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ABSTRACT

Narrowband (NB) to broadband (BB) conversion is a common practice to acquire radiation budget data from
operational imagery data. This study attempts to gain further insights into the relationship between NB visible
(V1S) abedo and BB shortwave (SW) albedo by means of observational analysis and radiative transfer modeling.
Multiple observation datasets were employed including Scanner for Radiation Budget (ScaRaB) satellite mea-
surements, National Centers for Environmental Prediction—National Center for Atmospheric Research reanalysis
of precipitable water and temperature profiles, Total Ozone Mapping Spectrometer ozone amount, etc. Radiative
transfer modeling was done with an adding—doubling model of high spectral resolution for a range of surface,
atmospheric, and cloud conditions. ScaRaB provided calibrated synergistic measurementsof VIS and SW albedos.
The two types of albedos were found to be linearly correlated with much higher correlation coefficients than
previously obtained from other instruments. In combination with other datasets, the impact of various parameters
on the VIS-SW relation was investigated and compared with the results of modeling. The most significant
parameter influencing the relation is the solar zenith angle, followed by cloud-top height, precipitable water
amount, ozone amount, aerosol, and cloud microphysics. Narrow- to broadband conversion modelswith avarying

number of input parameters were developed and validated.

1. Introduction

Albedo at the top of the atmosphere (TOA) isamajor
variable altering the earth’s radiation budget (ERB) and
climate. TOA abedo has been monitored by many
spaceborne missions such as the Nimbus series (Rasch-
ke et al. 1973; Jacobowitz 1984), the ERB Experiment
(ERBE) (Barkstrom and Smith 1986), and the Scanner
for Radiation Budget (ScaRaB) (Kandel et a. 1994,
Kandel et al. 1998). State-of-the-art observation of TOA
albedo is made with the Clouds and the Earth’s Radiant
Energy System (CERES) (Wielicki et al. 1996). Not-
withstanding, significant data gaps exist between these
research missions. On the other hand, imagery data have
been acquired continuously for decades by operational
weather satellites such as the National Oceanic and At-
mospheric Administration (NOAA) series. Unlike the
radiometers measuring ERB, sensors for monitoring
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clouds are usually not calibrated on board and have
narrow spectral coverage in the atmospheric window
regions for enhancing contrast between clear and cloudy
scenes. To take advantage of the long history of weather
satellite observation, surrogate ERB products have been
generated from operational satellite observations by
means of narrowband (NB) to broadband (BB) conver-
sion (e.g., Gruber et al. 1983).

There are numerous observational and modeling stud-
ies concerning the relation between NB and BB al bedos.
Empirical relations have been derived from an ensemble
of NB and BB observations made from different plat-
forms, for example, Nimbus-7/Geostationary Opera-
tional Environmental Satellite (GOES)-East by Minnis
and Harrison (1984), Nimbus-7/NOAA-7 by Wydick et
al. (1987), Nimbus-7/CZCS (Coastal Zone Color Scan-
ner) by Davis et al. (1984), and Meteosat-2/ERBE by
Vesperini and Fouquart (1994). Observations madefrom
the same platforms have also been anayzed, for ex-
ample, NOAA-9 (ERBE/AVHRR) by Li and Leighton
(1992) and Hucek and Jacobowitz (1995). Thetwo latter
studies showed much less uncertainty as the NB and
BB measurements were made nearly simultaneously.
Nevertheless, errors in matching the two types of mea-
surements still hinder the study of NB and BB relations.
Note that advanced very high resolution radiometer
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(AVHRR) and ERBE radiometer had very different
fields of view and scanned at different paces. Lack of
calibration and differencesin the spectral responsefunc-
tion (SRF) necessitate derivation of a conversion rela-
tion for each NB sensor, even if they are the same types
of radiometer. Hucek and Jacobowitz (1995) found that
the accuracy of BB albedos estimated from improved-
calibration AVHRR NB abedos was even lower than
for those estimated from the original AVHRR datausing
a conversion relation derived by Wydick et al. (1987).
This would not be the case, however, if the conversion
relation were derived from calibrated data. It is also
because of the lack of calibration that Minnis et al.
(1995) resorted to a complex multistep conversion ap-
proach to estimate BB albedos when no synchronous
NB and BB measurementswere avail able. ScaRaB over-
comes, to a large extent, the problems of inaccurate
match and calibration.

In paralel to the empirical studies, a hierarchy of
radiative transfer models (RTMs) has been employed to
study the relationship between NB and BB albedos.
They span from simple models having a few spectral
bands, as used in general circulation models (Cess and
Potter 1986), to complex ones having many spectral
intervals (Laszlo et al. 1988). The chief merit of mod-
eling lies in that the influence of various factors on the
conversion can be readily understood. For example,
Cess and Potter found that albedo can be better esti-
mated than radiance or irradiance. Pinker and Laszlo
(1988) underlined the importance of accounting for sur-
face spectral and angular dependence. Shine et al.
(1984) investigated the effect of including SRF and sur-
face spectral reflectance. Potential accuracy in the es-
timate of BB albedo over various scene types was as-
sessed by Laszlo et a. (1988). A major limitation of
the modeling approach is that models are poorly suited
to simulate the complex variations of natural scenes.
Nevertheless, they are instrumental in interpreting the
observed NB and BB relations.

