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Variability of At-Satellite Surface Reflectance
from Landsat TM and NOAA AVHRR in Death
Valley National Monument

Thomas D. Frank, Scott A. Tweddale, and David E. Knapp

Abstract

The spatial and temporal variability of surface reflectance
has been recognized as a good indicator of the condition of
arid and semi-arid landscapes. However, radiometric, atmos-
pheric, and topographic factors all affect the measurement of
surface reflectance from satellites such as Landsat Thematic
Mapper (T™M] and NOAA Advanced Very High Resolution Ra-
diometer (AVHRR). The effect of deriving surface reflectance
from satellites with different spectral wavebands is an impor-
tant issue if regional or global scale monitoring of arid land-
scapes is to be successful with satellite observations.
Radiometric, atmospheric, and topographic influences on
surface reflectance were examined in this study of surficial
geologic units in Death Valley National Monument with coin-
cident T™M, AVHRR, and in situ measurements of surface re-
flectance. The results of this study indicated that spectral
wavelength affected the estimate of surface reflectance more
than any other factor. The short-wave surface reflectance
waveband covering red through near-infrared provided both
the closest agreement between satellites, and between satel-
lites and in situ measurements. Topographic effects on sur-
face reflectance were apparent in the mountains surrounding
Death Valley National Monument, but for the relatively gen-
tle slopes along the alluvial fans adjacent to the valley floor,
significant topographic effects were not observed.

Introduction

The global distribution of deserts and estimates of their con-
dition are widely known (Dregne, 1981), and international ef-
forts have been focused to identify the nature and pattern of
degradational processes and to develop measures to reduce
land degradation (Gerasimov, 1986). Satellite observations
have been used in some of these efforts to monitor the condi-
tion of desert landscapes because large regions, global scale
phenomena, and long-term temporal change have been the
focus of attention (e.g., Justice et al., 1989; Graetz and Pech,
1988; Pech et al., 1986; Smith et al., 1990a; Smith et al.,
1990b). Then the spatial and temporal variability of surface
reflectance, defined as the ratio of the amount of electromag-
netic energy reflected from the surface to the amount of radi-
ation incident upon the surface (Sellers, 1965), has been
promoted as an expression of the condition of landscapes, or
as an indicator of change in landscapes (e.g., Robinove et al.,
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1981; Frank, 1984; Nelson et al., 1987; Nunez et al., 1987;
Otterman and Tucker, 1985). While considerabe attention has
been given to assess the spectral reflectance from vegetation
and soils in arid and semiarid environments (e.g., Charney et
al., 1977; Graetz and Gentle, 1982; McDaniel and Haas, 1982;
Gillespie et al., 1984; Davis et al., 1987; Petersen et al.,
1987), relatively little attention has been given to assess the
temporal and spatial variability of satellite-based surface re-
flectance when the estimates are made from different satel-
lites. Comparisons between satellites will be necessary to
monitor degradation in desert ecosystems because of the di-
verse spatial and temporal scales at which degradation oc-
curs in arid and semi-arid landscapes. Therefore, surface
reflectance models that are applicable to all times and loca-
tions, and that are independent of sensor, atmospheric, and
topographic considerations, are needed to assess land degra-
dation.

The objective of this paper has been to evaluate the
sources of variation in at-satellite surface reflectance along a
brightness gradient associated with surficial geologic units in
Death Valley National Monument in the western United
States. Seven geologic units have been observed with coinci-
dent Landsat Thematic Mapper (TM), NOAA Advanced Very
High Resolution Radiometer (AVHRR), and in situ spectral re-
flectance measurements. The study was designed to assess
the effects of spectral resolution, the additive effects of at-
mospheric scattering, the depletionary effects of the optical
air mass, and the topographic effects of surface slope and as-
pect on reflectance in the highly reflective desert landscape
typically found in the deserts of the western United States.
The specific goal of this study has been to determine
whether comparable surface reflectance measurements can be
derived from the high resolution and low resolution satellite
data, to assess whether these values agree with a limited
number of in situ measurements of reflectance, and to deter-
mine which spectral wavebands would be most beneficial to
monitor degradation in arid and semiarid environments.

