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[1] Data obtained by the Scanner for Radiation Budget (ScaRaB) instrument on the Meteor
3 satellite have been analyzed and compared to satellite (GOES 8), aircraft (Radiation
Measurement System, RAMS), and surface (Baseline Solar Radiation Network (BRSN), Solar
and Infrared Observations System (SIROS), and RAMS) measurements of irradiance obtained
during the Atmospheric Radiation Measurements Enhanced Shortwave Experiment (ARESE). It is
found that the ScaRaB data covering the period from March 1994 to February 1995 (the
instrument’s operational lifetime) indicate excess absorption of solar radiation by the cloudy
atmosphere in agreement with previous aircraft, surface, and GOES 8 results. The full ScaRaB
data set combined with BSRN and SIROS surface observations gives an average all-sky
absorptance of 0.28. The GOES 8 data set combined with RAMS surface observations gives an
average all-sky absorptance of 0.26. The aircraft data set (RAMS) gives a mean all-sky
absorptance of 0.24 (for the column between 0.5 and 13 km). INDEX TERMS: 0320
Atmospheric Composition and Structure: Cloud physics and chemistry; 0360 Atmospheric
Composition and Structure: Transmission and scattering of radiation; 0394 Atmospheric
Composition and Structure: Instruments and techniques; 1610 Global Change: Atmosphere (0315,
0325); KEYWORDS: radiation, absorption, clouds, observations

1. Introduction

[2] One of the fundamental questions in climate science
today is how much solar radiation the atmosphere absorbs.
Recently, numerous attempts have been made to answer this
question for clear and cloudy atmospheres. Historically, theo-
retical predictions do not agree with many aircraft, surface,
and satellite observations for cloudy conditions, whereas pre-
dictions for the clear atmosphere appear to be accurate within
model and experimental errors. However, such agreements or
disagreements are the subject of many debates within the
climate-radiation scientific community. In this study, data from
the Scanner for Radiation Budget (ScaRaB) instrument [Kandel
et al., 1998] on the Meteor 3 satellite are combined with
surface measurements in an effort to contribute more informa-
tion that may help solve the excess (relative to models) cloud
absorption issue.
[3] Different data sets collected during the Atmospheric

Radiation Measurements Enhanced Shortwave Experiment
(ARESE) have been previously analyzed to estimate the absorp-
tion of solar radiation in the clear and cloudy atmosphere
[Zender et al., 1997; Valero et al., 1997; Li et al., 1999; Cess
et al., 1999; Pope and Valero, 2000]. This experiment took place
in 1995 and involved radiometers on the surface, on three
aircraft at 0.5-, 13-, and 20-km altitude and on a satellite. The
data from the aircraft radiometers were combined to determine

the amount of absorption in the column of atmosphere between
0.5 and 13 km, while the surface and satellite data were
combined to address the absorption in the entire column. In
both cases the amount of absorption was found to increase with
increasing cloud amount and to be in excess of model predic-
tions [Valero et al., 2000].
[4] Although not collected during the same time period, the

ScaRaB data set from March 1994 to February 1995 can be
combined with simultaneous, collocated surface measurements
to provide an additional means of assessing atmospheric absorp-
tion. This combined data set contains measurements of clear,
partly cloudy, and overcast sky conditions and is centered at the
same geographical location as ARESE. The results obtained
from the analysis of the ScaRaB data set are compared to
ARESE results.

2. Data

[5] The data set referred to here as the ScaRaB data set
combines measurements of top-of-atmosphere (TOA) albedo from
the ScaRaB instrument on the Meteor 3 satellite with surface flux
measurements. These surface measurements are from the Baseline
Solar Radiation Network (BSRN) and Solar and Infrared Obser-
vations System (SIROS) located at the Atmospheric Radiation
Measurements (ARM) program Southern Great Plains (SGP)
Cloud and Radiation Testbed (CART) site near Lamont, Okla-
homa. (This was also the surface site for ARESE.) All measure-
ments are for the time period March 1994 to February 1995. Each
satellite observation is matched with a 30-min average surface data
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Figure 1. Representative solar zenith angles (SZAs) and times of day were selected from the ScaRaB data set. A
‘‘synthetic’’ surface flux for clear sky conditions, simply equal to 75% of the TOA downwelling flux, is shown as a
function of SZA. The error bars indicate the standard deviation in a 30-min average, assuming stable sky conditions.
For SZAs greater than �40� the standard deviation (due to the changing sun angle in the 30-min period) can exceed
20 Wm�2.

