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Influence of cloud feedback on annual variation of
global mean surface temperature

Yoko Tsushima and Syukuro Manabe

Frontier Research System for Global Change, Kanagawa, Japan

Abstract. The goal of this study is to estimate the cloud radiative feedback effect
on the annual variation of the global mean surface temperature using radiative flux
data from the Earth Radiation Budget Experiment. We found that the influence
of the cloud feedback upon the change of the global mean swrface temperature
is quite small, though the increase of the temperature is as much as 3.3 K from
January to July. On a global scale, we found no significant relationship between
either solar reflectivity of clouds or effective cloud top height and the annual cycle
of surface temperature. The same analysis was repeated using the output from
three general circulation models, which explicitly predict microphysical properties
of cloud cover. On a global scale, both solar cloud reflectivity and cloud top height
increase significantly with the increase of surface temperature, in contrast to the
observation. The comparative analysis conducted here could be used as an effective

test for evaluating the cloud feedback process of a model.

1. Introduction

The heat balance of this planet is maintained by the
heating due to the absorption of incoming solar radi-
ation and the cooling due to the emission of outgo-
ing radiation. It is well known that cloud cover ex-
erts a large influence on the Earth’s heat budget. For
example, clouds reflect solar radiation thereby cooling
the atmosphere-Earth surface system. Clouds also ab-
sorb the upward infrared radiation emitted from the
Earth’s surface and lower troposphere with relatively
high temperature and emits it at low temperature, re-
ducing the outgoing radiation from the top of the at-
mosphere. Thus clouds also have a warming effect (i.e.,
the greenhouse effect). Since the cooling effect usually
exceeds the warming effect [e.g., Manabe and Wether-
ald, 1967], cloud cover has a net cooling effect upon the
heat balance [e.g., Ramanathan et al., 1989).

It has been speculated that accompanying with cli-
mate change such as global warming, the distribution
and optical properties of clouds are altered, significantly
affecting the temperature change in the atmosphere-
Earth surface system. This is called the cloud feed-
back effect. Unfortunately, our current knowledge of
the cloud feedback effect is far from satisfactory. We
do not know the sign let alone the magnitude of the ef-
fect. The large range of uncertainty associated with the
estimate of future climate change by the Intergovern-
mental Panel on Climate Change is attributable in no
small part to our failure to reliably determine the influ-
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ence of the cloud feedback effect upon global warming.

In order to reliably project future climate change, it is
therefore necessary to validate the cloud feedback pro-
cess of a general circulation model (GCM) of the atmo-
sphere based upon observation. In this study, we want
to test the cloud feedback effect of a model by quan-
titatively comparing the observed and simulated cloud
feedback effect upon the annual variation of global mean
surface temperature. Unfortunately, as described be-
low, the pattern of observed annual variations of global
mean surface air temperature is highly variable horizon-
tally and is quite different from the pattern of global
warming simulated by a model. Therefore there is no
guarantee that the cloud feedback process affects the
annual variation of global mean surface temperature
in the same way as it affects the increase of surface
temperature associated with global warming. Never-
theless, the annual variation of surface temperature is
the largest observable climate change available for val-
idating of a climate model. In the present study, we
quantitatively evaluate the influence of the cloud feed-
back process upon the annual variation of global mean
surface temperature, using the observed solar and long-
wave fluxes at the top of the atmosphere. We chose
the global domain for the analysis because global av-
eraging eliminates the undue influence of local change
in radiative fluxes due to horizontal movement of cloud
cover.

Figure 1a illustrates the annual variations of surface
air ternperature averaged over the entire globe and the
Northern and Southern Hemispheres. It shows that
surface temperature averaged over the Northern Hemi-
sphere has an annual variation that is out of phase and
is much larger than that of the Southern Hemispheres.
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Figure 1. (a) Annual variation of surface temperature (K). Long dash, short dash, and solid
line denote Southern Hemishere, Northern Hemisphere, and global mean value. (b) Geographical
distribution of the difference in monthly mean surface temperature between July and January.

Contour intervals are 10 K.

Thus global mean surface temperature varies in phase
with Northern Hemisphere mean surface temperature
and has an annual range of about 3.3 K. This is be-
cause the annual range of the surface temperature is
much larger over continents than over oceans and the
fraction of continents is larger in the Northern than in
the Southern Hemisphere. Although the annual range
of surface temperature (Figure 1b) has quite different
geographical distribution from the simulated response
of surface temperature to the doubling of atmospheric
carbon dioxide, the global mean value of the former is
comparable in magnitude to the latter. The main goal

of the present study is to evaluate and compare the ob-
served and simulated influences of the cloud feedback
effect upon the annual variation of the global mean sur-
face temperature.

