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ABSTRACT

Lack of calibrated radiation measurements at the top of the atmosphere (TOA) between major spaceborne
radiation missions entails inference of the TOA radiation budget from operational weather sensors. The inferred
data are subject to uncertainties due to calibration, narrow- to broadband conversion, etc. In this study, asurrogate
TOA earth radiation budget product generated from GOES-7 (Geostationary Operational Environmental Satellite)
imagery data for use in the U.S. Atmospheric Radiation Measurement (ARM) program was validated using
measurements from the ScaRaB radiometer flown on board the METEOR-3/7 satellite. Comparisons were made
between coincident and collocated shortwave and longwave radiative quantities derived from GOES and ScaRaB
sensors over an ARM experimental locale in the South Great Plains of Oklahoma, during April and July 1994.
The comparisons are proven to be instrumental in validating the calibration and narrow- to broadband conversion
used to obtain broadband radiative quantities from GOES digital counts. Calibrationsfor both visible and infrared
window channels have small uncertainties, whereas narrow- to broadband conversion of shortwave measurements
contains large systematic errors. The caveat stems from use of a quadratic conversion eguation instead of a
linear one, as was found from ScaRaB narrow- and broadband measurements. The ensuing errorsin the estimates
of broadband albedo depend on scene brightness, underestimation for bright scenes, and overestimation for dark
scenes. As a result, the magnitude of the TOA cloud radiative forcing is underestimated by about 14 W m~2 or
7.5% on a daytime mean basis. After correcting this error, the ratio of cloud radiative forcing (a measure of the
impact of clouds on atmospheric absorption) derived from ARM measurements turns out to be 1.07, which is
in even closer agreement with radiative transfer models than found from previous studies using original GOES

products.

1. Introduction

Radiation budget at the top of the atmosphere (TOA)
isan important boundary condition of the earth’sclimate
system and is essential for studying the transfer of solar
energy within the system. This boundary condition is
characterized by three radiative variables, namely, the
solar constant, broadband shortwave (SW) reflected flux
or abedo, and the longwave (LW) irradiance emitted
from the earth’s system. Except for thefirst quantity that
is more or less a ‘‘constant,” the other two vary con-
siderably in time and space over arange of scales. Mon-
itoring these changes is thus key to understanding the
climate system and its dynamics at different spatial and
temporal scales.

There have been several space missions dedicated to
monitoring the TOA radiation budget (TRB). Most no-
table are the Nimbus series such as Nimbus-3 (Raschke
et al. 1973), Nimbus-7 (Jacobowitz 1984), the Earth
Radiation Budget Experiment (ERBE) (Barkstrom et al.
1986), the Scanner for Radiation Budget (ScaRaB)
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(Kandel et al. 1994), and the Clouds and the Earth’s
Radiant Energy System (CERES) (Wielicki et al. 1996).
Notwithstanding, continuous observation of TRB over
a long period of time, as required for climate studies,
has been impeded by the data gaps existing between
these missions. For example, since the ERBE scanners
ceased functioning in 1990, there have been almost no
radiation budget measurements by a scanning radiom-
eter, except for only one year of observation by the
ScaRaB. The dearth of TRB data during this period
hinders the Atmospheric Radiation Measurement
(ARM) program among others.

ARM is an experimental program sponsored by the
U.S. Department of Energy. ARM field observation
commenced in 1990 and is planned to last at least a
decade. It may be the largest undertaking of experi-
mental studies dealing with radiation and climate mod-
eling. The main objectives of ARM are to improve the
understanding of processes governing atmospheric ra-
diation and the description of these processesin climate
models (Stokes and Schwartz 1994). To thisend, several
clouds and radiation testbeds (CARTS) were deployed
in three locales with distinct climate regimes. Extensive
measurements are collected from ground-based, air-
borne, and spaceborne instruments of radiative fluxes
and parameters modifying the transfer of radiation. Lack
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TABLE 1. Characteristics of the ScaRaB radiometer.

