 0/1 linear 0.01
Deciduous 0/1 linear 0.29
Allen & Sorbel, in | Black spruce 0 linear 0.72
review 1 linear 0.73
White spruce 0 linear 0.58
Deciduous 0 linear 0.62
Tundra 0 linear 0.43
1 linear 0.81
Hoy et al. in Boundary — B. spruce 0 linear 0.52
review Porcupine — B. Spruce 0 linear 0.34

Figure 3. The relationship between CBI and dNBR based on the results of van Wagtendonk et al. (2004).
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4 CASE STUDIES — ASSESSING THE IMPACTS OF FIRES IN ALASKAN BLACK SPRUCE
FORESTS

Since the early 1990s, our research has focused on understanding how fire controls ecosystem processes
in the boreal forests of Interior Alaska. Climate warming has been particularly pronounced in the western
North American Arctic and sub-Arctic region (Chapin et al. 2005). Along with changes in patterns of
seasonal precipitation, this warming has resulted in a doubling of the annual area burned across the N.A.
boreal region during the 1980s/90s compared to the 1960s/70s, primarily due to an increase in the
frequencies of the occurrence of large fire years at a regional scale (Kasischke and Turetsky 2006). In
Interior Alaska, recent changes to the fire regime include (Kasischke and Chapin in press): (a) an increase
in the frequency of large fire years (those years where > 1% of the land surface burns) from one every 6
years during the period of 1950-1984 to one every 3 years during the period of 1985-2006; and (b) a
change in the seasonal patterns of burning, with doubling of the area burned during late season fires.

The depth of the surface organic layer remaining after a fire in black spruce forests (which comprise of
>60% of the area burned in interior Alaska) is a critical surface measure of fire severity. Not only does
the depth of the surface organic layer control post-fire changes in ground temperature and moisture
(Kasischke and Johnstone 2005) and permafrost dyanamics (Yoshikawa et al. 2003), but it is important
for estimating trace gas emissions from biomass burning (Kasischke et al. 1995a, 2005; French et al.
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2002, 2004), in regulating long-term carbon cycling (Kasischke et al. 1995b, Harden et al. 2000), and
controlling post-fire soil respiration (O’Neill et al. 2002, 2003, 2006) and patterns of tree recruitment and
post-fire succession (see, e.g., Kasischke et al. 2000; Johnstone and Kasischke 2005).

Black spruce forests experiencing light or moderate levels of organic layer burning will experience
secondary succession that consists of plant species that vegetatively reproduce after a fire, and will
eventually develop into a stand dominated by black spruce, whose seeds are able to germinate and
seedlings grow in sites with deep organic soils (Figure 4). Black spruce forests experiencing deep burning
of surface organic layers exhibit a much different pattern of post-fire regeneration (Johnstone and
Kasischke 2005). The deep burning of the surface organic layer eliminates the propogules that exist in
sites with less severe burning and thus eliminates plant species dependent on vegetative reproduction
from the site. Instead, the post-fire plant community exists of species that regenerate from seeds,
including deciduous tree species such as aspen and birch. The exposure of mineral soil during fires allows
deciduous tree species to germinate and grow (Figure 4).

Figure 4. Post-fire regeneration/succession patterns in Alaskan black spruce forests as a function of depth of
burning of the surface organic layer (see Johnstone and Kasischke 2005).
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Over the years, our research has focused on collection of surface organic layer depth measurements in
burned black spruce forests in Alaska. Recently, we combined these data with similar measurements
collected by researchers from the U.S. Geological Survey (J. Harden and K. Manies) and the U.S. Forest
Service (R. Ottmar) to create a database that contains over 9,400 depth measurements in burned stands
and nearly 8,000 measurements in unburned stands. Our analysis of these data show that the depth of the
surface organic layers in both burned and unburned stands is controlled by topography (Kane et al. in
press; Figure 5), which influences surface drainage and the formation of permafrost through controls on
microclimate. Our analyses also showed the occurrence of severe fires that result in removal of most of
the surface organic layers is related to the fire regime, with a higher frequency of sites with depths <1 cm
occurring in: (a) late season (after 20 July) fires compared to early season fires (Figure 5); (b) in early
season fires, during larger (ultra-large in Figure 5) compared to small season fires.

Based on the data in Figure 5, our research indicates that recent changes in the frequency of large fire
years and the seasonal timing of burning have: (a) increased the amount of carbon released during fires
through the burning of the surface organic layers of black spruce forests; and (b) increased the number of
sites that will be vulnerable to changes in their post-fire successional patterns (see, e.g., Figure 4). These
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observations point towards depth of burning and depth of the remaining organic soil after a fire as being
critical fire severity measures in black spruce forests, and developing approaches to map ground-layer fire
severity was one of our primary research objectives, While we showed that areas of black spruce forests
experiencing deep burning of organic soils could be mapped using supervised classification of Landsat
TM data (Michalek et al. 2000), this approach is not practical for areas where field observations are not
available.

Figure 5. Variations in depth of the surface organic layer in Alaskan black spruce forests as a function of
topography (top graph) and depth remaining after fires as a function of seasonality of burning and occurrence of
burning in larger (ultra-large) and small fire years based on field observation collected by multiple researchers
(bottom graph) (see discussion in text).
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While recent studies by advocates of the Key and Benson dNBR/CBI approach use the overall high
correlations across multiple regions and different vegetation types as justification for using this approach
to generate maps of fire severity across the U.S. (Zhu et al. 2006), there are three aspects of this approach
that bring into question its effectiveness for mapping fire severity in black spruce forests:

1. Figure 6 presents a plot of CBI values predicted for black spruce forests plotted against the field-
measured CBI values. The field data used in this comparison were collected from 61 plots in 3
fire events that occurred in Alaska in the summer of 2004 (Hoy et al. in review; Kasischke et al.
in review). We used the equation developed by Allen and Sorbel (in review) to estimate CBI for
these plots using dNBR values derived from Landsat TM/ETM+. For all sites combined, the
scatter of predicted vs. observed CBI values exhibit the expected trend, with an average predicted
CBI value of 2.46 compared to the observed CBI of 2.41 with an RMS error of 0.46. However,
for individual fire events, there are biases in the data, with the Allen and Sorbel equation under
predicting CBI for the Boundary fire (observed = 2.43, predicted = 2.16) and the Dall City fire

50



(observed = 2.69, predicted = 2.17) and over predicting for the Porcupine fire (observed = 2.42,
predicted = 2.73).

2. Verbyla et al. (in review) carried out studies to investigate potential sources of bias in dNBR
estimates derived from Landsat TM/ETM+ data in Alaska. They identified three problem areas
that are associated with the low solar elevation angles. The first issue is due to the fact the low
solar elevation angle results in shadowing effects in areas with significant topography. Because of
the low solar elevation angle, variations in topography have a strong influence on bidirectional
scattering from the ground surface that are difficult to account for when applying terrain
corrections to Landsat TM/ETM data. As a result, areas on different aspects that have similar
forest cover or levels of fire severity will have different radiance values detected by Landsat,
which result in differences in dNBR that are independent of the characteristics of the surface
itself. Finally, the solar elevation angle changes dramatically over the growing season in the high
Northern Latitudes regions in Alaska, from 45° in mid-June to 30° in mid-September. These solar
elevation changes result in differences in bi-directional reflection which are not easily corrected
in the surface radiance values recorded by the Landsat TM/ETM+ sensors, and thus create biases
in the dNBR values.

3. Even if future research produces approaches to account for biases that occur in Landsat
TM/ETM+ data collected over Alaska and generates algorithms that can accurately predict CBI
from dNBR, the CBI measure itself does not provide an effective means to estimate the different
characteristics (such as depth of burning or the amount of organic soil remaining after the fire).
Kasischke et al. (in review) showed that the CBI — total only explained 26% of the variation in
the organic layer depth after a fire, while CBI — substrate explained 35%.

The above observations point towards the need for additional research to develop appropriate methods for
using satellite data to estimate fire severity in Alaskan black spruce forests.

With respect to estimating fuel consumption and carbon release during fire in Alaskan boreal forests,
information other than fire severity derived from analysis of satellite remote sensing data are being used.
The approach we have implemented follows de Groot et al. (in press) and uses daily indices produced
from the Canadian Fire Weather Index system to estimate fuel consumption as a function of vegetation
type. To implement this approach, we are using burn perimeter maps derived from dNBR data products
produced from dNBR maps generated by the BAER and MTBS projects, vegetation cover maps derived
from Landsat TM imagery, and MODIS hotspot products to map the seasonal timing of fires. For black
spruce forests, we are integrating the Landsat vegetation map products with slope and aspect data derived
from digital elevations models to estimate the topographic position of the black spruce forests that
burned. We are then estimating the levels of fuel consumption/carbon emissions for the surface organic
layers based on topography and seasonality of burning (Figure 5).

Figure 6. Predicted CBI for Alaskan black spruce stands (from dNBR based on the equation of Allen and Sorbel in
review) compared to CBI derived from field estimates.
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Other factors also regulate post-fire plant recruitment and growth in black spruce forests, including
available soil moisture (Kasischke et al. 2007) and nutrient availability (Kielland et al. 2006; in press).
Kasischke et al. (2007) found that in black spruce forests with shallow organic layers after a fire, that soil
moisture during the first several years after a fire limited recruitment of aspen, where sites with low soil
moisture having very little aspen recruitment. The analysis of soil moisture by Kasischke et al. (2007)
was based on the algorithms developed by Bourgeau-Chavez et al. (2007) to predict soil moisture using
ERS-1 SAR imagery (Figure 7), illustrating how additional information derived from satellite remote
sensing can be used to analyze post-fire surface characteristics that are important to understanding post-
fire succession.

Finally, we have found that remotely-sensed data also offer a unique means to monitor the patterns of
vegetation recovery after a fire. In our field-based studies on the effects of depth of the surface organic
layer on vegetation regrowth, we used a high-resolution Ikonos data product to aid in the identification of
study sites. We generated a map using the NDVI in order to target sites with different levels of vegetation
regrowth. In particular, our studies found that the NDVI map was ideal for identifying sites with varying
levels of aspen regrowth (Johnstone and Kasischke 2005). While high (e.g., 1 to 5 m pixel) and moderate
resolution data can be used for monitoring and analyzing individual sites, these types of data are not
practical or suitable for analyzing patterns of vegetation regrowth over large areas because of cost issues
(Ikonos) or issues related to data availability. High northern latitude regions experience an extremely
short growing season, and the analysis of variations in vegetation cover is restricted to data collected
during the 8 week period of mid-June to mid-August. Variations in phenology makes data collected
outside of this window difficult to analyze. In addition, persistent cloud cover, which typically begins in
mid-July, also limits the amount of data that is available for this region. Because of these reasons, use of
coarse resolution data collected at a higher frequency may prove to be useful for analyzing patterns of
vegetation regrowth in Alaskan boreal forests.

Figure 8 presents a seasonal profile of MODIS EVI (enhanced vegetation index) values for three different
aged fires in Alaska that were generated from data with a 250 m pixel size. The different levels of
vegetation regrowth that occur as a result of time since the fire are clearly evident in these data.
Furthermore, MODIS NDVI/EVI data can be used to detect variations in surface reflectance associated
with different patterns of post fire regeneration. Figure 9 presents seasonal plots of NDVI for areas that
experienced light and severe burns. The data in Figure 9 were collected over the same burn where the
surface photographs in Figure 4 were obtained. The NDVI values were obtained from sites which
experienced severe burns that resulted in high levels of aspen regrowth. The NDVI values in the severely
burned areas with higher aspen regrowth were 11% higher than the values from the lightly burned areas.

5 DISCUSSION AND CONCLUSIONS

The ability to generate accurate fire severity information through the analysis of satellite data has clearly
been demonstrated by a number of researchers for specific locations. Researchers needing to study the
effects of variation of fire severity on ecosystem processes at landscape-scales are using satellite-derived
fire severity maps (Turner et al. 1994; Bigler et al. 2005; Johnstone and Kasischke 2005). As discussed in
Section 4, remote sensing data can be used to study the impacts of a number of surface characteristics in
addition to fire severity, and that information that can be used to assess fire severity can be derived from
remote sensing data collected prior to and during a specific fire event.

A major challenge facing the research community today is whether or not an approach can be developed
to produce accurate and reliable information on fire severity using satellite imagery. One of the primary
methods proposed for mapping of fire severity is using the Composite Burn Index (CBI) as a surface
measure of fire severity and the dNBR index as a means to stratify remotely sensed data into gradations
of burn severity, based on high correlations between dNBR and CBI. Based on recent research using this
approach across the U.S. using data from 2,355 CBI plots, Zhu et al. (2006) report correlations (R?)
between 0.69 and 0.80 for different geographic regions. These correlations were derived using cubic
polynomial regression. However, even given the large sample size in their data set, Zhu et al. (2006) did
test the ability of dNBR to predict CBI, as we did in Figure 6. While high R? values derived from regional
datasets may demonstrate the potential of this technique, the actual accuracy of this technique needs to be
demonstrated using datasets collected independently of those used to develop the predictive equations.
Land resource managers are interested in using satellite data to study specific fire events and are rarely
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Figure 7. Plot of seasonal soil moisture as a function of year after the fire for two burned black spruce forests in
Interior Alaska derived through the analysis of ERS SAR data. The points in this graph represent the average
seasonal soil moisture and the error bars represent the minimum and maximum values.
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Figure 8. Seasonal patterns of EVI generated from MODIS data collected over three burned black spruce stands in
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Concerned with examining the broad, general trends in fire severity at regional scales. As a result, these
managers need to know the accuracy of the predictive algorithms.
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The second challenge faced by those advocating the dNBR approach for mapping fire severity is the
apparent non-linear relationship between CBI and dNBR (see figure 3). Because they did not provide the
actual form of their regression equations, it is difficult to judge the recent results of Zhu et al. (2006) in
this regard. However, the previous results of Key and Benson (1999), van Wagtendonk et al. (2004), and
the data of Epting et al. (2005) all show that the relationship of CBI and dNBR is very non-linear for CBI
values > 2.5. This presents problems because it is the high severity fires that are most likely to result in
the most dramatic and significant changes to the environment and ecosystems, and the inability of dNBR
to detect these high severity fires may represent a drawback to this approach.

Finally, research needs to be carried out on the relationship between CBI and surface measures used by
ecologists and other scientists who study the effects of variations in fire severity. While the CBI approach
provides an efficient and consistent approach for assessing damage caused by fires, few studies have been
carried out to relate this measure to specific predictors of the impacts of fire. Our own research shows that
the CBI values have little correlation to surface measures of fire severity in black spruce forests
(Kasischke et al. in review).
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ABSTRACT: The European Commission, Joint Research Centre (JRC) has established within its Institute for
Environment and Sustainability (IES) the European Forest Fires Information System (EFFIS). A number of
exceptionally large uncontrolled fires that occurred during 2003 and destroyed important parts of the land resources
led to the development of the Rapid Damage Assessment (RDA) module within EFFIS. In this paper we present the
different steps of the implementation of the RDA module that was built in order to map the extent of burned areas
during the summer fire season. Burned areas of at least 50 ha were mapped from 2003 to 2006. The data used for the
burned area mapping are both TERRA and AQUA MODIS images at 250 meters resolution, although the use of the
500 meters short-infrared bands is also foreseen. During 2003 only a selected number of images were used and the
burned areas were visually classified. In 2004 the system was improved using an automatic method for scene
identification and Quick Look retrieval followed by a visual inspection of these Quick Looks before downloading
the full data sets. In 2005 the image selection was further improved by automating the Quick Look analyses
considering the percentage of cloud free land in each scene. Selected images were then automatically downloaded,
geo-coded and used to compile time series in 8 different tiles covering most of Europe. In 2006 the system was set
to receive the MODIS imagery through direct broadcast allowing for a better time response and to have an European
tailored service. The results of the burned area mapping of 2006 in a number of European countries are presented
and compared with official statistics from each analysed country. An alternative to visual classification that relies on
imagery time series analysis is also presented; this method is based on abrupt post-fire vegetation change detected
from MODIS daily time series that will allow for a better and less user-dependent classification of the burned areas

1 INTRODUCTION

The European Commission, Directorate General Joint Research Centre (DG-JRC) has established within
its Institute for Environment and Sustainability (IES) the European Forest Fires Information System
(EFFIS) supporting the Forest Focus regulation (EC-2152/2003) concerning monitoring of forests and
environment interactions in the Community (European Commission, 2005).

The initial aims of EFFIS were to develop and implement advanced methods for the evaluation of forest
fire danger forecast and for the estimation of burnt areas in the European Union. Hence, the first two
modules of EFFIS that were developed were the EFFIS Fir Danger, providing daily 1 to 3 days forecast of
fire risk, and the EFFIS Damage Assessment, performing the mapping and evaluation of damages caused
by fires of at least 50 ha that was done through the classification of images of the Wide Field Sensor
(WiFS), on board the Indian Remote Sensing (IRS) satellites, from 2000 to 2004 at the end of each
summer fire season.

EFFIS also includes forest fire information collected by the Member States and provided to the EC
through Regulation EC-2158/92 expired in December 2002 (now replaced by the broader mentioned
“Forest Focus” regulation), and stored in a EU Fire Database.

Other modules, under development within EFFIS, are now looking into other aspects of forest fires such
as vegetation regeneration after fires, estimation of forest fire emissions, and the identification of post-fire
risk areas that may be subject to further damages such as soil loss and/or landslides.

The 2003 European summer fire campaign was characterized by extreme weather conditions that resulted
in one of the most severe fire seasons experienced during the last decades in Southern Europe. This
campaign was not only exceptional in terms of damage in some countries, but also on the number of
casualties resulting from these fires. Over 40 people amongst civilians and fire fighters died due the 2003
summer fires. The critical level of fire risk reached during the summer in many areas, estimated with
EFFIS Fire Danger, and a number of exceptionally large uncontrolled fires that destroyed important parts
of the land resources, lead the European Commission to activate the EFFIS Damage Assessment module
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before the end of the fire season, as it would have been normally expected. Evaluation of forest fire
damages were therefore performed in near-real time during the 2003 fire campaign leading to the initial
development of the EFFIS Rapid Damage Assessment (RDA) module (European Commission, 2004).

The aim of this paper is to describe how the new EFFIS RDA module was developed from 2003 to 2006

in order to obtain timely maps of burnt areas in the countries most affected by forest fires and to provide
an objective assessment of forest fire damages during the summer fire season.

2 MODIS DATA

MODIS instrument is carried both on the TERRA (morning pass) and AQUA (afternoon pass) satellites.
MODIS data has 2 bands with spatial resolutions of 250 meters (red and near-infrared bands) and 5 bands
with spatial resolution of 500 meters (blue, green, and three short-wave infrared bands). Although mainly
the 250 meters bands were used to map the burned areas, the MODIS bands at 500 meters resolution were
also used in the visual clssification. Table 1 shows the specifications of the MODIS instrument and bands.

Table 1. Specifications of the MODIS instrument and its higher resolution bands.

Parameter Specification
Spatial resolution (m) 250 - 500 (*)
Swath (km) 2330
Spectral sensitivity B1 (nm) 620-670
Spectral sensitivity B2 (nm) 841-876
Spectral sensitivity B3 (nm) 459-479
Spectral sensitivity B4 (nm) 545-565
Spectral sensitivity BS (nm) 1230-1250
Spectral sensitivity B6 (nm) 1628-1652
Spectral sensitivity B7 (nm) 2105 - 2155
Quantisation (bits) 12

(*) B1 and B2 have a spatial resolution of 250 meters.

3 THE FIRE SEASON 2003

In order to quickly map the burned areas during the 2003 summer fire season, a satellite platform with
appropriate temporal and spatial resolution was needed. Although within EFFIS Damage Assessment
module the images from the Wide Field Sensor (WiFS) on of the Indian Remote Sensing Satellite (IRS)
were normally processed, the temporal resolution of this platform did not allow in all cases to get cloud
free images to be processed in due time. So for the follow up of burnings during the summer several
series of images from the MODIS instruments on board of TERRA and ACQUA satellites were acquired
for the timely assessment of burned areas.

MODIS images, having a ground spatial resolution of 250 m in the red and near-infrared parts of the
spectrum, allowed mapping of fires with final area burned of at least 50 ha, as in the case of WiFS. The
mapping of the burned areas was done by visual analysis of the images using the following color
composite: R,G, B — Red, NIR, Red. Although only a fraction of the total number of fires was mapped
therefore, based on historical fire data it was verified that the area burned by fires of this size represents
the large majority of the total area burned. Modeling historical fire data from the EFFIS EU fire database,
equations have been set up for the different countries, which were able to predict with good accuracy the
total area burned, given the area burned by large fires, i.e. by fires with final area burned of at least 50 ha
(European Commission, 2004).

Different series of MODIS images were used for each country in order to have global cloud free views;
nevertheless a few areas could not be detected due to persisting cloudy conditions.

In order to obtain the statistics of the burnt area by land cover type the data from the CORINE Land
Cover database were used. Therefore the mapped burned areas were overlaid to land cover maps,
allowing the derivation of damage assessment results comparable for all the EU Countries.

4 SET UP OF THE EFFIS RAPID DAMAGE ASSESSMENT MODULE IN 2004-2005

The new RDA module was set up and tested during the 2004 and 2005 fire season. The objective was to
use MODIS data for the mapping of all fires of at least 50 ha. The evaluation of damages was performed

58



at the end of July and at the end of September, and if necessary at the end of October. Only the 5
countries that were covered by the EFFIS Damage Assessment were considered (Portugal, Spain, France,
Italy, and Greece).

The setup procedure was done in order to automate the retrieval of appropriate satellite data for a given
AOI, remap and atmospherically correct the satellite data, while during 2003 the relevant data had to be
selected and downloaded in an interactive process, which is a time consuming task. The sequence of the
tasks implemented to set up the new EFFIS module was the following:

i.  Automate the download of selected MODIS Level 1b quick-look images over the Area of Interest
(AOI) through identification of local orbit overpasses for the TERRA and the AQUA satellite.

ii.  Automatic selection of the quick-looks based on the % of cloud cover over the land surface. Only
scenes with at least 15% of land cover and less than 30% of cloud cover over land are retained.

iii.  After selection of appropriate cloud free quick-looks for a given AOI retrieve the corresponding
satellite data and geolocation files.

iv.  Using the MODIS Swath Reprojection Tool to geolocate the satellite data in Geographic WGS84
latitude/longitude. Subsequently, the administrative regions of each state are extracted and the
atmospheric correction algorithm 6S (Tanré and Vermote, 1997) is applied. The resulting spectral
surface reflectance fields feed the MODIS burnt area mapping module.

v.  MODIS Burnt area mapping. The burnt area mapping was based on visual interpretation of the
images.

vi.  The damage assessment was done by crossing the burned area maps with the CORINE Land
Cover or other land cover information.

5 SET UP OF THE EFFIS RAPID DAMAGE ASSESSMENT MODULE IN 2006

During 2006 the MODIS data were acquired daily from 1 May to 31 October in order to cover the
majority of the fire season. The MODIS sensor is mounted on two satellite platforms, TERRA and
AQUA, which enables the acquisition of two MODIS daily scenes through direct broadcast system. The
EFFIS Rapid Damage Assessment concentrates on the Mediterranean area where most of the large fire
events occur although it also includes most of the central and Eastern Europe (Figure 1). However, in the
case of large fires occurring outside of this area other MODIS images can be downloaded for the specific
period and area of interest in order to map the burnt areas.

After download at 2 receiving stations belonging to the German Space Agency (DLR) images are
radiometrically calibrated and geolocated after which bands 1 to 7 are atmospherically corrected and
reprojected to Lambert Azimuthal Equal Area projection (ETRS89). Two daily mosaics for TERRA and
AQUA are built using where bands 3 to 7 are previously resampled to 250 meters spatial resolution.

Since the MODIS data contain not only visible, near infrared, and short-wave infrared bands useful for
visual interpretation, but also thermal bands sensible to surface temperature, it is possible to detect fire
hotspots at the time of satellite pass. These hotspots are overlaid on the imagery for better fire
identification and confirmation of burned areas.

Figure 1. ALea operationally covered by EFFIS RDA

A web searching engine extracts published news in the media about forest fire events. If the approximate
location of the fire is reported, the event is inserted into the geographic information system (GIS) for
easier spatial locating.
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During the 2006 fire season the burned area was updated four times: by the end of July, mid-August
(including several updates for Galicia), the end of September and the end of October. Special fire events
outside the area covered by the system included one big forest fire in Netherland (6.5.2006) and several
big fires in Sweden (most of them in August). These events were mapped as well through the acquisition
of further MODIS scenes.

The following basic aspects of forest fires are assessed with EFFIS RDA: overall burnt area, approximate
date of the each fire event and affected land cover. To extract these information from satellite imagery
correctly, further auxiliary data were used. The data flow of the whole RDA system is illustrated in Figure
2.

Figure 2. EFFIS RDA data flow.
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6 RAPID DAMAGE ASSESSMENT RESULTS

The RDA results from 2006 are presented in Table 2 for a number of countries. Although only a fraction
of the total number of fires was mapped, based on historical fire data we have verified that the area
burned by wildfires of this size represents in most cases the large majority of the total area burned.

Modeling historical fire data (time series 1985-2004), equations have been set up for Portugal, Spain,
France, and Italy which are able to predict with good accuracy the total area burned, given the area
burned by large fires, i.e. by fires with final area burned of at least 50 ha. The comparison of the
estimated total burned area compared with the official statistics from the 4 countries analyzed show a
good agreement.

Table 2. Comparison of the RDA burned area map for 2006 with the estimated totals from the RDA maps in
conjunction with the EU fire database, and with the official statistics from each country.

Country Burnt Area RDA (ha) Burned Area estimated (ha)  (*) Official Burned Area
France 1745 [4 619, 10 248] 7500
Italy 9288 [22 120, 47 628] 39946
Portugal 56 475 [73 711, 87 699] 75510
Spain 118 480 [151 622,179 723] 148827
Croatia 2709 - 17 782
Cyprus 298 - 1160
Greece 16 331 - 12661
Netherlands 70 - -
Slovenia 557 - 1420
Sweden 1 544 - 3281
Turkey 8475 - 7762

(*) Provisional areas
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7 IMPROVEMENTS OF THE RAPID DAMAGE ASSESSMENT

An alternative to the visual classification used from 2003 to 2006 is being developed allowing for a better
and less user-dependent classification of the burned areas. This method is based on abrupt post-fire
vegetation change detected from MODIS daily time series (Kucera et al, in preparation).

This algorithm for burned area mapping was developed and tested for the fire season 2005 in Portugal.
Daily MODIS Terra and Aqua data from 1.5.2005 till 31.10.2005 were used. Since the algorithm detects
the relative change in the time series of images, it was not necessary to use original radiometrically
corrected data, which occupy large amount of computer memory and require long computation time.
Instead of using the original data, full resolution (250m) jpeg-compressed 8-bit quicklooks were used,
with the band 7 (SWIR), 2 (NIR) and 1 (RED) assigned to red, green and blue color. Only band 2 (NIR)
was used in the analysis for its capability to reflect the changes of the vegetation after a fire. Typical time
series of NIR band observation is shown on the Figure 1.

Detection of the change is accomplished using cumulative charts technique. Cumulative charts,
probability of the change and date of the change are computed for each pixel. The pixels with a change
probability higher than 95% are identified. These are considered as the cores of the burned polygons. To
include pixels which contain mixture of burned/non-burned signal and whose probability of fire change is
thus lower, the surroundings of core pixels were searched for all pixels, whose probability of change is
higher than 90%. The final product contains the probability and date of change for all pixels included in
the burned patches.

Validation of the final burned area maps were so far performed against visual interpretation of single date
MODIS scene and Landsat-derived fire maps. Visual interpretation resulted in 278589 ha of burned area
versus 278801 ha assessed by described algorithm for whole Portugal. Landsat-derived maps for several
big burned patches shows 61571 ha while algorithm based measurement results in 59772 ha of burned
forest.

Figure 3. Example of a time series for a forest fire which occurred in 2006 in day 231 (19.8.2006). The sharp drop
in NIR is clearly visible.
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8 CONCLUDING REMARKS

EFFIS RDA was initiated during 2003 was improved in the following year by using an automatic method
for scene identification and Quick Look retrieval followed by a visual inspection of these Quick Looks
before downloading the full data sets. In 2005 the image selection was further improved by automating
the Quick Look analyses considering the percentage of cloud free land in each scene. Selected images
were then automatically downloaded, geo-coded and used to compile time series in 10 different tiles
covering most of Europe. In 2006 the RDA system was further developed through the use of direct
broadcast and pre-processing of the data to suit the European standards, and also including hotspots and
news search info from the media.

An alternative to the visual classification based on abrupt post-fire vegetation change detected from
MODIS daily time series has been tested in 2005 for Portugal and is currently being tested with data for
2006. This technique will hopefully allow for a better and less user-dependent classification of the burned
areas in the future.
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ABSTRACT: The Forest Fire Risk Management Information System (FFRMIS) presented, constitutes an
integrated innovation system consisting of telematics, meteorological, computing equipment and software, which
aims to provide information to the appropriate parties of the Region of the Tonian Islands (RIT) for the management
and handling of the forest fires hazard. The innovation system has been installed and is an essential information
and management tool (Control -Command - Coordinate - Communicate) for the Regional Fire Service
Administration (RFSA) of the Ionian Islands, which is responsible for facing the problem of forest fires. The
FFRMIS is based on state of the art technologies that utilize geographical-spatial data entered by the user, real-time
meteorological and vehicle position data and in conjunction with intelligent techniques and algorithms it processes,
manipulates and provides a series of useful information to its users for the best co-ordination of the fire tenders
before and after the outburst of a forest fire. The FFRMIS consists of aGeographic Information System (GIS),
which visualizes and manipulates spatial data of the area in concern, a Forecast Fire Spread Model, which forecasts
the fire expansion on time using the BehavePlus simulation model and a Vehicle Track System, which allows the
users of the system to know the exact real-time geographical position of every fire tender using satellite tracking
technology (Global Positioning System - GPS).

1 INTRODUCTION

The geo-informational system is based mainly on Geographic Information System (GIS) technologies,
makes use of spatial data combined with intelligent techniques and algorithms, and provides its users with
a set of information that can be used to estimate the risk of forest fires and better coordination of fire
trucks, both before and after the outbreak of a forest fire.

In particular, the system provides the ability to:
e Monitor the fleet of fire trucks in real time, transmitting GPS information using wireless networks.

e Receive temperature, relative humidity, wind speed and direction measurements, in real time, from
stationary (Automatic Weather Station — AWS) and mobile weather stations (attached to folding mast
on top of fire trucks).

o Support the work of the forest fire fighting coordinator with tools that allow:

0 Approximate knowledge of the weather conditions at any point in the island where a fire breaks
out, so that he can estimate how dangerous it is and mobilize the appropriate number of vehicles.

0 Deployment of forces in an optimal manner, according to various factors, such as the progress of
the fire, the accessibility of the area, its geophysical configuration, its combustible materials, the
availability of sources for drawing water in the area, volunteers, and other private or public fire
fighting means that are available near the area of the fire.

0 Precise estimation of the expansion of a fire in time, using data received in real time from the
participating fire trucks, as well as other information regarding the terrain of the area and the
combustible materials.

0 Laying of the fire trucks plan on the map, and its broadcast in real time to all participating forces,
as well as other authorities or services.

0 Transmission of information about the state of the fire, from the area in the front to the
coordinator (while he is present in the area).

o Support the work of the fire trucks that, through the system, are in a position to know information
about the precise location and bounds of the fire or fires, relief map of the terrain, roads in the area
and the optimal accessibility, locations of the other vehicles, nearest water resupply points

e Estimate the risk of a new fire breaking out, anywhere on the island, in real time, using
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measurements received from stationary weather stations or the mobile weather stations of the
vehicles. With the appropriate distribution of vehicles on the island, the approximation of the
weather conditions and, therefore, the risk of a new fire breaking out, is fairly good on any point on
the island.

¢ Continuously update of the information on the system, whether this refers to geographic or fire
service data. The FS can easily update the map of the island with new roads, new points where water
can be drawn, new hotels, or installations with a high combustion risk. The system allows the update
of the fleet and personnel of the fire service, while they change, as well as all the means and forces
participating in fighting forest fires (e.g., health services, civil services, fire safety units, etc.).

e Precisely record and archive the boundaries of the destroyed area after the fire event.

Figure 1. — Three-dimensional navigation over Corfu and selective display of information
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2 SYSTEM’S ARCHITECTURE

The architecture and the primary component parts of the FFRMIS are shown in Figure 1. The design,
implementation and installation of the telecommunication/telematic equipment at fixed and mobile
stations and the network were made by Emphasis Telematics (www.emphasisnet.gr).The design and
development of the application software were made by Talent Information Systems S.A (www.talent.gr).

2.1 Telecommunication / Telematic equipment — Network

A special type of computational (C) equipment (rugged tablet-PC) and telecommunication/ telematic and
networking (N) equipment (e-TRACK GPRS, WiFi), which allow their users to utilize the available
information provided by the FFRMIS (such as vehicle position, spots where the fire broke out, fire
expansion forecast) has been installed in 20 different type Fire Trucks (FTs). All the information
mentioned before is displayed on a two (2D) or three (3D) dimensional digital map of Corfu (Figure 2). In
addition, 10 of the above FTs also have meteorological (M) equipment on top of a special folding mast.
This special meteorological equipment consists of wind speed-direction, temperature-relative humidity
sensors that provide important data for forecast and fire to the FFRMIS. The FTs are also equipped with a
satellite tracking system (GPS) that allows them and the FFRMIS to know their exact position.

Specialized automatic weather stations (AWS) have been installed at 6 locations all around Corfu. The
AWS collect real-time meteorological data (wind velocity and direction, temperature and relative
humidity), which they send via wireless telecommunication at the central system through the Mobile Data
Service (General Packet Radio Service - GPRS). The AWS are power autonomous because they dispose
of solar energy collection panels and batteries. The core of telecommunication/telematic equipment of
each fire truck and automatic meteorological station is e-TRACK telecommunication platform which is
wholly developed by Emphasis Telematics (http://www.emphasisnet.gr/emphasis_n/etrack n.htm).
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Figure 2. FFRMIS Architecture Diagram
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The e-TRACK system platform, is a unique fleet tracking system, to fulfill tracking and monitoring needs
met in the industries of several different markets. The system combines sensors, hardware, firmware and
software, and is made up of the following components:

e The Vehicle Unit, an electronic device which continuously records the position of the FT and other
data. A satellite tracking system GPS (Global Positioning System) determines the location of each
vehicle, while on the road.

e Telecommunications using the GPRS Network, through which the real time updating of the fire
department’s trucks and their respecting locations is achieved.

e The Base Station which constitutes the administrative center of the fleet. All the necessary information
is received on the Base Station either via direct communication with the vehicles or via Internet with
connection through the e-TRACK Server.

The FFRMIS utilizes mainly wireless telecommunication (Mobile Data Service -GPRS) for its function,
as well as Wireless Local Area Network — WLAN (Wireless Fidelity - WiFi) for the interconnection of its
business units (Base Station, Fire Tenders and Automatic Weather Stations). The coexistence of the two
technologies assures the best possible ability of the regional units to be interconnected lending the
greatest possible business flexibility and effectiveness to the system.

2.1 Application Software

The application software of the system is based on the Talent Cruiser platform (www.cruiser.eu) for
developing geo-information applications and distributing innovative internet applications using map
displays, providing mechanisms for the streaming of geographic data and managing geo-coded
multimedia content.

The applications are used through Cruiser clients that have access, via a wireless GPRS network, to the
central server, hosting the Cruiser server and the Central Database of the system. Users can be distributed
either in workstations or in tablet-PCs (Figure 3). The applications provide the tools and facilities for:

e Navigation, display, and search for information: instant map browsing and 3D-navigation to any part
of the island with the ability for zooming to places of interest, searching and locating objects,
measuring distances, conducting criteria based searches (for both geometric and feature
characteristics).

e Fire management: specifying the outbreak of a fire (fire-front borders and characteristics), monitoring
the prediction for its progress, as it is calculated by the system, based on current meteorological data,
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storage of the entire course of the progress of the fire-fighting effort for later recall, display, and study.
Figure 3. — Use of the system from the ruggerized tablet PC installed on F.Ts

e Vehicle fleet management: display of the movements of fleet vehicles in real time on the maps or 3D
landscapes together with descriptive information (vehicle data, vehicle sensor readings, etc), graphical
drawing of the designated next vehicle positions.

e Updating of geographic background information: on-line or off-line editing of the geographic features
of the maps, creation of new geographic features (points, lines, polygons), importing of GPS data.

Figure 4. — Geographic data updating and user content incorporation process

3 RESULTS

The system has been in full operation for the last 3 months (May 2007 until the time of this writing),
although no serious fire incident has been faced in this period. Plans for its expansion to the rest of the
(six) islands of the Ionian are already under consideration.
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ABSTRACT: In the present study, two indices are considered: the Canadian Fire Weather Index (FWI) and the
Finish Forest Fire Index (FFI). The Canadian FWI depends on temperature, precipitation, relative humidity and
wind measurements, while the Finnish FFI relies on potential evaporation, precipitation and snow coverage.

The two indices are compared through inter-correlation in the Mediterranean region. In general, FWI and FFI
determine a fairly similar fire risk for a set of weather readings. Higher correlations are found especially for
locations under significant fire risk. The results improve for the lower values of fire risk if a spinning period is used
in the computation of FFI. Both indices show similar features especially during summer, but some deviations are
typical during early spring and autumn, as FWI probably overestimates the fire risk.

