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ABSTRACT

The concept of cloud radiative forcing (CRF) has been widely employed in studying the effects of clouds on
the earth’s radiation budget and climate. CRF denotes, in principle, the net influence of cloud alone on the
radiation budget of a system. In practice, however, observational determination of CRF is fraught with uncer-
tainties due to factors other than cloud that induce changes in atmospheric background conditions. The most
notable variables include aerosol, water vapor, and the data sampling scheme. The impact of these factors on
the derivation of CRF and cloud absorption is investigated here by means of modeling and analysis of multiple
datasets. Improved estimation of CRF is attempted at the top of the atmosphere (TOA) and at the surface from
spatially and temporally collocated ground and satellite measurements for broadband shortwave fluxes. Satellite
data employed include pixel measurements from ERBE (1988-90), ScaRaB (1994-95), and CERES (1998), as
well as surface data acquired across the Canadian radiation network, the ARM Central Facility sitein Oklahoma,
the USINOAA SURFRAD networks, and the world BSRN (WMO) networks. It is found that surface CRF is
much more susceptible to the variability in background conditions than TOA CRF Selection of overly clear sky
conditions often leads to significant overestimation of surface CRF, but TOA CRF remains intact or only slightly
affected. As aresult, the ratio of CRF at the surface and TOA is prone to overestimation. With careful treatments
of these effects, the CRF ratio turns out to vary mostly between 0.9 and 1.1, implying approximately the same
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Quantifying Uncertainties in Determining SW Cloud Radiative Forcing and

magnitude of atmospheric absorption under clear-sky and cloudy-sky conditions.

1. Introduction

Clouds play critical roles in dictating the earth’'s en-
ergy and water cycles and thus influence the earth’'s
climate most significantly (Arking 1991; Liou 1992;
Stephens 1999). The earth—atmosphere energy balance
is governed primarily by interactions between clouds
and the radiation budget, while other factors such as
water vapor and aerosol also play important roles (Hart-
man et al. 1986). The mechanisms by which the inter-
actions takes place are extremely complex and involve
seven independent cloud variables acting on a hierarchy
of spatial and temporal scales (Wielicki et al. 1996).
One aspect of the interaction can, however, be described
by a single quantity, namely, the cloud radiative forcing
(CRF) (Charlock and Ramanathan 1985). A major ad-
vantage of using CRF is that its value can be obtained
directly from satellite observation at the top of the at-
mosphere (TOA) (Ramanathan et al. 1989; Harrison et
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al. 1990), as well as at the surface by means of satellite
inversion (Li and Leighton 1993; Zhang et al. 1995;
Rossow and Zhang 1995).

The observed CRF is proven to be instrumental in
diagnosing climate models (Cess et al. 1997; Barker et
al. 1994; Li et a. 1997). Comparing the magnitudes and
trends of the variation in CRF as derived from satellite
and modeled by general circulation models, one may
identify drawbacksin the treatment of clouds and cloud—
radiation interaction. However, such comparisons suffer
from some inherent uncertainties. A major uncertainty
arises from the compatibility between satellite-derived
and model-computed CRFE In theory, the CRF deter-
mined either from a model or observation is supposed
to denote the radiative effects of clouds aone, but in
practice it is influenced by factors other than clouds. A
major influence is the variability in clear-sky back-
ground conditions. Mgjor factors affecting clear-sky
fluxes include aerosol and water vapor. Since it is not
possible to measure the background clear-sky fluxes un-
der cloudy conditions, determination of the clear-sky
reference value is one of the major sources of uncer-
tainty in determining CRF from observational data.

The uncertainties in determining CRF at the surface
and at the TOA may jeopardize the accuracy of the CRF
ratio that has been employed in many recent studies on
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the so-called cloud absorption anomaly (CAA) issue
(Stephens and Tsay 1990). The essence of the debate is
whether clouds substantially alter the solar radiation
budget in the atmospheric column. Ramanathan et al.
(1995) estimated CRF over the tropical warm pool re-
gion and found that CRF at the TOA is a factor of 1.5
larger than that at the surface, while conventional ra-
diative transfer theories predict similar magnitude of
CRF at the two levels (Li et al. 1997). This finding
implies that clouds absorb much more solar radiation
than models predict. Cess et al. (1995) reinforced the
finding by analyzing satellite and surface measurements
made over several other locations. In both studies, CRF
was estimated and compared at the TOA and at the
surface. Following a similar approach, Li et al. (1995)
drew adifferent conclusion by analyzing 4 yr of gridded
monthly mean satellite data from the Earth Radiation
Budget Experiment (ERBE) and from the Global Energy
Balance Archive. They found that the CRF ratio is gen-
erally around unity except for some tropical areas in
certain months. The exceptions were later found to be
caused by inadequate estimation of clear-sky reference
values due to the existence of smoke aerosol (Li 1998).
After correcting for the smoke effect, the CRF ratio
becomes close to unity. In light of the sensitivity of
CREF to the identification of clear skies, Chou and Zhao
(1997) designed a meticulous procedure for identifying
clear skies. With a more reliable scene identification,
Chou et al. (1998) recomputed the CRF and its ratio in
the warm region and found that the ratio was around
1.1. Arking (1999ab) argued that the effect of water
vapor on atmospheric absorption may not be accounted
for properly in determining the background offset value
that may be mistakenly attributed to a cloud effect. The
debate is still ongoing following a recent experiment
named ARESE that was dedicated to addressing this
issue. Using data from the experiment, findingsin favor
(Valero et al. 1997; Zender et al. 1997; Cess et al. 1999)
and against (Li et a. 1999) the CAA theory were re-
ported. While data quality is at the heart of the debate,
analysis methodology could be a contributing factor that
is worth thorough and painstaking scrutiny.