Parameter Value

Number of channels 4
Spectral intervals

Visible channel 0.55-0.65 um

Solar channel 0.2-4 pum

Total channel 0.2->50 um

IR window channel 10.5-12.5 um
Scanning mode Cross track
Number of pixels per line 51
Cycle duration 6s
Pixel measurement time 62.5 ms
Field of view 48 X 48 mrad
Pixel size at nadir 60 km X 60 km
Angular distance between pixel centers 1.95°
Scanning angle limits +49°

of direct TOA radiation measurements necessitates the
creation of a surrogate TRB dataset from Geostationary
Operational Environmental Satellite (GOES) weather
satellites (Minnis et al. 1995). These data are valuable
to many ARM investigations and have been employed
in addressing such critical issues as the cloud absorption
anomaly (Imre et al. 1996). However, since the GOES
visible narrowband sensor was not calibrated, the qual-
ity of the inferred broadband data is open to question
without a proper validation (Cess et al. 1996).

A validation is presented here of the GOES-based TRB
dataset for the Southern Great Plains (SGP) CART site
using ScaRaB measurements. Two major potential
sources of uncertainty, namely, calibration and narrow-
band to broadband conversion are examined. The cali-
bration issue was addressed by comparing coincident and
collocated measurements in the narrowband channels of
a noncalibrated GOES radiometer and a calibrated
ScaRaB radiometer. Narrowband to broadband conver-
sion is assessed by comparing the conversion relation-
ships used in generating the TRB data from GOES and
obtained from the ScaRaB narrow- and broadband mea-
surements. The characteristics of these radiometers are
described in section 2. Data and various corrections are
discussed in section 3. Section 4 presents the results of
validations for calibration and narrow- to broadband con-
version. The impact of the errors found from the vali-
dations on TRB and cloud radiative forcing is also ad-
dressed. Summary of the study is presented in section 5.

2. Radiometers
a. ScaRaB/METEOR-3/7

ScaRaB is a space mission conducted jointly by
France, Russia, and Germany (Kandel et al. 1994). The
first ScaRaB was launched on board the Russian ME-
TEOR-3/7 satellite, and the second one is planned for
1998. ScaRaB/METEOR-3/7 operated from February
1994 through March 1995. The METEOR-3/7 satellite
revolved about 1200 km above the earth on a nonsun-
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Fic. 1. Normalized spectral response functions for ScaRaB and
GOES-7 VISSR radiometers in (a) visible channels, (b) IR window
channels, and (c) broadband ScaRaB channels.

synchronous orbit with a 82.5° inclination angle. The
total period of satellite orbit precession with respect to
the sun was approximately seven months, during which
ScaRaB provided measurements at all local solar times
for both ascending and descending orbits. Table 1 de-
lineates some parameters of the ScaRaB radiometer, in-
cluding its four channels: visible (VIS, 0.55-0.65 um),
shortwave (SW, 0.2—-4 um), total (TOT, 0.2—>50 um),
and infrared window (IRW, 10.5-12.5 um). The nor-
malized spectral response functions of the four channels
are shown in Fig. 1, in comparison with that of the
GOES-7 sensor. The field of view (FOV) of a nadir
ScaRab pixel is about 60 km X 60 km.

ScaRaB has an onboard calibration system using mul-
tiple sources. They include the blackbody (BB) simu-
lators for channels 3 (LW part) and 4 (IR window) and
three sets of lamps for channels 1 (VIS), 2 (SW), and
3 (SW part). The visible channel was calibrated once
every 2 weekswith onelamp (L11). The SW calibration
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Fic. 2. Variations of relative ScaRaB channel gains with radiometer temperature for (a)
total channel, (b) shortwave channel, (c) visible channel, and (d) IR window channel. The
sources of calibration are marked on the plots.

was done twice a day with one lamp and twice a month
with another lamp. The SW part of the TOT channel
was calibrated twice a month. The IR window channel
and the LW part of the TOT channel were calibrated
every 12 s. The results of onboard calibration in terms

of relative calibration gainsare shownin Fig. 2. Relative
gains were determined from measurements made during
calibration mode and the nominal calibration parameters
listed in Monge et al. (1994). For most channels, they
vary linearly with the temperature of radiometers that
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et al. (1995) and two months used in ISCCP.

were monitored on board. Such a temperature depen-
dence was taken into account in calibration. The tem-
perature drift is more important for the TOT channel
than for the other channels. Note the consistency be-
tween different methods of calibration for the TOT
channel based on lamp sources and on a BB simulator
(Fig. 28). Comparison of the calibrations for the TOT
channel with a BB and a lamp, and for the SW channel
with two lamps, demonstrates that the accuracy of cal-
ibration is generally within 0.2%-0.5% after the tem-
perature dependence is removed, provided that the lamp
luminosity is stable. It is less accurate for the VIS chan-
nel but still within 1%—2%.

