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ABSTRACT

Cloud radiative forcing constitutes the radiative impact of clouds upon the earth’s present
climate, while cloud radiative feedback is the change in this forcing associated with climatic
change. The present study addresses two issues concerning cloud radiative forcing. The first is
that an intercomparison of cloud radiative forcing, as predicted by six different general
circulation models, shows a considerable lack of agreement, underscoring the need for an
improved understanding of cloud/radiation interactions within such modelis. The second issue
pertains to an examination of strategies by which model-predicted cloud/radiation interactions
should be compared with satellite-derived data sets.

1. Introduction

Observed and projected increases in atmos-
pheric carbon dioxide, as a consequence of fossil
fuel burning, have stimulated considerable inter-
est in modeling future climatic change associated
with this perturbation upon atmospheric compo-
sition. The most detailed numerical climate mod-
els for this purpose are three-dimensional general
circulation models (GCMs). But as illustrated by
Schlesinger (1984) and Schlesinger and Mitchell
(1985), an intercomparison of several general
circulation model predictions shows quite differ-
ing climatic responses to increasing atmospheric
CO,.

Any attempt towards understanding the
reasons for these differences will require a
systematic examination of individual para-
meterizations and processes within the models.
Certainly one such process that necessitates
examination is the radiative impact of clouds
upon climate. Recently there have been strategies
suggested by which cloud/climate interactions
within models can be tested (Ramanathan, 1983;
1985; Hartman et al., 1986; Ramanathan, 1987).

These strategies specifically pertain to the use of
satellite data to validate model-predicted cloud
radiative forcing.

In the following, cloud radiative forcing refers
to the impact of clouds upon the earth’s radiation
budget as determined at the top of the atmos-
phere (e.g., Charlock and Ramanathan, 1985).
Choosing illustrative hypothetical numbers, if the
enhanced reflection of solar radiation due to
clouds leads to a reduction of 50 Wm-~2 in solar
absorption by the earth-atmosphere system, while
the greenhouse effect of clouds produces a 25
Wm~? infrared warming of that system, then the
net cloud forcing is —25 Wm~2; i.e., a 25 Wm™2
cooling of the earth-atmosphere system.

The important point here is that we need to
understand cloud radiative forcing in order to
understand cloud radiative feedback. Again a
simple example serves to illustrate this point.
Basically, climatic change associated with a
doubling of atmospheric CO, is a response to a 4
Wm-2 CO,-induced warming of the surface-
troposphere system. But if this climatic change in
turn alters cloud radiative forcing, through
changes in cloud amount, optical properties and
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vertical structure, from —25 Wm~* to —21
Wm~2, again using hypthetical numbers, the
initial surface-troposphere heating of 4 Wm~2
would then be amplified to 8 Wm~2. The ensuing
climatic change, for this hypothetical situation,
would thus be roughly doubled due to cloud
radiative feedback.

As summarized by Wetherald and Manabe
(1986), GCM simulations do in fact indicate
climate-induced changes in cloud amount and
vertical structure, and that positive cloud
feedback operates within certain of the simula-
tions. These simulations do not, however, incor-
porate climate-induced changes in cloud optical
properties, an effect that Petukhov et al. (1975),
Paltridge (1980), and Somerville and Remer
(1984) suggest could produce negative feedback.
On the other hand, Charlock (1982) has suggested
that even the sign of this feedback might be
uncertain. But, as previously emphasized, the
prerequisite to understanding cloud radiative
feedback is to first understand cloud radiative
forcing.

A further important point is that one must not
confuse cloud radiative feedback with cloud
radiative forcing. For example, several empirical
studies have appeared (e.g., Cess, 1976; Ohring
and Clapp, 1980; Hartmann and Short, 1980;
Cess et al., 1982) which do not explicitly indicate
whether they are attempting to analyze forcing or
feedback. The work by Cess (1976) serves as
an example of this confusion, since he simulta-
neously treated solar cloud forcing and infrared
cloud feedback. Distinctions between infrared
forcing and infrared feedback have been
emphasized by Cess and Ramanathan (1978).

The purpose of the present paper is to point out
several aspects of cloud radiative forcing. First, a
radiative-convective model will be employed to
illustrate certain features of cloud/climate inter-
actions. Following this, an intercomparison of
cloud radiative forcing as predicted by several
GCMs will demonstrate the need for improving
our understanding as to how clouds impact a
GCM’s climate. To further emphasize this point,
the Oregon State University/Lawrence Livermore
National Laboratory GCM (OSU/LLNL GCM)
will be employed for the purpose of illustrating
sensitivity of the model’s cloud radiative forcing
to certain of the model’s physical processes. Next,
pitfalls associated with GCM and satellite data
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intercomparisons will be emphasized. This is
accomplished by utilizing the OSU/LLNL GCM
in conjunction with the GOES (Geostationary
Operational Environmental Satellite) radiation
budget data of Minnis and Harrison (1984b)
which distinguishes between clear and overcast
regions.

2. Cloud/climate interactions

Before proceeding, it is useful to employ the
radiative-convective model (RCM) analog of the
OSU/LLNL GCM for the purpose of clarifying
certain aspects of cloud/climate interactions. This
RCM is described by Cess et al. (1985), and it
comprises modifications made by S. J. Ghan
(Cess et al., 1985) to an earlier version developed
by M. E. Schlesinger (Hall et al., 1982).

