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Summary

An angular dependence model (ADM) is needed to convert
radiance measurements into fluxes. This paper provides an
overview on the progress and issues related to the angular
correction of radiation data at the top-of-the-atmosphere
(TOA), followed by an investigation on the performance of
the Earth Radiation Budget Experiment (ERBE) ADMs in
the Arctic during summer. The variation of inferred albedo
with viewing geometry indicates the merit of an ADM. The
ERBE ADM for land does well as it leads to near constant
albedos for given solar zenith angles. The ADM for snow/ice
is least satisfactory when applied to the Arctic in summer.
The performance of the ocean ADM is acceptable except at
large solar zenith angles for which albedo increases with
viewing zenith angle. Significant and systematic variation of
albedo with viewing angle and relative azimuth angle are
manifest when the overcast ERBE ADM is applied to over-
cast-over- snow/ice scenes. A methodology for correcting
ERBE ADMs was proposed by normalizing the anisotropic
factor over bins containing sufficient measurements.

1. Introduction

The Earth Radiation Budget Experiment (ERBE)
{Barkstrom and Smith, 1986) is one of the most
successful space programs ever launched. It has
been demonstrated to be a unique data base for
addressing some critical issues concerning the
Earth’s climate. By analyzing ERBE data, it was
revealed that clouds have an overall radiative
cooling effect on the planet, while regional and

seasonal effects may be warming or cooling
(Ramanathan et al., 1989; Harrison et al., 1990;
Arking, 1991). As a result, ERBE data have been
widely used for diagnostic studies of general cir-
culation models (Kiehl and Ramanathan, 1990;
Cess et al., 1992; Barker et al., 1994). Although
ERBE provides only the top-of-the-atmosphere
(TOA) radiation measurements, the TOA short-
wave data have been used to estimate surface
solar radiation budget (Li and Leighton, 1993)
with promising accuracy (Liet al., 1995). With the
capability for provision of reliable data on the
radiation budgets at both the TOA and the sur-
face, ERBE has become more appealing to the
diagnostic studies of climate modelling (Barker
and Li, 1995).

Despite the successes of ERBE, one must bear
in mind that the radiative flux data provided
by ERBE are not direct measurements. In fact,
numerous inversion algorithms were employed
during data processing including calibration,
scene identification, spectral and angular correc-
tions, spatial and temporal averaging, etc. (Smith
et al., 1986). Although meticulous considerations
were paid for in the design of each algorithm, the
quality of instantaneous ERBE data is not well
defined. The most uncertain step lies in the angu-
lar correction that converts radiance observations
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to fluxes using angular dependence models
(ADMs) (Stuhlmann and Raschke, 1987). Uncer-
tainties due to the ERBE angular correction may
lead to an absolute error of nearly 2% in the
global mean albedo (Ye, 1993). To date, the per-
formance of ERBE ADMs has been investigated
mainly over oceans at low latitudes that were
viewed by the Earth Radiation Budget Satellite
(ERBS). For example, Baldwin and Coakley
(1991) estimated the uncertainty due to incorrect
bidirectional correction for oceans of various
cloud covers and found that maximum bias and
random errors are 4% and 15%, respectively.
Dlhopolsky and Cess (1993) illustrated that the
anisotropy of reflected radiation over clear oceans
is severely undertreated by ERBE in the forward
scattering direction. Suttles et al. (1992) found
that TOA albedo derived by applying ERBE
ADMs to NIMBUS-7 earth radiation budget
(ERB) scanner data has a systematic dependence
on viewing zenith angle; a variation of 0.1 from
near nadir to near limb. Note that ERBE ADMs
were actually constructed using primarily NIM-
BUS-7 ERB data (Suttles et al., 1988).