In section 2, the basic formulation is obtained for an-
alyzing the cloud feedback process, and the data used
for the analysis are identified. Section 3 analyzes the
cloud feedback process in the annual variation of global
mean surface temperature, using radiative fluxes ob-
served at the top of the atmosphere. Section 4 compares
the results thus obtained with those from three general
circulation models of the atmosphere, in which cloud
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microphysical properties are parameterized explicitly.
Finally, the implication of the results obtained is dis-
cussed in section 5.

2. Feedback Parameter
2.1. Basic Equations

This subsection derives the basic formulation used for
analyzing the cloud feedback process in the annual vari-
ation of the global mean temperature. Normally, feed-
back analysis is applied to the equilibrium response of
the global mean surface temperature to radiative forc-
ing such as the change in the atmospheric concentration
of greenhouse gases. In the present study, however, it
is applied to the annual variation of global mean sur-
face temperature, which is the periodic response to the
seasonal variation of solar radiation.

The global mean, net downward flux of radiation at
the top of the atmosphere R may be subdivided as

R=Rs+Ry, (1)

where Rg and Ry are the net downward fluxes of solar
and terrestrial radiation, respectively, at the top of the
atmosphere. Here ( ) indicates global averaging of the
variable ( ). (In this study, the area-averaging ( ) is
made over the area between 60°N and 60°S as explained
in subsection 2.3.) Rs and R; may be expressed as

Rs = So(l-a), (2)

and

R_L = —Z> (3)

where o is the planetary albedo (i.e., the reflectivity
of incoming solar radiation), Sg is the flux of incoming
solar radiation, and L is the upward flux of terrestrial
radiation at the top of the atmosphere.

In the annual variation, the differential of radiative
flux at the top of the atmosphere may be subdivided as

_ ORs __

dR = 55, dSp — AdT5, (4)
where X is the feedback parameter [e.g., Dickinson,
1981] and T, denotes the global mean surface tempera-
ture. The first term on the right-hand side of (4) indi-
cates the contribution from the change in the incoming
solar flux at the top of the atmosphere. The second
term indicates the change in radiative flux associated
with an infinitesimal change of the global mean surface
temperature dT,, which results from the annual varia-
tion of solar insolation. Following Wetherald and Man-
abe [1988], the feedback parameter A may be expressed
by

s S s S g S —
ORdT OR dr ORdC OR da

e — I y—— g la— iy — 5
6TdT3+6rde+3Cde+8ade > 9
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where

“S_ (7 @
()_A(>g. (6)

Here p denotes pressure, ps is surface pressure, and g
is the acceleration of gravity. The four terms on the
right-hand side of (5) represent the contributions from
the changes in temperature T, mixing ratio of water
vapor r, cloud cover C, and surface albedo a.

The feedback effect may be divided into basic radia-
tive damping of surface temperature anomalies and the
modification of the radiative damping through other
feedback processes. The outgoing flux of terrestrial ra-
diation at the top of the atmosphere follows the so called
Stefan-Boltzmann law and is related to the global mean
surface temperature as

R, =-L= —eoT,, (7)

where ¢ is the Stefan-Boltzmann coefficient and € is a
coefficient of planetary emission. Using (7), the first
term on the right-hand side of (5) may be expressed as

Ny e ey

ORdT _ 0OR dT

oT dT, 0T dT,

" 8R, dT-T,)
= Ao+ AL
tor-1y a0 ©
where

Xo = 4eoTy’, )

representing the strength of the basic Stefan-Boltzmann
radiative damping. The second term on the right-hand
side of (8) is the net downward flux change associated
with the change in the lapse rate profile. Using (8), one
can rewrite (5) as follows:

A=X( = frr—fr —fc = fa), (10)

where

8R  d(T-Ty)
T -T,) dT,
——
1 oR dr
A — or dT, . (1)
fC )\0 Ny,
fi bR dC
aC dT,
OF da.
\ 8a dT,

fLR

Parameters frr, fr, fc, and f, represent the relative
magnitude of the modification to the basic feedback
effect of Stefan-Boltzmann radiative damping through
the changes in lapse rate, mixing ratio of water vapor,
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cloud cover, and surface albedo. They are called gain
factors and used by Hansen et al. [1984] to evaluate
the contribution of various feedback effects in their cli-
mate model. As (10) indicates, a positive gain factor
contributes to the reduction of A, for example, exerting
positive feedback upon the change of surface tempera-
ture. The gain factor for the cloud feedback processes
fc may be subdivided into solar and longwave compo-
nents as follows:

fc = fes + fer, (12)
where
1 |ORs dC OR; dC
— — |9fs ab ohyp ab
(fes, for) = Xo !80 dT,’ 8C de] ’ (13)

As discussed in subsection 2.2 on cloud forcing, the
cloud gain factors fcs and fcr are computed from (13).