The accuracy of ScaRaB flux data was also evaluated
by comparing synchronous measurements from the
Earth Radiation Budget Satellite (ERBS) wide-field-of -
view (WFQOV) radiometer and from the ScaRaB scan-
ning radiometer (Bess et al. 1997). The agreement is
remarkably close, the mean differences being within
0.76 W m~2 for SW and 0.55 W m~2 for LW at night
and 3.8 W m~2 during daytime, and the standard de-
viations being 5.5 W m=2 for SW and 1.9 and 2.3 W
m-2 for nighttime and daytime LW measurements. The
agreement is comparable to that between the ERBE
scanner and nonscanner observations (Green et al.
1990).

b. VISSRIGOES-7

The Visible and Infrared Spin-Scan Radiometer
(VISSR) on board GOES-7 did not have in-flight cali-
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TABLE 2. Statistics of the comparison of cloud classification by
ScaRaB and GOES-7. The first and second values appearing in the
table correspond to the numbers of all matched pixels and only those

with ScaRaB VZA less than 25°.

ScaRaB
GOES7 CLR PC MC OVR
April, daytime
CLR 900/603 269/50 6/0 0/0
PC 259/166 422/161 11/3 0/0
MC 36/23 262/122 88/30 1/0
OVR 21/11 359/128 1036/404 886/376
April, nighttime
CLR 124/20 1547/523 150/92 1/0
PC 2/1 186/64 85/50 0/0
MC 3/2 127/66 44/20 11
OVR 16/10 670/408 1164/615 979/530
July, daytime
CLR 77/53 43/30 0/0 0/0
PC 14/8 42/25 2/0 0/0
MC 11/6 26/13 11/8 0/0
OVR 1/0 8/6 21/9 40/6
July, nighttime
CLR 8/5 22/17 0/0 0/0
PC 1/0 10/7 1/1 0/0
MC 0/0 2/0 1/0 11/1
OVR 0/0 0/0 3/1 8/2
All cases

CLR 1109/681 1881/620 156/92 1/0
PC 2761175 660/257 99/54 0/0
MC 50/31 417/201 144/58 14/2
OVR 38/21 1037/542 2224/1029 1913/914
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Fic. 5. A comparison of broadband fluxes derived according to ScaRaB and GOES cloud classification schemes for
[(@ and (c)] SW and [(b) and (d)] LW components. Daytime data in April and July 1994 were used.

bration for the visible channel. Calibration of the GOES
visible measurements is usually based on an intercom-
parison with National Oceanic and Atmospheric Ad-
ministration/Advanced Very High Resolution Radiom-
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Fic. 6. Modeled relationship between ScaRaB and GOES-7 visible
TOA albedos over the SGP/ICART site.

100

eter (NOAA/AVHRR) that is calibrated with reference
to some relatively stable targets such as deserts or in
comparison with radiative transfer calculations (Whit-
lock et al. 1990; Rossow et al. 1992; Rossow et al. 1995;
Rao and Chen 1994; Minnis et a. 1995). GOES visible
calibration is given by the following equation:

L = GD2 - C, (1)

where L is the filtered radiance (W m=2 sr 1) over the
visible band and D is the 8-hit digital count. Due to the
lack of consensus on calibration, the values of gain (G)
and offset (C) vary among users and are subject to
change with time (Rossow et al. 1992; Rossow et al.
1995). For example, Fig. 3 showsfour setsof calibration
applied to GOES-7, including two versions used in gen-
erating the GOES product and two used in the Inter-
national Satellite Cloud Climatology Project (ISCCP)
(Rossow et al. 1992; Rossow et al. 1995). The large
range of discrepancy constitutes a major source of un-
certainty in deriving L. This study tests primarily the
new calibration (version 2) used by Minniset al. (1996).
Unlike the visible channel, the GOES IRW channel has
an onboard calibration. Therefore, the brightness tem-
perature was derived following the instrument calibra-
tion that assumed a central wavelength at 11.5 um,
which results in an uncertainty less than 1 K.