1 INTRODUCTION

Several fire indices have been used to estimate forest fire risk. However, their construction varies widely
from one index to another, reflecting different approaches. In addition, the reliability of an index may
depend on the region where it is applied, since indices or their readings are usually fine tuned for specific
regions of interest. According to Good et al. (2007) and Moriondo et al. (2006), defining fire seasons with
FWI is more robust than with temperature and allows avoiding false alarm. In the present study, two
indices are considered: the Canadian Fire Weather Index (FWI) and the Finish Forest Fire Index (FFI).
The Canadian FWI depends on temperature, precipitation, relative humidity and wind measurements,
while the Finnish FFI relies on potential evaporation, precipitation and snow coverage.

The two indices are compared through inter-correlation in the Mediterranean region.

The Canadian Fire Weather Index (FWI) is based on weather readings taken at noon standard time and
rates fire danger at the mid afternoon peak from 2:00 — 4:00 pm. Meteorological variables required are:

e Air temperature (in the shade)

e Relative Humidity (in the shade)

e Wind speed (at 10 m above ground, averaged over at least 10 minutes)
e Rainfall (for the previous 24 hours)

The FWI System consists of six components: three fuel moisture codes (Fine Fuel Moisture Code, Duff
Moisture Code, Drought Code) and three fire behaviour indices (Initial Spread index, Build Up Index,
Fire Weather Index). Calculation of the index requires previous day records of the fuel moisture codes.
FW1I is divided into four fire danger classes: Low 0 — 7, Medium 8 — 16, High 17 — 31, Extreme > 32

The calculation of the Finnish Forest Fire Index (FFI) is based on surface moisture estimation and
requires the following input:

e Potential evaporation from 24-hours centred on time of calculation
e Accumulated precipitation for 24 hours
e Flag specifying the presence or absence of snow cover

Previous day records of the above are required to compute the index. FFI is divided into three fire danger
classes: Low 1 —4, Medium 4 — 5, High > 5.

It is noteworthy that both indices reflect similar weather conditions, since relative humidity, temperature
and wind can be combined to determine evaporation (Singh and Xu, 1997). Both indices depend on
previous day conditions regarding one or more of their components and they both define fire danger
classes.
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2 RESULTS AND CONCLUSIONS

A subset of ERA-40 reanalyses meteorological data is used to compare FWI and FFI through correlation
on a wide domain. The subset of data is centred over the Mediterranean region, on a 1° by 1° grid, and
consists of 6-hourly data of temperature, precipitation, evaporation and wind for the year 1961-1990.
Daily values of the variables have been utilised to compute the fire indices. Relative humidity required for
computing FWI is estimated by the Romanenko equation as suggested by Singh and Xu (1997). No snow
coverage has been considered when computing FFI. In all following correlations, the sea locations have
been neglected.

Considering all locations and all days, the average correlation coefficient (r) between FFI and FWI equals
0.75, reflecting high correlation between the two indices. Figure 1 shows the daily correlations between
the two indices for the entire region. The noticeable positive trend might be due to differences in the spin
up applied to index computation (one year for FWI, none for FFI) and suggest that the first 100 days of
the year show biased lowered correlations. Preliminary investigation showed no dependence of FFI on the
spin up period, but further analysis is needed to confirm this statement. Moreover, the particularly low
fire risk in winter possibly makes the correlation unreliable.

To get a clearer picture, a spatial analysis was also performed. Figure 2 shows the local correlation
coefficients (FFI/FWI) for two time periods: full year and summer. It shows that correlation decreases
where there is no fire risk, and increases in regions known for fire occurrences.

Figure 1. Daily correlations between FWI and FFI for the Mediterranean region for 1961-1990
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Figure 2. Correlation coefficients between time series of FFI and FWI at each location of the data set. Top: full
year, bottom: summer
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Time series of the two indices obtained at two different locations, one with and one without fire risk (not
shown) suggested that in cases with very low fire risk, a spin up may be needed when computing FFI.
These findings confirm that regions (or time period) with low fire risk show low correlation (if any)
between FWI and FFI. The lack of a spin up period when computing FFI lowers even more the
correlation.

In general, FWI and FFI determine a fairly similar fire risk for a set of weather readings (‘r’ approx. 0.7).
Higher correlations are found especially for locations under significant fire risk. The results improve for
the lower values of fire risk if a spinning period is used in the computation of FFI. Both indices show
similar features especially during summer, but some deviations are typical during early spring and
autumn, as FWI probably overestimates the fire risk.
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ABSTRACT: The estimation of vegetation conditions by means of remotely sensed data represents an useful tool
for the identification of possible fire prone areas in the framework of short-term fire risk assessment. The aim of
the present study is to monitor the presence of different conditions of the vegetation both in going-to-burn areas
and in unburnt areas, and to select the variables that most account for their separability. A Canonical Discriminant
Analysis (CDA) was applied to several spectral indices (independent variables) derived using Moderate Resolution
Imaging Spectroradiometer (MODIS) data, relative to the 2003 fire season in Portugal. The CDA was performed
for three main land cover (LC) classes: grassland, scrubland and mixed forests. The results showed the existence of
significant differences between fire prone and unburnt areas (p<<0.0001) that permitted their spectral separation. In
the case of grass and scrub LC classes, the indices that most contributed for the spectral separability were the water
based indices. On the other side, the vegetation indices showed to have a more meaningful behavior in the mixed
forest LC class.

1 INTRODUCTION

Fuel moisture content is a critical factor affecting both fire ignition and propagation. The moisture content
of dead fuels is highly dependent on meteorological conditions (Viegas et al. 1992) and is relevant for fire
ignition (Dimitrakopoulos & Papaioannou, 2001). Instead, live fuel moisture content plays a significant
role on fire propagation (Viegas, 1998; Carlson & Burgan, 2003). Nonetheless, vegetation susceptibility
to wildfires is only partly affected by fuel moisture content since there are other factors, like human
practices, that also contribute to fire ignition probability (Chuvieco et al. 2003).

When estimating fuel moisture content it is usually assumed that variations of vegetation chlorophyll
content and leaves degree of curing mirror vegetation moisture content variations (Illera et al. 1996;
Paltridge & Barber, 1998; Burgan, 1988; Chuvieco, et al. 1999), even if this assumption is not true for all
vegetation types and is dependent on the ecosystems (Ceccato et al. 2001). Besides, the above mentioned
variations are better related to vegetation status which is influenced by several factors, one of which can
be the lack of water (Ceccato et al. 2001). Moreover, these limitations prevails the problem of up-scaling
the fuel moisture content results from leaf to canopy level due to the fact that at this scale other effects
must be considered (Pefiuelas et al. 1993; Ceccato et al. 2002). Even so, satellite data constitutes a widely
accepted practical means to be used when monitor vegetation conditions at global scale; furthermore, they
constitute an effective tool able to give insights about fire prone areas, which are a key factor in the
framework of fire danger and short-term fire risk assessment.

For these reasons a time series of Moderate Resolution Imaging Spectroradiometer (MODIS) data was
used to derive several spectral indices for the continental territory of Portugal during the 2003 fire season.
The indices were computed both for burnt and unburnt areas before the event occurred and then analyzed
by means of a multivariate statistical approach.

The aim of the present study is to infer the existence of differences in areas that were affected by fire
from those that were not by means of several vegetation and water indices. To achieve this objective, a
Canonical Discriminant Analysis was conduced both: (1) to verify the possibility of separating going-to-
burn areas from those that will not be interested by fire; (2) to assess the relative importance of each
independent variable as separation indicator.

2 DATASET AND METHODOLOGY

The study focused on the 2003 fire season (March-August), in the continental territory of Portugal, a
country severely affected every year by the phenomenon. On the basis of the European CORINE Land
Cover 2000 map, the following main land cover (LC) classes were considered: grassland, scrubland and
mixed forest. Agricultural areas and bare soils were discharged. For each LC class 40 test sites (consisting
of 10 pixels each) were identified, half of them located in areas interested by fire and the remaining ones
in areas that did not burn in that year. Pixels were sampled throughout all the season until the date of the
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event, avoiding mixed pixels and those being on the edge of the respective LC class. The observations
influenced by the presence of clouds were also removed. Previously, a pixel based visual interpretation
was made in order to identify the burnt pixels and the date of the event. This procedure was
complemented by the use of the national burnt areas cartography for the same year that allowed to have
an independent confirmation that the interested pixels went effectively burnt or not burnt. This
cartography is produced every year, at the end of the fire season, by the Portuguese Forest Service
(DGREF) in collaboration with the Forestry Department of the Superior Institute of Agronomy (ISA), and
is available on the DGRF site (http://www.dgrf.min-agricultura.pt/v4/dgt/pub.php?ndx=2273).

For the multitemporal analysis, several spectral indices were computed on the basis of the MODIS
products, in particular, the 8-days composites MODO09A1 (Surface Reflectance, 500m of spatial
resolution) and MOD11A2 (Land Surface Temperature/Emissivity—LST, 1.000m of spatial resolution). A
great number of studies have highlighted the usefulness of numerous combinations of the visible, near
infrared (NIR) and shortwave infrared (SWIR) bands in order to retrieve information on chlorophyll and
water content at leaf level (e.g. Tucker, 1980; Ceccato et al. 2001). From these, the combination of visible
and NIR wavelengths is well related with the greenness and health status of vegetation. Particularly
interesting is the use of indices based on NIR and SWIR bands for the estimation of vegetation water
content at leaf level (Ceccato et al. 2001). Furthermore, based on the assumption that water deficits
induce a reduction of evapotranspiration rates, and thus an increase of leaves surface temperature,
Chuvieco et. al. (1999) studied the usefulness of using this thermal vegetation condition. On these basis,
the spectral indices represented in Table 1 were selected.

Table 1. List of spectral indices selected, respective MODIS bands used on mathematical formulation and source.

Index Formula Reference
Normalized Difference Vegetation Index NDVI=(B2-B1)/(B2-B1) Rousse et al. (1974)
Green NDVI gNDVI=(B2-B4)/(B2-B4) Gitelson et al. (1996)
Water Index WI=B2/B5 Peiiuelas et al. (1997)
Normalized Difference Water Index NDWI=(B2 —B5)/(B2 +B5) Gao (1996)
Normalized Difference Water Index 1640 NDWI6=(B2 —B6)/(B2 +B6) Hunt & Rock (1989)
Normalized Difference Water Index 2130 NDWI7=(B2 —B7)/(B2 +B7) Hunt & Rock (1989)
Ratio WI/NDVI Peiiuelas et al. (1997)
Ratio NDVI/Ts Chuvieco et al. (1999)

The dataset analysis was performed by means of the Canonical Discriminant Analysis (CDA), a
dimension-reduction technique related to principal component analysis and canonical correlation. Given a
classification variable and several independent variables, this technique derives canonical variables,
which are linear combinations of the independent variables, that summarize between-groups variation in
much the same way that principal components summarize total variation. The groups proximity is
determined by the maximization of the Mahalanobis distance. The analysis was carried out using the
software SAS (Statistical Analysis System — SAS Institute, Inc.). The procedure DISCRIM develops a
discriminant criterion able to classify each observation into one of the groups based on the best
discriminating independent variables. Furthermore, this procedure is also able to evaluate the discriminant
criterion performance by the estimation of the error rates, or probabilities of misclassification, for the
classification of future observations. The analysis was conducted for each LC class. The dependent
variable was the categorical variable presence/absence of the fire event while the above described spectral
indices constituted the independent variables.

3 RESULTS AND DISCUSSION

For each of the considered LC classes the CDA yielded only one discriminant function and the models
were statistically significant (p<0.0001) when separating the going-to-burn areas from those that were not
interested by fire. The F-test significance, based on the Mahalanobis distance, revealed that the event
group means were also significantly distant (p<0.0001). The observation of the canonical discriminant
function histogram for the grasslands (Fig.1) shows that the going-to-burn and burnt groups are relatively
well distinguished, even if there is a superimposition of some observations on the tails of each group,
which reveals a certain margin of error on the classification of the observations on each group. Similar
results were obtained for the remaining LC classes.
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Figure 1. Canonical discriminant function histogram for the grass LC class.

600
500
O Unburnt
400 - Hl Burnt
300 A I Unburnt
Mean = 3.05
200 St.Dev. =0.47
i N = 3761
N N NHH J ‘H -
Mean = 2.80
ol e nnH HMHH"HH”HHMHMJ 114 ”“”Iu . St.Dev. = 0.27
el ['e} o o — (=3 =<} o~ NeJ %) o o — (=3 0 o~ o < [sal o — N = 4004
S a4 T e ® S = «© 8 5 9 = " Y ® S o % & ®
o o ™ ™ (o] o o (2] o o o < <t <t <+ < w w ) wy wy

The interpretation of the canonical structure matrices (Tab. 2) permits to assess the independent variables
ranking scores and thus their relative importance for the separation between the two groups. The larger is
the coefficient, the greater is the contribution of the respective variable. In this study only scores greater
than 0.3 were considered. The overall analysis of the results showed that for the mixed forest LC class all
the indices considered in the study were relevant for the separation of fire prone areas. On the contrary,
for the remaining LC classes there are indices that did not contribute to the separation, and thus are
redundant in the discriminatinon process.

Table 2. Total canonical structure matrix for each LC class (bold values indicate scores higher than 0.3).

Index
LC class NDVI gNDVI WI NDWI NDWI, NDWI, WI/NDVI  NDVI/Ts
Grassland 0.201 0.225 0.530 0.522 0.531 0.408 0.221 0.051
Scrubland -0.037 -0.020 0.492 0.478 0.284 0.052 0.401 0.032
Mixed forest 0.801 0.715 0.475 0.499 0.522 0.646 -0.764 0.309

In the grass and scrubland classes the indices that presented the highest scores (in bold) were the water
related indices based on the combination of NIR and SWIR spectral information, in particular the WI,
NDWI, NDWI6 and NDWI7; on the other side, the indices based on NIR and visible bands (NDVI and
gNDVI) were not significant and neither the ratio NDVI/Ts. The good separability performance of the
water indices on these LC classes can be related with the fact that these types of vegetation, especially the
grass LC class, are very sensitive to water variations during the vegetative period. Previous experimental
findings indicated the good performance of these indices to monitor fuel moisture content in several
ecosystems both at leaf level (Ceccato et al. 2001; Gao, 1996; Zarco-Tejada et al. 2003) and canopy level
(Fensholt & Sandholt, 2003; Chen et al. 2005). The vegetation indices, instead, showed a low
performance in these two LC classes. In the case of grasslands this fact can be explained by the fact that
during great part of the fire season grasslands act like dead materials (Chuvieco et al. 2004) and thus the
differences of chlorophyll content are not relevant, even if there are variations of the internal amount of
water. In the case of the scrub LC class the low performance of these indices can be related with the fact
that Mediterranean scrubland vegetation maintains a constant level of “greenness” during summer since
that they present several adaptations to contrast the water shortage during this period of the year
(Chuvieco, et al. 2002). In this LC class the importance of the NDVI becomes relevant when combined
with the WI index. The WI index was the index that presented the higher separability performance for the
scrub LC class. Similar results were reported by Trombetti and Lasaponara (2005) that showed how this
index presented stronger decreases in fire prone areas when compared with areas that were not interested
by fire.

For the mixed forest class the indices that most contributed for the separation among the two groups were
the vegetation indices: the NDVI, the ratio WI/NDVI and the gNDVI, followed by the water related
indices, in decreasing order of importance. The relative good performance of the vegetation indices can
be related with the fact that this formation type continues its vegetative activity during the summer and
thus possible variations on chlorophyll content, which can be related with a decrease of the internal

72



amount of water, can be identified. For this LC class the ratio NDVI/Ts performance was relatively
important, when comparing with the remaining LC classes, even though its value is very close of the
minimum considered threshold (0.30).

As stated before, the CDA output includes also a discrimination accuracy table with the percentage of
correct classification of observations on the different groups. The results showed that the correct
percentage of observations on the fire prone areas group were 60.3% for grassland, 64.7% for scrubland
and 69.4% for mixed forest.

4 CONCLUSIONS AND PERSPECTIVES

This study revealed that going-to-burn areas and areas that will not be interested by fire present
differences that allow for their separation on the basis of different spectral indices. The separation was
possible for all of the considered LC classes. Among the different indices the ones that best contributed to
the separability among the groups on grass and scrub LC classes were the water based indices. On the
contrary, in the mixed forest LC class the indices based on the greenness of vegetation showed a higher
performance followed by the water based indices. In this class the percentage of correct classification of
the fire prone observations was particularly high (69%). All these results gave insights about the
possibility of defining thresholds, by means of appropriate methodologies, that could be then used to
estimate the vegetation susceptibility to wildfires in an operative way by fire managers. Nonetheless,
further experiments are needed to confirm the preliminary results achieved, in particular, it would be of
major importance to extend the analysis to other years of data. In this way the identification of inter- and
intra-annual vegetation trends would be better defined reducing the influence of misleading
interpretations due to a undersized dataset as it could happen relying on one only year of observations.
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ABSTRACT: This study involved the generation of a controlled Look-Up Table (LUT) for the retrieval of Fuel
Moisture Content (FMC) in areas dominated by Quercus ilex (holm-oak). To avoid unrealistic simulated spectrums
in the LUT, parameter combinations observed in drying holm-olk were used as input to the PROSPECT and
SAILH radiative transfer models (RTM). MODIS/Terra reflectance data, extracted from 4 oak dominated areas,
was used to carry out the LUT inversion based on the search of the minimum relative root mean square error
(RMSE*) between these observed reflectance and the simulated reflectance found in the LUT. Five inversion
options, which included different MODIS wavebands and vegetation indices in the RMSE* computation, were
tested in order to search for the optimal spectral sampling necessary for accurately estimating FMC. Their retrieval
performance was evaluated with FMC values measured at the four study sites. In parallel, a non Holm oak specific
LUT was used in the same way to evaluate whether or not the specific LUT retrieved FMC was more accurate. The
results showed that the LUT generated with holm-oak observed data provided better FMC estimations in most of
the inversion options. The most accurate FMC estimations were obtained from vegetation indices computed with
Near infrared (NIR) and short wave infrared (SWIR) using both, the specific LUT (RMSE of 26.65% and 29.84
with GMVI6 and NDII6, respectively) an the non specific LUT (RMSE of 32.73% and 29.89 with GMVI6 and
NDII6, respectively). Further work will be focus on generating a LUT adapted to a wider range of species based on
data extracted from field measures and bibliography search.

1 INTRODUCTION

Remote sensing data have been proven to be very useful for FMC estimation at local, regional and global
level (Chen 2005; Chuvieco et al. 2004; Roberts et al. 2006). Both laboratory spectroradiometry
measurements and satellite imagery data have been used to estimate FMC though different approaches.
The most widespread approach has been the use of empirical methods based on statistical fittings between
field measured FMC and reflectance or temperature satellite-derived data. However, simulation methods,
based on RTM, both in directed and inverse mode, are increasingly used. They provide a deeper
understanding of the physical processes that control canopy reflectance for any observational
configuration conditions, and therefore they can be used in very diverse areas and periods.

In general terms, the object of the inversion approach is to identify the set of input parameters that
produces the most similar reflectance to the observed spectrum of a particular pixel. Basically, this can be
achieved by using iterative optimization techniques (Zarco-Tejada et al. 2003) or simulated LUT
(Knyazikhin et al. 1999). Whatever the approach is, FMC could only be retrieved from RTM when either
is one of the input parameters, or is related to them. FMC can be defined as the quotient of two
biophysical parameters included in most RTM: Dry matter content (DM, equation 2) and Equivalent
Water Thickness (EWT, equation 3), defined as:

EWT (1);

FMC(%) =~ %100 s 2);
DM

DM(gr~Cm_2) = 1 EWT(gr,cm’z) = M 3)

A

The common problem of all the RTM inversion approaches is that several combinations of biophysical
variables can lead to similar spectral signals. In other words, similar reflectance can be simulated from
different FMC values if other parameters widely vary. This is known as the “ill-posed” problem (Weiss
2000), and has greatest importance in practical inversion cases. The underlying problem is related to the
lack of ecophysiological background of most RTM. They are physical models, but do not take into
account that some combination of input parameters may never occur in reality, since they are associated
to plant physiological characteristics. For example, several studies have shown a clear covariance
between DM and EWT variations since high levels of sclerophyl (DM) are induced by low water
availability and high light intensity (Castro-Diez et al. 1997) so DM normally increases during the
summer months, when EWT values are minimum. Therefore, it would be unrealistic to obtain high EWT
values with low DM, creating potential problems for an accurate FMC estimation.

As a result of previous comments, auxiliary information must be used to constrain the input parameters of
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the RTM to model conditions as closely as possible to the actual canopy (Combal et al. 2002). Some
authors have chosen to include as input parameters data derived from satellite images (Zarco-Tejada et
al. 2003). Others have relied upon experimental data in controlled conditions (Riafio et al. 2005). Finally,
there are also studies who define the prior information based on field measurements (Ustin et al. 1998;
Yebra et al. 2007).

The aim of this paper is to build a LUT adapted to a wide range of observed biophysical conditions and
relationships, at both leaf and canopy level, in order to obtain more accurate FMC estimation from the
inversion of RTM in Mediterranean areas. As the first attempt the LUT has been adapted to Quercus ilex
a dominant type of Mediterranean vegetation.

2 METHODS

2.1 Radiative transfer models

The PROSPECT (Jacquemoud et al. 1990) and SAILH (Verhoef 1984) models were chosen to simulate
spectral reflectances between 400 and 2500 nm. The first one simulates reflectance and transmittance at
leaf level by considering it as a set of N stacked layers with several absorption components: chlorophyll
content (Catb), the EWT, and DM. The SAILH is a 1D turbid medium RTM which uses three variables
to describe the canopy structure space (Leaf Area Index or LAI; Leaf Angle Distribution Function or
LADF and the hotspot parameter or h), as well as the soil substrate reflectance and the viewing and
illumination conditions (Sun zenith angle or Ts, view zenith angle Tv, relative azimuth sensor-sun or Psr
and atmospheric transmissivity) to characterize observation conditions.

2.2 Input parameters definition

The space of canopy realization (leaf and canopy biophysical parameters) was build using the values
measured by De Santis, et al. (2006) for Quercus Ilex subesp. ilex under laboratory experimentation.
These values consist of six temporal measures of spectral reflectances and their associated leaf and
canopy parameters while plant is drying (table 1). Since this study was carried out with young oaks, LAI
measures were considered lower than those encountered in natural conditions, so they were no used.
Instead, a range of LAI values with a minimum of 0.6 (minimum of the experimentation) and a maximum
of 4.9 (Bussotti et al. 2002) was used. In order to better sample domains where the reflectance is more
sensible to LAI variations, a transformed variable was used to generated the LAI distribution, as is
explained in Weiss (2000). Finally, the parameter N was obtained by the inversion of the Prospect model
using the observed spectrum measured by De Santis, et al. (2006) with GER2700 spectroradiometer
(GER Corp., Millbrook, NY). The hotspot parameter was fixed on 0.001 and the LADF on plagiofile.

The scenario of simulation was targeted to resemble MODIS acquisition conditions. For doing that a four-
year dataset of MODIS data (2001-2005) from our study site was used to extract the maximum and
minimum values of Ts, Tv and Psr angles. The reflectance spectra of three different types of soil,
obtained by multiplying a ground reference spectrum by a wet and dry soil brightness parameter (0.6 and
1.4, respectively), were also used for the instrument space definition. The reference soil spectral signature
was measured in Cabafieros National Park with the GER2700 spectroradiometer.

A total of 36288 simulations were generated by running the PROSPECT and SAILH programs extracted
from the CSTARS RTM Repository Project (http:/rtm.casil.ucdavis.edu/?RTM) within the inputs
parameter values showed in table 1.

2.3 Field observations

A field measured FMC dataset was used to evaluate the LUT inversion performance. Field FMC values
were measured under the framework of two projects, Firerisk and Firemap, following a standard protocol
(a detailed description can be found in Chuvieco et al, 2003). Four oak dominated areas located in Central
Spain were selected from the full dataset (table 2). The measures in plots P1 and P2 were taken every 16
days, while the P3 and P4 consist of isolated measures that were taken during a field sampling campaign
developed in Spring and Summer 2006. The total number of sampled measurements chosen were 29.

2.4 Reflectance data

The MODO09AT1 product (500m) was chosen as the source of observed reflectance data needed for the
inversion, due to its proven capacity for estimating FMC (Zarco-Tejada et al. 2003). The original
products were downloaded from the Land Processes Distributed Active Archive Center (LP DAAC) of
the United States Geological Survey (USGS) (http://edcimswww.cr.usgs.gov/pub/imswelcome/) and
reprojected from sinusoidal to UTM 30 T Datum European 1950 (ED50), using nearest neighbor
interpolation resampling. The reflectance values of a given plot were extracted from each composited
image using the median value of a 3x3 pixels kernel located at the center of the field plot.
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Table 1.Input parameters. *Transformed variable used to generate the LAI distribution

Level Parameter Values N° of possible values
Minimum | Maximum Step
Ts 20 51 10 4
Tv 2 40 10 4
E Psr -24 138 20 9
Q LAl 0.6 4.9 e T 14
8 Soil Wet
Ground reference 3
Spectrum
Dry
h 0.001 1
LADF Plagiophile 1
2.03,77.93,0.0168, 0.0194
T8 2.00, 80.86, 0.0170, 0.0189
E N, Cab, EWT, DM 1.43,82.19, 0.0165, 0.0182 6
- 1.63,80.43, 0.0142, 0.0184
1.73, 81.24, 0.0073, 0.0182
1.76, 88.10, 0.0059, 0.0185

Table 2. Sampling sites description and the number of plots (N° Plots) and observations (N° Obs) in each one

Central coordinate Autonomous Project Samplin Ne Ne°

X,y (UTM 30T ED50) region Year Period Periodicity | Plots | Obs.
649594, 4568709 Aragon Firerisk | 2001-02| April- Sept. 16 days 1 20
441706, 4494811 Madrid Firemap | 2005 July-August 16 days 1 6
563378, 4527686 Guadalajara | Firemap | 2006 May Isolated case 2 2
499907, 4484308 Guadalajara | Firemap | 2006 August Isolated case 1 1

2.5 Inversion approach

An inversion routine was programmed in C++. The Relative Root Mean Square Error (RMSE*) was used
to measure the similarity between the observed and simulated spectrums:

where 101 ,Obs and 101 ,mod is the observed and the
simulated reflectance in each band i, respectively, and n is the
number of spectral bands to take into account.

2
RMSE", = IZ[M‘J
i=l Pi.obs

Due to the fact that only a limited number of wavebands are required for canopy biophysical variable

estimation, and since extra bands add some noise without adding significant information relating the

canopy (Weiss 2000), the inversion was firstly drawn with all the MOD09AI1 reflectance bands, and

secondly removing the less water sensitive bands one by one. Thirdly, the “Normalized Difference

Infrared Index”( NDII) (Hunt and Rock 1989) and the “Global Vegetation Moisture Index”(GVMI)

(Ceccato et al. 2002) were also included, as both have been reported as highly associated to plant water
content.

2.6 LUT performance verification

In order to check the performance of the specific LUT build in this study for hoalm-oak against a non
specific one, the same observed spectrums were use to carried out the latest LUT inversion. This LUT
was built using as inputs RTM observations of Cistus ladanifer biophysical variables ranges, as explained
in Yebra et al. (2007). Its retrievals were evaluated using the field measured FMC for that observed
spectrums.

3 RESULTS

The inversion options checked for the search of the most similar simulated spectrum in both LUTs are
showed in table 3. MODIS band 5 (1230 - 1250 nm) was dismissed in the selection of the optimal
inversion band set due to the radiometric problems of MODIS/Terra for this band (Stow et al. 2005).
Therefore, the option 1 includes all the MODO09A1 bands except B5. Option 2 discards those located in
the visible wavelengths (B3, 459 — 479 nm; B4, 545 — 565 nm and B1, 620 — 670 nm) since Bowyer et al.
(2004) asserted that variation in DM and EWT (both components of FMC) have no effect in those
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wavelengths, and also, at near infrared (NIR) (B2, 841 — 876 nm) and short wave infrared (SWIR) (B6,
1628 - 1652 nm and B7, 2105 - 2155 nm) wavelengths, the confounding influence of variation in LAI is
small while the sensitivity to variation in FMC is consistently strong. Option 3 considers only B2 and B6
since the use of the shorter wavelengths of the SWIR would appear to be more useful for an accurate
estimation of FMC (Bowyer and Danson 2004). Options 4 and 5 contemplate the inversion using
vegetation indices computed with B2 and B6. The decision of calculating the indices with the B6 rather
than the B7 was based on the above mentioned assertion.

The Prospect-Sailh RTM inversion performs
better when using the LUT specifically built
for areas dominated by oaks in all the
inversion options except number 3 (table 3).

Table 3 .RMSE values between actual and estimated FMC
with both, the specific and non specific LUT for each of
the five inversion options checked.

. . RMSE (%) This option has the highest RMSE for both

Option ?r;glrm?;ﬁ S ,:coi?ic Specific LUTs, which suggests that FMC cannot be
FI)_UT LUT accurately estimated when using only the

BLB2 B3 B4 MODIS bands located in the.NIR apd. the

1 ‘B6 BT 35.90 30.72 shortest band of t.he SWIR region. This is in

2 B> I; 6. B7 3778 2035 disagreement with Bowyer (2004) who

3 E;2 B’ 6 3 4'37 3 9' 5 stated that those.twol bands were enough for

4 NISIIG 29'89 29'8 1 an accurate estimation of FMC, although

5 GVMI, 32:73 > 6: I Bowyer required further experimental work

to confirm that assertion. The reason for this
can be found in a study carried out by Weiss
(2000). In that study, the highest RMSE values between actual and estimated biophysical variables were
found when less than two bands were use for the similarity function calculation.

Focusing on the inversion result with the specific LUT, option 2 performs better than option 1 having a
lower RMSE (29.35), which agrees with previously comments. The use of vegetation indices produces
good estimations. GVMI¢ performs better (RMSE=26.65%) than NDIl; (RMSE=29.84) since it was
specifically designed to maximize sensitivity to vegetation water content and minimize sensitivity to other
factors such as atmospheric perturbations and angular effects (Ceccato et al. 2002).

4 CONCLUSIONS

In this study, a LUT inversion approach was used for FMC retrievals. It has been shown that including
observed biophysical parameter combinations when drawing the Prospect-Sailh models can lead to more
accurate estimations. As preliminary conclusion, the most efficient inversion option for Holm oak was
based on the GVMIg since it had the lowest RMSE between actual and estimated FMC, and reduced the
computational time, as less radiometric information was required for the inversion. Further work will be
focus on generating a LUT adapted to a wider range of species based on data extracted from field
measures and bibliography search.
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ABSTRACT: In the French Mediterranean region, forest fire risk increases because of dynamics of land cover: fuel
load accumulation due to agricultural fallows and non exploited forest, urbanisation expansion. Urbanization
joined to the forest extension phenomenon, generates new spatial configurations called Wildland Urban Interfaces
(WUI) (Jappiot et al., 2002; Lampin et al., 2006). WUI concerns integrate "natural" vegetation connected to urban
systems which bring out both components of forest fire risk: hazard (breaking out probability, distribution) and
vulnerability (Blanchi et al., 2002). As these interfaces should extend in the next years, assessing forest fire risk in
the WUI is a need for wildfire prevention and land management.

To characterize wildland urban interfaces, satellite images allow us to work on large and spectral homogeneous
areas that was not possible on aerial photos. Traditional classifications per-pixel were adapted to high resolution
images (10 m) but do not let working on textural information appearing on very high resolution satellite images.
Characterizing and mapping WUI need to extract involved shapes like houses or roads for urban features, but also
involved textures like scrublands or forest with different densities of trees for “natural features”. A lot of papers
uses feature extraction or segmentation programs on homogeneous areas to detect specific objects: man-made
(Sithole and Vosselman, 2006), burnt area (Mitri and Gitas, 2004) or fuel mapping (Gitas, 2006). In our case, we
need to extract these objects in heterogeneous contexts where natural, agricultural and artificial features are
interconnected.

This paper presents a methodology, using remote sensing in pre-fire planning: automated feature extraction to map
an accurate and reliable land cover required to characterize WUI at a large scale. The study area is located in the
Meyreuil district near Aix en Provence (South of France). A Quickbird image taken in June 2006 was acquired. A
principal component merge between 0.6 panchromatic and 2.4 multispectral Quickbird images was done to retain
the spectral information of the four Quickbird MS bands. A feature extraction program, Feature Analyst 4.1® for
Erdas Imagine®, was tested in the framework of the FireParadox European research program. Using multiple
spatial attributes (size, shape, texture, pattern, spatial association) with spectral information, this software improves
considerably automated detection of involved land cover structures. Vegetation classes integrate the texture of the
objects: arrangement of pixels with different radiometry, shadows, etc. Mineral objects can be easily identified
only if they have a specific shape (that is not the case of roads here), otherwise it is difficult as algorithms used by
Feature Analyst® are unknown.

1 INTRODUCTION

1.1 Context of the study

Every year about 2,800 forest fires affect more than 25,000 hectares of vegetation in the French Mediterranean
area (Promethée database 1973-2006). Some years have heavy consequences with human dead life, burned
houses and many hectares of burned vegetation on different areas in the South of France, recently 61,424
hectares in 2003. Deep land transformations have been observed during the last decades in the Mediterranean
region and these dynamics of land cover increase forest fire risk. Agricultural fallows and orchards are slowly
colonized by vegetation and forest is not exploited enough anymore, both conducting to fuel load
accumulations. Besides, especially in the South of France, urbanization joined to the forest extension
phenomenon generates new spatial configurations called wildland urban interfaces (WUI). Then, assessing
forest fire risk in the WUTI is a need for wildfire prevention and land management.

1.2 Definition

Wildland Urban Interface (WUI) is the area where houses meet or intermingle with undeveloped wildland
vegetation (Radeloff et al. 2005). WUI concerns integrate "natural" vegetation connected to urban systems
both interfering on the risk elements: hazard (breaking out probability, distribution) and vulnerability of urban
area which can be characterized through the spatial arrangement between houses and vegetation.
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1.3 Research problem

Characterizing and mapping WUI is a need in pre-fire planning: in South of France it is very helpful in fire
prevention management. The FireParadox reseach program let us working on remote sensing tools to
characterize fuel typology and WUI. Very High Resolution images and automated feature extraction software
are required to have an accurate and reliable land cover that is essential to characterize and map WUI at a large
scale. The specificity of this paper is the feature extraction in heterogeneous contexts where natural,
agricultural and artificial features are interconnected.

1.4 Background

To characterize and map WUI, satellite images allow us to work on large and spectral homogeneous areas that
was not possible on aerial photos. A first work was done with 2.5 and 5 metres resolution SPOT 5 images and
0.6 Quickbird images on two study sites near Aix-en-Provence, Southern France (Lampin et al., 2004).
Supervised classifications using the maximum likelihood rule was elaborated from these satellite images and
results were compared according to spatial resolution images (Jappiot et al., 2003). Different components of
the land cover could be identified but textural accuracy provided by the very high resolution satellite images
could not be exploited enough and complementary database have to be used. On the one hand, the similar
radiometric composition of different land cover classes was a matter as confusions were remaining between
urban areas or bare grounds (20 % of errors). On the other hand, classes made up of several land covers could
not be classified correctly: scrublands were classified as a mix of trees, bare ground, grass, etc. but not as a
single scrubland class.

2 MATERIALS AND METHODS

2.1 Databases

The study area is located in the Meyreuil district near Aix en Provence (France). It covers approximately 2,000
hectares.

Quickbird images (panchromatic and multispectral images) taken on 23™ June 2006 were acquired. These
images were first rectified from 0.5 resolution ortho-image and from a Digital Elevation Model of the French
Geographic Institute using Rational Polynomial Coefficients associated to each image. Then, a principal
component resolution merge between 0.6 panchromatic and 2.4 multispectral Quickbird images was done to
retain the spectral information of the four Quickbird MS bands. The resample technique used is a cubic
convolution to have the best continuity in the image.

2.2 Softwares

ERDAS Imagine 9.1® software developed by Leica Geosystem is useful to remote sensing process. It is
particularly well-adapted to raster data. In our case, it is used to make geometric rectifications of images and to
merge panchromatic with multispectral data.

Feature Analyst 4.1® software developed by Visual Learning System allows the classification of very high
resolution satellite images combining spatial attributes with spectral information. It is tested to improve land
cover classification of complex territories like WUI.

Study area on Meyreuil district in the South East of France
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2.3 Method

The classification is performed on the Quickbird resolution merge image using all MS bands. Feature Analyst
operates like a supervised classification by pixel digitizing training sets but every classes can be extracted
separately. Training sets are spread throughout the image and give the variest examples to learn from?. To
extract geometric forms in the image (houses, roads, swimming pool, etc.), training sets have to include the
different orientation or color of the features. In vegetation extraction, inclusion or exclusion of shadow area in
the training set are very important. Features cannot be extracted correctly with poorly drawn examples or too
few examples.

When training sets have to be learned, spatial data are integrated by Feature Analyst specifying input
representation of the features. These representations define the spatial environment of the features: narrow or
wide linear features, natural features (individual tree), man-made or building features (parking lot, swimming
pool, house), water mass features (lake, ocean, flooded area) and land cover features (forested area, developed
area).

Finally, it is possible to degrade the image when all the informations provided by VHR is too important or
useless, to mask area, to remove clusters having a minimum size and to detect feature in all direction or not
(interesting for object with an associated shadow).

