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Abstract

Our study compares data on burn severity collected from multi-temporal Airborne Visible and Infrared Imaging Spectrometer (AVIRIS)
with similar data from the Enhanced Thematic Mapper Plus (ETM+) using the differenced Normalized Burn Ratio (AINBR). Two AVIRIS and
ETM+ data acquisitions recorded surface conditions immediately before the Hoover Fire began to spread rapidly and again the following
year. Data were validated with 63 field plots using the Composite Burn Index (CBI). The relationship between spectral channels and burn
severity was examined by comparing pre- and post-fire datasets. Based on the high burn severity comparison, AVIRIS channels 47 and 60 at
wavelengths of 788 and 913 nm showed the greatest negative response to fire. Post-fire reflectance values decreased the most on average at
those wavelengths, while channel 210 at 2370 nm showed the greatest positive response on average. Fire increased reflectance the most at
that wavelength over the entire measured spectral range. Furthermore, channel 210 at 2370 nm exhibited the greatest variation in spectral
response, suggesting potentially high information content for fire severity. Based on general remote sensing principles and the logic of
variable spectral responses to fire, ANBR from both sensors should produce useful results in quantifying burn severity. The results verify the
band—response relationships to burn severity as seen with ETM+ data and confirm the relationships by way of a distinctly different sensor

system.
Published by Elsevier Inc.
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1. Introduction

Throughout the world, large fires in recent years have
increased the need for information about burned areas in
order for land managers to assess the impacts of fires on
landscapes. Required levels of information are often diffi-
cult to obtain, however, especially where fire size, remote-
ness, and rugged terrain impede direct observation of burned
areas. Thus, managers increasingly must turn to remote
sensing technologies to extend knowledge and to quantify
the extent and severity of fires.

Remote sensing has been used for many years to assess
burn scars on several continents. For example, in Europe
Koutsias et al. (1999) reported on programs designed to map
burned areas on a local scale, and Chuvieco (1999) used
several indices to measure changes in the vegetation mosaic
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resulting from a large fire on the Mediterranean coast of
Spain. Efforts in Asia have focused on mapping burned
areas in Siberia (Bourgeau-Chaves et al., 2002) and in
Indonesia (Siegert & Ruecker, 2000). The amount of bio-
mass burned by fires in southern Africa was mapped by Eva
and Lambin (1998), and Scholes et al. (1996) used the
Along Track Scanning Radiometer (ATSR) to map burned
areas in central Africa.

The Advanced Very High Resolution Radiometer
(AVHRR) was used in South America by Hlavka et al.
(1996) to map fire scars in the Brazilian Cerrodo. In
Northern Australia, SPOT-VEGETATION imagery has been
used to detect burned areas (Stroppiana et al., 2002). North
America applications have included locating and estimating
the size of fires in Alaska (Boles & Verbyla, 1999;
Kasischke & French, 1995) and mapping boreal forest fires
in Canada (Li et al., 2000).

Although maps and estimates of burned area are of
critical importance to land managers, information about the
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heterogeneity of burn severity patterns within the perimeter
of a fire is equally valuable. Severity is defined as the
degree to which a site has been altered by fire (National
Wildfire Coordinating Group, 1996). As such, it is a
measure of the magnitude of the effect that the fire has
on the environment and is commonly applied to a number
of ecosystem components. Although both fire line intensity
and burning duration affect the level of severity, their
combined effect can vary. Furthermore, the same fire
behavior can result in different severity effects to the soils,
understory vegetation and overstory vegetation. While
post-fire effects can be observed immediately after a fire,
burn severity takes a year to several years before becoming
evident. Remote sensing of burn severity has not been
applied as widely as fire detection and burned area
analyses.

Traditional methods for detecting burn severity have
concentrated on evaluating post-fire Multispectral Scanner
(MSS), Thematic Mapper (TM), and Enhanced Thematic
Mapper Plus (ETM+) scenes for vegetation regeneration
using Normalized Difference Vegetation Index (NDVI)
values. For example, Diaz-Delgado et al. (2003) used a
temporal sequence of NDVI values from TM and MSS
images to map severity levels for a large fire in Spain. They
compared their results to a fire severity map derived from
field measurements of burned shrubs (Perez & Moreno,
1998). In the USA, severity detection was improved over
NDVI when a single post-fire TM band 7 scene was used
(White et al., 1996). However, without multi-temporal
differencing, burned area was not always discernable from
unburned background, and the scale of band 7 reflectance
was not necessarily related to the magnitude of change due
to fire.

