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1. INTRODUCTION

Detecting clouds with satellite data in polar regions
is difficult due to minimal contrast between clouds and
the underlying snow surface in visible (VIS; 0.65 um)
wavelengths. The infrared (IR; 11 um) band often shows
that the surface is near the same temperature or even
colder than clouds, further complicating cloud detection.
Also, the boundary layer can have large areas of haze,
thin fog, or diamond dust that are not seen in satellite
imagery. Minnis et al. (2001) used a subjective cloud
mask that exploits the brightness temperature difference
(BTD,,) between the 3.7 um (channel-3) and 10.8 um
(channel-4) bands of NOAA 12 and 14 Advanced Very
High Resolution (AVHRR) data to detect clouds. BTD,,
can discriminate clouds over snow and ice surfaces
because the 3.7 um albedo of snow is small compared to
that of clouds. Except for the use of theoretical models
based on radiative transfer computations, assuming a
spherical ice crystal for snow (Han et al. 1999), detection
methods have relied on empirical, subjectively
determined criteria for detecting clouds with 3.7 um data
(e.g., Allen et al. 1990). Accurate knowledge of snow
reflectance R;; at 3.7 pum is essential for improved
automation of cloud detection algorithms over snow
surfaces during daytime. To achieve such improvements,
it is necessary to model the angular dependence of R;;,.
In this paper, a bidirectional reflectance function (BDRF)
is derived using a hexagonally shaped crystal to simulate
snow grains. The model-predicted reflectances are
compared to observed reflectances over clear snow
using the AVHRR R,;, measurements of Minnis et al.
(2001) taken during May 1998. These observations were
coincident with data taken at the surface over the Surface
Heat Budget of the Arctic Ocean (SHEBA) site in the
polar ice cap. These and other surface observations are
used to help explain the observed differences and to
ensure that the skies were cloud free.

2. DATA

For this study, all NOAA-12 and 14 orbits that
encompass the Atmospheric Radiation Measurement
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(ARM) North Slope of Alaska (NSA) site at Barrow, AK
and the SHEBA site are used to develop a May-July
1998 clear-sky dataset, using the method of Minnis et al.
(2001). The 1-km pixel data were averaged on a 56 x 56
km? regional grid.

3. 3.7 um SNOW REFLECTANCE

The clear-sky solar portion of the AVHRR 3.7 pm
band was extracted from the total radiance using the
method of Allen et al. (1990). The 11 pm brightness
temperature T, is used in the Planck function at 3.7um
(B;;) to estimate the infrared portion at 3.7 pm. The
reflected solar component is

Rz = [£37"Bar(T3) - 57" Byr(T)] / [(Mo*Ss7) - €57 Bor(T)] (1)

where T, is the 3.7 um brightness temperature, Y, is the
cosine of the solar zenith angle, and S,, is the solar
constant at 3.7 um (3.47 Wm?um?®). A value of 0.964
was used for clear snow emittance &,,. Its value was
determined as noted by Trepte et al. (1999). Typical
clear-sky values of R,, over snow range from 0.0 to 0.02,
while clouds have values ranging from 0.04 to 0.40
depending on optical depth T and effective droplet size r..
The quantities in (1) all refer to the top of the atmosphere
so that the emissivities and reflectances include both
surface and atmospheric effects.

Theoretical reflectance models at 3.7 pm were
developed from calculations using an adding-doubling
radiative transfer model developed by Minnis, et al.
(1993). The snow surface was approximated using an
optically thick (t=1000) layer made up of randomly
oriented, hexagonal ice crystals having a length to width
ratio L/D of 750 um/160 um. The optical properties of the
ice crystals, including the scattering phase function, are
from Takano and Liou (1989). The model BDRFs at the
top of the atmosphere were computed using a radiative
transfer model incorporating the May 22 (clear-sky) arctic
atmosphere from the European Center for Medium-
Range Weather Forecasting analysis and a correlated-k
distribution method (Kratz 1995).