The first point concerns the separate solar and
infrared contributions to the impact of clouds
upon climate. The solar contribution is predomi-
nantly one of surface cooling, whereas the
infrared contribution manifests itself largely as a
tropospheric heating. This different partitioning
between surface and troposphere has the poten-
tial for significantly altering the atmospheric
structure. In particular, Ramanathan (1987) has
emphasized that cloud-induced surface solar
cooling and atmospheric infrared warming will
tend to stabilize the atmospheric column, which
will in turn influence the way that clouds impact
the surface climate.

To illustrate this, we have performed a
simulation with the RCM to show the impact of
one specific cloud upon the RCM’s surface ener-
gy budget. The approach here is analogous to
Ramanathan’s (1981) elucidation of the physical
processes that govern climatic warming due to
increasing atmospheric CO,. The single cloud is
located within the 200-400 mb layer, it has an
infrared emissivity of 0.5, and the wavelength
dependent asymmetry factor and single scattering
albedo are as given by Cess et al. (1985, their
cloud type CL;). Two simulations were per-
formed, one for clear skies and the other with the
200400 mb cloud present. For purposes of illus-
tration, the visible optical depth of the cloud, t,
was chosen so that the model’s surface tempera-
ture was the same with or without the presence of
the cloud, i.e.,, the solar and infrared cloud/
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climate impacts compensate one another. This
produced t = 1.885.

The changes in the components of the model’s
surface energy budget are summarized within
Table 1, where a positive quantity represents
energy added to the surface. After incorporating
the cloud into the model, the RCM was run
through a single time step so as to isolate the
direct radiative impact of the cloud with all other
climate parameters remaining at their original
(i.e., clear-sky) values. As would be expected, the
dominant effect here is that of cloud-induced
solar cooling of the surface. But when the model
is subsequently run to equilibrium, and recall that
the cloud produces no change in the model’s
equilibrium surface temperature, the corres-
ponding increase in atmospheric static stability
results in an increase in atmospheric infrared
emission from the atmosphere to the surface,
together with reducing the latent and sensible heat
losses from the surface. Thus it is these response
processes which largely compensate for the direct
56.7 Wm~2 reduction in surface solar absorption.

The point is that one must be careful to
distinguish between direct as opposed to equilib-
rium changes when interpreting the impact of
clouds upon climate. Moreover, the results of
Table 1 clearly illustrate the importance of
surface processes upon cloud/climate inter-
actions.

A further important point concerns conceptual
interpretations as to how a given model’s climate
responds to a change in the radiative impact of
the model’s clouds. To illustrate this, we have
performed two climate-change simulations with
the RCM, taking as the control climate that for
which the 200400 mb cloud is present. One
simulation is for a doubling of atmospheric CO,,

Table 1. Changes in the components of the RCM’s
surface energy budget as induced by the presence of
the 200400 mb cloud

Surface flux change (Wm~2)

Component direct equilibrium
absorbed solar —56.7 —59.1
absorbed infrared 20.2 36.8
latent plus sensible 0 223

total —-36.5 0
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which produces a 3.9 Wm~=2 direct heating of the
surface-troposphere system, while the second
simulation is to change the radiative impact of
the cloud by lettering At = —0.171, which also
produces 3.9 Wm~2 direct heating of the surface-
troposphere system. The partitioning of this
heating between surface and troposphere is,
however, significantly different for the two simu-
lations, as seen from the results summarized in
Table 2.

The corresponding changes in equilibrium
surface quantities are summarized in Table 3.
Note that, despite the differences in the
individual energy flux changes, the two simula-
tions produce nearly identical changes in the total
energy added to the surface, and hence also the
change in surface temperature. The point, as has
been emphasized by others (e.g., Ramanathan et
al., 1979; Dickinson, 1982; Potter and Cess,
1984), is that a model's climate responds to
the direct surface-troposphere perturbation,
irrespective as to how this perturbation is
partitioned between surface and troposphere.
Certain caveats to this conclusion are given by
Cess et al. (1985), but they are not germane to the
present investigation.

Table 2. Direct radiative heating (Wm~2) of the
RCM'’s surface, troposphere and surface-troposphere
due to a doubling of CO, and a reduction in cloud
visible optical depth

System 2xCO, At=—-0.171
Surface 1.77 3.42
troposphere 2.13 0.48
surface-troposphere 3.90 3.90

Table 3. Changes in the RCM’s equilibrium surface
quantities for a doubling of CO, and a reduction in
cloud visible optical depth

Change in: 2xC0O, Ar=-0.171
absorbed solar (Wm™2) -1.12 2.30
absorbed infrared (Wm~2) 16.82 14.81
latent plus sensible (Wm~=2) —4.29 —5.38
total of above (Wm~32) 11.41 11.71
surface temperature (°C) 1.89 1.94
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In the above example, the Ar=-0.171
simulation serves as a sort of analog to cloud
feedback which, as discussed in the Introduction,
comprises a climate-induced change in cloud
radiative forcing, but with the distinction here
that cloud radiative forcing refers to the surface-
troposphere system, in contrast to the radiation
budget at the top of the atmosphere as defined in
the Introduction. But there should be little
difference in cloud forcing as determined at the
tropopause or at the top of the atmosphere.