Methods similar to the NDVI have been used to detect
changes in leaf water content. Hunt and Rock (1989)
developed the Normalized Difference Infrared Index calcu-
lated from the difference between ratios of reflectance
values at 820 and 1600 nm. They concluded that indices
derived from near infrared and mid-infrared reflectances
were not sensitive enough to remotely sense water stress.
Gao (1996) calculated the Normalized Difference Water
Index (NDWI) from the difference between ratios of reflec-
tance values at 860 and 1240 nm. He tested the NDWI using
Airborne Visible and Infrared Imaging Spectrometer (AVI-
RIS) data and found the NDWI useful for remote sensing of
vegetation liquid water.

In order to assist management of fire-scarred landscapes,
Patterson and Yool (1998) used a single post-fire TM scene
for mapping vegetation mortality. They compared the
Kauth—Thomas and principal component analysis transfor-
mation techniques and found acceptable results if the data
have sufficient spatial, radiometric, and spatial resolutions.
Similarly, Kushlaw and Ripple (1998) evaluated TM data to
map forest survival after a wildland fire in Oregon, USA.
Regressions of single-date TM band transformations
accounted for 73% of the variation of post-fire canopy,

while stratification by pre-fire tasseled cap wetness
explained 78%. Miller and Yool (2002) explored the use
of multi-temporal TM and ETM+ data for assessing appro-
priate post-fire watershed treatments and minimizing sub-
sequent erosion effects. Their analysis included an algorithm
contrasting bands 4 and 7 for detecting canopy consumption
after the Cerro Grande Fire in New Mexico. When com-
pared to canopy consumption classification made by field
crews, their three-class supervised classification yielded a
kappa of 0.86.

TM data have been used to calculate a radiometric
index of burn severity called the Normalized Burn Ratio,
or NBR (Key & Benson, 1999, 2002; Key et al., 2002).
Multi-temporal differencing was employed to enhance
contrast and detection of changes from pre- to post-fire
using Landsat TM bands 4 and 7. The temporal difference
between the pre- and post-fire NBR values is called the
differenced Normalized Burn Ratio (ANBR). This differ-
ence is hypothesized to represent optimal separation of
burned area from unburned surroundings and to provide a
scaled index of the magnitude of change caused by fire,
hence the burn severity. The dNBR is now widely used by
land managers in the USA to assess landscape-level fire
severity (Lutes et al., in press). Coupled with a standard
field measure of burn severity called the Composite Burn
Index (CBI) developed by Key and Benson (2004), the
dNBR provides an accurate, repeatable detection of burn
severity.

While these techniques have proven useful, it is possi-
ble that higher spatial and spectral resolution could pro-
vide greater insight into the impact of severity on
vegetation resources. Moreover, hyperspectral data, such
as provided by AVIRIS, may be used to validate assump-
tions about the response sensitivity of Landsat bandwidths
to burn severity. AVIRIS data have been used to map
chaparral fuels in California (Roberts et al., 1998) and
New Mexico (Morath & Rockwell, 2002). The AVIRIS
and Hymap sensors have been used to assess burned area
extent in New Mexico and Wyoming, respectively (Morath
& Rockwell, 2002). After the Yellowstone fires in 1988,
Kokaly (2002) was able to use AVIRIS imagery to map
forest cover types and forest recovery. Riano et al. (2002)
assessed vegetation regeneration post-fire with multi-tem-
poral AVIRIS images using NDVI; however, no attempts
have been made to assess severity using imaging spec-
troscopy for calculating dNBR with pre- and post-fire
imagery.

The objective of this study was to determine whether the
dNBR calculated from Landsat ETM+ data provides opti-
mum signals of burn severity, as validated independently by
AVIRIS; and if AVIRIS could more accurately portray burn
severity than data collected from the ETM+ sensor. This
opportunity arose in Yosemite National Park, USA, when
AVIRIS imagery was reflown in consecutive years before
and after a large lightning-caused fire was allowed to burn
under prescribed conditions.
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2. Study area

Yosemite National Park is a 300,000-ha reserve in the
Sierra Nevada of California, USA (Fig. 1). Elevations range
from 600 m in the foothills to 4000 m at the crest. The park
has a moderate climate with hot, dry summers and cold,
moist winters. Temperatures range from a mean minimum
of —11 °C in January at the high elevations to a mean
maximum of 32 °C in July at the lower elevations. Normal
annual precipitation also varies with elevation from 80 cm
on the western boundary to a maximum of 122 cm at the
med-elevations, most of it as snow.