Extraction characteristics according to land cover

Feature selector Pattern Width Land cover type Aggregate area Orientation
L

Wanmade feature

(>5rm) - HH . 21 Swimming pool 50 pixels Yes
| -
5 2 |
ISR B o= 11 Road 50 pixels Yes
feature {(<10m) []
i | |
7 House 200 pixels Yes
Coniferous tree,
5 hardwood, tree 1000 pixels Mo
planting
Mixed tree, ;
Land Cover Feature . scrubland 200 pexels ho
T Field 2000 pixels Mo
Garden, clean brush
5] area 200 Mo
5 VWatered grass, dry 100 No

grass, bare ground

3 RESULTS

The figure below presents the results obtained on a 100 hectares area. Thirteen classes have been identified:
bare ground corresponds to rocks and man-made surfaces like paving; coniferous trees, hardwoods and mixed
trees correspond to dense vegetation (percentage of cover more than 60%); scrubland corresponds to wildland,
low vegetation with sparse trees (percentage of cover less than 60%); garden and clean brush area correspond
to vegetation where trees are well spaced and ground is clean.
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Classification obtained with Feature Analyst® on the Meyreuil area

— - = T -
y 5 &' i Land cover classes

Eare ground
I Conifaresus trae
Dry grass
Fiekt
Garden - Glean brush area
4 I Hardwood
o {Ey I Houss
T 2 W Miste trae
- ;—-&.‘ B Road
E.:r'q N senbland
o : B Swimming poal
ol B Tios planting
B atered griss

050700 200

Quality evaluation of the classification according the knowledge of the field

Land cover Omission error Commission error | Well Classed | Comment

House 5% 8% 92% Some confusions with bare ground
or no total detection

Swimming pool 0 3% 92% Some confusions with dark roof of
holses

Road 26% 19% 81% Bad detection of discontinuous
and narrow roads

Field 4% 13% B87% Some confusions with grass

Bare ground 1% 1% 99%

Garden - Clean brush area 9% 24% 76% Some confusions with scrubland

Coniferous tree 0% 2% 958% Some confusions with planting
trees or mixed trees

Hardwood 0% 3% 92% Some confusions with mixed trees

Mixed tree 1% 5% 94% Some confusion with scrubland

Scrubland 7% 3% 97%

Classification with Feature Analyst® allows the detection of several objects in heterogeneous context like
wildland urban interface. This detection is very important to characterize and map WUI, especially for houses
and for different structures of vegetation. Geometric objects like houses but also objects having the same
reflectance but a different texture (forest, scrubland) can be detected easily (more than 90% of pixels are well
classed). Brush cleaning area can be observed if there is enough distance between trees to see the ground and if
the ground is clear (otherwise it can be confused with scrubland).

However, the classification could be improved on vegetation detection especially as different densities of trees
inside forest or scrubland classes, specific arrangement of trees like tree lines, etc.
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ABSTRACT: Wildfire is an essential ecological disturbance mechanism in Mediterranean ecosystems, releasing
carbon stored within forests into the atmosphere. In recent decades, remote sensing has been shown to be an
efficient tool in the study of forest-fire disturbances, providing methods used to estimate the extent of burned areas,
level of severity, and biomass burning emissions; however, one of the greatest uncertainties that must be addressed
to improve the accuracy of severity and emission models is a lack of information concerning the amount of burned
biomass. This problem arises because of the high spatio-temporal variability in biomass.

The biomass burned in a crown fire is mainly found in branches, leaves/needles, and the top section of the tree,
leaving a consumed tree with an incomplete trunk or a tree without a canopy. As a result, it is necessary to estimate
crown biomass to assess the potential severity of a wildfire and the amount of released gas.

In this study, we present a methodology used to estimate and map crown biomass across a large Mediterranean
area (Teruel province, Spain). For this purpose, allometric equations obtained from a field-based sampling
campaign for each pine species present in the study area were applied to Spanish Second National Forest Inventory
(NFI-2) data to calculate the crown biomass in NFT plots. The crown biomass of each plot was linked to spectral
data provided by Landsat TM selected on the basis of temporal coincidence with NFI-2 fieldwork. To avoid
problems related to the heterogeneity of Mediterranean forest, small plot size, and inaccuracies in the localization
of inventory field plots, larger homogeneous areas of crown biomass were created using digital aerial photographs
with fine spatial resolution. Significant correlations were found between crown biomass and the Landsat TM
spectral values and with some transformations and ratios applied to the image, with highest correlations found
those related to wetness information. The relationships were clearly nonlinear. A regression analysis carried out
using the variable MID57 (TM5 + TM7) yielded R? = 0.651, and a crown biomass map was created for the study
area.

Knowledge of crown biomass makes it possible to improve pre-fire planning and post-fire evaluation and
management. In terms of pre-fire issues, crown biomass can be identified as the residue of regular operations in
forest management or in the exploitation of timber. The recovery and elimination of this residual biomass reduces
the risk of forest fires and provides a source of renewable energy that is recognized by the European Union.
Besides, it enables prediction of burn severity levels, as it has been studied in this work in a large wildfire within a
forested part of the present study area, yielding highly significant correlations (R = 0.719). In terms of post-fire
assessment, the quantification of crown biomass enables improved estimates of atmospheric emissions using
biomass burning models.

1 INTRODUCTION

Wildfires generate a wide range of responses in affected areas, depending on the interaction of factors
such as vegetation type, climate, slope, topography, soil characteristics, wildfire history, and wildfire
intensity (Neary et al., 1999). A quantitative measure associated with fire impact and biomass
consumption is burn severity, which is related to fire intensity and fire duration (Chuvieco et al., 2006).
Wildfires also release trace gases stored in trees into the atmosphere; these gases are closely associated
with acid precipitation, the greenhouse effect, and the production of ozone (Palacios-Orueta et al., 2005).

Remote sensing techniques have been demonstrated to be suitable for forest-fire-related research
(Chuvieco, 1999). In this respect, satellite imagery has been used to estimate and map the extent of
burned areas, burn severity, and biomass burning emissions. Nevertheless, one of the greatest
uncertainties that must be addressed to improve the accuracy of severity and emission models is the lack
of information on burned biomass (fuel load); this uncertainty arises because of the high spatio-temporal
variability in biomass. Pre-fire biomass abundance is directly related to combustion efficiency, which is
one of the factors that explain variations in burn severity (Chuvieco et al., 2006). The methods employed
to estimate biomass burning emissions require estimations of the burned biomass and emission factors to
quantify the amount of trace gases released during a given fire (Palumbo ef al., 2006).
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In employing the complete-tree concept introduced by Young et al. (1964) to define the biomass
components of trees, the tree biomass consumed in a crown fire is mainly found in foliage, branches, and
the unmerchantable stem top, leaving a consumed tree with an incomplete trunk or a tree without a
canopy (Palumbo et al., 2006). As a result, it is necessary to estimate crown biomass to assess the
potential burn severity and the amount of trace gases released during a crown wildfire.

The estimation of biophysical variables is one of the most successful lines of research in forestry-related
applications of remote sensing. Several previous works in this field of research focus on aboveground
biomass estimation (AGB) using Landsat images (Lu, 2006), although few reports concentrate on
Mediterranean areas. AGB cannot be directly measured from satellite images, even though the reflectance
provided by such images can be related to AGB estimated from fieldwork (Dong et al., 2003). The same
principle can be applied to the crown biomass.

In the context of the above framework, the current paper presents a methodology used to estimate and
map crown biomass in the pine forests of a large Mediterranean area (Teruel province, Spain). To achieve
this objective, specific crown-biomass regressions for each pine species in the study area were applied to
Spanish Second National Forest Inventory (NFI-2) data to determine the crown biomass in NFI-2 plots.
To avoid problems related to the heterogeneity of Mediterranean forest and spatial inaccuracies in plots,
larger homogeneous areas of crown biomass based on NFI-2 plots were created using digital aerial
photographs with fine spatial resolution. Finally, to test the capacity to predict burn severity, crown
biomass estimations were correlated with burn severity values calculated for a wildfire that took place in
the study area 1 month after the time that the estimations were made.

2 STUDY AREA

The study area is the province of Teruel (14,804 km?), northeast Spain (Figure 1). From a biogeographical
viewpoint, all of the territory lies in the Mediterranean Region, and 27% is forested land. The distribution
of these forests is non-uniform: most of the forested areas are concentrated in the Iberian ranges, being
mainly pine forests (total of 235,431 ha of pine forest in 1994) (MMA, 1996). The four pine species
present in the study area are Pinus sylvestris, Pinus halepensis, Pinus nigra, and Pinus pinaster. The
analyzed wildfire occurred in the Maestrazgo region (northeast of the study area) from the 2nd to the 8th
of July 1994. The fire affected a forested area of 16,000 ha, mainly covered by Pinus halepensis and to a
much lesser degree Quercus ilex rotundifolia.

Figure 1. Study area
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3 MATERIALS AND METHODS

3.1 Crown biomass data

In calculating the crown biomass in each plot for 1994, specific crown-biomass regressions for each pine
species in the study area were applied to NFI-2 data for the same year. These regressions were developed
in the context of the LIGNOSTRUM project, based on destructive field-based sampling.

The total number of sampled trees was 186 (30 of P. sylvestris, 59 of P. halepensis, 57 of P. nigra, and 40
of P. pinaster). The wet weight of the crown biomass was obtained using a balance with an accuracy of
250 grams. Two size measurements were taken for each sampled tree: Diameter at Breast Height (DBH)
and height. It was necessary to collect samples of leaves and branches to calculate the dry weight. Finally,
a regression equation was obtained for each species with a coefficient of regression above 0.90. Further
details are provided in Alonso et al. (2005).

The 1994 NFI-2 involved the systematic field sampling of permanent plots located in the corners of the
UTM grid present in the 1:50,000 National Topographic Cartography. The placement of plots in the field
was performed using georeferenced 1:30,000 aerial photographs and topographic cartography. Plots have
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a circular shape, with radii ranging from 5 to 25 m depending on the DBH of the trees. The NFI-2
fieldwork in Teruel was undertaken from March to August 1994. DBH and total height were measured for
all trees. A detailed description of NFI-2 is provided in the summary report of the inventory (MMA,
1996).

In applying the crown biomass equations, we only chose those plots in which pines fell within the range
utilized in the specific equations. The equations were applied to every tree in every plot, and the
calculated crown biomass of each plot was expressed in tons/ha. To avoid complexity in the spectral data,
only mono-species plots were selected (482).

3.2 Selection of images and pre-processing

This study made use of Landsat 5 TM images recorded on 10 June 1994 and 16 August 1994 (Path
131/Row 32). The earlier image was selected on the basis of its temporal coincidence with NFI-2
fieldwork, while the later image was selected because of its timing just several weeks after the large
wildfire that took place in the northeast part of the study area at the beginning of July 1994. The first
image was used to estimate crown biomass across all of the study area; both images were used to estimate
the burn severity of the wildfire.

Pre-processing techniques were applied to both images. The images were geometrically rectified into a
local UTM projection using a second-order polynomial model, yielding a Root Mean Square Error
(RMSE) of less than 1 pixel. The Minnaert Correction method was applied to both images to negate
atmospheric and topographic effects. Finally, several transformations and ratios were applied to the
transformed June image to increase the amount of spectral information.

3.3 Relating crown biomass ground data to June Landsat data

Previous studies have documented the difficulties involved in estimating forest parameters for
Mediterranean areas using a Landsat TM image (e.g., Salvador and Pons, 1998). These problems are
related to the heterogeneity of Mediterranean forest, small plot size, inaccuracies in the localization of
inventory field plots, and the small number of plots used in the analysis. Correlations have been
demonstrated despite these limitations; however, they are insufficient in terms of establishing prediction
models.

To overcome these problems, we applied a methodology based on the use of high-resolution aerial
photographs. This approach has been shown to be useful in forest-inventory applications (Lu, 2006). A
composite digital aerial photograph of Teruel province (1 m spatial resolution) was used to extend the
plot areas to larger sizes of visually similar composition and forest structure. This was performed using an
on-screen digitizing technique within a GIS application. The selected NFI-2 plots were displayed over the
composite digital aerial photograph. Where possible, we then identified larger homogeneous areas
containing the in situ plots. Each newly delineated homogeneous area was assigned a quality value. These
values indicate the quality of the defined areas in terms of the degree of similarity between observations
made from the aerial photograph of the NFI-2 plot and the newly delimited area (0 = impossible to define;
1= low quality; 2 = medium quality; 3 = high quality). Finally, these areas were linked to spectral data.

3.4 Mapping burn severity

To determine the burn severity of the wildfire, Normalized Burn Ratio (NBR) was calculated for both
pre-fire (June) and post-fire (August) periods. The post-fire NBR was subtracted from pre-fire NBR to
obtain the change image (AINBR) (Key and Benson, 2006).

3.5 Statistical approach to estimating crown biomass and a test of its capacity to predict burn severity

To explore the nature of the relationships among crown biomass and the June TM bands and derived
spectral variables, we analyzed an individual scatter plot for each pair. The type of relationship controls
the subsequent regression model. The performance of the model was evaluated based on the coefficient of
determination, the Mean Absolute Error (MAE), and RMSE. To test the capacity of the adopted approach
in predicting burn severity, we studied the correlation between crown biomass estimated before the
wildfire and burn severity values.

4 RESULTS

4.1 Estimation of crown biomass

The scatter plots that compare crown biomass and spectral variables show nonlinear relationships;
consequently, Spearman’s correlation coefficient was used to evaluate these relationships. Correlation
values were higher for areas defined as being of higher quality. For all three categories of quality, the
spectral variables related to wetness recorded the highest coefficients of correlation, with the most
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important being TM5, TM7, TC3 (Tasseled Cap Transformation, wetness), and MID57. Correlations
between crown biomass and the vegetation indices showed intermediate levels, with NDVI, OSAVI,
SAVI, and MSAVI recording the highest coefficients. The variables TM1, TM2, TM3, PC1 (Principal
Component Analysis, first component), TC1, and Albedo showed intermediate correlations, while the
indices TM4, PC2, and TC2 recorded the weakest correlations. All of these correlations, with the
exception of PC2, were statistically significant (p<0.01). In terms of correlation sign, the crown biomass
showed an inverse relationship with all of the TM reflectance bands. Negative correlations were also
obtained for all of the variables related to brightness (PC1, TC1, and Albedo; brightness is inversely
related to the quantity of vegetation) and for the indices MSI and MID57 (both are inversely related to the
water content of leaves). In contrast, crown biomass showed a positive relationship with TC2 (greenness),
PC3, and TC3 (both directly related to the water content of leaves), and with all of the calculated
vegetation indices. Finally, auto-correlations between spectral variables were analyzed to determine if it
was possible to carry out multivariate regressions. The best and intermediate spectral variables related to
biomass were highly auto-correlated; as a consequence, we were unable to use multivariate regressions.

To identify the best predictive model, we selected the three spectral variables in the group with a quality
value of 3 (made up of 131 homogeneous areas) that are most strongly correlated with crown biomass:
TMS, TC3, and MID57. Given the nonlinear relationships among the dependent variable and the three
independent variables, and the high auto-correlation among them, we selected a univariate curve
regression model. Several trials were carried out considering different curve estimation models.
Ultimately, the highest R? values were obtained when using the exponential model. All of the models
were statistically significant (p<0.01); the model applied with MID57 returned the highest R* (0.651).
Taking coefficients from the exponential model using MID57 (B, = 185.748; B; = —0.1005), crown
biomass cartography was obtained using this spectral variable and the Aragon 1:50,000 forest cartography
as a mask.

To validate the results, we calculated the spectral variability in each NFI-2 plot over the six spectral
reflectance TM bands using Pearson’s coefficient of variation (CV). In validating the crown biomass
cartography, we only considered those plots that had not been included in the regression equation and for
which the spectral heterogeneity within the immediate vicinity (kernel of 3 x 3 pixels) was lower than the
fourth decile in all of the TM bands. We selected these plots for two reasons: (i) the low CV values of
these plots in all of the reflectance bands guaranteed their spatial homogeneity, thereby avoiding the use
of plots located in cover edges, located between different landscape elements, etc.; (ii) these plots can be
used for model validation because they were obtained from a different analysis scale. As a result, a total
of 30 plots were used to validate the model, yielding an MAE of 5.91 tons/ha and RMSE of 7.47 tons/ha.

4.2 Relationship between crown biomass and burn severity

To test the capacity of the crown biomass knowledge in predicting burn severity, it was necessary to
consider only those pixels for which the following two premises were true: (i) the pre-fire vegetation was
Pinus halepensis, and (i1) the Pinus halepensis were burned in the wildfire. As a consequence, we only
selected pixels for which pre-fire values of NDVI in the June image exceeded 0.40 (forested area) and for
which post-fire values of dNBR exceeded 100 (burned areas). A systematic sample was taken of pixels
that met these criteria, yielding a total of 5560 pixels. A sample of approximately 10% of these pixels
(564 pixels) was selected at random to study the relationships between crown biomass and burn severity.

The scatter plot that compares crown biomass and burn severity values reveals a strong relationship
(Figure 2). The obtained Pearson and Spearman correlation coefficients exceed 0.700 (R = 0.719 and R =
0.711; p<0.01). The highest R* values were obtained when using a quadratic model (R* = 0.527; p<0.01).

Figure 2. (a) Pre-fire crown biomass; (b) Burn severity (ANBR); (c) Relationship crown biomass-dNBR
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5 DISCUSSION AND CONCLUSIONS

This work demonstrates the utility of Landsat TM images and NFI data in estimating crown biomass in
Mediterranean areas. Such information can be useful in terms of both pre-fire and post-fire issues.
Regarding pre-fire issues, knowledge of crown biomass can help to overcome the lack of information on
forest residual biomass, for which its use as an energy source helps to reduce the risk of wildfires (Garcia-
Martin et al., 2006). Besides, it has been shown that knowledge of crown biomass enables the prediction
of burn severity levels. In post-fire issues, although it has not been considered in this work, the
quantification of crown biomass enables improved estimates of atmospheric emissions via biomass
burning models.

The remaining errors in estimates of crown biomass can be attributed to the following factors: (i)
inaccuracies in the fieldwork undertaken to establish the allometric equations; (ii) limitations related to
the spectral, radiometric, and spatial resolution of the TM sensor; (iii) problems involved in relating NFI
plots to satellite data; (iv) inaccuracies related to heterogeneity, despite the efforts made to combat this
problem.
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ABSTRACT: Estimation of Live Fuel Moisture Content (LFMC) is an important variable within a fire danger
rating system and in fire risk analysis. LFMC is critical both, in fire ignition and fire propagation since vegetation
will act as a heat sink or as a heat source depending on its water content.

The NOAA/AVHRR sensor provides data at required spatial and temporal scales to estimate LFMC. 8-day
Maximum Brightness Temperature Value Composites (MVC-TB/Ch4) were created to solve cloud contamination
and to reduce residual atmospheric effects. Two types of years were considered (dry/wet) based on a simple
drought index, and a temporal variable was fitted to the LFMC field measurements to take into account its seasonal
trends. LFMC was estimated from 1996 to 2005, using an empirical model fitted for grassland and shrubland using
NDVI, TS and a function of the day of the year. Determination coefficients of 0.85 and 0.81 were obtained for
Grassland and C. Ladanifer. The Corine Land Cover 2000 was used to mask these covers from forested and non
vegetated areas.

LFMC-anomalies were computed considering the deviation of FMC values for each year from a mean value for the
whole period considered. This anomaly-value may help to improve the fire danger estimation provided by the
LFMC value for a given date since it will reflects the interannual variation of the vegetation status, pointing out
areas and periods of higher fire danger related to a mean LFMC value.

1 INTRODUCTION

Live Fuel Moisture Content (LFMC) is a key variable to estimate forest fire danger since it is highly
related to fire propagation and fire intensity. Thus, vegetation will act as a heat sink or as a heat source
depending on its water content (Ceccato et al., 2003).

Among the methods used to estimate LFMC, field sampling constitutes the most direct method however it
is difficult to assure a representative sample both temporally and spatially. Meteorological indices are
widely used in fire danger rating systems (Viegas et al., 1994; Camia et al., 1999), nevertheless they are
spatially limited. In this sense, methods relying on remote sensing data can provide information at a
spatial and temporal scale to be used operatively.

NDVI derived from NOAA/AVHRR imagery has been successfully used to estimate LFMC for
herbaceous species (Chladil y Nunez, 1995; Paltridge and Barber, 1988), however worse results have
been found when applied to shrubs and trees (Chuvieco et al., 1999; Hardy and Burgan, 1999) since the
LFMC-NDVI relationship for grasslands is related to the chlorophyll activity whilst for shrubs this
relation is affected by other variables such as variation in the Leaf Area Index (LAI), viewing and
illumination geometry, or background reflectance. Some authors have proposed indices based on the
water absorption characteristics, using the short wave infrared region, which was proven to be the most
sensitive to water content variations (Danson and Bowyer, 2004; Gao, 1996; Ceccato et al., 2002). Other
authors combined spectral indices with thermal data to estimate LFMC (Alonso et al., 1996; Chuvieco et
al., 2004).

This paper revises the equations proposed by Chuvieco et al. (2004), considering dry/wet years in order to
avoid the overestimation found when applying them to dry years, and it presents LFMC anomalies for
AVHRR time series imagery.

2 METHODS

Images were acquired by the NOAA/AVHRR receiving station installed at the Department of Geography
of the University of Alcala. Raw data were converted into reflectance using NOAA coefficients
(including degradation rates) and surface temperature (ST) was calculated applying the method proposed
by Coll and Caselles (1997). Subsequently, images were navigated using orbital models, and
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multitemporal matching was assured collecting ground control points (RMSE<1 pixel). Daily data was
then synthesized into 8-day composites using the Maximum Brightness Temperature (AVHRR/Ch4)
value to solve cloud contamination and to reduce residual atmospheric effects. The median NDVI and TS
value of a 3x3 pixels window were extracted from the synthetic images to correlate them with field data.

LFMC measurements have been carried out from 1996 to 2005 during spring and summer seasons in the
Cabaifieros National Park (Central Spain). A detailed description of the field sampling can be found in
Chuvieco et al. (2003).

Classification of dry and wet years was based on a simple drought index, the Cumulative Water Balance
Index (CWBI) (Dennison et al. 2003) which cumulatively sums the difference between precipitation and
reference evapotranspiration over time. Meteorological data was collected by the meteorological station
installed at the Cabafieros National Park (1998-2003 and 2005).

Once the years were classified, field data was averaged for each period, and a Function of the Julian Day
(FJD) was empirically fitted using a sinusoidal function. This temporal variable takes into account the
seasonal trends of LFMC for dry and wet years.

Empirical fitting was based on multiple linear regression analysis. Two models were constructed, one for
herbaceous species and one for Cistus Ladanifer, which was considered as representative of
Mediterranean Shrub species. The models were not split into dry/wet years since the different seasonal
trends of these two types of years are taken into account by the FDJ function. The Corine Land Cover was
used to mask these covers from forested and non vegetated areas. NDVI, TS and the FID for dry/wet
years were considered as the independent variables and the field measured LFMC the dependent variable.
The years 1996, 1997 and 2004 were classified as wet or dry according to their LFMC values measured
because no meteorological data were available, and the corresponding FDJ was applied.

Once the models were constructed, they were applied to the synthetic images and a series of LFMC was
made spanning from 1996 - 2005 and LFMC anomalies were calculated taking into account the deviation
of LFMC values for each year from a mean value for the whole period considered (equation 1).

. LFMCdatei
LFMC _anomalies = *100
LFMC

(1

meanvalue for the study period

3 RESULTS

Four different FID were obtained considering dry and wet years for grasslands and C.ladanifer species.
Figure 1 shows the functions obtained.

Figure 1 FJD functions fitted to FMC values for grassland and C.ladanifer
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Table 2 Empirical equations to estimate LEMC for grasslands and C.ladanifer

Species Equations obtained r2 |Standard Error] RMSE P-Valor
Grasslands 27.95-1.194*TS+331.865*NDVI+115.514*FDJg 0.85 36.88 42.01 <0.01
C.ladanifer 8.73-0.23*TS+40.79*NDVI+125.87*FDIJs 0.81 13.27 15.11 <0.01

The following models were obtained for grassland and C.ladanifer:

For grasslands, significance values of FJD and NDVI were <0.01 and of TS <0.05. For C.ladanifer
significance value of TS was >0.05 since its discrimination power is included in the FJDs variable.
However it was kept in the model to take into account the spatial variation of LFMC because the FID is
constant over the image.

LFMC anomalies were calculated for grasslands and shrub. Values lower than 100% indicate drier
vegetation than the mean value observed for the whole time period studied, reflecting higher fire danger.
Values higher than 100% are indicative of a relative lower fire danger. Figure 2 shows the LFMC
anomalies found for grasslands and shrub for a time period spanning from 1998 to 2005. 1998 showed the
highest positive anomaly and therefore the lowest fire danger, whereas 2005 showed the largest negative
anomaly both, for grasslands and shrub, since it was an extremely dry year. Especially clear is the effect
of drought in grasslands while for shrub a lower decrease of LFMC was observed since Mediterranean
species are well adapted to water stress and a longer dry period would be required. These two covers
presented a very different behavior in 2003 and 2004, due to the precipitation regime of these two years at
the end of the spring and the beginning of the summer seasons, which affected more severely to grassland
while the shrub response was more stable.

Figure 2 LFMC anomalies values for grassland and C.ladanifer
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The empirical models constructed to estimate LFMC from AVHRR imagery, allowing for dry and wet
years, provided reliable estimation of LFMC. Computation of LFMC-anomalies values can help to
improve the fire danger estimation provided by the LFMC value of a given date since it will reflects the
interannual variation of the vegetation status.

In order to apply the method to other areas presenting similar species, more meteorological data would be
required to classify dry/wet years. Application to other species should be cautious since the method has
not been tested for other species.
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ABSTRACT: This research evaluates the contents of dry foliage matter of forest species through teledetection
methods, aimed at the use of this parameter in fire risk models and/or evaluation of woodland biomass. The data
used comes from the Leaf Optical Properties Experiment 93 (LOPEX 93) database, provided by the Joint Research
Centre, Institute for Remote Sensing Applications of Ispra, Italy.

This research essay is developed in two parts. The first one gives a Normalised Index in order to evaluate the
contents of dry foliage matter, taking into account the biophysical and biochemical factors that intervene in the
process. By means of an exploratory analysis, we selected the wave longitudes that were most sensible to the dry
matter’s contents and that minimized the effect of other biophysical and biochemical parameters. In the second part
of this research, the contents of dry foliage matter is evaluated by inverting the PROSPECT reflectivity model, using
all biophysical and biochemical parameters and selecting the inverted parameter that is most related to the contents
of the dry matter.

Of a total of 11 species, 5 samples of fresh leaves were taken to determine its biochemical components. The dry
samples were taken by drying the fresh samples, to re-evaluate the previously mentioned parameters, except for the
“leaf internal structure” parameter, which was calculated through an inversion of the PROSPECT model.

The relationship between the data of the created index (R2305-R1495)/(R2305+R1495) and the contents of the dry
matter from LOPEX93 database offers an overall r’= 0.67 for fresh and dry samples. On the other hand, the
adjustment degree between the LOPEXO93 values and those estimated using this equation report a Pearson
coefficient of 0.79 for both types of samples; 0.83 for fresh samples and 0.87 for dry ones. With respect to the use of
inversion of the PROSPECT model, this relationship reduces to a Pearson coefficient of 0.71 (fresh and dry
samples) using all biophysical and biochemical parameters.

As a result of this research, it is considered that both methods are valid to evaluate dry foliage matter. However, the
evaluation of the contents of dry matter using the (R2305-R1495)/(R2305+R1495) index requires the existence of
reflectivity in both wave longitudes. This condition limits it to be valid only for studies in which one has a
laboratory spectrometry and/or hyperspectral sensors. However, the inversion of the PROSPECT model can be used
when one does not has laboratory measurements or hyperspectral sensors. On the other hand, we recommend a
validation of the proposed index for other forest species, and even for agricultural species

1 INTRODUCTION

The estimation of the total biomass of a forest is an element of great importance to determine the existing
amount of carbon available and other chemical elements in each of its components. (Schlegel et al.,
2000). On the other hand, the aerial biomass is a very important component due to its interest when it
comes to learning about the distribution of nutrients in the ground, as well as to determine the fuel
accumulation (Lu, 2005). It is also important in the field of forest fires, because it is a key factor in
elaborating risk models, as well as for the obtaining fuel models used in the modelling of fire propagation
of the fire (French et al., 2000).

At leaf level the estimation of the contents of dry foliage matter (Cm) is the first step to determine the
foliar biomass of the arboreal canopy (product of LAI and the leaf’s Cm). On the other hand, the content
of dry foliage matter is a crucial parameter in the estimation of the humidity content of the vegetation
(Riano, et al., 2005), and serves as an indicator of the stress and growth of the plants (Jacquemoud et al.,
1996).

Among the methods used to estimate foliar biomass one can find the models of reflectivity, which allow
estimating the reflectivity of a vegetal cover from a series of entrance variables. In addition, only the
models based on the theory of the radiative transference can be inverted by means of iterative methods
with the purpose of providing relevant information on the biochemical or anatomical components of the
vegetation (Gemmel et al., 2002).
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The PROSPECT model proposed by Jacquemoud and Baret (1990) is one of the most used at the leaf
level, based on Allen’s lamina model, which represents the optical properties of the leaves between 400 -
2500 nm, obtaining the reflectivity and transmissivity from the following parameters: internal structure of
the leaf (N, chlorophyll a+b (Cab, #8 /em2), the equivalent water thickness (EWT) expressed in (g/cm2)
and the content of dry matter (Cm, g/cm?2). The studies that have used the PROSPECT model applied to
the estimation of the Cm in forest species indicate a high variation of the contents of dry matter among
species (Riafio et al. 2005).

This research is aimed at estimating the contents of dry foliar matter in different forest species or of forest
interest, from normalised indexes and inversion of the radiative transfer PROSPECT model. The used
data come from the Leaf Optical Properties Experiment 93 (LOPEX 93) database, available for public use
at the following website: http://www-gvm.jrc.it/stars/lopex.htm, facilitated by the Joint Research Centre,
Intitute for Remote Sensing Applications, Ispra. (Italy).

2 MATERIAL AND METHODS

In the estimation of dry foliar matter, the following forest species have been selected from the LOPEX93
database (Hosgood et al.1994): Robinia pseudoacacia L., Acer pseudoplatanus L., Castanea sativa,
Fraxinus excelsior L., Quercus pubescens, Populus canadensis, Fagus sylvatica L., Juglans regia L.,
Morus nigra, Corylus avellana L.y Tilia platyphyllos.

2.1 Estimation of the content of dry matter from Normalised Indexes. Direct method.

In first place, the value of the observed Cm (obtained in the LOPEX93 database) with the parameters N
and Cw were correlated, with the purpose of estimating the Cm through the use of the linear regression
equation obtained from the best relation. Nevertheless, it was not possible to correlate them with the Cab
since only a single measurement per species exists and it accounts for a low number of observations from
the statistical point of view.

Due to the low relation found when analyzing the correlation with fresh and dry samples, these data were
separated according to the sample type, to then repeat the previous process and estimate the Cm of the
leaf, which was used for the later elaboration of the LUT table (Look Up Tables)(Weiss, 2000). After
that, the observed and estimated Cm values were reduced to obtain the residual values; from the residual
maximum and minimum, the combinations of possible biophysic and biochemical parameters in the
nature found in the LUT table were selected.

The estimation of the leaves’ Cm using the LUT technique was divided into the following stages:

1. Stage of parameterization and construction of the LUT: It consists in creating scenarios using the
PROSPECT model, varying the entrance parameters within a known rank. By doing so, the variables
related to the dry matter—both for fresh samples as for dry samples—are oscillated between the
maximum and minimum obtained values from the LOPEX93 database, with more frequent variation
jumps in those variables where the relation with Cm is greater. Once the values of the biophysic and
biochemical parameters are found, the Matlab version 7 software was used, to make all the possible
combinations.

2. Stage of elimination of unreal combinations: Because not all combinations of the variables that take
part in the modelling are possible in nature, it is necessary to apply some restrictions, based on the
relation of the contents of dry matter with other biophysic parameters. To do so, the Cm was related to
parameters N and EWT, and with it, empirical equations were obtained that allowed to apply a rule to
eliminate unreal situations (equation 1):

Rmin < Cm LUT — Cm est < Rmax (D),

where Cm LUT is the simulated Cm in the LUT and Cm est is the estimate from the empirical equation.
On the other hand, Rmin and Rmax are the residual minimum and maximum that were previously
calculated with the values of the LOPEX93 database.

3. Obtaining indexes related to the Cm: Then, the reflectivity and transmissivity were simulated with the
use of the PROSPECT model. Next, the reflectivity of the different wavelengths were correlated with
each one of the biophysic and biochemical parameters of the LUT, to later be graphically represented in
order to better select the two wavelengths that were most adequate to create the normalised index of the
Cm. The choice of the two wavelengths to calculate the normalised index was based on the fact that the
correlations between each one of the N, Cab and Cw (LUT) parameters and the reflectivity were similar
in both selected lengths, in such a way that when removing them they are annulled. Next, this index was
applied to the observed reflectivity (LOPEX93), to then be correlated with the Cm. This relation allowed
estimating the Cm through the obtained regression equation
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2.2 Estimation of the contents of dry matter from the inversion of the PROSPECT model.

The inverse method consists of estimating the contents of dry matter by means of the Inv-Prospect
program (Rueda, 2001), using the reflectivity measured by the radiometer in the laboratory. On the other
hand, this method allows estimating the content of dry matter by means of an adjustment of the
parameters of the model until the directly modelled spectrums adjust to the observed ones, thus allowing
the extraction of the entrance parameters that best simulate the observed conditions (Zarco- Tejada et al.,
2001).

In this study, besides estimating the Cm using the N, Cab and Cw entrance parameters, the Cm in absence
of ab chlorophyll and water contents in the leaf were also estimated, with the purpose of finding out the
error estimated in each one of the cases. Nevertheless, the Cm in the absence of the N parameter could not
be estimated, since the PROSPECT model did not allow it.

3 RESULTS
3.1 Estimating the content of dry matter from Normalised Indices. Direct method.

The estimation of the leaf structure parameter (N) varied between the values of 1.183 and 3,168. The root
mean square error (RMSE) between the observed and estimated spectrum for fresh samples was of 0.235,
and for dry samples was of 1.221, using the entire spectral rank. The results show that the contents of dry
matter in fresh and dry samples altogether maintains a narrow relation with the internal structure of the
leaf parameter (r = 0.53). On the other hand, the correlation was increased considerably in the analysis of
dry samples (r = 0.81).

With respect to the analysis of the fresh samples a narrower relation with the water content is established
(r=0.75), although the correlation with the N parameter continues to be elevated (r=0.70). The reason for
this can be derived from the increase of the leaf weight in fresh samples—the greater water content, the
more weight—and this increase will be proportional to the Cm (Barcelo et al., 2003). Therefore, since the
contents of dry matter displayed better correlations with the biophysic parameters in separated form, the
use of one or the other parameter was decided, depending on the type of sample (dry or fresh).

The Cm using Cw was estimated as the independent variable for fresh samples and the N parameter was
estimated for dry samples. Residuals (observed Cm — estimated Cm) were calculated for both types of
samples. A residual minimum of a -0.0021 and residual maximum of 0.0023 resulted for the fresh
samples; in turn, dry samples rendered -0.0015 and 0.0025 as residual minimum and maximum,
respectively.

In the parameterization process 10 values for N and Cw were selected for the fresh samples, with jumps
of 0.0683 and 0.0011 (gr/cm2) respectively, since both variables displayed similar correlations with the
Cm (r=0.70 and 0.75 respectively). However, for the dry samples those jumps were more frequent for the
N parameter (0.1850) due to their greater relation with the Cm (r=0.81).

With the use of the Matlab version 7 software, a total of 10,000 spectrums were generated for fresh
samples and 4,000 for dry samples.

The elimination of the combinations of unrealistic biophysic and biochemical parameters offered a LUT
0f 6,001 combinations for fresh samples and 1,838 for dry samples.

The normalised index that fulfilled the requirements that the correlations between each one of the N, Cab
and Cw (LUT) parameters and the reflectivity had to be similar in both selected lengths and that when
removing them they were annulled was (R2305-R1495)/ (R2305+R1495), obtaining a Pearson coefficient
of -0.805 when correlating reflectivity with the Cm of the LOPEX93, resulting in the exponential
equation y = 0.0011%*e-7.5234*X to consider the value of Cm (x being the reflectivity values of the
index).

3.2 Estimation of the content of dry matter from the inversion of the PROSPECT model. Inverse method.

The estimation of the contents of leaf dry matter was conducted by means of the inversion of the observed
spectrums and leaving the entrance parameters fixed (N, Cab and Cw), obtained from the LOPEX93
database. Additionally, the Cm in the absence of ab chlorophyll and the contents of water in the leaf were
estimated, with the purpose of finding out the error in the estimation that is produced by the lack of a
parameter.

Table 1 offers a summary of the Pearson coefficients, obtained between the observed and estimated
contents of dry matter, using the different methods explained up to this moment.
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Table 1.Pearson’s Correlation Coefficient between Cm values observed and estimated through the different
methods: direct (IV) and Inverse [Cm f' (N, Cab, Cw); Cm f(N, Cw) and Cm f (N, Cab].