To illustrate this, lettering CF denote cloud
radiative forcing, the separate infrared and solar
components, CF(infrared) and CF(solar), may be
expressed as (e.g., Charlock and Ramanathan,
1985; Hartmann et al., 1986; Ramanathan, 1987)

CF(infrared) = F(clear) — F(total) 1)
CF(solar) = S(total) — S(clear) 2)

where F and S denote, respectively, the upward
emitted infrared flux and the net incident solar
flux at the top of the atmosphere, while clear and
total respectively refer to clear and to clear plus
overcast conditions. But CF as determined from
egs. (1) and (2) should be equally applicable
to the surface-troposphere system, since the
overlying stratospheric contribution is quite in-
sensitive as to whether the troposphere is clear or
cloudy, and thus this contribution cancels within
egs. (1) and (2). So, for all practical purposes,
satellite-inferred cloud radiative forcing may be
interpreted as referring to the surface-tropo-
sphere system.

Ideally, agreement between model-predicted
and satellite-observed cloud radiative forcing
should serve to validate the way in which clouds
impact a model’s climate. But as illustrated in
later sections, there is always the potential for
compensating errors, so that such agreement
should be regarded as a necessarv but not
sufficient condition for model validaticn.

3. General circulation model description

For present purposes the two-level OSU/LLNL
GCM will be employed strictly as an educational
vehicle for the purpose of elucidating certain
aspects of cloud radiative forcing as computed by
a GCM. Given the uncertainties of GCM gener-
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ated cloud interactions in general, and the limita-

tions to such an endeavor with a two-level model

in particular, there is no intent to employ the

GCM in a predictive mode relative to cloud

radiative forcing.

The OSU/LLNL GCM is a modified version
of the Oregon State University GCM (OSU
GCM), with a description of the latter being
given by Ghan et al. (1982). This modification
evolved in two stages. The first-stage modifica-
tion consisted of replacing the solar radiation
routine within the OSU GCM by a delta-
Eddington model (Cess et al.,, 1985). As in the
original model, the solar spectrum was divided, at
0.9 um, into two wavelength intervals.

The second-stage modification incorporated
the following changes:

—The A<09 um wavelength interval was
further subdivided, at 0.5 um, into two
intervals.

——Although solar absorption by ozone is included
in the original OSU GCM, it was ignored in
the first-stage modification of the model (Cess
et al., 1985). This has presently been incorpor-
ated into the delta-Eddington routine by using
the separate UV and visible ozone absorption
parameterizations of Lacis and Hansen (1974)
for the respective A <0.5 um and A=0.5t0 0.9
um wavelength intervals. Zonal and seasonal
ozone amounts are from the OSU GCM (Ghan
et al., 1982).

-—The ocean albedo, which is a parameterization
to Fresnel reflection in the OSU GCM (Ghan
et al.. 1982), has been replaced by the ocean
albedo model of Briegleb et al. (1986). This
produces a darker ocean at large solar zenith
angles.

Although the OSU/LLNL GCM has only two
interior tropospheric levels and thus no
stratospheric simulation, the model does contain
a non-interactive stratosphere. Hence the model
differentiates between radiative fluxes at the
tropopause (200 mb) and those at the top of the
atmosphere.

The present OSU/LLNL GCM simulations
consist of 90-day perpetual-month integrations
with average insolation and prescribed sea-
surface temperatures for the specified month.
Sea-surface temperatures are from Alexander and
Mobley (1976). Averaging is performed over the
last 30 days of the 90-day run.
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In the following, we employ the OSU/LLNL
GCM in two different roles. First, it is utilized as
one of six GCMs for the purpose of
intercomparing GCM-predicted cloud radiative
forcing. But more importantly, it is then em-
ployed as a vehicle for understanding certain
aspects of cloud/radiation interactions, and for
examining strategies by which GCM-predicted
cloud/radiation interactions should be compared
with satellite derived data sets.

4. Cloud radiative forcing

Table 4 summarizes global-mean cloud
radiative forcing, together with its infrared and
solar components, as predicted by five different
GCMs in addition to our present simulations
with the OSU/LLNL GCM. These comprise the
GLAS (NASA Goddard Laboratory for Atmos-
pheric Sciences) GCM, two versions of the
NCAR CCM (National Center for Atmospheric
Research Community Climate Model), the
UCLA/Goddard (University of California Los
Angles/NASA Goddard Space Flight Center)
GCM, and the UKMO (United Kingdom
Meteorological Office) GCM. The modified
NCAR CCM (Charlock and Ramanathan, 1985)
utilized internally generated cloud optical
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properties while, with one exception, the other
GCMs employed prescribed cloud optical
properties. The exception is the version of the
NCAR CCM used by Ramanathan (1987), with-
in which a liquid-water scaled cirrus cloud
emissivity was adopted (Ramanathan, 1985).

The results summarized within Table 4 refer to
simulations for a specified month (January or
July), employing prescribed sea surface tempera-
tures for that month. To facilitate January/July
comparisons, insolation differences due to the
earth’s eccentric orbit have been removed by
correcting CF(solar) to a mean sun-earth dis-
tance. Clearly there is a lack of agreement
amongst the different models, with the greatest
discrepancies occurring for the infrared compo-
nent of cloud forcing. These comparisons cer-
tainly emphasize the need for improving our
understanding as to how to model the impact of
clouds upon climate within a GCM.