This study attempts to gain in-depth insights into the
NB-BB relation and conversion by means of both ob-
servational analysis and radiative transfer modeling.
Observations from ScaRaB have many unique advan-
tages to help advance the knowledge of the relation.
First, both NB and BB measurements were calibrated
on board to allow for direct comparisons with the mod-
eling results. Second, the fields of view (FOVs) of the
NB and BB sensors were identical and scanned syn-
chronously so that the two types of measurements can
be matched precisely in time and space. Third, ScaRaB
flew on a precession orbit, thus providing data with
varying solar zenith angle (SZA) for investigating its
effects on the conversion. As a result, the NB-BB re-
lations derived from ScaRaB are subject to much fewer
uncertainties than those available from any previous
missions, allowing for a better understanding of the
physics of the conversion.

The paper is structured as follows. The datasets and

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLUME 16

RTM employed in this study are discussed in the fol-
lowing section. Section 3 addresses the NB-BB rela-
tionship and its sensitivities using both observational
and modeling data. Development and validation of a set
of NB-BB conversions are given in section 4. Section
5 summarizes the study.

2. Datasets and radiative transfer modeling

ScaRaB data are used as the core dataset for studying
the NB-BB relation. A combination with other available
datasets allows for analyses of the relation’s sensitivity
to various parameters (such as precipitable water, ozone,
and cloud-top height) and the development and vali-
dation of NB-BB conversion.

a. TOA NB and BB albedos/fluxes

The ScaRaB is a France-Russia—Germany joint space
project. Thefirst ScaRaB radiometer operated from Feb-
ruary 1994 through March 1995 onboard the Russian
satellite Meteor-3/7 (Kandel et al. 1998). The FOV of
a ScaRaB pixel is about 60 X 60 km? at nadir. Flying
on a precession orbit with an inclination angle of 82.5°,
ScaRaB provided measurements at all local solar times
within a period of approximately seven months. It has
four channels: visible (VIS, 0.55-0.65 um), shortwave
(SW, 0.2—4 um), total (0.2—>50 um), and infrared win-
dow (10.5-12.5 um). This study is only concerned with
VIS and SW channels. The normalized spectral response
function of the VIS channel is shown in Fig. 1, in com-
parison with other popular VIS sensors [NOAA/
AVHRR, GOES/visible-infrared spin-scan radiometer
(VISSR)]. The small discrepanciesin the filtering func-
tions of the various sensors can be readily accounted
for by modeling. Having done this, the conversion re-
lation derived from ScaRaB can be used for other sen-
sors as well, provided that they are properly calibrated.
The visible channel of ScaRaB was calibrated once ev-
ery two weeks with an onboard lamp. Shortwave cali-
bration was done twice a day with one lamp and twice
a month with a second one. Data processing algorithms
including scene identification and spectral and angular
corrections were adopted from those designed for ERBE
(Smith et al. 1986; Viollier et al. 1995). The ERBE SW
angular dependence model (ADM) (Suttles et al. 1988)
was also employed to convert VIS reflectances to al-
bedos, due to the lack of visible ADM.

The quality of the ScaRaB SW fluxes is comparable
to those from the ERBE dataset (Bess et al. 1997), with
uncertainties being around 1% for SW components
(Kandel et a. 1997; Trishchenko and Li 1998). Eleven
months worth of data were analyzed and were divided
into two subsets. The first subset includes March, May,
June, August, November, and December 1994 and Feb-
ruary 1995; the second contains January 1995 and April,
July, and September 1994. The former subset was used
in the analysis and development of NB—BB relations,
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Fic. 1. Normalized spectral response functions of the visible chan-
nels of ScaRaB, GOES-9/VISSR and NOAA-14/AVHRR.

while the latter served as an independent dataset for
validation. To avoid the strong correlation between
neighboring pixels as revealed by Li and Leighton
(1992), the data were highly sampled so that the in-
dependence assumption for applying a classical regres-
sion technique is not violated. Global ScaRaB datawere
analyzed separately over ocean, land, snow/ice, desert,
and coastal zone, according to geotype information.

b. Precipitable water

Data on precipitable water (PW), or total water vapor
content in the atmospheric column, are taken from the