Radiometric Calibration of Satellite Data
Surface reflectance can be derived from satellite measure-
ments if the direct, diffuse, and reflected components of irra-
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diance and the path radiance and transmittance characteris-

tics (7) of the atmosphere (Kaufman, 1989) are known (Equa-

tion 1): i.e.,

7(Ls, — (Lo, + Ld1, + Ld2,))c*
72" E, cosf + sky,

(1)

p.\'=

where

p. = at-satellite, in-band surface reflectance estimate for
a specified waveband interval;

L, is the attenuated signal; the radiance of light in mW
cm? um' sr’ transmitted directly downward through
the atmosphere, reflected from the surface, and di-
rectly transmitted through the atmosphere to the sen-
sor;

L, is the path radiance; the radiance of light scattered
from tge direct sunbeam by the atmosphere into the
sensor’s field of view without being reflected from the
surface;

Ly, is the radiance of light scattered by the atmosphere
before reaching the surface, reflected by the surface,
and directly transmitted through the atmosphere to
the sensor;

L,, is the radiance of light reflected by the surface and
then transmitted to the sensor with at least one scat-
tering in the atmosphere;

d = Earth-sun distance in astronomical units;

E = exoatmospheric spectral irradiance at top of the
atmosphere in mW cm? um? for a specified waveband
interval;

6 = the solar zenith angle;

7, = atmospheric transmittance coefficient for the
speciﬁedI waveband interval;

sec # = correction for the optical air mass; and

sky, = the diffuse component of irradiance.

Surface reflectance is affected by the type and distribution
of terrestrial components in the landscape, while the path ra-
diance (L,) is affected by the amount and distribution of gas
molecules and solid particles in the atmosphere (e.g., Ray-
leigh and Mie scattering). Both surface reflectance and path
radiance vary temporally and spatially, but the path radiance
is particularly difficult to model because atmospheric condi-
tions change so abruptly.

The relative contribution of direct radiation at the sur-
face is a function of the solar zenith angle (6), atmospheric
transmittance characteristics of specified wavebands (1), the
Earth-sun distance (d), and the optical thickness of the at-
mosphere (Slater, 1983). Diffuse solar radiation is a function
of atmospheric scattering in much the same manner as path
radiance. The reflected component of irradiance results from
the reflection of solar radiation from surrounding features in
the landscape, such as large mountains, and from the lower
parts of the atmosphere when the terrestrial surfaces are very
bright. Upwelling reflected radiation from the surface into
the base of the atmosphere can be scattered back down to
the surface as an additional source of irradiance in arid and
semiarid landscapes, particularly when the surface albedo is
greater than 0.22 (Chen and Ohring, 1984). Scattered upwell-
ing radiation is affected by the transmission characteristics of
the lower atmosphere, but for Lambertian surfaces, this com-
ponent is independent of the solar zenith angle (Chahine et
al., 1983).

Topography affects spectral radiance observed by satel-
lite sensors because reflectance is generally darker on slopes
facing away from the sun, and lighter on slopes facing into
the sun. The relationship between direct solar beam and the
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landscape surface depends on the position of the sun at a
given time of day on a given day of the year, the latitude and
longitude of the landscape unit, and the slope and aspect of
the terrain at that location. The topographic affect on reflec-
tance has been described by Dozier and Strahler (1983), Ka-
wata et al., (1988), and Civco (1989). Cosine solar zenith
angle to a sloping surface cos#, is modeled after the cosine
law of spherical geometry, where

cost, = f(¢.8,4,a,B) (2)

where

¢ = latitude,

8 = solar declination,

iy = hour angle,

a = ground aspect, and

B = ground slope

Then (after Garnier and Ohmura , 1968):
cosf. =
(cose cosy cosp — sing sine sinf — sing cosy cosa sinB) cosd

+ (cos¢ cosa sinB + siné cosB) sind (3)

Then cos6, can be substituted in Equation 1 to derive at-
satellite topographically corrected reflectance (p,). Note that
atmospheric transmittance is adjusted as a power function of
solar zenith angle to a horizontal surface while solar exoat-
mospheric irradiance is adjusted as a function of the solar
zenith angle to the topographic surface.

