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Abstract. In 1988, ncarly onc million hectares of forest burned inthe Greater Yel-
lowstone arca. Six years later, the fire scars are still visible inthe radar images
acquired at C- (5.6 cm)and 1- band (24 cm) frequencies, withbot h like and cross-
polarized returns by the Spaceborne naging Radar C (SIR-C). The radar imagery
was registered to a digital elevation model of the area, rectified for geometric distor-
tions, corrected for calibration errors introduced during processing by assuming a flat
Farthmodel, and corrected for natural variationsinradar backscatier of the forest
with the local incidence angle of the radar illumination. The radar data were then
employed to produce a land cover classification) using asupervised Bayesian classifier.
Goodresults were obtained eveninareas of pronounced topographic relief. Compar-
isons with a map of the 1988 fires obtained from Landsat imagery, atria] photos, and
ground surveys reveal SIR-C single date imagery identifies burned forests with more
than78% accuracy. Various levels of fire severity coricsponding to different fevels
of crown biomass arc diflerentiated within the burn. In live forests, SIR-C separates
forests which differ indensitly, structure, and crownbiomass. 1.-band Cxoss-polarized
data arc most cffective to map the fire scars due to their sensitivity to crown biomass.
C- band cross-polarized data show less contrast between burn and non-burn. P-band
data collected by anairborne system show no fire scars at like polarization because
they interact with tree-trunks and the larger branches, which, despite being killed by
the fires, were not consuined by themand arc stillacting as eflicient scatterers after
the fire. T'hese SIR-C results demonstrate the utihity of long wavelengths, multiple
polarization, imaging radars to study large wildland fires. Operating independent of
solar illumination, cloud cover, and fire simokes, theseinst rumentscould detect fore.st
burneven as the fires progress, map fire severity, provide synoptic views of the forest
remaining burning fuels, and help study post-burn forest regencration.



introduction

In 1988, the Yellowstone National Park (YNDP ) was aflected by one of the largest com-
plex of fires in the Northern Rockies in the last 50 years (Christensen et al, 1989).
The fires attracted intensive media attention and deep public concern. Because they
were so extensive, and provided a unique opportunity to study forest regeneration,
the 1988 fires also generated immense scientific interest.  Although they were vast,
these fires were not at all unprecedented (Romme and Despain, 1989%a and b). The
unusual extent of the 1988 fires was the con sequence of extreme drought and persis-
tent high winds onthe Yellow’stollc Plateauin the summer of 1988, combined with
the presence of anextensive cover of highly flammable old-growth forests that had

developed undisturbed since the early 1 800°s (Romme and Despain, 1 989).

Several post-fire studies cstimated how much of thie Greater Yellowstone arca was
burned by the fire, the intensity of the fire, the distribution of the burns,and so
on (Despain et al., 1989; Rothermelet a. 1 994). The results revealed a complex
mosaic of forest stands with various degrees of burn, with spatial scales ranging froin
a few meters to scveral kilometers. Insomme areas, the fire consumed al the necedles
and some small twigs of the tree and sapling crowns. This al occursinabout 10-40
scconds (Despainet al. 1996). During this time the litter, dufl and rotten logs on
the forest floor would be ignited and the outside 2-3 cinof both standing and fallen
the dead trees would be charred, creating a canopy burn.  The dry dufl and rotten
logs and the dry dead branches up to ] 0cimn diar neter would be consuined over the
next hour or two. Inother arcas, the fire consuined the crow ns of somie trees, merely
score.llesl the crowns of others, girdled others that would die over the next three years,

and crept around on the ground surface causing very little damage to the trees and



burning patches of dufl and rotten logs, creating a mixed burn (Despain et al., 1989).
A central arca of canopy burn would typically be surrounded by mixed burn. Outside
the central arca, canopy burn or surface burn would occur in isolated spots (Despain
et al., 1989). Patches of unburned forest could also be left within a large arca of burn

duc to the erratic fire behavior or the joining of several separate fires.

