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Introduction

The radiation budget at the top of the atmosphere (TOA) is a quantity of fundamental importance to the
Atmospheric Radiation Measurement (ARM) Program. Thus, it is necessary to measure the radiation
budget components, broadband shortwave (SW) albedo and outgoing longwave radiation, as accurately
as possible. Measurement of TOA broadband albedos over the ARM surface sites has only been
possible since the advent of Clouds and the Earth’s Radiant Energy System (CERES; Wielicki et al.
1998) in 1998. Prior to the availability of CERES data, it was necessary to infer the SW albedo from the
visible (V1S) channel on the Geostationary Operational Environmental Satellite (GOES) imager by
applying a narrowband-to-broadband (NB-BB) conversion (Minnis et al. 1995). Broadband TOA
albedos have been derived from GOES-7, GOES-8, and GOES-10 data since 1994 (Khaiyer et al. 2002)
as part of the National Aeronautics and Space Administration (NASA) Langley cloud and radiation
products for the ARM Southern Great Plains (SGP) domain (Available at: http://www-
pm.larc.nasa.gov/SGP/arm-sgp.html or at the ARM data center). The current NB-BB shortwave
relationship (Minnis and Smith 1998) is based on GOES-6 VIS radiances and Earth Radiation Budget
Experiment (ERBE) broadband fluxes taken during October 1986. This relationship has an uncertainty
of 0.02 in the albedo, which is corresponds to a 10% root mean square (rms) error (Doelling et al. 1999),
and tends to underestimate the albedo, especially for clear scenes (Rapp et a. 2002). The uncertainties
in the NB-BB conversion can be eliminated by using the SW radiances measured by CERES. However,
the improved spectral coverage by CERES comes at the price of reduced temporal sampling. CERES
data are only available once or twice aday during 8 months of 1998, twice per day since March 2000
and four times per day since August 2002. GOES data are available every 15 or 30 minutes. To retain
the temporal coverage of GOES and reduce the spectral conversion errors, it is necessary to develop an
improved method for converting GOES VIS radiances to SW albedos.

In this study, CERES data are used to explore the NB-BB relationship with the ultimate goal of reducing
the instantaneous uncertainties and biases in the GOES-based SW abedos. The CERES data represent
an improvement over their ERBE counterparts because they have smaller footprints (10-km vs. 50-km
nadir), include high-resolution cloud properties for each footprint similar to the cloud properties
available in the latest NASA-Langley cloud products (Minnis et al. 2001), have improved spectral
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characterization of the broadband filters, and use more robust bidirectional models (Loeb et al. 2003) to
account for anisotropy of the radiance field. The CERES anisotropic corrections depend on cloud
fraction, phase, optical depth t, and 6 clear scene types, constituting nearly 600 models compared to
ERBE’s 12 models. The CERES SW data are correlated with the coincident NB data taken from the
imagers onboard the Tropical Rainfall Measuring Mission (TRMM) and Terra satellites to develop the
basis for improved NB-BB conversion functions that can be applied to GOES data taken since 1994 over
the ARM SGP domain and later to other satellite data over the other ARM surface sites.

Data

The CERES Single Scanner Footprint TOA/Surface Fluxes and Clouds (SSF) product combines
broadband (BB) SW (0.3-5 um), longwave, and infrared window radiances and fluxes with imager
radiances and cloud products weighted by the CERES point spread function (Geler et al. 2001). On
TRMM, the CERES footprints have a nominal resolution of 10 km and the NB radiances are from the
visible and infrared scanning radiometer (VIRS) imager (2-km resolution), which includes VIS

(0.67 um), 1.6-um, 3.7-um and two infrared window channels. The VIRS scans out to a maximum
viewing zenith angle (VZA) of 47°. The TRMM data were taken from January through August 1998.
TRMM isin aprecessing orbit with an inclination of 35° resulting in a complete sampling of all solar
zenith angles (SZAs) at agiven latitude equatorward of 37°N and 37°S during its 45-day repeat cycle.
The CERES instrument was in the cross track (imager) scan mode 2 out of every 3 days and in the
rotating azimuth plane scan (RAPS) mode during the remaining days.

