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ABSTRACT

Spectral albedo measurements from
the Landsat-4/5 Thematic Mappers require
that spacecraft upwelling radiances be
corrected for atmospheric absorption and
scattering and for local surface illumi-
nation. A two-stream model is developed,
with a lower boundary <condition that
varies with incidence angle,. TM data
must be registered to digital terrain
data. Reflectance from points in shadows
can be used to estimate optical depth.
Our primary application is determination
of the spectral albedo of snow. The TM
is better—-suited for this purpose than
the MSS becaumse of its larger dynamic
range.

I. INTRODUCTION

Satellite remote sensing has become
increasingly important to study of the
land surface climatology, because the
data provide information on the spatial
distribution of important parameters such
as albedo, surface temperature, snow
cover, vegetation index, etc. In snow
and ice studies (my own particular
interest) remote sensing has been used to
improve the monitoring of existing condi~-
tions and has been incorporated into
several runoff forecasting and management
systems.

The most common operational use of
remote sensing in snow studies is to mon-
jtor snow covered area (see papers by
Rango in the REFERENCES), and satellite
derived measurements of snow covered area
are used as indices in snowmelt runoff
models. The next step involves use of
the radiometric characteristics of the
satellite data. Measurements of snow
reflectance from the Landsat-4/5 Thematic
Mappers should lead to improved use of
satellites in snow hydrology, because the
data can be used in surface energy bal-
ance calculations, Basin-wide spectral
albedo measurements from the TM could be

used to better understand and predict the
timing of the spring runoff, because
these data can be combined with solar
radiation calculations to estimate the
net radiation balance.

II. TM RADIOMETRIC CHARACTERISTICS

Table 1 gives some radiometric
characteristics of the Landsat—-4 Thematic
Mapper, launched in July 1982. Landsat-35
was launched March, 1984, Bands are
listed in spectral order. In the radi-
ance columns of the table, quantization
and saturation radiances of the sensor
bands are compared with the solar con-
stant, integrated through the sensor
response functions. Solar constant spec—
tral distributions are from the NASA
standard (Thekaekara, 1970) adjusted to
fit the integrated values measured from
the Nimbus-7 cavity radiometer of the
earth radiation budget experiment (Hickey
et al., 1980).

The last column in the table
expresses the sensor saturation radiance
as a percentage of the solar constant,
integrated through the band response
function. Except for band 1, these per-—
centages are all significantly higher
than comparable wavelength channels on
the Landsat Multispectral Scanner. More-
over, the radiometric resolution NEAL is
better onm the Thematic Mapper, because
the signal is quantized to 8 bits instead
of 6. Snow will frequently saturate TM1,
but saturation in the other channels is
usually confined to a small portion ((1%)
of the pixels in a snow covered scene.
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Table 1., Landsat—-4 TM Radiometric Characteristics

I : radiances (W m—zum—lsr-l)
band | pm | NEAL sat. solar %
TM1 | .45 .52 | .63 158 621 26
TM2 | .53 .61 | 1.22 308 540 57
TM3 | .62 .69 | .92 235 468 50
™4 | .78 .90 | .89 224 320 70
™S | 1.57 1.78 | .13 32 66 49
T™™7 | 2.10 2.35 | .07 17 24 69
| |
™6 I 10.42 11.66 (thermal band)

Table 2. TM Snow/Cloud Reflectance (60° illumination angle)

clean semi—-infinite snow
optical grain radiuns (um)

|
|
band | 50 100 200 __500 1000
1 | .992 .988 .983 .974 .963
2 | .988 .983 .9717 .964 ) .949
3 I .978 .969 .9517 .932 .906
4 | .934 .909 .873 .809 . 741
5 | .223 .130 .067 .024 .011
7 | .197 .106 .056 .019 .010
|
| water cloud, 1mm water
| optical droplet radius (pm)
band | 1 2 5 10 20
5 T .91 .866 .769 .661 .547
7 1 184 .150 .650 .481 .345
f- -
| ice cloud, 1mm water equivalent
| optical crystal radius (pm)
band | 1 2 5 10 20
5 T 811 .780 .665 .513 .383
7 i .765 .730 .642 .478 .341
III. SNOW/CLOUD REFLECTANCE highest snow reflectances measured, for
fine, new snow in Antarctica, Am optical
Calculations of snow reflectance in grain size of 1000 pm is typical of snow
all 6 TM reflective bands (i.e. 1, 2, 3, that has undergone melt-freeze metamor-
4, 5, and 7), using a delta-Eddington phkism. The cloud thickness of 1 mm was
model (Wiscombe and Warren, 1980; chosen to represent typical small, thin
Choudhury and Chang, 1981) show that snow clouds that might obscure satellite
reflectance is sensitive to grain size in observations of snow and that might not
TM4 but not in TM1 or TM2. The same be evident in other wavelengths bands.
model <can be wused to calculate <cloud Table 2 does not include any correction
reflectance. Table 2 shows calculations for atmospheric attenuation, the topic
of integrated reflectance for snow of covered im the next section.
optical grain size 50-1000 pm over all
reflective TM bands, and for water and In the blue and green bands (1-2)
ice clouds with thickness of 1 mm water snow reflectance is less semnsitive to
equivalent over TM5 and TM7. An optical grain size, so0 measurements im these
grain size of 50 uym corresponds to the wavelengths will show the extent to which
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snow albedo js degraded by contamimation
from atmospheric aerosols, dust, pine
pollen, etc. In the red and near-—
infrared bands (3-4), snow reflectance is
sensitive to grainm size but not to con-
taminants, so grain size estimates in
these wavelengths can be used to spec-
trally extend albedo measurements. In
both TM "shortwave infrared” bands, TMS5S
and TM7, snow is much darker than clouds,
and water clouds are brighter than ice
clouds in TM5. VWarren (1982) and Dozier
(1984) give physical explanations for
these snow/cloud reflectance attributes.