Study Site

Death Valley National Monument was selected as a site to
study at-satellite estimates of surface reflectance because an
undisturbed surface brightness gradient occurs within the
boundary of the Monument. Death Valley is a narrow graben
partly filled by saline lake sediments, flanked by alluvial fans
and remnants of Tertiary volcanic rocks (Hunt and Mabey,
1966). The graben is extremely arid, being characterized by
persistent drought and high potential evaporation (Meigs,
1953). The vegetation component of the landscape, com-
prised primarily of desert shrubs, exists in a delicate balance
with soil moisture derived from seeps and springs that origi-
nate in the surrounding mountains (Hunt, 1966). Xerophytic
plants are found on Quaternary alluvial fans that exhibit an
increasing moisture gradient down the fans. Phreatophytic
plants are found among some of the saline silt and sand de-
posits on the valley floor. Soil moisture content of the saline
deposits, and the amount and distribution of vegetation, can
vary over time and space because of the relative immediate
and direct affect of climate on the landscape and vegetation
(Wharton et al., 1990).

Seven mapping units were sampled to represent a bright-
ness gradient, age differentiation, and salinity strata (Table
1). The units were characterized by lake sediments (evapo-
rites, saline silts, and sand) and alluvial fans. Sediment units
were represented by eroded rock salt (Qhe), flood plain de-
posits of recent age (Qf), silty rock salt with smooth facies
(Qhs), and silty rock salt with rough facies (Qhr). The allu-
vial fan units were characterized by older (Qg,) and younger
(Qg.) of the upper Pleistocene fan gravels, and fan gravels
(Qg,) of more recent age.

Mapping units associated with alluvial fans along the
east and west sides of Death Valley represent the age differ-
entiation of desert pavement (Qg,, Qg,, and Qg,), while salt
crusted and brown silt covered deposits on the valley floor
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TasLte 1.  DescrIPTION OF MaPPING UNiTs IN DEATH VALLEY NATiONAL MONUMENT, CALIFORNIA,

Units Unit Description

Qg. Older of the upper Pleistocene fan gravels. Bouldery deposits in old alluvial fans. Fan form distinct, but much dissected.
Surfaces 50 to 75 feet above present washes. Distinct weathering rind on boulders and cobbles and these much disinte-
grated regardless whether of carbonate, quartzite, or igneous rock; surface strewn with angular blocks, slabs, and flakes.
Varnish less distinct than in younger fan gravel. Some layers cemented with caliche. Interwash surfaces form smooth
pavement. Vegetation lacking except for xerophytes along washes.

Qsg, Younger of the upper Pleistocene fan gravels. Mostly pebble- to cobble-size gravel. Stones strongly varnished but are
firm; many lack weathering rinds. Surfaces of the deposits mostly less than 10 feet above present washes; occur as fans
within present washes. Surfaces protected from floods have desert pavement; eroded surfaces are gullied and mantled
with recent cobbles and boulders in embankments along edges of gullies. Vegetation is xerophytic.

Qg, Fan gravel of recent age. Loose gravel in washes and on small fans along large washes. Mostly cobbles and pebbles, well
rounded. Not much sand or silt, few boulders except on fans. No desert varnish or weathering rind except in immediate
vicinity of reworked older deposits. Flooded only by runoff from cloudbursts. Ground water deep. Vegetation mostly less

xerophytic species.

Qf Flood plain deposits of sand and silt. Surfaces on saltpan have extensive salt crusts and are seasonally flooded and with-
out vegetation. Deposits are mostly a few feet higher than present drainage, and are rarely flooded. Vegetation is phreato-

phytic.
Qhs

Silty rock salt, smooth facies. Surface layer is brown silt 2 to 18 inches thick containing sulfate and borate salts; thins
panward. Underlain by smooth layer of rock salt 2 to 18 inches thick that thickens panward. At base is silt. Subject to

some flooding by runoff originating on this surface. Vegetation lacking,

Qhr

Silty rock salt, rough facies. Two to 5 feet thick; capped by brown silty layer 1 to 2 inches thick containing sulfate salts.

Surface rough. Elevated and protected against flooding. Vegetation lacking.

Qhe

to occasional flooding. Vegetation lacking.