The vegetation responds to climate and topography with
chaparral woodlands in the foothills, conifer forests cover-
ing the montane and subalpine zones, and alpine meadows
above tree line. The dry chaparral woodlands consist of
manzanita (Arctostaphylos viscida) and ceanothus (Ceano-
othus cuneatus) underneath canyon and interior live oaks

(Quercus chrysolepsis and Quercus wislizenii) and foothill
pine (Pinus sabiniana). As elevation increases, pure ponder-
osa pine (Pinus ponderosa) stands become mixed with
incense-cedar (Calocedrus decurrens), sugar pine (P. lam-
bertiana), California black oak (Quercus kelloggii), and
increasing amounts of white fir (4bies concolor). This
mixture gives way to nearly pure red fir (Abies magnifica)
forests with western white pine (Pinus monticola), western
juniper (Jumiperus occidentalis), and Jeffrey pine (Pinus
Jeffrey) occurring on exposed granitic ridges. The subalpine
forest is dominated by lodgepole pine (Pinus contorta),
which, as treeline, is approached is replaced by mountain
hemlock (7suga mertensiana) and whitebark pine (Pinus
albicaulis). Meadows consisting of herbs, grasses, sedges,
and shrubs occur at all elevations.

Lightning strikes are pervasive in the park and ignite
numerous fires each year (van Wagtendonk et al., 2002).
Fire plays a natural role in all the vegetation zones except
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Fig. 1. Location of the Hoover Fire in Yosemite National Park, California, USA.
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the alpine zone. The park has had an active fire management
program for over 30 years, initiating prescribed burning in
1970 and allowing wildland fires to burn under prescribed
conditions since 1972. The Hoover Fire was ignited by
lightning on July 26, 2001, in the Illilouette Creek drainage
south of Yosemite Valley (Fig. 1). The fire spread slowly
until August 18, when it expanded rapidly with increasing
winds. By October 22, 2001, when it was extinguished by
snow, the fire had burned 2961 ha.

3. Methods

The National Park Service, in conjunction with the U.S.
Geological Survey, initiates a burn severity assessment on
all fires greater than 40 ha that occur in national parks. For
the Hoover Fire, Landsat ETM+ scenes from pre- and post-
fire acquisitions were processed through the burn severity
mapping program at the USGS Eros Data Center (Key et al.,
2002). The scenes from July 27, 2000, and August 2, 2002,
respectively, were terrain corrected and transformed to
reflectance before computing the NBR for each scene:

NBRgrws = 1000[(Rs — R7)/ (R4 + R7)),

where R values are per-pixel reflectance calculated for bands
4 and 7, respectively, using the radiance and reflectance
equations given by Markham and Barker (1986). The dNBR
was then calculated by subtracting the post-fire NBR from
the pre-fire NBR:

dNBRgry; = NBR e — NBR oy

During September 2002, field crews established a total of
63 CBI plots in high severity, moderate severity, low
severity, and unburned areas. Plot locations were selected
from a random sample of homogeneous areas within
dNBRET) - strata defined by Key and Benson (2004). High
severity areas were typified by near complete combustion of
all of the litter, duff, and small logs, the mortality of small to
medium sized trees, and the consumption of the crowns of
large trees (Fig. 2). Moderate severity stands retained some
fuels on the forest floor, although there was mortality of
small trees and scorching of the crowns of medium and
large sized trees (Fig. 3), while low severity stands were
generally lightly burned with only the fine fuels removed
and some scorching of the understory trees (Fig. 4). Un-
burned stands had accumulations of woody and litter fuels,
thick understories of trees, and low live branches (Fig. 5).

Severity was interpreted as the degree of environmental
change on a site, using the CBI. The CBI aggregated
multiple rating factors within multiple strata of the commu-
nity to derive a summary severity value over a 30-m
diameter plot (Key & Benson, 2004). Rating factors includ-
ed the amounts of altered and unaltered vegetation, the
degree of resprouting from vegetation that burned, the
consumption or charring of substrate materials, and the

Fig. 2. High severity stands within the Hoover Fire, September 2002. Most
of the litter, duff, and small logs are consumed and few needles remain in
the crowns.

amount of newly exposed mineral soil, among others. The
strata consisted of substrates, low vegetation less than 1 m
high, taller shrubs and sapling trees up to 7 m tall,
intermediate-sized trees, and big trees. The CBI provided
a continuous scale of severity between 0.0 and 3.0 for the
understory, overstory, and total plot. Those values were
correlated with the scanner-derived indices to explore
degrees of association between burn severity and changes
in spectral reflectance. The mean dNBR values for five
points including the plot center and four points 14 m from
the center were used in regressions with the CBI values.