2.2. Cloud Forcing

This subsection derives the formula for estimating the
cloud gain factors fes and fr; defined in subsection
2.1. Following Charlock and Ramanathan [1985], solar
and longwave cloud forcings are defined as

CF. s =

Rs — Rgyg (14)

and

CF;, = Ry — Ry, (15)
where Rgg and Ry are the net downward fluxes of solar
and terrestrial radiation at the top of cloud-free atmo-
sphere, respectively. Since O(CFs)/0C = 8(Rs)/0C
and O(CFL)/0C = 8(R)/OC, (13) may be rewritten

as follows:

1 ’aCF; dCc 1 ’GC’FZ dC
i = N T A =T Y . ].
(fes, fer) (/\0 aC dT. % 9C de) (16)

Here we shall obtain the relationship necessary to
compute the gain factor of cloud feedback from the
annual variation of solar and longwave cloud forcing.
Using (2) and (14), solar cloud forcing (CFs) may be
expressed as

CFS = So(a()—a), (17)

where aq is the planetary albedo for clear sky. For con-
venience of analysis, we introduce the “annually nor-
malized solar cloud forcing” (C'Fs,), defined by

CFSA = [So]A(ao - Ot),

1 year
(/ ( )dt) /(1 year).

(18)

where

[( N4 = (19)
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The total derivatives of annually normalized solar cloud
forcing and longwave cloud forcing with respect to the
global mean surface temperature may be expressed by
the following equations:

dCFsa _9CFsa dC 0CFs, dr
dT, 8C dT, or dT,
OCFs4 da

da dT,

(20)

dCF; 9CFy dC N CFy, dr
dT, =~ 98C dT, or dT,

e Ny
OCFy dT
oT dT,’
Using an algorithm for computing atmospheric radia-
tive transfer, we estimated the magnitudes of the sec-
ond and third terms in (20) and (21) and found that
they are small (see appendix A). Neglecting the second
and third terms on the right-hand sides of (20) and (21),
one gets the following approximate relationship:

(21)

[ e N,
dCFg4 OCFss dC (22)
dT, oC dT,
___ e N,
dCF,  0CF ac (23)
dT, ~— 08C dT,’
Using the relationship
dCFsy  [OCFs
ac - [ ac } st (24)

(16) may be rewritten as

1 dCFsa 1 dCFy,
(fesls,g54: for) = (Ao T, %o dT; ) (25)

From (13) and (25), cloud gain factor fc may be rep-
resented by

d(CFss + CFy)

1
— 26
Ao dT, (26)

fc=Ffecs+ forL =

In the present study, the gain factors fcs, for, and fc
defined above are estimated using (25) and (26).

2.3. Data

Solar and longwave cloud forcing, which are used for
the feedback analysis described in this study, are com-
puted from the data of monthly mean radiative fluxes
at the top of the atmosphere. The data were obtained
by Harrison et al. [1990] for February 1985 to February
1990, using the data from the Earth Radiation Budget
Experiments (ERBE).

Monthly mean surface temperature needed for the
analysis is obtained from the National Center for En-
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vironmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis [Kalnay et
al., 1996], covering January 1982 to December 1994.
Monthly mean total cloudiness is determined using

the D2 data from the International Cloud Climatology
Project (ISCCP) that are available from January 1986
to January 1987 and December 1987 to February 1993.

The monthly climatologies of radiative fluxes, sur-
face temperature, and total cloudiness are obtained by
averaging monthly mean grid point data over 5-, 12-
, and 6-year periods, respectively. The monthly mean
radiative flux data for clear sky needed for computing
cloud radiative forcing have large regions where the data
are sporadically missing. For these regions, monthly
mean clear sky fluxes were computed averaging over
only those years when ERBE data were available. For-
tunately, solar and longwave radiation fluxes for clear
sky are available in 88% of the analysis domain identi-
fied in next paragraph.

Because of the difficulty in reliably determining solar
cloud forcing over polar regions covered by snow, sea ice,
and/or continental ice sheets with high surface albedo
as noted by Nemesure et al. [1994], the analysis was
conducted over the domain bounded by 60°N and 60°S

latitudes. The global averaging operator { ) used in
subsection 2.1 and 2.2 indicates area averaging of ()
over this domain, which covers 87% of the globe.