Eroded rock salt. Silty rock salt, 1 to 15 inches thick; overlies silt. Reworked from other chloride zone deposits. Subject

represent a salinity stratification (Qhe, Qf, Qhs, and Qhr).
Valley floor depasits also exhibit greater moisture content
than valley side mapping units so that the affect of moisture
absorption in the short-wave infrared wavebands can be as-
sessed on reflectance estimates. Together, all seven units rep-
resent a brightness gradient which can be used to compare
reflectance estimates over a range of radiometric and topo-
graphic conditions,

Methods

A NOAA-10 AVHRR scene and a Landsat T™M scene from 19
January 1989 were used to compare at-satellite surface reflec-
tance estimates from the mapping units, The Landsat T™M
scene was used to compare at-satellite surface reflectance
from four mapping units (Qhe, Qf, Qhs, and Qhr) on the val-
ley floor, and to assess the topographic affects on at-satellite
surface reflectance from three mapping units on the alluvial
fans along the margins of the valley (Qg,, Qg, and Qg,). The
T and AVHRR scenes were compared to assess the effects of
spectral resolution on estimates of at-satellite surface reflec-
tance for one large mapping unit (Qhe) that could be dis-
cerned within both scenes.

Atmospheric components for the at-satellite surface re-
flectance estimates were derived in situ at the time of the sat-
ellite overpasses using methods described by Jackson and
Slater (1986) and Chavez (1989). Global irradiance (G) was
collected over the two AVHRR short-wave reflectance wave-
bands and the six reflective TM wavebands during clear sky
conditions at unobstructed sites. Diffuse irradiance was
measured immediately afterward by using an occulting disc
to block direct sunlight on the radiometer. The relationship
between atmospheric transmittance and in situ irradiance
measurements, corrected for the optical depth of the atmos-
phere, were found by Equation 4: i.e.,
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= BW,, ) inec
T, = elnltb, DL BW, /cosi,|isct {4]

where

7 is the transmittance coefficient for waveband A,

6 is the solar zenith angle,

G is the global irradiance integrated over waveband A,
D is the ﬁifﬁlse irradiance integrated over waveband A,
BW is the spectral bandwidth of A, and

E is the top of the atmosphere irradiance in waveband

A

At-satellite surface reflectance was calculated from the
Landsat image for each of the six TM wavebands, the com-
bined red through near infrared waveband (TM3 and TM4),
the visible waveband (TM1 through T™M3), the visible through
near infrared waveband (TM1 through TM4), and over all six
reflective TM wavebands together. The average reflectance
from each mapping unit was computed for a 3 by 3 sample
from the image at the site where each of five in situ measure-
ments were taken.

In situ surface reflectance was computed for four sites
(Qhe, Qf, Qhs, and Qhr) on the valley floor from spectral re-
flectance measurements made with a Daedalus SpectraFax
field portable spectroradiometer. Five or more samples were
taken within each mapping unit for a total of 25 readings per
unit. The field data were collected to characterize the aver-
age in situ reflectance from the mapping units, not to be cor-
related directly to individual pixels within the satellite
observations. In situ reflectance was used to validate the av-
erage at-satellite surface reflectance for the mapping units us-
ing the T™ (Figure 1, Table 2) and the AVHRR (Figure 2,
Table 3) wavebands. Certainly these highly reflecting sur-
faces have pronounced non-Lambertian characteristics, so
that these field data may not represent the total spectral vari-
ation within the units; however, the samples do provide a
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Figure 1. In situ reflectance from surficial mapping units
in Death Valley National Monument in the Landsat ™™
wavebands.

measure of the average surface reflectance (Deering et al.,
1990). The field samples were only used to evaluate the af-
fect of taking reflectance measurements from different parts
of the electromagnetic spectrum. As such, these field data
provided some means to validate the results of the at-satellite
surface reflectance estimates even though they may not rep-
resent the absolute long-term average reflectance of these sur-
faces.

Results

The primary objective of this research was to examine the
sources of variation in at-satellite surface reflectance made
from Landsat TM and NOAA's AVHRR because different wave-
band intervals were involved. However, the large difference
in the spatial resolution of the TM (30m) and the AVHRR

(1100m) made it difficult, if not impossible, to compare spa-
tially coincident sites for all four mapping units. Therefore,
the relatively large eroded rock salt (Qhe) mapping unit was
used to compare TM and AVHRR, while the T™ reflectance
was compared to the in situ reflectance for all four mapping
units. The in situ measurements were used as a baseline to
compare the relative performance of different TM band com-
binations under the influence of a surface brightness gradi-
ent. All field samples were located on the salt and silt
encrusted floor of Death Valley so that the influence from to-
pography would be minimized in this analysis, yet the non-
Lambertian scattering effects were inherent in the in situ
reflectance. This was particularly noticeable when the T™
and in situ reflectance were compared for the rough Qhr sur-
face.