Two of the most important questions asked during the fire were: how much Jand
has burned and where was the perimeter of the diflerent fires at the end of ecach
burning period? Answering those questions was difficult because ground surveying
was risky and optical imagery could not be used through the smoke, especially in
thosc arcas where smoke from onefire obscuredanother fire. Infra-red S[>11S01'S were
utilized at night over themost critical arcas but only when they were not needed on
fires with higher priority. The in fra-red images are difficult to interpret and rectify
to maps because they rely ontemperature differences. They mostly record not spots
along the most recently burned fire fronts.  listimates of burned arca could vary
widely depending on the definition of burned arca and the uncertainty in the means
of mcasuring it. The biggest problem ultimately became the shear magnitude of the
fires. Aircraft simply could not cover the entircarcabwrnedin a suitable time frame.
The location of the fire perimeter is very important to those involved inthe constant
planning needed during the suppression cflorts. The planning tecams need to know
how many resources will be needed for the next shift and where they will be needed.
They .31s0 need that information to provide for thesafety of the fire fightersand any

people in the path of the fire.

After the fire is out, land managers need to know how much of their stewardship has

been burned at the various intensities in order to provide for any needed rehabilita-
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tionor to planfor the changes made in the natural resources available to the different
cons umers, both human and nonhuman. Rescarchers interested in questions regard-
ing fire effects onvegetation, animal populations and behavior and hydrology need
accurate informat ion on the location and intensity of the fires. Thisinformation is
also of interest to those studying landscape ecology. Knowledge of where the [ire was
at various times is uscful to those studying fire behavior as it is affected by weather

and fuel conditions.

No spaceborne Synthetic Aperture Radar (SAR) was operating in 1988 to survey the
Ycllowstone fires. A SAR instrument would have helped survey the fires because it
opcerates independent of solar illumination, cloud cover, and fire slink, and senses
variations mcanopy structure andbiomass. In October 1994, the Shuttle Imaging
Radar C, aspacchorne radar operating at C- andlL-band frequency, with bet]] vertical
and horizontal polar izations, provided the first multi-channel spaceborne images of
Yellowstone, six.years afterthe last major five disturbances. The main objectives
of thisstudy were to dctermine whether SIR-C SAR could still sce the fire scars,
how accurately it could map them, whether different levels of fire severity couldbe
diffcrentiated, how the results would compare to those obtai ned by carlier st udices,
what additional information SIR-CSAR could procure about burned and unburned
areas, and what radar channels among thosce studied were essential and most eflicient

to map forests damagedby wild fires.

Study Site

Yellowstone National Park (YNDP?) is the oldest national park in the world. It lies
mostly in the northwesterncorner of Wyoming and includes about 890,000 ha, parts

of southwest Montana and southeast ldaho. 1t consists of large volcanic platecaus




of rhyolitic rocks surrounded by mountains of predominantly andesitic rock. ‘Tl
weathered products of these rock types p roduce contrasting soils, Andesite produces
soils with good fertility and good wat cr holding capacity while rhyolite produces soils
that arc infertile and dry. Winters are cold, Jasting {rom mid November to mid
March. Summers arc often dry, usually lasting from July through August. Most of
the park is coved withseral forests dominated by lodgepole pine (Pinus contorta)
and Engelimann spruce (Pica engelimannii) and sill.ml])i]le fir (Abics lasiocarpa) arc
climax species. Other stands include whitebark pine (Pinus albicaul is) and douglas-
fir (Pscudotsuga menziesii). Lodgepole pine is most coomnonon the rhyolite soils. It
canform climax stands on the driest sites. Andesite soils are mostly covered with
douglas-fir at lo wer clevations, lodgepole pine or spruce and fir forest at mid and
upper elevations and whitebark pine above 2620 m. Most of the forest is in some

stage of succession following natural disturbance, especially fire (Despain, 1990).

T'he continuous process of fire succession breaks into five recognizable stages based
onstand structure (Despain, 1977 and 1990). In the initial stage, fire ignites from
lightning in old-growth forest, of lodgepole pine, Fngelimann spruce and subalpine
fir and burns the forest, overstory. Seceds protected fromthe fire in fire-rcsistallt
lodgepole pine cones are released after the five and initiates early succession (Despain
et a., 1996). For the first 5 ycars, the new scedlings are scarcely noticeable on the
forest floor but then they begin to grow about 30 cinper year depending on site
conditions, Instands thal had an adequate crown sced bank, the secedlings can be
quite dense. Inothers they arc oftensparse at first (A ndersonand Romime, 1991).
Thisstage usually lasts 20-40 ycarsand is called LP0 until canopy closurc occurs.
Inthenext stage, 1,1'1, 50-100 years post-burn, the pines form dense, homogencous