Coincident with effort to assess burn severity using
ETM+ imagery, a project to map fuel characteristics
throughout Yosemite with AVIRIS imagery was being
conducted. The AVIRIS sensor delivers calibrated images
of the spectral radiance in 224 contiguous spectral channels
with wavelengths from 400 to 2500 nm (Green et al., 1998).
The first AVIRIS data acquisition recorded surface condi-
tions on August 17, 2001, the day before the fire’s rapid
spread (Flight f010817t01). Since clouds obscured some
areas of the park and the sensor’s cooling system malfunc-
tioned during one flight line, the park was reflown 1 year
later on July 22, 2002 (Flight f020722t01). The two flights
provided the opportunity to compare burn severity assess-
ments between data collected by the ETM+ sensor and by
the AVIRIS sensor.

Both AVIRIS flights were with the NASA ER-2 jet
flying at approximately 16.7 km above sea level, at about
730 km/hr. Seven flight lines oriented in a north—south
direction were required to cover the park each year, with
flight lines 4 and 5 encompassing the burned area. In 2001,
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Fig. 3. Moderate severity stands within the Hoover Fire, September 2002.
Litter and duff are reduced and scorched needles are present in the crowns.

flight line 4 was over the fire at 2027 h GMT with a solar
zenith angle of 64.68° and an azimuth angle of 127.29°. For
flight line 5, the time was 2042 h GMT, the zenith angle was
20.14°, and the solar angle was 122.27°. In 2002, flight line
4 was above the fire at 1840 h GMT with the solar angle of
39.05° and an azimuth of 104.36°. The time for flight line 5
was 1829 GMT; the solar angle was 37.03°; and the solar
azimuth was 102.54°.

Fig. 4. Low severity stands within the Hoover Fire, September 2002. There
is spotty reduction of litter, duff, and small branch wood, and the crowns
contain both green and scorched needles.

Fig. 5. Unburned stands within the Hoover Fire, September 2002. These
stands have accumulations of litter, duff, and woody debris, and the green
crowns reach the forest floor.

The AVIRIS data were fully orthorectified via a pixel-by-
pixel ray tracing from the sensor focal point to the USGS-
supplied DEM according to a locally optimized camera
model (Boardman, personal communication). The model
accounted for the scan geometry, optic and sensor arrays.
Aircraft ephemeris data (time, latitude, longitude, altitude,
roll, pitch, heading) were recorded in-flight. Ground control
points were used to bootstrap a parametric adjustment to the
ephemeris to account for systematic errors in the data and
model.

The data were calibrated to reflectance and corrected for
atmospheric moisture using the ACORN algorithm. To
derive the NBR ovir1s, only one channel per complementary
ETM+ bandwidth was selected, choosing the ones showing
most change, and not averaging all applicable channels
across the bandwidths. This selection isolated the most
responsive AVIRIS channels to see how NBRayris com-
pared to the NBRgty+. The NBR was calculated for each
scene and a dNBR calculated for the entire fire using
AVIRIS channels 47 and 210:

NBRaviris = 1000[(R47 — R210)/(Ra7 + R210))-

The relationship between spectral channels and burn
severity was examined by differencing pre- and post-fire
datasets:

dNBRpvyis = NBRpre - NBRpost

The per-channel reflectance differences quantified the
spectral response over the time interval and indicated the
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Fig. 6. The dNBR for the Hoover burn area, ETM+ on the left and AVIRIS on the right. The gray scale indicates the magnitude of change in NBR. Neutral or

very little change as medium gray predominates outside the burn.

degree of spectral change due to the fire. Temporal response
in apparent reflectance was measured from pre- to post-fire
for high severity, moderate severity, low severity, and
unburned areas. The designation of within-burn severity
level was generalized into three broadly characterized
regions spanning the full range of apparent fire effects.
Ranges of apparent fire effects were determined by post fire
reconnaissance, and the within-burn pixel frequency distri-
bution for ANBRgtp+. The distribution was simply divided
into the three severity regions, solely for the purpose of
grouping pixels for comparison, and not as a rigorous a
priori definition of the severity.