Note the increase in total cloud forcing for
January vs July, as indicated by the GCMs for
which both January and July simulations have
been performed. While it is tempting to attribute
this to a seasonal cloud radiative feedback, most
of the change is contained in the solar compo-
nent. A plausible explanation for this effect is
that the Southern Hemisphere has a lower surface
albedo (due to greater ocean extent) than does the

Table 4. Intercomparison of cloud radiative forcing as predicted by several general circulation models; the
seasonal solar forcing has been corrected to the mean sun-earth distance

Cloud radiative forcing (Wm~2)

Reference infrared solar total
Herman et al. (1980)

GLAS GCM, Jan. 40 —54 -14
Charlock & Ramanathan (1985)

Modified NCAR CCM, Jan. 23 —45 -22
Ramanathan (1987)

NCAR CCM, Jan. 35 —57 -22
Randall & Harshvardhan (1986)

UCLA/Goddard GCM, Jan. 55 -57 -2

UCLA/Goddard GCM, July 53 -52 +1
Mitchell (Personal communication, 1986)

UKMO GCM, Jan. 40 -74 -34

UKMO GCM, July 42 —-69 -27
Present study

OSU/LLNL GCM, Jan. 42 —-62 —20

OSU/LLNL GCM, July 39 -52 —-13

Tellus 39A (1987), §



CLOUD RADIATIVE FORCING WITH A GENERAL CIRCULATION MODEL

Northern Hemisphere. Consequently clouds
should exert a greater cooling effect upon the
Southern Hemisphere as opposed to the Northern
Hemisphere, a conclusion which is consistent
with the UKMO GCM simulation by Slingo
(1982, her Fig. 7). When insolation weighting is
taken into account, this would result in
January/July global-mean CF(solar) differences
which are consistent in direction with the results
of Table 4.

Before proceeding, it is necessary to address
differences in the way cloud radiative forcing has
been evaluated in the various GCM simulations.
In the case of Herman et al. (1980), the separate
infrared and solar components of cloud forcing
were determined by performing three GCM sim-
ulations; a standard control run plus two simula-
tions in which cloud infrared and solar opacities
were respectively set equal to zero. These latter
two simulations thus contain different meteor-
ology than in the standard control run, resulting
in a computational procedure which is at vari-
ance with our concept of cloud radiative forcing.
We have made no attempt to estimate the conse-
quences of this procedure.

In the simulations by Charlock and
Ramanathan (1985) and Ramanathan (1987), the
NCAR CCM computes fractional cloudiness at
each gridpoint, and the clear-sky fluxes were
separately binned during the GCM simulation.
They then took these clear-sky fluxes to be repre-
sentative of the entire region depicted by the
given gridpoint. Thus their method of computing
clear-sky fluxes refers to combined clear/overcast
atmospheric conditions. For later purposes, we
refer to this manner of evaluating cloud radiative
forcing as Method II.

Although the UCLA/Goddard GCM does not
compute fractional cloudiness, in their simula-
tions Randall and Harshvardhan (1986) per-
formed two radiative computations for overcast
gridpoints; one with clouds present (which was
employed as a predicted quantity within the
model), and one with clouds removed which was
then combined with the fluxes computed at clear
gridpoints. Thus despite the different manners in
which cloud cover is computed within the NCAR
CCM and the UCLA/Goddard GCM, the proce-
dure of Randall and Harshvardhan (1986) is
consistent with Method II.

Like the UCLA/Goddard GCM, the
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OSU/LLNL GCM does not compute fractional
cloudiness. But in contrast to Randall and
Harshvardhan (1986), our clear-sky fluxes refer
strictly to clear gridpoints, and this will be re-
ferred to as Method I. The UKMO GCM, like
the NCAR CCM, computes fractional cloudiness
at each gridpoint, and Mitchell (Mitchell,
J. F. B., 1986, personal communication)
employed the same procedure as did Charlock
and Ramanathan (1985), such that his results are
consistent with Method II.

Shortly we shall employ the OSU/LLNL GCM
to illustrate differences between Method I and
Method II evaluations of cloud radiative forcing.
But before doing so it is useful to make two
points concerning Method I vs Method II. The
first point concerns conceptual difficulties in
relating cloud radiative forcing as determined by
a GCM to that as measured by satellite instru-
ments, due to the considerable differences in
spatial resolution between GCMs and satellite
observations. For example, with respect to geo-
graphical areas containing broken cloudiness one
can argue that both methods should produce
comparable results, since here there is probably
little difference between clear and overcast
atmospheric conditions. But if the area of
broken cloudiness is depicted by either the
ULCA/Goddard or OSU/LLNL GCMs as
completely overcast, due to these models not
computing fractional cloudiness, then Method II
might be preferable. Conversely, Method I would
appear to be the most applicable for geographical
areas which simultaneously contain extended
clear and extended overcast regions.

Returning to the question of differences
between Method I and Method II determi-
nations, we have employed Randall and
Harshvardhan’s (1986) procedure to obtain
Method II cloud forcing with the OSU/LLNL
GCM. Global-mean results are summarized in
Table 5, and here there is little difference
between the two computational procedures.