In view of potential problems with ERBE angu-
lar correction, this study examines the perform-
ance of the ERBE ADM in the Arctic during
summer. In addition to the importance of study-
ing polar radiation budgets, selection of this par-
ticular area stems from technical considerations.
First, the convergence of polar orbits in the Arctic
and the ERBE cross-track scanners permit
multiple observations from various viewing geo-
metries with high repetitive frequency. This is
a basic requirement for an ADM study, when
simultaneous observations from different viewing
angles are unavailable. Second, various geographic
types (geotype) co-exist in the Arctic during sum-
mer such as open water, land, snow/ice, allowing
assessment of the performance of different ERBE
ADMs, Finally, the unique characteristics of po-
lar clouds and geotypes entails the evaluation of
ERBE ADMs that were designed for global appli-
cation.

Section 2 discusses issues related to the angular
correction for shortwave radiation measurements.
The data and methodology used in this study are
introduced in Section 3. Section 4 examines the
dependency of ERBE flux on viewing geometry. A
method for correcting ERBE ADM is proposed in
Section 5. Section 6 summarizes the study.
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Fig. 1. Satellite, sun and target geometry. 8, 6 and ¢ denote
solar zenith angle, viewing zenith angle and relative azimuth
angle, respectively (from Suttles et al., 1988)

2. Issues on the Angular Correction
2.1 Angular Dependence Model (ADM )

ADM is defined as the ratio of the radiance
reflected in a specific direction and the mean
radiance reflected in all directions over the upper
hemispheric domain. It is generally a scene de-
pendent function of the geometry of illumination
and reflection described by three angles, namely,
solar zenith angle, viewing zenith angle and rela-
tive azimuth angle (see Fig. 1}. ADM is thus also
referred to as bidirectional reflectance distribution
function (BRDF). In addition to scene type, ADM
is also a function of wavelength and spatial resolu-
tion (Pinty and Verstraete, 1992; Kriebel, 1978).
ADMs for narrowband measurements from
weather satellites (NOAA and GOES) and re-
source satellites (LANDSAT and SPOT) differ
from those for broadband measurements from
experimental space programs (NIMBUS and
ERBE} due to their spectral and spatial differ-
ences. Recent reviews on the development of
narrowband ADMs at the TOA and the surface
can be found in Pinty and Verstraete (1992} and
Wu et al. (1995).

ADMs have been derived following both em-
pirical and theoretical approaches. Although em-
pirical development of ADMs began with the
advent of mecasurcments from carly satellite
missions such as TIROS-VI (Ruff etal.,, 1968),
TIROS-VIH (Arking and Levine, 1967), and NIM-
BUS-3 (Raschke et al., 1973), it was not until the
launch of NIMBUS-7 that acquisition of more
complete sets of ADMs was made possible. The
ERB instrument aboard the NIMBUS-7 has the
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capability of multi-axes scanning to allow radi-
ation measurements from different angles over the
same targets (Jacobowitz et al., 1984). Analyses of
these data led to both simple parameterized
ADMs for clouds (Staylor, 1985), deserts (Staylor
and Suttles, 1986), land (Pinty and Raymond,
1986), and more detailed tabulated ADMs for all
the major scene types including water, land, snow
and cloud (Taylor and Stowe, 1984). Arking and
Vemury (1984) assessed the performance of the
tabulated model by comparing wide and narrow
field of view (FOV) measurements. A large bias
error was found in albedo which was attributed to
the angular correction. Consequently, they pro-
posed to compute albedo by sorting radiance
measurements into different angular bins and
then integrating them over all the bins. The
method was thus referred to as sorting-angular-
bins (SAB), which requires no ADMs but multiple
viewing angle measurements. Apart from empiri-
cal studies using observational data, many theo-
retical simulations were conducted for the devel-
opment of ADMs and evaluation of the angular
effects of the atmosphere, cloud and surface
(Davies, 1984; Koepke and Kriebel, 1987; Coak-
ley and Kobayashi, 1989). Stuhlmann et al. (1985)
compared the NIMBUS-7 ADMs with their
modeled ADMs for clouds. The two types of ADMs
agree well for low solar zenith angles and poorly
for solar zenith angles larger than 70°. Their study
also showed that GOES data can be used to
complement NIMBUS-7 for cases in which there
were no data available from NIMBUS-7.