LI AND TRISHCHENKO

349

reanalysis made by the National Centers for Environ-
mental Prediction (NCEP) and the National Center for
Atmospheric Research (NCAR) (Kalnay et al. 1996).
The reanalysis was undertaken with a sophisticated
state-of-the-art global data assimilation system that in-
corporates, integrates, and controls the quality of ava-
riety of observational data. While the reanalyzed results
for PW data are based primarily on rawinsonde and
satellite moisture data, model influence on thereanalysis
is apparent for those regions and times lacking obser-
vations (Kanay et al. 1996). In addition to the defi-
ciencies associated with modeling, the reanalysis data
for water vapor suffer from limitations inherent in both
in situ and remote observations. For example, rawin-
sonde measurements are only available over a small
portion of the earth, mostly near populated areas. Sat-
ellite retrievals from Television Infrared Observational
Satellite Operational Vertical Sounder are only reliable
for clear and thin/partly cloudy scenes, and those from
microwave imageries are available over oceans only
(Randel et al. 1996). Moreover, the water vapor values
as used here were derived from a 12-h analysis, which
may contain large sampling errors associated with the
diurnal variation of water vapor. Despite the shortcom-
ings, the reanalysis is among the best global uniform
datasets currently available. The data are given at 2.5°
X 2.5° grids.

c¢. Cloud-top height

Cloud-top heights were estimated from brightness
temperatures derived from ScaRaB IR window channel
measurements and the vertical profiles of temperature
and geopotential height from the NCEP-NCAR Rean-
alysis (Kanay et a. 1996). The profile data were given
at the surface, 850, 500, 200, 100, 50, and 20 mb pres-
sure levels at aspatial resolution 2.5° X 2.5°. They were
available every 12 h for pressure levels up to 200 mb
and once per day at 1200 UTC for 100 mb and above.
To account for the atmospheric attenuation in the 10.5—
12,5 um spectral band of ScaRaB (Trishchenko and
Khokhlova 1996), brightness temperature (T;,,,) was cor-
rected as

T

cor

— —10.85 + 1.053T,,,. (1)

The correction (T, — T,,,) reaches5 K at T,,, = 300
K and diminishes to O K at T,,, = 220 K. From the
corrected temperature and reanalysis profile data, cloud-
top height can be determined. Linear interpolation is
made between the standard pressure levels. Note that
the estimated heights do not represent the geometric tops
of the clouds, unless clouds are so thick and uniform
within the instrument’s field of view that they resemble
black bodies. In general, they may be considered as the
effective cloud-top heights (Hy) that are somewhere
below their geometric heights. For clear scenes asiden-
tified by ScaRaB, the cloud-top height is set to zero
regardless of temperature.
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Fic. 2. Variation of precipitable water, ozone, and cloud-top height
over (a) global ocean and (b) land with latitude during 1-yr period.

d. Ozone

The vertically integrated ozone amounts employed in
this study were retrieved from Meteor-3/TOMS (Total
Ozone Mapping Spectrometer) measurements. These
were made available by the National Aeronautics and
Space Administration (NASA)/Goddard Space Flight
Center on CD-ROMs. TOMS is a multichannel spec-
trometer measuring scattered radiation in the ultraviolet
range. Based on the difference of reflected radiance be-
tween two bands of differential absorption, the total
ozone content of the column is inferred (Herman et al.
1996). The absolute and random errors of the inferred
0zone amount are both about 3% and are larger at higher
latitudes. Daily mean values were used for 1994. The
multiyear averages between 1991 and 1994 are substi-
tuted for January and February 1995 when no ozone
observations were available from TOMS. Gridded daily
mean data at a spatial resolution 1.25° X 1.0° are used
in this study.

Figures 2a,b show an example of the variability per-
taining to PW, cloud-top height, and ozone over ocean
(Fig. 2a) and land (Fig. 2b). The nonuniformity of the
distributions with respect to latitude is evidently due to
the influence of different climatic regimes. The large
ranges of variation permit the detection and testing of
their effects on the NB—BB relation and the devel opment
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of conversion models for deriving nonbiased SW al-
bedo. These are the two main objectives of this study.

e. Modeling

Comprehensive radiative transfer modeling is con-
ducted with an adding—doubling RTM (Masuda et al.
1995). The model has 120 unequally spaced special in-
tervals between 0.25 and 22.5 um, including 41 inter-
valswithin 0.3-1 um, 30 within 1-2 um, and 34 within
2-5 pm. Hemispheric fluxes in upward and downward
directions are computed at 11 streams.

Concurring with the surface-type classification of
ERBE, model surface albedos were differentiated ac-
cording to four basic types: land, ocean, desert, and
snow. Grassland is assumed here as a representative of
vegetated land whose spectral dependence of albedo is
taken from NASA's CERES-Surface and Atmospheric
Radiation Budget (SARB) project (Rutan and Charlock
1997). Albedo for vegetated land is characterized by
low values in the visible range and a sharp increase at
about 0.7 um. For the grassland studied here, the albedo
for visible, near-IR, and broadband ranges is equal to
0.09, 0.3, and 0.19, respectively. A spectrally invariant
angular-dependence model was adopted (Dickinson
1983):

1+d
Y01 ¥ 2dp,’ @

where «a, is the albedo for a given spectral interval at
SZA = 60° w, isthe cosine of SZA, and d is an SZA
adjustment factor whose valueis0.22 for grassland. The
same angular dependence model is applied to desert and
snow but with different values of «, (0.36 for desert
and 0.86 for snow) and d (0.4 for desert and 0.1 for
snow) and different spectral functions, all of which were
taken from the CERES-SARB project database. Desert
has a higher albedo and less spectral variation than veg-
etated land. The spectral variation of snow albedo is
opposite to that for land. It is high in the visible range
and low at longer wavelengths with a much higher
broadband albedo. The ocean albedo model is based on
Hansen et a.'s (1983) parameterization of Cox and
Munk (1956) wave facets theory and Fresnel reflection
with the following angular dependence:

alt,) = 0.036 + 0.0421(1 — po)? + 0.128(1 — wp)?

alpo) =

— 0041 — pp)*
31200741 - )\, _ .
5.68 + v 1.0 + 3.0v o

(©)
where v is wind speed in the lowest atmosphere level
(v = 10 m s* was used). Ocean has the weakest de-
pendence on wavelength.