stands, withtrees 30-50 feet high. In the 3rd stage, 112, 150-300 years p ost-burn,




the 10(lg(’pole pinesthinout, and the precursors of t he sccond generation forest o f
Engehmann spruce and subalpine fir arc noticcable on fertile soils. The original trees
eventually begin to diein stage LP3, 3(1(1 years post- burn, leaving a mixed canopy (){
lodgepole pine, Engelmann spruce and subalpine fir, with large gapsinthe canopy, a
widely diverse understory, and large amounts of dead and flasnmable materials on the
forest floor whichrender the forest againvulnerableto fire. Timeto progress from
one stage to another and the characteristics of the forest incach stage is dependent
on site conditions. On good soils with adequate moisturc the process goes faster
and is able to support, a higher stand biomass. Fngehmann spruce and subalpine fir
can st art with the lodgepole pine in moist places and higher elevations if there is a
ncarby Seed Soul’cc, Given cnough time, the climax stage of Engelmann spruce and
subalpine fir forest is eventually reachied. Onextremely dry infertile soils, however,
lodgepole pines dominate the underst ory, resulting instead in a multiaged lodgepole
pine canopy with only a moderate dead and downed fuel component and no spruce
- fir understory (stage L.P’). Very few stands of cliimax stage spruce and fir exist at,

Y NP because the forest typic ally b urns before it reaches that stage.

Iire occurrenceand activity arcmuch greater inold-growth forests (1,1'3) thanin
initial (1.P0), successional (LP1-1.P2), and multiaged (LP) lodgepole pine forests
(Renkin and Despain, 1992). Old-growth forests include more dead and down woody
fuel loading than the other stands, and more live fuel loading with an understory of
Engehnann spruce and subalpine fir regencration. Ilarly stages of forest regencration
yield stands homogencous in tree height and density because trees arc even-aged.

Stands of similar age however frequently differ in density because of site conditions.

Methods




SIR-Cimaged YNP 011 October 7, 19\J4 during its sccond mission (SRL-2) on orbit
39 of the space shuttle ndeavor. The false color composite 1mage shown in Figure 1
is centered at 44.59°N, 11 10.63°W. Immage size is 97.1km by 89.6 kin. The incidence
angle of the radar illumination is 58.7° at the image center. Yellowstone Lake is
visible as a large dark area at the bot tom of the scene. North is on top. SIR-C is

flying from top to bottom, looking to its right, and illuininating a45-kin wide swath.

The SIR-C data were georeferenced, geometrically rectified, and re-calibrated using a
digital clevation model (DIXM)fromthe U.S. Geological Survey at 7.5 minute spacing
(pixel size about 30 m), in Universal Transverse Mercator (UTM) projection. Re-
calibration of the data was nccessary because the SAR data were initially processed
assuming a flat cartl model, which int roduces biases in the modceled recciver power
al the antenna (Holecz ¢t al., 1994). As a result of the radiometric corrections,
topography induced variationsin radar backscatter were significantly reduced, as
shown in Figure 2, and geometric distortions of the SAR imagery inarcas of rugged
terrain were eliminated. The radar brightness of the forest was however still noticcably
mmfluenced by topography in areas of steep surface slope because radar backscatter
also naturally varies with the local incidence of the radar illumination. The lmited
precision of the DIiMs used for geocoding of the SAR 1magery showed up inthe
results. Discontinuities in surface slope resulting fromthe digitization process of the
DISMs introduced a faint miring in parts of the geocoded SAR linagery. In areas of
complex topography, the 30 m spatial resolution of the DISM was not sufficient to
yield accurate radior netric corrections. In addition to the difficulties inherent to the
DEMs, theradiornetric calibration of the data was aflected by a 4+ 1dB uncertainty in
antenna gain across-track caused by a:10.1¢ uncertainty in the roll angle of the Sill-(;

antenna along-track (Freeman et al., 1995). C- baud 1 V-polarization data (horizontal




transmit and vertical receive) are not utilized i this study because these data were
aflected by high system noise in the far swath of the scene caused by data acquisition

at, a very largcincidence.