As a result, a new set of ADMs was developed
for applications in ERBE using data primarily
from NIMBUS-7, partly from GOES, and occa-
sionally from model simulations (Suttles et al.,
1988). The ADMs were developed for 12 scene
types listed in Table 1 that include the geotypes of
ocean, land, desert, snow, land-ocean mix, for four
cloud amounts, namely, clear, partly cloudy,
mostly cloudy, and overcast. Prior to the ERBE,
the ADMs were developed only for clear and
overcast. Note that the ADM for partly clouds is
not a simple linear combination of those for clear
and overcast skies weighted by cloud amount,
since the directional properties of cloud reflection
depend strongly on cloud geometry (Coakley and
Davies, 1986; Kobayashi, 1993; Barker, 1994).

While ERBE ADMs are the most comprehensive
and complete bidirectional models available, they

Table 1. ERBE Scene Types for Angular Dependence Models

Cloud

Number Scene
Cover (%)

1 Clear over ocean 0-5

2 Clear over land 0-5

3 Clear over snow 0-5

4 Clear over desert 0-5

5 Clear over land-ocean mix 0-5

6 Partly cloudy over ocean 5-50

7 Partly cloudy over land or desert 5-50

8 Partly cloudy over land-ocean mix ~ 5-50

9 Mostly cloudy over ocean 50-95
10 Mostly cloudy over land or desert ~ 50-95
1 Mostly cloudy over land-ocean mix 5095
12 Overcast 95-100

suffer the following major shortcomings. First,
ADMSs derived from measurements made by
polar orbiting platforms tend to factor the lati-
tudinal dependence of reflectivity into a solar
zenith angle effect due to a latitudinal variation
in scene condition. This was illustrated by Cess
and Vulis (1989) over deserts and by Vulis and
Cess (1989) over vegetated lands. Second, ADMs
developed from NIMBUS-7 data are, in principle,
not totally applicable to ERBE data, since their
FOVs are different. At nadir, the FOV of NIM-
BUS-7 is about twice that of ERBE, while at large
viewing angles the former is smaller than the
latter. A NIMBUS-7 scanning radiometer has an
approximately constant FOV, while the FOV of
the ERBE scanner increases from nadir to limb.
ADM depends on spatial resolution, large FOV
tending to average out the natural spatial vari-
ation and thereby weakening the anisotropic pat-
tern. The theoretical study by Pinker and Stowe
(1990} suggested that TOA bidirectional proper-
ties over land surfaces are modified primarily by
the atmosphere for the spatial resolution of the
NIMBUS-7 ERB. Therefore, it may be adequate
to use a single ADM for all types of land. This is,
however, definitely not the case for high resolu-
tion data from the Advanced Very High Resolu-
tion Radiometer (AVHRR) for which the ADM
depends on land cover type and greenness of
vegetation (Wu et al.,, 1995). Quantitative studies
are lacking as to how many ADMs are appro-
priate for processing ERBE measurements over
land. Third, there is only one overcast model that
is applied to all geotypes. Different angular prop-
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erties are expected for overcast over different sur-
face types, unless cloud optical depth is thick
enough. The ERBE overcast ADM is more repre-
sentative of marine overcast conditions, as the
samples used in the development of the overcast
ADM were taken predominantly over oceans
(Suttles et al., 1988). This may pose a serious
problem in the Arctic where relatively thin clouds
arc frequently present over land, snow or ice
surfaces. Li and Leighton (1991) found that polar
clouds are often so thin that the spectral signature
of the underlying surface is discernible at the
TOA. Therefore, it is envisaged that the bidirec-
tional characteristics of the surfaces exert an
impact on the TOA ADM which undermines the
applicability of the ERBE overcast ADM. Evalu-
ating the performance of the ERBE ADMs over
polar regions is thus especially needed.