GOES data have a spatial resolution at nadir of about
1 km for the visible channel and 4 km for the IRW
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Fic. 7. The images of visible albedo measured by ScaRaB at a (a) full resolution,
and by (b) GOES 7 at a reduced resolution, and (c) their difference, over the ARM
Southern Great Plain region on 1 May 1994 at 2130 UTC (GOES-7) and 2125 UTC
(ScaRaB).

channel. However, reduced spatial resolution data of 3. Data and corrections

0.5° X 0.5° and 0.3° X 0.3° (latitude and longitude)

generated by Minnis et al. (1995) for the ARM program Data employed in this study essentially cover two
are used here. months. April and July 1994. A small amount of data
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Fic. 8. Comparison of [(a) and (b)] visible fluxes and [(c) and (d)] albedos from ScaRaB and GOES-7 for all matched
data in April 1994 [(a) and (c)] and only those with the viewing zenith angle for ScaRaB less than 25° [(b) and (d)].
Linear regressions between the two quantifies under comparison are given in dashed lines.

from other months was also occasionally used. GOES
7-derived data were available via the World Wide Web
(WWW) from the National Aeronautics and Space Ad-
ministration (NASA)/Langley Research Center. They
include TRB, visible and broadband albedos, IR window
brightness temperature, cloud parameters, etc. The 0.5°
spatial resolution data are employed as they are more
comparable to the FOV of ScaRaB pixel data. Data of
the latest versions effective as of submission of this
manuscript were analyzed. For April 1994 data, it was
the version released on 29 August 1996 and for July
1994 it was the version last modified on 6 May 1996.
The April data encompass an area of 10° X 14° over
the SGP CART site, whereas the July data cover amuch
smaller area of 2.5° X 2.5°. Asaresult, the data volume
in April is much larger than in July.

ScaRaB A2 data were matched to the GOES-7 data.
The A2 containsindividual ScaRaB pixel measurements
of the TOA radiance and irradiance, as well as scene
identification and georeferencing information. The July
ScaRaB data (version 6) were received from the Centre
National Etudes Spatiales (CNES), Toulouse, France.
The April data were processed by the Laboratoire de
Météorologie Dynamique, Paris, France. Data from
GOES and ScaRaB were matched under the following
constraints.

1) Observation time difference was less than 15 min.

2) Distance between the centers of ScaRaB pixels and
GOES grid cells was less than 20 km.

3) Difference in solar zenith angle was less than 2.5°.

After being matched, the data are subject to a series
of corrections to account for discrepancies in viewing
geometry, scene identification, and spectral coverage.

a. Angular correction

Reflected solar radiation is known to depend strongly
on viewing direction. Such an angular dependence ren-
ders the comparison of radiance measured from two
platforms difficult. A geostationary satellite observes a
specific location at a constant viewing zenith angle
(VZA), whereas the solar zenith angle (SZA) and rel-
ative azimuth angle (RAA) vary during the day. In con-
trast, a polar orbiting satellite observes fixed surface
targets from different VZAs with relatively small
changes in the SZA and RAA. Consequently, there are
very few coincident and collocated measurements from
GOES-7 and ScaRaB with the same viewing geometry.
The problem is aleviated if a comparison is made for
albedo or irradiance (flux) defined over all viewing di-
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rections, rather than comparing reflectance or radiance
observed from a monodirection.

The angular dependence model (ADM) used by
ScaRaB (Viollier et al. 1995) to convert radiance into
irradiance is the same as that used for ERBE (Suttles
et al. 1988). However, the GOES-based TRB data (Min-
nis et al. 1995) were derived using a different ADM
(Minnisand Harrison 1984; Minniset al. 1991). A com-
parison of the albedos computed with the two different
ADMs is shown in Fig. 4. The difference is small, in-
dicating that the two ADMSs are similar in effect. The
resemblance between the two sets of ADMs is not suf-
ficient, however, to warrant a valid comparison, unless
both are also adequate. Use of an inadequate ADM may
result in different albedos for a given scene viewed from
different directions. The validity of the ERBE ADM has
been addressed previously (e.g., Suttles et al. 1992; Li
1996; Ye and Coakley 1996). Here, we conducted an
additional test by analyzing the variation of albedo with
viewing angles over afixed sitein the SGP, as was done
by Li (1996). No significant dependence was found be-
yond the natural variability of the scenes.