Georeferencing of the radar imagery was evaluated o11 22 grou nd control points, and
indicated a precision of better thanone pixel spacing. The geocoded data overlaid
perfectly with the data stored on a Geographical Information System (GIS) built

around the GRASS software and utilized at the Division of Rescarch, YNP.

To further reduce the influence of surface topography on the SAR signal, we normal-
ized the radar data by the cosine of the local incidence angle of the radar illumination
calculated from the DEM and the SAR imaging geomietry. This type of correction
is justified for radar scattering frorn vegetation when volume scat tering interactions
dominate the radar rcturns (c.g.Bernardand Vidal-Madjar, 1989), which is the case
at C-andl.-band frequencies for the forestsimaged inthis scene as discussed later on
in this paper. The results show a significant reduction of surface topography -induced
variations inradar backscatter, whit.11 mmturn validates our cosine-law compensation
(Iigure 3). The effect of topography is only visible in arcas of excessive slope (canyon,

mountain ridges) where the surface is actually shadowed {rom theradarillumination.

To classify the SIR-C data, training arcas were selected inthe SA R scene based on the
color contrast between various types of land cover inthe false-color composite Sill-C
images. Labeling of each training arcainto atype of land cover was based on prior
classifications of the scene (Iigure 6)andon the interpretation of the radar scattering
characteristics of cach training area. A total of 12training sites wercsclcc.ted, later
regrouped into 8 categories of land cover. These categories are: 1) open water, 2)

open meadow /non-forest; 3) canopy bill’11; 4)mixed burn; 5) sp arse/dry forest; 6)




sparsce forest,; 7) intermediateforest;and8)dense forest,. Areas of excessive surface
Slopes weremasked out, appearing white in IMigure 5, because they correspond to
arcas shadowed from the radar illumination. The multi-channel statistics of the 12
training sites were thenutilized to classify the entire scene using a Maxi mum-A-
Posteriori Baycesian classifier (Rignot and Chellappa, 1992). The results, color coded
in 8 categories, are shown in IFigure 5. The backscatter characteristics and land cover

categories of cach training sitearesurmnarizedin Table 1.

In September 1989, the NASA/JPL AIRSAR instrument imaged YNP, in an arca
culting along the middle of the SIR-C swath, inthe cast-west, direction, just one
year after the fire. The radar data were collected simultancously at three frequencies
(C, 1,-, and P-band (68 cm)), with the full polarimetry, acrossa 10 i Il swath, at
about 10 m pixel spacing.Inthistype of imagery, the radar illuminationangle varies
from 20° inthe I]car-range to > 55°inthe far-range, whercas in the SIR-C imagery
the Mlumination angle remained at about 58% across the entire scene.  The entire
AIRSAR data take was 50 kinlong, but we here only discussed a 10 ki portion
of the imagery acquired ncar the Old Faithful Lodge, in the center-left portion of
the SIR-C scene. The radar data were projected onto ground-range, assuming a flat
Farth model, and were analyzed to determine the mode of scattering of the radar
signals at the three different radar frequencies. This analysis utilizes a mathematical
decomposition of the polarimetricsignalintoits eigml-vectors and cigen-values, known
as Cloude decomposition (vanZyl, ] 992). I'he three canonical form of radar scattering
arc single bouncing, double bouncing, and multiple scattering (or volume scatteri ng).
The contribution of cach canonical form of scattering to total backscatter is show,
respecti vely, in blue, red and green in Iigure 4. 9 '11¢ decompositiondoes not identify

a type of land cover but indicates how the radar signals interact with the surface,




whichr in turn helps in the scientific analysis of the radar data.

Landsat TM provided its first cloud-free image of the 1988 YNP fires on October
2, 1988. Whenthosedatabecame available to the KROS Data Center, the image
was georectified and a normalized diflerence vegetation index was calculated for cach
pixel. The resultant layer was subjected to anunsupervised classification. Classes
that were obviously burned areas were then used as a mask and a second unsupervised
classification wasrun. l)ost,-fire air-photos were then used to visualy combine the 32
resultant classesinto 7 classes according 10 3 tree density classes (dense,moderate
and sparse) and two bum intensity classcs (canopy and mixed), plus burned nonforest
(Ohlin and Despain, manuscript in preparation, 1996). The resulting map of fire
severity is shown in figure 6. Thismap also shows 4 successional stages of live forest
(1.P1, LP2, LP3 and LP), stands domina ed by dougl as-fir, stands dominated by
white bark, and opcu water, The class L.P’( includes burned areas colored cither red

(canopy burn) ororange (inixed burn).