Terraisin asun-synchronous orbit (10:30 AM local crossing time), so that for a particular latitude or
region SZA is correlated with time of year. Two CERES instruments operate on Terrain the cross-track
and RAPS modes simultaneously. Because only cross-track CERES data are used here, the sampling of
relative azimuth anglesis limited. The Terra SSF has a nominal resolution of 20 km and includes NB
radiances from the moderate resol ution imaging spectroradiometer (MODIS), which scansout to aVZA
of ~70°. The 1-km MODIS NB radiances convolved on the SSF are from the VIS (0.64 um) and
vegetation (VEG; 0.86 um) channels, the 1.6, 2.1, and 3.7-um channels, and three infrared window
bands. The Terradata used here were taken between November 2000 and October 2001 over the SGP
domain defined by 32°N - 42°N latitudes and 105°W - 91°W longitudes.

The CERES footprints were subsetted to contain only every 3% line and pixel. Only those footprints
classified as clear (cloud fraction <5%) or overcast (cloud fraction >95%) were used in the analyses
because the latest NASA-Langley cloud products classify each imager pixels (4 km nadir) as either clear
or cloudy (Minnis et al. 2001).

TRMM VIS/BB Model

In the current ERBE-based NB-BB conversion, the VIS abedo isfirst computed from the VIS
reflectance using the ERBE anisotropic directional models (ADMs) from Suttles et al. (1988). The
ERBE SW albedos derived in the same manner were then correlated with the VIS albedos to develop the
NB-BB conversion as a second-order function of VIS albedo with a SZA-dependent term for aland
surface regardless of vegetation. The anisotropy of solar reflection, however, is dependent on scene type
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and spectral band. Increasing the number of scene type and spectral ADMs and improving the accuracy
of scene identification should lead to better estimated shortwave fluxes. Theoretically, BB albedo could
be more accurately derived from the VIS albedo if better NB ADMs were available. One of the goals of
the CERES project was to develop improved SW ADMs. Since the VIRS imager radiances on the SSF
share the same viewing geometry as the CERES in cross-track mode, then, hypothetically, aVIS ADM
can be built concurrently. Since the VIRS imager only scansto 47° it is not possible to build a complete
VIS bidirectional model. Moreover, the cross-track scan of other imager precludes complete sampling
of all parts of the limited angular space. However, a bidirectional model is not necessary, asit is
possible to compute the ratio of VISto SW BB reflectance (VIS/BB) for every angular bin sampled by
VIRS and CERES. Even though the GOES VIS spectral response is broader than the VIRS VIS channel
(Minniset a. 2002), the VIRS VIS/BB model can provide insight into the development of an improved
VIS/BB relationship for GOES-8.

To derive these ratios, the CERES footprints were binned with respect to the following parameters,
closely following the CERES bidirectional model: five 10° VZA, nine 10° SZA, and ten relative
azimuth angle bins of 20°, except for 10° in the forward and backscatter directions. Five geo-types
based on the International Geosphere Biosphere Programme (IGBP) classification were defined and in
order by ascending surface albedo are ocean, forest, grassland, and dark and bright desert. The VIS/BB
ratios were derived for clear-sky, and ice and water clouds for each geo-type. Thereis sufficient
sampling in most bins with the exception at high SZAs along the principal plane. Some angular bins
had over 100,000 values.