The current investigation is therefore devoted to a
thorough evaluation of major uncertainties in determin-
ing CRF at the surface and TOA and their ratio by means
of model simulation and analyses of extensive datasets.
The datasets employed in the study are described in
section 2. A general discussion on terminology and
sources of uncertainty in each variable of concern is
given in section 3. Section 4 presents some modeling
results to quantify the magnitudes of bias errors due to
various parameters. Analyses of observational data are
presented in section 5. Section 6 summarizes our con-
clusions.

2. Datasets

Several satellite and surface datasets are employed in
this study. The surface data were collected at the At-
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mospheric Radiation Measurement (ARM) Central Fa-
cility (CF) site, the Canadian radiometer network, the
Baseline Surface Radiation Network (BSRN), and the
U.S. National Oceanic and Atmospheric Administra-
tion's (NOAA's) Surface Radiation (SURFRAD) net-
work. Satellite data are from three space programs mea-
suring the earth’s radiation budget, namely, the ERBE,
the Scanner for Radiation Budget (ScaRaB), and the
Cloud and Earth Radiant Energy System (CERES).

ARM provides|ong-term extensive observations con-
cerning the radiative environment of the atmosphere,
cloud, and surface. Many state-of-the-art instruments
were deployed on the ground, supplemented with air-
craft and spacecraft measurements. Data obtained at the
ARM Southern Great Plains (SGP) site in Oklahoma
are employed here as they are most complete and cover
a long period of time overlapped with satellite obser-
vations. The datasets include surface radiative fluxes
(total, direct, and diffuse) measured by the BSRN sys-
tem, atmospheric precipitable water (PW) retrieved
from the microwave radiometer (MWR), and aerosol
optical depth obtained from the Multi-Filter Rotating
Shadowband Radiometer (Harrison et al. 1994; Mich-
alsky et al. 1999). The temporal sampling interval of
the original datasets is 1 min, except for data from the
SURFRAD, whose sampling interval is 3 min. The data
were averaged to 30-min means that were matched to
satellite observations. Although satellite data are in-
stantaneous, they represent aerial means over much larg-
er areas than the surface data. Temporal averaging of
the ground measurements would partially compensate
for the discrepancies in time and space with satellite
data.

The Canadian radiation data were acquired and main-
tained by the Canadian Atmospheric Environment Ser-
vice (AES). While there are tens of radiation stations
operating in Canada, data from most stations were ar-
chived as hourly means. Data of 1-min intervals at five
stations are analyzed in this study. The observations
were made with CM6 Kipp pyranometers. The calibra-
tion uncertainty was believed to be within 5%. The lo-
cations of the stations are given in Table 1, and their
spatial distribution can be seen in Barker et al. (1998).
Datafrom three SURFRAD stationsin the United States
(cf. Table 1) were aso employed. SURFRAD is a
ground-based radiation network operated by NOAA
(Augustine et a. 2000). The locations were chosen over
relatively uniform areas. There are several radiometers
deployed at each SURFRAD station measuring total,
direct, diffuse, UV, and spectral irradiances, etc. The
calibration was well maintained to within 15 W m-2 for
99% of the measurements. BSRN is a worldwide net-
work for acquiring high quality surface radiation data
(Ohmura et al. 1998). Currently, there are 30 BSRN
stations in operation, but very few have provided their
data, which were made available for use here, to the
BSRN archival.

It isworth noting that an increasing attention has been



378 JOURNAL OF THE ATMOSPHERIC SCIENCES VoLUME 58
TABLE 1. The list of surface radiation stations used in this study.
Operating Lat Long Observation

No. Station name agencies (North) (East) period Satellite project
1 Port Hardy AES, Canada 50.68° 232.63° 1988-90, 1994-95 ERBE, ScaRaB
2 Stony Plains AES, Canada 53.53° 245.99° 1988-90, 1994-95 ERBE, ScaRaB
3 Winnipeg AES, Canada 49.90° 262.77° 1988-90, 1994-95 ERBE, ScaRaB
4 Dorval AES, Canada 45.47° 286.25° 1988-90, 1994-95 ERBE, ScaRaB
5 Goose Bay AES, Canada 53.30° 299.63° 1988-90, 1994-95 ERBE, ScaRaB
6 ARM SGP CF, Oklahoma DOE ARM 36.60° 262.52° 1994-95, 1998 ScaRaB, CERES
7 Boulder SURFRAD, NOAA 40.216° 254.6° 1994-95, 1998 ScaRaB, CERES
8 Bondville SURFRAD, NOAA 40.1° 271.383° 1994-95, 1998 ScaRaB, CERES
9 Goodwin Creek SURFRAD, NOAA 34.25° 270.133° 1994-95, 1998 ScaRaB, CERES

10 Payerne BSRN, WMO 46.82° 6.93° 1994-95 ScaRaB

called for concerning uncertainties in the calibration of
some types of pyranometers due to the thermal effect
of the pyranometer’'s dome. Both observational (Bush
et al. 2000) and modeling studies (Ji and Tsay 2000)
showed that the dome effect could cause a measurement
uncertainty of over 5~10 W m~-2. Moreover, the effect
is larger under clear-sky conditions than under cloudy
ones (Dutton et al. 1999), which could have an adverse
impact on the current analysis. Unfortunately, it is un-
feasible to quantify this uncertainty and correct it for
historical data as it requires observations of tempera-
tures for the dome and the sensor, although some lab-
oratory tests have been carried out (Haeffelin et al.
1999).