Acrial photogra phs were also available over the entire park to help interpret the radar
observations. llach image is about 5 ki by 5 km, and individual trees may be resolved
by inspection of the data under the microscope. These photos were used to locate

the limits of the burn, and study spatial variations in forest density and tree species.

Results

Scattering mechanisms

We first discuss the radar scatter ng mechamsms recorded in the 1989 AIR SAR 1m-
agery shown m Figure 4. Significant changes in sc attering imechanisms occur between

C-, L-andP-band frequencies. At C-band, burned areas are well separated from live
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forests. Live forests appeargreen, which incans volume scattering interactions dorn-
inate, whereas burned arcas appear blue, which mcans single bouncing dominates.
In live forest, the recorded polarimetric signal is consistent with volume scattering
interactions from the needles, twigs and branches of the upper forest canopy. 1
burned forests, single scaltering events must be caused by direct reflections of the

radar siguals oun the ground layers.

At L-band, live forest appears greener, wiich mea ns volume scattering interactions are
enhanced compared to C-band. The more bluish tone of the forest at C-band suggest
a higher portion of the backscatiered energy resulted from direct reflections of the
radar signals from the top of the canopy. Burned arcas are still dominantly bluc
at L-band, but a green component is now present. Forest regrowth was negligible
1989 andis unlikely to explain that green component. Volume scattering must
originate from scattering by the many dead branches still present on standing dead
trees Killed by the fires.  Numerous parts of the forest also show double bounce
reflections.  Scattering models indicated double bouncing is mostly associated with
reflections onthe corner reflectors formed by the tree-trunks and the ground. The
magnitude of these interactions incrcases when the ground is wetter or smoother, the
trunks arc tall, wide and wet, attecnuation of the radar signals through the forest
canopy is reduced, andterrainslope facilitates reflections toward the radar looking
direction (vanZyl, 1 993).1n live forest, enhanced double bouncing probably occurs
in areas of lower forest density. Most lodgepole pine forests of YNI’ have low density

because the rhyolite soils are nutrient poor and dry.

At P-band, volume scattering and double bouncing dominate the radar returns from

live forest. 1 .arger patches of forest arc colored red, suggesting enhanced interactions
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with the tree-trunks . BB urned forests are still blue but the green and red com ponents
arc larger thanatl.-band. I'ire scars arc infact nolonger visible at, ’-band111-
and VV-polarization, andonly the P-band 11V data(here coil’csl)ollclillg” tothegreen
component) separates burn fror n uriburn. At P-band, the radar signals dominantly
interact with the larger tree branchesandthetrunk-ground reflectors (Beaudoin et
al., 1 994). our results suggest thisis eventrue after trees andlarge branches are killed

by a fire cven though their diclectric constant must he lower thaninlive vegetation.

We could not run the same type of decomposition with the SIR-C data because those
data comprised only two channels (111 and 1] V), Thecomplete polarimetry is needed
to analyze radar scatiering mechanisis. 1L s however likely the results obtained
with AIRSAR still apply for Silt-C because both images were acquired insimilar

conditions and forest regrowth was limited between 1989 and 1994.

SIR-C Classification of lLand Cover Types

1 3urnced areas arc clearly visibleinthe false-color cornposite inages obtained from
Sill-C (Figure 1-3). They appear dark red,mcaning low radar returns at 1.-band 1111
and HHV and high radar rcturns at C- band 1111. These areas are not well separated
from live forests at C-band HI, but a diflerence in backscalter exist at C-band HV,
consistent with the AIRSAR results. Canopy burn and mixed burn (Figure 6) yield
different levels of radar backscatter (Table1). Mixed burn has higher L-band 1111 and
1TV backscatter, consistent with a greater amount of crown biomass. Canopy burn

has very low 1V backscatter.