Corresponding to these surface types are four basic
aerosol models: continental, from the World Climate
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osols: continental, maritime, desert, and arctic. The normalization is
done with respect to the value at wavelength 0.55 um. None of the
guantities have units.

Program (1986); maritime, from Kneizys et al. (1988);
and desert and arctic, both from D’ Almeidaet al. (1991).
Their optical properties are shown in Fig. 3. Aerosol
optical thickness ranges from 0 to 1 in the model sim-
ulations. Various cloud models of different cloud droplet
sizes compiled by Stephens (1979) were used; they were
placed at different atmosphere levels above the ground
(0-1, 1-2, 2-4, 4-6, and 6-9 km). Cloud optical thick-
ness varies from O to 100. The vertical distributions of
atmospheric constituents including water vapor and
ozone are specified in the tropical, midlatitude—summer,
and subarctic—summer model atmospheres (Kneizys et
al. 1988). Changesin PW are proportioned to their ver-
tical profiles by scaling the standard profile with alti-
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tude-independent factors, except within saturated cloud
layers. To simulate ScaRaB measurements, the spectral
response function of the ScaRaB VIS channel (cf. Fig.
1) was convoluted with reflected spectral fluxes. This
is not needed for the SW BB channel, as the measure-
ments have already been spectrally corrected in ScaRaB
data processing.

3. Analysis of the NB-BB relation

The relation between the NB-VIS and BB-SW al-
bedosis seen clearly from the analyses of global ScaRaB
measurements for different land cover types and SZAs,
aspresented in Fig. 4. Therelation islinear for all cases.
The correlation between visible and SW abedos found
here is much higher than previously reported, thanks to
the more accurate match between the two types of mea-
surements The linear correlation coefficient reaches al-
most 1.0 for asmall SZA and decreases with increasing
SZA. The deterioration of correlation with increasing
SZA arisesfrom the magnification of the effects of other
factors such as cloud height, water vapor, ozone, and
others, as well as from a decrease in the ScaRaB signal-
to-noise ratio. The NB-BB relation is different for the
four distinct land cover types in terms of slope, inter-
cept, and fit of the linear regression. The linearity of
the relation and its dependence on land cover type are
consistent with the modeling results (Fig. 5). Each land
cover type is tied to a unique aerosol model, for ex-
ample, continental for land and maritime for ocean. For
agiven VIS abedo, discrepanciesin SW BB albedo due
to differencesin SZA are over 0.1 for thick clouds.

The modeled and observed relations are similar for
all types of surfaces except for snow. The exception is
caused by the use of a pure snow model, while natural
snow scenes are usually patchy and darker, especially
in forests and rugged terrain areas. As cloud thickness
increases, there is a tendency for all data points to con-
verge toward the limit of high albedo values. Thisleads
to different slopes and intercepts in the linear relation-
ship. Changes in the slope and intercept with land cover
type and SZA are borne out from observations as well.
Figure 6 shows the observational values of the slope
and intercept. Sizable differences in their magnitudes
and trends of variation with SZA are found among the
land cover types under examination. These findings sug-
gest that the conversion models should be dependent on
scene type and SZA.

In addition to scene type and SZA, sensitivities of
the NB—BB relation to other parameters are investigated
by analyzing and comparing modeling and observa-
tional results. For some parameters, no adegquate mea-
surements could be brought to bear. In these cases, only
the modeling results are presented. While analyseswere
done for all types of surface, only the results over ocean
and land are shown. To isolate the effect of single pa-
rameters, variationsin the other parameterswere limited
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statistical coherence between neighboring pixels.

to small ranges for observational analyses and to fixed
values for modeling.