There are, however, differences in zonal-mean
cloud infrared forcing as is illustrated in Figs. 1
and 2, and note specifically the January/July
reversal in this difference at high northern lati-
tudes. Inspection of the model’s cloud cover
indicates that this is due to the model producing
extended clear regions over Asia together with
extended overcast regions over ocean areas. Since
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Table 5. Comparison of the OSU/LLNL GCM
predicted cloud radiative forcing utilizing both
Method I and Method II; the January and July
solar forcings have been corrected to the mean sun-
earth distance

Cloud radiative forcing (Wm~2)

Simulation infrared solar total
Jan., Method 1 41.5 —61.8 —-20.3
Method I1 434 —62.8 -19.4
July, Method 1 38.8 —524 —13.6
Method 11 37.5 —52.8 —153
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Fig. 1. A comparison of Methods I and II evaluations
of cloud radiative forcing for January. These results
were obtained using the OSU/LLNL GCM.
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Fig. 2. A comparison of Methods I and II evaluations
of cloud radiative forcing for July. These results were
obtained using the OSU/LLNL GCM.
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Method II computes clear-sky fluxes for both
clear and overcast regions, then in January this
clear-sky flux is enhanced by the ocean/overcast
contribution, since the oceans are warmer than
the extended clear regions over Asia. In July this
effect is reversed.

Within the confines of the comparisons shown
in Figs. 1 and 2, together with our prior
suggestion that Method I is preferable for geo-
graphical areas that contain both extended clear
and extended overcast regions, one might con-
clude, for purposes of comparison with satellite
data, that Method I is the more correct of the two
procedures. But we also suggested that Method II
might be the more appropriate for regions of
broken cloudiness, and the OSU/LLNL GCM is
not appropriate for testing this suggestion since it
does not compute fractional cloud cover. It would
appear useful to additionally investigate Method
I/11 differences by employing a GCM which does
compute fractional cloudiness.

Aside from differences in the manner by which
cloud radiative forcing is calculated, a potential
source of disagreement among individual GCM
simulations is that some models contain a diurnal
cycle while others do not. For example, four
GCMs have routinely been used to study the
CO,-climate problem: the NCAR CCM, the
OSU GCM, the GFDL (NOAA Geophysical
Fluid Dynamics Laboratory) GCM, and the
GISS (NASA Goddard Institute for Space
Studies) GCM. Of these, the OSU and GISS
GCMs contain a diurnal cycle, whereas the
others employ a ‘“‘fixed-sun” approximation in
which a latitudinally-dependent mean solar
zenith angle is employed which produces the
correct diurnally-averaged insolation.

Only recently has the fixed-sun approximation
been appraised. Employing the UCLA GCM
(which contains an earlier radiation code than
does the UCLA/Goddard GCM), Randall et al.
(1985) performed July simulations with the fixed-
sun approximation together with the standard
diurnal-cycle version of the model. As they point
out, the diurnal cycle has a strong effect upon the
energy budgets at both the top of the atmosphere
and at the surface, and upon the partitioning of
July precipitation between continents and
oceans. To cite a specific example, their plan-
etary albedo increased from 0.28 to 0.31 when the
diurnal cycle was suppressed. As Randall et al.
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(1985) conclude, ‘‘the diurnal cycle cannot be
neglected as a detail, even for climate
simulations.”

To further emphasize this conclusion, we have
performed a fixed-sun simulation with the
OSU/LLNL GCM. Cloud forcing results are
summarized in Table 6 for July simulations, and
note in particular the impact that the fixed-sun
approximation has upon the solar component of
cloud forcing. This raises an interesting point. If,
for intercomparison purposes, we only had results
for the NCAR CCM and the OSU/LLNL GCM,
then from Table 4 we would conclude that the
two models produce rather consistent infrared
and solar components of cloud radiative forcing.
But Table 6 suggests that this consistency wouid
be fortuitous, since the OSU/LLNL GCM con-
tains a diurnal cycle while the NCAR CCM does
not.

Moreover, inclusion or exclusion of the diurnal
cycle does not resolve the lack of agreement
within Table 4. The UCLA/Goddard, UKMO
and OSU/LLNL GCMs all contain a diurnal
cycle, and with reference to Table 5 they employ
reasonably consistent definitions of cloud
radiative forcing. But the lack of agreement
nevertheless persists.

To illustrate causes of the diurnal-cycle versus
fixed-sun differences, zonal-mean flux errors at
the top of the atmosphere, defined as fixed-sun
flux minus diurnal-cycle flux, are illustrated in
Fig. 3. The correlation between positive solar
errors and negative infrared errors is consistent
with differences in cloud cover. But as Randall et
al. (1985) point out, there are further subleties
associated with the absence of day/night cloud-
cover variations in the fixed-sun simulation.

Table 6. Comparison of the OSU/LLNL GCM
predicted cloud radiative forcing employing a
diurnal cycle and with the fixed-sun approximation
the July solar forcing has been corrected to the mean
sun-earth distance

Cloud radiative forcing (Wm~2)

Mode of operation  infrared solar total
diurnal cycle 38.8 —524 -13.6
fixed sun 45.5 —64.3 -~18.8
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Fig. 3. Total flux errors due to use of the fixed-sun
approximation. These results were obtained using the
OSU/LLNL GCM.