Figure 1 shows the normalized BDRF over snow as
a function of satellite view geometry for a solar zenith
angle (SZA) of 65°. The values of R,, were divided by the
albedo (integral of R,;) to obtain these normalized values.



Figure 1. Theoretical 3.7 um reflectance factors for SZA = 65°.
Lower axis is VZA (0-90°). Polar axis is RAA (0-180°).

Forward scatter is in the 0-90° relative azimuth angle
(RAA) range. For small viewing zenith angles (VZA)
between 0 and 30°, the reflectance is about 60-80% of
the albedo, ranging to as much as 9 times greater than
the albedo for forward scatter at large VZAs.

For comparison with the models, the observed clear-
sky values of R,, were binned for both forward and
backscatter for different overpass time intervals. To
minimize the effects of striping and cloud shadows in the
data, only the clear-sky values from grid boxes having
cloud amounts less than 10% were used. For each clear
observation, a model reflectance was computed based
on the viewing geometry. Since the model and
observations may not have matching reflectivities, an
offset ratio was computed as the mean of the satellite
reflectance divided by the mean model R;, for each of the
4 bins. This time binning approach groups together points
having similar sun-satellite and view geometries, and
similar orbit orientations.

4. RESULTS

Table 1 summarizes the results for the two pairs of
UTC and RAA bins. The ratios for the NOAA-12 data
range from 0.7-0.8, indicating the model is overestimating
the satellite observations by 20-30%. The NOAA-14
ratios show better agreement except for the 21-01 GMT,
90° to 180° azimuth bin where a ratio of 0.81 is observed.
The viewing geometries for the NOAA-12 AVHRR
observations did not differ significantly from those for
NOAA-14 suggesting that there are some relative
calibration differences between channels 3 and 4 for the
two satellites.

A third order polynomial was fit to both the satellite
and theoretical model data in each of the bins, with the
model points having very little scatter about the fit.
The model curve was then adjusted to agree with the
satellite observations using the offset ratio. Figure 2
shows the resulting curves for the unadjusted model and
the observations for NOAA-14 backscatter during the
morning (1300-1800 UTC) overpasses. The ratio in this
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Table 1. Summary of model and observation comparisons of Ry,
for May 1998 AVHRR data.

case is 1.02 and the agreement between the two curves
is remarkable. Two rms differences, one between the
adjusted model fit (RMS,,) and the satellite observations,
the other between the satellite fit (RMSy,) and the
observations, were computed for each bin. For Figure 2,
both rms differences are ~25%. Scatter in the
observations is much greater than that in the models
indicating that factors other than angular variations are
affecting the observed reflectances. Possible sources
include variations in snow grain size and shape, snow
purity, ice leads, ice ridges, leads, and cloud
contamination.

Figure 3 shows the results for the NOAA-12 forward
scattering afternoon (0000-0005 UTC) data. The
theoretical reflectance model shows R,, increasing by a
factor 1.8 from nadir to 60° VZA, while the mean R,,
rises dramatically at VZA = 20°, and by a factor of 4 at
VZA = 45°. The other NOAA-12 forward scattering data
also produced a curve similar to that shown in Figure 3.

0042 — T T——T——T—
0.036-— A SatelliteQbservation 1
== Satellite Fit
§ 0.030}+ == Theoretical Fit ]
8
[S]
D 0.024F . . |
7}
[n'd
g 0.018
2 0.012}f
™
0.006
0000l o e
0 10 20 30 40 50 60
View Zenith Angle

Figure 2. May 1998 NOAA-14 R, for 1300 -1800 UTC and 90°
< RAA <180°.



0042 T T T T T T T T T
| Satellite Observation| * _ -
0.036| | A SaeliteO AT 1
= Satellite Fit DN Y &
== Theoretical Fit * Ny &
0.030 v

0.024

0.018

0.012

3.75 nm Reflectance

o
a Al s a
ba  am,Vad ga

B L §

:.‘s a 24 24

| a%g®i a0 wbas S a .
0.006 PR Y S e TP N

- A hat aaa 4y

0000 .« oo

0 10 20 30 40 50 60
View Zenith Angle

Figure 3. May 1998 NOAA-12 R3, for 0000 -0005 UTC and 0° <
RAA < 90°.