b. Scene correction

Since the ADMs are scene dependent (Suttles et al.
1988), a proper angular correction also relies on ade-

quate scene identification. The ScaRaB scene identifi-
cation scheme is the same as the ERBE one, namely,
the maximum likelihood estimation (MLE) (Wielicki
and Green 1989). While the scene pertains to both sur-
face and sky conditions, only cloud determination is of
concern here since the surface is fixed (land). Table 2
presents the statistics of a comparison of cloud classi-
fication according to ScaRaB and GOES-7. Overal,
only about 38% of the cases in which clear and overcast
scenes dominate have identical cloud classification; 49%
are misclassified by one class. During daytime, the
agreement is better, with 53% and 36% being classified
equally and differed by one class, respectively. For par-
tialy cloudy (PC) and mostly cloudy (MC) scenes, the
two classification schemes differ the most. The daytime
cloud classification results obtained from GOES-7 were
compared with ARM ground observations and good
agreement was found (Minnis et al. 1995). Cloud iden-
tification based on broadband measurements of coarse
resolution is generally less reliable than that based on
narrowband cloud imaging data of higher resolution
(Diekmann and Smith 1989; Li and Leighton 1991).
Misidentification of scene type may lead to significant
errors in the ensuing fluxes estimated from radiance
measurements. Therefore, ScaRaB fluxes were recal-
culated based on the scenes determined by GOES7.
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Fic. 10. Similar to Fig. 9 but for identical scenes determined by ScaRaB and GOES-7 with close viewing zenith
angles (differences of less than 5°).

During nighttime, analysisisrestricted to the scenesthat
were equally identified by GOES-7 and ScaRaB, con-
sidering that both ScaRaB and GOES scene identifi-
cations are less reliable. Figure 5 shows the differences
in SW and LW fluxes due to the change of scene iden-
tification. For LW fluxes, the maximum difference is
less than 2 W m~2 and the mean difference is close to
0. In contrast, the differences are substantial for SW
fluxes with a maximum difference up to 70 W m2,

c. Spectral correction

Due to the difference in spectral response between
the visible channels of GOES7 and ScaRaB (cf. Fig.
1), measurements from the two radiometers over the
same scenes are not identical. To account for this dis-
crepancy, model simulations were conducted with ara-
diative transfer model (Masuda et al. 1995). Two at-
mospheric profileswere used, namely, the standard mid-
latitude summer (MLS) atmosphere and the U.S. Stan-
dard Atmosphere, 1976, that are contained in the
LOWTRAN-7 code (Kneizys et al. 1988). The conti-
nental type of aerosol with optical thickness ranging

from 0.056 to 0.45 at 550 nm is included. Surface spec-
tral and angular models were adopted from Rutan and
Charlock (1997) for savannah and grassland. The model
clouds of St, Sc, Cu, and Nb (Stephens 1978) were
assumed with varying optical thickness (5-200) and al-
titudes (1-9 km). The modeled spectral reflectance data
and the spectral response functions of GOES and
ScaRaB radiometers were convolved. Simulated visible
measurements for the two instruments are compared in
Fig. 6. ScaRaB visible albedo appears to be systemat-
ically less than GOES-7 visible albedo by about 1.5%—
2%. The difference can be corrected by the following
regression:

= —1.555% + 0.9%acops - )

AscaraB

In comparison, the brightness temperatures derived
from the infrared window channels of GOES7 and
ScaRaB are very similar. Note that brightness temper-
ature is determined at 11.5 wm, following the method
of Minnis et al. (1995). Therefore, no correction was
applied to the IRW measurements.
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Fic. 11. Comparisons of longwave broadband fluxes observed by ScaRaB and estimated from GOES-7 IR window
measurements during [(a) and (b)] daytime and [(c) and (d)] nighttime for all matched data [(a) and (c)] in April and
July and only those of similar VZA (difference of less than 5°) with identical scene types determined by ScaRaB and

GOES7 [(b) and (d)].