ERBE, ScaRaB and CERES provided onboard cali-
brated shortwave (SW) and longwave (LW) radiative
flux measurements over different periods of time at dif-
ferent spatial resolutions: ~20 km (CERES), 40 km
(ERBE), and 60 km (ScaRaB). ERBE provided the lon-
gest record of data from 1985 to 1990 from its scanning
radiometers (Barkstrom et al. 1989). ScaRaB observa-
tion lasted about 1 yr from February 1994 through
March 1995 (Kandel et al. 1998; Trishchenko and Li
1998a). The CERES on board the Tropical Rainfal
Measuring Mission satellite provided a limited amount
of data from the end of December 1998 to the end of
August 1998. Its operation may resume after the Earth
Observing System Terra is launched. These satellite
measurements are used to derive TOA CREF In our study
we employed ERBE-like version of CERES data avail-
able from the National Aeronautics and Space Admin-
istration Langley Research Center archive for the first
8 months of 1998.

Except for the ARM site, water vapor data at all other
stations were taken from the National Centers for En-
vironmental Prediction (NCEP)-National Center for At-
mospheric Research (NCAR) reanalysis (Kalnay et al.
1996). They were derived by combining observations
from radiosonde and satellite retrievals, as well asfrom
model assimilation. Over most land sites, radiosonde
may be the sole source of water vapor observations,
especially in older analyses. Despite some shortcomings
related to the deficiencies associated with model as-

sumptions, satellite retrievals and lack of measurements
over broad land areas, the reanalysis is among the best
and consistent global uniform datasets available at pre-
sent. The data are available with temporal resolution of
6 h and spatial lat-on grid of 2.5° X 2.5°.

When a CRF derived from satellite was compared to
CRF at the surface, only datawith simultaneous satellite
and ground observations were employed. The maximum
allowed distance between the center of a satellite pixel
and the location of a surface station was 20 km for
ERBE and ScaRaB data (approximately half of their
pixel size) and 10 km for CERES. Ground measure-
ments were averaged over 30-min intervals centered at
the satellite observations.

Determination of surface cloud radiative forcing also
requires surface albedo whose measurements at the
ground are scanty and not representative over the large
areas of satellite pixels. We therefore estimate its values
from clear-sky satellite observations using the algorithm
of Li and Garand (1994). Calculation of surface net flux
for all-sky conditions would require a knowledge of
surface albedo under cloudy conditions as well. To un-
derstand and correct for the dependence of abedo on
cloudiness, model calculations were conducted for dif-
ferent cloud optical thickness and heights over various
surface types. Both modeling results and observations
made at the ARM SGP site show that surface albedos
under overcast conditions depend very weakly on cloud
optical depth and height. Its magnitude is approximately
equal to the average of clear-sky values with the cosine
of the solar zenith angle (SZA) greater than 0.6 at an
accuracy of about 2%—3%. Surface albedos for partialy
cloudy scenes (cloud amount 5%-50%) and mostly
cloudy (50%-95%) scenes as classified by ERBE,
ScaRaB, and CERES were computed from thefollowing
approximations:

3 1
X = s + 2 Oloucy for partly cloudy scenes,

1 3
&= sy + 2 %oy for mostly cloudy scenes.
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Clear Partly cloudy Mostly cloudy Overcast
Station name m o N m o N m o N m o N
Port Hardy, ERBE 123 048 569 130 046 952 148 052 1339 174 060 762
Stony Plain, ERBE 097 044 650 1.05 051 1585 113 055 1079 126 051 699
Winnipeg, ERBE 166 069 742 173 082 1186 182 108 866 213 111 428
Dorval, ERBE 161 085 235 177 099 978 188 1.06 917 221 105 418
Goose Bay, ERBE 133 057 458 140 074 780 166 0.73 1180 197 074 595
SGP ARM, CERES 262 123 787 250 136 825 243 146 418 302 147 311
SGP ARM, CERES, Jan, MWR data 120 041 26 198 0.33 58 183 025 117 186 068 33
SGP ARM, CERES, Mar, MWR data 118 028 135 123 039 168 148 060 104 236 067 56
SGP ARM, CERES, Jul, MWR data 398 049 140 437 049 274 484 0.60 132 485 0.60 62

3. Cloud radiative forcing and its ratio: Definition
and uncertainty

Let us denote the net flux at the TOA (surface) level as
TS = FOL — F1O1 = (1 — «™)FTO,
and define cloud radiative forcing as
CTo = T(9 ~ T,

where a™® is TOA (surface) albedo, Ft (F{) isupward
(downward) flux. The index “CLR’" denotes clear-sky
scenes, that is, the atmosphere without cloud or cloud
having been removed. To estimate the CRF over aperiod
of time, average quantities are employed:

DN UCIERCI NG

Note that the quantities, T and T¢-R or Sand S°-R, cannot
be observed simultaneously for each observational mo-
ment “‘i.”” Each observation correspondsto either aclear
or a cloudy condition. As aresult, an observed CRF is

actually given by

> TR

NCLR iOCLR

1
oTe = N 2 T(S), —

where the second term is for clear-sky observations
only.