Figure 2. Scene classification algorithm applied to the ScaRaB data results in each point being assigned to a cloud
condition. The range of (surface) transmittance values for each of the scene classifications is shown. The pronounced
overlap in surface transmittance between the four different scene classifications shows the inconsistency between
surface-based scene and satellite-based scene.
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point, and the entire combined data set contains 421 such matched
data points.

3. Li et al. [1999] Slope Analysis

[6] One method of analyzing such a data set is to plot albedo, or
reflectance R, versus transmittance T of the surface-to-TOA
column. The slope of the RT plot is termed b, and its magnitude is
compared to model values as an indicator of enhanced absorption.
Li et al. [1999] present such an analysis of this ScaRaB/BSRN data
set and find an RT slope of �0.82. They conclude that since this
value is indistinguishable from typical model values of approx-
imately �0.8, the data show no evidence of enhanced absorption.
The data set used to draw this conclusion is a subset, consisting of
only �21% of the entire available data set, which results from the
application of two selection criteria. The first selection criterion
applied to the data is to eliminate all points for which sigma, the

standard deviation in the 30-min average of the downwelling
fluxes at the surface, is greater than 20 Wm�2. The goal of this
criterion was to exclude highly variable partly cloudy scenes.
However, for SZAs greater than �40� sigma can exceed
20 Wm�2 even in perfectly clear stable conditions due to the
changing SZA over the 30-min period of the average, as illustrated
in Figure 1. Thus data points in clear-sky conditions with SZAs
greater than 40� will be erroneously eliminated by this selection
criterion.
[7] The second selection criterion excluded points that do not

have satellite scene classifications of either clear or overcast, again
with the goal of eliminating any rapidly changing scenes. These
satellite scene classifications come from the ScaRaB data process-
ing team, which classified each data point as corresponding to
clear, scattered, broken, or overcast sky conditions using the scene
identification algorithm employed for Earth Radiation Budget
Experiment (ERBE) [Wielicki and Green, 1989]. However, satellite

Table 1. Mean All-Sky Absorptance

Selection Case Number of
Points

Mean Absorptance

All (Figures 3 and 4) A 421 0.28 ± 0.03
Satellite scene classification matches
surface scene classification

B 216 0.26 ± 0.03

All, with 44� � SZA � 66� C 113 0.28 ± 0.03
Subset of case B with
44� � SZA � 66�

D 51 0.28 ± 0.04

ARESE GOES 8/RAMS 139 0.26 ± 0.03

Figure 3. Frequency of occurrence of absorptance values in the ScaRaB/BSRN data set is shown in a histogram.
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scene and surface scene (as gauged by the surface transmittance)
do not always correlate well in this data set. Figure 2 shows that
there is considerable overlap between the different satellite scenes’
ranges of transmittance; even the clear and overcast points have
significant overlap. These apparent inconsistencies may result from
the difference between ScaRaB resolution (�3000 km2 pixels) and
the footprint of the surface radiometers (�50 km2). Also, surface
observations are not strictly collocated with the ScaRaB measure-
ments; ScaRaB pixels are included in the data set if the center of
the pixel is within 30 km of the CART site. A localized clear-sky or
inhomogeneous cloud cover seen by the surface instruments may
be included in an otherwise overcast pixel as seen by the satellite.
Similarly, the surface instruments may be directly under a localized
cloud in a scene that is mostly clear as seen by the satellite. Thus
satellite scene classification in this particular case should not be
used as a selection criterion for a data set involving combined
satellite and surface data. Such a criterion results in erroneous
elimination of data points.
[8] Apart from the selection criteria used on the data set, there

are numerous drawbacks to the RT slope method itself. Barker and
Li [1997] analyzed a similar satellite and surface data set and found
that there are problems with matching measurements from a single
point on the surface to measurements from a satellite. The satellite
overpass is essentially instantaneous and covers a large spatial
area; the surface instrument sees a smaller spatial area but is
averaged over an hour with the intent to encompass the clouds
seen by the satellite. The result is that the atmospheric column for
the measurements is ill defined and so R and T are poorly
correlated. In their conclusions, Barker and Li state that the main
point of their paper is that linear regression parameters (i.e., the
slope b) obtained by fitting R and T cannot be compared with one-

dimensional (1-D) model values of the slope as a means of
assessing excess cloud absorption.
[9] Another criticism of the slope method is discussed by