3. Annual Variation of Cloud Forcing
3.1. Annually Normalized Solar Cloud Forcing

Ir: Figure 2a, the global mean annually normaiized
solar cloud forcing (CFg,) is plotted against the global
mean surface temperature (T,) for 12 months. The coi-
relation between the two variables is not significantly
different from zero (confidence level = 95%). The solar
cloud gain factor (fes) is computed using (16). The
regression coefficient between the annually normalized
solar cloud forcing and the global mean surface tem-
perature is +0.139 W m~2 K~} yielding small positive
value of fe:g, i.e., +0.042. This value, the relative mag-
nitude of feedback effect to basic negative blackbody
radiative feedback, is much smaller than 1. The present
result implies that on a global scale, solar cloud forcing
exerts hardly any feedback upon the annual variation
of the global mean surface temperature.

In order to investigate how the global mean cloud re-
flectivity depends upon the annual variation of global
mean surface temperature, we obtain the annually nor-
malized solar cloud forcing per unit cloudy area, divid-
ing the global mean, annually normalized solar cloud
forcing by globally averaged total cloudiness (Cr). This
quantity is negative, representing the loss of energy
from the top of the atmosphere due to the reflection of
solar energy from unit cloudy area. Reversing its sign,
it is proportional to the cloud reflectivity of solar radi-
ation at the top of the atmosphere (i.e., the planetary
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Figure 2. For each month, globally averaged monthly mean val-
ues of (a) annually normalized solar cloud forcing (CFs4 (W m~2))
and (b) annually normalized solar cloud forcing per unit cloudy area
(CFsa/Ct (W m™2)) are plotted against the global mean surface
temperature (T, (K)). The number near each dot indicates the month
plotted. The slopes of the regression lines in Figures 2a and 2b are
0.14 and —-0.32, respectively.

albedo of clouds). The 12 monthly values of this vari-
able are plotted in Figure 2b against the global mean
surface temperature. Figure 2b indicates that the an-
nually normalized cloud forcing per unit cloudy area
does not depend systematically upon the global mean
surface temperature because neither globally averaged
annuaily normalized solar cloud forcing (Figure 2) nor
totai cloudiness (Figure 3) depend significantiv upon
the global mean surface temperature. In short, global
mean planetary albedo of cloud cover does not depend
significantly upon global mean surface temperavure.

As noted earlier, cloud optical thickness is a crude
indicator of cloud reflectivity of visible radiative Hux.
Rossow and Lacis {1990] analyzed the relationship be-
tween global mean cloud optical thickness and the global
mean surface temperature. They found that global
mean cloud optical thickness shows little dependence
on Lhe global mean surface temperature.

Here we have conducted similar analysis using the
data of ISCCP, obtained from geostationary weather
satellites. The data, which were compiled by Rossow
and Schiffer [1991], have better temporal resolution (8
times per day) and cover longer periods (about 6 years)
than the data used by Rossow and Lacis [1990]. The
global mean optical thickness (7) was computed for
12 months using the level D2 data and are plotted
in Figure 4 against the global mean surface tempera-
ture. Apgain, the correlation between the two variables
is not significantly different from zero (confidence level
= 95%), confirming the earlier finding of Rossow and
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Figure 3. As previous figures but plotting globally averaged monthly
mean total cloudiness (C7) against the global mean surface temper-
ature (T, (K)). The slope of the regression line is —0.0047.

290 291

Lacis [1990] that global mean cloud optical thickness
does not depend upon temperature.

3.2. Longwave Cloud Forcing

Figure 5a shows the scatter plot of global mean long-
wave cloud forcing (CFr) versus the global mean sur-
face temperature. The correlation between the two vari-
ables is not significantly different from zero (confidence
level = 95%). Cloud gain factor (fc.) is computed from
the slope of the regression line to be —0.083. Inamdar
and Ramanathan [1998], in their study of global scale
water vapor feedback, also noted that cloud longwave
forcing feedback does not contribute to the global sen-
sitivity. Although it is just a comment without quanti-
tative discussion, their result appears to be consistent
with what we obtained here.

In order to evaluate the effect of cloud height change
upon the longwave components of the cloud feedback
process, we divided global mean longwave cloud forcing
by total cloudiness, which decreases slightly with in-
creasing global mean surface temperature, as shown in
Figure 3. The global mean longwave cloud forcing per
unit cloudy area thus computed is plotted against the
global mean surface temperature in Figure 5b. Again
the correlation between the two variables is not signif-
icantly different from zero (confidence level = 95%),
indicating that the effective emission temperature of
cloud for outgoing longwave radiation, on a global scale,
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Figure 4. As previous figures but plotting globally averaged monthly
mean cloud optical thickness (7) against the global mean surface tem-

perature (T, (K)). The slope of the regression line is —0.06.
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Figure 8. As previous figures but plotting (a) longwave cloud forcing
(CF (W m~2)) and (b) longwave cloud forcing per unit cloudy area
(CFL/Cr (W m~2)) against the global mean surface temperature (7,
(K)). The slopes of the regression lines in Figures 5a and 5b are —0.28
and —0.09, respectively.

shows little dependence on the global mean surface tem-
perature. This result implies that on a global scale,
cloud effective height does not depend significantly upon
surface temperature.