Areas appearing ycllow in IYigure 1-3 correspond to canopy burn in sparse forests.
Pl g g 1 A

These stands are radar-bright, at L-band H1l and especially at C-band 1111 where
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they represent the brightest type of forest in the entire scene. such apatchof forest
is presentinthe north-west sector of the SAR scene, west of West- Yellowstone,in
an area of infertile soils of sand and gravel with little forest floor vegetation. half
of that forest burnedin1988 andshows up as bright yellow inthe SIR-C false-color
composite image. The other half appears bright green-blue. Strong radar returns arc
recordedat 11 Il-polarizationinthe burned areas, suggesting strong double boun ce
scattering. Stands of siimilar characteristics in the Sill-C image are present within
the arca covered by the AIRSAR scene and show proniounced double bounce scattering
at I>-band, but also at L.- and C-band in the Cloude decomnposition. These forests are
distinct from live forests because both the combined absence of a thick forest canopy
and of fewest floor vegetation greatly enhances double bounce reflections from trun -

ground reflectors. This type of vegetation was labeled as canopy burn in Figure 5.

T'he fire! map illf’erred from the SIR-C data (IMigure 5) compares well with the map
in ferred from Landsat TM data and ground surveys (IFigure 6). On a pixel per pixel
basis, more than 78%, of the burned forests inligure 6 are correctly classified as burn
in Figure 5. The agrecment between different levels of fire severity is comparatively
less as Sill-C tends to overestimate the fraction of mixed burn compared to canopy
NI 1L Canopy burn in the SIR-C classificat ion correspond to arcas of lowest crown
biomass, meaning where fire destruction was the greatest. In the Landsat classifica-
tion, canopy burn corresponds to areas where patches of live vegetationcould still
be found in 1988. Canopy burn in the Landsat definition therefore includes a larger
fraction of burned forests. Both classifications complement rather than contradict

cach other.

In the highest mountain ranges o the south-cast, sollll-west and north-cast of the
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park, SIR-C misclassified patches of live forest as burued forests. These forests com-
prisc amixture of douglas fir trees and Tioll-forest, andaretherefore of” very|ow crown
biomass. Confusion with burned forests is unavoidable based on radar backscatter
alone, yet wild fires are highly unlikely inthese high-clevation regions. Similarly, image
pixels at the transition between forest and meadows or open waler were mis-classified
as burninIigure 5. This type of error is caused by edge cflects from the surrounding

forest and is aso be easily recognized in the classification map.

Scveral patches of burned forests were ]llis-labeled as live forest by S1 R-CSAR. 011
cxaniple is the large patch of mixed burn in the north-cast section of the scene,
nortlhiof a large mecadow. Perhaps forest regrowth has been more significant i this
region. Iorest regrowth varies widely across the park depending on soil conditions and
post, -burnbanksceds. Scedlings may vary from a few tens of centimeters in height
on nutrient-poor dry soils to 1-2 1 onnut rient-rich wet soils.  Further studies are
nceded to det ermine whether this provides a reasonable explanation for the difference
between SIR-C and Landsat classifications. Another possibility, however, is the radar
data were not calibrated well enough in this far-range portion of the scene. Fire scars
arc actually clearly visible inthe false-color composite images (Figure 1-3), but the
forest appears brighter than on average and the classification assigns a higher-than-

expected percentage of live forests inthis area

Another source of confusion between live and burned forest is the forest we labeled
very sparsclodgepole pine forest (Figure 5). The radarbackscat ter characteristics of
this forest suggest a very low crown biomass (Table 1), because the radar response at
1,-band 11V is sitnilar to that of mixed burn. Most of this forest occurs above 2600 1

clevation, in a region where soil conditions were notably drier thaninthe rest of the
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park in October 1994 and where air temperatures are on average colder during the
year. Yorest development could therefore he more limited, aud vegetation canopics
may be drier. Inspection of acrial photos revealed the presence of numerous douglas
fir trees in this area, so tile difference nradar backscatter could also be due to a

difference in forest structurc.

The classification of the SIR-C data in live forest produced classes that are weakly
correlated with forest agcalong the fire succession (Iigure (i). The SARclasses
reflect differences in crown biomass, canopy structure, and perhaps water content of
the vegetation. I'ire succession produces even-aged stands, but forest density is known
to vary widcly between similar stands depending on the initial seedling densi ties and
soil conditions. It is therefore not surprising the SAR classes do not match directly

mto successional stages.

