FEBRUARY 1995

LI ET AL.

Measurements Using Global Energy Balance Archive Data

ZHANQING LI

Canada Centre for Remote Sensing, Ottawa, Ontario, Canada

CHARLES H. WHITLOCK AND THOMAS P. CHARLOCK
NASA Langley Research Center, Hampton, Virginia
(Manuscript received 26 October 1993, in final form 12 May 1994)

ABSTRACT

Global datasets of surface radiation budget (SRB) have been obtained from satellite programs. These satellite-
based estimates need validation with ground-truth observations. This study validates the estimates of monthly
mean surface insolation contained in two satellite-based SRB datasets with the surface measurements made at
worldwide radiation stations from the Global Energy Balance Archive (GEBA). One dataset was developed
from the Earth Radiation Budget Experiment (ERBE) using the algorithm of Li et al. (ERBE/SRB), and the
other from the International Satellite Cloud Climatology Project (ISCCP) using the algorithm of Pinker and
Laszlo and that of Staylor (GEWEX/SRB). Since the ERBE/SRB data contain the surface net solar radiation
only, the values of surface insolation were derived by making use of the surface albedo data contained in the
GEWEX/SRB product. The resulting surface insolation has a bias error near zero and a root-mean-square error
(RMSE) between 8 and 28 W m~2. The RMSE is mainly associated with poor representation of surface obser-
vations within a grid cell. When the number of surface observations are sufficient, the random error is estimated
to be about 5 W m™2 with present satellite-based estimates. In addition to demonstrating the strength of the
retrieving method, the small random error demonstrates how well the ERBE derives the monthly mean fluxes
at the top of the atmosphere (TOA). A larger scatter is found for the comparison of transmissivity than for
that of insolation. Month to month comparison of insolation reveals a weak seasonal trend in bias error with
an amplitude of about 3 W m™2. As for the insolation data from the GEWEX /SRB, larger bias errors of 5-10
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W m™2 are evident with stronger seasonal trends and almost identical RMSEs.

1. Introduction

As the major component of surface heat balance,
solar radiative flux has a large impact on the energy
exchange between the surface and the atmosphere. Al-
though surface solar radiation has been measured on
the ground for a long time, the measurements are
mostly over inhabited areas. The fact that there are few
observations over ocean and remote regions and that
the observations are nonuniform over land has posed
some problems for climate studies, especially for cli-
mate modeling. Since the 1980s, substantial progress
has been made in the retrieval of the surface radiation
budget (SRB) from satellite measurements, especially
for the shortwave (SW) components, as summarized
in Schmetz (1989) and Pinker et al. (1995). In order
to take advantage of the global coverage offered by sat-
ellite observations, the World Climate Research Pro-
gram (WCRP) recommended the development of a

Corresponding author address: Dr. Zhanging Li, Canada Centre
for Remote Sensing, 588 Booth Street, Ottawa, Ontario K1A 0Y7,
Canada.

satellite-based global climatology of the SRB with an
accuracy of 10 W m™~2 for monthly mean fluxes in 250
X 250 km? grids (Suttles and Ohring 1986).

To meet this goal, the Global Energy and Water Cy-
cle Experiment (GEWEX ) SRB Project was established
to retrieve fluxes of the SRB over the globe from op-
erational satellite measurements in the late 1980s. A
number of satellite-based SW algorithms were tested
using the data collected from field experiments and
global surface observations (Whitlock et al. 1990). Two
algorithms, namely, Pinker and Laszlo (1992; hereafter
referred to as the Pinker algorithm) and Staylor (Dar-
nell et al. 1992), were initially selected for deriving the
global shortwave SRB from the International Satellite
Cloud Climatology Project (ISCCP) C1 data (Whitlock
et al. 1993). ISCCP provides more than 8 yr of cloud
retrieval and radiance observation at high spatial and
temporal resolution (Schiffer and Rossow 1983; Ros-
sow et al. 1991). While ISCCP satellite radiance mea-
surements are the principal input data for the GEWEX
SRB Project, other datasets were also employed. For
example, the albedo data used in the Staylor algorithm
were estimated from the Earth Radiation Budget Ex-
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periment (ERBE). The first official release of the
GEWEX/SRB (Version 1.1) was made recently by the
NASA Langley Research Center for WCRP (Charlock
et al. 1993). The data include surface downward ir-
radiance (insolation ), albedo, and net solar radiation
for the period March 1985 through December 1988.

In addition to the GEWEX /SRB dataset, global cli-
matology of monthly mean surface net solar radiation
was also developed from monthly mean ERBE TOA
fluxes (Li and Leighton 1993) using the algorithm of
Li et al. (1993a; hereafter referred to as the Li algo-
rithm). The ERBE measurements were made from late
1984 to early 1990. Although the ERBE data cover a
shorter period than ISCCP data, the former are well-
calibrated broadband measurements. The narrowband
measurements from the ISCCP lack onboard calibra-
tion. A potential source of error, namely, narrowband
to broadband conversion (Li and Leighton 1992), is
therefore eliminated when ERBE data are used. More-
over, the ERBE flux retrievals were corrected for bi-
directional effects. Note that the ERBE/SRB of Li and
Leighton (1993) contains surface net solar radiation
only.