4. Results

The dNBR results from both sensors exhibited very
similar patterns in terms of both spatial distribution and
degree of change due to fire (Fig. 6). Post-fire clouds in the
ETM+ scene minimally affected areas within the burn but
did not impact sample locations. While the burn did not
encompass very large uniform patches of any particular
level of severity, the exhibited spatial complexity provided a
good test of sensor capability. Moreover, a gradient from
very low to high degree of change was evident and was
sufficiently distributed for representative sampling. The area
within the burn was extracted using the burn perimeter, and
the population of pixels within the burn was summarized for
both sensors (Table 1). Cloud effects appeared in the
dNBRg1p 4, but cloud shadow and surface areas generally
fell outside the perimeter. A slight effect of the Hoover fire
in progress appeared in the pre-fire AVIRIS dataset when
the fire was still very small after burning for 21 days. The

dNBR syiris showed the hot areas as dark spots in the
extreme lower portion of the burn.

Analysis of the spectral responses confirmed the selec-
tion of channels 47 and 210 for detecting burn severity.
Within the high severity burn plots, the mean difference
between pre- and post-fire spectra at channel 47 was 0.14
with a standard deviation of 0.18 (Table 2). Channel 210
showed a larger absolute difference with a mean of 0.22 and
a standard deviation of 0.06. Mean differences decreased as
severity decreased in the moderate severity, low severity,
and unburned plots.

Fig. 7 shows a typical response of AVIRIS channels 47
and 60 at wavelengths of 788 and 913 nm. Post-fire
reflectance values decreased the most on average at those
wavelengths, indicating a near complete loss of living
vegetation. Channel 210 at 2370 nm showed the greatest
positive response on average. Fire increased reflectance the
most at that wavelength over the entire measured spectral
range. This response is primarily the result of near complete
canopy combustion, exposed ash and bare soil, and charred

Table 1
Descriptive statistics for within-burn dNBRgty + compared to ANBR ayir1s
dNBREy + dANBRaviris
Mean 167 11
S.D. 182 231
Median 115 —36
Mode 56 -89
Skewness 1.5 1.2
Kurtosis 2.7 1.7
Minimum —491 — 1125
Maximum 1026 1171
Pixels 32899 146455
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Table 2
Mean and standard deviations for difference in spectra between pre- and
post-fire at channels 47 and 210 for plots at each of the burn severity levels

Severity level ~ Number of plots ~ Channel 47 Channel 210
Mean S.D. Mean S.D.
Reflectance

High 16 0.14 0.18 —0.22 0.06

Moderate 26 0.05  0.02 —0.12 0.06

Low 11 —-0.02 0.04 —0.07 0.00

Unburned 10 —0.03 0.04 —0.04 0.01

large logs (Fig. 2). Furthermore, channel 210 at 2370 nm
exhibited the greatest variation in spectral response, sug-
gesting potentially high information content for fire severity.
Channel 148 at 1762 nm also had fairly high positive
change due to fire; however, the variation in that channel
throughout the burn was considerably less than channel 210
at 2370 nm. The implication was that dynamic association
of spectral responses at 788 or 913 nm and 2370 nm should
provide significant statistical leverage for distinguishing
degrees of burn severity on the ground.

The moderate burn severity comparison (Fig. 8) shows
close to the same separation of reflectance values in the
short wavelength infrared (1500—-2500 nm), but presence of
a small amount of green vegetation is indicated by a slight
“red-edge” response at 700 nm. In addition, the exposure of
dead needles and branches was indicated by absorption in
the ligno-cellulose bands (Elvidge, 1990).

The low burn severity comparison (Fig. 9) shows very
similar reflective response as the moderately burned area in

both the near infrared and short wave infrared portions of
the spectrum (750—2350 nm), but there is a subtle decrease
in chlorophyll absorption visible in the 550—700 nm range.
The unburned comparison (Fig. 10), as expected, looks
nearly the same in both years. A slight difference in
chlorophyll absorption and a tapering of the red edge on
the 2001 image appear to be in the normal range of variation
for vegetation (Lillesand & Kiefer, 1979) and the apparent
lower plant vigor compared to 2002 could be due to any
combination of environmental variables or stressors, includ-
ing moisture stress (Dawson & Curran, 1998; Jayaraman &
Srivastava, 2002). As can be seen by comparing Figs. 7—10,
burn severity levels can be separated based on the response
of the AVIRIS bands.