The VIS/BB ratio is defined as the VIS reflectance divided by the shortwave BB reflectance and,
therefore, isindependent of the channel solar constants. Figure 1a showsthe VIS/BB model values over
clear ocean for SZA = 35°. The angular-bin means were normalized to the mean VIS/BB value givenin
the upper left corner of the figure using Gaussian weighting of the sasmpled bins. The actual VIS/BB
value for each bin is the mean VIS/BB multiplied by the normalized VIS/BB as given in the colorbar.
The average of the angular bin standard deviations of VIS/BB or bin uncertainty (o) isaso shown. For
oceans, the VIS reflectance is greater in the forward scatter (glint) direction than the BB reflectance and
less in the backscatter direction, generally following the pattern of the BB bidirectional model. This
indicates that the VIS ocean reflectance is more anisotropic than the BB reflectance. On average, the
VIS reflectance for grassland (Figure 1b) is 85% less than that of the BB due to the strong reflectance by
green vegetation in the near infrared (NIR) spectral region (0.7-1.5 um). The BB reflectanceis aso
greater in the principa plane in the shadowed areas and in the “hot spot” area. Since vegetation NIR
reflectance varies strongly with vegetation type and state, o is ~20%, ranging from 0.7 to 1.0. Figure 1c
shows the VIS/BB model for optically thick water clouds over grassland. For thick clouds, the spectral
anisotropy from the surface should be greatly diminished. The VIS/BB model has amean of 1.21 and is
nearly uniform except for a small feature in the backscatter direction. For ice clouds (Figure 1d), the
mean VIS/BB isalso 1.21 and theratio in the forward scatter direction is slightly smaller than in the
backscatter direction. Both water and ice clouds have nearly the same VIS/BB value and the ¢ is of the
order of 6%, considerably less than for clear scenes. For optically thick clouds, the VIS/BB ratio is
independent of geo-type.
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Figure 1. The TRMM VIS/BB model for a) ocean, b) grassland, c) water clouds, and d) ice clouds at a
SZA of 35°. The cloud models are valid for optical depths between 18 and 40. View angle is given on
the bottom of each plot and azimuth angle increases radially from left to right, where 0° is in the forward
scattering direction. The mean VIS/BB for the sampled angular bins is noted on the upper left side of
the plot. The average standard deviation of the bin VIS/BB in percent (o) of the mean is given on the
upper right side of the plot.

The mean VIS/BB ratios for the major categories are shown as functions of SZA in Figure 2. These
values represent a partial directional VIS/BB model since the unsampled angular bins were not filled.

On average, clouds are brighter in the VIS compared to the BB than any of the clear-sky geo-types
because of the negligible absorption by small liquid droplets and ice crystals at wavelengths around

0.65 um. All of the VIS/BB directional models converge toward unity near SZA = 90° due to increasing
dominance of the albedo by atmospheric scattering. The smallest VIS/BB ratio for forest is at

SZA =45°. Itisapparent that increasing land vegetation (decreasing surface albedo) is negatively
correlated with VIS/BB and positively with o. The range in anisotropy for clouds and deserts is about
the same as the corresponding o indicating arobust VIS/BB model. For ocean, the anisotropic rangeis




Thirteenth ARM Science Team Meeting Proceedings, Broomfield, Colorado, March 31-April 4, 2003

1.30 VISBE | o % |[Range%
11k r“\\ — | WaterClouds | 121 | 62 | 55
— e Clouds 1.21 5.4 4.1

1,00 N Brightdesert | 112 | 7.8 | 45
— = | Dark desan 1.01 11.7 102

G —\__’/ — | Ocean 005 | 143 | 308
iy : e 0.84 19.7 | 8.6

VIS/BB

Grassland

Forest 0.74 20.7 13.2

0.70 . . . ;
0 15 30 45 60 [ 90
Solar Zenith Angle (deg.)

Figure 2. The partial (for sampled bins only) TRMM VIS/BB directional model with respect to SZA for
the scene types given in the legend. The mean VIS/BB at a SZA of 35° is given in the left column of
the table. The average standard deviation of the bin VIS/BB in percent (c) of mean is given in the
middle column. The anisotropic range in percent of mean is noted in the right column

twice that of . For grassland and forest, the anisotropic range is half that of the o, indicating that the
temporal and spatial variation of vegetation dominates the anisotropic signature. Thus, for land
geo-types, the first order of improvement in this new NB-BB relationship, the VIS/BB ratio, would beto
account for the variability of the NIR reflectance. One means for measuring the “vegetation index”
using the VEG channel.