2.2 Scene Identification

It is clear from the above discussions that success-
ful angular correction relies on both correct
ADMs and correct scene identification. ERBE
scene identification has two aspects: specifying
geotype and detecting cloud cover. Geotype is
determined a priori according to location and
data, while cloud cover is identified dynamically
by a maximum-likelihood estimation (MLE)
method (Wielicki and Green, 1989). Diekmann
and Smith (1989) evaluated the uncertainties in
the ERBE fluxes resulting from erroneous cloud
identification by the MLE using cloud data ob-
tained from their AVHRR-based algorithm. They
found that cloud amounts for thin and low clouds
over oceans were underestimated substantially
due to the fact that the training data used in the
development of the ERBE MLE are averages of
all clouds with different heights and thickness.
Relative error incurred in TOA shortwave flux
may reach as high as 14%. Accordingto Ye(1993),
errors in scene identification by the MLE depend
also on pixel size. Clear and overcast scenes deter-
mined by the MLE near nadir were found to be
more likely contaminated, i.e. cloud cover is nei-
ther zero nor unity, in comparison to large view-
ing zenith angles. The dependence of the ERBE
scene identification error on viewing zenith angle
was also found by Brooks and Fenn (1988a, b)
using along-track ERBE scanning data over a
short period. Because such a dependency could be

misinterpreted as errors in ADMs, correct scene
identification is an essential prerequisite for as-
sessing an ADM. The MLE method was also
tested by Suttles et al. (1992) who applied the
method to broadband NIMBUS-7 ERB data and
compared the resulting cloud amounts with those
determined from higher spatial and temporal res-
olution NIMBUS-7 THIR and TOMS data. The
agreement is generally within 0.1 over most areas
except polar regions where discrepancies reach
0.3. This is attributed to the implicit assumption
behind the MLE that cloudy scenes are brighter
and colder than clear scenes. This assumption
does not often hold in polar arcas where
clear/cloud contrast is dim in both shortwave and
longwave channels. A new scene identification
algorithm was developed by Li and Leighton
(1991) and Sakellariou etal. (1993) that took
advantage of the multi-channél narrowband
measurements offered by AVHRR. The cloud
amounts deduced from AVHRR and from ERBE
differ considerably in the Arctic (Liand Leighton,
1991). Although the AVHRR-based scene identi-
fication is not free from crrors, it is certainly more
reliable than the ERBE technique. Furthermore,
polar geotypes prescribed by the ERBE are also
erroneous due to the dynamic nature of snow/ice
coverage in summer. The algorithm of Li and -
Leighton (1991) is able to identify both cloud
amount and surface types including ocean, land
and snow/ice. As such, this study replaces the
ERBE scenes by the AVHRR scenes in order to
gain an insight into the performance of the ERBE
ADM over polar regions.

3. Data and Methodology

The data used in this study consist of both ERBE
and AVHRR measurements made from NOAA 9
in the region north of 60°N during four days
throughout the month of July 1985. NOAA 9 was
in a sun-synchronic orbit that circulated around
the globe about 14 times per day. The number of
daytime pass over a fixed target increases from
7 at 60° to 14 at the pole. Both ERBE and
AVHRR radiometers scan the Earth in a cross-
track direction, allowing simultaneous and co-
incident observations at varying spatial resolu-
tions. The two types of data were combined by
matching 8 x 8 AVHRR global area coverage
(GAC) pixels of 4-km resolution to one ERBE
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No. Solar zenith No. Viewing zenith No. Relative azimuth
1 0-25.84 1 0-15 1 0-9
2 25.84-36.87 2 15-27 2 9-30
3 36.87-45.57 3 27-39 3 30-60
4 45,57-53.13 4 39-51 4 60-90
5 53.13-60.00 5 51-63 5 90-120
6 60.00-66.42 6 63-75 6 12¢-150
7 66.42-72.54 7 75-90 7 150-171
8 72.54-78.46 8 171-180
9 78.46-84.26

10 84.26-90.00

pixel. The scene with respect to both cloud cover
and surface type for an ERBE pixel was deter-
mined by the scenes of the 64 AVHRR pixels
collocated to the ERBE pixel (Li and Leighton,
1991). Based on this new scene type, an appropri-
ate ERBE ADM was applied to the ERBE radi-
ance measurement to compute a new flux which is
then converted into an albedo. Tri-linear interpo-
lation in terms of solar zenith angle, viewing
zenith angle and relative azimuth angle was car-
ried out when the ERBE ADM was implemented,
since the ERBE anisotropic factors were averaged
over discrete angular bins of considerable ranges
listed in Table 2.