a. Water vapor amount

The effect of PW on the NB—BB relation is discern-
ible from both modeling and observational data. Figure
7 showsthe model ed relation between VIS and SW TOA
albedos for clear and cloudy oceanic (Figs. 7a,b) and
land (Figs. 7c,d) scenes. They are simulated with the
cumulus (Cu) cloud model for ocean and stratus (St)

cloud model for land with varying optical thickness O
(clear), 5, 10, 20, 50, and 100. The maritime and con-
tinental model aerosols with an optical thickness of 0.1
were used. The VIS and SW abedo observations de-
picted in Fig. 8 are from ScaRaB observations over
oceans (Figs. 8ab) and land (Figs. 8c,d). Effective
cloud-top height Hg; is between 0.5 and 1.5 km for
ocean and 0.5-2 km for land. Ozone amount was con-
strained between 250 and 300 Dobson Units (DU). Re-
sults for the two SZA intervals of 30°-40° and 70°-80°
are shown. They are close to the fixed SZA values used
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in modeling (Fig. 7). The scattering of the data points
is caused partly by the ranges of the variables and partly
by the unbounded changes in other parameters. Despite
the scattering, the sensitivity of the relation to PW is
similar to that derived from ScaRaB and from the model.
The dependence is weak for a small SZA and moderate
for a large SZA due to the increase of air mass with
SZA. The dependence of the NB-BB relation on PW
stems from the difference in responses of VIS and SW
albedos to changes in PW. As water vapor increases
from 1 to 5 cm, the former remains amost invariant,
while the latter decreases moderately (2%—-4% for a
small SZA and greater than 5% for a large SZA). This
is attributed to the spectroscopy of water vapor absorp-
tion. Water vapor has strong absorption bands in the
near-infrared spectral region but no absorption in the
visible band. It should be pointed out that the effect of
water vapor depends not only on itstotal column amount
but also on its vertical distribution, especially with re-
spect to the location of a cloud layer. This is seen from
the sensitivity of the relation to cloud-top height dis-
cussed later.

b. Ozone amount

The influence of ozone on VIS and SW albedos and
their relation from modeling and observation are de-
picted in Figs. 9 and 10, respectively. Model simulations
are similar to those used in Fig. 7 except for varying
ozone amount and fixed values for other parameters. In
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view of the observed range of ozone variation delineated
in Fig. 2, simulations were done for two 0zone amounts:
250 and 375 DU. Likewise, the observational analysis
shown in Fig. 10 differentiates ozone amounts into two
broad intervals. Variationsin PW are limited to 1-2 cm
over oceans and 0.5-2 cm over land. For effective cloud-
top height, the ranges are 1.5-2.5 km over oceans and
0.5-2 km over land. Broader ranges of parameters for
land surface were chosen to increase the number of data
points.

In comparison to PW, ozone has a very weak impact
of opposite sign on the NB—BB relation, asis seen from
both modeling and observational analyses. An increase
in ozone amount lowers the VIS albedo but barely alters
the SW abedo. Such an effect can be explained by the
spectral properties of ozone absorption. Ozone has very
strong absorption in the UV band (Hartley band), strong
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JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLUME 16
100 , , . . . . . .
a SZA=30° ocean b SZA=76° ocean
80t L ]
60/ Yy 1
X Cu
o 40|
[a]
@ 20
g I —a0,=250DU —0,=250DY|
o ©,=375DU —o—0,=375DU
a o . .
e
<
@ 100 , , : : : :
< ¢ SZA=30° land d SzA=76° land
© g0
Q I
m on P -
= 60} e . &
2] &
st /" st
40| / . /
20¢ / «- 0, =250 DU —a—0,=250DU
0 o 0,=375DU —o—0,=375DU

0 20 40 60 80 100 0 20 40 60 80
VISIBLE ALBEDO [%]

100

Fic. 9. Sensitivity of the modeled VIS-SW relation to ozone
amount over (a), (b) oceans and (c), (d) land for SZAs of 30° and
76°. Cloud optical thickness varies from 5 to 100. Precipitable water
is fixed at 5.0 cm over ocean and 3.7 cm over land. Maritime and
continental aerosol models are assumed for the two cover types, re-
spectively, with an optical thickness of 0.1.

absorption at the short wavelengths of the visible band
(Huggins band), and weak absorption centered around
0.6 um (Chappius band). The Chappius band affectsthe
relation more than the other two bands that are readily
saturated. However, theinfluenceisso small that ishard-
ly detectable from observations for small SZAs due to
the low signal-to-noise ratio in the observations. The
signal could be enhanced by imposing more rigid con-
straints on the other parameters, but this would lead to
insufficient number of data samplesfor regression. Sim-
ilar to PW, ozone also has a more pronounced effect for
alarger SZA.

c. Aerosol

With respect to the sensitivity of aerosols, the obser-
vational data available for comparison with modeling
resultsisinadequate. Although aerosol optical thickness
has been retrieved over oceans (Stowe et al. 1997), it
is only available under clear-sky conditions. Since the
development of a NB—BB relation requires a range of
cloudiness, the analysisis done with modeling dataonly.
Figure 11 shows the sensitivities of the relation to aero-
sol type and optical thickness. Aerosol particles are sit-
uated primarily in the 0-2-km layer with their concen-
trations decreasing exponentially with height. Two mod-
el aerosols of different optical properties are employed.
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Fic. 10. Sensitivity of the observed VIS-SW relation to ozone
amount over oceans and land for two different ranges of SZA. Vari-
ations in other parameters are restricted to the specified intervals.