The Terra SGP Seasonal VIS/SW and VEG/VIS Cycle

Neither GOES nor VIRS has the VEG channel that is available on MODI S and the advanced very high
resolution radiometer (AVHRR) on the operational NOAA sun-synchronous satellites. Although the
GOES VIS channel is considerably broader than its VIRS and MODI'S counterparts and includes
radiation at wavelengths up to 0.8 um, the NIR contribution is relatively minor. Thus, it is probably
insufficiently sensitive to NIR radiation to track the vegetation variations and a VEG channel from
another satelliteisrequired. Operationally, the NASA-Langley GOES-derived BB fluxes could be
enhanced by datafrom AVHRR, which is available on two or more satellites. Only clear-sky AVHRR
measurements are needed and the clear-sky time periods can be determined by the GOES dataset.

The method for using the datais not immediately apparent. The spatial vegetation variability in the SGP
domain, comprising crop mosaics and grasslands, is nearly as large as the seasonal cycle. The
complexity of the vegetation distribution is manifest in Landsat images and land-use charts (see
http://xdc.arm.gov/data viewers/sgp surfchar/Landsat_ TM.html). Therefore, separating the SGP
domain into differing vegetation typesis not feasible. Determination of the VEG signal over spatial grid
(0.5° by 0.5° latitude by longitude) of the operational GOES cloud products might be sufficient for
accounting for the variability. Ideally, the VEG signal should be independent of the AVHRR viewing
geometry, in order to correlate the VIS/BB ratio to areference VEG abedo. Instead of computing a
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VEG albedo, which needs ADMs, the ssmple reflectance ratio, VEG/V1S, should not be as dependent on
viewing geometry. Since the VIS/BB istwice as dependent on the spatial and seasonal variation of the
vegetation than the anisotropic signature, the same should hold true for VEG/VIS. To operationally
estimate the VEG reflectance, the regional VEG/VIS would be multiplied by the VIS reflectance.

To determine the viewing angle dependency of VEG/VISfor clear-sky scenes, the mean VEG/VIS
ratios derived from Terra MODI S data over the SGP domain were plotted in Figure 3a as functions of
VZA and month to isolate the effects of SZA and vegetation seasonal cycle. As expected, the VEG/VIS
ratio and VZA scatter are greatest during the summer months. No obvious VZA trend is discernable.
The VEG/VIS variation with VZA for a given month is due primarily to vegetation inhomogeneities
along the scan axis. VEG/VISfor all sceneswith optically thick water cloudsis also shown for
reference. Minimal VZA and seasonal variation is evident in the cloudy plots indicating little surface
contribution to the signal.
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Figure 3. Monthly Terra VEG/VIS ratios over the SGP domain for clear-sky and water clouds with
optical depths between 18 and 40 a) as a function of MODIS VZA, where positive angles are in the
forward scatter. The summer (April-October) and winter (November-March) VEG/VIS ratios b) for

clear-sky and water clouds. The corresponding VIS/BB ratios are shown in c) and d).
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The bimodal seasonal cycle of vegetation is consistent with studies of vegetation phenology. Zhang

et a. (2002) state that the mid-latitude vegetation annual cycle usually consists of four phases;

(1) dormancy, the time period of zero physiological activity, (2) green-up, quick transition at the onset
of photosynthesis, (3) maturity, the time period of maximum leaf area, and (4) senescence, rapid
transition time of leaf 1oss and decreasing photosynthesis. Essentially the vegetation has a summer and
winter phase. The summer months of April through October and the winter months of November
through March were grouped together and plotted as a function of VZA in Figure 3b. The mean
summer and winter VEG/VIS ratios are relatively constant with the VZA, consistent with an AVHRR
analysis for Hungary during the summer (Bognar 2003). The mean monthly and seasonal variations of
VIS/BB with VZA are shown in Figures 3c and 3d, respectively. Differences between the mean values
of VIS/BB between summer and winter are about 0.05, a value only one tenth of that for the VEG/VIS
ratios. Overal, the VZA dependence of the VEG/VIS ratio appears to be minimal and therefore it
should be possible to account for the impact of the NIR on the BB radiance by including a temporal
trend of VEG/VISin the NB-BB relationship. For optically thick clouds, the VEG/VISratiois 1.05
whereas for VIS/BB ~1.2 indicating that clouds are slightly brighter in the VEG than in the VIS
spectrum and that clouds are darker elsewhere in the spectrum. The greater separation of monthly and
seasonal mean values of VIS/BB compared to those for the VEG/VIS ratios for water clouds is probably
due to the dependence of the VIS/BB on SZA (Figure 2).