) Direct M. Inverse Method
Simple Type
Cm f (N, Cab, Cw) [m f(N, Cw) [m f (N, Cab)
Fresh and Dry | 0.79 0.71 0.51 0.26
Fresh 0.83 0.61 0.83 0.81
Dry 0.87 0.85 0.81 0.86
4 CONCLUSIONS

Comparing both methods of estimation of the contents of dry foliar matter, the direct method, using the
normalised index (R2305-R1495)/(R2305+R1495), displayed a better relation with the Cm of the leaves,
reporting a correlation coefficient of 0.79. As it has been used in this research, the estimation of Cm using
the direct method requires knowledge on the reflectivity of the two wavelengths proposed in the index.
This condition limits it to being valid only for studies in which laboratory spectrometry or hyperspectral
sensors are available. However, the inverse method rendered a correlation coefficient of 0.71 that can be
used when laboratory facilities or hyperspectral sensors are not available. On the other hand, it is
recommended that the index proposed in this research paper be validated in other forest species and even
for applications in agricultural species.
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ABSTRACT: In order to minimise the consequences of forest fires, an efficient forest fire suppression mechanism is
needed. Spatial information such as, the vegetation cover density and the location and defensible space of buildings,
can contribute to the improvement of forest fire suppression planning. Geographic Information Systems and Remote
Sensing are tools that can be implemented to extract, store and process relevant information, while new image
processing techniques such as the object-based classification can be used in order to classify very high resolution
(VHR) satellite data. The aim of this study was to create an operational GIS database to be used in forest fire
suppression planning. The main objectives were: a) to compare a number of vegetation indices in order to determine
the one that correlates best with vegetation cover density, b) to identify the location of buildings as well as to use the
selected vegetation index and VHR satellite data in the development of an object-based classification model in order
to define different vegetation cover density classes and, finally, ¢) to estimate the “Defensible Space” of buildings.
The methodology was developed by taking into consideration the forest fire suppression methods, in order to create
useful, from the operational perspective, information. It comprised three steps. The first step was to create reference
data, by means of photo-interpretation techniques, relative to vegetation cover density and to correlate them with a
number of selected vegetation indices in order to select the optimal one. The second step was to employ Principal
Components Analysis, in order to classify buildings into two classes (tile vs concrete roofing), and then to re-
segmented the unclassified area and classify it, by using the best performing Vegetation Index (Simple Ratio), into
six vegetation cover density classes. The third but equally important step was to take advantage of GIS and
classification results in order to estimate the relative area of desirable classes inside two zones peripherally adjacent
to buildings (0-10 and 10-30 meters). This expresses the endangerment of buildings by forest fires. The Simple
Ratio (SR) vegetation index was found to correlate best with vegetation cover density (Pearson index, 0,89) whereas
the overall classification accuracy of the vegetation cover density classes was 96 %. The overall classification
accuracy of buildings was found to be 82,69 %. It is concluded from the results that object-based classification and
GIS can be used in order to create an operational GIS database of high accuracy. The information extracted would
be expected to improve forest fire suppression planning as well as the effectiveness of decision-making during fire
suppression.

1 INTRODUCTION

During the last decades there has been an exponential increase in the number of fires across the
Mediterranean (Pausas kot Vallejo 1999). Most of the fires are caused by human activity (Velez 1990)
whereas many natural factors, such as fuels, weather and topography (Countryman 1972), influence the
spread of fires and govern their devastating effects. Fuels constitute the only readily alterable factor that
can be affected by human action in order to minimise the forest fire ignition and propagation danger, and
at the same time to increase the efficiency of fire suppression.

There are two main forest fire suppression methods (Bopiong 2001, I'képag 2001), the “direct” and the
“indirect” method. In the direct method the fire-fighting forces attack the front of advance of the fire
directly and separate the burnt from the unburnt fuels. Conversely in the indirect method the fire fighting
forces create a line of defence at a suitable distance from the fire front, while the intermediate fuel
between this line and the fire is burnt, in order to widen the zone devoid of fuel; this burning receives the
name “Burning of Widening”. When the fireline intensity and spread rate are high it is not possible for
ground forces to apply direct assault. However, if the vegetation distribution and density are known,
ground fire suppression forces can determine the spots where the spread rate and intensity are expected to
decrease. In the indirect fire suppression method, clearances and patches of land with low vegetation
cover density can determine the path and location that will have the line of defence in order to reduce the
clearing task to a minimum, saving time and energy. Additionally the distribution of these areas can
determine the spots where lumberjack teams can work in order to unite neighbouring patches of land with
low vegetation and as a result to increase the fire fighting space. The location of buildings constitutes also
valuable information in order to undertake appropriate protection measures as well as to estimate the
“Defensible Space”.
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Geographic Information Systems and Remote Sensing are tools that can be implemented to extract, store
and process relevant information, while new image processing techniques such as the object-based
classification can be used in order to: a) classify VHR satellite data alleviating negative effects of pixel
based methods such as the “salt-and-pepper effect” (eCognition 4.0 User Guide 2004) and b) to create and
classify homogeneous areas or objects of interest (e.g. patches of land with low vegetation cover density
or buildings). Moreover Jensen (2007) cites that Vegetation Indices can indicate relative abundance and
activity of green vegetation, including leaf-area-index (LAI), percentage of green cover, chlorophyll
content, green biomass, and absorbed photosynthetically active radiation (APAR).

The aim of this study was to create an operational GIS database to be used in forest fire suppression
planning. The main objectives were: a) to compare a number of vegetation indices in order to determine
the one that correlates best with vegetation cover density, b) to identify the location of buildings as well
as to use the selected vegetation index and VHR satellite data in the development of an object-based
classification model in order to define different vegetation cover density classes and, finally, c¢) to
estimate the “Defensible Space” of buildings.

2 STUDY AREA AND DATASETS

The study area consists of a small area in the North-eastern part of the island of Thasos which is located
in the northern Aegean Sea. Its surface area is 399 km® and its perimeter is approximately 102 km.
Elevation ranges from sea level to 1217 m. Pinus brutia is the dominant vegetation at the lower elevations
(0-800m), whereas Pinus nigra is found at higher altitudes (Gitas 1999). Other types of Mediterranean
vegetation are also present such as maquis and garigue. Thasos constitutes a fire-prone ecosystem which
has suffered from repetitive devastating forest fires during the last decades. Four large fires in 1984, 1985,
1989 and 2000 have consumed nearly 20.600 hectares of forest land. The image on the right side of figure
1 was initially intended to be used for this work. Nevertheless, due to the high demand on computer
memory and processing speed, a subset of the image (depicted inside the yellow frame) was used as the
study area.

Figure 1. Left:  General view of Northern Greece and Thasos location. Middle: The island of Thasos,
Right: The initial and final study area

Two very high spatial resolution Quickbird images were used in this study (a multispectral image and the
corresponding panchromatic). These images were captured on the 20th of October 2004. The
classification and processing of spatial information was performed by means of the following software:
ERDAS IMAGINE 8.7, DEFINIENS 5.0, ArcGIS 9.2, ArcView 3.3, whereas the statistical analysis with
SPSS 13.0.

3 METHODOLOGY

According to the aim and the objectives set, the study comprised three steps.

The first step was to create reference data, by means of photo-interpretation techniques, in relation to
vegetation cover density, and to correlate them with a number of selected vegetation indices in order to
select the one that correlated more closely. Six vegetation indices (VI), namely, the Wide Dynamic Range
Vegetation Index (WDRVI), the Modified Soil Adjusted Vegetation Index (MSAVI), the Simple Ratio
(SR), the Tasselled Cap Greeness, the Triangular Vegetation Index (TVI), and the Normalized Difference
Vegetation Index (NDVI) were selected from the literature and tested. Since there were not any reliable
reference data, photointerpetation techniques were employed to create them. A 20 by 20 meter chessboard
segmentation was applied on the image and the mean values of the VIs were extracted for each square.
Then each pixel of the multispectral image was transformed into point in order to create a regular network
of dots. The panchromatic and multispectral (improved after resolution merge with the panchromatic
image) images were used as background over which the regular network of dots and squares were set.
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Photointerpretation was applied in more than 100 squares and the results, in relation to vegetation cover
density estimation, were stored together with the previously extracted mean values of the VIs. The SPSS
software was then used in order to estimate the correlation between the VIs and the Photointerpretation
data. The SR (Simple Ratio) showed the highest correlation with the Photointerpretation data of the
panchromatic image (Pearson: 0,769) as well as with that of the improved multispectral image (0,89).
Consequently it was finally selected as the optimum.

The second step was to employ Principal Components Analysis, in order to classify buildings into two
classes (tile vs concrete roofing), and then to re-segmented the unclassified area and classify it, by using
the best performing Vegetation Index (Simple Ratio), into six vegetation cover density classes. Masking
techniques were used in order to extract the relative information. First the “water” and “land” were
separated using nearest neighbour classification based on sample objects. Then the PC3 was used to
segment the area of the class “land” and classify the buildings with tileroofs. Similarly the PC2 was used
to classify the buildings with concrete roofs. The remaining unclassified area was segmented based
exclusively on the SR vegetation index. The image objects should be large enough in order to be used in
fire suppression activities. As a result the final segmentation parameters were set after many trials. A
linear regression analysis was applied between the SR and the reference data (from photointerpretation)
and resulted in a regression model. According to this model, the image objects were then classified into
six vegetation cover density classes (Fig. 2). The membership functions of the classes were defined by
means of the confidence intervals of the regression line for each marginal vegetation cover density value
of the classes in order to take advantage of fuzzy logic (graph 1).

Figure 2. Left: Classification results (water, buildings, vegetation cover density classes)
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Graph 1. The membership functions of the vegetation cover density classes based on the confidence intervals of the
regression line.
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Finally the third but equally important step was to take advantage of GIS and classification results in
order to estimate the relative areas that a number of desirable classes occupy inside two zones
peripherally adjacent to buildings (0-10 and 10-30 meters). This expresses the endangerment of buildings
by forest fires. According to the specifications of Defensible Space the first zone must be clear of
vegetation while the second zone must consist of low vegetation cover density. In order to estimate the
degree of endangerment of buildings the relative areas of the desirable classes inside the two zones were
calculated. The relative area of desirable classes inside zone 1 of the buildings with tileroofs can be seen
in Fig. 3.
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Figure 3. The colour of the buildings expresses the percentage of the area inside zone 1 that comprises desirable
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4 RESULTS AND THEIR OPERATIONAL USEFULNESS

4.1 Results

The most closely correlated Vegetation Index with the vegetation cover density was the Simple Ratio
(SR), with a correlation coefficient of 0,89 (Pearson). The total classification accuracy of buildings was
82,69 %. More specifically, for tile-roof buildings the user and producer accuracy were 100 % and 85,24
% respectively, whereas for concrete-roof buildings they were 100 % and 71 %. The classification
accuracy of vegetation cover density classes is presented in the error matrix below (Table 1). In order to
estimate the classification accuracy the extended error matrix was employed. Spurr (1948) cites that
vegetation cover density mapping can range +/- 10%. In this study an even more conservative approach
was adopted by defining the samples that deviate by 5 % from the reference data as acceptable. In
addition to the vegetation cover density class, each classified patch carries information about its length,
width, area, orientation, length to width ratio, mean slope, distance from water, distance from buildings,
distance from the nearest street point. Finally, based on Defensible Space specifications (California
Department of Forestry and Fire Protection, 2006) and the classification results, the relative areas of the
desirable classes were calculated inside two zones peripherally adjacent to buildings (0-10 and 10-30m).
The results were stored in the buildings attribute table.

Table 1. Extended error matrix of vegetation cover density classes

Reference data

Users Producers

0-5 % | 5-10 % | 10-20 % [ 20-40 % | 40-60 % | 60-100 % accuracy | accuracy
0-5 % 42 2.0 S0 400 =)
é 5-10 % 28,0 21 1.0 S0 400 400
2 A0-20 % 4 7.0 26 2.0 S0 az a4
% 20-40 % 4,2 24 9.1 S0 a4 400
o | aos0w 3,0 42 2,3 a0 94 94
B0-100 % 1,2 a7 a0 96 94

a0 40 33 40 55 52 M =300 | Owerall accuracy 95 %

4.2 Operational usefulness of the results

In the direct fire suppression method, ground forces take advantage of clearances or areas of low
vegetation cover density in order to approach the flames and suppress the fire. In the indirect method such
areas can define the path and location of the line of defence. Furthermore, these areas can be connected,
by means of lumberjack teams, in order to form an extended fire suppression space. Consequently it is
important that this information is available to the person in charge of the fire-fighting forces in order: a)
to determine the spots where the direct fire suppression method can be applied and distribute the forces
accordingly and, b) to define the path and location of the line of defence and use the lumberjack teams
more efficiently in the indirect method. Consequently we could presume that the areas classified into the
cover density classes 0-5 %, 5-10 % and 10-20 % are the most important from the operational perspective
and should be utilised in fire suppression planning. Finally, when the degree of endangerment of the
buildings (existence of suitable defensible space) is known, it is possible to undertake the appropriate
measures for their protection giving priority mainly to those that are most vulnerable when the
firefighting forces are limited.

5 CONCLUSIONS

The main conclusion drawn from this work is that, object-based classification and GIS can successfully
be employed to forest fire suppression planning. The information extracted could improve the

100



effectiveness of decision-making during fire suppression. The SR vegetation index showed the highest
correlation with vegetation cover density and was utilised in order to classify the vegetation into cover
density classes, by means of object-based classification. The classification accuracy was high, thus it is
concluded that the Vegetation Indices calculated from VHR remotely sensed data can contribute
significantly to the development of an object-based classification model to be used in the mapping of
vegetation cover density. It is worth mentioning also that even if reliable reference data relative to the
vegetation cover density do not exist, it is possible to create them, by means of VHR remotely sensed
data, photointerpretation techniques and GIS. The Principal Components produced from the Principal
Components Analysis of the Quickbird image proved to be useful inputs in the object-based classification
of the buildings. Taking advantage of the classification results (in relation to buildings location and
vegetation cover density) and using GIS it was possible to assess the defensible space of buildings which
expresses the degree of endangerment by forest fires. The vulnerability of the classified buildings inside
the study area was found to be very high and as a result owners have to be informed in order to improve
the defensible space in compliance with the specifications. By knowing the location and degree of
endangerment of buildings it is possible to undertake the appropriate measures for their protection.

The extracted information can be incorporated and utilised inside a Forest Fire Decision Support System
(FFDSS) as well as in forest fire suppression planning. Despite the fact that remote sensing and GIS can
contribute significantly to the forest fire suppression planning, they have not been employed widely yet.
To date, remote sensing and GIS have been used in order to extract, store and process a multitude of
information. Nevertheless, when the scope is the utilisation of the extracted information in forest fire
suppression planning, the classification and processing method has to be adjusted accordingly, which,
unfortunately, is not always the case. The essential, from the operational perspective, spatial information
has to be defined always “a priori” by taking into account the conditions under which the different fire
suppression methods can be applied.
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ABSTRACT: For the organization of efficient and effective firefighting activities an understanding of the potential
ignition risk level and the allocation of the means in a territory is needed.

The IBIMET, Institute of the National Research Council and the DISTAF, Department of Environmental Science
and Technology in Forestry of the University of Florence, has been charged by the Tuscany Region administration
to develop a methodology which analyses the variables that influence the probability of a forest fire occurrence, and
classify the structures for the fighting activities, starting from the historical and present data, collected by the region
itself, with an ability to update this territorial information archives. The final result has been the development of two
different indices : the GRI (Global Risk Index) and the ODIF (Operational Difficulty Index in Fire Fighting). The
Global Risk Index is developed by processing different parameters, such as meteorological data, DTM (digital
terrain model), vegetation inventory, road network, urban areas and the ignition points. The analysis of these
parameters, generates two sub indices: a Static Hazard and a Dynamic Hazard, that are mathematically merged to
obtain the GRI. The Operational Difficulty Index in Fire Fighting includs all the factors affecting fire fighting
activities by air and by ground (shapes of the different infrastructures are used: public and forest roads, fire fighting
centres, helicopter bases, water sources, administrative boundaries etc.) and suggests the extinction efficiency of
forest fires organization in a given area.

These indices are then combined in a numerical matrix that generate the Final Risk Index. To better met the
requirements of the region, the model has been developed in raster format which can be superimposed on different
scales of topographic maps. The indices are still in an experimental phase. They were tested in some restricted area
of Tuscany but will be fully operational by the end of the year 2008.

The specific importance of this work is that all the analysis and classification performed are based on an input
dataset from the standard archives of a public administration, the Tuscany Region in this case. As a result the
program represents an “easy to use” GIS tool which can help to better understand fire behaviour and to plan a
prevention activity.

1 INTRODUCTION

Different methodologies are commonly used to compute forest fire risk indices (Chuvieco et al., 1999).
These indices quantify the level of risk, usually at a local scale, sometimes at a national level or even at a
larger scale (San-Miguel-Ayanz, 2002; San-Miguel-Ayanz et al., 2003). Forest fire risk indices point out
stable conditions that favour fire occurrence and behaviour (static indices) or focus on determining the
probability of forest fire ignition and the capability of fire spread (dynamic indices) (Sebastian-Lopez et
al., 2000).

Forest fires are strictly related to land use and vegetation characteristics of the area where ignition can
occur. Ignition probability depends on a very large number of parameters, which should be analyzed
simultaneously; the user-friend level of the nowadays software GIS permit this analysis, making
operational methodologies as that proposed in the present work. The objective is to compute the Global
Risk Index (GRI) and the Operational Difficulty Index in Fire Fighting (ODIF), developing a decision
support instrument to organize the forest fire fighting services of the Tuscany Region.

2 THE STRUCTURE OF THE GLOBAL RISK INDEX

The forest fire phenomenon is strictly related to many parameters, which should be considered and
analysed simultaneously. The present model takes into account the most important parameters that
characterize the Mediterranean ecosystems and affect the wild fires. The inputs of the system are listed in
the first line of the diagram: the DTM (digital terrain model) used was elaborated at 90m, forestry
regional inventory at 400m and meteorological parameters derived from the national meteorological
station networks. The regional ignition point database is used to evaluate the social component.
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Scheme 1 Structure of the fire risk model
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Static hazard

All factors that do not change or change very slowly in time are grouped together. This hazard is divided
in two components: The Intrinsic Factor and The Infrastructural Factor.

The first one considers morphological features slope, aspect, land use and vegetation cover; all these will
be classified in five classes.

slope Hazard level | aspect Hazard level
>45% Very high S-SW Very high
45%-25% | High W High
25%-15% | Moderate SE Moderate
15%-5% | low E low

<5% Very low Flat surface, north aspects | Very low

The influence of slope and aspect have been weighted differently on the morphological hazard
introducing a further multiplicative factor, based on a statistical analysis of the historical fire events in
Tuscany

Morphological hazard = (Slope * 0.6) + (Aspect *0.4)

The Intrinsic Factor also considers the influence of vegetation on the fire ignition; this component is
weighted according to an analysis of the vegetation seasonal phases. Different types of land cover are
defined by re-classifying the Forestry Regional Inventory in according with CORINE land cover classes
(Anthropic areas, Agricultural areas, Forest areas, and Damp zones).

Intrinsic hazard = (vegetation hazard * 0.6) + (morphological hazard * 0.4)

The Infrastructural factor is obtained considering urban areas and road network; For the elaboration of the
“road factor” a demographic function of a GIS program, called Density, is used; for each pixel of the
shape of the road we have a different hazard level (Natural Breaks Jenkins, Jenks G.F. et al. 1971). The
hazard levels of the urban areas have been assigned, using the same method.

Infrastructural Hazard = (road factor * 0.6) + (urban factor * 0.4)
Finally the Static Hazard is computed in raster format as a sum of the previous factors:
Static Hazard = (Intrinsic Hazard * 0.6) + (Infrastructural Hazard * 0.4)

The multiplicative factor is higher for intrinsic hazard (0.6) because the morphological factors and the
vegetation are strictly related to the fire risk ignition and its spread.
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Dynamic fire hazard

The dynamic factor takes into account all parameters showing short-term variations, as climatic and
microclimatic conditions and vegetation water content. The meteorological parameters affecting the
probability of ignition considered in the model are:

- Temperature;

- Rainfall;

- The number of days without rain: this factor is introduced in the model to classify the water level
decreasing in the ecosystem. Statistically very intense fires can occur also on the 2nd or 3rd days after
precipitation, because fuels reach a level of dryness and require significant humidity elevation to return to
the moisture extinction point.

- Rainfall threshold: is the mm of precipitation during a period. In the model different seasonal thresholds
are defined to represent the quantity of water to reach the moisture extinction point.

- Global radiation: where direct measurement of solar radiation isn’t available, an easy system to
calculate the global radiation is to make an estimatation by using an internal function of GIS system
(Solar analyst).

Meteorological factors are combined by the model to elaborate two different meteo-related hazards:
Thermal Hazard Factor (THF), computed by means of the maximum air temperature analysis and
Drought Hazard Factor (DHF), which takes into account the net rain and the number of days without rain.
This analysis is performed on the daily data and produce a seasonal index.

°C of T max
Tax <1

Value

1

Tmax =1 and Tmax<15

range hetween 0.1 and 1

Tmax >15 and Tmar< 25

range hetween 1.1 and 2

Tmax =25 and Tmar< 28

range between 2.1 and 3

Tinax >28 4

The range increases with a linear function and the daily THF index is summarised for each season to
obtain the average value. The DHF is computed in two phases: rain net definition and rainy days
definition. The rain net is not easy to define because a significant rain occurence, related to the moisture
extinction point, could change in function of many factors.

ed
SeasonalThreshold = z etp*?2
sd

According to the following equation, a seasonal evapotraspiration threshold have been defined

where sd and ed are the starting and ending day of the season.

Net rainfall is calculated using an iterative process using the daily rainfall value. The first step is the
definition of the current day as dry or wet: wet day (rainy day) when its value is greater than the
threshold, or its value added to the day before is greater than the threshold . A dry day is day without rain,
or with a value greater than 0, but lower than the threshold.

The rainfall is cumulated for each rainy day starting from a dry day (rain = 0) and until the cumulated
rainfall exceeds the threshold.

The “Day-since rain” expresses the number of days without rain before the current day. At the end of the
process, the day since rain index will be evaluated following the scheme below:

days since-rain=0 | Value=0
0<day since-rain<12 | Value range between 1/3 according GIS linear function
days since-rain >12 | Value >4

The THF and DHF are dimensionless and can be easily interpolated with the following formula:

Meteorological Hazard Factor = ((THF + DHF) / 2)
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Global Risk Index
The static and dynamic hazard are combined in the model to obtain the Global Risk Index (GRI).

Global Risk Index = ( Static Hazard * 0.5) + (Dynamic Hazard * 0.5)

3 THE OPERATIONAL DIFFICULTY INDEX IN FIRE FIGHTING — ODIF

The ODIF analyses several factors affecting the extinction activities; the result is an estimation of the
efficiency and effectiveness of the fire fighting organization in a determined area. The first variables, that
concern the initial attack efficiency, are:

-Vehicles access distance (VAD): it is the distance between a firefighting base and the nearest road to the
potential burning area.

- Helicopter access distance (EAD): it is the distance between an helicopter base and the potential
burning area.

The second variables always concerning the fire engines and the helicopters are:

- Vehicle supply distance (VSD): it is the distance between the closest road to the potential burning area
and the first useful waterpoint..

- Helicopter supply distance (ESD): it is the distance between the potential burning area and the closest
helicopters waterpoint.
The last variable elaborated is:
-Firefighters Operational Difficulty (FOD): the time a firefighter crew needs to cover the distance
between the fire-line from the closest road depends on the slope (Bovio, 1993).
Other input data that we need to run the model are :
a digital terrain model (10 m)
a shape of the infrastructures. This includes all the surveyed data such as the location of the public and
forest road networks; the water supply points; helitanker bases; and firefighter centers.
The mathematical elaboration of these data gives some intermediate indices:
-Ground Operational Difficulty Index (GODI) calculated as:
GODI =(VAD *0.4) + (VSD * 0.3) + (FOD * 0.3)
-Helicopters Operational Difficulty Index (HODI) calculated as:
HODI = (HAD * 0.4) + (HSD * 0.6)
Finally GODI and HODI are combined to obtain the ODIF:
ODIF = (GODI * 0.7)+ (HODI * 0.3)
The multiplicative factors introduced to weight the variables are determined on the basis of the experience
of Tuscany fire managers and the analysis of forest fire and helitanker database

4 GRI AND ODIF COMBINATION

GRI and ODIF have been joined by analysing all possible combinations (pixel by pixel) of the two
variables and the results have been classified as following:

Class 0: Very low total risk. No fire planning or prevention activity is needed.
Class 1: Low total risk. The standard operational procedures and prevention activities are needed.

Class 2: Moderate total risk. Some specific procedures and prevention activities may be organized, like
patrolling activity during the most dangerous times of day.

Class 3: High total risk. If a few areas are in this class, only some specific prevention procedures and
infrastructure maintenance may be applied. If large areas are in this class, a medium-long term
infrastructure planning has to be applied (forest road planning and maintenance, waterpoint construction
and maintenance, helitanker bases or firefighter centres reallocation analysis).

Class 4: Very high total risk. If a few areas are in this class, only some specific prevention procedures and
infrastructure maintenance may be applied. If large areas are in this class, both specific prevention
procedures and short term infrastructure planning have to be applied.

The results highlight the potential of the operational indices, even if the methodology should be applied to
larger areas with diverse characteristics in order to assess its feasibility in forest fire planning and to
determine eventual methodological changes.
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ABSTRACT: In recent years, a lot of emphasis has been given in the prevention of forest fires as well as in pre-
fire planning. Crucial to fire management is forest fuel loads mapping, since fuel is the only factor related to forest
fire behaviour that humans can control, manage and modify.

Remote sensing in combination with GIS, constitute a powerful tool in the process and analysis of satellite
imagery and other data which provide spatial and temporal information about forests. However, limitations in its
use result from the spatial detail resolvable from the sensors, especially in the case of heterogeneous, fragmented
landscapes.

The main purpose of this study was to evaluate the use of satellite remote sensing data for fuel type mapping,
following the European fuel type classification system Prometheus. An additional aim of our work was the
evaluation of a topographic normalization procedure in terms of improving the accuracy of the final type map as
well as the use of synthetic channels.

A 40.000 hectares study area was selected in Northern Greece due to its spatial heterogeneity in vegetation
structure and composition. A Landsat TM image was the primary source of information for the study. Prior to the
development of the classification, the cosine and the C-correction methods of minimizing errors in the radiometric
values of the image due to the anaglyph were evaluated. Following that, a series of multi-spectral transformations
were estimated and integrated in the original data for improving the accuracy of the classification process.
Development of the classification scheme was supported through extensive field survey. In total, 205
homogeneous patches were located in the field using GPS measurements and categorized to different fuel types
according to the Prometheus system.

For the classification of the image, the maximum likelihood algorithm was employed. Problems were noticed in
the final fuel type maps resulting from poor discrimination of the understory vegetation. The overall accuracy of
the classification approach using the original data was around 71%. Following the topographic correction and the
addition of the synthetic bands the classification accuracy was increased, reaching around 78%.

Overall, despite the preprocessing and the enhancements applied to the original imagery, the operational use of
medium spatial resolution data, for mapping fuel complexes in the Mediterranean region, seems questionable.

1 INTRODUCTION

The classification of various vegetation types into fuel models is an important component of wildland fire
management (Pyne, 1984). Especially fine scale or landscape-level fuel mapping is essential for local fire
management because it describes fuel hazard and fire behavior potential in regional fire management
planning (Chuvieco, 1989; Maselli, 1996; Keane, 2001).

Therefore, a lot of studies have tried to accurately delineating fuel maps in local to regional scales. Van
Wagtendonk (2003) following a multitemporal approach discriminated six different fuel classes Yosemite
National Park, USA. Koutsias and Karteris (2003) classified a Landsat-5 TM image, in a typical
Mediterranean test site, evaluating fuel complexes mapping considering the main forest species present in
the area, while Riano et al. (2002) for the same task adopted a Mediterranean-specific fuel description.
However, the complex Mediterranean anaglyph poses often several problems to fuel type mapping due to
errors induced in the radiometric values of the images from terrain shadowing. In order to cover the needs
for fuel complexes mapping in Europe and more specifically in the Mediterranean basin, the Prometheus
fuel model system (Table 1) has been developed relatively recent (Prometheus, 1999). It includes 7 fuel
types and considers both floristic and structural parameters of the vegetation:
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Table 1 Prometheus fuel type classification scheme

Fuel Physiognomy and percentage cover Description
Type
1 Ground fuels (cover >50%) grass
2 Surface fuels (shrub cover grassland, shrub land (smaller than 0.3-0.6 m and with a high
>60%, tree cover <50%) percentage of grassland), and clear cuts, where slash was not removed
3 Medium-height shrubs (shrub shrubs between 0.6 and 2.0 m
cover >60%, tree cover <50%)
4 Tall shrubs (shrub cover high shrubs (between 2.0 and 4.0 m) and young trees resulting from
>60%, tree cover <50%) natural regeneration or forestation
5 Tree stands (>4 m) with a the ground fuel was removed either by prescribed burning or by
clean ground surface (shrub mechanical means.
cover <30%) This situation may also occur in closed canopies in which the lack of
sunlight inhibits the growth of surface vegetation
6 Tree stands (>4 m) with medium the base of the canopies is well above the surface fuel layer (>0.5 m).
surface fuels (shrub cover >30%) The fuel consists essentially of small shrubs, grass, litter, and duff (the
layer of decomposing organic materials lying immediately above the
mineral soil but below the litter layer of freshly fallen twigs, needles,
and leaves; the fermentation layer).
7 Tree stands (>4 m) with heavy surface | stands with a very dense surface fuel layer and with a very small vertical
fuels (shrub cover >30%) gap to the canopy base (<0.5 m)

The main aim of this study was the classification of fuel complexes in a Mediterranean site. The specific
objectives of the study were:

1. The development of a site-specific fuel type map, using medium spatial resolution imagery and

2. The evaluation of a topographic correction procedure as well as of spectral enhancements in the
original dataset to improve the classification result.

2 STUDY AREA

The study area is about 30000 hectares and it is located in Northern Greece, in the Prefecture of Serres.
Main characteristic of the area is the diversiform terrain. The elevation varies from 50 to 1850 m resulting
to variability in the climate and the vegetation. The average monthly temperatures range from -0.42 °C in
February to 19.78 °C in July in the mountainous area while in the flat and semi-mountainous areas the
lowest temperature is 3.8 °C and the highest is 24.7 °C. Respectively the annual rainfall varies from 870
mm to 923 mm for the mountainous area and 404.9 mm to 540.1 mm for the flat and semi-mountainous
areas.Within the extend of the study area the main forest species found are Pinus brutia, Pinus nigra,
Pinus silvestris, Fangus silvatica, Fangus orientalis, Caprinus betulus, Quercus pubescens, Quercus
conferta and shrubs including Quercus coccifera, Juniperus oxycedrus, Juniperus communis.

Figure 4 Study area

3 MATERIALS AND METHODS

3.1 Imagery and ancillary data

For the purposes of the study a Landsat-5 TM image was acquired on August 1999. Also, a 20 meters
pixel size DEM of the area was built from the 1:50000 topographic map of the Hellenic Army Geographic
Service in order to assist in the orthorectification process of the image as well as in the removal of the
effects induced in the radiometric values of the pixel, from the topography.
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3.2 Field measurements and fuel classification scheme developed

In total, 205 homogeneous patches were located in the field using GPS measurements and assigned to
different fuel types according to the Prometheus system. Main vegetation species, density, aspect and
slope were recorded in every sampling position. Not an equal representation of all Prometheus fuel types
were observed in the area (i.e. fuel type 6 was only noted in a small number of patches). Field
observations were used both for the identifying training areas within the image and for assessing the
accuracy of the classification results.

3.3 Topographic normalization

To confirm the necessary consistency in the estimation of different fuel types, radiometric correction of
satellite image to reduce slope-aspect effects was necessary, because the abrupt relief found in the study
area exceeds a significant influence in the radiometric values recorded by the satellite sensors and may
induce significant mismatches in the estimated vegetation parameters (Meyer et al., 1993; Mallinis et al.,
2004). One of the methods used for topographic normalization was the semi-empirical method of C-
correction, which is based on non-Lambertian reflectance models and premises a generalized estimation
of the reflecting properties of the land cover type under investigation. Also the cosine method of
topographic normalization, a purely trigonometrical method which is based in the Lambertian reflectance
model was evaluated.

3.4 Image enhancement

The concept behind the integration of multispectral transformations to the classification frame is to
enhance spectral features that are not visible in the original satellite data (Richards, 1986). The
Normalized Difference Vegetation Index (NDVI) and principal component analysis were employed to our
study and their contribution to fuel type mapping was assessed.

3.5 Classification method

For the classification of the LANDSAT imagery a supervised approach using the maximum likelihood
algorithm of classification was employed. The Maximum Likelihood classifier, which is based on
Gaussian probability distribution, is the most commonly used in remote sensing studies (Hubert-Moy et
al., 2001).

4 RESULTS AND DISCUSSION

Visual assessment of the two topographic corrections applied in the original image indicated that the C-
correction method is preferable to the cosine method, since the use of the last one produced artifacts in
areas of the image densely shadowed. This can be explained by the fact that according to the
mathematical concept of the method, reduction of the incident reflectance in a certain pixel augments the
correction estimated for that pixel.

Table 2 Original (left) and modified (vight column) classification scheme adopted in the study

Original Modified

Class name
F.T. 1 (Fuel type 1) F.T.1
F.T.2 F.T.2/3
F.T.3 F.T. 4/5/6
F.T.4 F.T. 7-coniferous
F.T.5 F.T. 7-broadleaved
F.T.6 Agricultural areas
F.T. 7-coniferous Urban areas

F.T. 7-broadleaved
Agricultural areas
Urban areas

Preliminary trials to classify the two images (original and enhanced) using of all seven classes described
in the Prometheus system, indicated inability to successfully discriminate the classification categories.
Separability analysis of the corresponding training pixels using the Jefferies-Matusita measure in both
images, as well as short representation of certain fuel types in the area observed during the field survey
indicated the need for modification of the classification scheme (Table 2).
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Evaluation of the classification accuracy of both images (Table 3) indicates that the overall accuracy was
improved from 70.94% of the original image to 77.82%. Another statistical measure for the accuracy of
the classification is the kappa coefficient. In the enhanced image the kappa coefficient is 0.762, while in
the original image is 0.643. Similarly there is an improvement to both producer’s and user’s accuracy for
individual categories.

Table 3 Classification results for the original and the enhanced image (grey cells)

FT 1 FT.23 F.T 4/56 FT 7- F.T.7- Agricultural Urban
coniferous broadleaves areas areas
Producer’
s accuracy 74.49 85.71 63.96 77.48 69.53 77.06 43.62 52.13 67.82 74.71 83.24 85.55 82.58 84.09
(%)
User’s
accuracy 68.22 73.04 52.99 61.87 65.99 75.97 49.40 63.64 69.41 75.58 98.63 98.67 87.20 89.52
(%):
Overall accuracy 70.94% 77.82%
kappa coefficient 0.643 0.762

5 CONCLUSIONS

A Landsat TM image was used to map fuel types present in a Mediterranean landscape. Topographic
normalization and spectral enhancement of the original data improved the classification of fuel
complexes. Overall, despite the preprocessing and the enhancements applied to the original image, the
operational use of medium spatial resolution data for mapping fuel complexes in rough terrain and dense
vegetation appears to be questionable.
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ABSTRACT: Judicial wildland fire prevention and management requires precise information on fuel characteristics
and spatial distribution of the various vegetation types present in an area. This study is an integrated approach to fire
management since it combines local scale fuel type mapping with fire behavior simulation.

The spatial extent of the different fuel types of a forested landscape in Northern Greece characterized by
heterogeneous vegetation and topography was determined using a Quickbird high spatial resolution image.
Following necessary pre-processing of the image to compensate geometric errors, multi-scale components of the
scene were delineated through a segmentation algorithm. The resulting image objects were assigned to respective
fuel types using a CART statistical model.

Site specific fuel models were created by measuring fuel parameters in representative natural fuel complexes.
FARSITE fire simulation model was used to simulate potential wildland fire growth and behavior. Utilizing the
spatial database capabilities of GIS, FARSITE allows the user to simulate the spatial and temporal spread and
behavior of a fire burning in heterogeneous terrain, fuels, and weather.

The proposed methodology presents an innovative integration of fuel mapping with remote sensing techniques and
fire behavior simulation for fire management planning across the landscape. The final fire behaviour maps are an
end product which can be fully exploited operationally from local fire management authorities without further
processing.

1 INTRODUCTION

Based on knowledge about the spatial extent of the fuels, fire managers can design strategies related to
the use and distribution of available firefighting resources, which can prevent or at least minimize fire
effects (Lasaponara, 2006). Also, accurate knowledge of the spatial distribution of the different fuel load
complexes can provide valuable guidance in fuel treatments strategies.

The wide range of the fuel physical characteristics (i.e. load, size, bulk density etc) found within an area
and the need for standardization in fuel description across different areas since the resulting fuel type
maps are used as input to fire behavior models such as FARSITE and BEHAVE, have resulted to
development of predefined classification schemes. There a lot of fuel models worldwide, among which
the most widely-spread are the models developed for the U.S. Forest Service which includes 13 fuel
types, which are used as input in the BEHAVE and FARSITE fire behavior simulators, the National Fire
Danger Rating System—NFDRS (Deeming et al., 1978; Burgan, 1988), which includes 20 different fuel
types and finally the Canadian Forest Fire Behaviour Prediction System—FBP (Lawson et al., 1985) which
is based on a 16 fuel types discrimination. In Greece, 7 fuel models representative of Mediterranean
vegetation have been created by Dimitrakopoulos (2002).

Fuel models mapping was strengthen among others from the availability of satellite data with very fine
spatial resolution. This type of imagery brought about a reconsideration of the methods used so far for the
extraction of the information. For purposes of fuel complexes mapping Gitas et al. (2006) evaluated the
use of a multiscale object based approach using subsets of high spatial resolution imagery, in order to
explore forest fuels delineation in Crete, Greece. Arroyo et al., (2005) classified a Quickbird image
following the PROMETHEUS fuel type model based originally on a pixel based classification approach
which was later refined using contextual information within a hierarchical network of objects.
Classification And Regression Trees analysis (Breiman et al., 1984) has been employed in the past in fuel
model mapping studies only in the classification of medium resolution imagery using a pixel-based
approach (Amatulli ef al., 2005). Aim of this study was the generation of accurate fire behavior maps in a
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fragmented landscape, considering detailed local scale fuel maps derived through object based image
analysis of high spatial resolution imagery.