A simple way to test the validity of an ADM is
to see if the derived albedo changes with viewing
zenith angle and relative azimuth angle. If an
ADM is perfect, the resulting albedo should be
independent of viewing geometry, provided that
the scene is stable and identified correctly. To this
end, all data were first sorted into the angular bins
listed in Table 2. As in the development of ERBE
ADMs, the dependence of reflection on relative
azimuth angle is assumed to be symmetric with
respect to the principal plane determined by the
sun, satellite and target (see Fig. 1). Owing to the
limited number of measurements, the data are
classified according to scene type regardless of
geographic location. The cross-track scanning
mode and convergence of orbits in the polar
region render little bias in the sample population
with respect to viewing zenith angle bin. However,
the measurements are restricted to certain relative
azimuth angle bins, mainly bin 3, 4, and 6, owing
to the characteristics of sun-synchronous orbits.
Furthermore, different scenes are sampled un-

equally, since the degree of overlapping changes
with latitude that is further correlated with scene
type. The minimum sample population required
for a reliable estimate of a bin-mean albedo de-
pends on the variability of the scene. Pure scenes
including uniform geotypes under clear and over-
cast conditions turn out to have large populations
and small variability, which permits an analysis of
the angular variation of the derived albedo.
Mixed scenes including partly and mostly clouds
and mixed geotypes have too few measurements
in a bin to derive a representative albedo, or too
many blank bins. Assessment of the ADMs for
these scene types is thus handicapped. On the
other hand, however, evaluation of the ADMs for
pure ocean and land sheds light on the ADMs for
ocean-land mix, since the latter were derived from
the ADMs for the former. Failure to evaluate the
ADMs for partly and mostly cloudy conditions
does not pose a serious problem for radiation
budget studies in the Arctic, where overcast
clouds occur much more frequently than broken
clouds during summer.

4. Results

After sorting the data, the mean albedos and their
standard deviations over pure scenes are com-
puted for all the bins in which there are multiple
measurements. The standard deviation of a mean
albedo serves as an indication of the statistical
uncertainty resulting from insufficient sampling
and variability of the scene. The mean albedos are
plotted as functions of viewing zenith angle for
different ranges of relative azimuth angle and
solar zenith angle (see Figs. 2-5). For the sake of
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clarity, variations with respect to relative azimuth
angle are shown in three coarse intervals instead
of eight used by the ERBE. Their ranges are
0-60, 60—120 and 120180, representing approxi-
mately reflection in forward, sideward and back-
ward directions, respectively. Discrepancies
between the curves reveal to what extent an
ERBE ADM inadequately accounts for the
variation of reflectance with relative azimuth
angle, while the variation of albedo with viewing
zenith angle indicates the deficiency for an ERBE
ADM to represent the dependence on viewing
zenith angle. In view of the statistical uncertainty,
a variation is considered to be meaningful only
when it is significantly larger than the standard
deviation.

Figure 2 shows the results obtained over clear
oceans. Moderate increases of albedo with view-
ing zenith angle are noted when the cosine of the
solar zenith angle is smaller than 0.3. As the cosine
of the solar zenith angle increases, the variation of
albedo with viewing zenith angle gradually be-
comes less pronounced. The differences in albedo
due to relative azimuth angle are essentially with-
in the ranges of uncertainty. It follows from Fig.
3 that the ERBE ADM for clear land does a good
job of accounting for the angular dependence on
viewing zenith angle, illustrated by the flat lines.
There are small but systematic discrepancics
among different intervals of relative azimuth
angle. Overall, the performance of the clear-land
ADM is superior to the clear-ocean ADM, prob-
ably because ocean shows much stronger aniso-
tropic reflectance and is thus more sensitive to
angular correction than is land. However, this is
not the case for clear snow/ice, whose reflectance
shows even less variation with viewing geometry
(Taylor and Stowe, 1984). Despite the large uncer-
tainties in Fig. 4 arising from a variety of snow/ice
conditions in the summer Arctic, it appears that
the snow/ice albedos change substantially with
both viewing zenith angle and relative azimuth
angle. The poor performance of the snow/ice
ADM in the summer Arctic may be attributed to
the fact that the measurements used in the estab-
lishment of the clear-snow/ice ERBE ADM were
more representative of winter snow that is much
fresher and brighter than the old snow or ice
present in the summer Arctic. Since specular
reflection augments with snow age, reflectance
becomes more anisotropic toward mid summer