At-Satellite Reflectance Derived from Landsat TM Spectral Wavebands
In general, each of the four saline, salt encrusted mapping
units exhibited a wide reflectance range among the individ-
ual TM waveband intervals (Table 2). The lowest and highest
reflectance always occurred in the TM7 and TM4 wavebands,
respectively. For example, reflectance ranged from 0.08 to
0.98 from Qhe, from 0.19 to 0.79 from Qf, from 0.20 to 0.46
from Qhs, and from 0.23 to 0.45 from Qhr. The relatively
large difference between the at-satellite surface reflectance
and the in situ reflectance suggested that no single TM band
compared well consistently among all four mapping units.
The four waveband combinations ( p,;, p,., pss P.) TEPTE-
sented closer agreement between the at-satellite and in situ
reflectance than any of the individual wavebands, although,
the combinations examined in this study resulted in a wide
range of at-satellite surface reflectance values (see Table 2).
For example, at-satellite surface reflectance ranged from 0.73
to 0.83 from Qhe, 0.52 to 0.64 from Qf, 0.28 to 0.37 from
Qhs, and 0.26 to 0.36 from Qhr. The red through near-infra-
red waveband always showed the highest among these val-
ues, while the visible waveband generally showed the lowest
reflectance. The absolute difference between the at-satellite
surface reflectance and the in situ reflectance compared very
favorably with all four waveband combinations for the Qhe,

COMPARISON BETWEEN SURFACE REFLECTANCE DERIVED FROM LANDSAT THEMATIC MAPPER DATA AND in Situ REFLECTANCE MEASUREMENTS FROM MAPPING

TABLE 2.
Units IN DEATH VALLEY NATIONAL MONUMENT.
Qhe Qf Qhs Qhr

P, e A P P A P. L A . e 4 21 Al
P 0.76 0.79 0.03 0.52 0.33 0.19 0.27 0.20 0.07 0.23 0.09 0.14 0.29
Prmz 0.72 0.81 =0.09 0.51 0.45 0.06 0.27 0.29 -0.02 0.25 0.12 0.13 0.7
Prriia 0.68 0.83 —-0.15 0.50 0.58 —=0.08 0.28 0.34 -0.06 0.27 0.16 0.11 0.29
Praa 0.98 0.90 0.08 0.79 0.63 0.16 0.46 0.43 0.03 0.45 0.31 0.14 0.27
Prs 0.22 0.69 —0.47 0.40 0.75 —0.35 0.28 0.36 -0.08 0.29 0.23 0.06 0.90
Py 0.08 0.56 —-0.48 0.19 0.66 —0.47 0.20 0.28 —0.08 0.23 0.23 0.00 1.03
Par 0.83 0.87 —0.04 0.64 0.61 0.03 0.37 0.38 —=0.01 0.36 0.24 0.12 0.08
Psz 0.73 0.81 -0.08 0.52 0.48 0.04 0.28 0.29 —=0.01 0.26 0.13 0.13 0.13
[ 0.78 0.84 —0.06 0.57 0.54 0.03 0.31 0.34 —=0.03 0.29 0.19 0.10 0.12
Pus 0.74 0.80 -0.06 0.55 0.56 —=0.01 0.31 0.34 —0.03 0.29 0.20 0.09 0.10

p. At-satellite surface reflectance for the specified wavebands and waveband combinations
p; In situ reflectance measured over the specified wavebands and waveband combinations with a field radiometer
A Difference between at-satellite surface reflectance and in situ reflectance for the specified wavebands

p.; Red and near-infrared waveband combination (TM3, TM4)
p.. Visible waveband interval (TM1, TM2, TM3)

p,; Visible and near infrared waveband interval (TM1, TM2, TM3, AND TM4)

p.s Surface reflectance (TM1, TM2, TM3, TM4, TM5, AND TM7)

Z1A| Sum of the absolute differences between at-satellite surface reflectance and in situ reflectance for the Qhe, Qf, and Qhs mapping units
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Figure 2. In situ reflectance from surficial mapping units
in Death Valley National Monument in the NOAA AVHRR
wavebands.