4. Validation
a. Calibration

After data are matched and corrected, validation of
calibration was done by comparing narrowband mea-
surements from ScaRaB and GOES-7. The images of
visible albedo are shown in Fig. 7 for (a) ScaRaB, (b)
GOES-7, and (c) their differences. The two imageswere
taken almost simultaneously with a time difference of
merely 5 min. Overall, the two images match well, but
they do differ in detailed features over some portions
of the images, asis seen from Fig. 7c. Thisresultsfrom
a combination of the discrepancy in image resolution
and scene variability. Recall that the GOES image has
a uniform resolution of 0.5° X 0.5° in latitude and lon-
gitude, whereas the FOV of ScaRaB pixel varies from
60 km at nadir to more than 150 km for extreme viewing
angles. As aresult, the GOES image exhibits more spa-
tial variation than the ScaRaB image does, especially
near the image edges where the spatial resolution dif-
ference reaches maximum and clouds happen to be more
variable. Comparisons of individual pixel/grid data are
shown in Fig. 8 for April 1994 for al the matched data

(left panels) and only those of comparable spatial res-
olutions between GOES-7 and ScaRaB data (right pan-
els). The latter were obtained by restricting the VZAs
of ScaRaB measurements to less than 25° so that the
FOV's of the ScaRaB data retained are less than 75 km.
The comparison of all matched data shows that there
are good agreements in both albedos and fluxes, albeit
large scattering. The mean difference isless than 2% in
absolute albedo units. When the data of similar reso-
lutions are compared, the scattering of the comparison
isreduced substantially and asmall systematic deviation
from the 1.1 line is observed for larger albedo values.
It should be pointed out that, due to the orbital con-
straints, the comparison shown in Fig. 8 is limited to
relatively low fluxes, given that the maximum potential
value for reflected flux is about 300 W m~-2. This is
partially because the minimum solar zenith angle for
the matched data is around 40°. If the trend discernible
from Fig. 8b is true, visible fluxes or abedos of large
magnitude may be underestimated by 2% to 3% because
of improper GOES-7 VISSR calibration.

A comparison of brightness temperature images be-
tween ScaRaB and GOES-7 (not shown) is closer, a-
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Fic. 12. Comparisons of [(a) and (b)] shortwave albedos and [(c) and (d)] fluxes observed with a ScaRaB
broadband radiometer and estimated from GOES-7 visible albedos for April and July 1994.

though similar in pattern, to Fig. 7. This is seen more
clearly in the pixel comparison shown in Fig. 9 during
daytime (left panels) and nighttime (right panels) for
both months. Good agreements are found for both day-
time and nighttime comparisons. The scattering stems
partially from match-up errors in space and time and
partially from an imperfect angular correction, in ad-
dition to a difference in spatial resolution. Since the
ADM in the thermal band is primarily a function of
viewing the zenith angle, an additional comparison is
made with a constraint that the viewing zenith angles
of ScaRaB and GOES data do not differ by more than
5°. The new comparison presented in Fig. 10 is appar-
ently improved relative to Fig. 9, implying that a de-
ficient angular correction does contribute to the differ-
ence between ScaRaB and GOES-7 data. The narrow-
band IR window fluxes shown in Figs. 9 and 10 were
calculated following the definition of Minnis et al.
(1991) with a correction.*

* Note that there appears to be a typo in the use of their limb-
darking function (Minnis et al. 1991; Minnis et a. 1995) for com-
puting radiances at the nadir. Application of their method as printed
in the literature produces results at variance with their data, which
can, however, be reproduced exactly by using the inverse of the limb-
darking function.

b. Narrowband to broadband conversion

The GOES-based broadband TOA fluxes were de-
rived from narrowband measurements following a nar-
rowband to broadband conversion. The performance of
the conversion can be evaluated by comparing broad-
band quantities estimated from GOES-7 and measured
by ScaRaB.

The comparison of broadband LW fluxes is presented
in Fig. 11 for all matched data (left panels) and those
having similar VZAs with the same scenes identified by
ScaRaB and GOES-7 (right panels). There seems to be
no significant difference, but there is a weak trend. The
GOES-7 technique tends to under- and overestimate LW
flux for warm and cold scenes, respectively.