The difference between an ‘‘intended”
served’ CRF is

ATS = CTS = 0T = (L - P (TS - 019, (3)

where pg, k is the probability of clear-sky scenes, WS
= (UNgr) 2iocr T(SCR is an observed mean clear-
sky net flux, and QO™ = (UNgr) 2ioar T(OR is a
hypothetical clear-sky flux for cloudy scenes. If the two
“clear-sky’’ reference values were the same, observed
CRF would be identical to the CRF required. In reality,
this may not be the case, as atmospheric conditionsvary
with cloud cover. Table 2 presents mean PW amounts
under clear, overcast, and all-sky conditions obtained
from the ARM archival and NCEP-NCAR reanalysis.
As expected, water vapor content was the lowest under
clear-sky conditions and highest for overcast skies. The
difference between *‘required’” and observed CRF orig-

and ‘‘ob-

inates from discrepancies in the atmospheric back-
ground state. If this *‘radiative background” for cloudy
scenes is different from that for clear-sky scenes, abias
error isintroduced. One could obtain a nonzero ** CRF”
for clear-sky scenes, if the clear-sky background chosen
as reference is biased relative to the overall mean clear-
sky conditions. This is especially the case for using the
“upper envelope method” to select clear scenes cor-
responding to cases with the highest atmospheric trans-
mission as noticed by Imre et al. (1996). In this case,
the resulting radiative forcing actually denotes both at-
mospheric effects, cloud absorption, and cloud 3D ef-
fects. The former is caused by changes in atmospheric
conditions for clear skies.

ARM datasets allow us to observationally estimate
the magnitude of uncertainty in CRF due to variability
in clear-sky background conditions. The major factors
driving radiative forcing under clear-sky conditions are
water vapor and aerosol (Trishchenko and Li 1998b).
Their influences may be inferred from surface radiation
measurements. To this end, all clear-sky surface down-
ward solar fluxes were grouped into bins according to
total water vapor amount (PW = 0-1, 1-2, 2-3 cm,
etc.) and aerosol optical depth (» = 0-0.1, 0.1-0.2, etc.).
Mean fluxes were computed for each combination of
PW, 7 and u, bins, where u, is the cosine of the solar
zenith angle (SZA). The overal mean flux was then
subtracted from the bin fluxes averaged over u,. The
bars in Fig. 1 show the differences for three ranges of
aerosol optical depths and four intervals of PW, nor-
malized to the mean sun—earth distance (1 AU). Since
values of various SZAs were averaged, the results ap-
proximately represent daytime means. Note that the bars
are not symmetric with respect to the 0" difference
line, as the number of samples differs among the bins.
The majority of measurements fell within =+ = 0-0.1
and thus the bars in this interval are more symmetric
than other 7 intervals. The effect of the amount of water
vapor is grossly denoted by the contrast between the
bars in the same interval of , while that of aerosol can
be seen by comparing bars in different clusters of 7.
From the comparison of the three clusters of bars, it is
evident that the aerosol effect diminishes as aerosol
loading increases. It appears that the effect of water
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Fic. 1. Observed radiative forcing of water vapor and aerosol on
surface downward solar radiation at the ARM SGP CF site in
Oklahoma over the period of 1994-98. The differences were cal-
culated with respect to the overall mean surface fluxes under all clear
conditions. A total of 5012 measurements were employed that were
sorted into bins of 1-cm intervals for water vapor and 0.l intervals
for aerosol optical thickness observed at 500 nm. Shortwave fluxes
were normalized to the mean sun—earth distance (1 AU).

vapor is larger than that of aerosol. The difference be-
tween the bars for PW = 0-1 cm and PW = 3-4 cm
of the same 7 indicates roughly the upper limit of the
radiative effect of water vapor, which is in the order of
50 W m~2 and has a very weak dependence on aerosol
amount. Likewise, one can infer the effect of aerosol
by comparing bins of = = 0-0.1 with those of 7 = 0.2—
0.3 for the same amount of PW. The aerosol effect is
found to vary from 25 W m~2 for PW = 3-4 cm to
about 40 W m=2 for PW = 0-1 cm. These values are
very significant compared to the observed daytime mean
downward SW flux of ~500 W m~2 and to the mean
CRF of around 100 W m~2, which warrants a careful
determination of the clear-sky reference value in deriv-
ing CRE