2 STUDY AREA

Aristotle’s University Forest is located in Northern Greece and has a total of around 60 km2 area. The
altitude in the University Forest ranges from 320 to 1200 meters. The overall landscape pattern is
considered fragmented with pure and mixed stands of various species intermingling with patches of bare
land.

3 METHODOLOGY
3.1 Fuel sampling

All the areas in the study site were stratified on vegetation maps according to the dominant vegetation
types. All the stratified areas were surveyed on site and 10 representative locations with typical (‘average')
fuel conditions for each area were selected. A similar approach to Dimitrakopoulos (2002) was followed
in order to inventory fuel characteristics. In every representative location, fuel structural parameters were
measured in 10 m* sampling plots (Brown et al., 1982). The clip-and-weigh method was used for the
determination of all fuel loads by size category. The line-intercept method was used in order to estimate
the area cover by each vegetation type (Bonham, 1989). All fuel loads (fuel weight per unit surface area)
are expressed on a dry- weight basis.

3.2 Imagery and ancillary data

A Quickbird image was acquired on June 2004. For the process of the geometric rectification, a DTM was
used with 10 meter cell size and ground control points identified over existing orthophotographs. The
original image was subject to the IHS transformation along with the calculation of two vegetation indices
(NDVI-RVI).

Finally a ground survey was conducted in the study site and 82 plots were accurately located using a GPS
handheld device and print outs of the panchromatic image with a scale 1:2000. Structural and floristic
vegetation parameters within each plot were recorded in detail.

3.3 Image segmentation and classification

The original image along with the derivative bands was subject to a multi-resolution segmentation
following the Fractal Net Evolution Approach (FNEA) concept. Four different levels of objects were
created considering the intensity and saturation bands with less weight given to the last one due to the
greater variability observed in its DN values. The upper level of the hierarchy included the larger objects,
corresponding to homogeneous patches presenting the same vegetation physiognomy.

Various spectral features for the original nine bands as well as features related to the shape, the texture
and the context of the fourth’s level objects were evaluated as potential predictors in the CART analysis.

3.4 Fire behavior maps

Fire behavior prediction (fireline intensity and flame length) for every fuel model was calculated by
FARSITE fire growth model (Finey, 1998) using as input data the DEM of the area, the spatial extent of
the fuel models and the fuel values of each model. Summer burning conditions were simulated by setting
1-hr fuel moisture content at 8% for 10 km/hr midflame windspeed. The live foliage moisture content was
set at 100%. Heat content and surface area-to-volume ratio values were obtained by Dimitrakopoulos and
Panov (2001).

4 RESULTS AND DISCUSSION

The fuel models that resulted from the field sampling represent all the major vegetation types of the study
area (Table 1). The shrublands (maquis) fuel model 1 incorporates maquis with height up to 2.0 m
featuring high proportion of foliage load (22.8%) and a substantial part of the fuel load distributed to the
large size class (100-hr fuels 10.7%). The grasslands, the litter of pine forests, oak forests, beech forests
and the litter of the mixed forests demonstrated limited spatial heterogeneity and are represented by fuel
model 2 for pine forests (total fuel load 3.1 t/ha), fuel model 3 for oak forest litter (total fuel load 5 t/ha),
fuel model 4 for beech forest litter (total fuel load 4.7 t/ha), fuel model 5 for the mixed forests (total fuel
load 3.2 t/ha) and fuel model 6 for grasslands (total fuel load 4.7 t/ha). The tree biomass (stems, branches
and crowns) of the pine, oak and beech forests were not measured.

The variation of total fuel load was low in all fuel models, as suggested by the magnitude of the standard
deviation (S.D.). The total loads of all fuel models were found to be statistically different at p = 0.05
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(one-way ANOVA and Duncan's multiple range test). The fuel values represented by the models falls
well within the range reported for vegetation types in Greece (Dimitrakopoulos, 2002).

Table 1. Fuel models of the study area

Average . Litter
Fuel model Height Fuel load by. category (t/ha) Live Total  Litter depth weight
Branch diameter (cm) (8.D) (cm)
(t/ha)
(SD.)(em) 0.0-0.5 0.6-2.5 2.6-7.0 >7.0 foliage
Evergreen-
sclerophyllous 10.7 8.5 3.1 6.6 28.9(4.9)
shrublands 15238 (37.1%) (29.4%) (10.7%) (22.8%) (100%) 24 21
(maquis) (up to 2
Litter layer of pine 2.1 0.7 0.3 3.1(1.1)
2 forests 4(09) (67.7%) (22.5%) (9.8%) ) (100%) 0.8 6.2
Litter layer of oak 1.3 2.1 1.6 5(1.4)
3 forests 6(12) (26%) (42%) (32%) ) (100%) 2.6 3:9
Litter layer of 35 0.9 0.3 4.7 (1.5)
4 becch forests 45(LD) (74.4%) (19.1%) (6.5%) i (100%) 0.6 4.4
Litter layer of 2.6 0.4 0.2 3.2(1.3)
3 mixed forests > (13) (81.2%) (12.5%) (6.7%) ) (100%) 1.6 33
25 4.36 0.4 4.7
6 Grasslands (1.3) ©15%)  (8.5%) - - - (100%) 4 8.3

S.D.:standard deviation, Litter layer of pine forests: Pinus nigra,Pinus brutia, Pinus maritime, Pinus halepensis. Litter
layer of oak forests: Quercus conferta, Litter layer of beech forests: Fagus moesiaca, Litter layer of mixed forests: Pinus
nigra, Quercus conferta, Fagus moesiaca.

Fifteen terminal nodes were obtained after the optimal classification tree for the discrimination of the
original ten categories. Both spectral and texture related variables were selected through the CART
analysis as appropriate for the discrimination of the classes. Overall classification accuracy reached 76%.
Misclassification errors were noted in the discrimination between different pine species as well as
between open stands of oak and woodlands. However, in order to simulate fire behavior in the area,
original classification categories were adjusted to the fuel models classification scheme (i.e. all pine
species were merged to one single category). Additionally, information related to the canopy cover of the
area was extracted from the vegetation classification while where necessary a photointepretation
procedure was followed.

Figure 1 presents an indicative range of the spatial fire behavior potential (fireline intensity and flame
length maps) that should be expected for each fuel type according to FARSITE simulations. The
shrubland fuel model has the most severe fire potential due to the heavier fuel load. The grassland fuel
model produced low-intensity fires due to the reduced fuel load that is made up of dry fine fuels (91.5%).
The least severe burning conditions were observed in the forest litter fuel models.
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Figure 1. Flame length and fireline intensity outputs for each fuel type according to FARSITE simulations. Red
areas correspond to most severe fire behavior potential.
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5 CONCLUSIONS

The major vegetation types of a fragmented landscape were classified into six distinct fuel types using a
Quickbird high spatial resolution image and fuel sampling. CART analysis coupled with object based
classification proved very efficient in accurately delineating fuel complexes. FARSITE simulations
resulted in the most intense fires in the shrubland fuel model, while the forest litter fuel models
demonstrated the least severe burning conditions. Fireline intensity and flame length maps were derived,
representing the fire suppression difficulty spatially. The proposed methodology presents an integration of
fuel mapping with remote sensing techniques and fire behavior simulation for fire management planning
across the landscape. The final fire behaviour maps are an end product which can be fully exploited
operationally from local fire management authorities without further processing.
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ABSTRACT: The spatial and spectral characterization of fuel types is a very important issue for mapping fire
danger/risk and simulating fire growth and intensity across a landscape. Nevertheless, due to the complex nature of
fuel characteristics, a fuel map is considered one of the most difficult thematic layers to build. The advent of
satellite sensors with increased spatial and spectral resolution may improve the accuracy and reduce the cost for
mapping fuel types. In this study, Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
and MODIS data were analysed for the Mediterranean ecosystems of the Italian Peninsula in order to evaluate the
spectral separability of Prometheus fuel types.

The comparison of fuel signatures was performed by using the Jeffries— Matusita (JM) distance that is a saturating
transform of the Bhattacharya distance. Results from our investigations showed that satellite remote sensing data
classification provide valuable information for the characterization and mapping of fuel types and vegetation
properties at different spatial scales.

1 INTRODUCTION

Space-borne satellite imagery is increasingly used for the characterization and mapping of vegetation
types and properties. In the context of fire management, satellite imagery can provide valuable
information for fuel mapping at different temporal and spatial scales including the global, regional and
landscape levels.The spatial distribution of fuel type is highly requested for the management of fire
hazard and risk and for understanding the ecological relationships between wildland fire and landscape
structure. The availability of satellite sensors with increased spatial and spectral resolution, compared to
those provided by the early space-borne sensors, may improve the accuracy and reduce the cost for
mapping fuel types. In order to fully exploit the capability of these sensors, the adquate selection of fuel
type features and their spectral classes is mandatory.

Over the years, in the context of pattern recognition issues, a number of feature selection techniques have
been proposed to optimize the spectral characterization of data classes. Among the most widely applied
procedures there are the “statistically separability indices” which enable the selection of adequate subset
of features by evaluating the degree of interclass separability. Such an evaluation is highly recomanded,
expecially in a complex landscape, where the high within-class spectral variance of fuel distribution
classes can strongly affect the classification accuracy.

In this paper, the selection of fuel features and the comparison of their signatures was performed by using
the Jeffries— Matusita (JM) distance that is a saturating transform of the Bhattacharya distance. The
remotely sensed characterization of fuel types was performed by adopting as reference the fuel types
classification developed for Mediterranean ecosystems in the framework of the Prometheus project
(Prometheus Project 1999).

The investiation was performed using Advanced Space-borne Thermal Emission and Reflection
Radiometer (ASTER) and MODIS data. Fieldwork fuel types recognitions, carried out at the same time
as remote sensing data acquisitions, were used as ground-truth dataset to assess the results obtained for
the considered test areas.

2 JEFFRIES—- MATUSITA (JM) DISTANCE

The spectral separability index based on the Jm distance (see Richards, 1986) is regarded to be an
appropiate measure for feature selectio before apraching a classification process.

The Jeffries— Matusita (JM) distance has been defined as follows
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Equation 1 can be rewritten as
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where Ly and W are the mean of and D¢ and ), are the covariance matrix of archaeological the two
considered classes (1) archaeological feature and (2) their background.

From eqaution 4, the Bhattacharya distance can be seen as two components. The first component of
equation (4) represents the mean, whereas the second part is the covariance difference. For the BD a
greater value indicates a greater average distance. A drawback of the BD is that such an index does not
provide any indication of threshold values for separability.

In the Jeffries Matusita (JM) distance, shown in equation 2, the presence of the exponential factor gives
an exponentially decreasing weight to increasing separations between spectral classes. The JM distance
has an upper boundary of 1.41 ( 2 ), and a lower boundary of 0. The JM distance is asymptotic to the
value 2 for increasing class separability. A value of 2 for JM distance would imply that the classification
will be performed with 100% accuracy. When the calculated distance is zero, the signatures can be said to
be totally inseparable.

Lee and Choi (2000) suggested that:

(1) a JM distance of 1.09 corresponds to a classification error probability of 10%, and this means that the
signatures can be separable;

(i1) a JM distance of 1.24 corresponds to a classification error probability of 5%, and this means that the
signatures can be highly separable;

As been pointed out the J-M index has been designed for measuring a statistical separability of two
classes. In order to extend the J-M to multiclass cases, over the years, different strategies have been
proposed. The most common is based on the use of J-M computed over the all pairs of classes .

A second approach was based on the selection of feature subset which enables the best separation
between the least separable pair of classes. In the current paper we adopted the first approach.

3 SATELLITE DATA ANALYSIS

The considered data set refers to typical fuel types of Mediterranean ecosystems (Prometheus Project
1999). Table 1 shows the fuel type developed for Mediterranean ecosystems in the framework of the
Prometheus project (Prometheus Project 1999).

For each pixel, the feature vectors was formed by the spectral bands provided by the given satellite
sensors. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and MODIS.
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Table 1. Fuel type classification developed for Mediterranean ecosystems in the framework of Prometheus project
(Prometheus Project 1999)

Fuel Type Fuel Type description in terms of Fuel Type description in terms of vegetation
class percentage of cover typology
1 Ground fuels (cover >50%) grass
Surface fuels (shrub cover >60%, tree grassland, shrub land (smaller than 0.3-0.6 m and
cover <50%) with a high percentage of grassland), and clear
cuts, where slash was not removed
3 Medium-height shrubs (shrub cover >60%,  shrubs between 0.6 and 2.0 m
tree cover <50%)
4 Tall shrubs (shrub cover >60%, tree cover high shrubs (between 2.0 and 4.0 m) and young
<50%) trees resulting from natural regeneration or
forestation
5 Tree stands (>4 m) with a clean ground the ground fuel was removed either by prescribed
surface (shrub cover <30%) burning or by mechanical means. This situation

may also occur in closed canopies in which the
lack of sunlight inhibits the growth of surface

vegetation
6 Tree stands (>4 m) with medium surface the base of the canopies is well above the surface
fuels (shrub cover >30%) fuel layer (>0.5 m). The fuel consists essentially of

small shrubs, grass, litter, and duff (the layer of
decomposing organic materials lying immediately
above the mineral soil but below the litter layer of
freshly fallen twigs, needles, and leaves; the
fermentation layer).

7 Tree stands (>4 m) with heavy surface stands with a very dense surface fuel layer and
fuels (shrub cover >30%) with a very small vertical gap to the canopy base
(<0.5 m)

Table 2. JM index values obtained from ASTER data for a test area selected within Sila National Park in the
Calabria Region

! SAN GIOVANNI

no fuel fuel fuel fuel fuel fuel fuel

fuel typel type2 type3 typed type5 type6 type7 unclassified
no fuel \ 1,980 1,983 1,976 1,984 1,998 1,998 1,917 1,984
fuel typel 1,980 \ 1,415 1,286 1,984 2,000 2,000 1,977 2,000
fuel type2 1,983 1,415 \ 1,499 1,830 2,000 1,979 1,898 2,000
fuel type3 1,976 1,286 1,499 \ 1,623 2,000 1,965 1,816 2,000
fuel type4 1,984 1,984 1,830 1,623 \ 2,000 1,883 1,581 2,000
fuel type5 1,998 2,000 2,000 2,000 2,000 \ 2,000 2,000 1,999
fuel type6 1,998 2,000 1,979 1,965 1,883 2,000 \ 1,955 2,000
fuel type7 1,917 1,977 1,898 1,816 1,581 2,000 1,955 \ 2,000
unclassified 1,984 2,000 2,000 2,000 2,000 1,999 2,000 2,000 \

Table 3. JM index values obtained from ASTER data for a test area selected within Pollino National Park in the
Basilicata Region

y POLLINO \

no fuel fuel fuel fuel fuel fuel fuel

fuel type1 type2 type3 type4 typed type6 type7 unclassified
no fuel \ 1,9343 1,9841 1,9956 2,0000 2,0000 2,0000 2,0000 2,0000
fuel type1 1,9343 \ 1,6628 1,7576 1,9998 2,0000 2,0000 1,9999 2,0000
fuel type2 1,9841 11,9841 \ 0,8785 1,6491 1,9691 1,7706 1,6335 2,0000
fuel type3 1,9956 11,7576 0,8785 \ 1,4437 1,9904 1,8721 1,6443 2,0000
fuel typed4 12,0000 1,9998 1,6491 1,4437 \ 1,9249 1,4917 0,8838 2,0000
fuel type5 |2,0000 2,0000 1,9691 1,9904 1,9249 \ 1,7199 1,9305 2,0000
fuel type6 |2,0000 2,0000 1,7706 1,8721 1,4917 1,7199 \ 1,5100 1,9998
fuel type7 ]2,0000 1,9999 1,6335 1,6443 0,8838 1,9305 1,5100 \ 1,9957
unclassified 2,0000 2,0000 2,0000 2,0000 2,0000 2,0000 1,9998 1,9957 \
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Table 4. JM index values obtained from MODIS for a test area selected within Sila National Park in the Calabria
Region

no fuel fuel typel fuel type2 fuel type3 fuel typed fuel type5 fuel type6 fuel type?

no fuel \ 1,918 1,978 1,789 1,935 1,997 1,998 1,986
fuel typel| 1,918 \ 1,733 1,590 1,968 1,995 1,933 1,943
fuel type2 | 1,978 1,733 \ 1,217 1,806 1,982 1,799 1,810
fuel type3 | 1,789 1,590 1,217 \ 1,803 1,988 1,792 1,769
fuel type4 | 1,935 1,968 1,806 1,803 \ 1,997 1,842 1,789
fuel type5| 1,997 1,995 1,982 1,989 1,997 \ 1,062 1,148
fuel type6 | 1,998 1,933 1,799 1,792 1,842 1,062 \ 1,002
fuel type7| 1,986 1,943 1,810 1,769 1,789 1,148 1,002 \

Table 5. JM index values obtained from MODIS for a test area selected within Lombardia Region

nofuel ftl ft2+3 ft4+7 fts fté

nofuel \ 1,830 1,975 1,986 1,980 1,977

ftl 1,830 \ 1,524 1,742 1,618 1,508

ft2+3 1,975 1,524 \ 1,815 1,314 1,391

fta+7 1,986 1,742 1,815 \ 1,526 1,002

fts5 1,980 1,618 1,314 1,526 \ 1,066
ft6 1,977 1,508 1,391 1,002 1,066 \

Tables 2 to 5 show some significant examples of results obtained from ASTER and MODIS data for
different test sites located both in the South and North part of the Italian Peninsula. In particular, results
obtained from the ASTER data for the test site located in the Calabria Region showed the highest spectral
separability, which assured a very satisfactory accuracy level of classification, higher than 90%
(Lasaponara and Lanorte, 2007). The presence of mixture vegetation covers and topographic complexity
reduced the accuracy level, mainly affecting fuel type 2 and 3, as well as fuel type 4 and 7 whose JM
values were less than 1 (see bold in Table 3). The use of coarse resolution sensors, such as MODIS
(herein considered at 500 m of spatial resolution), obviuosly reduced the discriminability of fuel classes,
expecially for complex areas, such as those related to alpine ecosystems located in the mountains areas of
Northern Italy. In these cases, the use of JM prior to a classification can fruitfully allowed to merge
undiscriminable classes thus imrpving the overall accuracy. The use of JM is highly recomanded,
expecially in a complex landscape, where the high within-class spectral variance of fuel distribution
classes can strongly affect the classification accuracy.
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ABSTRACT: The fire scientific community and even more the fire managers are trying to assess and describe the
fire occurrence parameters that are involved in the fire phenomena. The heterogeneous nature of the variables
involved in the process lead to the use of complex predictive models which have to deal with their non-normal
distribution in the spatial and temporal domains. Besides, human and natural causes of fire ignition need to be
investigated by means of predictor variables that can be spatially related under non-linear and non-additive
relationships. Due to these actual limitations, the fire modelling community is seeking innovative and flexible
models able to deal with these complex data relationships.

This paper aims to overcome the limitations of the common regression techniques by testing alternative
methodologies (Regression Tree) based on powerful models part of the family of the data mining or/and non-
parametric techniques. In the framework of long-term wildfire risk assessment, lightning/human-caused occurrence
has been used in this study as response variable against several predictors. The wildfire occurrence variable has
been calculated by kernel density estimation technique using ignition points collected in the Aragdén’s autonomy
(Spain) in a 19 years period (1983-2001). The predictor variables included physical and human layers considered
as relevant in the fire distribution processes (road and population density, climate condition, topographic aspects,
etc.). Model performance was then evaluated looking the explained variance and the RMSE. The results
enlightened the potential of the new considered model that resulted to be able to properly identify the relationships
between the considered variables and explain the fire phenomena in the study area.

1 INTRODUCTION

The Description and study of the fire events distribution in terms of probability/density of the fire
ignitions and their causes have always been challenging tasks in fire pattern modelling and risk
assessment, and nowadays is becoming essential for landscape modelling, fire management and
prevention actions. In particular, the prediction of wildfire and the interrelationships of the fire predictor
variables open a wide field of research in the framework of fire risk long-term assessment. Besides, the
increasing availability of sophisticated and flexible data analysis techniques such as spatially explicit
regression models and non-parametric statistical methods, , together with the potential offered by faster
computational power reached in the last decade, allow highlighting complex variable relations and
provide a practical help to perform complex data analysis. The empirically based assessment of long-term
fire risk is often approached using multiple regressions analysis techniques where the fire occurrence
response variable is predicted against a set of environmental and human predictor variables. The final aim
is to understand the weight and role of the most important predictor variables capable to explain the
variance of the fire phenomena. When the response variable is the probability of fire occurrence, the most
appropriate parametric method is usually, a logistic regression, but this requires a number of assumptions
to be verified, including careful consideration of predictor variables interactions and autocorrelation
analysis.

1.1 Objectives

Built on the results of a previous work (Amatulli et al., 2007), this paper attempts to go one step further in
exploratory data analysis and presents a statistical approach to enhance the understanding of complex
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relationships among wildfire occurrence variables. The scope is achieved applying a powerful non-
parametric regression technique, the Regression Tree analysis (RT) (Breiman, et al. 1984) and a non-
parametric statistical test, the Spearman's coefficient (p) of two scenarios of lighting/human-caused
wildfire occurrence. Advantages and disadvantages of the proposed techniques will be highlighted, in
view of the future implementation of regression algorithms such as MARS and SGB, GAM.

2 MATERIALS AND METHODS

2.1 Study area and dataset

Wildfire lighting/human-caused wildfire occurrences of the Aragén’s autonomy (Spain) have been used
as response variables to identify differences in the fire causes pattern. The lighting/human-caused wildfire
occurrence data layers were spatially interpolated by the adaptive kernel technique using fire events
collected over 19 years. The detailed methodology is largely described on Amatulli et al. (2007). The
results of this work produced two wildfire occurrence datasets (DL RC K16 and DH_RA K8 respectively
for the lighting- and human- caused wildfire events) in the form of a continue grid surface (250 m cell
size) representing the probability of a fire event expressed in terms of # ignition points/km”. The two fire
occurrence grids exhibit a clear difference in fire pattern distribution also revealed by a low » = 0.348 and
low p = 0.462. Several variables were used as predictors and they included physical and human layers
considered relevant for understanding the spatial pattern of fire occurrence. All the variables were
considered as points, lines o polygons depending on their nature and on the available data source.
Nonetheless all of them were spatialized into a continue surface that matched the cell size and spatial
context of the fire occurrence grid layers. All the variables were masked using wildland surface (Mapa
Forestal de Aragon 1:50.000) to concentrate the attention on the relationships of the variables inside the
areas prone to wildfires. As a result, 392210 grid cells of 250 m size were retained in the analyzed
dataset.

2.2 Methodology — Predictor variables selection

A set of predictor variables was pre-selected on the basis of previous works and on their expected ability
to predict fire occurrence. They were treated separately in accordance to their nature, herein a summary is
reported for the two main groups: human and physical variables. Among the former, primary and forestry
roads, train and power lines, village/hamlet location, dump areas, recreational areas, wildland-
urban/wildland-agriculture/wildland-pasture interfaces. These variables were used to extrapolate
point/line distance and kernel density surfaces using several bandwidths (from 1 up to 20 km).
Afterwards, the optimal bandwidth size was selected based on the calculation of the p coefficient between
each predictor versus the two fire occurrence maps (DL _RC K16 and DH RA K8). In this way each
single variable was expressed in the most suitable form (the one more correlated with the response
variables). Altitude, slope, aspect were obtained from a DEM. Several variables related to vegetation and
ecological characteristics were extracted from the Mapa Forestal de Aragon. They were: vegetation types
and height, climax classes/levels and fragmentation classes (following the procedure described in Vogt et
al., 2006). These variables summarize the ecological attitude of the vegetation cover to be prone to
wildfire. Other variables more related to wildland uses and land management were protected areas,
ownership, hunting permission, land use change. The most common climatic parameters such as: annual
mean precipitation/temperature and precipitation/temperature of the coldest/warmest quarter were
included to give information of the different climate conditions. The human behaviour was tried to be
considered by means of variables such as total population variation, variation of the population dedicated
to agriculture activity, incoming money, unemployment grade, amount of old people dedicate to
agriculture, agriculture machines, presence of fire towers as a discourage element of arson actions. The
presence of tourists and leisure areas were indicated by the presence of hotels, campings, free campings,
tourist flats, tourist rural houses, and expressed in terms of total number and total room/site/bed number.

2.3 Methodology — Correlation and Regression Tree analysis

The correlation analysis expressed by the Spearman's coefficient was computed for each predictor
variable against the two fire occurrence layers. This procedure helps to understand the predictors
behaviour against the fire occurrence variables, in the sense of positive or negative correlation. In order to
predict the fire occurrence and keep in mind the constraints described in the introduction, the packages
rpart, rgdal and sp of the free Open Source R statistical software were used. The software allows the
implementation of complex iteration and data analysis for modelling applications also in GIS
applications. Among the wide alternative of non-parametric regression models the RT model was selected
due to the its several advantages such as being less restrictive in terms of assumptions, being non-
parametric and allowing the retrieval of the data distribution from the training dataset. Furthermore, the
RT model can handle discrete and continuous variables and the resulting regression functions are easy to
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interpret. Nevertheless, it cannot be considered a spatial model such as GWR because does not consider
the spatial relationships and the spatial autocorrelation among the variables. In any case it is an optimal
instrument for handling complex data analysis and for variable selection purposes. The RT analyses was
performed on a random subset selection of 100 000 pixels (grid cells). The RT analysis was set-up taking
into account the complexity of the data analysis and the computation power required. Tree cost
complexity parameter (CP) was set equal to 0.001. This means that in each tree step the overall root
square error (RMSE) was minimized up to the defined CP. The obtained regression tree algorithms were
applied to the whole dataset to produce the predicted lighting/human-caused fire occurrences. Finally, the
RT performance and the quality of the obtained predicted occurrences were investigated by looking the
Spearman's coefficient and the relative Normalized RMSE between the observed and predicted
occurrences.

3 RESULTS
3.1 Regression Tree analysis

The RT analysis computation requested quite a long time due to the large amount of data. The precision
of the regression-tree predictions increases with tree size up to the explained total variance of 0.70 and
0.75, respectively for the human and lighting-caused scenarios (results in Table 1). The root node error
was quite low. In the case of the human-caused tree the 0.0043 result can be interpreted as 430 cells not
well classified over the total sample cases (100 000 cells), without ovepassing the imposed 0.001 CP. The
obtained trees applied to the whole dataset produced the predicted fire occurrence maps reported in Figure
1, called RTH 114 and RTL 120 for human causes and lightning causes respectively. In table 1 are
reported the Spearman's coefficient and Normalized RMSE between the RTH 114/DH_ RA K8 and
RTL 120/DL_RC K16. The predicted RTH 114 shows a lower p and a higher Normalized RMSE
compared to the values of RTL 120. This can be explained by the higher complexity of the human-
caused fire occurrence patterns, in fact DH_RA K8 presents a spikier and not homogeneous surface,
with several hot spots, characterized by a higher standard deviation (Amatulli et al., 2007). On the
contrary, the RTL 120 presents higher correlation and lower NRMSE.

Table 1. Spearman's coefficient and Normalized RMSE between the observed and predict occurrence.

Caused Observed Predicted p Normalized | Tree size | Total Root node
Occurrence Occurrence RMSE variance | error

Human DH RA K8 | RTH 114 0.781 | 0.029 114 0.70 0.0043

Lighting | DL RC K16 | RTL 120 0.857 | 0.010 120 0.75 0.0030

3.2 Correlation analysis

The correlation analysis was computed for all the variables, nonetheless only the variables selected during
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Looking at the results, namely the
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variable importance and the thresholds in the tree, and crossing this information with the knowledge of
the study area, it is possible to make important further considerations on the driving variables and their
interactions, which cannot be reported in this paper for reasons of brevity.

Table 1. Variables selected during the RT analysis and their relative improvement score responsible of the
regression process. Beside, the Spearman's coefficient useful to understand the positive/negative correlation. In bold
character the most significant variables.

Predictor Human-caused fires Lightning-caused fires
Spearman's Spearman's
Regression score  coefficient Regression score  coefficient
improvement (tho=p) improvement (rho=p)

Recreational density 49.231 0.315 3.858 0.329
Primary road density 39.526 0.424 2.240 0.092
Recreational distance 36.096 -0.214 14.313 -0.427
Wildland/agriculture interfaces density 25.703 0.080 9.705 0.059
Population variation dedicated to agriculture 15.848 -0.099 3.402 0.167
Village/hamlet density 14.094 0.384 16.914 0.170
Mean temperature of the coldest month 14.045 0.236 0.000 -0.148
Forestry road density 12.944 0.244 37.191 0.481
Agriculture machine 11.449 0.190 3.552 -0.257
Altitude 10.973 -0.269 27.865 0.243
Electric lines density 9.369 0.318 12.677 0.090
Train lines density 7.107 0.161 4.108 -0.101
Ovine 6.199 0.001 2.581 -0.229
Precipitation of the coldest quarter 5777 -0.071 1.817 0.157
Mean Annual precipitation 5.074 -0.030 11.539 0.188
Precipitation of the coldest quarter 4.509 0.010 9.457 0.159
Mean annul temperature 4331 0.211 0.550 -0.184
Touristy rural house 4.233 -0.003 16.436 0.187
Climax Type 3.774 - 0.000 -
Population variation 3.315 0.099 0.848 -0.175
Wildland/urban interfaces density 3.163 -0.158 4.449 0.008
Unemployment 2.681 0.103 14.038 -0.051
Touristy flat 2214 0.079 0.539 0.068
Wildland/pasture interfaces density 1.797 0.136 1.308 -0.107
Precipitation of the driest month 1.719 -0.014 1.824 0.170
Mitrakos summer drought stress 1.681 0.088 6.294 0.104
Mean Temperature of warmest month 1.497 0.149 0.000 -0.178
Income money 1.115 0.039 0.942 -0.093
Forest ownership 0.461 0.004 0.000 0.074
Camping 0.000 0.008 0.722 -0.054
Pitch camping 0.000 0.014 2.028 -0.065
Hotel 0.000 -0.007 11.117 -0.030
Hotel room 0.000 -0.003 1.772 -0.031
Vegetation height 0.000 - 3.468 -

4 CONCLUSION AND FUTURE DEVELOPMENT OF RESEARCH

The data analysis technique applied in this paper can be used whenever there is a reason to expect a non-
linear or non-additive relationship between predictors and response variables. The RT has proven to be a
flexible and powerful tool. It works well as an exploratory data analysis method, but also as a model
builder. Nonetheless, the lack of a visible resulting function or of a polynomial line still remain
limitations to the understanding of predictor behaviour versus the response variable and its spatial
context. A potential solution could reside in the combination or fitting of the model against another (such
as e.g. MARS), taking advantage of both techniques. Work is currently on going to set up a methodology
to tackle these issues.
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ABSTRACT: During the last decades, the use of remote sensing data have provided a useful tool to make a
detailed analysis of forests status and great improvements in pre- and post- fire management. Satellite data have
widely proved its value to generate fire risk maps, as well as giving fire early alerts, or even making easier the
estimation of areas affected by them. In this paper we propose a dynamic fire risk index that takes into account
different static and dynamic factors of risk for fire occurrence. This methodology has been previously tested for
some fires in the Canary Islands (Spain), and in this case we prove its usefulness using both NOAA-AVHRR and
TERRA-MODIS sensors data. As a test site, a fire that took place in September 2005 in La Palma Island (Canary
Islands) has been considered in order to validate the suitability of these tools for a regional scale application, in an
area were multiple microclimates are present mainly due to its steep orography and the trade winds.

1 INTRODUCTION

Forest Fires around the earth constitute an extremely important problem for the global ecosystem
degradation. Only considering the European Union, more than 50.000 fires are active every year with a
mean total extension of 500.000 ha. where Spain and Portugal are usually the most affected countries
(Gabban, et al., 2006). Recent and ongoing satellite programs for the earth observing (TERRA, AQUA,
ENVISAT...), with improvements in their spatial, spectral, radiometric and temporal resolution provide
an important tool to give fire early alerts moreover an evaluation of areas under risk and a post fire
estimation of damage to the landscape.

A combination of environmental factors, meteorological conditions and anthropogenic causes account for
the majority of wild land fires. High terrain steepness along with high summer temperature supplemented
with high wind velocity and the availability of flammable material in the forest floor accounts for the
major damage and wide wild spread of forest fire. However human activities remains as one of the most
important causes and this makes especially difficult the generation of risk maps that alert in an effective
and proper way about the areas that can finally be burnt. Anyway, satellite information can provide really
useful information because of its wide temporal and spatial resolution about areas with high levels of risk.
On that sense the estimation of water content of plants is one of the key parameters on the models
developed not only for agricultural applications but for forest research and is usually expressed as the
Fuel Moisture Content (FMC), defined as the percentage of water weight over the dry sample weight
(Chuvieco et al., 2004). Long term series of NOAA-AVHRR data and recently TERRA-MODIS products
have been used with good correlations between FMC and the Normalized Difference Vegetation Index
obtained by means of visible and near infrared bands (Chladil and Nufiez, 1995). In addition to
Vegetation Indexes, data from ground stations (air temperature, wind velocity, humidity, etc.) and static
risk factors like proximity to main roads, insolation hours, etc, would let us defined in a better way, risk
indexes that takes into account the great variety of factors involved (Chuvieco et al., 2003, Leblon, B.,
2001).

In this paper we show a study centred in La Palma Island situated in Canary Islands (Spain). Data from
two different sensors (AVHRR, MODIS) are used to evaluate pre-fire conditions for a fire that took place
in that island during the first weeks of September 2005. A dynamic index has been developed and
introduced as the Fire Risk Dynamic Index (FRDI) in which the temporal trends in vegetation water
stress, by mean of NDVI graphics (for both AVHRR and MODIS data), are modulated by a static
probability function of fire risk. This index mean values are analyzed in four different regions during the
months previous to that event.

2 DATA AND METHODOLOGY

Two time series and sources of satellite data have been used in this work for the dynamic fire risk
modelling: 8 months data of NOAA-AVHRR NDVI images (1 km) (March-September 2005) and 3
months of MODIS NDVI data (250 m.) (June-September 2005).
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However, as a first step, we have defined a static map of risk that is a digital cartography of fire risk in a
specific region, combining several thematic layers constant in time. Using the maps algebra, a probability
model of fire occurrence in La Palma Island is made by mean of a logistic multivariate regression. The
variables that have been considered in the risk index generation are: altitude, slope, insolation, proximity
to main roads and type of vegetation cover. Interpolating the map of level curves we have obtained the
map of altitude. Using specific modules like the gradient operator, maps of slope and insolation can be
defined. The higher the values adopted by the variables the higher the risk of fire. So for humidity and
temperature values, upper altitude regions have a higher risk than lower ones. On the other side the areas
with a high slope does not have intrinsically a higher risk of fire but in case of an ignition event flames
can quickly spread representing and additional factor of risk. As for the insolation, the areas facing south
suffered a greater water stress than the rest, and as a consequence an increase in the probability of a fire
occurrence. Since each variable range in different intervals and order of magnitude, they have been
weighted as described in (Hernandez-Leal et al, 2006). The map of linear elements containing the main
roads in the island is computed to determine the proximity to them, that is, we calculate which is the
closest road to each pixel. The greater the proximity to this road, the greater will be the risk of fire
because of human activities either deliberately or fortuitously. Finally in the map of vegetation cover only
four species have been considered (Laurisilva, Pinus Canariensis, agricultural lands, and sparse broom).
Taken into account the different stages in water stress for each specie, height and density of them, we
have assigned different values of risk. The probability model of risk can be obtained after computing all
the thematic variables, including the map containing the recent history of fire events along the island.
Thus we will be able to established the probability for the dependent variable (Fire Risk) that range from
0 to 1 and is a binary variable, using a logistic regression model as follow:

D(a+pX)
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being Y the dependent variable, X; the independent variables and a, f; real numbers. Logistic regression
permits us to predict a discrete outcome from a set of variables that may be continuous, discrete,
dichotomous or a mix of any of these. The application of this technique in fire prevention models can be
looked up in Cruz et al. (2003). Assuming that we know the values adopted by the dependent variable
(fire events during a period of 12 years)), we can determine which is the influence of each independent
variable through the coefficients a y f,).Once they have been calculated, and replace in Eq.(1), we can
obtain the probability map of fire risk due to the variables that not depend of time. All thematic layers,
constraints and final product, the Fire Risk Static Index (FRSI), is shown in Fig.1

Finally, in order to consider the vegetation water stress dynamics, values of NDVI for the island and
period under study, have been generated. To minimize the effect of cloud contamination in data, we have
used weekly composites for the AVHRR data and 15 days composites for the MODIS ones, as a result of
using the Maximum Value Composite (MVC) procedure for the temporal series (Holben, 1986). A total
number of 28 NDVI multitemporal composites have been analyzed for the AVHRR data, covering a
period from March to September 2005. However for MODIS-NDVI the lack of data for this region from
March to May has led us to reduce the time series to 4 months (June-September 2005) using 15 days
composites available at MODIS data products download website.

3 RESULTS

Considering all the factors previously mentioned, that is, vegetation cover, slope, altitude, proximity to
main roads, insolation hours and statistical data of fire occurrence from 1992 to 2004 in La Palma Island
(Spain), the Fire Risk Static Index (FRSI) has been generated as shown in Fig. 1.