Shortwave comparison is shown in Fig. 12. The most
striking feature of the albedo comparison is a curved
trend deviated from 1:1 line. The trend indicates that
the GOES-based shortwave broadband albedos are sys-
tematically lower than those measured by ScaRaB for
highly reflective scenes (albedo greater than approxi-
mately 60%), and the opposite is the case for relatively
dark scenes. Thetrend isless obvious for fluxes because
a large number of data points of high albedos were
observed at low sun angles. The absolute differencein
albedo is from 15% to 20%. For thick clouds at local
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Fic. 13. Relationships between visible narrowband and SW broadband albedos for different ranges of the solar zenith angle (SZA). Both
the visible and SW albedos were taken from ScaRaB radiometer over the SGP/ARM locale (35.61°-37.61°N, 96.5°-98.5°W) between March
and August 1994. Open circles are observations and dotted lines correspond to linear fits to the data for each SZA bin. Regression correlation
coefficients (R) and standard deviations (o) are aso given.
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Fic. 14. Comparison of the relationship between narrow- and
broadband albedos used for GOES-7 and derived from ScaRaB mea-
surements. Open circles denote broadband albedos derived from
GOES-7 agorithm adjusted to ScaRaB visible band using Eq. (2).
The lines represent regressions obtained from ScaRaB, as given by
Eq. (3), for various values of the SZA.

solar noon, this could result in an error in the estimation
of TOA reflected fluxes of up to 200 W m~2. For lower
albedo values (less than approximately 60%), the
GOES-based estimates of broadband albedo tend to be
larger than ScaRaB measurements.

In addition to the calibration of GOES VISSR visible
measurements that exhibits a weak trend of the same
nature (cf. Fig. 8d), narrowband to broadband conver-
sion appears to dominate the discrepancy revealed here.
This is clear from a comparison of the conversion re-
lationship used in generating the GOES broadband data
with that obtained directly from ScaRaB visible and
broadband SW observations. Shown in Fig. 13 is the
visible-SW albedo relationships derived from ScaRaB
measurements made over a2° X 2° region near the ARM
central facility (35.6°—37.6°N, 96.5°-98.5°W). To study
the potential impact of the SZA, data collected over an
extended period (March-August 1994) were analyzed
for each SZA interval of 10°. It is obvious from Fig.
13 that the two sets of measurements correspond much
more closely than between ScaRaB and GOES data.
This is understandable since the two ScaRaB detectors
have the same FOV's and are scanned in the same man-
ner simultaneously. Obviously, the broadband albedo is
correlated linearly with visible albedo. The linearity of
the relationship is consistent with many previous in-
vestigations (Minnis and Harrison 1984; Wydick et al.
1987; Li and Leighton 1992; Vesperini and Fouquart
1994). The slope and intercept of the linear regression
depend moderately on SZA, a new feature of the con-
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FiG. 15. Same as Fig. 14 but with a newly modified GOES product.

version that was not taken into account in previous stud-
ies. The following regression equation was derived from
the data shown in Fig. 13:

gy = [7.636 — 2.549 In(u) — 1.469 IN2(11,)]
+ ay,g[0.753 — 0.00082 In(u,)

+ 0.0288 In2(u,)], (©)

where ag, and a,,s denote broadband SW and visible
albedos, respectively. The u, is the cosine of the SZA.
The conversion relationships used for generating the
GOES-7 broadband albedo are given below (Minnis et
al. 1995):

sy = agy(CLR)(L — n) + agy(CLD),  (4)
asy(CLR) = a5 + ayas(CLR) + &, In(Uw,),  (5)
and
agy(CLD) = b, + b,a,,s(CLD) + b,ad,s(CLD)
+ by In(1 ), (6)

where n is cloud amount; CLR and CLD represent clear
and cloudy skies, respectively. The new version of nar-
rowband to broadband conversion applied to GOES-8
is similar to Eq. (6) but does not require discrimination
between cloudy and clear scenes (Smith et al. 1997).
Presumably, use of the quadratic equation is a mgjor
cause of the trend shown in Fig. 12 in light of the linear
relationship found in Fig. 13. Figure 14 depicts the dif-
ference in broadband albedo estimated from GOES-7
using the ScaRaB conversion model [Eg. (3)] and the
original one [Egs. (4) through (6)]. A comparison be-
tween Figs. 12 and 14 confirms that inaccurate esti-
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mation of the broadband SW albedo from GOES-7 is
due primarily to incorrect narrow- to broadband con-
version. While the paper is revised, the GOES product
is updated using a modified narrowband to broadband
conversion model that isin much better agreement with
that derived from ScaRaB but still differs slightly in the
slope of the conversion (cf. Fig. 15).