Two additional effects contribute to the errors
shown in Fig. 3; these are apparent from the
errors in overcast flux shown in Fig. 4. The errors
in the infrared flux are a consequence of differ-
ences in the vertical distribution of cloud cover.
This also contributes to the jagged behavior of
the solar error, which is superimposed upon a
positive bias inherent within the fixed-sun
approximation, since the OSU/LLNL GCM con-
tains cloud reflectances which are dependent
upon solar zenith angle. But the latitudinally-
dependent zenith angles for the fixed-sun
approximation, which produce correct diurnally-
averaged insolation, do not coincide with those
that would yield proper diurnally-averaged cloud
reflectances. The result is an overestimate of

40 : v B TR —
_ OVERCAST FLUXFES
30 - \/\ 4
< .. REF / / v
s o0~ EFLECTED SOLAR \/\ B
N
- ] .
ax 1Cr » ‘g
g A // , o K
5 ( Sl A o "7" N
f P = TR -
Z -10 P Voo 4
SMITTED INFRARED "\,
20 4
,30 L 1 1 i 1
90's 60 30 0 30 60 30°N

LATITUDE {(DEGREES)

Fig. 4. Overcast flux errors due to use of the fixed-sun
approximation. These results were obtained using the
OSU/LLNL GCM.
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reflected solar radiation. In that the ULCA
GCM does not incorporate zenith-angle depen-
dent cloud reflectances (the newer UCLA/
Goddard GCM does), this source of error was not
present in the study by Randall et al. (1985). The
fact that we find a greater increase in planetary
albedo when the diurnal cycle is suppressed (0.29
to 0.33) than did they (0.28 to 0.31) is consistent
with this difference.

5. Comparison with satellite data

Conventionally, satellite-determined  earth
radiation budget measurements do not distin-
guish between clear and overcast regions, and
thus they are unable to provide information on
cloud radiative forcing. But recently Minnis and
Harrison (1984b) employed a very clever ap-
proach in which they calibrated the GOES spin
scan radiometers against radiance measurements
made by the Nimbus-7 scanning radiometers.
This calibration referred to simultaneous
measurements for colocation of the satellites. An
important point is that inherent in these calibra-
tions are narrow-band (GOES) to broad-band
(Nimbus-7) conversions.

Minnis and Harrison (1984b) were then able to
employ the GOES scanners to obtain separate
clear and overcast top-of-the-atmosphere solar
and infrared flux measurements. A single
monthly average (November 1978) was produced
for a region bounded by latitude 458 to 45N and
longitude 30W to 125W, corresponding to the
field of view of GOES-EAST.

As we have previously emphasized, our current
use of the OSU/LLNL GCM is solely for the
purpose of illustrating strategies and pitfalls
associated with comparisons of GCMs and earth
radiation budget data. With this goal in mind, we
have performed a November simulation with the
OSU/LLNL GCM, averaging over a region
comparable to that of the GOES data (latitude
44°S to 44°N and longitude 30°W to 125°W);
comparisons with the GOES cloud forcing data
are given in Table 7. An interesting point here is
that the OSU/LLNL GCM can be used as a
transfer vehicle for comparing the other GCMs
with the GOES measurements. For example,
comparison of Tables 4 and 7 crudely suggests
that the modified NCAR CCM produces the best
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Table 7. Comparison of cloud radiative forcing as
determined from GOES measurements and as pre-
dicted by the OSU/LLNL GCM

Cloud radiative forcing (Wm~2)

Source infrared solar total
GOES data 24.6 —-57.6 -33.0
Minnis & Harrison
(1984b)
OSU/LLNL GCM 344 —53.6 -19.2

infrared cloud forcing, whereas the standard
NCAR CCM and the UCLA/Goddard GCM
produce the most appropriate solar forcing. Bear
in mind, however, that neither version of the
NCAR CCM contains a diurnal cycle.

But care must be exercised in making such
comparisons, since an apparently reasonable re-
sult can actually be the product of compensating
errors. As a case in point, GOES and
OSU/LLNL GCM total fluxes at the top of the
atmosphere are compared in Table 8, from which
it is seen that the GCM is producing fairly
reasongble total fluxes. But in Table 9 we ad-
ditionjs include the clear and overcast

N

Table 8. Comparison of emitted infrared and net
downward solar fluxes at the top of the atmosphere
as determined from GOES measurements and as
predicted by the OSU/LLNL GCM

Flux (Wm-2) GOES OSU/LLNL GCM
total Infrared 243 249
total Solar 279 289

Table 9. Comparison of emitted infrared and net
downward solar fluxes at the top of the atmosphere
as determined from GOES measurements and as
predicted by the OSU/LLNL GCM

Flux (Wm~?) GOES OSU/LLNL GCM
clear infrared 267 284
overcast infrared 221 181
total infrared 243 249
clear solar 337 342
overcast solar 235 189
total solar 279 289
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components of these total fluxes, and here there
are obvious inconsistencies. Note that, relative to
the GOES data, the GCM overestimates the total
solar flux by 10 Wm~2, while at the same time it
underestimates the overcast solar flux by 46
Wm~2. The same dilemma appears for the
infrared. One would not expect the 17 Wm™?2
overestimate of the GCM’s clear flux to more
than compensate for the 40 Wm~2 underestimate
in overcast flux, but nevertheless the GCM’s total
infrared flux is 6 Wm~2 larger than the GOES
total flux.