The Terra SGP VIS/SW and VEG/VIS Correlation with
Optical Depth

The plots above show the variability in VEG/VIS and VIS/BB for clear scenes and for optically thick
clouds. Real atmospheric conditions include clouds with highly variable optical depths that would have
ratios different from those in Figure 3. Thus, it is necessary to account for the transition from clear skies
to optically thick clouds. Optical depth isastandard variable in most cloud and radiation product
datasets. It isessentially the log negative-correlation of the surface radiation contribution. A thick
cloud for this study would be a cloud where t is great enough such that VEG/VIS is constant with
increasing t. The VIS/BB ratio could still increase with optical depth but it is not associated with the
VEG signal. For the Terradataset, cloudy water and ice footprints were averaged and binned according
tologr.

Figure 4 shows VEG/VIS and VIS/BB as afunction of t. What is most striking is the difference
between ice and water clouds. VEG/VIS for ice clouds monotonically tapers off exponentially to values
near unity, whereas for water clouds, VEG/VISfirst increases for T <5 and then decreases exponentially.
Thisfeature is present both in summer and winter and at the monthly scale as well (not shown).

Perhaps, there is multiple scattering between the surface and thin low water clouds. For the same optical
depth, water clouds have a greater surface contribution because they have alower albedo than ice clouds
(Minniset a. 1993). The variations of the VIS/BB curves have an inflection opposite to those for the
VEG/VIS, including the thin water cloud feature. Again, alarge VEG/VISratio trandatesto a small
VIS/BB. The summer ice and winter water clouds have asimilar VEG/V IS ratio for t >3, unlike that for
VIS/BB, indicating no direct relationship between VEG/VIS and VIS/BB for cloudy skies. Thick water
clouds have adlightly greater SZA dependence than ice clouds, which is evident in the summer and
winter VIS/BB valuesfor t >20.
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Figure 4. The Terra reflectance ratios over the SGP domain for both summer (April-October) and
winter (November-March for water and ice clouds as a function of optical depth, where the clear-sky
ratio is given for zero optical depth, a) VEG/VIS, b) VIS/BB.

Broadband Correlation with Multiple Spectral Channels

Most operational satellites imagers usually have a VIS and one or more other solar channelsthat are
used in cloud property retrievals. For example, AVHRR has either a 1.6-um and 3.7-um channel along
with the VIS and VEG channels. GOES hasthe VIS and 3.9-um channels. Although the 1.6 um and
3.7 um radiances make up a small fraction of the BB SW radiance, they may be representative of a
much larger portion of the solar spectrum and useful in estimating the TOA shortwave flux in
conjunction with the VIS channel. To examine the potential for these other channels to improve the
NB-BB relationship, the relevant MODI S channel radiances are regressed with the corresponding
CERES SW radiances. To estimate the reflected solar portion of the 3.7-um radiance, the emitted
radiance at 3.7 um based on thell um temperature using the Planck function was subtracted from the
measured 3.7-um radiance. This assumes that the temporal emissivity variations are negligible.