c. Influence of the conversion on the inference of
cloud absorption

Recently, satellite and surface measurements have
been employed synergistically for addressing the impact
of clouds on atmospheric absorption (Cess et al. 1995;
Li et al. 1995; among others). The ratio of cloud ra-
diative forcing (CRF) at the surface (CRF4..) and at the
TOA (CRF;0,),

_ CRFg @
CRF,o

has been determined and compared from observations
and model output. CRF is defined as the difference be-
tween all-sky and clear-sky net fluxes (incoming minus
outgoing). While R derived from models is usualy
around unity, there exists a large discrepancy in the
magnitude of R determined from observations, ranging
from less than 1.0 to greater than 1.5. The discrepancy
greatly impedes our understanding of the ability of
clouds to absorb solar radiation and casts doubts on the
results of climate modeling.

The surrogate TOA SW radiation product derived
from GOES for the ARM is a mgjor data source for
addressing this problem (Imre et al. 1996; Smith et al.
1997). Given the deficiencies found above, we recal-
culated R from the corrected GOES data using the nar-
row- to broadband conversion derived from ScaRaB ob-
servations. Surface measurements for obtaining CRFg-.
were made available through the CERES/ARM/GEW-
EX (Globa Energy and Water Cycle Experiment) Ex-
periment (CAGEX) (Charlock and Alberta 1996) for the
period of 6-30 April 1994, excluding days 13, 16, 20,
21, 26, and 27. CAGEX compiled a comprehensive da-
tabase from a variety of ARM observation platforms
for validating radiative transfer models. Scene identi-
fication needed to determine clear-sky fluxes at both the
surface and TOA was based on cloud estimation by
Minnis et al. (1995) from GOES. Measurements with a
cloud amount less than 0.1% were considered as being
clear skies. Surface and TOA net fluxes were averaged,
separately, under clear-sky and all-sky conditions from
those measurements that are available simultaneously at
the surface and TOA. The mean CRF;,, and CRF
averaged over the entire data period are —203 W m~2
and —218 W m~2, respectively, leading to an R of 1.07.
This value is slightly less than those derived from pre-
vious versions of the GOES product (Imre et al. 1996;
Smith 1997). It agrees more closely with model results
and is thus at further odds with the claim of cloud ab-

R
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sorption anomaly (Cess et al. 1995). As is implied by
the magnitude of R, we found only a small difference
in the atmospheric absorptance between all-sky (0.221)
and clear-sky (0.194) conditions.

5. Summary

Knowledge of the radiation budget at the TOA is
essential to meteorological and climate studies. Due to
the gaps between spaceborne radiation missions, TOA
radiative fluxes have been inferred from measurements
obtained with noncalibrated narrowband radiometers.
The quality of these surrogate TOA broadband radiation
products needs validation. This study assessed a GOES-
based TOA radiation dataset generated for the U.S. At-
mospheric Radiation Measurement program (Minnis et
al. 1995) by comparing against calibrated measurements
obtained from the European ScaRaB.

Discrepancies in spectral filter functions and viewing
geometry were accounted for by means of spectral and
angular corrections. Scene identification required for
these corrections was assessed. Considerabledifferences
exist between the cloud amounts classified by GOES-7
and ScaRaB. Since the former is more reliable, it re-
places the latter for selecting angular dependence mod-
els to derive irradiances from radiances. Comparisons
were made between GOES-7 VISSR and ScaRaB data
in terms of fluxes, albedos, and brightness temperatures.
For narrowband measurements from visible and infrared
channels, the two instruments agree well, except for a
weak tendency that visible abedos and fluxes from
ScaRaB are dlightly larger over bright scenes. Com-
parison of broadband datareveal ed that the GOES-based
estimates of albedos and fluxes are systematically small-
er (larger) than ScaRaB measurements for bright (dark)
scenes. The difference was attributed to an inaccurate
narrowband to broadband conversion. The conversion
is linear according to ScaRaB visible and SW mea-
surements, but a quadratic conversion relationship was
employed in generating the GOES-based product. This
results in an error of approximately 14 W m-2 for day-
time mean TOA cloud radiative forcing. After removing
this caveat, the surfaceto TOA SW cloud radiativeforc-
ing ratio turns out to be 1.07 for April 1994 at the ARM
CART site in Oklahoma. This value is in perfect ac-
cordance with radiative transfer models. Note that the
results presented here are limited to a single region and
for a short period of time.
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