These results fit well with results reported for fire
severity detection using Landsat TM and ETM+ sensors.
AVIRIS channels 47 and 60 occur within and adjacent to
Landsat TM bandwidth 4 (750-900 nm) and AVIRIS
channel 210 at 2370 nm occurs at the long wavelength
edge of Landsat TM bandwidth 7 (2090—2350 nm). The
latter band reflectances have been shown to respond most
dramatically to burning among Landsat bandwidths
(Morath & Rockwell, 2002). Similar reasoning should
be applicable to the 913 and 1762 nm AVIRIS channels
with regard to their effectiveness for discriminating burn
severity.

We validated the severity analysis by comparing Com-
posite Burn Indices (CBI) from 63 field plots with dNBR
values for both the ETM+ and AVIRIS imagery (Key &
Benson, 2002). For ETM+ data, the regression of CBI as a
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Fig. 7. Pre- and post-fire AVIRIS spectra—high severity area. Channels 47 and 60 at wavelengths 788 and 913 nm showed the greatest negative response to

fire, while channels 210 and 2370 showed the greatest positive response.



404 J.W. van Wagtendonk et al. / Remote Sensing of Environment 92 (2004) 397-408

0.25 —
i Post-fire: July 22,2002 ]
020 |- : /\
é i Channel 148 - 1762 nm |
£ :
go015 |
O L o
=
(] - .
~ : :
w2 H H : -
~ ! Channel 60 - 913 nm ¢ Channel 2102370 nm;
= 0.10 ' .
< .
Channel 47 - 788 nm T
0.05 -
L v ™ 4
Band 4 Band
000 &, & ey B
500 1000 1500 2000 2500
Wavelength (nm)

Fig. 8. Pre- and post-fire AVIRIS spectra—moderate severity area. The moderate severity area shows close to the same separation of reflectance values in the
short wavelength infrared (1500—2500 nm) as the high severity area, but the presence of a small amount of green vegetation is indicated by the “red edge”
response at 700 nm.

function of dNBR is shown in Fig. 11. A second-order for the dNBR using AVIRIS data as a function of CBI is
polynomial provides a good fit for the data with an shown in Fig. 12. In this case, the asymptote also occurs at
asymptote at approximately dNBR=750. The regression about dNBR =750. Both regressions have high R* values

025 | ! ' ' p
0.20 _
- Post-fire: July 22,2002
: ‘Channel 148 - 1762 nm :
0.15 : —

:Channel 60 - 913 nm

EChannel 47 - 788 nm

AVIRIS Reflectance

Channel 210 -2370 nm* -
0.05

™ ™
Band 4 | ]
0.00 |~ | | | | L L

500 1000 1500 2000 2500

Wavelength (nm)

Fig. 9. Pre- and post-fire AVIRIS spectra—low severity area. The low severity area shows a similar response as the moderate severity area in both the near
infrared and short wave infrared portions of the spectrum (750—-2350 nm), but a subtle decrease in absorption by chlorophyll is visible in the 550—700 nm
range.
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Fig. 10. Pre- and post-fire AVIRIS spectra—unburned area. This area appears similar in both years. A slight difference in chlorophyll absorption and a tapering
of the red edge on the 2001 images suggests that vegetation was slightly drier or less vigorous in 2001 compared to 2002.

and are nearly similar, with only a 0.04 difference in
unexplained variance.

5. Discussion

Changes in reflectance exhibited by both ETM+ and
AVIRIS datasets used in this study were the result of the fire
occurring between pre- and post-fire acquisitions. No other
possible causes could explain the magnitude of change
exhibited within the burn perimeter given the phenological
matching of pre- and post-fire data and the relatively short

CBI as a function of ANBRgp+

900

600
dNBREg 1M+

300 1200

Fig. 11. Regression of the Composite Burn Index as a function of the
differenced Normalized Burn Ratio based on ETM+ data using a second
order polynomial. The 7* was 0.894 and the CBI reached a maximum at
about dNBR =750.

1-year period separating acquisitions. Moreover, the burn
occurred within a national park where no other disturbances
occurred during the sampling interval. The strong responses
across several portions of the spectrum indicate the per
channel information content potential for burn severity is
high. As expected, unburned forest pixels within the perim-
eter of the burn reinforced that notion because they did not
show much change in reflectance spectra pre- to post-fire
(Fig. 10).