Another potential problem in deriving CRF is asso-
ciated with data sampling, which is related to the iden-
tification of clear-sky intervals for determining clear-
sky net fluxes. Since cloud cover is a ubiquitous phe-
nomenon, there are not many opportunitiesto find com-
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FiG. 2. Diurnal variation of surface total, direct, and diffuse fluxes
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ceeding the curve denote overshooting of photons from cloud sides.
The data were measured in Winnipeg, MB, Canada, on 11 May 1988.
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pletely cloud-free intervals. Even for the intervals when
a cloud does not block direct solar radiation, the cloud
still has an influence through scattered diffuse solar ra-
diation. Therefore under partly cloudy conditions, the
downward flux or atmospheric transmittance may be
higher than under clear-sky conditions for the similar
vertical structure of the atmosphere. Selecting these oc-
casions as clear-sky background artificially increasesthe
cloud radiative forcing. The excess of surface insolation
may be as large as 100-200 W m~2 and is a common
event, as shown in Fig. 2. There are many moments
when clouds do not block the sun and thus the direct
radiation remains the same as if the entire sky dome
were cloud free, but the diffuse component is enhanced
considerably. The duration of truly cloud-free sky is
rather short. Following the method of identifying clear
skies using ground-based observations of total, direct,
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and diffuse fluxes similar to Chou and Zhao (1997; also
described in section 4), we found that typically only
one-third of ERBE designated ‘‘ clear over land”’ scenes
passed through the clear-sky tests. This finding is also
consistent with that of using an alternative scheme of
clear-sky identification adopted from the approach pro-
posed by Long and Ackerman (1996). The remaining
two-thirds of *‘clear’” scenes asidentified by ERBE ac-
tually contain some fractions of clouds. Therefore the
TOA CRF derived from satellite may be somewhat un-
derestimated, due to enhanced solar reflection by resid-
ual clouds. On the other hand, if a cloud does not ob-
scure the sun, its impacts on TOA and surface net flux
are just the opposite, leading to an overestimation for
surface CRF and underestimation for TOA CRFE

Errorsin CRF lead to bias errors in the ratio of CRF
at surface over that at the TOA. Assuming that AS and
AT are very small relative to the true values of CRF, the
ratio of CRF at the surface and that at the TOA can be
expressed as

Cs OsS+As . As

CT O+ AT R+ R @

where R is observed CRF ratio R = OS/O". The dif-
ference between desired and observed R is

As — RAT
o
Assuming that the conventional radiative transfer the-
ories are correct, R would be generaly in the neigh-

borhood of unity (Li et al. 1995). Assuming R = 1, we
have

R

AR=R-R= (5)

AS — AT
or

Therefore, the discrepancy between observed and re-
quired CRF ratio AR is very sensitive to the difference
between CRF errors at the surface and at the TOA. In
the case of residual clouds as discussed above, the CRF
ratio could be substantially overestimated as they may
induce errors of opposite signsin surface and TOA CRFE
Overestimation of R may also occur for strong absorbing
media such as water or absorbing aerosol. The influence
of such media is usualy larger at the surface than at
the TOA. For example, for an absorbing aerosol, an
increase in TOA reflection is partially compensated by
its absorption in the atmosphere leading to a relatively
small deviation, whereas both absorption and scattering
effects reduce solar energy reaching the surface. On the
other hand, for a conservative scattering aerosol, ig-
noring its existence may induce a significant error in
determining CRF due to the aerosol forcing but has no
or little impact on the ratio of CRFE This is because its
radiative impact at the TOA and at the surface are of
the same sign and of similar magnitudes; thus AR = 0.
Therefore, caution needs to be exercised in interpreting
an observed CRF ratio in terms of cloud absorption, as

AR=R-R=

(6)
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it is dictated by many factors. This is further demon-
strated in the following sections by means of modeling
and analyses of observational data.

4. Model simulation of TOA and surface CRF and
its ratio

To further elucidate and quantify the aforementioned
effects, model simulationswere conducted using an add-
ing—doubling radiative transfer method combined with
the LOWTRAN-7 atmospheric transmittance model
(Masuda et al. 1995). The model has 120 unequally
spaced spectral intervals between 0.25 and 22.5 um,
including 41 intervals within 0.3-1 pwm, 30 within 1-2
pm, and 34 within 2-5 uwm. Hemispheric fluxes in up-
ward and downward directions are computed at 11
streams. The continental model aerosol defined in WCP-
112 (WCP 1986) was adopted with different optical
thickness 7 ranging from O to 0.5 at 0.55 um. About
two-thirds of aerosol burden was concentrated in the
layer below 2 km. The St | model cloud of optical thick-
ness 40 defined by Stephens (1979) was placed in the
layer between 2 and 4 km over a grassland surface.
Vertical profiles of temperature, pressure, humidity, and
gases corresponded to midlatitude summer (MLS) at-
mosphere (Kneizys et al. 1988). The impact of PW was
studied by scaling the MLS water vapor profile to
achieve the total amount of PW as prescribed.

a. Aerosol effect

For conservative scattering aerosols, their radiative
impact bears a close resemblance to that of clouds. It
has no or little effect on CRF and on the ratio of CRF
at the surface and at the TOA. However, for absorbing
aerosols, their impact on CRF is much more complex.
They usually exert different influence under clear and
cloudy conditions, aswell ason surface and TOA fluxes,
as is shown in Fig. 3 for the continental aerosol as an
example. The aerosol has a SW cooling effect that is
about 34 times greater at the surface level than at the
TOA for clear skies. Depending on SZA, the rate of
aerosol forcing is 1-6 W m=2 per A7 = 0.1 at the TOA
and 10-15 W m=2 per A7 = 0.1 at the surface. For
cloudy skies, however, aerosol has a SW warming effect
at the TOA due to enhanced absorption and remains a
cooling effect at the surface, but of considerably smaller
magnitude than in clear-sky cases. The effects of aerosol
on CRF and the ratio of CRF at the TOA and surface
are even more complex and may be summarized in two
scenarios. In the first scenario, clear and cloudy skies
contain the same amount of aerosol. Although such a
scenario isideal for determining the sole effect of cloud
on radiation as designated by CREF it is worth empha-
sizing that the resulting CRF is still contingent upon the
amount of aerosol. It follows from Fig. 4 that increasing
aerosol loading decreases CRF at both the TOA and
surface levels because of a reduced contrast between
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summer model atmosphere with a continental type of model aerosol and a St model cloud are
assumed. The amount of aerosol loading is indicated on the plots.