The reason for these apparent contradictions is
that in order for a GCM to produce correct total
fluxes, it must produce not only the correct clear
and overcast components of those fluxes, but it
must also calculate proper cloud amounts, and
here it is errors in the latter which partially
compensate for errors in the former. To be more
specific, OSU/LLNL and GOES (Minnis and
Harrison, 1984a) zonal cloud amounts (for longi-
tude 30°W to 125°W) are compared in Fig. S.
The point is that the underestimates, relative to
the GOES data, of the GCM overcast infrared
and solar fluxes (Table S) are partially compen-
sated for by a corresponding underestimate in the
GCM’s cloud cover.

From Fig. 5 one might also conclude that the
GCM does not properly predict enhanced tropi-
cal cloud cover. But choosing a different month
and another data set alters this conclusion. Fig 6
compares zonal mean July cloud amount, as
predicted by the GCM, with that determined
from the THIR (Temperature Humidity Infrared
Radiometer) and TOMS (Total Ozone Mapping
Spectrometer) instruments onboard the Nimbus-7
satellite for July 1979/1980 (Stowe et al., 1986).
Here the model produces quite laudable tropical
cloud cover, together with generally better agree-
ment with the observations than for the Novem-
ber comparison. This suggests that single-month
comparisons might be misleading.

The problem of compensating errors carries
over to cloud forcing. To illustrate this we con-
sider solar cloud forcing within the context of the
GOES data. In terms of cloud cover fraction 4,
eq. (2) may be rephrased as

CF(solar) ~ A [S(overcast)-S(clear)] (3)

where the approximate sign is used since this
expression is strictly valid only for a single-layer
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Fig. 6. Comparison of July OSU/LLNL GCM and
Nimbus-7 cloud amounts. These refer to zonal means
averaged over all longitudes.

cloud (Ramanathan, 1987). In addition 4, and §
within eq. (3) denote monthly means for both the
GCM and the GOES data, and the product of
two mean values is not necessarily equal to the
mean value of the product.

To circumvent these problems, we rephrase eq.
(3) as

CF(solar) = A [S(overcast)-S(clear)] 4)

where A, represents an effective cloud cover
fraction as defined by eq. (4) together with the
GCM and GOES solar fluxes of Table 8 and the
cloud forcings of Table 7. This yields
A(GCM)=10.350 and A,(GOES)=0.565. With
these values together with the solar flux results of
Table 9, we have evaluated CF(solar) for various
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combinations of GCM and GOES fluxes and
cloud cover fractions. These are summarized in
Table 10, with the top and bottom values for
CF(solar) denoting the respective GCM and
GOES results which, by themselves, suggest that
the GCM-predicted solar cloud forcing is not
substantially different from the GOES value.

But as before this apparent agreement is the
result of compensating errors, since the second
and third values within Table 10 represent differ-
ences due, respectively, to differences in GCM
cloud cover fractions and solar fluxes. Thus, as
we later emphasize, agreement of GCM-pre-
dicted cloud radiative forcing with satellite data
does not, by itself, ensure that the model is
correct. The point, of course, is that if a model is
producing the correct cloud forcing, but for the
wrong reasons, then is the model similarly correct
with respect to cloud radiative feedback?

Table 10. Comparison of solar cloud radiative
Jorcing as calculated from GOES and OSU/LLNL
GCM solar fluxes and cloud cover fractions

Method of calculation Solar forcing (Wm~=?)

GCM fluxes and —53.6
GCM cloud fraction

GCM fluxes and —86.4
GOES cloud fraction

GOES fluxes and —-35.7
GCM cloud fraction

GOES fluxes and —57.6

GOES cloud fraction

6. A critique of the satellite data

Although in Section 5 we have employed the
GOES data (Minnis and Harrison, 1984b) as a
standard against which a GCM was compared,
this was done in the context of illustrating
strategies and pitfalls associated with comparing
GCM output to satellite data. Like GCMs, satel-
lite data can be uncertain, and since, with certain
exceptions (e.g., Slingo, 1982), modelers seldom
question the data against which they compare
their models, it would seem useful to briefly
review the calibration traceability of the GOES
data that we have utilized. As previously dis-
cussed, the GOES instruments were calibrated

R. D. CESS AND G. L. POTTER

against the Nimbus-7 scanning radiometers using
simultaneous measurements for colocation of the
satellites, and we begin with the Nimbus-7
instruments.

The Nimbus-7 biaxial scanners comprise two
filtered instruments that separately measure
shortwave and longwave radiances, with the
longwave instrument being calibrated to an
onboard black body. Due to the wavelength
dependence of the longwave filter, this
instrument’s radiance measurement depends
upon the spectral characteristics of the scene it is
viewing. Thus, in proceeding from calibration
mode to earth-viewing mode, a spectral
correction factor was employed that was
determined using an atmospheric model.