By the nature of retrieval, these satellite-based esti-
mates need rigorous quality evaluation. The most
straightforward evaluation approach is to compare the
estimates with in situ measurements. So far, among
the components of solar radiation, only insolation ob-
servations may be qualified for such a purpose. The
present ground observations of surface solar net flux
and albedo are very limited, and their spatial represen-
tation is poor. This paper presents results of the com-
parison of satellite-based estimates of monthly mean
surface insolation with ground-truth observations from
the Global Energy Balance Archive (GEBA). Since the
ERBE/SRB does not include insolation, surface albedo
from the GEWEX/SRB is combined with net solar
radiation from ERBE/SRB to produce the ERBE/
GEWEX insolation. While insolation data from both
datasets are validated, the emphasis is placed on the
ERBE/GEWEX data, as preliminary results of vali-
dation for the GEWEX/SRB have been reported
(DiPasquale and Whitlock 1993). Note that the avail-
able global satellite-based SRB datasets at present are
not limited to the above mentioned sets. For example,
Bishop and Rossow (1991) and Breon et al. (1994)
also derived global surface solar irradiance by applying
their algorithms to the ISCCP data and the ERBE data,
respectively.

2. Data and algorithm
b. GEWEX/SRB (Version 1.1)

The main dataset employed in the generation of the
GEWEX /SRB is the ISCCP C1, a subset of ISCCP
data at a reduced spatial resolution. The ISCCP Cl1
gridded system has 6596 equal-area grids with a cell
size of approximately 280 X 280 km?. The ISCCP data
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were measured by radiometers with nominal resolu-
tions of 4 to 8 km. Within each 280 X 280 km? equiv-
alent area of an ISCCP C1 grid cell, the pixels were
sampled every 25 km. A GEWEX/SRB estimate was
therefore based on satellite data that cover a fraction
of the area of each grid cell. ISCCP C1 data contain 3-
hourly and daily values of 132 parameters. While about
20 of these parameters were used in the estimation of
the SRB, the major input is narrowband shortwave
radiance taken from many operational weather satel-
lites including polar-orbiting satellites (NOAA series)
and geostationary satellites (GOES, GMS, and Meteo-
sat). Therefore, the data have good spatial and tem-
poral coverage around the earth throughout the day.
Due to the lack of onboard absolute calibration, offline
relative calibration was implemented with reference to
the AVHRR measurements of NOAA-7.

The GEWEX /SRB of version 1.1 includes two sets
of data produced by the algorithms of Pinker and Stay-
lor. Three basic steps are followed for both algorithms.
First, relationships are established between the broad-
band (0.2-4.0 um) transmissivity and the reflectivity
at the TOA under various conditions pertaining to the
surface, atmosphere, and cloud. Second, parameters
characterizing these conditions are obtained, such as
surface albedo and optical properties of the atmosphere
and clouds. Third, transmissivity is determined from
these parameters and relationships. The major differ-
ence between the Pinker and Staylor algorithms lies in
the way the relationships are established. Pinker’s al-
gorithm makes use of detailed radiative transfer cal-
culations, generates a surrogate TOA broadband flux
from narrowband radiance, and relies heavily on the
ISCCP calibration. Staylor’s algorithm employs sim-
plified parameterizations and is partly self-calibrating.
Both use H,O and Oj; data from the ISCCP TOVS
record. Since both algorithms are quite nonlinear with
respect to input parameters, they are not applicable to
temporally (e.g., monthly) averaged input data. The
monthly mean insolation data of the GEWEX/SRB
were obtained from the daily mean values that were
in turn based on retrievals that used 3-hourly satellite
radiance data.

In the development of the GEWEX/SRB, surface
albedo serves as both input data for retrieving surface
insolation and output data for computing surface net
solar radiation. Global datasets of surface albedo used
in these algorithms were first derived from clear-sky
planetary albedo and then corrected for the effect of
clouds. Pinker’s albedos are based on narrowband
ISCCP data (Pinker and Laszlo 1992), while Staylor’s
are from broadband measurements of the ERBE
(Staylor and Wilber 1990). To derive broadband al-
bedos from narrowband albedos, the Pinker algorithm
incorporates the spectral dependence model of Briegleb
etal. (1986). The effect of clouds on the Pinker surface
albedos is accounted for through radiative transfer cal-
culations. All-sky Staylor surface albedos are computed
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from the albedos for clear sky and for overcast sky by
weighting them according to daily mean transmissivity
as a measure of cloudiness. The daily overcast albedos
for ocean are set to be 6.5%, and those for land are
calculated from clear-sky albedos and the daily mean
cosine of solar zenith angle (SZA).