cloudy and cloudless atmospheres in hazy conditions.
The CRF ratio also decreases with increasing aerosol
optical depth. Under normal circumstances, the effect
may not be very significant. For example, the difference
in CRF for aerosol optical depth of 0 and 0.2 is of the
order of 10~15 W m~2 at the TOA and 2025 W m~2
at the surface. However, for heavy aerosol |oading, aero-
sol effect may not be negligible, especially for the CRF
ratio. The largest difference in CRF ratio exceeds 0.2
out of amean value of ~0.8 shownin Fig. 4c. Therefore,
even if aerosol amount remains a constant for clear and
cloudy conditions, the resulting CRF ratio is not an
inherent property of cloud absorption and thus com-
parisons of R over different aerosol environments for
interpreting the effect of cloud on solar absorption need
to be cautious. The second scenario deals with different
amounts of aerosol loadings under clear and cloudy con-
ditions. For simplicity, Fig. 5 shows the variation of the
difference in CRF ratio (AR) as defined in Eg. (5) with
aerosol optical depth (7) that is different for clear-sky

and cloudy conditions. The differences represent aver-
aged values over all ranges of SZA. The rate of cor-
rection in R is about 0.05 per A = 0.1. When 7 for
cloudy-sky is larger than for clear-sky, the observed
CRF ratio is overestimated, and vice versa

b. Water vapor effect

Like aerosol, variations in water vapor could impede
the determination of CRF. Similar to CRF, we may refer
to the SW radiative effect of water vapor as water vapor
radiative forcing (WRF). If WRF is not accounted for
properly, CRF derived from observations may include
a component of WRFE To better understand such an ef-
fect, WRF was simulated under clear and cloudy con-
ditions at both the surface and TOA levels. Following
the definition of CRF, WREF is defined as the difference
in net flux for a system (TOA or surface) with and
without water vapor. Figure 6 presents the results of
simulations for a varying amount of water vapor. It
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effect of aerosol (same for clear and cloudy skies) on the determi-
nation of CRF and its ratio.

shows that under the clear-sky condition WRF is neg-
ative at the surface and positive at the TOA, implying
a SW cooling and SW warming effect, respectively, at
the surface and for the surface—atmosphere system. Yet,
the magnitude of surface cooling is about twice that of
TOA warming, also noted by Chou et al. (2000, man-
uscript submitted to J. Geophys. Res.). Note that the
magnitude of clear-sky WRF depends not only on water
vapor amount but also on surface abedo. As surface
albedo increases, the magnitude of TOA WRF is am-
plified and that of surface WRF is reduced. TOA WRF
for cloudy conditions is significantly larger and more
sensitive to water vapor amount than that for clear con-
ditions due to enhanced absorption of the backscattered
solar radiation by water vapor above the cloud top,
which may not be the case for high thick clouds though.
For surface WREF it isjust the opposite due to the shield-
ing effect of the cloud layer and overlap in absorption
bands by water vapor and cloud droplets. The unequal
response to water vapor between clear and cloudy con-
ditions for both TOA and surface implies that the CRF
determined even for the same water vapor content under
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clear and cloudy conditions contains an effect of water
vapor, but its magnitude is much smaller than that of
cloud. Figure 7 shows the variation of CRF and itsratio
with water vapor and SZA. It shows that the effect is
not very large, except for dry atmospheric conditions.
However, if different water vapor amounts are assumed
for clear and cloudy conditions, the impact is more sig-
nificant, as is shown in Fig. 8. Due to saturation of
absorption of SW radiation by water vapor, the effect
of unequal water vapor amounts under clear-sky and
cloudy conditions is more important for a drier atmo-
sphere. The correction in observed CRF ratio AR may
be over 0.35 for a difference of 1 cm in water vapor
content (PW = 1 cm for cloudy and 0.0 cm for clear
conditions). Unlike aerosol, whose content under clear
and cloudy conditions may remains the same, water va-
por content for clear and cloudy skies is generally dif-
ferent, the former being less than the latter as can be
seen from Table 2. Therefore, only half of the Fig. 8
above the diagonal is physically meaningful, suggesting
negative corrections for observed CRF ratios.

5. Determination of CRF from satellite and
surface observations

The above analyses clearly show that the accuracy of
CRF may be affected significantly by the clear-sky ref-
erence values. A proper determination of CRF entails
delicate identification of clear skies and corrections to
account for clear-sky variations as well as discrepancies
between clear and cloudy conditions. The scene iden-
tification process should eliminate all cloud-contami-
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nated scenes, and at the same time should not select
only overly dry and/or clean scenes. This is a rather
challenging task in practice without much ancillary in-
formation.

The following analyses of observational data dem-
onstrate the sensitivities of CRF at the surface and TOA
as well as their ratio to the selection of clear scenes. A
series of screening tests were applied to matched sat-
ellite and surface data, using the method proposed by
Chou and Zhao (1997):

1) The satellite scene is identified as being ‘‘ clear over
land” to assure a generally clear sky over a large
areq,

2) the standard deviations of direct flux op, < 20 W
m-2 and that of diffuse flux op; < 7 W m=2 during
a 30-min interval to eliminate more variable cloudy
scenes; and

3) theratio diffuse/total islessthan 0.6 to remove thick
clouds but retain tenuous aerosol.