Determining cloud height from the data of 11 mi-
cron radiance, which were obtained by NOAA 5 Scan-
ning Radiometer data, Rossow and Lacis [1990] demon-
strated that the annual variation of global mean cloud
height shows little dependence on that of the global
mean surface temperature. Their conclusion appears to
be consistent with the present results.

Here we have performed similar analysis using IS-
CCP D2 data compiled by Rossow and Schiffer [1991].
Monthly mean cloud top temperature obtained by IS-
CCP is converted to the physical height, using height
field data of NCEP/NCAR reanalysis [Kalnay et al.,
1996]. Global mean cloud top height thus obtained is
plotted against the global mean surface temperature
for 12 months as shown in Figure 6. The correlation
between the two variables is not significantly differ-
ent from zero (confidence level = 95%), indicating that
global mean cloud height has little dependence on the
global mean surface temperature. Both the present and
earlier analysis of Rossow and Lacis [1990] are consis-
tent with the analysis of longwave cloud forcing con-
ducted here.

3.3. Annually Normalized Total Cloud Forcing

In this subsection, we analyze annually normalized
total cloud forcing CF,, which is the sum of annually
normalized solar cloud forcing and longwave cloud fore-
ing (CF4 = CFss+ CFy). In Figure 7a, annually nor-
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Figure 6. As previous figures but plotting globally averaged monthly
mean cloud top height (m) against the global mean surface tempera-

ture (Ts (K)). The slope of the regression line is 8.99.

malized total cloud forcing is plotted against the global
mean surface temperature for 12 months. Again the
correlation between the two variables is not significantly
different from zero {confidence level = 95%). Cloud gain
factor fo (= fos + for) is computed from the regres-
sion coefficient, yielding —0.041. This result indicates
that the cloud feedback process as a whole neither re-
duces nor enhances the annual variation of the global
mean surface temperature.

Dividing the global mean annually normalized total
¢loud forcing by total cloudiness, we computed the an-
nually normalized total cloud forcing per unit cloudy
area. The 12 monthly values of this variable are plotted
against the global mean surface temperature as shown
in Figume 7b. This figure shows that the annually nor-
malized total cloud forcing per unit clond-covered arca
does not depend significantly upon the glot.al mean sur-
face temperature. It appears that cloud radiative forc-
ing docs not significantly affect the annual variation of
the global mean surface temperature on a global scale.

4. Comparison With Models

Onc of the most challenging tasks in modeling the
cloud feedback process is the parameterization of the
microphysical properties of cloud cover. Among the at-
mospheric models submitted to the Atmospheric Model
Intercomparison Project I (AMIP I) [Gates, 1992], we
chose three atmospheric GCMs, in which the micro-
physical properties of cloud cover are predicted explic-
itly. Fortunately, for these three models, AMIP data
bank contains the information on solar and longwave
cloud forcing separately, making it possible to compute
cloud gain factors in a manner similar to the analysis
of ERBE data described in section 3.

The cloud gain factors of the three models are tabu-
lated in Table 1. For comparison, those computed from
observed cloud forcing are added to the same table.
This table indicates that cloud gain factor fc is —0.020
for Center for Climate System Research/National In-
stitute for Environmental Study (CCSR/NIES) and
+0.024 for United Kingdom Meteorological Office
(UKMO) models and is small in qualitative agreement
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with observations. However, when one looks separately
at solar and longwave gain factors (i.e., fcs and fer),
they are not necessarily small for CCSR/NIES and Max
Planck Institute for Meteorology (MPI) models (though
they are small for the UKMO model).

Solar and longwave cloud forcing are affected by not
only cloud optical properties but also cloudiness. Here
we examine how these cloud forcings per unit cloud-
covered area in these models are affected by the global
mean surface temperature. From such analysis, we
found the systematic differences between model simula-
tions and observation described below.

In Figure 8, globally averaged monthly mean total
cloudiness is plotted against the global mean surface
temperature. In all three models, total cloudiness de-
creases slightly with increasing temperature, in qualita-
tive agreement with observation (see Figure 8d). The
slopes of the regression, however, are larger than the
observation.