Examination of the imagery for the cases with VZA >
25° in Figure 3 revealed that the data are from scenes
that appear to contain haze. Satellite images suspected
of containing haze at 0041 UTC, 24 May are shown in
Figure 4. The VIS image (Figure 4a) shows a gradual
increase in brightness to the right corresponding with
increasing VZA in the forward scattering direction, while
the IR data (Figure 4b) indicates the presence of some
high clouds on both sides of the image. A large area of
apparently clear skies occupies most of the right 2/3 of
the images including the SHEBA site. However, the
BTD,, and the channel 4-5 brightness temperature
difference (BTD,s) images in Figures. 4c and d reveal
some structure that is not apparent in the other two
images. Just west of SHEBA, both BTD,, and BTD ¢
increase significantly. These increases correspond to the
rapid rise in R,;, seen in Figure 3. This feature is
consistent with an optically thin cloud or haze layer. A
sounding taken from SHEBA at 1121 UTC, 24 May
(Figure 5) shows a strong inversion near the surface with
high relative humidity. The SHEBA weather observation
report at 1200 UTC indicated fog coincident with clear
skies and maximum visibility, suggesting a thin ground-
level haze layer. Because surface temperatures were
relatively high, the haze would probably not be composed
of diamond dust. Using the reflectance models of Minnis
et al. (1998), it was found that if it is assumed that the
haze comprises water droplets with an effective radius of
4 um, an optical depth only 0.12 is necessary to explain
the differences in Figure 3. An increase in BTD,; of 0.1 to
0.3 K was also computed for Tt < 0.2 and r, <= 6 um.
Larger values of t and r, yield negative BTD,; values.
Thus, both BTD values are consistent with the presence
of a thin haze.

The haze was also occasionally seen at the SHEBA
site during May 24 - 25. The NOAA Environmental Tech-

nology Laboratory DABUL Lidar returns from May 24 (not
shown) show some low-level signals between 0600 and
1800 UTC that are likely low-level haze. The increase in
incident sunlight during the midday precludes detection of
thin aerosol layers near the surface. Also, the pattern of
apparent haze seen in Figs. 4c and 4d persisted from
May 23-25, during a time of light winds, strong surface
inversions, and high surface pressure. Analyses of all of
the results showed that the haze was most evident for
RAA between 0° and 10°. Arctic haze must be taken into
account when modeling clear-sky snow surfaces, since
those regions would be classified as cloudy by the
theoretical R,;, model.

5. CONCLUSIONS

A theoretical model of snow reflectance was
evaluated over northern Alaska and the adjacent Arctic
Ocean. The model shows the same trends as the
observed 3.7 um reflectances, but overestimates them
for the NOAA-12 satellite. There is much better
agreement for NOAA-14. Also, clear-sky arctic haze is
the apparent reason for major differences between the
model and satellite data for certain viewing geometries.

An automated cloud mask has been developed that
incorporates the theoretical snow 3.7 um reflectance
models, but it may need to be updated to include a
correction based on the R,, observations taken over
SHEBA and the ARM NSA. The observed model fit for
the haze regimes may be used, instead of the theory, to
prevent an over-prediction of clouds in otherwise clear
haze areas. A new clear category, arctic haze, may be
included in the output, however, to recognize the
variation of arctic haze. The standard deviation of the R,
data can be added to the model fit or to the satellite fit in
haze regimes to get a clear-cloud threshold based on
satellite viewing geometry during daylight hours. Other
months will be examined to test the robustness of the
May 1998 relationships and to determine if theoretical
models can be applied for ocean and bare tundra scenes
for the summer (melt) season. It will then be possible to
apply the results to other months and years for data
similar to those taken by the AVHRR.
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Figure 5. May 24, 1998 SHEBA sounding at 1121 UTC.
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