Though AVIRIS datasets are most frequently used in
single-date classification of surface materials (Kokaly,
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* * *
25F - Y AT e T
24------ 0
= 1.5 ? L et ety
o . = -2E-06x2 + 0.0046x + 0.5227
- - oo RE=0853 - - -~ - -~ -1
R A e TR
&
0 +o0- T T T T
-300 0 300 600 900 1200
dNBRyvirIS

Fig. 12. Regression of the Composite Burn Index as a function of the
differenced Normalized Burn Ratio based on AVIRIS data using a second
order polynomial. The /% of 0.853 was slightly less than for the regression
using ETM+ data but the maximum CBI was similar.
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2002), the availability of two datasets bracketing a wildland
fire allowed us to compare and validate multi-temporal
differencing techniques routinely applied to wildland fires
using Landsat ETM+ data. Given the much greater spectral
resolution of AVIRIS, we were interested in whether the
ETM+ was sampling the most burn-responsive portions of
the spectrum, or whether AVIRIS revealed other more
responsive portions (i.e. bandwidths), which were not sam-
pled by ETM+. In the latter case, one could conclude that
ETM+ was not optimally sampling for burn severity. Fur-
thermore, the near-continuous sampling of AVIRIS channels
across the spectrum allowed us to examine in detail whether
assumptions about ETM+ bandwidths were really valid, vis-
a-vis band 4 reflectance decreases the most post-fire while
band 7 reflectance increases the most. Understanding such
radiometric behavior is key to applying the correct band-
widths for optimal resolution of burn severity.

The fact that two AVIRIS channels with greatest com-
bined response fell within or very close to the ETM+ sensor
bandwidths having the most sensitivity to fire effects
suggested that ETM+ bands 4 and 7 were actually capturing
very dynamic bandwidths reacting to fire. Moreover, the
AVIRIS response was high across all channels comprising
ETM+ bands 4 and 7, so those entire bandwidths appeared
relevant to detecting severity. In addition, different combi-
nations of AVIRIS channels within those bandwidths would
likely provide good severity detection capability. AVIRIS
independently confirmed earlier assumptions about band-
width relationships to fire and gave added support for the
use of ETM+ bands 4 and 7 to quantify burned area.

We did not fully address whether some other set of
AVIRIS channels may do a better job at discriminating fire
effects than ETM+. However, evidence in Figs. 7—-10
suggests that other spectral regions sampled by AVIRIS,
e.g. in the vicinity of channels 60 and 148, would have good
potential for quantifying burns. However, those regions do
not appear to exhibit any greater response than the ETM+
band 4 and 7 regions, at least in regard to detection
capability. We did not explore relationships of these chan-
nels to actual surface materials because of our objective of
comparing AVIRIS to ETM+ in the context of change
detection. However, the materials discrimination power of
AVIRIS would be one area for further study that would
likely expand its utility for burn severity discrimination,
over and beyond that of ETM+.

We used the dNBR as a radiometric index to relate to
burn severity. The NBR was designed to enhance the
variable ETM+ band 4 and 7 responses to fire by normal-
izing their difference, which compensates for variation in
overall brightness within the scene, such as between light
and dark aspects. Since the two bandwidths exhibit high and
opposite responses to fire effects, the NBR should accentu-
ate those effects over and beyond other band combinations.
When the change in NBR is calculated pre- to post-fire, the
dNBR provides a scale of change in the index, as well as
separation of burned area from unburned. In the temporal

difference, unburned retains dNBR values near zero, signi-
fying very little or no change. If severity is considered as the
degree of ecological change resulting from fire, a fire-
bracketing temporal change in the NBR should represent
burn severity.

Although it could be argued that the higher spectral
resolution of AVIRIS could produce better correlations with
burn severity than the broader bandwidths of ETM+, the
results were mixed. The sample of field plots exhibited a
greater range of dNBRyiris compared to dNBRgry +
(ANBR —26 to 1020 vs. —302 to 979, respectively),
suggesting possibly that ANBR syr;s has more sensitivity
to fire effects. On the other hand, the correlation of dANBR
with plot CBI values was high but nearly identical between
the sensors (Figs. 11 and 12). Both showed good association
across the range of burn severity. One reason for the
similarity may be the CBI used to measure severity on the
ground. Since the CBI aggregates many effects over multi-
ple strata of the site and uses a relatively large plot size, the
generalized interpretation obtained from CBI may not be
adequate in its applied form to fully exploit the detail
obtained from AVIRIS. The CBI appeared to yield similar
results across the scale and resolution differences of the
sensors, but a more detailed ground measure of severity may
elucidate differences between AVIRIS and ETM+.