To determine how solar reflectivity of clouds depends
upon the surface temperature, we divided the monthly
mean value of globally averaged, annually normalized
solar cloud forcing by total cloudiness and plotted it
against the global mean surface temperature in Fig-
ure 9. In all three models, the annually normalized
solar cloud forcing per unit cloudy area thus computed
increases substantially with increasing surface tempera-
ture. This is in sharp contrast to observations in which
the former shows little dependence on the latter (Fig-
ure 9d). The results shown here imply that the solar
reflectivity of clouds increases sharply with increasing
surface temperature in all three models.
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Figure 7. As previous figures but plotting (a) annually normalized
total cloud forcing (CF4 (W m~?)) and (b) annually normalized total
cloud forcing per unit cloudy area (CF4/Cr (W m™?%)) against the
global mean surface temperature (T, (K)). The slopes of the regression
lines in Figures 7a and b are —0.14 and —0.41, respectively.
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Table 1. The fcs,fci,fc and related variables in GCM With Prognostic
Cloud Scheme®

Lha Wm™) C(Wm™) fos for  fo
CCSR/NIES ~0.496 +0.432 -0.150 +40.131 -0.020 _
MPI —0.697 +0.350 -0.211 40.106 —0.105
UKMO —0.052 +0.131 —0.016 +0.040 +0.024
ERBE +0.139 —0.275 +0.042 —0.083 -—0.041

aQbservational values are listed at the bottom for reference.
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In order to explore why global mean solar cloud re-
flectivity increases with global mean surface tempera-
ture in the CCSR/NIES model, we computed the global
mean cloud water content of the model, dividing the
globally integrated weight of cloud water by that of
cloud-containing air mass. The monthly mean value
of global mean cloud water content thus computed is
plotted against that of global mean surface tempera-
ture in Figure 10. This figure indicates that the global
mean cloud water content increases significantly with
increasing global mean surface temperature. As the
global mean surface temperature increases from Jan-
uary to July for example, the percentage increase in
global mean cloud water content during the same pe-
riod (Figure 10) is comparable to the percentage change
in annually normalized solar cloud forcing (Figure 9a).
(Note that the absolute value of annually normalized so-
lar cloud forcing is proportional to the planetary cloud
albedo.) The result presented here implies that, at least
for the CCSR model, the dependence of global mean
planetary cloud albedo upon the global mean surface
temperature is attributable, in no small part, to the
change in global mean cloud water content.

To determine how the effective temperature for out-
going radiation depends upon surface temperature, glob-
ally averaged monthly mean longwave cloud forcing is
divided by total cloudiness and is plotted against the
global mean surface temperature (Figure 11). This
figure indicates that longwave cloud forcing per unit
cloudy area increases substantially with increasing sur-
face temperature in all three models, in sharp contrast
to observation in which longwave cloud forcing per unit
cloudy area shows little dependence on surface tempera-
ture (see Figure 11d). This result implies that the effec-
tive temperature, and accordingly, the effective height

: L of cloud top for outgoing radiation, on a global scale, in-
0.6 (d)ISCCPI. . : crease significantly with increasing surface temperature
290 291 292 293 294 295  in all three models.

Ts[K]

Figure 8. As previous figures but plotting globally averaged monthly
mean total cloudiness (Cr) against the global mean surface temper-
ature (T, (K)) in (a) CCSR/NIES, (b) MPI, and (¢) UKMO. (d) For
comparison, that computed from observed data is added in the bot-
tom low. The slopes of the regression lines in Figures 8a, 8b, 8¢, and
8d are —0.0124, —0.0068, —0.0123, and —0.047, respectively.

The increase of the effective temperature for the out-
going radiation described above may, at least partly,
be attributable to the increase of mean cloud height
with increasing temperature. To evaluate this specula-
tion, the global mean cloud height weighted by cloud
water is computed for the CCSR/NIES model and is
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Figure 9. As previous figures but plotting annually normalized so-
lar cloud forcing per unit cloudy area (CFsa/Ct (W m~?)) against
global mean surface temperature (T, (K)) in (a) CCSR/NIES, (b)
MPI, and (c) UKMO. (d) For comparison, that computed from ob-
served data is added in the bottom low. The slopes of the regression
lines in Figures 9a, 9b, 9¢, and 9d are —2.01, —2.82, —3.00, and —0.32,
respectively.

plotted against the global mean surface temperature in
Figure 12. This figure indicates that mean cloud height
increases significantly with increasing temperature, on a
global scale, which supports the above-mentioned spec-
ulation.