The above preliminary tests remove bulk clouds, but

small residual clouds may still exist. A further test is
applied to direct fluxes. For the selected data, direct
fluxes are fitted with a 3d-order polynomial F2} with
respect to u and the standard deviation op,; of the re-
sidual (differences between observed and fitted direct
flux values) is computed. Data satisfying the following
condition are considered as being contaminated by
clouds:

(Fo5 — FPR) > (0pr + OpirM)- (7)

appr

Note that the last test may be implemented iteratively.
The clear data points selected after applying criterial-3
and the 1-step iteration according to Eq. (7) are shown
in Fig. 9, in comparison with the original data without
screening. The measurements were made at a Canadian
AES station in Winnipeg, Manitoba, Canada. The figure
shows that the bulk, if not all, of cloudy and cloud-
contaminated data are removed. The remaining vari-
ability is caused mainly by changes in clear-sky con-
dition. The curvesin Fig. 9 are the modeling results for
total surface downward and TOA net fluxesover agrass-
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Fic. 7. Similar to Fig. 4 but for water vapor.

land surface for a range of plausible atmospheric con-
ditions. The close overlap between the model curves
and observation points bolsters certain confidence in the
selection procedure. Consistent with the modeling re-
sults, TOA fluxes are much less variable than those at
the surface. If the fluctuations were induced by clouds,
the variability would be comparable for the surface and
at the TOA CRFE

Aswas demonstrated earlier, it isimportant to include
hazy and humid atmospheric states in the determination
of clear-sky reference values for deriving CRFE Other-
wise, clear-sky offset would be biased toward higher
values leading to overestimation of CRF at the surface
level, although it has negligible impact on TOA CRF
Figure 10 illustratesthis clearly and showsthevariations
of CRF at the surface and TOA and their ratio with the
number of iterations. As the number of iterations in-
creases, the atmosphere selected becomes drier and
cleaner, resulting in enhanced surface CRF, but TOA
CRF remains essentially intact so that their ratio shows
a significant increasing trend with the number of iter-
ation. After 5 iterations, the overestimation amounts to
nearly 20%.
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Fic. 8. Similar to Fig. 5 but for water vapor. Dashed lines confine
the area where APW < 1 cm.

Bearing these in mind, CRF at the surface and TOA
and their ratio are derived from the matched satellite
and ground data collected at 10 stations located in Can-
ada, the United States, and other part of the world. The
CREF ratios range typically from 0.88 to 1.13, as shown
in Table 3. Therefore, clouds exert a moderate influence
on the absorption of solar radiation in the atmospheric
column, in accordance with our previous findings using
different datasets (Li et al. 1995, 1999). The estimates
from three different satellites are rather compatible.
Note that these estimates do not account for discrep-
ancies in the atmospheric state between clear and cloudy
skies. While it is difficult to fully account for the dif-
ferences because of a lack of knowledge on aerosol
loading under clear and cloudy conditions, it is possible
to grossly correct for the effect of water vapor differ-
ences between clear and cloudy skies. Correction for
such differences was made by substituting actual
amounts of PW observed under all-sky conditions into
an empirical relation between PW and solar irradiance
established under clear-sky conditions for a given solar
zenith angle. To this end, lookup tables (LUTS) were
developed from al clear-sky measurements of duration
longer than 180 min for each day. Each LUT corre-
sponds to an interval of 0.25 cm for PW and 0.05 for
cos (SZA). Intermediate values were derived by inter-
polation. The principles of the correction are the same
as those employed by Arking (1999b), who applied lin-
ear multiple regression to alleviate the difference due
to water vapor loading. The advantage of the LUT ap-
proach resides in that it is not limited to any particular
format of the dependence function. Figure 11 shows a
comparison of surface to TOA CRF ratio derived from
the two methods. Since cloudy atmosphere usually has
higher contents of water vapor, surface *‘ clear-sky’’ ref-



386

JOURNAL OF THE ATMOSPHERIC SCIENCES

1000} @) surface, clr
g O measurements
-E Modeling results
= 800f . pvacm o
>< -ﬁ— :::(?1] PWV=2 cm
3 600 | - 1,=0.4
L.
L
O 400r
<
s
S 200}
wn

11000}

O- . 1 1 1 ) " E 0— Ml
00 02 04 06 08 10 00 0.2

1000 + b) TOA, clr
O ERBE data
Modeling results
Tg 800 TRI o
= i ewveen
; 600+
)
o
— 400+
L
P
< 200+
O I
- &
oL

11000L d) 'TCA,aII |

cos (SZA)

R I L N 1 I = 0— ) 1 I N I
00 02 04 06 08 10 00 02 04 06 08 1.0

VOLUME 58

c) surface, all

800

600

400+

200}

©
1 1 ° 1

04 06 08

)

800

600+

400+

200

-

cos (SZA)

Fic. 9. Surface total downward (a) and TOA net solar fluxes (b) for clear-sky scenes after cloud screening, in
comparison to the original data (c) and (d) for Winnipeg, 1988-90. The curves are model-computed fluxes for
different amounts of precipitable water and aerosol loading.

erence fluxes derived from LUT are smaller, leading to
smaller magnitudes of surface CRF and the CRF ratio.
The exception is Port Hardy (Vancouver Island, British
Columbia, Canada) and ScaRaB data, where the number
of clear-sky points after screening was very small (16
points) and thus contained larger uncertainties.