IV. ATMOSPHERIC CORRECTION
A, PLANETARY ALBEDO

From the valuwes in Table 1, digital
satellite radianmce numbers can be con-—
verted to radiances. At this stage we
make tbe Lambertian assumption: upwelling
radiance is independent of viewing direc-—
tion. The apparent planetary albedo,
derived directly from the satellite data
with no corrections for terrain, is

p_ = L __
P -2

pOSoR .
L is radiance at the satellite,
integrated over the wavelength band; p
is the solar zenith cosine on & horizon-
tal surface; nS is the spectral solar
constant, integrated over the wavelength
band (the "solar” values inm Table 1); and
R is the earth-sun radius vector (ratio
of earth-sun distance to its mean value).

B. ATMOSPHERIC MODEL

Atmospheric correction over areas of
mountainous terrain has only recently
been examined in the literature (Dozier
and Frew, 1981; Sjoberg and Horm, 1983).
A new approach that appears more promis-—
ing than previous algorithms is to calcu-—
late planetary albedo p_, treating the
atmosphere as a homogegeous layer and
using the surface illumination angle and
surface reflectance P, for the lower
boundary condition. The TM data must be
registered to digital terrain data, so
that we can correct for varying illumina-
tion angle and shadowing by adjacent ter-
rain (Frew, 1984).

The following system of first-order
ordinary differential equations approxi-
mates the radiative transfer equation for
non-emission conditions with the phase
function averaged over azimuth (Meador
and Weaver, 1980). In this “two~stream"”
approximation for a homogeneous layer
with optical depth O0(t{t , radiance is
separated into downward Ll and upward Lf
components.

dL —t/po

it S _ _ -2
dt Teby = 7Lk, — SR Te vge

dL -t/u

oy _ -2 o

dt B YZLf 71L$ * SoR ©o¥4®

© is the single-scattering albedo. The

v's are chosen according to the approxi-
mation used for the phase function, and
depend on v , the phase asymmetry parame-
ter g, and p_ . Meador and Weaver (1980)
derive 1y's or 7 different approxima-
tions.

The common upper boundery condition
is that there is no incoming diffuse
radiation at the top of the atmosphere:

L‘(O) =0

Over mountainous terrain the lower boun-
dary condition is <complicated, because
the surface illumination angle arccosp

is not necessarily the same as pn_, an

because a portion of the incoming radia-
tion is reflected from adjacent terrain.
The "view factors” V and V represent
the portion of the overlying hemisphere
obscured by terrainm and corrected for
angular effects. V., is the view factor
for incident diffuse irradiance; V is
the view factor for incident direct irra-
diance. The lower boundary condition is

-tolp

_ o
Li(z)) = Py {Soe

[poVs+ps]

+ Li(to) [1—Vd(1—po)]}

With the Lambertian assumption the
satellite measures p_ . For near-nadir
viewing satellites, Re expect that an
anisotropic <correction can be applied
empirically. Solution of the differem-
tial equations 1leads to a complicated
expression of the form

f(pp.po.uo,us.vd,vs,mo.g,to) =0

Of these variables p , p , p , and the
V'’s are known. If tnd sca%terfng proper-—
ties of the atmosphere, but not the den-
sity of the scattering elements, are
known, then o and g are also known. The
only wunknowns are therefore p and < _,
the surface reflectance (which is what we
want to measure) and the optical depth of
the atmosphere in the wavelength band.

Now if we have a measurement at two
different values of p_ over areas where
p is the same, the equation can be
solved for p for those pixels and T at
that elevation, Generally v varies with
elevation in an exponential way, i.e.
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H, the scaling height, is determined from
values of v at two different elevations.
Once this rglationship is established, so
that T, can be estimated for all eleva-
tions, then spectral albedo Po can be
estimated for all pixels.

C. FUTURE PLANS

The approach can be tested by com-
parison with a detailed atmospheric
model, based on LOWIRAN6 (Kneizys et al.,
1983) and ATRAD80 (Wiscombe, 1976), but
with modifications to allow computation
of azimuthally-dependent radiance instead
of just azimuthally-averaged radiance.
For a range of atmospheric profiles, we
will compare the upwelling radiance at
the satellite, over the range of viewing
angles for the TM, with the values calcu-
lated for the simpler two-stream model
described above. If the relationship is
systematic, the simpler, invertible model
can be used for atmospheric correction.

V. CONCLUSION

Landsat-4/5 Thematic Mapper data can
be used to determine spectral albedo
values over mountainous terrain. All TM
channels except 1 have suitable dynamic
ranges for snow albedo measurement. The
atmospheric correction requires no corre-
lative measurements but assumes that pix-
els in shadow near those in sunlight have
the same albedo.
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