5. Summary and Conclusions

This study investigated the influence of cloud feed-
back process upon the annual variation of the global
mean surface temperature, using the radiative flux data
from the Earth Radiation Budget Experiment. We
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found that both global mean annually normalized solar
cloud forcing and longwave cloud forcing depend little
upon the annual variation of global mean surface tem-
perature. Thus clouds neither amplify nor damp the
annual variation of global mean surface temperature.
The analysis of solar radiative forcing and optical prop-
erties of cloud indicates that not only the reflectivity
but also the amount and effective height of cloud de-
pend very little upon global mean surface temperature.
In short, cloud feedback hardly affects the annual vari-
ation of surface temperature on a global scale.

On the basis of the results summarized above, one
is tempted to speculate that cloud feedback has little
effect on the annual variation of global mean tempera-
ture or on global warming. However, such speculation is
premature in view of the large difference in the pattern
of temperature change between the two phenomena.

Using the analysis of aircraft observations over Rus-
sia, Feigelson [1978] noted that liquid water content of
stratus clouds increases with increasing temperature,
thereby increasing its reflectivity of solar radiation. Re-
ferring to the results of her study, Somerwlle and Re-
mer [1984] speculated that, in general, the albedo of
clouds may increases with increasing temperature, ex-
erting negative feedback upon the climate. Using IS-
CCP data from geostationary satellites, Tselioudis et
al. [1992] determined the optical thickness of clouds,
which may be regarded as a crude indicator of cloud re-
flectivity. Their results indicate that, although the op-
tical thickness of clouds increases with increasing tem-
perature in high latitudes, it decreases in the tropical
and subtropical latitudes. Obviously, both the micro-
physical properties and the distribution and type of
cloud undergo large seasonal variations. Therefore it
is premature to judge the validity of the speculation of
Somerville and Remer based upon the feedback analy-
sis of simulated and observed annual variation. Never-
theless, our result suggests that global mean planetary
cloud albedo does not increase with increasing global
mean surface temperature, apparent contradicting the
speculation of Somerville and Remer.
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Figure 10. As previous figures but plotting globally averaged

monthly mean cloud water content per unit cloud-containing air mass
(107 kg kg~!) of the CCSR/NIES GCM is plotted against the global
mean surface temperature (75 (K)). The slope of the regression line
is 2.20 x10~%(kg kg~! K71).
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In the annual variation of the three AMIP models,
in which the microphysical properties of clouds are pre-
dicted explicitly, the globally averaged planetary cloud
albedo increases with increasing global mean surface
temperature. The analysis of one model, for which
cloud water information is available to us, indicates that
the global mean cloud water content also increases with
global mean surface temperature in conformity with the
speculation made by Somerville and Remer. It is found
that both global mean annually normalized solar cloud
forcing and longwave cloud forcing depend little upon
the annual variation of global mean surface tempera-
ture. Thus clouds neither amplify nor damp the an-
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Figure 11. As previous figures but plotting longwave cloud forcing
per unit cloudy area (CF/Cr (W m~2)) against global mean surface
temperature (T, (K)) in (a) CCSR/NIES, (b) MPI, and (c) UKMO.
(d) For comparison, that computed from observed data is added in
the bottom low. The slopes of the regression lines in Figures 11a,
11b, 11c, and 11d are 1.42, 1.55, 1.59, and —0.09, respectively.
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As previous figures but plotting globally averaged
monthly mean cloud height (m) weighted by cloud water against the
global mean surface temperature (T, (K)) in CCSR/NIES GCM. The
slope of the regression line is 42.46.
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Figure 12.

nual variation of global mean surface temperature. The
analysis of solar radiative forcing and optical properties
of clouds indicates that not only the reflectivity but
also the amount and effective height of cloud depends
very little upon global mean surface temperature. In
short, cloud feedback process hardly affects the annual
variation of surface temperature at global scale. The
result presented here suggests that the parameteriza-
tion of microphysical properties of cloud in these three
models may be biased systematically as compared with
observation.

We also found that globally averaged effective cloud
top height, which is determined from the analysis of ob-
served outgoing longwave radiation at the top of the at-
mosphere, hardly changes despite the annual variation
of the global mean surface temperature. In contrast,
global mean cloud top height increases significantly with
increasing global mean surface temperature in all three
models selected for the present analysis. In the numer-
ical experiments conducted earlier by Wetherald and
Manabe [1988] and Senior and Mitchell [1993], the alti-
tude of high clouds also increases in response to the in-
crease in atmospheric CO; concentration. The increase
in cloud top height helps reduce the effective emission
temperature for the outgoing radiation from the top of
the atmosphere, enhancing COz-induced warming. In
interpreting of the above results, one has to recognize,
however, that the seasonal changes in the distribution
and type of cloud are much larger and are quite different
from the change associated with simulated COs-induced
warming. Nevertheless, the present study suggests that
some current models may exaggerate the positive feed-
back effect, which involves the change in cloud altitude.