Qf, and Qhs mapping units. The lowest overall difference
was found in the red through near infrared waveband inter-
val: —0.04 for Qhe, 0.03 for Qf, and —0.01 for Qhs. The Qhr
mapping unit showed a large difference between at-satellite
surface reflectance and in situ reflectance for all four wave-
band combinations, due undoubtedly to greater scattering,
suggesting that the Qhr in situ reflectance was not as reliable
as the other in situ measurements. However, the remarkably
close agreement between the at-satellite surface reflectance
and the in situ reflectance indicated that Landsat T™M could
measure surface reflectance from the other three mapping
units (Figure 3).

Relationship between Landsat and AVHRR At-satellite Surface Reflectance
At-satellite surface reflectance measurements from the T™
and AVHRR wavebands were compared to assess whether
similar values could be derived from the two different satel-
lites. At-satellite surface reflectance was compared only for
the brightest saltpan deposit (Qhe) because the large spatial
resolution of the AVHRR made it difficult to select coincident
spatial samples for the other three mapping units. At-satellite
surface reflectance for the red (TM3 and AV1) waveband and
the near-infrared (TM4 and AV2) waveband were compared to
each other and to the in situ reflectance from the Qhe map-
ping unit (Table 3). TM3 and AV1 spectral bandwidths were
similar, but not identical, while the Av2 bandwidth was sig-
nificantly wider than the comparable TM4 bandwidth (see
Figures 1 and 2). The behavior of the reflectance curves
within the bandwidths, though, appeared to be similar so
that a direct comparison was made when the radiance and
irradiance were standardized by bandwidth.

The red waveband at-satellite surface reflectance showed
considerable difference between T™M3 (0.68) and Av1 (0.96);
and both values were considerably different from the in situ
reflectance in those wavebands, 0.83 and 0.82, respectively.
Because the TM3 and AV1 wavebands were similar but not
identical, the AV1 surface reflectance was compared to the
interval over the TM2 and TM3 bands. Little improvement
was found by including the extra bandwidth. The near-infra-
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red waveband at-satellite surface reflectance difference was
even greater, 0.98 for TM4 and 0.51 for Av1, while both dif-
fered considerably from the in situ reflectance measurements.
The best agreement between the two at-satellite measure-
ments of surface reflectance was found with the visible
through near-infrared waveband interval using either TM2,
TM3, and T™4 (0.78) or TM3 and TM4 (0.83), and AV1 and AV2
(0.81). Although the waveband intervals were not identical,
they were close enough to derive surface reflectance differ-
ences of only 0.03 and 0.02, respectively. Both values agreed
favorably with the 0.84 in situ reflectance in this waveband.

Effect of Topography on At-satellite Surface Reflectance

Topographic effects on spectral reflectance have been a com-
mon problem in satellite observations, yet no completely ac-
ceptable method for correcting topographic influences has
been proposed. The method used in this paper adjusted solar
zenith angles to a horizontal surface to solar zenith angles to
the topographic surface. Thus, when the land surface was
facing into the sun, solar zenith angles could be reduced rel-
ative to the surface slope. However, when slopes were facing
away from the sun and not receiving direct solar illumina-
tion, this model would over correct the reduction in solar ze-
nith angle, resulting in much brighter reflectance than
expected.

The difference between at-satellite surface reflectance
and at-satellite topographically corrected surface reflectance
was evaluated by subtracting the former from the latter. Re-
flectance difference image values ranged from 0.26 to more
than —0.35. Regions of Death Valley that exhibited small dif-
ferences in reflectance (—5 percent to +5 percent) occurred
the most in the study area (85 percent of area); and slopes as
low as 0 to 5 degrees resulted in reflectance differences this
large. However, slopes between 6 and 10 degrees were neces-
sary to achieve 0.06 to 0.10 difference in reflectance due to
topography (Table 4). The practical affect of topography on
surface reflectance was assessed by comparing average at-sat-

TaBLE 3. COMPARISON BETWEEN LANDSAT TM, NOAA AVHRR, anD IN SiTu
REFLECTANCE FROM ERODED ROCK SALT (QHE) IN DEATH VALLEY NATIONAL