(July) after many freezing/thawing e¢vents (Dirm-
hirn and Eaton, 1975). Moreover, snow accumu-
lation on sea ice may vanish after thawing in carly
summer and thus much of the data shown in Fig.
4 represents sea ice more than snow. Sea ice has
larger grain sizes than snow and thereby tends to
reflect more anisotropically (Steffen, 1987). Fur-
thermore, specular reflection increases with solar
zenith angle (Salomonson and Marlatt, 1968).
That may explain the stronger viewing zenith
angle dependence in Fig. 4a to 4d compared to
Fig. 4e and 4f. As for overcast, only overcast-over-
snow/ice is shown (Figure 5). There are insufficient
data to evaluate the performance of the ADMs for
overcast scenes over other surface types. As was
conjectured earlier, the ERBE overcast ADM
leads to large errors when it is applied to overcast-
over-snow/ice scene. This is seen from the large
and well behaved variations of albedo with both
viewing zenith angle and relative azimuth angle.
The statistical uncertainties shown in Fig. 5 are
very small compared to the angular variations of
albedo owing to the larger number of samples.
Albedo decreases with viewing zenith angle when
the cosine of the solar zenith angle is smaller than
0.5 at a rate dependent strongly on relative azi-
muth angle, quicker in the sideward direction
than in other directions. As the cosine of the solar
zenith angle increases, the performance of ERBE
ADM improves significantly. This appears to be
a rather universal phenomenon as it is observed
for all the cases examined here.

It follows from Figs. 2—5 that most of the
albedos derived from the ERBE ADMs are sub-
ject to variation with viewing geometry. The
magnitude of variation depends on scene type and
solar zenith angle. Owing to the small number of
samples, it is not feasible to use the present data
set to generate a new set of ADMs for use in the
Arctic. As a result, qualitative assessment of the
performance of the ERBE ADMs is the main
objective of this study. Nevertheless, an attempt is
made to correct the ERBE ADM for the overcast-
over-snow/ice scene for which the statistical un-
certainties are small and the dependence of albedo
on viewing zenith angle is well defined. The cor-
rection is done by redefining the values of ADM
for those bins that contain many enough samples.
Due to the limitation of the data, the exercise is
intended more for illustration of a methodology
than for provision of an revised model.
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Reflectance and albedo are defined respectively as

nL(0,,0, ¢)

a(l,,0.9) = (3)
A(0,) = ilf-((g—)) @

where F(6,) is the solar flux incident at the top of
the atmosphere, Using (3) and (4), (1) can be

— — Backward
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Fig. 3. Same as Fig. 2 but for
clear-sky land

rewritten as

a(90> 9: ¢’)
N ©)

It follows from (5) that the determination of an
ADM requires knowledge of reflectance and al-
bedo. Reflectance data are available for some
viewing bins in which there are sufficient samples
to derive reliable bin-mean values. These bins are

R(OO’ A ¢) =
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simply referred to as valid bins. The validity of
a bin is determined by the ratio of the standard
deviation of reflectance to the mean reflectance.
When this ratio is smaller than one percent, the
bin is considered to be valid and the data in that
bin are used. This is a rigid criterion which
excludes most bins containing scenes other than
over-cast-over-snow/ice to assure that the statis-
tical uncertainty of the corrected ADM is small.

Fig. 4. Same as Fig. 2 but for

— ~— Backward clear-sky snow/ice

For over-cast-over-snow/ice, there are about 14
bins that satisfy the criterion with a mean sample
of about 1500 per bin.