6. Summary

Cloud radiative forcing (CRF) is a simple but effec-
tive parameter that has been widely employed in study-
ing cloud-radiation interaction and diagnosing general
circulation models. Although even acursory use of CRF
is capable of describing the bulk effects of clouds on

the earth’s radiation budget, a more quantitative eval-
uation and further insight into the complex relationship
between cloud and radiation require more accurate de-
termination of CRFE When CRF at the surface and at
the top of the atmosphere (TOA) are combined to study
the net effect of clouds on the atmospheric shortwave
radiation budget, it becomes more vulnerable to the un-
certainties in the CRFE. CRF represents, in principle, the
sole effect of clouds on the radiation budget, but in
practice, observational determination of CRF suffers
from uncertainties due to factors other than clouds. The
variability in the atmospheric background condition is
a major source of errors that are addressed in this in-
vestigation.
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Shortwave CRF is defined as the difference in the net
SW flux of a system between actual sky conditions and
clear-sky conditions. Note that clear-sky radiative flux
here is not constant. Fluctuations in clear-sky flux are
caused by the radiative effects of such atmospheric con-
stituents as water vapor and aerosol that should not be
confused with the effects of clouds. By means of model
simulation, atmospheric radiative effects caused by wa-
ter vapor and aerosol are computed and discussed, in
the context of their impact on the determination of CRFE
For conservative scattering aerosol, itsradiative forcing
at the TOA and at the surface are identical and have
little or no effect on CRFE For absorbing aerosols, their
radiative effect at the surface may be considerably larger
than at the TOA, yielding different influences on CRF

TasLE 3. Surface and TOA cloud radiative forcing and their ratio derived from ERBE, ScaRaB, and CERES satellites and ground

observations.
ERBE ScaRaB CERES

Station name R CRFs  CRFyo, R CRFs  CRFi, R CRFs  CRFyo,
1. Port Hardy (AES) 113 —1556 —138.0 1.03 —-166.8 —162.3 — — —
2. Stony Plain (AES) 1.13 —124.8 —-110.5 1.10 -—-121.7 —-110.9 — — —
3. Winnipeg (AES) 1.06 —83.6 —78.9 1.00 -—-1225 —1225 — — —
4. Dorval (AES) 1.11 —-130.9 -117.9 1.02 —-152.1 —149.9 — — —
5. Goose Bay (AES) 112 —1722 -1533 097 -—1727 -1774 — — —
6. DOE ARM SGP CF (Oklahoma) — — — 1.07 —95.30 —89.3 1.05 —-934 —89.7
7. Boulder (SURFRAD) — — — 0.89 —107.7 —120.9 1.02 —-109.3 —106.3
8. Bondville (SURFRAD) — — — — — — 0.88 —-151.7 —-163.1
9. Goodwin Creek (SURFRAD) — — — — — — 110 —1282 —116.8

10. Payerne (BSRN) — — — 091 -1232  -1357
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at the two levels. This poses a challenge in the inter-
pretation of CRF ratio in terms of cloud absorption.
Depending on the strength of aerosol absorption, aerosol
forcing at the TOA may be positive or negative under
clear-sky conditions, while in cloudy conditions it is
generally positive. At the surface, aerosol forcing is
always negative and of much larger magnitude under
clear conditions than under cloudy scenes. The unequal
effects of aerosol forcing under clear and cloudy con-
ditions introduce uncertainties in the CRF, whereas the
unequal influences of aerosol on surface and TOA CRF
incur uncertainties in using CRF ratio to study cloud
absorption. The radiative effect of water vapor and its
influence is similar, in nature, to that of aerosol with
some exceptions. One exception is that the water vapor
effect at the TOA is significantly larger under cloudy
conditions than under clear ones due to additional ab-
sorption for radiation scattered back to space. Thiseffect
is dictated by cloud-top height in combination with the
profile of water vapor. Another exception is that water
vapor content is usually higher for cloudy skiesthan for
clear skies. To account for the effects of atmospheric
forcing due to both aerosol and water vapor on CRF,
correction factors were computed that amounted to 0.2—
0.3 for dry atmospheric conditions.

The aforementioned modeling results are further re-
inforced by analysis of satellite observations made by
the ERBE, ScaRaB, and CERES, together with ground
measurements made in Canada, the United States, and
Europe. It was found that surface CRF is much more
sensitive to clear-sky scene identification than the TOA
CRE Asmorerigid cloud screening is applied, the mag-
nitude of surface CRF keeps decreasing, whereas TOA
CRF remains invariant or affected only slightly. Inac-
curate cloud screening tends to artificially enhance sur-
face CRF as it attributes the effects of atmospheric var-
iability into the effects of clouds. Since the TOA CRF
is more resistant to atmospheric variability, surface-to-
TOA/CRF ratioisusually subject to overestimation. Co-
incidentally, any residue clouds that are not removed
from the selected clear scenes also have similar effects
on surface and TOA CREF Their ratio is thus also prone
to overestimation. Considering these factors, we care-
fully estimated CRF values at the surface and TOA as
well as their ratios using data from all three satellites
and corresponding ground measurements. The results
indicate that observations are consistent with model pre-
diction concerning the effect of cloud on atmospheric
absorption. Cloud radiative forcing ratios are confined
mostly between 0.9 and 1.1.
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