MONUMENT
Wavebands [ Pr Ay

T™M3 0.68 0.83 =0.15
AV1 0.96 0.82 0.14

A, —-0.28 0.01
TM2 and TM3 0.70 0.82 -0.12
AV1 0.96 0.82 0.14

A, -0.26 0.00
TM4 0.98 0.90 0.08
AV2 0.51 0.87 =0.36

A, 0.47 0.03
TM2-TM4 0.78 0.84 =0.06
AV1-AV2 0.81 0.84 -0.03

A, —0.03 0.00
TM3-TM4 0.83 0.87 —0.04
AV1-AV2 0.81 0.84 -0.03

A, 0.02 0.03

p, At-satellite in-band surface reflectance measured over the specific
waveband intervals
pe In-band reflectance measured in situ with field radiometer over
specified waveband intervals
A, Difference between at-satellite surface reflectance and in situ re-
flectance
A, Difference between TM and AVHRR at-satellite surface reflectance
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Figure 3. Comparison between at-satellite and in situ re-
flectance from surficial mapping units in Death Valley Na-
tional Monument.

ellite surface reflectance and topographically corrected at-sat-
ellite surface reflectance for three Quaternary fan gravel
deposits on both the west and east side of Death Valley Na-
tional Monument. These surfaces represented sites that var-
ied by slope and aspect so that illumination differences were
expressed between samples. Topographically corrected at-sat-
ellite surface reflectance was calculated for two waveband in-
tervals: the visible through near-infrared interval, and the
visible through short-wave infrared interval. The largest dif-
ference between the two surface reflectance estimates at any
of the sites was 0.02 (Table 4). The slopes at these sites
ranged from 1 to 8 degrees, and slope aspects faced to the
northeast or southeast. Under gentle slope conditions, the af-
fect of topography appeared to be insignificant. Larger at-sat-
ellite surface reflectance differences were affected more by
the waveband interval than by topography under these slope
conditions.

Conclusions
Many factors affect the spatial and temporal variability of the
Earth’s surface reflectance. Most of these factors that are di-
rectly related to the terrestrial environment change in a rela-
tively slow and predictable way, such as the natural
phenological progression of vegetation through the growing
season. Yet some factors are more ephemeral and change
abruptly over time and space. These factors are often related
to the natural and anthropogenic modifications of the terres-
trial landscape, and to the natural variation of climate and
the daily sky conditions. Therefore, surface reflectance meas-
urements can be an important indicator of change in the ter-
restrial landscape; however, it is very difficult to resolve all
of the parameters, both terrestrial and atmospheric, that af-
fect at-satellite surface reflectance measurements.
Measurements of surface reflectance from satellites suffer
particularly from the abrupt variability of atmospheric condi-
tions. Both atmospheric scattering and transmittance are af-
fected by the amount and distribution of gas molecules and
solid particles, and these effects vary throughout the day as a
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result of changes in both the condition of the atmosphere
and the optical air mass. The temporal variability of solid
particles in the atmosphere over arid and semiarid land-
scapes presents an especially formidable problem because
the density and vertical distribution of particles in the at-
mosphere is related to the intensity and direction of surface
winds and the type and distribution of terrestrial compo-
nents in the landscape.

The type and distribution of terrestrial components in
arid and semiarid landscapes affect surface reflectance in at
least two important ways. Unvegetated landscape units gen-
erally exhibit a brightness gradient that is related to the
amount of silt and salt deposited on the surface. Reflectance
from the salt encrusted surfaces can be so intense that the
scattering and transmittance characteristics of the lower at-
mosphere affect the path, and subsequent amount, of radia-
tion leaving the surface and passing through the atmosphere.
The magnitude of this problem is related to surface bright-
ness so that reflectance from darker silt covered deposits is
affected less than reflectance from saltpan deposits. The ex-
act relationship between surface brightness and the amount
of radiation lost to atmospheric effects is still unresolved;
however, awareness of this problem in arid and semiarid
landscapes can help to explain differences between in situ
reflectance measurements and reflectance measurements
made at some distance above the ground. The results of this
study did not indicate that any conclusive effect of surface
brightness was apparent in the at-satellite surface reflectance
measurements. At-satellite red through near-infrared surface
reflectance from Qhe (0.83), the brightest surface, was 0.04
less than in situ reflectance (0.87), while at-satellite red
through near-infrared surface reflectance from the next
brightest surface, Qf (0.64), was 0.03 higher than in situ re-
flectance (0.61). Then the darker Qhs in situ reflectance
(0.38) was nearly the same as the at-satellite red through
near-infrared surface reflectance (0.37). Because the Qhe at-
satellite reflectance values were lower than surface
reflectance, it could be that scattering in the lower atmos-
phere did have some direct impact on reflected radiation; yet
these effects were difficult to distinguish from other factors
such as the amount and distribution of moisture in the Qhe