Arking et al. [1996], who argue that the linear fit should be
between T and R rather than R and T. However, the slopes that
result from the different fits are related by the square of the
correlation factor, as they note. Thus, when R and T are well
correlated, the correlation factor is close to one and the slopes from
either fit are nearly equivalent. When R and T are not well
correlated, as may be the case where satellite overpasses are not
well collocated with the surface instruments, then it stands to
reason that parameters derived from a linear fit may not be robust
enough to interpret with any confidence. Imre et al. [1996] also
criticize the slope method because it must be assumed that clear-
sky and cloudy-sky points both fit the same line.

4. Mean Absorptance

[10] An alternative method of analyzing this data set is to
calculate the mean absorptance of the column. To do this, one
needs upwelling and downwelling fluxes at TOA and at the
surface. The satellite provides the TOA fluxes and the BSRN and
SIROS provide the surface fluxes. Absorptance is calculated
directly from these quantities and does not depend on any fit
to the data.
[11] The mean all-sky absorptance for the entire data set of

421 points (Table 1, case A) is 0.28 ± 0.03. Figure 3 shows a
frequency distribution of the absorptance values in a histogram.
This compares well to an all-sky absorptance of 0.26, which was
obtained for the ARESE time period using Radiation Measure-
ment System (RAMS) data [Valero et al., 2000] combined with

Figure 4. For the entire data set the cumulative average of the absorptance is calculated as a function of number of
data points. Regardless of the order of the points, a stable mean is achieved with �250 points.
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the eighth Geostationary Operational Environmental Satellite
(GOES 8) data [Minnis et al., 2002]. It should be noted that a
comparison of clear-sky surface radiation measurements during
ARESE [Bush and Valero, 1999] indicated that the BSRN
irradiances are a few percent lower than RAMS irradiances for
clear skies and somewhat higher for cloudy skies (likely due to
thermal offsets [Bush et al., 2000]). If one were to adjust the
BSRN data in this data set to correct for this difference the mean
absorptance would be slightly affected. However, the comparison
between the two sets of ground instruments in cloudy conditions
is not known well enough to apply such a correction to the entire
clear and cloudy data set.
[12] Cumulative averages of the data, as discussed by Marshak

et al. [1997] and Valero et al. [2000], help to assess whether the
number of data points is sufficient to render stable averages that are
representative of the data set. As shown in Figure 4, the cumu-
latively averaged absorptance has been calculated (directly from
net fluxes) using the data points in chronological order and in three
randomly ordered sets. The stable average value is achieved with a
sampling error within ±0.01 at �250 data points. Figure 4
illustrates that the number of data points is sufficient to achieve
a stable average for the mean absorptance. Note that the mean
value of the absorptance represents all-sky conditions: cloudy,
broken, and overcast.
[13] To explore possible effects of the satellite-surface scene

mismatch on the mean absorptance, a double criterion was applied
to the data set. This criterion selected out only points that have the
same scene classification determined from both the surface and the
satellite. Applying this double criterion results in a set of 216 data
points (Table 1, case B), where points with surface transmittance
values of greater than 0.7 were considered clear, points with
transmittance values between 0.4 and 0.7 were considered scat-
tered, and points with transmittance values of less than 0.4 were
deemed overcast. Following an analysis like that in Figure 4, the
all-sky mean average absorptance can be determined with a
sampling error of about ±0.01 for this data set. For this case, case
B, the mean all-sky absorptance is 0.26 ± 0.03.