Comparing the observed and simulated strength of
the cloud feedback process that operates on the annual
variation of global mean surface temperature, one can
identify the systematic bias of a model. Therefore we
would like to recommend the comparative analysis of
observed and simulated cloud feedback processes in the
annual variation of global mean surface temperature as
an effective test for evaluating models.
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Appendix A

In order to estimate cloud gain factors from solar and
longwave cloud forcing using (25), we ignore the contri-
butions of the changes in temperature, water vapor, and
surface albedo to the total derivative cloud forcing with
respect to the global mean surface temperature (i.e., the
second and third terms of (20) and (21)). We attempted
to estimate the order of magnitude of these terms, using
FSTARS5C of the general package R-Star in the System
for Transfer of Atmospheric radiation series, developed
at the University of Tokyo and Munich University. The
R-Star package is based upon the algorithm of Naka-
jima and Tanaka [1983, 1986, 1988], and a LOWTRAN
7 gas absorption model [Kneizys et al., 1986]. Instead
of a realistic distribution, we assumed an idealized dis-
tribution of cloud cover, which is uniform horizontally
and does not change with season. Low, middle, high
and deep convective clouds are placed at the altitudes
of 2, 5, 10, and 2 km-10 km and have cloud fractions of
0.275, 0.190, 0.026, and 0.196, respectively. The cloud
amounts are determined subjectively referring to the
study of Rossow and Shiffer [1999] and are adjusted
such that they yield more or less realistic global mean
cloud forcing (i.e. —50 and —30 W m~2 for solar and
longwave cloud forcing, respectively).

We next estimate the second and the third term on
the right-hand side of (20), i.e., the effect of the changes
in water vapor and surface albedo associated with the
unit annual change in the global mean surface tempera-
ture. Considering the latitudinal dependency of surface
albedo and water vapor distribution, we calculated the
contributions from the seven latitude belts, i.e., 60°S-
52.5°8S, 52.5°S-45°S, 45°S-30°8S, 30°S-30°N, 30°N-45°N,
45°N-52.5°N, and 52.5°N-60°N. Globally averaged, an-
nually normalized solar cloud forcing is obtained from
the weighted average of the contributions from the seven
latitude belts identified above.

First we estimated how the annually normalized solar
cloud forcing is affected by the annual change in water
vapor content of the atmosphere. As surface tempera-
ture changes, the temperature profile of the U.S. stan-
dard atmosphere is shifted in parallel with the original
profile, keeping the vertical profile of relative humidity
unchanged. Assuming that all other relevant variables
remain unchanged, the calculation shows that the an-
nually normalized solar cloud forcing changes as little as
—0.004 W m~2 K~! in response to the change in water
vapor associated with a unit change in surface temper-
ature. This translates into an inaccuracy of solar cloud
gain factor of —0.001, which is extremely small.

Second we estimated the third term of (20), i.e., the
change in annually normalized solar cloud forcing in re-
sponse to the change in the surface albedo associated
with a unit annual change in the global mean surface
temperature. Annually normalized solar cloud forcing
is calculated over the surface albedos in two months
(January and July), assuming the idealized cloud dis-
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tribution described earlier as well as all other relevant
variables remaining unchanged. We referred to the In-
ternational Satellite Land Surface Climatology Project
(ISLCP) [Sellers et al., 1995] for seven latitudinal mean
surface albedos. The calculation shows that annually
normalized solar cloud forcing increases by 0.24 W m™2
with 1 K annual change in the global mean surface tem-
perature. This leads to an inaccuracy in the solar cloud
gain factor of 0.073, which is not negligible but small.
We also estimate the sum of the second and third
terms on the right-hand side of (21), i.e., the combined
effect of the changes in temperature and water vapor
per unit change in the global mean surface temperature.
For this purpose, we estimated the change in longwave
cloud forcing when the temperature profile is offset so
that it remains the original profile, keeping the vertical
profile of relative humidity unchanged. Assuming that
the idealized cloud cover as well as all other relevant
variables remain unchanged, the calculation shows that
longwave cloud forcing increases by 0.072 W m~2 in
response to a 1 K change in temperature and associated
change in water vapor. This results in a inaccuracy in
the longwave cloud gain factor of 0.022 and is small.
In conclusion, the magnitudes of the second and third
terms in (20) and (21) appear to be small. Therefore
one can assume that the approximate (25) holds, justi-
fying the computation of cloud gain factors from satel-
lite observation of solar and longwave radiative forcing.
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