b. ERBE/SRB and ERBE/GEWEX

As mentioned in the introduction, the ERBE/SRB
data were derived from the monthly mean ERBE S-4
product. The ERBE broadband radiometers were
aboard three spacecrafts, including two NOAA satellites
and one Earth Radiation Budget Satellite (ERBS). At
times, however, measurements were made from only
two spacecrafts, as the two NOAA satellites had a short
overlapping observation from October 1986 to January
1987. The polar-orbiting NOAA satellites provide
measurements at about the same local solar times. The
inclined orbit of the ERBS, however, allows observa-
tions at different local times over a period of 36 days.
The number of the ERBE shortwave measurements
per day made over the same target varies from 1 to 5.
As the sampling is limited in time, the diurnal vari-
ability of the earth’s radiation budget was modeled to
derive daily means from the instantaneous values using
a temporal-averaging scheme (Brooks et al. 1986). A
set of angular dependence models (ADMs) were em-
ployed to account for the variation of planetary albedo
with viewing angles and SZA for various scene types
(Suttles et al. 1989). The uncertainties in the ERBE
S-4 data were estimated to be on the order of 5 W m™
(Barkstrom et al. 1989). The number is not a definitive
estimate of the uncertainty, however, but simply the
standard deviation within which the true value of a
measurement might occur.

The Li aigorithm directly estimates surface net solar
flux from a TOA-reflected flux. The algorithm com-
prises linear relationships between the two quantities,
with its slope and offset being functions of precipitable
water and SZA. The algorithm is based on the results
of comprehensive radiative transfer simulations for a
variety of surface, cloud, and atmospheric conditions
(Lietal. 1993a). Although different sets of coefficients
were obtained for clear skies and various cloud types,
sensitivity tests show weak dependency on sky condi-
tion. Using both the matched ERBE pixel data (S-8)
and tower measurements, it was demonstrated that the
coeflicients for clear skies can be equally applicable to
cloudy conditions, regardless of surface type (Li et al.
1993b). Therefore, the clear-sky coeficients were em-
ployed to generate the ERBE/SRB data (Li and Leigh-
ton 1993). It is partly the objective of the this study to
further validate this by comparing the resulting SRB
estimates with ground-truth observations. Since the al-
gorithm is linear with respect to the TOA-reflected flux,
it is applicable to the monthly mean TOA data. It was
proven analytically (Li and Leighton 1993) and ex-
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perimentally (Li et al. 1993b) that the algorithm is
applicable to the temporally means of the cosine of
SZA and precipitable water. Thus, monthly mean sur-
face net solar radiation data were derived from monthly
mean values of the TOA-reflected flux, precipitable
water, and cosine of SZA (Li and Leighton 1993). The
TOA data were from ERBE S-4; precipitable water data
were from ECMWF humidity analyses; and the cosines
of SZA were calculated according to date and latitude.
Note that both the ECMWF and TOVS humidity data
may contain systematic errors in some regions ( Liu et
al. 1992).

Therefore, assessment of monthly mean estimates
has two aspects of significance. One is to further test
the validity of the algorithm to estimate monthly mean
surface net solar radiation from monthly mean input
data using a set of coefficients derived for clear-sky
conditions. The other is to test how well the ERBE
derives monthly mean TOA fluxes from limited radi-
ance measurements by applying an averaging scheme
to account for diurnal variations and a set of ADMs
to correct for angular effects. The tests are especially
important, considering that the Li algorithm, the
ERBE-averaging scheme, and the ERBE ADMs will
be used to derive monthly mean surface solar fluxes
in the Clouds and Earth’s Radiant Energy System
(CERES), an important subsystem of the Earth Ob-
serving System (EOS) (Wielicki et al. 1994).

To derive surface insolation from the estimated net
solar radiation, a global dataset of surface albedo is
required. In addition to the two surface albedo datasets
contained in the GEWEX/SRB, such a dataset was
also developed by Li and Garand (1994 ) from the clear-
sky ERBE TOA measurements. The data are not cor-
rected to account for the effect of clouds, however.
Good comparison is found between the clear-sky sur-
face albedos obtained by Staylor and Wilber (1990)
and those by Li and Garand (1994), despite the dif-
ferent retrieving methods used. In contrast to Pinker’s
surface albedo, the determination of Staylor’s does not
require spectral correction, as they were based on the
broadband ERBE data. Therefore, the Staylor’s surface
albedo was used to convert the ERBE net solar radia-
tion into insolation. The resulting ERBE/GEWEX in-
solation will be compared with surface insolation mea-
surements. It should be noted that surface albedo has
a direct impact on the result of validation for the
ERBE/GEWEX insolation data. The effect of surface
albedo on validation of the GEWEX /SRB insolation
is secondary, since surface albedo is used as a boundary
condition to derive insolation. Unfortunately, no val-
idation is done to evaluate the quality of the satellite-
based surface albedos due to the lack of ground-truth
measurements for areal mean surface albedo. Selection
of the Staylor surface albedo data stems mainly from
the considerations discussed above.

The principal satellite datasets and algorithms used
here for retrieving the shortwave components of SRB




