[14] The effect of solar zenith angle (SZA) on the mean
absorptance was also explored. As illustrated in Figure 5, the
ScaRaB data set is heavily biased toward points measured at high
SZAs. For example, out of the total of 421 points, there are 157
points (over one third) with SZA greater than 65�. For SZA >70�
the incident signal is very low, which may increase uncertainty in
the measurements. It is of particular interest to compare the
ScaRaB/BSRN results with the results obtained during ARESE.
Because the ARESE aircraft observations were made only for
SZAs between 44� and 66�, case C is the subset of case A (all data
points) containing only points with 44� � SZA � 66�. There are
113 points in case C (Table 1), and the mean all-sky absorptance is
0.28.
[15] Case D (Table 1) is the subset resulting from the inter-

section of case B (which required surface scene classification and
satellite scene classification to be consistent) and case C. For a total
of 51 points in this case the mean all-sky absorptance is 0.28.

5. Discussion

[16] The resulting mean all-sky (clear, cloudy, broken, and
overcast) absorptances for these cases are shown in Table 1. The
ScaRaB/BSRN all-sky average absorptance measurements, at
around 0.26 to 0.28, indicate enhanced absorption relative to a
standard DISORT model estimated mean absorptance of 0.20. The
mean absorptance value is not greatly affected by the selection
made upon the ScaRaB/BSRN data set. Cases A through D give
mean absorptances that are consistent with one another and with
the GOES 8/RAMS mean absorptance.
[17] It should be noted that the GOES 8 calibration has been

revised recently.Minnis et al. [2002] found that the Visible Infrared
Scanner (VIRS) on the Tropical Rainfall Measuring Mission
satellite could provide a more reliable calibration for GOES 8 than
the Advanced Very High Resolution Radiometer on NOAA 14 that
was used by Valero et al. [2000]. The new calibration source
resulted in an 8.5% increase in the GOES 8 gain, which corre-
sponded to an increase in mean absorptance from 0.25 to 0.26.

Figure 5. Histogram showing the frequency of occurrence of solar zenith angles for the ScaRaB/BSRN data set.
The data set is heavily biased toward high SZAs: over one third of the points have SZA > 65�.
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6. Conclusions

[18] Li et al. [1999] used specific criteria on this data set and
computed the RT slope. On the basis of its value of �0.82 they
concluded that the data show no evidence for enhanced absorption.
However, that conclusion is based on (1) selection criteria that have
been shown to eliminate points erroneously and (2) the slope
method that relies on a linear fit between R and T.
[19] The mean absorptance of the ScaRaB/BSRN data set is a

more straightforward measure of absorption in the sense that it
does not depend on any fit between R and T. The mean absorptance
of the ScaRaB/BSRN data set is 0.28, which agrees well with both
the ARESE aircraft value of 0.24 (for 0.5 to 13 km) and the GOES
8/RAMS value of 0.26. Selecting various subsets of the ScaRaB/
BSRN data set, based on matching surface and satellite scenes and
on solar zenith angle range, has little effect on the mean absorp-
tance: the values are consistently in the 0.26 to 0.28 range. This is
significantly higher than a mean all-sky absorptance computed
from a standard DISORT model and so indicates that such models
are underestimating the amount of solar energy being deposited
into the atmosphere in the presence of clouds.

[20] Acknowledgments. ARESE was conducted under the auspices of
the Department of Energy’s Atmospheric Radiation Measurements program
and its Unmanned Aerospace Vehicle (UAV) component. This research was
partially supported by the Department of Energy grant DEFG0395ER69183
to the Scripps Institution of Oceanography and Sandia National Laboratories
contract LG-9841 to the Atmospheric Research Laboratory, Scripps Insti-
tution of Oceanography, University of California, San Diego. W.D.C.
acknowledges NASA grant NAGW-4777. P.M. is supported by the Environ-
mental Sciences Division of the U.S. Department of Energy Interagency
Agreement DEAI02-97ER62341 under the ARM program.

References
Arking, A., M.-D. Chou, and W. L. Ridgway, On estimating the effect of
clouds on atmospheric absorption based on flux observations above and
below cloud level, Geophys. Res. Lett., 23, 829–832, 1996.

Barker, H. W., and Z. Li, Interpreting shortwave albedo-transmittance plots:
True or apparent anomalous absorption?, Geophys. Res. Lett., 24, 2023–
2026, 1997.