One of the most important dynamic variables of fire risk that can be provided by satellite measurements
is the vegetation water stress. Recent approaches have been developed to supply information about
vegetation water stress (Ceccato et al, 2002), although NDVI still remains as the most frequently used
index for this purpose. With the aim of obtaining a representation that takes into account not only NDVI
values decreases, as a water stress indicator, but the factors included in the static index (FRSI) as well, a
new risk index is introduced, that is the Fire Risk Dynamic Index (FRDI), defined as follow

FRDI = (I-NDVI)* FRSI )
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Figure 1. Generation of the Map of Fire Risk Static Index (FRSI) for La Palma Island (Spain). MODIS and AVHRR
Fire Risk Dynamic Index are shown as well for the composite period before the fire starting.
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The values associated to this dynamic index, range from 0 to 1 for the land surface, the higher the values
the higher the risk of fire in that pixel. This equation has been applied to the NDVI series of AVHRR and
MODIS sensors data related before. We have chosen four different regions (REG-1 to REG-4) in La
Palma island in which REG-1 (mostly Pinus Canariensis) is the one that was finally affected by the fire
while the others represent the most important classes of vegetation canopy all over the island. Figure 1
shows those regions over a FRDI map obtained through AVHRR using Eq. (2) and MODIS composites
just for the corresponding period before the fire event that started on 4 September 2005.

Figure 2. Graphic plot of mean Fire Risk Dynamic Index (FRDI) derived from AVHRR (weekly composites from
March to September 2005) and MODIS (15 days composites) for all the studied regions.
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The analysis of graphics of mean FRDI for all the regions, derived from AVHRR composites (Fig. 2),
clearly mark a gradual increase in the polynomial fitting curves of risk tendency during the weeks before
the fire starting, specially in region 1. Other regions show the same tendency but not so marked as that.
Observing MODIS FRDI extracted mean values shown in Fig. 2, the same kind of trends can be seen in
the bars graph, although the short-term MODIS temporal series and the extension of composite periods
(only two data per month), do not let us analyze the complete vegetation water stress dynamic, but gives a
good representation of it. Both kinds of data show their suitability to act as input data for the models that
predict areas under risk. Nevertheless MODIS better spatial resolution could definitely help in a more
detailed mapping of those areas, if needed.

4 CONCLUSIONS

A fire Risk Static Index (FRSI) has been developed that takes into account factors like the elevation,
proximity to main roads, insolation, vegetation cover and statistics of fire occurrence. Additionally, the

125



use of different satellite sensors has contributed to demonstrate the usefulness of them in providing early
fire risk alerts, given extra information about vegetation water stress. The analysis of the Fire Risk
Dynamic Index (FRDI) derived from AVHRR and MODIS data over the static FRSI layer, clearly remark
the increase in this risk indicator for the week and fifteen days prior to the dramatic fire event that took
place in La Palma Island (Canary Islands-Spain) during the first week of September 2005 (2150 ha.
burnt). Although the AVHRR Fire Risk shows a great variability in the four different selected regions,
mainly due to its steep orography and possible persistence of partial cloud contamination, the polynomial
fitting curves mark the tendency in fire risk as expected, due to the drought effects on vegetation during
that summer. As for the FRDI (MODIS) this effect is specially important in the burnt area (Region 1)

It is important to remark that this research is a part of a project to develop a complete map of fire risk for
the Canary Islands. The suitability of this technique has also been tested in previous works for fires that
took place in Tenerife Island, but still have to be validated in different conditions and geographic areas.
Our next objective is the addition of data from ground stations (air temperature, wind velocity, humidity,
etc.), that surely will improve the modelling of risk considering the great variety of factors involved.
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ABSTRACT: Forest fires the last decades are a common phenomenon especially at Mediterranean countries.
Forest fires have a significant economic, social, and environmental impact in Greece and that is the purpose of our
interest in preventing forest fires. The System we used here allows the creation of detailed cartography of fuel
types from DEM and satellite images. As research area has been chosen Pertouli — Trikala — Greece, because it is a
University Forest and is used mainly for academicals research. The purpose of this paper is to use a model for
making a GIS Fire Risk map, which will describe the fire potential of an area. This model will be tested and
implemented by making a fire risk map for Pertouli area. A known methodology FOMFIS (Forest Fire
Management and Fire Protection System) has been defined and used. Unlikely most forest maps that categorize the
forest in terms of species and age are not so accurate. Here the forest has been categorized according to their fire
behavior properties. The resulting fuel map combined with slope, integrated into ArcGIS 9.1 program and a
computer based fire system that allows forest managers to plan fire prevention and fire fighting strategies based on
real distribution of burnable material and realistic assumptions about fire behavior. The forest road network plays
the role of a hand out help for the fire fighters.

1 INTRODUCTION

1.1 Study area

The public Forest of Pertouli is nearly 3300 ha, the see level of the forest is between 1.100 — 1.700 meters
(m) and from 1951 is used from the Aristotle University of Thessaloniki for academicals reasons.
Geographical belongs to Prefecture of Trikala Thessaly - Greece. Although the study area is near by the
semi-alpaca boundaries, seven fires have been taken place the last ten years. The mean reasons were:
forest sub products, thunders and alpinists activities. The fired damaged areas were only 10 ha, because of
the climatic conditions, similar to Eastern-Italian alpine regions.

1.2 Pre-fire and risk fire maps

Fire prevention aims to reduce the incidence and extent of fires by preventing them from occurring in
crital areas. Federal, state, and local agencies have implemented a variety of fire prevention programs,
including such activities as education, patrol, code enforcement, and signs. In general, these programs
have been shown to be highly effective at reducing incidence of fire (Sapsis 2003).

Pre-fire activities such as clearing a defensible space, putting in and maintaining fire safe landscaping,
utilizing prescribed fire, creating fuel breaks, and forest management practices are proven methods of
reducing wildfire destruction (www.fire.ca.gov 2006).

A forest fire risk map usually prepared as an early warning system (Saito 2002). A fire risk map, updated
on an annual basis, is of great importance in terms of forest and civil protection.

2 METHODOLOGY: VERIFYING PRE-FIRE RESOURCES AND CRITICAL AREAS
2.1 Preparing Data

Starting from contour lines we derived Digital Elevation Model (DEM) with a 20 m cell size. Slope and
Aspect grid files were obtained through the 3D Analyst tool (ArcGis 9.1 ®, 2007). Corine Land Cover
has only three forest classification (softwood, hardwood and mixed forest) and polygons quality is raw, so
we used a more detailed map of forest types. Each type had its number code, dividing study area in
productive forests, protective/other function forests and meadows. Productive forests (Pinus nigra, Abies
cephalonica and Abies alba) were divided in five classes according to the quality and quantity of wood,
from best to bad quality (Figure 1).
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Figure 1: Study Area, Land cover, Water points, Road network
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2.2 Fire risk analysis

o Matching fuel models to vegetation types (Rothermel 1972, Anderson 1982)

According to the following assumptions the vegetation types were divided in 3 fuel categories (table 1):
- Meadows fuel load is comparable with grass and grass dominated fuel models, with the lowest fuel

loading;

- Non productive forests are untouched by forest utilizations so that shrubs and other potential fuels are
left growing and cumulating. We had no specific information about vertical continuity and tree
density, so we considered the worst situation and we assigned them the highest fuel load;

- Productive forests are periodically felled, so we assume that fuel load is lower, even if there is a gap in
the information concerning the quantity of slash leaved inside stands.

Table 1: Division of Vegetation types by fuel type and fuel model
Fuel types

Vegetation types

Meadows 1. Low fuel load; fire propagation is driven by grasses or
fine fuels
Exploited forests 2. Trees density and shrubs height depend on the

Fuel models
(ICONA 1987)

Non exploited forests

exploitation intensity; fire propagation is driven above all
by dense litter and secondary by slash and low shrubs

3. This vegetation type is the most variable one, depending

on forest evolution stage. Anyway this fuel type is
characterized by the highest fuel load. Fire propagation
can involve high shrubs and reach canopy more
frequently then type 2.

e  Risk derived from fuel load (fuel model) and topography (slope).

Fuel load refers to the 3 fuel types (table 1) and slope is divided in two classes:

- <30%;
->30%.

P
PEEro0co~wNR

These thresholds were derived from operative considerations on fire propagation (Rothermel 1983).
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3 RESULTS

In order to come to the results we have to know how fire

mitigation Schematic shows only the potential data layers
that might be used in fire mitigation map development.
The white boxes shows the existing data layer, the green
box shows the derived layer and the gold box shows the

fire mitigation map (Figure 2).

Figure 2: Fire Mitigation Scheme
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Based on the above methodology in table 2 is shown the combinations between fuel and slope, and the
resulting Fire Mitigation Map (figure 3 and figure 4):

Table 2: Risk Zones and Slope combinations

RISK ZONES Slope < 30% Slope 2 30%

Fuel Type 1 1-<30% 1-2=230%

Fuel Type 2 2 -<30% ZONE A 2 -2=230% ZONE B
Fuel Type 3
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Figure 3: Fire Mitigation Map

e  Adding “Aspect” to find out priority areas (Figure 4)
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Figure 4: Fire Mitigation Map and
Aspect to find out priority areas

129




o Water resources analvsis

We calculated the distance from each water point to the other (Spatial Analyst Tool, Euclidean Distance
Allocation) and we did the same considering forest road network Resources map (figure 5) is the result
of adding (map calculator) these two grid layers. We classified three resources distances: in the dark blue
area each cell has a distance from water less than 300 m; lighter blue shows the limit of feasible fire
fighting operations by hoses and pumps.

Figure 5: Road network and water points
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Analysing results we highlighted an area just upside the urbanization. The fire propagation potential is
high due to fuel load, slope and southern aspect. An improvement in infrastructures is needed to reduce
distance from water or a higher protection level.

Figure 6: Risky area
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4 CONCLUSIONS- DISCUSSION

The assumptions made to get fuel types classification are very rough because of lack in vegetation type’s
information, such as species distribution (trees and shrubs layers) and forest structure (trees cover and
layers continuity). The existing road network is efficient but forest operations must take place more
frequently in order to get reachable all the forested area any time from the forest fire fighting vehicles.
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A pre-fire safety plan program must been held with the following steps:

1. Emergency Response Personnel: An organization or a group of people trained in fire
behaviour. The emergency response personnel include the local Fire Department and Safety and
Environmental Affairs personnel.

2. Fire Department Information Centre: A locked container used to store Pre-Fire Safety Plans
and related data. Keys to open these containers are assigned to only select organizations which
are the local Fire Department and Safety and Environmental Affairs.

3. A back up Pre-Fire Safety Plan: A document containing general information/data about a
building to be used by public emergency response agencies or the University for coordinating an
emergency response.

4. Residential Properties: A property owned by the University and used for students and working
families.

Cartography system of fuel types as that we used; it seems to be necessary for preventing forest fires and
surely can be a useful decision tool for Fire Department and Offices of Forestry.
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ABSTRACT: Forest fire occurrence is a major ecological process that has a profound influence on the natural cycle
of vegetation succession and on ecosystem dynamics. The high number of forest fires occurring every year
constitutes one of the major degradation factors of ecosystems, especially in Mediterranean ecosystems. The ability
of satellite sensors to cover wide areas at high frequency and provide information on non-visible spectral region
makes them valuable tools for the prevention, detection and mapping of wildfires and fire related properties of the
ecosystems. However, increased spatial resolution, coupled with a lower number of available spectral channels,
makes image analysis difficult for the latest earth observing satellites (e.g. QuickBird, Ikonos etc). Thus, users need
to employ additional image analysis techniques in order to achieve their objectives. One such method is object
oriented classification, which allows representation of image information by objects directly connected within a
topological network, thus permitting the efficient use of many different kinds of related information.

The aim of this work was to assess to what extent potential fuel types can be discriminated within different image
analysis techniques and satellite imagery products. The main hypothesis was that very high resolution data with
object oriented image analysis would improve the ability to differentiate between vegetation, which is necessary for
wild land pre fire management. In order to test this hypothesis, the vegetation types present in the study area were
extracted from high and very high spatial resolution satellite imagery using object oriented and pixel based image
analyses, respectively. The results obtained using different data sets / mapping techniques were assessed for their
accuracy and compared with the help of the error matrix analysis. Furthermore, the spatial accuracy of the layers
was checked, based on the most accurate mapping result.

The general conclusion of this study was that the use of object oriented image analysis not only produces the most
accurate results but also allows differentiation among the greatest number of potential fuels. Thus, for the same data
set (QuickBird), it was possible to differentiate among seven different potential fuels using the object oriented image
analysis, compared with only five when using the pixel based image analysis. The overall accuracy achieved by both
image analysis techniques was quite high, reaching 80% in both cases. The second data set used (ASTER) yielded
both a lower accuracy and fewer potential fuel classes. The latter could be attributed to the lower spatial resolution
of the dataset, which was not compensated for by the higher number of available spectral channels. The
methodology presented herein identified surface fuels with accuracies similar or higher than those found in the
literature. In addition, other fuel properties needed by the fire growth simulation software, such as forest canopy and
scrubland cover, were successfully developed using remote sensing coupled with empirical modelling.

1 INTRODUCTION

Changes in traditional land use patterns have recently modified the incidence of fire in the Mediterranean
area. Rural abandonment in the European Mediterranean Basin has implied an unusual accumulation of
forest fuels, which has notably increased fire risk severity. Consequently, the increasing use of forests as a
recreational resource has incurred a higher incidence of man-induced fires (Chuvieco 1999).Fuel mapping
is a difficult and complex process requiring expertise in many areas (e.g. remotely sensed image
classification, fire behaviour, ecology etc.). Realistic predictions of fire growth ultimately depend on the
consistency and accuracy of the input data layers needed to execute spatially explicit fire behaviour
models. The lack of spectral information of high spatial resolution sensors makes difficult to use as a
means of distinguishing among the potential fuels when only classic pixel based image analysis is
employed. The latter the object oriented analysis is used, additional information can be derived, either
based on image object properties (shape, texture, context, etc.) or on the circular interplay between
processing and classifying image objects.

The aim of this work was to map the potential fuel types and the other land cover land use classes
(LULC) using high and very high spatial resolution satellite imagery. The following specific objectives
were pursued: i) potential fuel discrimination using very high spatial resolution satellite imagery within
object and pixel based image analysis techniques; ii) potential fuel mapping using high spatial resolution
satellite imagery and object oriented image analysis; iii) assessment and quantification of the advantages
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of each imagery type and classification method used. The indirect mapping method of fuels (Keane et al.,
2001) was adopted in this study.

2 STUDY AREA AND DATASETS

The study area cover an 8 by 8 km rectangle located near Anopoli village in the southern west part of
Crete Island. The area extends from sea level up to an elevation of more than 1500 m, and is characterized
by rough terrain and steep slopes. The aspect is mainly south and the climate is characterized as xero-
thermo Mediterranean. The most important remnant coniferous forests of Crete are found in this area and
the tree species forms mixed stands. The phrygana formations cover large areas on the lower altitudes.

Two satellite images were used to derive the land cover/land use classes present in the study area. The
first image was a very high spatial resolution (VHR) QuickBird image acquired on 10™ June 2003, while
the second was a high spatial resolution (HR) Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) image acquired on 7™ August 2002.

3 METHODOLOGY

To assess the effectiveness of the image analysis method while differentiating LULC classes, the VHR
image was used with two different image analyses techniques (object oriented and pixel based), and the
results were qualitatively and quantitatively evaluated. Secondly, in order to compare the spatial
resolution influence on the discrimination power of the LULC classes the same image analysis technique
(object oriented) was employed for both available datasets (VHR and HR imagery). The object oriented
analysis was carried out using eCognition software, based on the Fractal Net Evolution Approach
(FNEA).

3.1 Very high resolution imagery — object oriented approach

] The analysis of the VHR imagery was performed in two steps. In the first step,
Figure I Lower level two segmentation levels were produced using only the multispectral imagery.
S._.e,gzel_’;{zltfon The first (lower) level was used to extract and classify the image-object
. E-@ treesLia ‘primitives’ (e.g. individual/grouped trees, road and building sections) that were
) broadieaves subsequently used as building blocks to classify the second (higher) level. The
: 't.mﬂ;emus objects in the low segmentation level (Figure 1) were classified mainly on
_ J:;:ssiﬂedu spectral information while the objects from the higher segmentation level were
@ roads_primitive a classified based on both spectral and contextual information. The second level
4} roads_prinitive b objects” classification was based on class-related features, object’s features or on

: : mjﬂr?misvez a combination of feature values and class-related features.

Foads_primicree

) smalltrees a In the second step, further separation of the existing coniferous species was
snalisesh achieved using two different texture features (“area of sub-objects: mean” and

“avrg. mean diff to neighbors of sub-objects”) based on panchromatic band segmentation. With the use of
this two-step approach seven different potential fuels (‘pine forests’, ‘cypress forests’, ‘mixed
cypress/kermes oak forests’, ‘kermes oak forests’, ‘phryganic ecosystems’, ‘sparse vegetation’ and
‘alpine vegetation’), together with seven land cover/ land use classes (‘bare ground’, ‘olive orchards’,
‘crops’, ‘vineyards/grasslands’, ‘roads’, ‘artificial surfaces’ and ‘sea’), were classified in the study area.

3.2 High resolution imagery — object oriented approach

The pixel size of the HR imagery (15 x 15 meters — VNIR bands) does not allow for an efficient sub-
object based analysis, since multiple entities are mixed in a single image unit. Therefore, it was not
possible to adopt the approach used for VHR image analysis. Instead, fuzzy membership functions, based
on combinations of feature thresholds and class-related features, were used to differentiate among
different LULC classes. Only one segmentation level was used to extract and classify the image-objects.
At the end of the classification process, five land cover/land use classes (‘bare ground’, ‘sea’, ‘olive
orchards’, ‘crops’ and ‘vineyards/grasslands’) and four potential fuels (‘coniferous forests’,
broadleaved/mixed forests’, ‘prhyganic ecosystems’ and ‘alpine vegetation’) were identified using
ASTER imagery and object oriented analysis.

3.3 Very high resolution imagery — pixel based approach

In order to classify the Anopoli study area using the pixel based approach, a combination of unsupervised
and supervised classifiers was used on both panchromatic and multispectral imageries. Firstly, an
unsupervised, exploratory analysis was carried out on the panchromatic imagery using the ISODATA
algorithm to group the pixels according to the data’s inherent properties. The resulting spectral classes
were grouped into four categories of interest: ‘bare soil elements’, ‘shadows&sea elements’, ‘tree
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elements’ and ‘vegetation elements’. A rule-based classifier was developed using the unsupervised
clustered panchromatic image, the multispectral image and other computed datasets (e.g. NDVI, DEM,
NIR-RED, etc.) as variables. The classifier was created based on spectral/class values, class relations and
inverted class similarities. The implementation of pixel based image analysis yielded ten different land
cover/land use classes. Among these, five were potential fuel types (‘coniferous forests’, ‘broadleaved
forests’, ‘phryganic ecosystems’, ‘alpine vegetation’ and ‘sparse vegetation’), two were other land cover
classes (‘sea’ and bare ‘ground’), while the remaining three were land use classes (‘olive orchards’,
‘vineyards/grasslands’ and ‘artificial surfaces’).

3.4 Accuracy assessment

A key concern regarding remotely sensed data is that they are often judged to be of insufficient quality for
operational applications (Foody 2002). Therefore, it is essential that users of remotely sensed data have
knowledge of data accuracy and the methods used to evaluate it in order to effectively use products
derived by digital image classification (Congalton 1999).

3.4.1. Absolute accuracy assessment

A random, stratified by area, sampling scheme, followed by an error matrix analysis, was employed for
the accuracy assessments carried out in this study. The accuracy assessment grid was comprised of 815
points, of which 60 were assessed during the field work. For all other points the reference data was
collected via visual interpretation of the QuickBird imagery (panchromatic and multispectral channels).

Table 1 Classification schemes of the image analyses used

VHR - object based VHR - pixel based HR - object based
analysis Code analysis Code analysis Code
Vineyards/Grasslands 19  Vineyards/Grasslands 19  Vineyards/Grasslands 19
Pine forests 21 Coniferous forests 21/22  Coniferous forests 21/22
Cypress forests 22
Broadleaved forests 36  Broadleaved forests 36  Broadleaves/Mixed

. 36/37
Mixed forests 37 forests
Alpine vegetation 25  Alpine vegetation 25  Alpine vegetation 25
Crops 24 Crops 24
Artificial surfaces 26  Artificial surfaces 26
Bare ground 27  Bare ground 27/33 Bare ground 26/27/33
Olive orchards 31  Olive orchards 31 Olive orchards 31
Phrygana 32 Phrygana 32 Phrygana 32
Roads 33
Sea 34 Sea 34 Sea 34
Sparse vegetation 35  Sparse vegetation 35

Given the high spatial resolution of Quick Bird imagery, evaluation of the ground truth was feasible,
taking into account the extensive knowledge of the study area. The ground truth of the sample points
assessed for the pixel based analysis’s accuracy assessment was obtained by analyzing the pixels in which
the points were located. For the object-oriented analysis’s accuracy assessment, a buffer zone of 10 m
radius was generated and analyzed for each sampling point with respect to the land cover/land use
category (Guerrero et al. 2007). The classification scheme implemented for each analysis is presented in
Table 1.

3.4.2 Relative accuracy assessment

Relative accuracy was implemented to assess the extent of spatial agreement among all three image
analyses. This type of analysis needs both a base (ground truth) map and a common classification scheme.
As a result of the absolute accuracy assessment, the classification obtained through QuickBird's object
oriented image analysis was chosen as a base map, since it provided the best class discrimination,
together with the highest accuracy. The common classification scheme was obtained by grouping or
reassigning narrower classes to common broader classes. The result was a classification scheme with
seven classes (‘forests’, ‘alpine vegetation’, ‘phryganic ecosystems and crops’, ‘bare ground and artificial
surfaces’, ‘vineyards and grasslands’, ‘olive orchards’ and ‘sea’).

Since the confusion matrix is calculated by comparing the location and class of each ground truth pixel
with the corresponding location and class in the classified images, the relative accuracy analysis results
express the degree of spatial agreement between the evaluated classifications and the base image. Thus,
an accuracy assessment of spatial agreement between ASTER’s object oriented image analysis and
QuickBird's pixel based image analysis to the VHR object oriented analysis was performed.
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4 RESULTS AND DISCUSSION

4.1 QuickBird object oriented image analysis

The overall accuracy of the VHR imagery classification using the object-oriented approach was 80%,
with individual classes’ accuracy ranging from 56% to 96%. The lowest class accuracy was achieved for
the ‘cypress forests’ due to the frequent confusion between cypress and pine trees. The confusions
occurred because of the nature of the textural information (mean area of sub-objects) used during the
classification process. If cypress and pine forests classes were collapsed to form a common coniferous
forest class, the overall accuracy increased to 83%. With a KHAT value of 0.74, the classification had a
moderate to strong agreement according to Landis and Koch (1977).

The fuel complexes identified indicate that forest tree types may be properly classified using object
oriented analysis, despite the low spectral resolution of Quick Bird’s imagery. On the other hand,
automatic mapping of the phrygana species was impossible, even after an extensive field reconnaissance
had been conducted. No consistent pattern of species distribution/mixing was found for the shrub species,
which could have been used to automatically differentiate one species from another. The use of the multi-
spectral bands with their spatial resolution was sufficient to separate most of the land use/land cover
classes. However, the panchromatic band had to be employed in order to differentiate among coniferous
species present in the area.

4.2 ASTER object oriented image analysis

The overall accuracy obtained after classifying the HR imagery using object-oriented analysis was
relatively low (70%), and fewer classes were differentiated. The individual class accuracies ranged from
42% to 86%. The most frequent error was the confusion between ‘phrygana’, ‘coniferous’ and
‘broadleaved forests’, followed by confusion among different types of forests. The main obstacle in
achieving a better accuracy appeared to be the much higher pixel size. Small, interspersed patches of
various categories were misclassified, since they were included, due to the segmentation process, into
objects belonging to other land cover/land use classes. The lower spatial resolution of ASTER imagery
was not compensated for by the presence of six additional SWIR channels.

4.3 QuickBird pixel based image analysis

The pixel based classification of the VHR imagery yielded a similar overall accuracy (80%) with that of
the object oriented image analysis, but with fewer LULC classes differentiated. This approach failed to
separate the coniferous forests into the two main constituent species (cypress and pine) and to identify the
mixed forests present in the area. Since the same image was used in both approaches (object oriented and
pixel oriented), the failure can only be explained by the lack of the contextual information available while
using the pixel oriented approach. The individual class accuracy ranged between 41% and 94%, which
was similar to that obtained by the object oriented analysis. The common errors were confusion of
‘coniferous forests’, ‘bare ground’ and ‘broadleaved forest’ with ‘phryganic ecosystems’ and the
confusion between ‘broadleaf forests’ and ‘coniferous forests’.

When comparing pixel vs. object analysis for the same data set, it is obvious that not only higher
accuracies but, more important, better class discrimination can be achieved using object related
information. The classification takes advantage of high spatial resolution, thus improving the results in
both accuracy and class discrimination.

4.4 Relative accuracy assessment

All classifications had a high overall spatial agreement (78.6% and 79.4%, respectively) with a moderate
chance agreement KHAT coefficient (66.7 and 67.3 respectively). Although the overall accuracies were
quite similar, the omission and commission errors for each class were different in the pixel-based analysis
of the QuickBird image compared with the Aster image analysis. Two classes (‘olive orchards’ and
‘grasslands/vineyards’) presented the highest omissions/commissions errors in both classifications (from
40 to 87%), which was most probably due to the pixel size (ASTER analysis) and the analysis approach,
respectively. The high omission errors registered for forests and olive orchard classes in the Quick Bird
pixel image analysis appeared due to the inherent properties of the analysis process: only tree pixels
(olives, coniferous or broadleaves trees) were classified in the pixel based approach; in contrast, the
object oriented analysis included, whitin the classified objects, pixels located in the gaps between the
trees. All the other classes registered variation in the spatial agreement, but within much lower limits (7%
to 25%).
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5 CONCLUSIONS

Object oriented image analysis allowed the integration of contextual information into the classification
process, therefore facilitating a better class discrimination, especially when dealing with potential fuel
complexes. Seven different potential fuels were classified using the object oriented approach, compared
with only five fuel complexes separated using the pixel based image analysis. More important,
differentiation among coniferous species was possible using texture information in a sub-object analysis.
The spatial resolution of Quick Bird's multispectral channels was sufficient to classify all fuel complexes
present in the area, except for the main coniferous species.

The characterization of fuel complexes was more accurate using very high spatial resolution imagery
compared with high resolution imagery. The ASTER data set yielded both lower accuracy and fewer land
cover/land use classes, which could only be attributed to the lower spatial resolution of the dataset that
was not compensated for by the higher number of available spectral channels.

Overall, very VHR imagery, coupled with object oriented image analysis, proved to be an effective tool
for the mapping and characterization of wild land potential fuels across the study area. The methodology
presented herein identified surface fuels with accuracies similar or higher than those found in the
literature. In addition, other fuel properties (not presented here) needed by fire growth simulation
software, such as forest canopy and scrubland percentage cover and biomass loadings were successfully
developed.
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ABSTRACT: Fire is a key factor influencing terrestrial ecosystems and its occurrence, propagation and duration
responds to environmental characteristics such as vegetation (type, structure, quantity, water content,
photosynthetic activity), climate (humidity, precipitation, temperature, wind speed and direction, global radiation),
topography (elevation, slope, illumination) human conditions (roads accessibility and camping zones), among
others. In Argentina three million hectares burn every year. Our objective was to understand how vegetation
conditions affect occurrence, propagation and duration of fires using satellite and complementary data in the
semiarid belt of Argentina from September 2003 to May 2006. This area was selected because it concentrates 70%
of the fires of the whole country. Pre-fire vegetation condition was assessed with spectral data from MODIS
satellite images. Comparing burned vs. non-burned areas across all vegetation types, the first presented greater
NDVII (annual integer, n=6852, p<0.001), suggesting that higher biomass accumulation may have favored
burning. Across vegetation types pre-fire NDVI in burned compared to non-burned areas was higher in shrublands
(n=5417, p>0.001), similar in steppes (n=516, p=0.17), and lower in forests (n=292, p<0.001), the others
vegetation types belongs to general results that involving every vegetation type (n=624, p<0,001). The comparison
between vegetation conditions of sites affected by different fire sizes the results showed that the areas affected by
small fires presented higher NDVII values than areas affected by bigger disturbs (n=6852, p<0.001). The smaller
fires are usually caused by the fieldsmen to reduce accumulated biomass and to favor the vegetation re-growth,
which have greater forage quality. It’s probably the cause of the NDVII values obtained in those areas.
Nevertheless, the biggest fires presented smaller NDVII values before fire occurrence. This result could indicate
lower green coverage associated to greater amount of dry biomass, which could increase the fire propagation risk.
The fire propagation risk could increase beyond the amount of accumulated biomass. The comparison between the
vegetation indices from areas affected by different fire duration showed that NDVII values were higher in areas
burned by longer fires (n=6852, p<0.001), proposing that the amount of accumulated fuel is an important variable
which influences the fire duration capability. This response was opposite for closed shrublands vegetation types.
The fires with most durability occurred in areas with lower NDVII values, this could be associated to the fuel
status required before fire beginning.

The high density covers (forests and dense shrublands) presented lower NDVII values before the most intense fires
occurred. These results would be associated to the necessity of dry fuel presence for the fire ignition. However, in
areas occupied by low density cover types (steppes and grasslands), the amount of fuel accumulate is a more
important variable which influences the fire intensity.

Have knowledge about the vegetation conditions, fuel state and quantity; from satellite data is an important tool to
estimate the fire magnitude risk. This product is usefully to fire managers and the total population with the purpose
of take anticipated decisions and then, to reduce the fires environmental impacts.

1 INTRODUCTION

Fire is one of the most important factors influencing terrestrial ecosystems (Mueller-Dombois and
Goldamer 1990). The frequency, magnitude and behavior of fires affect the ecosystems in different ways.
For instance, high fire frequency affects the complete ecosystem recovery, changing the structure and
composition of vegetation cover (Diaz Delgado et al. 2003, Pelaez et al. 1997). The propagation and
duration of fires hinders the fire suppression (Cruzten & Andrade 1990), this way, the environmental
damage is increased and the ecosystems recovery is delayed. These three fire magnitude variables
(occurrence, propagation and duration) are influenced by some environmental factors such as: vegetation
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(type, structure, cover level, moisture content, photosynthetic activity) (Viegas 1998; Viegas et al. 1998),
climate (relative humidity, precipitation, temperature, speed and wind direction, global radiation),
topography (elevation, slope aspect) and human conditions (accessibility to roads and camping zones)
(Chuvieco et al. 1999).

In this context, the remote sensing results a useful tool to study fires at different spatial and temporal
scales (Cahoon et al. 1992; Chuvieco & Kasischke 2007; Justice & Dowty 1994; Dwyer et al. 2000). Its
different applications are based on the capture of spectral information at different wavelengths. This tool
allows obtaining information of the surface status and its composition. For example, the information at
visible and near infrared bands is commonly associated to the productivity and quantity of accumulated
biomass, vegetation structure and volume (Ceccato et al. 2001; Chuvieco et al. 1990), the middle infrared
to the vegetation water status (Bowman 1989; Carter 1991; Chuvieco et al. 1990; Hunt and Rock, 1989)
and the thermal data is mainly related to the vegetation stress level and the surface temperature (Chuvieco
et al. 1990; Pierce et al. 1990).

The fire studies could be grouped in three applications: Pre-Fire, During-Fire and Post fire. The pre-fire
investigations are normally based on the fire risk analysis (Chuvieco et al. 1999, Calle Montes &
Casanova 2002, Alonso-Betanzos et al. 2003), and the fuels analysis (Chuvieco et al. 2003, Justice et al.
1993), generating important data to prevent the damage caused by ignition (Andreae et al. 1998). Most of
during fire works are centered on fire detection (Prins & Schmetz 1999, Arino et al. 1998) and the
estimation of burned area (Chuvieco et al. 2007, Jaiswal et al. 2002). Based on those data it is possible to
analyze the characteristics of ecosystems which influence the fire patterns (Di Bella et al. 2006). On the
other hand, most of post-fires analyses are mainly focused on the ecosystem recovery, the vegetation
types that prevail, the post-fire land cover composition (Chuvieco et al. 2003, Diaz Delgado et al. 2003),
and the atmospheric changes (Crutzen & Andrade1990, Andreae et al. 1998), among others.

In Argentina, the Semiarid Region is one of the areas most affected by fires, and it is characterized by a
long history of fires. Initially, fires have been a natural phenomenon that modified the succession of the
ecosystems (Levine et al. 1996). Nevertheless, with the man's arrival, the humans altered the fire regimen
(Mbow et al. 2004) to obtain coal, to manage grasslands, and to promote the regeneration of palatable
grasses, among others (Levine et al. 1996). The prevalence of fire in these ecosystems is an important
concern for scientists because of its amplitude and implication in the overall natural resource
management. However, in the Semiarid Region of Argentina, there are few published investigations in
order to study this phenomenon. The little fire suppression efforts in addition to the appropriate
conditions of this environment, allows the fire recurrence in each dry season and the increases of fire
magnitude (propagation, duration, advance speed).

The principal aim was to understand the mechanisms of fire occurrence, propagation and duration in
semiarid ecosystems using satellite and complementary information.

2 MATERIALS AND METHODS

2.1 Study Area

In the world, 23 million rural hectares are annually burned. In Argentina, the fire destroyed around 3
million hectares every year affecting: 46% shrublands, 35% native forests and 19% grasslands. The
Semiarid Region is one of the most affected areas. It contains 70% of fires, most part of them with big
size and long duration (Amaya et al. 2002). The study area, which is part of Semiarid Region, extends
over 536.336 km2. From an administrative viewpoint, it is divided into 4 provinces: Cordoba, La Pampa,
Mendoza and San Luis (Fig. 1). The region is characterized by climatic and topographic variability. The
mean annual precipitation ranged between 200 mm and 1000 mm, the mean annual temperatures from 15
to 18 °C and topography varies from plains to hilly and mountainous zones (reaching the maximum
altitude by Aconcagua: 6959 m above sea level). This area is dominated by xerophytes vegetation types,
located in savannas, grasslands, steppes and forest (Cabrera & Willink 1973; Burkart et al. 1999; Paruelo
et al. 2001).

2.2 Satellite Information

2.2.1 Fires

The CONAE generates daily cartographies of the hot spots detected by MODIS sensor
(http://www.conae.gov.ar/WEB_Emergencias, visited 2004-2006), with 1000 m of spatial resolution. The
hot spot detection is possible as a result of the application of certain algorithms differenced for day and
night, containing surface emission data at 4 pm (T4) and 11 pm (T};) (Giglio et al. 2003; Dozier 1981;
Matson & Dozier 1981). The detected hot spots from January 2003 to May 2006 were analyzed and only
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the hot spots considered as real fire were selected. Therefore, around 7500 files were joined with
information about: latitude, longitude, day, month, year and satellite.

2.2.2 Satellite data

Around 288, 8-16 day compounds MODIS-Terra images (h12v12) between 01/06/2002 and 31/05/2006
(fig. 1) were processed. Each one contains spectral information in the blue (0.459-0.479 pum), red (0.62-
0.67 um), near-infrared (0.841-0.876 um), middle-infrared (1.3-8 pm), and thermal-infrared bands (3.6-4,
10.7-12.3 um). Each pixel, with a spatial resolution of 1 km2, represents the integrated spectral response
of several land cover classes (http://edcimswww.cr.usgs.gov/pub/imswelcome/, visited from 2004-2006).

In order to analyze the spectral responses of different covers from satellite data, two spectral indices were
calculated: Normalized Difference of Vegetation Index —-NDVI- (Rouse et al. 1973) and Short Wave
Vegetation Index —SWVI- (Hunt & Rock 1989). The first index is one of the most used indices for
vegetation studies. It includes visible (R) and near-infrared (IR) reflectance bands: NDVI= [(NIR-R) /
(NIR+R)] (Rose et al. 1974, Nemani et al. 1993). The NDVI values range from -1 to 1 with the amount,
type and status of vegetation cover. On the other hand the second index, SWVI, add the middle infrared
band (SWIR, 1.1 y 2.5 um) replacing of the visible band: SWVI=[(NIR-MIR)/(NIR+MIR)] (Cayrol et al.
2000, Hunt & Rock 1989). Previous studies have demonstrated that this band addition is useful to know
the fuel moisture content (Bowman 1989; Carter 1991; Cohen 1991; Hunt y Rock 1989; Jackson & Ezra
1985; Pefiuelas et al. 1997).

Taking into account the importance of the vegetation monitoring to estimate the biomass accumulation
and biomass dryness along time, the following algorithms were calculated: the Integral of NDVI (NDVII)
which accumulates the NDVI values, the Relative NDVI Differences (RND): RND= Y [(NDVI (D2) —
NDVI (D1))/ NDVI (D1)] (Lopez et al. 1991) and the Accumulative Slope (ASn): ASn= Y [(NDVI (Ti) —
NDVI (Ti-1))/ (Ti-Ti-1)] (Illera et al. 1996), for different periods of time and seasons. The two last
algorithms consider the relative variation of NDVI between two dates (D2 and D1, Ti and Ti-1),
involving the differences from the first date. This algorithm allows estimating the vegetation evolution
along time. Lower algorithms values are associated to vegetation water stress, increasing the Fire risk area
(Lopez et al. 1991; Illera et al. 1996).