The continental aerosal is strongly absorbing, while the
maritime aerosol is conservative in scattering. For all
simulations, clouds are placed in a 2—4-km atmospheric
layer. The maritime aerosol has no impact on therelation
since changes in VIS abedo are accompanied by
changes in SW albedo in such a manner that the data
points lie along the same line. This suggests that the
effect of optical properties on the maritime aerosol is
analogousto that of clouds as far asthe NB—BB relation
is concerned. For the continental aerosol, deviations are
significant for thin clouds and gradually merged together
as cloud optical thickness increases to over 5. In ad-
dition to aerosol type, the effect of aerosol depends on
surface type. For the same type of aerosol, the response
in the NB relation can be quite different when applied
to different surface types.

d. Cloud-top height

The influence of cloud-top height on the relation be-
tween VIS and SW TOA abedos is imposed in con-
junction with other atmospheric parameters. Cloud top
separates the atmosphere into two layers that modify
the TOA albedo very differently. The lower layer con-
tains the majority of radiatively active media such as
water vapor and aerosols. Their impact on TOA abedo
is suppressed substantially by the cloud cover aoft. On
the other hand, the influence of the atmospheric media
situated above the cloud layer such as ozone is rein-
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Fic. 11. Sensitivity of the modeled VIS-SW relation to aerosol
type and loading. Maritime and continental aerosol models are em-
ployed in the simulations, respectively, with optical thicknessranging
from 0.05 to 1.0.

forced due to the reflection of sunlight by clouds. Be-
sides, the contribution of Rayleigh scattering to the TOA
albedo (mainly in the visible band) diminishes as cloud-
top height increases due to the reduced effective air mass
above the cloud layer. The net effect is that both VIS
and SW albedos increase with cloud-top height, as is
seen from modeling and observational results shown in
Figs. 12 and 13. The slope of the NB-BB relation is
very sensitive to cloud-top height. The effect of cloud-
top height magnifies, like other parameters, with in-
creasing SZA. For athick cloud, the estimation of SW
albedo according to VIS abedo may introduce an un-
certainty larger than 0.15 if the variation in cloud-top
height is not considered (cf. Fig. 12).

e. Cloud droplet radius

In principle, cloud microphysics can affect the NB—
BB relation through its influence on cloud absorption,
which is usually a function of wavelength. For pure
cloud droplets, there is negligible absorption in the vis-
ible band, whereas absorption in the near-infrared region
varies according to cloud microphysics. A weak effect
is found from the sensitivity test shown in Fig. 14. The
test was done with three typical liquid water cloud mod-
els that are differentiated by cloud droplet size distri-
bution only. Their mode radius varies from 3.5 to 7.5
um. In terms of effective radius it ranges from 6.4 and
13.3 uwm, assuming agammadistribution for cloud drop-
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FiG. 14. Sensitivity of the modeled VIS-SW relation to cloud mi-
crophysics characterized by different values of mode droplet radius
r., (i.e., the radius corresponding to the maximum droplet concen-
tration) for three model clouds: stratus (St), cumulus (Cu), and stra-

tocumulus (Sc).

let size. It is difficult to detect such aweak dependence
with any observational data of cloud microphysics. Un-
like the sensitivities to other parameters, the effect of
cloud droplet size remains almost invariant throughout
the entire range of SZAs.

4. Development and validation of NB to BB
conversion models

Three models with different numbers of input param-
eters were developed by means of conventional regres-
sion analysis using datafrom March, May, June, August,
November, and December 1994 and February 1995.



MARCH 1999 LI AND TRISHCHENKO 357
TABLE 1. The regression models of BB albedo (ag,) with a single input variable, visible albedo (ay;s).
Surface
type Model a, (%) o (W m2) A (W m—2) N

Ocean ogy = 1.736 + 0.878a,, 2.89 16.3 -38 36 474

Land agy = 6.728 + 0.798a,;, 2.76 18.4 -2.9 8558
Snow/ice ogy = 10.802 + 0.725q,,, 478 20.3 -5.3 7605
Desert agy = 5.266 + 0.839,;, 217 16.8 -1.2 2603
Coastal gy = 3.295 + 0.838a,, 3.67 22.8 —-4.0 2821

The first model is a linear regression between SW
albedo (ag,) and VIS abedo (e;.):

Agy = aO + bOavis' (4)

Since the model does not require any auxiliary infor-
mation, it has been most widely used. It is thus referred
to as abasic conversion model. The results of regression
fitting with thismodel are given in Table 1. The standard
deviation between observed and estimated albedos, de-
noted by o, ranges from 2.16% for deserts to 4.78%
for snowl/ice-covered surfaces. In terms of flux (o), it
ranges from 16.3 W m~2 for oceans to 22.8 W m~2 for
coastal regions. Dueto the variation of incident radiation
at the TOA, the application of a regression model de-
rived for estimating albedos gives rise to a systematic
error in the flux estimates. For snow/ice scenesthe error
isas large as —5.3 W m~2, It is interesting to note that
the regression coefficients for coastal regions are close
to the averages of the coefficients for ocean and land
models.