Table 1 shows the rms error in the estimated CERES SW radiance based on multiple and linear
regressions using various combinations of MODI'S spectral radiances and the CERES data for clear-sky
and water and ice clouds. Clear-sky isfurther subdivided into summer and winter, whereas cloudy
scenes are divided into two classes: al optical depths and thick clouds. The t threshold for thick ice
cloudsislessthan that of water clouds (Figure 4). Use of higher order termsin the regressions had
negligible effect on the rms errors. The VIS radiance has the greatest single-channel correlation with
SW radiance, even in summer; the squared correlation coefficient (r?, not given in table) is0.87. Thisis
consistent with the earlier results; large deviationsin VEG/VIS are manifest as small variationsin
VIS/BB. TheVISand VEG shortwave correlations are most similar in winter, (each has r? = 0.91), most
likely dueto the lack of any substantial reflectance by green plants, the source of most of the NIR signal
in vegetation. The best dual channel correlation is the combination of the VIS and VEG channels,
which reduces the rms error by 53% in summer with respect to the VIS and 38% in winter. The r*for
VIS+ VEGis0.97. The addition of the 1.6 or 3.7 um channels with the VIS channel reduces the rms
error by less than 5% and 10% in summer and winter, respectively, and is negligible when both the VIS
and VEG channels are used. For cloudy skies, the VIS channel has the lowest single-channel rms error
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Table 1. RMS error (Wmsr™) for regression fits based on different linear combinations of MODIS
channel radiances with CERES shortwave radiance. Central wavelength given in the left column.
Clear-sky results are further sub-divided into summer (April-October) and winter (November-
March). Optical depth (1) thresholds are used to sub-divide clouds into thick clouds.
Clear-Sky Water Clouds Ice Clouds
All

MODI'S Channels (um) Months | Apr-Oct [Nov-Mar| Allt | t>18 | Allt | 1>10
0.65 7.59 6.54 4.41 6.74 4.93 6.57 5.81
0.86 9.33 9.83 4.31 11.2 5.45 8.88 7.92
1.6 12.7 13.56 9.27 18.3 14.4 54.2 39.4
3.7 13.7 14.34 9.25 39.1 31.8 56.1 44.6
0.65 + 0.86 3.04 3.05 2.75 4.93 4.74 5.52 5.66
0.65+ 1.6 7.22 6.53 4.13 6.08 4.68 5.83 5.40
0.65 + 3.7 7.46 6.51 4.41 6.40 4.54 6.19 5.78
0.65+0.86 + 1.6 3.03 3.05 2.67 4.85 4.66 5.16 5.35
0.65+0.86 + 3.7 3.00 3.00 2.75 4.78 4.49 541 5.64
0.65+1.6+3.7 7.21 6.49 4.01 6.07 4.54 5.83 5.17

and r* exceeds 0.98 for all 4 categories. For thick clouds, the addition of the VEG channel to the VIS
channel has an insignificant effect. For thin water and ice clouds, however, it reduces the rms error by
25% and 15%, respectively. The addition of both the 1.6-um and 3.7-um channelsto VIS regression
reduces the rms error by lessthan 11% in all cloud cases. Thereisaminimum in the reflectance for ice
cloudsin the 1.6-um channel that is not the case for water clouds as a result of strong absorption by ice
particles at that wavelength. Thisfeatureisevident in the 1.6-um single-channel regression, which
yieldsan rms error of 18.3 and 54.2 Wmsr™, respectively, for water and ice clouds. In general, the
contribution of each NB channel to the NB-BB relationship follows the amount of solar energy in the
channel.

Conclusions

Although the MODIS and VIRS VIS spectral response is not the same as that for GOES, the results are
beneficia in understanding the relationship between NB and BB radiances. The ARM-SGP NB-BB
relationship for the GOES VIS channel needs to be evaluated separately for clear-sky and water and ice
clouds. Up to a50% improvement in the clear-sky relationship can be possible with the addition of
VEG channel information, which can be obtained from AVHRR data. The NB-BB relationship for
clouds should be formulated as a function of cloud phase, optical depth, and SZA to account for the
transition clear to optically thick clouds. The VIS/BB ratio varies from 0.8 to 1.2 from clear-sky to thick
clouds and could offer significant improvement in the estimation of SW fluxes from V1S radiances
compared to the current method applied to ARM GOES data. The addition of the 1.6 and 3.7-um
channels can improve the relationship by up to 10%. The plan for the future GOES NB-BB relationship
development will be based on coincident GOES and CERES data at the 1° level by comparing GOES
VIS radiances and CERES fluxes converted to radiance using GOES-8 viewing geometry and AVHRR
VEG/VISrdtios.
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