The onboard black body also served as the
ultimate calibration source for the shortwave
scanner through the following procedure. Once
the long-wave scanner was calibrated, the Nim-
bus-7 total (shortwave plus longwave) wide-field-
of-view (WFOV) instrument was calibrated to
the longwave scanner by comparing the two
instruments on the nightside of the planet, inte-
grating the scanner measurements to the field of
view of the WFOV instrument. A similar proce-
dure was then repeated on the dayside of the
planet, except that here the integrated longwave
scanner measurements were subtracted from
the total WFOV measurements, producing
“shortwave truth” to which the shortwave
scanner was calibrated. As with the longwave
instrument, the spectral transmittance of the
shortwave scanner’s detector system is strongly
wavelength dependent, and this calibration pro-
cedure produced a ‘“‘global” spectral correction
factor. Realistically this correction factor is de-
pendent upon the particular scene that the
instrument is viewing (desert, ocean, vegetation,
clouds, etc.). Recent experience with the ERBE
(Earth Radiation Budget Experiment) scanners,
which have a comparable detector-system spec-
tral transmittance, indicates that scene type can
introduce about a 10% variability in measured
shortwave radiances if a single global correction
is applied.

These Nimbus-7 scanners then served as the
calibration sources for the GOES spin scan
radiometers, which are narrow-band instruments
with the wavelength interval of the shortwave
instrument being roughly 0.55 to 0.75 um, while
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that of the longwave instrument is about 10.5 to
12.5 um. In both cases the GOES instruments
were regressed against the respective Nimbus-7
instruments (Minnis and Harrison, 1984b) by
performing fits of Nimbus-7 radiance measure-
ments to GOES radiances (longwave) and the
square of GOES instrument counts (shortwave).

The Nimbus-7 to GOES shortwave regression
fit performed by Minnis and Harrison (1984b) is
notable in that it constitutes the first narrow- to
broad-band shortwave conversion. Previously it
was conventional to simply assume that narrow-
band albedo measurements were representative
of broad-band quantities (e.g., Gruber and
Winston, 1978 ; Saunders et al., 1983).

A specific virtue of the GOES measurements is
that, since the satellite is geostationary, they are
measurements that are made throughout the
diurnal cycle, but with a corresponding restric-
tion as to geographical domain. In contrast, most
earth radiation budget measurements have been
made from polar orbiters, such as Nimbus-7
which has a noon equator crossing time, and thus
there is an uncertainty associated with deducing a
diurnal average from limited local-time measure-
ments. Nevertheless, one must be cognizant of
the rather involved calibration traceability of the
GOES instruments, particularly with respect to
the shortwave measurements which additionally
convolve a “global” Nimbus-7 spectral correction
with a GOES spectral correction.

The point is that, as with GCM output, it is
necessary to intercompare earth radiation budget
data as a means of appraising the validity of the
data sets. Such intercomparisons are an inherent
part of the current Earth Radiation Budget
experiment.

7. Summary and conclusions

The conclusions of the present paper are two-
fold. First, an intercomparison of cloud radiative
forcing, as predicted by six different GCMs,
shows a considerable lack of agreement. Even
when account is taken of differences in the
models’ modes of operation, there is still substan-
tial disagreement. In view of this, it would seem
hazardous to attempt, at the present time, to
employ a GCM to predict cloud radiative
feedback, since this is a feedback process
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associated with climate-induced changes in cloud
radiative forcing. This does not, however, pre-
clude the necessity of diagnosing cloud radiative
feedback within a GCM as a means of
understanding the model’s behavior; under-
standing and predicting are two quite separate
issues.

The second point is that comparisons of GCM
output with satellite data must be made with
caution, since compensating errors might easily
mask inadequacies of a model. To reemphasize
this important point, we selectively list in Table
11 certain of the results that were previously
given in Tables 7 and 8. These comparisons, by
themselves, show a reasonable degree of agree-
ment between the satellite data and the GCM.
But recall that this reasonable agreement is the
consequence of compensating errors in overcast
fluxes and cloud cover, as has been emphasized
with respect to Tables 9 and 10.

In this regard, it should be noted that ERBE
will provide, as a standard monthly product, the
infrared and solar components of both the top-of-
the-atmosphere total fluxes and cloud radiative
forcing. Since these are the same sort of data as
the selective GOES solar data given in Table 11,
then the standard ERBE data products will
comprise necessary but not sufficient constraints
for the validation of climate models. This
emphasizes the additional need for cloud clima-
tology data sets.

And, as with earth radiation budget data,
intercomparisons of cloud climatology data sets
will be necessary. For example, within the
context of the present study recall that the
OSU/LLNL GCM produces better agreement
with observed cloud cover for July (Fig. 6) than
for November (Fig. 5). The question is whether
this is due to a monthly preference by the GCM,

Table 11. Comparisons of the net downward solar
flux at the top of the atmosphere and the solar
component of cloud radiative forcing as determined
from GOES measurements and as predicted by the
OSU/LLNL GCM

Quantity (Wm~2) GOES OSU/LLNL GCM
solar flux 279 289
solar cloud forcing ~57.6 —53.6
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or whether it is an artifact of using two different
data sets. It would seem most useful to inter-
compare cloud amounts as determined from
GOES and Nimbus-7 measurements. But
unfortunately the Nimbus-7 data have been
processed only for January and July, whereas the
GOES data are available only for November.
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