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corresponding solar flux. The solar flux was calculated at the 
central wavelength for each CAR spectral response function 
using MODTRAN [Berk et al., 19891. For each channel, Table 
2 also lists the variation of solar zenith angle during the period 

of data collection as well as the hemispherical albedo calcu- 
lated using (2). It must be noted that no estimates of uncer- 
tainty were made for the surface-atmosphere hemispheric al- 

bedo at 2.21 pm because we do not have any repeated 
measurements (i.e., only one orbit was completed). Since the 
solar zenith angle changes by less than 2” over the 9 min period 

required to obtain these measurements, uncertainties in the 
albedos are much more likely due to surface inhomogeneity 
than changes in surface illumination. Also in Table 2, the nadir 

reflectances are presented. The measured nadir reflectance is 
typically 15-20% less than the computed hemispherical albedo 
at most wavelengths, except in the visible channels (0.47 and 
0.68 pm), where the measured nadir reflectances are about 

60% less than the computed albedos due in part to the much 
stronger atmospheric effects in the visible compared to the 
near infrared (see Table 2). Using measured nadir reflectance 

as a surrogate for hemispherical albedo may result in signifi- 
cantly underestimating surface-atmosphere albedo for a larger 
solar zenith angle (-54”). This may be seen most clearly in 

Plate 5, which presents the hemispherical albedo, nadir reflec- 
tance, and their ratio for each surface-atmosphere system re- 
ported in Table 2. It must be pointed out that while estimates 
of hemispherical albedo (Plate 5a) and nadir reflectance (Plate 
5b) depend on the accuracy of instrument calibration, the ratio 
of the nadir reflectance to hemispherical albedo (Plate 5c) 
does not depend on calibration. 

Later in the day the C-131A measured the BRF of the Great 
Dismal Swamp in the same area as just described. The four 
orbits took only 9 min, during which the smaller solar zenith 
angle (-20”) varied by only 1”. Again, only two orbits of BRF 
data were obtained at 1.64 pm, while only one orbit of BRF 
data was obtained at 2.21 pm; hence we make no estimate of 
uncertainty for hemispherical surface-atmosphere albedo at 
2.21 pm. The later BRF is qualitatively quite similar to the 
BRF presented here, except there is less limb brightening. In 
this case, the measured nadir reflectance was 7-14% more than 
the calculated surface albedo at most wavelengths, except for 
the visible channels, where the measured nadir reflectances 
were 30-40% less than the hemispherical albedos due in part 
to the much stronger atmospheric effects in the visible com- 
pared to the near infrared (see Table 2 and Plate 5). 

4.2. Saudi Arabian Desert With Haze Layer on May 28, 1991 

In February 1991 the Iraqi army set 611 oil wells, storage 
tanks, and refineries ablaze as they fled Kuwait. The resulting 
fires produced large plumes of smoke that had significant ef- 
fects on the Persian Gulf region but limited global effects. 
Between May 16 and June 12, 1991 the Kuwait Oil Fire Smoke 
Experiment (KOFSE) was conducted in the Persian Gulf re- 
gion [Hobbs and Radke, 19921. During this time some 550 oil 
wells were still burning in Kuwait. The purpose of KOFSE was 
to determine the chemical and physical nature of the smoke 
and to investigate its potential effects on air quality, weather, 
and climate. During this experiment, BRFs of various surfaces 
were measured as well. 

The University of Washington C-131A aircraft flew over 

Kuwait, Saudi Arabia, and the Persian Gulf during this exper- 
iment. On May 28,1991, the CAR made one circular orbit over 
the desert of Saudi Arabia. During this orbit, the filter wheel 

was never set to any one channel; the filter wheel rotated 

throughout the orbit. As a result, the CAR did not sample 
enough reflectances to comprise a full BRF measurement for 

any of the six filter wheel channels. However, the other seven 
channels made continuous measurements throughout the or- 

bit. During this orbit, the solar zenith angle changed by less 
than 0.5” within a time period of just over 2 min. Records from 

this flight indicate that the surface was very dry, the sky was 
entirely free of clouds, but also that the desert surface was 

covered in haze that appeared to be desert dust instead of 

smoke. Incidents of smoke were observed to correlate strongly 
with increased concentrations of carbon dioxide (-100 ppm). 

Because the concentration of carbon dioxide was not at an 
elevated level around the time that this desert BRF distribu- 

tion was measured (figure not shown), we conclude that the 
aerosol in the atmosphere is most likely desert dust rather than 

oil fire smoke. Because there were no Sun photometers on the 

ground near the BRF site, it is not known precisely what the 

aerosol optical thickness below the aircraft was on this day. 

However, a Total-Direct-Diffuse multichannel Radiometer 
(TDDR) flown on the C-131A aircraft estimated the overlying 

aerosol above the aircraft (altitude 3.5 km) to have an Ang- 
Strom exponent of 0.8 & 0.2 and an optical thickness of 0.12 at 

0.500 pm [Pilewskie and Valero, 19921. 
Plate 6 shows the spectral BRF of the desert obtained on this 

day. Because only one orbit was obtained, it was not possible to 

average over multiple BRFs to smooth the data. In contrast to 
the BRF measured over the Great Dismal Swamp, this BRF is 
quite asymmetric, suggesting that the underlying surface- 

atmosphere system was somewhat inhomogeneous, which 
could be explained by inhomogeneity in the surface, aerosol 

layer, or both. For example, perhaps the surface consisted of 

preferentially oriented sand dunes, as observed in a flat dune 

by Deering et al. [1990]. 
Considering the location of the antisolar point located near 

48.2” (marked by a white dot in Plate 6a), there appears to be 

a suggestion of a diffuse hot spot in Plate 6f. However, upon 

examination of the principal plane plot in Plate 4c, there does 
not appear to be any significant hot spot. In the principal plane, 
the reflection function is very smooth, with some limb bright- 

ening in the forward scattering direction for all channels. 
Desert surfaces such as flat dunes are often characterized by 

predominant forward scattering, and our measured BRF dis- 
tribution seems to roughly match that of the flat dune mea- 

sured by Deering et al. [1990]. However, the dune-flat BRF of 

Deering et al. [ 19901 had more backscattering. It is possible that 

effects of desert dust may be suppressing the surface anisot- 

ropy. Caution must be used in interpreting the data at 0.503 
pm; notes made just before and after KOFSE indicate there 

may be errors in the absolute calibration of the 0.503 pm 
channel. 

Calculated surface-atmosphere system albedos for this 
desert surface are in Table 2 and Plate 5a. Because we do not 

have repeated BRF measurements at any wavelength (i.e., only 
one orbit was completed), we do not make any estimate of the 
uncertainty of error in our hemispherical surface-atmosphere 
system albedos. For this desert surface, the measured nadir 
reflectances were 7-13% less than the hemispherical albedo, 

except for the 0.503 pm channel, where the nadir reflectance is 

24% less than the calculated albedo (see Plate 5c) due in part 
to the much stronger atmospheric effects in the visible com- 

pared to the near infrared. 
