As the most significant parameter modifying the NB—
BB relation, SZA is introduced:

g, = Ay T /o + ays(by + bi/wo), (5)

where p, = cos(SZA). This particular form of the func-
tion of u, was selected following the findings shown
in Fig. 6. More complex functions of u, were also at-
tempted but no significant improvement was achieved.
Note that there have been few models containing w,
(Minnis et al. 1995; Trishchenko and Li 1998) and their
functions are different. The results of fitting with Eq.
(5) are presented in Table 2. While the addition of SZA
only moderately helps reduce the standard deviationsin
albedo and flux, it essentially eliminatesthe overall bias
errors in the flux estimates. Reduction in o is substan-
tial for some cover types such as snow. The regression
for ocean has a minimum o of 14.0 W m=2, Models
for coastal and land regions suffer relatively large ran-

dom errors with o of 21.8 and 17.2 W m~2, respec-
tively. In terms of o, the largest uncertainty occurs for
snow surfaces.

The third model is most comprehensive. It includes
all of the parameters under study:

gy = 8 T Ay, + E Ai(az,i + as,i/Mo)

+ ayd (0, + bulpo) + > Alby, + by, (6)

where A, denotes atmospheric parameters (water vapor,
ozone, and cloud-top height). While the model is of
limited practical utility for operational application, due
to the difficulties in obtaining their values, it can be
used to demonstrate the potential or upper limit of the
estimation uncertainty. The regression models and fit-
ting results are given in Table 3. The improvement is
rather small. This is not surprising given the high cor-
relation between NB and BB abedos. The linear cor-
relation coefficients are 0.989, 0.986, 0.983, 0.983, and
0.920 for ocean, land, coastal, desert, and snow, re-
spectively. The remaining small variances can be at-
tributed partially to SZA and atmospheric and surface
parameters and partially to model limitations. The input
variables convey little information concerning the vari-
ation of BB abedo and al measurements contain un-
certainties. Moreover, the function of the regression
model is not necessarily the most appropriate one.

Datafor January 1995 and April, July, and September
1994 were used to further validate the performance of
the conversion models. The results of the tests are sum-
marized in Table 4. As in the case of model develop-
ment, the accuracy of the SW albedo estimatesincreases
somewhat with the number of predictors. For the models
with all parameters, global mean bias errors are less
than 1 W m~2, while the rms errors are less than 15 W
m-2,

Figure 15 plots the latitudinal variations of the dif-
ferences between observed and estimated SW flux ob-

TABLE 2. The regression models of BB albedo (ag,) with the input variables of VIS albedo («,;;) and cosine of SZA ().

Surface

type Model Ap (W m2) o, (%) o (W m2)
Ocean agy = 2.371 — 0.125/py + @,,(0.813 + 0.0180/u,) —0.55 2.43 14.0
Land gy = 7.637 — 0.357/py + ,(0.741 + 0.0211/p,) —-0.53 2.46 17.2
Snow/ice agy = 7.047 + 0.166/u, + ,(0.704 + 0.0153/u,) -0.47 3.86 16.3
Desert gy = 6.578 — 0.492/p, + «,(0.787 + 0.0184/,) —-0.53 2.10 16.6
Coastal agy = 4.054 — 0.246/u, + @,(0.773 + 0.0206/u,) —0.42 3.26 21.8
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TABLE 3. The regression models of BB albedo (ag,) with the input variables of VIS albedo (), cosine of SZA (u,), cloud-top height
(H), precipitable water (PW), and ozone content (Z).

Surface

type Model

o, (%) op (W m2)

Ocean

gy = 1.987 + 0.0247/p, + H(0.0959 + 0.0574/u,) — PW (0.00373 +

2.2 13.0

0.00820/11,) + Z(—0.00164 + 0.00202/1o) + ct,[0.878 — 0.000207/p, +
H(—0.356E-4 + 0.765E-3/u,) — PW (0.606E-3 + 0.254E-4/u1,) +

Z(—0.111E-3 + 0.640E-7/u,)]
Land

gy = 6.913 — 0.0511/p, + H(—0.421E-2 + 0.114/u,) + PW(0.573E-3-

2.3 16.6

0.759E-4/p,) + Z(—0.740E-3 + 0.689E-3/41,) + 0, [0.798 — 0.319E-3/pu, +
H(0.310E-3 + 0.462E-3/u,) + PW(—0.918E-3-0.150E-4/u,) + Z (—0.405E-4

+ 0.109E-5/,)]
Snowl/ice

gy = 10.028 — 0.235E-1/u, + H(0.523 + 0.495E-2/p,) + PW(—0.435E-1 +

3.6 154

0.157E-2/p,) + Z(—0.115E-1 + 0.101E-4/py) + 0 [0.725 — 0.136E-2/p, +
H(0.281E-3 — 0.527E-4/11,) + PW(—0.377E-3 + 0.109E-3/p,) + Z(—0.435E-4