Another way to estimate the vegetation water status can be the relationship between NDVI and Ts
(Nemani et al. 1993; Kalluri et al. 1998). The lineal regression slope is a good indicator of the potential
and real evapotranspiration, making it possible to know the vegetation moisture content. When the
vegetation suffers water stress the NDVI decreases and the Ts increases. As result of this, the slope of this
relationship increases (Calle Montes & Casanova 2002).

2.3 Complementary Data

2.3.1. Vegetation Cover

In order to obtain information about the extent and distribution of land cover types of the Semiarid
Region, the Global Land Cover -GLC 2000 — (Eva et al. 2004; Mayaux et al. 2006) wa used. This
product, with 1 km2 spatial resolution, it provides information about the land cover types for the 2000 yr.
In addition to this vegetation data source, the classes located in the study area were validated from field
measurements.

2.3.2 Extraction and Data analysis

Firstly, the information was joined in the Geographic Information System (GIS) to store, to manage and
tomanipulate data with a common spatial component (Chuvieco 1990), using the ARCVIEW GIS 3.3 and
ERDAS IMAGINE 8.4 software.

The extraction and analysis of data were done in the following way, for each part of the work:

The objective proposed was to study the environmental factors that affect the fire occurrence, propagation
and it duration. These terms have been used by a great number of works to describe the fire
characteristics, however with different meanings. In order to clarify those meanings, it was considered the
occurrence of fires as a process occurred in areas where the anomalous high temperatures were detected
by MODIS and identified like fire by CONAE, the propagation as the increases of the quantity of pixels
affected by the same fire event, and the duration of fires as the quantity of days between the first pixel
ignition and the last pixel extinction, within the same FIRE event.

In order to carry out this aim, it was necessary to compare the pre-fire conditions in places where the fire
behaved in a different way. Because of this reason, several study units were selected. Those places were
defined as a group of areas affected by fires. The conditions to select the fires which belong to same unit
were: same ignition date, different fire magnitudes (class 1: <300 has; class 2: between 300-1000 has;
class 3: >1000 has) and a distance between the fires minor to 10 km. These conditions were important to
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reduce climate, topography and vegetation variability. Within the unit, it was also selected a non-burned
area (control area) of 3x3 pixels dimension (9 km2) (fig 2). As a result of this selection, 24 study units
were considered. For each area, satellite data and complementary information were extracted using AOIs.
The information was compiled in some databases with the following data for each analyzed pixel:
geographic location (province, department, latitude, longitude); condition (Non-Burned and Burned);
study unit (number); vegetation type (GLC classes), occurrence date, fire size (hectares; classl, 2 or 3)
and duration (days), spectral data (reflectance on visible, near, middle and thermal infrared); vegetation
indices values (NDVI, SWVI); values of vegetation monitoring algorithms (RND, ASn, relation NDVI-
TS).

2.4 Statistical analysis

ANOVA tests and Linear Regressions analysis were applied to study and to characterize the differences
between the pre-fire conditions of places where the fire spread and it lasted in different way. In order to
reduce the noise caused by the study areas, it was considered a nested effect of the factors to this variable,
which is a Nested Statistical Design Model.

3 RESULTS AND DISCUSSION

3.1 Fire Occurrence

When the fire occurrences were studied, the first proposed question was related to the factors that
influence this process. In order to answer this question, previous works detected two different factors
classes. The first group involves the ignition factors and the other group contains the fire proneness
factors (Jaiswal et al. 2002). The first is associated to the causes of fire, for example human (accidental or
intentional) or natural causes (lightning). Their random behavior hinders their study. This part of work
was focused in the second factors (e.g. vegetation, climate and topography) because it is possible to study
them using the satellite information and the complementary data.

In order to analyze the vegetation conditions which influence the fire occurrence, it was compared the
burned and the non-burned areas. The affected areas presented greater pre-fire NDVII (n=6853, p<0.001),
suggesting a higher biomass accumulation (fig. 10). A bigger quantity of accumulated biomass represents
bigger quantity of fuel for the ignition, and therefore, a high risk of fire occurrence.

The NDVI/TS ratio was also analyzed by presents a good association with the fuel moisture content -
FMC- (Chuvieco et al. 1999). It was compared the NDVI/TS trends for fire and no-fire conditions. The
obtained results did not show significant differences between them. This result would support the fact that
is more important for the promotion of the fire occurrence, the quantity of accumulated biomass previous
to the ignition than the status of them. In our study area, probably this is a foreseen result because the
most of fires are caused by humans with the purpose to reduce the accumulated biomass and to favor the
vegetation re-growth. As a result of this, a bigger accumulated fuel is a common characteristic in places
where this phenomenon occurred. Another explanation could be associated to the fact that in this region,
by its characteristic semiarid climate, the vegetation cover naturally possesses a low content of moisture.
Then, the restrictive of the ignition would be the quantity of fuel and in smaller measure the status of
them.

When this analysis was differenced by vegetation types, the shrublands response agreed with the general
trend (n=5418, p>0.001). Nevertheless, it was opposite for forest (n=293, p<0.001). And there wasn't
differences between burned and non-burned areas in steppes (n=517, p=0.17). As it was mentioned
previously, the shrubs answer could be explained by the fact that these lands were affected by man-made
fires with the purpose to reduce biomass, promoting the vegetation re-growth. However, the forests
responses could be associated to the fact that these vegetation types are not usually burnt by man. In
general, these types of vegetation are located in hillsides of mountains, which many times are
unproductive for the fieldsmen. In those places, the quantity of biomass isn’t a limiting factor; therefore,
the status of fuel could be the principal reason of occurrence of fires. If a forest is drier, the fire risk
increases.

3.2 Fire Propagation

At this time, the objective was to study the density of fires with different propagation levels (1, 2, and 3)
according to the vegetation type. As a result of this, it was observed a big number of the large-scale fires
which were concentrated in shrublands and forests (fig. 11). This trend may be due to the common large
extensions of shrublands in the establishments without obstacles (for example: cut-fire street), and to fact
that the forest is located in hills where the accessibility for the fire control is limited.
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On the other hand, the conditions of the vegetation which influence the fire propagation were studied
using spectral data. As a result of this, it was observed that the places affected by small fires presented
significantly high values of NDVII during the pre-fire period that those places where the fire reached
bigger surfaces (n=4669, p<0.001) (fig. 12). In order to explain this result we take account two indicators:
a) High values of NDVII are associated to a bigger quantity of accumulated green biomass, b) The lower
NDVII values could not only indicate smaller quantity of green cover but rather they could also be
associated to the dry biomass presence.

As we have seen before, in this area, the use of the fire is a common agricultural practice. Therefore, it is
possible to consider that the fires mainly happen in areas where the accumulation of biomass previous to
fire occurrence was high (fig.10). However, the characteristics of the whole area burned by a single fire,
not always are the same ones (fig. 12).. According to the obtained results in this section, it is possible to
infer that the fires that overcome the 100 hectares affect places where is most important the fuel dryness
than the biomass accumulated previous to fire. In order to confirm this supposition it was carried out this
analysis using the SWVI (n=4669, p<0.001) and the RND (n=4669, p<0.001). The observed tendencies
were similar to the previous result obtained using the NDVI. This information allowed confirming the
fact that the greater fires affect places where the fuel is drier. As conclusion, a greater quantity of dry
biomass could increase the fire propagation risk and, the fire propagation risk could increase beyond the
amount of accumulated green biomass.

3.3 Fire Duration

Studying the characteristics previous to the ignition in places where the fire behaved in a different way, it
was observed that in the places where the fire finished early, the NDVII was significantly bigger
compared to places where the fire extended later from two or three days (n=4669, p<0.001). A possible
cause of this result could be the amount of green biomass and its low inflammability. It could be possible
that a bigger quantity of green biomass reduces the probability of duration of fires. On the other hand, the
lowest values of the index are due to a bigger proportion of dry and senescence biomass accumulated in
the surface. This hypothesis is support by the RND analysis. As a consequence, we could demonstrate
that the fuel status is an important variable that influences the durability of fires.

The behavior for each vegetation type was also analyzed. In forests, the biggest duration of fires was
observed in places where the previous NDVII was bigger (n= 181, p<0.001). In these types of vegetation,
the cover density is an important factor that influences the duration of fires. Nevertheless, the areas
occupied by shrublands showed the lower values of NDVII where the duration of fires was bigger. An
explanation of this result could be associated to the fuel status, and the increases of fire durability risk
with the amount of dry biomass presence.

4 CONCLUSIONS

This paper describes several conditions of the vegetation which influence their behavior. Based on the
obtained results, we can conclude that in the Semiarid Region of Argentina the spatial and temporal
distribution, and the behavior of the fires is not only the answer to the human's action but also of other
natural factors. We could observe that the spatial-temporal distribution is strongly associated to the
vegetation type that prevail, the climate, and the land use. And the knowledge about the conditions of
vegetation, fuel state and quantity, using satellite data is an important tool to estimate the fire magnitude
risk. This product is useful for the fire managers and the people with the purpose of to take decisions and
to reduce the environmental impacts of fires.
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ABSTRACT: This study is intended to show the ability of time series of remote sensing images to estimate
vegetation fire susceptibility in a Mediterranean region of France (Aude province). Remote sensing data consist in
MODIS-Terra 16 days synthesis products acquired from 2000 to 2006 and we analysed both spatial and temporal
components of the dataset. Two synthetic indicators of vegetation fire susceptibility were derived from vegetation
index values (NDVI). The definition of these synthetic indicators is based on the analysis of the annual variations
of NDVI and the understanding of the phenological cycles by vegetation types. The results showed that the
different types of vegetation are characterized by the modulation of growth activity and these fluctuations are
known to be related with changes in biomass production and fuel dryness during the water deficit period. Both
spring greenness indicator (dSG) and annual greenness indicator (annual RGRE) were calculated combining
vegetation index values measured at some key phenological stages, i.e. with phenometrics calculation during
growing season (maximum NDVI, minimum NDVI and sum NDVI). For each of the 7 available years, we mapped
the indicators, and then a relationship was established with the climatic conditions.

1 INTRODUCTION

In French Mediterranean region, fire risk planners mainly access two categories of information: risk
indexes processed from meteorological data, and vegetation fire susceptibility based on the interpretation
of vegetation maps. In this paper we examine the ability of time series of remote sensing images
(MODIS) to provide complementary information through synthetic indicators of vegetation behavior and
status linked to fire susceptibility.

Fuel biomass and moisture content of living vegetation influence notably flammability and combustibility
(Sun et al., 2006) and these two parameters are related to the meteorological conditions. The Normalized
Difference Vegetation Index (NDVI), computed from visible and NIR reflectance, is known to be well
correlated to vegetation physiological variables like green biomass, chlorophyll activity and leaf water
content (Ceccato, 2001; Maselli, 2004).

Time series NDVI data can be used to determine the annual cycle of vegetation phenology and calculate
the key phenological metrics of green-up and senescence (Reed et al., 1994). These phenological cycles
vary according to vegetation types and meteorological conditions. We studied the intraannual and
interannual variability of these cycles for different types of forest vegetation. These fluctuations are
known to be related with changes in biomass production and fuel dryness during the water deficit period.

This study focuses on the process indicators based on phenometrics calculation (maximum and minimum
NDVI, sum of NDVI) for each annual vegetation activity cycle. The aim is to propose indicators linked to
dryness of live fuel, to express fire risk:

- A spring greenness indicator to characterize the vegetation status at the end of spring,

- An annual greenness indicator that reflects vegetation dryness in summer and used for the analysis
of spatial and temporal variations of the vegetation fire susceptibility.

2 MATERIAL

The study area is Aude province, in the south of France, covering an area of 6,343 km?

The main part of the territory is under Mediterranean climate influence, with very dry and hot summer
(mean rainfall from June to September 150 mm, mean temperature in July 22°C), spring is the wettest
season. The forest and wildland area is 3,400 km?. In all its eastern and middle part, the site is mainly
covered by Mediterranean vegetation: Mediterranean shrubland, shrublands with conifers or holm oak or
pubescent oak, maritime pine and Aleppo pine high forest, and holm oak coppices. This vegetation is
mainly composed by evergreen sclerophyllous species, which are very sensitive to fire. South-west
corresponds to the most mountainous area and benefits from a cooler and wetter climate. The dominant
types of vegetation are silver fir and Scots pine high forest, beech high forest, deciduous oaks coppices.
These mountainous species are less sensitive to fire.
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We used time series of MODIS Terra 16 days synthesis with a spatial resolution of 231 m (Justice et al.,
1998). The images data set was acquired from March 2000 to December 2006 from the Land Processes
Distributed Active Archive System (http://edcimswww.cr.usgs.gov/pub/imswelcome/). The data errors
were preprocessed using the quality flags and the BISE method (Viovy et al, 1992). The natural
vegetation types were mapped from the forest map of the French National Forest Inventory (IFN) at
1:25000 scale.

Meteorological data (rainfall and temperature) and a climatic fire risk indicator (IS) (Sol, 1990) were
acquired from the Météo-France network. The records from 9 weather stations could be processed from
2000 to 2006.

3 METHODS

We established the NDVI profile for 13 vegetation types and analyzed the intraannual and interannual
variability. These cycles can be described by successive key seasonal events. It is indeed possible to
calculate several phenological metrics to identify successive phases of vegetation phenology in a annual
cycle : onset of greenness, maximum of greenness, rate of senescence... (Reed et al., 1994). We observed,
from temporal NDVI profiles, the transition dates of phenological phases and calculated the duration of
green-up period and phases of vegetation activity decrease or interruption. Our hypothesis is that it exists
a specific cycle for each type of vegetation and that these cycles vary annually according to the water
stress intensity. Phenometrics were selected for the construction of two indicators we will be able to
calculate for the whole study site:

I-  Sum NDVI, to characterize the spring vegetation activity and the biomass development at this
period of the year,
2-  Rate of summer senescence, to characterize how vegetative activity slows down or even stops

during summer drought, as water stress response indicator.

As vegetation dryness is directly related to climatic conditions, particularly precipitation levels, we
wanted to verify that the indicators—which varies from year to year—is consistent with the drought
intensity observed each year. So indicators values were extracted around the weather stations and were
correlated with a climatic index (De Martonne aridity index) and the meteorological fire risk index IS
(Sol, 1990) calculated over similar periods.

4 RESULTS

4.1 Phenological cycles

For the 13 types of vegetation (figure 1) we present the mean NDVI profile (2000-2006). Different ranges
and seasonal trends of NDVI can be observed. According to similarities of the curves three different
phenological groups were identified.

The first group (Group 1) corresponds to the vegetation of the mountainous part of the territory, little
subjected to summer drought. The curves remind the theoretical growth cycle of Atlantic vegetation type,
with only one maximum of NDVI (at the end of June) that marks the end of the vegetative development
phase of spring (from April to June), a winter minimum (February), and between these stages a phase of
more or less accentuated summer activity decrease (from July to September). However we can distinguish
three sub-groups (figure 1), mainly in function of:

- rate of spring greenness, very strong for deciduous trees (la: beech, chestnut, oaks), relatively
lower for shrubland with pubescent oak (1c),

- importance of summer decrease (rate of senescence), low for the coniferous trees (1b: silver fir
and Scots pine), and very marked for shrubland with pubescent oak, localised indeed on drier
stations,

- winter minimum which remains high for the coniferous trees.

The second group (Group 2) corresponds to the typically Mediterranean vegetation, located near the
littoral (Corbiéres-maritimes) and so strongly subjected to summer drought. It is represented by
shrublands and pines high forests. The spring vegetation activity starts at the end of April to reach a
maximum at the end of June. This one is followed by a phase of summer activity decrease which
corresponds to the period when plants very strongly reduce their physiological activities due to the water
stress effect. A very clear increase of the NDVI from the end of September represents the vegetation
activity restarting when the first rainfall events after the period of dryness occurred and the temperatures
begin to decrease. The strongest values are generally reached in winter. Therefore the profiles are very
marked by overall low values on the whole spring-summer period.
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Figure 1. Seasonnal variation of NDVI (2000-2006) — Geographical distribution of the three phenological groups
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Finally the last group (Group 3) presents vegetation types dominated by holm oaks and Austrian pines
high forests. Localized mainly in the Hautes-Corbiéres area, this group is submitted to strong summer
drought. Similarly to the previous group the NDVI temporal profiles show two relative maximum, one at
the end of spring, and another during autumn cycle. However during the whole cycle NDVI values show
little fluctuation and maintain a high level even during the driest spring-summer season.

Study from different authors was undertaken to describe the phenology of Mediterranean species and the
modulation of growth activity phases linked to water stress period (Cesaraccio et al., 2004; De Lillis and
Fontanella, 1992; Gratani and Crescente, 1997; Pellizzaro et al., 2007). It was observed that the majority
of the evergreen sclerophyllous species slows very strongly their activities during the dry period. Most of
them presents two vegetative periods: the most important in spring, the second in autumn when the
weather conditions become more favourable again. Some species develop leaves in autumn, often larger,
which persist throughout the winter. Leaf fall occurs throughout the year but the maximum leaf fall was
observed in spring. A great variability of the photosynthetic activity was also observed (Tretiach, 1993).

On the NDVI profiles (figure 1) of vegetation subjected to summer water stress (Groups 2 and 3), we
observe indeed two maxima corresponding to a bimodal activity. We can however notice that the NDVI
maximum of spring is often less high than in autumn. We can think that this phenomenon has to be
related with the previous observations concerning the seasonal variability of photosynthesis and autumn
leaves dimensions, as well as the maximum leaf fall during spring.

From the seven years of NDVI measurements (2000-2006), the interannual variability of the phenological
cycles can be observed. The most important fluctuations in the vegetation behaviour are the rate of spring
green-up and the range of decrease during water deficit period. During summer 2003 and 2006, water
availability was very low and the curves showed a high NDVI decrease in summer.

To construct fire risks indicators, two periods of the phenological cycle, common to all vegetation
formations of the site (Groups 1, 2 and 3), have to be taken into account (figure 2): the spring growing
period to evaluate vegetation sensitivity at the end of spring, and summer decrease of vegetation activities
that express vegetation dryness during fire season. For that it is necessary to identify 3 key transition
dates of phenological phases: time of onset spring greenness (minimum vegetation activity), time of
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maximum NDVI at the end of spring greenness, and time of minimum NDVI at the end of summer
(before onset autumn greenness for Mediterranean plants or autumn senescence for the Atlantic species).

4.2 Indicators and risk maps

The first indicator is designed to express the vegetation status at the beginning of the fire risk season. The
spring greenness phenometric (SG) is the sum of NDVI from the date of the end of winter before onset of
spring greenness—usually the beginning of April—to the date of the NDVI maximum— in June— before
the dry season. The spring indicator proposed is obtained by the ratio between the actual spring greenness
(SGo) and the average spring greenness for the 7 available years (SGy):

Deviation annual Spring Greenness dSG = (SGo — SGyy) / SGy,

The graph of the figure 3 presents the annual variability of dSG values (2000 to 2006). The Groupl
(localized in wet mountain areas shows low variability around the average value. The two others groups
(Group 2 and 3) are submitted to a stress when water availability in spring is not sufficient, as in 2006.

The maps of dSG for the eastern part of the site (figure 4) localize the heterogeneity of the vegetation
status at the end of spring for two different years. In comparison with 2001, maps of 2006 show an
exceptional dryness linked to the spring water deficit. Vegetation of the Group 2 varies accordingly to the
annual meteorological conditions while the Group 3 shows lower variation of status. The most sensitive
shrublands and forests area are located in the Corbiéres-Maritimes (coastal area) and correspond to the
Group 2. The vegetation of the Group 3 from Hautes-Corbiéres (central zone also impacted by drought)
presents a lower level of drying. Mainly composed by holm oak, this vegetation seems to be less
sensitive to annual changes—this species is known to be tolerant to water stress.
Figure 2. Phenological phases Figure 3. Interannual variability of dSG (2000-2006) for the
three phenological groups
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Figure 4. dSG maps (2001 and 2006)
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Then the second indicator focuses on summer period to evaluate the vegetation drying intensity. All the
study area is submitted to summer drought to various extents. The annual RGRE has been previously used
to map vegetation status for fire risk assessment in a non-Mediterranean context (Chéret and Denux,
2007). For this study we propose an annual RGRE index adjusted to the vegetative growing season
observed for this Mediterranean site. The NDVI values taken to cover this period are those obtained from
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June to September. The annual index is normalized by the spring minimum to take into account
vegetation status outside summer period.

For a given pixel, the annual RGRE is obtained from the maximum NDVI observed at the end of spring
(June), the minimum NDVI (minl) attained during the driest period (August or September), and the
minimum (min2) measured before onset of spring greenness (March):

Annual RGRE = (NDVIminl — NDVImin2) / (NDVImax — NDVImin2)

NDVImax — NDVImin2 indicates, for a pixel, the amount of living biomass produced during the growing
season, while NDVIminl — NDVImin2 gives the amount of biomass that is still green at the driest time of
the period studied. The ratio between the two (the annual RGRE) corresponds to the proportion of
biomass produced during the year that is still green at the end of the dry season. The lower the annual
RGRE, the more dead biomass there is and the higher is fire susceptibility.

Figure 5 presents the maps of annual RGRE for 2000 and 2006. On the 2001 map we can observe a low
local variability of the vegetation drying level. In 2006, a year with particularly severe drought
conditions, vegetation presents a high drying level, especially in the whole eastern part of the site.

Figure 5. Annual RGRE maps for AUDE province (2001 and 2006)
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We therefore sought to compare dSG values with a climatic index that expresses the severity of drought
conditions during spring greenness. We calculated the De Martonne aridity from March to June. This
index is a simple ratio of precipitation by temperature: IMsg = P/T+10, where IMsg is the aridity index of
the spring season, P(mm) the total precipitation from March to June, and T (deg C) the mean temperature
over the same period. We calculated a linear regression between the two indices. The IMsg values are
used as the dependent variable of the regression, and the dSG as the independent variable. The linear
regression coefficient is statistically significant at 99% confidence level, with 12=0.47 for n=98.

In the same way we confirm the good correlation between annual RGRE and the meteorological fire risk
index IS (Sol, 1990), with r* = 0,56 for n=98.

These results show that measuring vegetation status with both indicators reflects variations in
meteorological conditions.

5 CONCLUSIONS

These first advances in the analysis of MODIS time series allow a better understanding of the seasonal
behavior of the vegetation types in a Mediterranean climate area. Determining the phenological cycles
was necessary to be able to propose synthetic indicators of vegetation status and behavior, subsequently
indicators of wildfire risk. The observed NDVI annual cycle variations were related to the observations
from different authors on plant phenology and ecophysiology. According to our results two typical
growing periods were identified, interrupted by a phase of activity decrease which shows the drought-
avoidance strategy adopted by the plants (De Lillis and Fontanella, 1992). Others investigations will
anyway be needed to better interpret the response modulation. Vegetation index including short wave
infrared band like the Normalized Difference Water Index (Gao, 1996) could add interesting information
about vegetation dryness.
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We could also verify if the use of 8 days synthesis allow to refine the results and above all to make the
products more operational through earlier data availability: the aim is to be able to transmit information
for fire protection plans the fastest as possible.

The two indicators, dSG and Annual RGRE, are proposed in a dynamic approach because this
information had to be available each year:

- the dSG, to product early warning maps of fire susceptibility at the beginning of the risk season,

- the Annual RGRE—indicator of vegetation drying intensity at the end of summer for post-risk
season assessment—to verify the appropriateness of fire prevention actions and fire fighting
means.

The use of phenometrics presents also a complementary interest in providing of semipermanent data. For
example, the vegetation biomass is an important parameter for a long-term fire danger index model
(Castro and Chuvieco, 1998) and this variable could be considered stable-in-time, since they change
slowly. In this case this is more the spatial information variability on combustible than temporal that is
interesting. Following this aim, a purpose could also be to work on the conversion in combustibility level
the assessment of live biomass, using phenometrics as spring sum NDVI (SG). In the same way, dSG
average, calculated on a reference period, is a data we can linked to the vegetation flammability level.
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ABSTRACT: In the present paper we study the behaviour of the NDVI, SAVI and TVI vegetation indices, focusing
on their performance over burnt areas. The quantitative criteria which we use in our study, are the standard deviation
of the image of each vegetation index, the signal to noise ratio, the correlogram function and the spatial standard
deviation of each pixel. Using proper distributions and taking into account probabilistic theorems, we found that the
TVI vegetation index has the highest standard deviation and SAVI has the lowest one. We also found that the signal
to noise ratio increases with the ratio of the near infrared to red reflectance. The study of the spatial variation of the
vegetation indices of a multispectral image over a burnt region, showed that there is a stronger autocorrelation in the
TVI image than in the SAVI and NDVI images. Finally, we propose a modified version of the TVI vegetation index,
which is called MTVI, in order to broaden the spectrum of possible images of vegetation indices. We observed that
the standard deviation of the MTVI image depends on a characteristic parameter, by which the infrared reflectivity
is multiplied, in the mathematical expression for the MTVI vegetation index. The results and conclusions of this
paper may be useful in environmental research, and specifically in mapping burnt regions using satellite imagery.

1 INTRODUCTION

Vegetation indices may be used in mapping burnt areas and assessing the consequences of a natural
disaster. The problem of evaluating the performance and the efficiency of various vegetation indices over
different land cover types is still under question. Empirical approaches have been carried out to study the
functionality of various proposed vegetation indices and modify them, in order to achieve optimum
results.

In the present paper we study the behaviour of the NDVI, SAVI and TVI vegetation indices, which,
although they have a similar algebraic structure, they may not produce similar results, in qualitative and
in quantitative terms.

The quantitative criteria which we use in order to assess the performance of these three vegetation indices
are the standard deviation of the image of each vegetation index, the signal to noise ratio, the
autocorrelation function and the coefficient of variation of each pixel. The standard deviation (stdev) of
the image histogram is a measure of the contrast of the image. A high standard deviation means a good
contrast. The signal to noise ratio (SVR) is a measure of how clearly a target of interest (for example a
burnt area) is expressed and in what extent the noise is suppressed. The autocorrelation function and the
coefficient of variation of each pixel may provide information about the spatial variation and the texture
of the vegetation index image. The study of the stdev and the SNR of the vegetation index images is based
on a probabilistic methodology developed by Vaiopoulos et.al. 2004. The study of the spatial variation of
the values of the vegetation indices is carried out empirically, making spatial analysis of a Landsat image
over Zakynthos Island, with burnt areas.

Finally, we introduce the modified TVI (MTVI) vegetation index and study its performance over the
same satellite image. The results and conclusions of this paper may be useful in mapping burnt areas
using satellite imagery.

2 THE STANDARD DEVIATION AND THE SIGNAL TO NOISE RATIO
The NDVI vegetation index is defined by (Rouse et.al. 1973):
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xX+y

x and y are the reflectances at the near infrared and red band, respectively.
The TVI is defined by (Deering et.al. 1975):

u=_ |27 for (x=y) )
xX+y
(ifx<y,u=0

The SAVI is defined by (Huette 1988):

u=—2"2_.1+1L) 3)
x+y+L

L is a parameter which takes values between zero and unity. In most cases, L = 0.5.

Using proper distributions and certain probabilistic theorems (Vaiopoulos et.al. 2004), we have found the
expressions for the distribution g(u) of the NDVI values (Vaiopoulos et. al. 2004), the TVI values
(Skianis et.al. 2004a) and the SAVI values ( Skianis et.al. 2004b). It is worthy to point out that the
behavior of g(u) of each vegetation index depends on a characteristic parameter A, which is defined by:

. {stdev(y)} @)
stdev(x)

The standard deviations of g(u) for each vegetation index and each 1 value can be computed
numerically. In (fig. 1) the standard deviations of the three vegetation indices against 4 are presented.

Figure 1. The stdev of NDVI, TVI and SAVI against A. L = Figure 2. The snr variation of NDVI, TVI and SAVI
0.5. againstr. A=1,L=y=0,=0.25
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It can be observed that the TVI histogram has the highest standard deviation and the SAVI histogram has
the lowest one. This means that the TVI image has a better contrast than that of the two other vegetation
images.

The signal to noise ratio SNR is defined by (Schowengerdt 1997):

SNR =2 (5)
O

o, 1s the standard deviation of a u value of a certain pixel of the image of the vegetation index, which
depends on the standard deviations of x and y values of this pixel and generally it is not constant for every
u. o 1s the standard deviation of the tonality distribution g(u).

The quantity o, is calculated by (Spiegel 1977):

(6)

o, 1s the assumed common standard deviation of the reflectance value of each pixel at the near infrared
band x and at the red band y.
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Combining relations (1), (2), (3), (5), (6), the expressions for the SNR of NDVI, TVI and SAVI,
SNR(NDVI), SNR(TVI) and SNR(SAVI), respectively, may be found. It can be proved that:

SNR(NDVI) = ZH Y. (41’ %)

20',, \/l’2+l

SNR(TVI) = ZAY | r—12 (r+1)? for r>1 ®)
o, (r+)(r +1

(for r<1 , SNR(TVI) = 0)
o)y (r+1)? ©
20—)1 V 7"'2 +1

7 is the ratio x/y. 6(A) is the standard deviation of the distribution g(u) of the vegetation index NDVI, TVI
or SAVI. y'is equal to y plus L/2. r’ is equal to x /y’, where x’ is equal to x plus L/2.

SNR(SAVI) =

In an image of a vegetation index the SNR changes from pixel to pixel. It depends on the reflectances of
the pixels at near infrared and red bands, on the standard deviations of the images of these two bands, on
the standard deviation of the reflectance of each pixel and, in case of SAVI, it also depends on the value
of L. Comparing relations (7) and (9) it can be observed that the SNR of the NDVI and the SNR of SAVI
basically present the same behaviour. This can be also seen in (fig. 2), where the variations of
SNR(NDVI), SNR(TVI) and SNR(SAVI) against r are presented. In (fig. 2), it can be also observed that
the SNR of the three vegetation indices increases with ». The SNR of TVI is null for »<1 (x<y), since,
according to relation (2), the TVI value is equal to zero for every pixel for which the reflectance at the
near infrared zone is smaller than that of the red zone.

The theoretical predictions about the stdev and the SNR of the three vegetation indices are in accordance
with satellite data obtained by a Landsat image over Zakynthos island (western Greece).

3 THE SPATIAL VARIATION OF THE VEGETATION INDICES

In order to study the spatial variation of the three vegetation indices, we processed a Landsat image of
Zakynthos island, which was taken in July 1984. We produced the NDVI, TVI and SAVI (L = 0.5)
images of the island and we created subsets of these images around a burnt area, at the centre of the
island. In (fig. 3), the NDVI image of the region around the burnt area is presented. The burnt area is the
dark grey spot at the centre of the image. The SAVI image of the same area is similar to that of the NDVI.
The TVI image has a stronger contrast and the burnt area is expressed with darker tones.

Figure 3. The NDVI image around a burnt area, in Figure 4. The correlograms of the three vegetation
Zakynthos island indices of the image of the burnt
area.
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Distance in pixels

In (fig. 4) the correlograms of the three vegetation indices around the burnt area are presented. It can be
observed that the correlogram of the SAVI has the highest autocorrelation coefficients, for any distance
between pixels. The autocorrelation coefficients of the correlogram of the NDVI are the lowest, for every
distance. This means that in the NDVI image the variations of tonality between neighbouring pixels are
stronger than in the other two vegetation indices.
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We also calculated the absolute value of the coefficient of variation (CV) of each pixel of the NDVI, TVI
and SAVI images. The coefficient of variation is defined as the ratio of the tonality variance of a 3x3
window to the mean value of the pixels of the same window. The mean absolute value of the CV of the
NDVI image was found to be the highest. This is in accordance with the behaviour of the correlograms,
since it implies strong spatial variations in the tonality of the NDVI image.

4 THE MTVI VEGETATION INDEX

The TVI image has a strong contrast and the burnt area appears with very dark tones, as it can be seen in
(fig. 5). This is due to the definition of the TVI, according to relation (2). Soils with sparse or null
vegetation may have a smaller reflectance at the near infrared than at the red zone, and this results to a
vegetation index with a zero value.

Figure 5. The TVI image over a burnt area in Zakynthos — Figure 6. The MTVI image over a burnt area in

island Zakynthos island. ¢ = 1.5 .
[~ w \*.fl I .:-ﬂ-
il el
i 5 T g S
Er F -
S L
T = O . :
g, iy 3 ~ Fo
[ ] ! = 'tl\. -l:'fla
S -
\-..'H\, ¥ J:l s ¥ I
g . "
s - . E"‘f N b &

In order to broaden the tonality range over soils with poor vegetation, a modified TVI (MTVI) vegetation
index may be used, which is defined by:

MTVI= [~

forcx >y (10)
cx+y

(if cx<y,MTVI=0)

c is a real number, which is more than unity.

In (fig. 6), the MTVI image of the same burnt area is presented, for ¢ = 1.5. It can be observed that the
burnt area appears with brighter tones and a more variable tonality than that of the TVI image. The MTVI
vegetation image may be useful in recording tonality differences between pixels at burnt areas or soils
with poor vegetation.

5 CONCLUSIONS

The conclusions of this study may be summarized as following:

The TVI vegetation index produces images with a strong contrast. The burnt areas appear in very dark
tones. On the other hand, the spatial variation of the tonality of the NDVI image is stronger than that of
the TVI and the SAVI. The signal to noise ratio of the NDVI, SAVI and TVI images increases with the
ratio near infrared reflectance to red reflectance. Finally, over burnt areas, the MTVI vegetation index
produces images with a more diverse tonality than the TVI does.

The results and conclusions of this paper may be useful in mapping burnt areas using satellite imagery.
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ABSTRACT: Global burned area products are in high demand from research groups and communities interested
in modeling the carbon cycle, understanding the relationships between fire regime and climate, atmospheric
emissions and pollution resulting from fires and the impact of vegetation burning on land cover change. Currently,
global burned area products at medium resolution, such as GBA2000 and GlobScar, are limited to the year 2000.
Whilst these global products provided the user community with strong evidence of the scale of global vegetation
burning, multi-annual products are needed to strengthen the arguments of relationships between vegetation, climate
and fire. Recent initiatives are underway by both the European Space Agency (ESA) and a team working on
MODIS data to implement regional algorithms over a multi-year time period. At this time, we still await the
release of the full data sets. It is in this context that the L3JRC (pronounced L-three-J-R-C) product has been
developed. Its name refers to the consortium of academies involved in the development: the University of Leicester
(UK), the Catholic University of Louvain-la-Neuve (BE), the Tropical Research Institute, Lisbon (PT) and the
Joint Research Centre of the European Commission (EU). A single algorithm was used to classify the SPOT-
VEGETATION data to burned areas. It makes use of a temporal index in the near infrared channel. Global, daily,
atmospheric corrected SPOT VGT S1 data were used as input. Results show that the total amount of area burnt
varies between 3.5 million km® and 4.5 million km®*. The amount burnt each year by vegetation cover type
indicated by the GLC2000 is shown as well as a visual indication of the spatial distribution of burnt area. The
L3JRC product has been evaluated against a 72 Landsat TM and ETM+ image pairs and quicklooks. We evaluate
the product in its ability to correctly quantify the amount of burnt area by computing comparative values over a
global hexagonal grid with a cell spacing of 60 km. This is done over a number of different vegetation and biome
types. The results of this validation by geographical region and vegetation type are shown in this paper. The
L3JRC product is available from the web page:

http://www-tem.jrc.it/Disturbance_by_fire/products/burnt areas/index.htm
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1 INTRODUCTION

Global burned area products are in high demand from research groups and communities interested in
modelling the carbon cycle, understanding the relationships between fire regime and climate, atmospheric
emissions and pollution resulting from fires and the impact of vegetation burning on land cover change
(Patra et al., 2005; Jupp et al., 2006). Burned area is a crucial component in the computation of gas
emissions (Seiler and Crutzen, 1980). Currently, global burned area products have been limited in time.
As its name suggests, the GBA2000 product (see Tansey et al., 2004) was limited to the year 2000.
Recent initiatives by ESA to implement a number of regional algorithms from the GBA2000 project
combined with GlobScar results over the period 1998-2007 has resulted in some problems caused by
scaling up of the algorithms. We still await a multi-year MODIS global burned area product (Roy et al.,
2005). Whilst these global products provided the user community with strong evidence of the scale of
global vegetation burning, multi-annual products are needed to strengthen the arguments of relationships
between vegetation, climate and fire. A number of papers have reported on burned area estimates using
active fire data as a proxy. Schultz (2002) used ATSR fire count data; Sukhinin et al. (2004) used
AVHRR data between 1995 and 2003; Giglio et al. (2006) used MODIS data. These authors highlight the
lack of accurate, consistent long-term information on global burned area as the reason for their decision to
use active fire data. The uncertainties associated with using active fires as a proxy for burned area are
described in van der Werf et al. (2006). The product described in this paper serves to address this data
gap. We announce to the scientific community the availability of a long-term (covering seven global fire
seasons be 2000 and 2007), moderate spatial resolution (1km?2), high temporal resolution (daily intervals)
global burned area product derived from direct observations from the SPOT VEGETATION system.
Furthermore, the product has been evaluated against a large number of Landsat TM and ETM+ image
pairs and quicklooks. We evaluate the product in its ability to correctly quantify the amount of burnt area
by computing comparative values over a global hexagonal grid with a cell spacing of 60km. This is done
over a number of different vegetation types.