Detatled forest inventories Will be conducted inthe future to estitnate crown biomnass
and to utilize the Sill.-C data to obtain quantitative estimates of crown biomass.
Similar studies conducted in other types of pine forests have demonstrated 1.-band
IV was highly correlated with crown biomass inmono-specie forests (BBeaudoin et
al., 1994). Combined withthe SIR-C data, these forest inventories will help estimate
the live burning fuels of the forest, whichis of interest to fire spread moclels such
as KMBRY (Hargrove et al., maunuscript in preparation) and FAR SITI. This type
of information would be a great usc to firc behavior analysts working on fire fight-
ing overhicad teams and those responsible for projecti ng nat ural fires in the western

wilderness arcas,

Conclusion




In 1988, fire maps could only be assembled several months after the fire scason because
no clol]d-free satcllite images were available during the fire scason. Numerous ground
surveys were also necessary to validate the interpretation of the satellite imagery. Ior
many months, it was not clear how much of YNP was burned by tilt’ fire, what were

the patterns of burn severity exhibited by the fires, andhow the fires progressed.

A satellite SARwould greatly improve theresults and help monitor fire progression
because it operates independent Of five smokes, solar illumination, and cloud cover.
This study demonstrates SAR can map burned forests and fire severity very well due
toits sensitivity to crown biomass, cvenif limited o single date imagery. Mult,i-elate
imagery would certainly facilitate the labeling of classes of radar backscatter into
different categories of burn, andimprove the overall class ific ation accuracy, lor opti -
mum mapping, cross-polarized signals acquired at a long radar wavelenigt h appeared

preferable. No spaceborne SAR currently offers that possibility.
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Table 1. Radar backscatter characteristics of several types of land cover at 1.-band

HI (0,5 1), L-band IV ( 0,y 1.) and C-band HH (o},,; C) expressed in d1.
oyl opy Loy, C Type of land cover
-32.8 1 -394 -26.1  Open water
=217 | -30.3 ] -18.0 Mecadow /Non-forest.
-165 | 255 | -17.3 © Canopy 1111111
-13.4 -23.0 -14.3 | Canopy Burn in Sparsce forest
152 | -235 | -15.8 ~ Mixed Burn®
-14.9 | 234 | -17.2 " Very sparse LI
-128 | -215] -165 Sparse 1,1
-14.1 -20.7 -16.1 TIntermediate LP
128 1991 -16.2 © Dense LD




Figures

Figure 1. Falsc color-composite image of the Yellowstone National Park, Wyoming,
acquired by SIR-C SAR in October 1994 prior to geocoding,.

Figure 2. Geocoded SIR-C imagery after re-calibration and georeferencing of the

datatoa USGS ) 1EM.

IFigure 3. Geocoded SIR-Cimagery obtained after reduction of the influence of” the
radar illumination angle on radar backscatter assuming a cosine-scattering law.

Figure 4. Map of land cover obtained from SIR-C showing open water, meadows/non-
forests, sparse/damaged live lodgepole pine forest, very sparse lodgepole pine of low
crown biomass, sparse lodgepole pine of intermediate crown biomass, dense lodgepole
pine forest of high crown biomass, canopy burn of no crown biomass, and mixced burn
of very low crown biomass. White arcas contain no data or correspondto shadowed
regions.

Figure 5. Cloude decomposition of the polarimetric signal at P-band (top left cor-
ner), L-band (top right corrier), and C- band (b ottomleft corner) frequencies for a
10 ki by 10 ki SAR scenc acquired by the NASA/JPL AIR SAR airborne instru-
ment near old Faithful in September 1989. Red is double bouncing, green is volume
scattering, and blue is single bouncing.

Figure 6. Map of fire severity and vegetation inferred from Landsat imagery, aerial
photos, and field observations over the arcaimaged by SIR-CSARinOctober 1994,
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Figure 1. Rigunot; Despain and Holees, 109




Figure 2. Rignot, Despain and Holeez, 1996




Figure 3. Rignot, Despain and Holecz, 1996



Figave 4. Rignot, Despain and Holeez, 1996
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