Value of A(0y) in (5) is unknown. Those
derived from the ERBE ADM may be unreliable
unless they are invariant with viewing gco-
metry. Therefore, the albedo used to correct an
ADM is obtained directly from the integration
of reflectance. From (2) through (4), albedo is
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expressed as where « denotes the viewing domain composed of
| [2n [a2 valid bins, and f the remaining domain. In the
A(G,) = —f J a (0, 0, p)costsinf dO dop remaining domain, R(f,,8,¢) is derived from
TJo Jo ERBE ADM. It follows from (6) that
1 .
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@, n 2
A(Bo) = - (7

1
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The corrected ADM is, therefore, given by the fies the normalization constraint, i.e.,
following conditional function:
1 2n ("nf2
alf,,0, $) ~I J R'(6,,0, p)cosOsinddidg =1 )]
—awy e e
R’(Boa Qa ¢) = 0 (8)
R(0.. 0 0. de Note that an ADM can only be corrected over
[ Ed ] y

where R(8,,0,¢) is the ERBE ADM, a(0,, 0, ¢)
and A(f,) are given by (3) and (7), respectively. It
can be shown that the ADM defined by (8) satis-

the valid domain. Outside this domain, lack of
measurements prohibits redefining the ADM. On
the other hand, bins with few or no samples
represent the viewing geometries from which
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a scanner aboard a polar orbiting satellite seldom
measures and thus angular correction is of less
significance. The corrected ADM will lead to an
invariant albedo A(60,) for viewing angles falling
within the valid domain.

Numerical integration of (7} was conducted for
overcast-over-snow/ice scenes using the ERBE
angular discretion delineated in Table 2. After the
albedo was obtained, it was used together with
bin-mean reflectance data to determine R’ over
the valid domain. Figure 6 shows the ratio of R/R’
between original and new ADM. In many cases,
they differ by more than ten percent. Relative to
the corrected ADM, the ERBE ADM tends to
underestimate the anisotropic factor at small
viewing zenith angles and overestimate it at
large viewing zenith angles. Underestimation is
more prevalent for the relative azimuth angles
in bin 6, whereas the reverse is the case for bins
3 and 4.

6. Summary

Since the Earth Radiation Budget Experiment
(ERBE} provides high quality radiative flux
measurements of the earth-atmosphere system,
ERBE data have been widely used for a variety of
climate studies. It should be borne in mind, how-
ever, that many inversion algorithms were em-
ployed in the processing of ERBE data, and they
are potential sources of uncertainty. The most
error-prone processing arises from angular cor-
rection that is nceded for obtaining fluxes from
radiances. While many investigators have as-
sessed the performance of ERBE angular depend-
ence model (ADM), most have focused on low
latitude oceans. This study evaluated the perform-
ance of the ERBE ADM over the Arctic. Four
potential problems may degrade its performance
in the Arctic summer: mis-identification of scene
type; correlation between the properties of scene
and latitude; disparity in spatial resolution be-
tween the ERBE and Nimbus 7 radiometers; and
differences in scene characteristics for the devel-
opment and for the application of ADMs. Over-
lapping of polar orbits in the Arctic permits
assessment of ERBE ADMs.

Due to problems with ERBE scene identification,
ERBE scene types were replaced by those deduced
from AVHRR measurements that were matched
to ERBE observations. The ERBE ADMs select-

ed according to the AVHRR scenes were used to
derive TOA albedos from radiances. The albedo
data were first sorted into angular bins and bin
mean values were then plotted against viewing
zenith angle for different ranges of relative
azimuth angle and solar zenith angle. If an ADM
is perfect, the inferred albedo is independent of
viewing geometry. According to the variations of
albedo with viewing geometry, ERBE ADMs
were found to perform best over land, worst over
snow/ice in the Arctic summer, and moderately
over water except at large solar zenith angles. The
overcast ERBE ADM is inadequate in the Arctic
where clouds are generally thinner than the global
mean. A methodology for correcting ERBE
ADMs was proposed that normalizes the aniso-
tropic factor over the bins containing sufficient
measurements. The correction is feasible for an
overcast-over-snow/ice scene for which there
are a large number of samples. The corrected
ADM renders albedo independent of viewing
geometry and satisfies the normalization condi-
tion.
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