2 METHODOLOGY

A single algorithm, initially described in Tansey et al. (2004) and subsequently modified by the authors
was applied to SPOT VEGETATION S1 data. Global, daily, atmospheric corrected S1 data were used as
input. In the pre-processing module, cloud and snow masks are generated based on thresholds at blue and
middle infrared wavelengths. A viewing zenith mask is applied that restricts observations of the ground to
angles less than 50.5 degrees. A fire smoke mask is then generated using thresholds at blue wavelengths.
A cloud shadow mask is then derived using solar and view azimuth and zenith angles and assuming a
constant cloud height of 10km. A mask is then derived of all pixels that have saturated in the shortwave
infrared (SWIR) channel. A sun shadow mask is produced from the GTOPO 30 global DEM. We
compute aspect and slope and use a threshold that assumes a pixel will be in shadow if the cosine of the
sun incidence angle is less than 0.256 radians. These masks are combined. The main processing algorithm
makes use of a temporal index in the near infrared (NIR) channel of SPOT VEGETATION. This index I
is computed using the following method:

I = SlN]R_ICNlR 0
SlN[R +ICN[R

where Slyr = S1 daily product pixel DN and ICyr = intermediate composite pixel DN. Mean and
standard deviation values are computed for the index I over a window of 200 by 200 pixels ignoring all
pixels with a value of zero or identified as being contaminated. A pixel is flagged as being burnt if the
value in the array I is lower than the mean value minus two standard deviations. Two further checks are
made on reflectance values in the NIR and SWIR channels to confirm the burnt area. To compute the
updated intermediate composite in the near infrared channel (ICyir), we first calculate a phase value that
uses sun and viewing angles (both zenith and azimuth) to evaluate the suitability of a pixel to be used in
future composites. If this test is passed, then the new value of the composite is the average between the
existing composite value and the pixel value of the S1 product being analysed. Post-processing of the data
serves to utilise the latest land cover information to remove some over detections believed mainly to be
due to some shadowing not excluded with the relief/sun shadow mask, the multi-annual detection of leaf
off conditions in temperate regions and lake melt conditions at high northern latitudes. The GLC2000
land cover product was used (Global Land Cover 2000 database, European Commission, Joint Research
Centre, 2003, http://www-gem.jrc.it/glc2000) to provide updated information on water bodies, snow and
ice, bare surfaces and urban areas. We used the ‘sparse herbaceous or sparse shrub cover’ class of
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GLC2000 to remove detections made at latitudes greater than 60 degrees N. In latitudes greater than 27
degrees N and 27 degrees S, we analysed the occurrence on multiple detections of burnt area over an
initial data set of four fire seasons (2000-1 to 2003-4). After an in-depth visual analysis, we assume that
only those areas associated with some kind of agricultural activity were likely to burn in at least three fire
seasons. We used three classes in GLC2000 that identify cropland either alone or with other vegetation to
remove multiple (at least three out of four) detections outside of these regions. The products were re-
projected into Goode Interrupted Homolosine with a pixel spacing of 1 km.

3 RESULTS

Estimates of burnt area over seven fire years are shown in Figure 1. These values are reported by
vegetation type according to the Global Land Cover 2000 product. Sixteen classes of vegetation cover are
shown. GLC2000 classes *10- Tree cover, burnt’, ‘7- Tree cover, regularly flooded, fresh water’ and ‘8-
Tree cover, regularly flooded, saline water’ are not shown. Here a fire year starts on the 1st April and
finishes the following year on the 31st March. We assume that a fire only occurs once during any fire
year.

Figure 1. Global burnt area estimates for the seven fire years covering April 2000 to March 2007. The amount of
vegetation burnt in 16 GLC2000 vegetation cover classes is shown.
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The frequency of burnt area detection between the period 01/04/2000 and 31/03/2007 for the Africa data
set is shown in Figure 2. The following color scheme applies: white is not burnt, green is burnt once, pea
green is burnt twice, yellow is burnt three times, orange is burnt four times, red is burnt five times,
maroon is burnt six times and purple is burnt seven times. Light blue is water, black is no data and grey
indicates non-vegetated land.
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Figure 2. Frequency of burnt area detected between 01/04/2000 and 31/03/2007. The color scheme is given above.

4 DISCUSSION AND VALIDATION

Results show (Figure 1) that the total amount of area burnt varies between 3.5 million km” and 4.5 million
km?. The amount burnt each year differs according to vegetation cover type. Figure 2 shows that fires
mainly occur in shrub cover and open broadleaved deciduous tree cover. There is also a significant
amount of burnt area detected in areas under cultivation or management. Figure 2 shows that the main
areas of repeat burning activity are in central and eastern sub-Saharan Africa and large parts of southern
Africa. These areas are characterized by savannas or agriculture. To validate the L3JRC products, 72
reference data sets derived from Landsat TM images were acquired from across the globe. For each of the
Landsat TM products, an image pair was used and a start date and end date for the validation specified. A
hexagonal reference grid similar to that used by Boschetti et al. (2004) was used. Derived from the
hexagonal tessellation proposed by Olsen et al. (1998) this grid provides cells of approximately equal area
over the entire surface of the earth. The grid resolution can be adjusted within certain limitations to the
desired scale, in this case hexagons were approximately 60km apart with an area of about 3000km. This
resolution was identical to that used in Boschetti et al. (2004) and was considered appropriate for this
analysis while remaining computationally feasible. The percentage of the area of each hexagon detected
as being burned was computed for each product. Table 1 shows the correlation plots for each GLC2000
vegetation type having three or more validation points. The results show that in most cases the L3JRC
algorithm underestimates the burnt area estimated from the Landsat TM imagery. The standard deviation
indicates 95% of the L3JRC points that lie within two standard deviations of the best fit line. Further
work will focus on additional methods of accuracy assessment and identification of the main causes that
lead to an under-estimation of the burnt area indicated by the Landsat data.

Table 1: Number of validation hexes, correlation gradient, intercept and standard deviation of burnt area using the
L3JRC algorithm in comparison with Landsat burnt area. The L3JRC burnt area estimate is the dependent variable.

GLC2000 class number and name* No. hexes | Corr. gradient | Corr. intercept | St. dev.
1 Tree cover, broadleaved, evergreen 31 0.4065 -0.2739 4.5640
2 Tree cover, broadleaved, deciduous, closed 10 0.4908 1.0012 1.8998
3 Tree cover, broadleaved, deciduous, open 36 0.5484 1.8676 7.1491
4 Tree cover, needle leaved, evergreen 46 0.4963 0.7184 1.6937
5 Tree cover, needle leaved, deciduous 17 1.3205 0.3781 3.0265
9 Mosaic: tree cover and other natural vegetation | 9 0.0352 0.9379 0.5653
12 Shrub cover, closed-open, deciduous 139 0.5427 1.0887 6.2156
13 Herbaceous cover, closed-open 47 0.1004 0.6208 1.4902
14 Sparse herbaceous cover or sparse shrub cover | 67 0.3532 0.4222 3.1765
15 Regularly flooded shrub or herbaceous cover 8 0.5587 0.0732 1.3570
16 Cultivated and managed areas 31 0.3911 0.7740 2.4610
18 Mosaic: crop land, shrub and grass cover 6 0.4741 -2.0596 1.8980
5 REFERENCES

Boschetti, L., Eva, H.D., Brivio, A., Grégoire, J.-M. 2004. Lessons to be learned from the comparison of three
satellite-derived biomass burning products. Geophysical Research Letters, 31: doi:10.1029/2004GL021229.

Giglio, L., van der Werf, G.R., Randerson, J.T., Collatz, G.J., Kasibhatla, P.S. 2006. Global estimation of burned
area using MODIS active fire observations. Atmos. Chem. Phys. 6: 957-974.

157



Jupp, T.E., Taylor, C.M., Balzter, H., George, C.T., 2006. A statistical model linking Siberian forest fire scars with
early summer rainfall anomalies. Geophysical Research Letters 33: L14701, doi:10.1029/2006GL026679.

Olsen, A.R., Stevens, D.L., and White, D., 1998. Application of global grids in environmental sampling. Computing
Science and Statistics, ed. S. Weisberg. Farfax Station, VA: Interface Foundation of North America, Inc. .

Patra, P. K., Ishizawa, M., Maksyutov, S., Nakazawa, T., Inoue, G. 2005. Role of biomass burning and climate
anomalies for land-atmosphere carbon fluxes based on inverse modeling of atmospheric CO2. Global
Biogeochem. Cycles 19: GB3005, doi:10.1029/2004GB002258.

Roy, D.P, Jin, Y., Lewis, P.E., Justice, C.O. 2005. Prototyping a global algorithm for systematic fire affected area
mapping using MODIS time series data. Rem. Sens. Env. 97: 137-162.

Schultz, M.G. 2002. On the use of ATSR fire count data to estimate the seasonal and interannual variability of
vegetation fire emissions. Atmos. Chem. Phys. 2: 387-395.

Stohl, A., Berg, T., Burkhart, J.F., Fjeraa, A.M., Forster, C., Herber, A., Hov, @., Lunder, C., McMillan, W.W.,
Oltmans, S., Shiobara, M., Simpson, D., Solberg, S., Stebel, K., Strom, J., Terseth, K., Treffeisen, R.,
Virkkunen, K., Yttri, K.E. 2006. Arctic smoke record high air pollution levels in the European Arctic due to
agricultural fires in Eastern Europe. Atmos. Chem. Phys. Discussions 6: 9655-9722.

Sukhinin, A.L., French, N.H.F., Kasischke, E.S., Hewson, J.H., Soja, A.J., Csiszar, I.A., Hyer, E.J., Loboda, T.,
Conrad, S.G., Romasko, V.I., Pavlichenko, E.A., Miskiv, S.I., Slinkina, O.A. 2004. AVHRR-based mapping of
fires in Russia: New products for fire management and carbon cycle studies. Rem. Sens. Env. 93: 546-564.

Tansey, K., Grégoire, J.-M., Stroppiana, D., Sousa, A., Silva, J., Pereira, J. M. C., Boschetti, L., Maggi, M., Brivio,
P. A, Fraser, R., Flasse, S., Ershov, D., Binaghi, E., Graetz, D., Peduzzi, P. 2004. Vegetation burning in the year
2000: Global burned area estimates from SPOT VEGETATION data. J. Geophys. Res. 109: D14S03,
doi:10.1029/2003JD003598.

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Kasibhatla, P.S., Arellano, A.F. Jr. 2006. Global
estimation of burned area using MODIS active fire observations. Atmos. Chem. Phys. 6: 3423-3441.

158



Assessing the information content of Landsat-5 Thematic Mapper
data for mapping and characterizing fire scars

Nikos Koutsias
Department of Environmental and Natural Resources Management, University of loannina, Seferi 2, GR-30100,
Agrinio, Greece. nkoutsia@cc.uoi.gr, nikos.koutsias@t-online.de

Georgios Mallinis
School of Forestry and Natural Environment, Aristotle University of Thessaloniki, Box 248, GR-54124, Thessaloniki,
Greece. gmallin@for.auth.gr

Maria Tsakiri-Strati
Department of Cadastre, Photogrammetry and Cartography, Faculty of Rural and Surveying, Engineering, Aristotle
University of Thessaloniki, GR-54124, Thessaloniki, Greece .martsaki@topo.auth.gr

Keywords: information content, spectral properties, fire scars, Landsat-5 Thematic Mapper

ABSTRACT: A classical problem in multispectral satellite sensor data is the choice of the most effective three-
channel color composites for enhancing certain characteristics of the scene, as for instance fire scars. Giving a
paradigm, there are 210 unique ways to present in a three dimensional color space (i.e. RGB) the seven available
spectral channels of Landsat-5 Thematic Mapper data (Sheffield, 1985). In literature, they have been proposed and
used different methods to account for spectral information content assessment among and within satellite sensors,
including visual comparison of various RGB color composites, consideration of the total variance within each band,
principal component analysis, separability measurements, as for instance Transformed Divergence (TD) and
Jefferies-Matusita distance (JM). However, there is no any systematic work concerning the spectral in-formation
content of Landsat-5 TM data in respect to burned land discrimination and characterization. Following the literature
review in the general topic of information content assessment, as well as the associated literature on spectral
properties of burned areas, we try to systematically characterize and quantify the information content carrying on the
Landsat-5 TM data. For the discrimination of the burned areas, emphasis is given on the maximization of their
spectral discrimination against other land cover types, while minimizing at the same time their within spectral
variability. For the characterization of the burned areas, emphasis is given on the maximization of the spectral
variability found within the burned areas. Under this perspective we discuss the information contained in each
spectral band and we present the best three-channel color composites. Using all land cover types the grouping of the
spectral channels is a follows. There are two distinct groups consisting of TM1 and the rest. The second division is
between TMS5 and the rest, while the third one is between TM4 and the rest followed by TM7. These channels
contain the most useful information for general land cover discrimination. It is interesting to mention that Koutsias
and Karteris (2000) found that the best three channel color composite consists of TM7, TM4 and TM1.

1 INTRODUCTION - BACKGROUND

A classical problem in multispectral satellite sensor data is the choice of the most effective three-channel
color composites for enhancing certain characteristics of the scene, as for instance fire scars. Giving a
paradigm, there are 210 unique ways to present in a three dimensional color space (i.e. RGB) the seven
available spectral channels of Landsat-5 Thematic Mapper data (Sheffield 1985). In literature, they have
been proposed and used different methods to account for spectral information content assessment among
and within satellite sensors (Chavez et al. 1982, Price 1984, Benson and DeGloria 1985, Sheffield 1985,
Chavez and Bowell 1988, Mausel et al. 1990, Dwivedi and Rao 1992). Occasionally, visual comparison
of various RGB color composites can be used, however, deciding the best possible combination visually
is relatively difficult, subjective and time-consuming (Dwivedi and Rao 1992).

One of the methods is to choose those channels with the largest sum of squared principal axes, which
account for the largest total variance. However, the consideration of the total variance, as a measure for
the information content of three-channel composites, is problematic. Instead, Sheffield (1985) proposed
the use of the ellipsoid of maximum volume. This approach discourages selecting spectral channels with
high correlation. He concluded that the TM4, TMS5 and TM1 RGB color composite consistently ranked
high regardless of image location. Since eye is most sensitive to green followed by red and blue part of
electromagnetic spectrum, he associated the spectral channel with the maximum variance to the green, the
channel with the second largest variance to the red and the channel with the smallest variance to the blue
color plane (Sheffield 1985).
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Dwivedi & Rao (1992) used the Optimum Index Factor (Chavez et al. 1982) to assess the best three-
channel color composites of Landsat TM data for delineating salt-affected area. The Optimum Index
Factor (OIF) is based on the variance and the correlation values among the spectral channels that
compose the three channel color composite. Specifically, the OIF value is computed by dividing the sum
of the standard deviations of each of the three spectral channels by the sum of the absolute value of the
correlation coefficients of the three spectral channels taken by two at a time. They found that TM1, TM3
and TMS5 composite was the best in terms of the information content without, however, denoting that any
specific correspondence of each of the three spectral channels to a specific color plane is important
(Dwivedi and Rao 1992).

Principal component analysis has been evolved for assessing the information content of multispectral
satellite data, particularly, when different satellite sensors are considered (Chavez and Bowell 1988).
Comparing the spectral information content of Landsat TM and SPOT data at three different sites, Chavez
& Bowell (1988) applied principal component analysis and used the percent of variance mapped to each
principal component to identify the dimensions of the original multispectral satellite data. They found that
99% of the original Landsat-5 TM data in an agricultural site was mapped at the first three components
denoting a three-dimensional original data set, while 99% of the variance of the SPOT data was mapped
at the first two components denoting a two-dimensional original data set.

The problem of optimum band selection has been handled by the use of separability measurements, as for
instance Transformed Divergence (TD) and Jeffreys-Matusita Distance (JM). Mausel et al. (1990) found
that TD and JM separability indices were very good predictors of classification accuracy. In their study,
both of these indices identified that the 3, 4, 7, and 8 channels, out of a two-date multispectral video data,
would yield the most accurate classification results. They, also, found that the correlation coefficients
between the classification results and the separability indices were very high.

Spectral characterization of fire scars is very popular research objective among scientists (Chuvieco and
Congalton 1988a, Pereira and Setzer 1993, Koutsias and Karteris 2000, Trigg and Flasse 2001, Chuvieco
et al. 2002, Pereira 2003). However, there is no any systematic work concerning the spectral information
content of Landsat-5 TM data in respect to burned land discrimination and characterization. Following the
literature review in the general topic of information content assessment, as well as the associated
literature on spectral properties of burned areas, we try to systematically characterize and quantify the
information content carrying on the Landsat-5 TM data. For the discrimination of the burned areas,
emphasis is given on the maximization of their spectral discrimination against other land cover types,
while minimizing at the same time their within spectral variability. For the characterization of the burned
areas, emphasis is given on the maximization of the spectral variability found within the burned areas.
Under this perspective we discuss the information contained in each spectral band and we present the best
three-channel color composites.

2 MATERIALS AND METHODS

2.1 Study Area

In August 2006 a large fire occurred in Chalkidiki, Greece. This was the study area for the assessment of
the information content of Landsat-5 Thematic Mapper data for mapping and characterizing fire scars.
For this purpose, a Landsat-5 Thematic Mapper image was acquired just a few days after the fire and
constituted the basic source of information.

The study area belongs to Mediterranean type climate, while the vegetation in the area is composed
mainly of conifers and shrubs. In detail, the bioclimate is characterized as semi-arid, with high
temperatures and low relative humidity during the fire season. As a result, the forested land is composed
by pines, and various Mediterranean shrubs (Maquis), that are well adapted in such climatic conditions.

2.2 Methods

Cluster analysis was applied to hierarchically cluster the spectral channels using the complete linkage
method based on the squared Euclidean distance criteria, a method that works properly with Thematic
Mapper data. The use of the Euclidean distance is not recommended since it assumes orthogonal axes,
which is not valid in Thematic Mapper data because of the high correlation among spectral channels
(Chuvieco and Congalton 1988b). The cluster analysis has been successfully applied by Chuvieco and
Congalton (1988b) to improve the selection of training statistics in classifying remotely sensed data, by
merging training statistics derived from supervised and unsupervised techniques.
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The cluster analysis has been applied using a sample of some of the most important and representative
land cover types that of the area.

3 RESULTS AND DISCUSSION

Figure 1 shows the dendrograms resulting from the cluster analysis taking into account basic land cover
types found in the satellite imagery. Each graph shows the similarity of the spectral channels for each
land cover. For example, the spectral information of the Landsat-5 Thematic Mapper channels creates two
distinct groups; the first composed of TM1, TM7 and TMS5 and the second composed of TM2, TM3 and
TM4. The first group also is consisted of two distinct sub-groups TM5 alone and TM1 and TM7. Each
land cover presents a unique pattern concerning the similarity of the spectral channels.

Using all land cover types the grouping of the spectral channels is a follows. There are two distinct groups
consisting of TM1 and the rest. The second division is between TMS5 and the rest, while the third one is
between TM4 and the rest followed by TM7. These channels contain the most useful information for
general land cover discrimination. It is interesting to mention that Koutsias and Karteris (2000) found that

the best three channel color composite consists of TM7, TM4 and TM1.

Figure 1 Cluster analysis of spectral channels of Landsat-5 Thematic Mapper data.
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ABSTRACT: Previous studies have demonstrated that for the proper evaluation of the accuracy of active fire
detection products it is crucial that the thermal conditions within the entire area of the moderated resolution pixel
be mapped. The only viable option for a statistically robust sampling of burning conditions is the use of coincident
or near-coincident higher resolution satellite imagery. High resolution sensors that provide radiometric
measurements in the shortwave—infrared spectral region are marginally applicable for active fire mapping. The fire
masks generated from such sensors are therefore in principle useful for mapping the spatial extent and distribution
of active fires within the pixel area of a coarse resolution sensor. This concept has been demonstrated and used for
the validation of the 1km Terra/MODIS active fire product by coincident 30m fire observations from the ASTER
sensor on the same Terra platform. In the case of most coarse resolution sensors however there is no higher
resolution sensor on the same satellite platform to provide simultaneous reference fire observations and therefore
the potential for the use of multi-platform configurations needs to be evaluated.

In this study we used same-day 30m resolution Landsat/ETM+ and Terra/ASTER data to study the short-term
development of active fires between the overpasses of the two satellites at 10:00 and 10:30 AM local times
respectively. For the analysis we used a number of ETM+/ASTER image pairs from Siberia and the Brazilian
Amazon. We analyzed the spatial progression of fire fronts and the temporal changes in the extent of burning at the
scales of the pixel sizes of coarse resolution satellite sensors. We found that the progression of fire fronts in most
cases was clearly observable but varied between individual fires. We also found that the total extent of burning
typically increased during the 30 minutes between the ETM+ and ASTER observations, in accordance with the
mid-morning upslope part of the diurnal cycle of fire activity observed previously by coarse resolution sensors.
Overall, however, the changes in summary statistics at the scale of the coarse resolution sensors remained low
enough to allow for using higher resolution fire observations within 15 minutes as reference data.

1 INTRODUCTION

High resolution sensors with shortwave—infrared spectral channels are marginally applicable for active
fire mapping. The production of fire masks from the Advanced Spaceborne thermal Emission and
Reflection Radiometer (ASTER) on board Terra satellite has been used for the validation of the
coincident 1km Terra/MODIS (Moderate Resolution Imaging Spectroradiometer) active fire product
(Morisette et al., 2005a, 2005b, Csiszar et al., 2006) using logistic regression. For most moderate and
coarse resolution sensors however there is no higher resolution sensor on the same satellite platform with
fire mapping capability. Thus the potential for the use of multi-platform configurations needs to be
evaluated.

The comparison of fire masks derived using 30m resolution data from ASTER and same day Enhanced
Thematic Mapper Plus (ETM+) on board Landsat-7 provides an opportunity to evaluate the impact of
non-coincident reference data on the validation results. The overpass times of Landsat-7 and Terra (10:00
AM and 10:30 AM respectively) make their orbital configuration suitable for observing small-scale
spatial and short-term temporal development of vegetation fires. In this study we quantify the short term
changes in fire location and amount of active burning at the spatial scales of moderate and coarse
resolution sensors using pairs of ASTER and ETM+ imagery acquired 30 minutes apart. We tested our
methodology over Amazonia and Siberia, two areas marked by contrasting fire regimes.

2 DATA

We collected 10 pairs of same-day imagery from ETM+ and ASTER showing active fires over Siberia
and the Amazon in 2001, 2002 and 2003 (Figure 1). Over the two broad and climatically different regions
we also attempted to collect fires burning in the forest, the forest/non-forest interface and in more sparsely
vegetated areas dominated by grassland.

The selection of the available image pairs was done by first identifying ETM+ imagery with active
burning from a database used for burned area and active fire validation and then searching for ASTER
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imagery on the same day and for the same WRS-2 path/row at the Land Processes Distributed Active
Archive Center (LP DAAC) hosted by the United States Geological Survey (USGS) as part of the
National Aeronautics and Space Administration (NASA) Earth Observing System (EOS). Data from
MODIS were ordered for the same dates and acquisition hours of the ASTER imagery.

Figure 1. Footprints of same-day ASTER/ETM+ imagery in Siberia (left) and the Brazilian Amazon (right) over the
MODIS Vegetation Continuous Field product
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3 METHOD

We generated active fire masks for the ETM+ and ASTER imagery using a contextual algorithm. This
technique takes advantage of the radiative signal from fires in shortwave infrared (SWIR) bands of the
sensors and uses bands in the shorter wavelengths, as well as a contextual test, to eliminate false
detections caused by solar reflection and hot, homogeneous surfaces. For ETM+ the primary SWIR band
was band 7 (2.09-2.35 pm), while for ASTER we used band 8 (2.295-2.365 pm).

The gain settings of ETM+ band 7 and ASTER band 8 for the imagery used in this study were high and
normal, corresponding to 11.1 and 10.55 Wm™sr' um™ saturation radiances respectively. This suggests
that, even considering the spectral differences between the two bands, the sensitivities of the two bands
were compatible to the radiative signal from flaming (corresponding to temperatures ~ 1000K).

Figure 2. ETM+ band 7 and ASTER band 8 radiance grayscale images of a fire complex in Siberia on July 23 2002,
centered approximately at 62.86N 125.67F
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To ensure the best quality of data, each fire mask was also visually inspected for any possible residual
detection error and for anomalous instrument behavior near or at the saturation levels of the ETM+ and
ASTER bands used. Figure 2 shows ETM+ and ASTER images of the same large fire complex in Siberia
and illustrates the most common artifacts. The ASTER image shows blooming and spikes near the most
intense part of the fire front, as was also noted by previous studies (Morisette et al. 2005b). The ETM+
image, on the other hand, shows dark areas within those with the most intense radiant energy from fires,
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suggesting a folding of the instrument output counts at saturation. Most of these artifacts were corrected
for using spectral information from additional bands in shorter wavelengths (e.g. ETM+ band 5 at 1.65
pm and ASTER band 4 at 1.7 um). In these bands radiative signal from most of the very intense fires is
unsaturated, allowing for the delineation of the correct areas of burning.

Once the fire masks were derived, the images were manually coregistered using well distinguishable
surface features. This procedure yielded an estimated coregistration error of up to 1 pixel. The
coregistered fire masks were overlain for visual inspection of the spatial displacement of the fire fronts.
We used the smoke plumes to establish the presence and direction of wind. Where applicable, we
determined displacement over segments of the fire front situated perpendicular or parallel to the wind
direction. Displacement was measured in the normal direction along the fire front on the ETM+ imagery.

The fire masks from ETM+ and ASTER were mapped into the footprints of MODIS, and in the case of
the Amazon data, also into pixels of the Geostationary Environmental Operational Satellite (GOES-East)
imager. As the ETM+ and ASTER imagery are near the center of the MODIS swath, the pixel footprints
were close to their nominal 1km resolution. However, we accounted for the true 2x1 km footprint of
MODIS caused by the triangular line scan function. For GOES-East the Amazon region is also close to
the sub-satellite point and therefore the footprints were close in size to their 4km nominal resolution.

4 RESULTS

4.1 Spatial displacement

We inspected the displacement of fire fronts of four large fire clusters in Siberia. In all cases the
propagation of the fire front was found to be 1-3 30m pixels within the ~30 minute time interval between
the acquisition times of the ETM+ and ASTER imagery. This suggests spread rates ranging between 60-
180m/hour. This result is consistent with large-scale spread rate retrievals by Loboda and Csiszar (2007),
who measured a mean fire spread rate of 187m/hour in Siberia in 2002 using MODIS active fire data.

Figure 3 shows examples of fire fronts. The Siberia examples (three images on the left) correspond to
headfire (with the wind), backfire (against the wind), and parallel to wind positions respectively. The
wind was blowing in the direction from the lower right (south-east) part of the images towards to upper
left (north-west). For the backfire and parallel cases the spread rates are similar and are ~ 2-3 pixels. The
headfire case shows practically no displacement of the fire front within the 30 minute interval.

Figure 3. Fire masks from ETM+ (solid blue) and ASTER (red contour) over segments fire complexes in
Siberia(left) and the Amazon (right)
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In the Amazon the fire fronts shown correspond to grassland and cerrado areas. We determined spread
rates ranging between 2-6 30m pixels within 30 minutes, corresponding to 120- 360 m/hour.

4.2 Changes in the actively burning area

We observed an overall increase from ETM+ to ASTER of the 30m fire counts mapped into MODIS or
GOES footprints (Figure 4). This increase can be caused by two factors. First, fire activity over many
parts of the world has a distinct diurnal cycle (Giglio, 2007) with an increase of fire counts during the
mid-morning. Second, residuals from the image artifacts described above for the ASTER data could
affect the fire masks derived, resulting in more pixels classified as “fire” compared to the ETM+ data.

We established statistical relationships between the ASTER and ETM+ fire counts in the form of linear
regressions (Figure 4). For all of the examples analyzed fire counts tend to increase somewhat less than
two-fold between ETM+ and ASTER. The lowest R* (0.48) was found for the Amazon sample mapped
into MODIS pixels. This suggests more random variability in that region as compared to Siberia
(R?=0.79) at the same MODIS pixel scale. The regression between ETM+ and ASTER fire counts is more
robust for the GOES pixels in the Amazon (R*=0.72), which is consistent with the larger pixel area.
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Figure 4. Relationship between ETM+ and ASTER fire counts within MODIS and GOES pixels
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5 IMPLICATIONS FOR ACTIVE FIRE PRODUCT VALIDATION

The displacement of the fire fronts, found ranging between 0-6 pixels at 30m resolution is small
compared to the pixel sizes of moderate and coarse resolution sensors and its impact is deemed to be
minimal.

Figure 5.Logistic regression curves of Terra/ MODIS detection probabilities as a function of 30m pixel counts from
ETM+ (solid) and ASTER (dashed) in Amazonia
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The changes in the overall number of fire pixels have a larger impact and can result in spurious estimates
of detection probabilities (Figure 5). For low values of 30m fire pixel counts ETM+ data suggest a higher
detection probability than ASTER. This is caused by the tendency of fires to grow further during the 30
minute period between the ETM+ and ASTER acquisitions (see Section 4.2). Any given ETM+ fire count
in reality corresponds to a higher “true” fire count at the time of the Terra/MODIS acquisition (as derived
from ASTER) and consequently a higher detection probability. Thus the ETM+ -based detection
probability estimates for Terra/MODIS need to be adjusted to correspond to the “true” (i.e. simultaneous,
ASTER-based) fire count values. Such adjustments can be made using statistical relationships similar to
those shown in Figure 4. The significance of the relationship also allows for the estimation of the
uncertainty of the probability estimates.

This example illustrates the use of ETM+ reference data that are collected systematically 30 minutes
before the Terra/MODIS fire observations. Some satellite configurations however also allow for the
collection of temporally unbiased reference data. For example, fire detections from geostationary
satellites with a higher temporal frequency can be evaluated using high resolution imagery from both
before and after the time of observation. Based on the observed differences between the MODIS detection
probabilities derived from ASTER and ETM+ we estimate that a large temporally unbiased sample of
reference data collected within a +15 minute time window is sufficient for validation purposes. This
criterion has been adapted for the validation of GOES fire detections using ETM+ and ASTER imagery.
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ABSTRACT: A new approach for mapping burnt areas with high spatial resolution satellite data is proposed here.
The approach that exploits the advantages offered by the approximate reasoning and fuzzy set theory is based on
the concept of the reinforcement of evidence brought by a set of features, each contributing to the likelihood of
burning. The contribution of each index is quantified by a fuzzy membership function, defined using a partially
data driven approach. The likelihood of burnt is computed by a fuzzy aggregation operator defined in the class of
the Ordered Weighted Averaging (OWA) operators, that allow to flexibly reflect the more or less conservative
attitude of the analyst. The approach has been experimented on some National Parks of Southern Italy using
ASTER images acquired in the period 2001-2005. Results obtained with the application of a more traditional
method based on image to image tuning and this innovative approach are compared and discussed.

1 INTRODUCTION

Vegetation fires are a disturbance factor in almost all the ecosystems around the world (Thonicke et al.
2001). Globally, most of the fire events are human-initiated and only a small proportion of the fire
activity is due to natural causes (Levine 2000). Mediterranean countries of southern Europe are greatly
affected by fires especially in the summer season when the dry and hot weather set the ideal conditions
for the spread of fire. In Italy, fires seriously damage the forest ecosystems with numerous events every
year that can get particularly intense during the dry summer season in the southern regions of the country.

Since remote sensing satellites are able to cover wide areas and to provide information in several spectral
regions, they represent a valuable tool for the detection, mapping and the prevention of wildland fires.
Much work has been done in the recent years to investigate how satellite images can be used to detect and
map burned areas both at continental and regional scale using medium and high resolution imagery. Very
few works focused on the use of images acquired by the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) sensor for fire monitoring, although the sensor offers spectral and spatial
resolutions potentially suitable for this purpose. The non operational character of the ASTER mission
could be the major reason that prevented the use of these data in monitoring activities.

Classification approaches used in the literature for burnt area mapping with high resolution data range
from single date supervised classification, such as Maximum Likelihood (Brivio et al., 2003) or more
recently introduced object-oriented (Mitri & Gitas, 2004), to threshold based techniques of specifically
developed spectral indices, such as the Burned Area Index (BAI) (Chuvieco et al., 2002) and the
Normalized Burnt Ratio (NBR) (Key and Benson, 2002).

This study, developed in the framework of a project promoted by Direzione Protezione Natura of the
Italian Ministry of Environment, presents a new method that exploits Ordered Weight Averaging (OWA)
operators for mapping burnt areas and compares the results obtained using ASTER images over six parks
in Southern Italy for the period 2001-2005 with results derived with supervised multi-threshold approach.

2 MATERIALS AND METHODS

2.1 Data and study areas

The ASTER sensor, on board the NASA Terra platform, acquires data in the visible to thermal infrared
regions of the spectrum along a 60 km wide track with a spatial resolution between 15 m and 90 m. The
ASTO7 product, used in this work, is composed of images acquired in the visible, near-infrared and
shortwave infrared regions of the spectrum. The dataset was processed by the NASA EOS Data Gateway
(http://edcimswww.cr.usgs.gov/pub/imswelcom) for the period 2001 to 2005.

Study areas covered in this experiment concern with national parks of Southern Italy, that are typical of
the Mediterranean ecosystem (fig. 1). For developing the methodology a data set of four ASTER images
were used; algorithm performance was evaluated on two images of the previous data set and map
accuracy was evaluated on two images not seen before (Table 1).
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The exercise is challenge because although the fire episodes are very frequent during the summer season,
they are generally of small dimension. According to the statistics of the Corpo Forestale dello Stato for
the ten year period 1990-2000, around the 60% of fires recorded have a dimension less than 2 ha and they
are scattered in a very complex and fragmented landscape.

Figure 1. Maps of the Southern Italian National Parks and ASTER image for the Pollino.

Table 1. Summary of the training and testing ASTER images

Development  Image date Algor. Evaluation Map Accuracy Image date
Aspromonte 08 Sep 2001 Aspromonte 08 Sep 2001
Pollino 14 Sep 2004 Pollino 14 Sep 2004
Cilento 05 Sep 2003 Pollino 11 Aug 2003
Gargano 20 Jul 2001 Vesuvio 05 Sep 2004

2.2 Supervised threshold-based classification

The threshold-based classification exploited two spectral indices, BAI and NBR, often used for vegetation
fire monitoring. This technique belongs to the class of multiple threshold techniques. NBR index was
computed using as SWIR the ASTER band 8 (2.295-2.365 um), that resulted more effective than other
SWIR spectral bands. Thresholds were derived empirically from the visual inspection of the ASTER
scenes. Once the two indices were computed, thresholds were applied separately and only those areas that
were classified as burnt by both, were kept as burnt in the final output map (Stroppiana et al., 2007).

2.3 Fuzzy classification

Multiple threshold techniques make use of a crisp numerical threshold, which is seldom known and has
associated a certain level of uncertainty. Fuzzy set theory has been proposed to cope with partial
knowledge and uncertainty in data interpretation (Zadeh, 1975) and applied to the classification of remote
sensing images (Wang, 1990). Fuzzy membership functions were used for defining soft thresholds.
Besides BAI and NBR, we computed NDVI, NIR and Albedo: each one of these features gives partial
contribution to the burnt class assessment through the co-occurrence of evidence.

The fuzzy membership function were derived using partially data driven approach as they were computed
based on both the information brought by the data, i.e. histogram showing the distribution of the index
values for burned areas, and the expert knowledge, who is able to describe the index behaviour over
burned surfaces. These histograms of burnt pixels mapped in the training images were interpolated with a
left bounded sigmoid function, defined as follow

f =1/1+ exp(indwc_aoj (Eq 1)

a,

If the index < threshold value, then /=0. Threshold is automatically identified as the 2% of the cumulative
frequency. Thresholds values and coefficient of the equation for each index are reported in Table 2. In the
case of BAI the sigmoid (Fig. 2) is not bounded because higher values of BAI always identify burnt areas.

Within the formal framework of fuzzy sets the Ordered Weigthed Averaging (OWA) operators were
introduced by Yager (1988) thus offering a flexible and comprehensive way to define a complete family
of integration operators reflecting different attitudes in combining a set of contributing factors. An OWA
operator of dimension # is a function F: R” — R, that has associated a vector of weights W=(wy, . .. ,w,),
so that w; € [0, 1] and >",;w; =1, and is defined as a weighted aggregation of a ranked list of input values
(fi, . . ., fu) reordered from the greatest to the smallest one. By changing the weighting vector W the
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aggregation operator changes as well, i.e. the purpose of weights is to allow distinguishing the different
OWA operators’ semantics. Arithmetic mean, Max and Min operations are limiting cases of OWA.

Figure 2. Fuzzy membership functions for the NBR and BAI indices
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Table 2. Threshod and coefficient values of the sigmoid function for the five indices

Index Th o a
NBR -0.15 0.180 0.046
NIR 0.10 0.192 0.005
ALB 0.07 0.152 0.008
NDVI 0.2 0.430 0.030
BAI - 64.031 -8.097

3 RESULTS AND DISCUSSION

Burnt area maps were produced using different approaches: combination of NBR and BAI, simple
average of the five selected fuzzy indices, the OWA using the second three higher values out of five
membership degrees on a pixel basis. For the technique based on the combined NBR and BAI the
threshold were tuned separately for each image. Burnt area maps were filtered to eliminate burnt areas
with a surface extension less than 1 ha. Figure 3 presents an example of the results obtained for the
Pollino National Park. The pattern of colour code indicates the possibility of exploiting the gradual
memberships of the fuzzy based approaches. It is possible to observe that the OWA product shows the
highest scores (>0.9) in the central part of the burnt polygon. This results suggest that these information
could be useful for other type of approaches, such as seed in a region growing technique.

Evaluation of the algorithm performance was done for two images used for the algorithm development
(Table 1) on a sample of 400 test pixels randomly selected for burnt and not-burnt classes. The OWA
classification gave user accuracy around 95% and producer higher than 85%.

Comparison between the approaches was made through the user and producer accuracy (table 3).
Confusion matrix was computed for the test images using as reference the polygons of burnt areas derived
by the visual interpretation of the colour composite ASTER images, with the help of images of previous
date in cases of ambiguity. Although threshold technique was applied by tun