+ 0.562E-4/u,)]
Desert

gy = 11.035 — 0.249E-1/p, + H(—0.995E-1 + 0.509E-1/p,) +

2.0 153

PW(—0.609E-1 — 0.202E-2/p1,) + Z(—0.166E-1-0.417E-4/1so) + 0, [0.839
+ 0.664E-3/po + H(—0.114E-2 + 0.417E-3/u,) + PW(—0.147E-3 + 0.268E-4/

o) + Z(—0.113E-4 + 0.407E-5/p,)]
Coastal

gy = 4.015 + 0.803E-1/p, + H(0.520E-1 + 0.142/u,) + PW(—0.110E-2-

3.0 20.6

0.786E-2/u,) + Z(—0.434E-2 + 0.112E-2/p,) + ,,[0.838 + 0.970E-5/p, +
H(0.452E-3 —0.885E-4/p1,) + PW(—0.169E-3 —0.665E-4/,) + Z(—0.101E-3

+ 0.101E-4/p,)]

tained by applying the conversion models given in Ta-
bles 1-3 to the data for January 1995. The basic model
produces differences with a strong zonal variation. The
variation is delineated by a curve of the mean differ-
ences averaged over 10° latitudinal bins. The global
average of zonal absolute mean differences reaches 6.0
W m~2. Other models similar to the basic one lead to
even more striking latitudinal variations, as found by
Hucek and Jacobowitz (1995). The variation islessened
considerably if the model with SZA is used (Fig. 15b)
and almost disappears if the model with all parameters
is used (Fig. 15c). The all-parameter conversion model
is thus more suitable for evaluating changes in global
and zonal mean radiation budget than a simple one.
Note that there are relatively large estimation errors
at high latitudes even with the comprehensive model
(cf. Fig. 15). The most probable explanation is the mis-
identification of scene types in these regions. Li and
Leighton (1991) found that the ERBE scene identifi-
cation scheme is prone to large uncertainties over bright
snow/ice-covered surfaces. In particular, the scheme
tends to misclassify clear, patchy snow/ice areas as par-
tial clouds over snow/ice-free land and ocean (Li and
Leighton 1991). Such a misclassification affects the ac-

curacy of albedo estimation. To demonstrate this, com-
parisons of NB—BB relations for ocean and snow scene
types are plotted in Fig. 16. The two sets of data points
have little overlap, indicating that different NB to BB
conversion models should be employed.

5. Conclusions

Narrowband to broadband conversion is needed to
derive the ERB from operational satellite measurements.
It is particularly necessary for filling the time gaps be-
tween spaceborne ERB missions. While the problem has
been addressed in many studies, their results suffer from
calibration uncertainties and the lack of coincident NB
and BB measurements. These shortcomings were over-
come by the use of ScaRaB data that provide calibrated
and synergetic NB and BB measurements. As a result,
the NB—BB relation derived from ScaRaB is much better
defined than that obtained from other sensors. The small
uncertainty in the relationship allows for direct com-
parison between observation and modeling results so
that the physics of the conversion can be better under-
stood. To this end, the sensitivities of the NB-BB re-
lation to a variety of parameters were studied by means

TABLE 4. The results of model tests using an independent dataset.

Global mean difference

Global rms diffrence

W m—2 W m-2
Model Jan Apr Jul Sep Jan Apr Jul Sep
Basic model —-3.7 2.6 —-34 —-4.9 17.9 12.7 17.5 17.2
Model with SZA 1.2 1.1 -14 -04 15.8 12.2 15.3 15.8
Model with all parameters 0.6 0.7 -0.3 -0.8 14.8 111 14.0 15.1
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Fic. 15. The differences in SW TOA-reflected fluxes between ob-
servation from the ScaRaB BB radiometer and estimation from
ScaRaB visible radiometer using NB to BB conversion models. Vary-
ing number of input parameters are used: (a) visible albedo only, (b)
visible albedo and SZA, and (c) all parameters. Also shown in the
plots are global mean differences, global rms differences, and the
means of zonal absolute differences for 10° latitude bins. The results
are obtained for January 1994.

of radiative transfer modeling and analysis of multiple
datasets. Regression models for the conversion were
developed and validated. The findings of the study are
summarized as follows.

1) The NB and BB abedos are closely correlated in a
linear manner. The correlation coefficient is as high
as 0.997 for a small SZA and decreases with in-
creasing SZA to 0.907 in the worst case. The de-
terioration with increasing SZA is due to the en-
largement of atmospheric effects and the decrease of
the instrument signal-to-noise ratio.

2) Therelation between NB and BB abedosis sensitive
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Fic. 16. Comparison of the relation between visible and shortwave
abedos over ocean and snow surfaces obtained from ScaRaB.

primarily to surface cover type and SZA; moderately
to cloud-top height, PW, and ozone; and weakly to
other atmospheric parameters. The results of sensi-
tivity tests are consistent between observation and
modeling.

3) Use of visible albedo alone can account for the bulk
of variance in SW albedo measurements but leads
to bias errorsin global and zonal mean fluxes. These
systematic errors diminish considerably with the in-
clusion of SZA as an input variable and almost dis-
appear when other atmospheric parameters are add-
ed. However, the random errors remain large for all
models. A validation against an independent dataset
suggests an overall bias error of lessthan 1 W m—2
and arandom error of 11-15W m~2in reflected flux.
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