Bush, B. C., and F. P. J. Valero, Comparison of ARESE clear sky surface
radiation measurements, J. Quant. Spectrosc. Radiat. Transfer, 61, 249–
264, 1999.

Bush, B. C., F. P. J. Valero, A. S. Simpson, and L. Bignone, Characteriza-
tion of thermal effects in pyranometers: A data correction algorithm for
improved measurement of surface insolation, J. Atmos. Oceanic Technol.,
17, 165–175, 2000.

Cess, R. D., M. Zhang, F. P. J. Valero, S. K. Pope, A. Bucholtz, B. Bush,
C. S. Zender, and J. Vitko Jr., Absorption of solar radiation by the cloudy
atmosphere: Further interpretations of collocated aircraft measurements,
J. Geophys. Res., 104, 2059–2066, 1999.

Imre, D. G., E. H. Abramson, and P. H. Daum, Quantifying cloud-induced
shortwave absorption: An examination of uncertainties and of recent
arguments for large excess absorption, J. Appl. Meteorol., 35, 1991–
2010, 1996.

Kandel, R., et al., The ScaRaB earth radiation budget dataset, Bull. Am.
Meteorol. Soc., 79, 765–783, 1998.

Li, Z., A. P. Trishchenko, H. W. Barker, G. L. Stephens, and P. Partain,
Analyses of Atmospheric Radiation Measurement (ARM) program’s
Enhanced Shortwave Experiment (ARESE) multiple data sets for
studying cloud absorption, J. Geophys. Res., 104, 19,127–19,134,
1999.

Marshak, M. A., A. Davis, W. Wiscombe, and R. Cahalan, Inhomogeneity
effects on cloud shortwave absorption measurements: Two-aircraft simu-
lations, J. Geophys. Res., 102, 16,619–16,637, 1997.

Minnis, P., L. Nguyen, D. R. Doelling, D. F. Young, W. F. Miller, and
D. P. Kratz, Rapid calibration of operational and research meteorological
satellite imagers, Part I, Evaluation of research satellite visible channels
as references, J. Atmos. Oceanic Technol., in press, 2002.

Pope, S. K., and F. P. J. Valero, Observations and models of irradiance
profiles, column transmittance, and column reflectance during the Atmo-
spheric Radiation Measurements Enhanced Shortwave Experiment,
J. Geophys. Res., 105, 12,521–12,528, 2000.

Valero, F. P. J., R. D. Cess, M. Zhang, S. K. Pope, A. Bucholtz, B. Bush,
and J. Vitko, Jr., Absorption of solar radiation by clouds: Interpretations
of collocated aircraft measurements, J. Geophys. Res., 102, 29,917–
29,927, 1997.

Valero, F. P. J., P. Minnis, S. K. Pope, A. Bucholtz, B. C. Bush, D. R.
Doelling, W. L. Smith Jr., and X. Dong, Absorption of solar radiation by
the atmosphere as determined using satellite, aircraft, and surface data
during the Atmospheric Radiation Measurement Enhanced Shortwave
Experiment (ARESE), J. Geophys. Res., 105, 4743–4758, 2000.

Wielicki, B., and R. Green, Cloud identification for ERBE flux retrieval,
J. Appl. Meteorol., 28, 1133–1146, 1989.

Zender, C. S., B. Bush, S. K. Pope, A. Bucholtz, W. D. Collins, J. T. Kiehl,
F. P. J. Valero, and J. Vitko Jr., Atmospheric absorption during the Atmo-
spheric Radiation Measurement (ARM) Enhanced Shortwave Experiment
(ARESE), J. Geophys. Res., 102, 29,901–29,915, 1997.

�����������
W. D. Collins, National Center for Atmospheric Research, Boulder, CO

80307-3000, USA.
P. Minnis, NASA Langley Research Center, Hampton, VA 23665, USA.
S. K. Pope and F. P. J. Valero, Atmospheric Research Laboratory, Center

for Atmospheric and Sciences, Scripps Institution of Oceanography,
University of California San Diego, 9500 Gilman Dr, La Jolla, CA
92093-0242, USA. (spope@ucsd.edu)

ACL 1 - 6 POPE ET AL.: SCARAB OBSERVATIONS OF ABSORPTION OF SOLAR RADIATION