TABLE 4.  TOPOGRAPHIC AFFECTS ON LANDSAT AT-SATELLITE SURFACE
REFLECTANCE FROM QUARTENARY Fan GRAVEL DeposiTs on TRaiL Canvon Fan,
DeaTH VALLEY NATIONAL MONUMENT, CALIFORNIA,

Mapping Unit [ P [ P @ B
Qg, 0.12 0.11 0.15 0.14 6 133
Qg, 0.13 0.13 0.16 0.16 7 104
Qg, 0.16 0.16 0.18 0.18 5 65
ng 0.11 0.11 0.14 0.14 5 B1
an 0.10 0.11 0.13 0.13 a8 115
Qg, 0.15 0.15 0.18 0.18 4 80
Qg, 0.10 0.11 0.12 0.13 7 54
Qg, 0.11 0.12 0.13 0.14 2 45
Qg, 0.16 0.16 0.18 0.18 1 15
Q_g, 0.09 0.11 0.11 0.12 7 90
Qg, 0.15 0.14 0.16 0.15 1 28

p,! At-satellite surface reflectance in the red and near infrared wave-
band

p.* At-satellite surface reflectance in the visible through short-wave
infrared waveband

p. Topographically corrected at-satellite surface reflectance

a Surface slope in degrees

B Surface aspect in degrees
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mapping unit, or in situ scattering recorded by the radiome-
ter. The absolute difference between at-satellite and in situ
surface reflectance was so small that any non-Lambertian
scattering or subtle change in the surface reflectance parame-
ters could also have been responsible for these differences.

Secondly, topography affects surface reflectance because
terrestrial components receive different amounts of solar illu-
mination depending upon the slope and aspect of the ground
and the position of the sun relative to the topographic sur-
face. Some topographic conditions were so severe in the
mountain areas surrounding Death Valley National Monu-
ment that no solution was available to correct surface reflec-
tance measurements. However, when terrestrial landscape
units were exposed to direct solar illumination, the influence
of topography on at-satellite surface reflectance was less than
expected in this study. Although considerable differences ex-
isted between at-satellite surface reflectance and at-satellite
topographically corrected surface reflectance for extremely
steep slopes, the practical affect of topography on surface re-
flectance from relatively gentle slopes, e.g., areas not com-
pletely blocked from receiving direct solar insolation, were
quite small, if not negligible, and well within differences that
could have resulted from measurement or rounding errors in
the algorithms.

Spectral resolution affected at-satellite and in situ sur-
face reflectance measurements more than any other factor in
this study. Considerably different surface reflectance meas-
urements were made in the visible, red through near infra-
red, and the reflective (0.45- to 2.4-um) waveband intervals,
both in situ and at-satellite. Yet the close agreement between
both the T™ and AVHRR at-satellite surface reflectance and
the in situ reflectance measured over the red through near in-
frared waveband interval indicated that this waveband
would be the best choice to monitor changes in the terres-
trial landscape. The results of this study suggested that relia-
ble surface reflectance measurements could be obtained from
the T™M and AVHRR sensors, thereby providing the means to
monitor the temporal and spatial variability of surface reflec-
tance at both the local and regional scale in arid and semi-
arid environments. Further work is required to confirm that
reflectance would be a good indicator of disturbance, and to
distinguish between the effects of natural and anthropogenic
factors. However, these results have shown that a land qual-
ity indicator, such as surface reflectance, is available to cor-
relate with variation in the terrestrial components of arid and
semiarid landscapes; and perhaps, in the long-term, surface
reflectance may help to identify the nature of the processes
responsible for degradation in land quality.
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