Extrapolation of these results to other fires and other
ecosystems should be done with caution given the avail-
ability of just this one study where AVIRIS data bracketed a
wildland fire. Because the NBR is normalized and the
change measured by dNBR is relative to the status of
NBR in the pre-fire scene, however; we believe that
repeated comparison of AVIRIS and ETM+ spectral re-
sponse would yield similar results in generally forested
burns from other areas.

Timing of acquisitions does make a difference generally
in the comparability of pre- and post-fire datasets. As the
phenology of vegetation changes and as moisture content
changes throughout a growing season, the NBR would
register that in the relationship of near infrared wavelengths
to shortwave infrared wavelengths. Moister and lusher
conditions, for example, result in higher NBR values
compared to drier and less productive states when vegeta-
tion has senesced. The dANBR, therefore, needs to be
reasonably paired by phenology and moisture between
the two dates, pre- and post-fire. In our case, the ETM +
scenes collected on July 27, 2000, and August 2, 2002,
were closely matched in terms of phenology and moisture.
There were similar amounts of greenness in unburned
vegetation, and the dNBR values in unburned vegetation
were narrowly distributed around zero. Possibly, dates of
pre- and post-fire acquisitions explain some of the slightly
less correlation with AVIRIS. As indicated in Fig. 10,
August 17, 2001, the date of the pre-fire image was drier
and less productive overall than July 22, 2002, the post-fire
image date. Drier conditions could also explain the nega-
tive shift in dNBRAVIRIS~
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An obvious benefit to burn assessment from AVIRIS is
improved spatial resolution, depending on aircraft altitude.
Even in our case, AVIRIS nominal resolution of 17 m
represents a 3.1 times improvement over Landsat 30-m
resolution. While we did not test spatial variables in
comparing Landsat with AVIRIS, it was visually apparent
from the images that AVIRIS provided finer spatial detail
than Landsat. The increased detail suggested potential for
sub stand-level measurements and more precise geo-loca-
tion of ground sample points within the image. It also
may facilitate burn assessments that are done in highly
fragmented landscapes, such as at higher elevations or
where vegetation is patchy and dispersed among bedrock
outcroppings.

6. Conclusion

Based on general remote sensing principles and the logic
of variable spectral responses to fire, dNBR from both
sensors should produce useful results in quantifying burn
severity. The capability of AVIRIS has not been thoroughly
tested, however, and there remains potential for it to produce
optimal results using some other spectral algorithm and a
different approach to the ground measure of severity.
Neither has AVIRIS been tested on a sufficient number of
different fires or on fires in an adequate number of different
ecosystems. Further, we believe the full capability of AVI-
RIS has only begun to be explored by this study. Our study
does illustrate that fundamental similarities in burn severity
detection capabilities exist between AVIRIS and ETM+, and
that a change detection approach is informative.

Unfortunately, use of AVIRIS in multi-temporal
differencing may be limited by the complexity of mission
planning and the high cost of data acquisition. Moreover,
AVIRIS is not continuously flown and coverage is not
geographically contiguous. There are also issues of com-
plexity in the georectification necessary for temporal
differencing, especially with multiple flight lines, and terrain
exhibiting high topographic relief. Some large, socioeco-
nomically important burns may continue to attract AVIRIS
overflights, but, of those, a smaller number still are likely to
have comparable pre-fire data available to represent appro-
priate timing for the post-fire data. Until orbital imaging
spectrometers with the capability of capturing data at regular
intervals are in routine use, it is doubtful such data are
currently practical for making burn assessments. On the
other hand, most AVIRIS data acquisitions are eventually
archived for access by users other than initial principal
investigators. It is possible that the newly launched EO1
satellite with its hyperspectral HYPERION sensor might
prove economical for providing seamless coverages neces-
sary for pre- and post-fire evaluations.

Nonetheless, such opportunities should be explored with
past AVIRIS datasets, and new pre- and post-fire hyper-
spectral datasets should be considered when research or

management objectives justify. That may be the case, for
example, when there is a need to learn from relatively large
prescribed burns or to develop mechanistic models ulti-
mately intended for more routine applications. Such
approaches apply knowledge gained in great detail about
cause and effect to algorithms implemented at coarser
resolutions.
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