Notes and Correspondence

551.513.1
.On the role of clouds in the general circulation of the atmosphere
By GARRY E. HUNT and V. RAMANATHAN and ROBERT M. CHERVIN
Laboratory for Planetary Atmospheres, National Center for Atmospheric Research,*

Departient of Physies and Astroromy, Boulder, Colorado, 80307
University College, London

(Received 1 June 1979)

1. INTRODUCTION

In recent years there has been considerable interest in examining the role played by clouds in
climate, both from model studies and from satellite observations of the earth-atmosphere radiation
budget. As a result of the 1974 JOC Study Conference on Climate (GARP 1974) it was noted
that the cloud-radiation feedback problem was a key limiting factor in the development of physi-
cally realistic self-consistent climate models. This conclusion was reiterated by the 1978 JOC Study
Conference on Parameterization of Exiended Cloudiness and Radiation for Climate Models
(GARP 1978) which recommended “that sensitivity and diagnostic studies be carried out to test the
dependence of climate on cloudiness™. Most model sensitivity studies are based on one-dimen-
sional radiative-convective models (Manabe and Wetherald 1967, for example) which indicate that
complete removal of clouds would increase the global surface temperature (7.) by about 15K.
Analysis of satellite radiation budgets by Ellis (1977) indicates that complete removal of clouds
would enhance the radiative energy absorbed by the carth-atmosphere system by about 25Wm~=2,
roughly equivalent to an increase of 109, in the solar constant. In order to illustrate the significance
of such a large increase in the solar constant we refer to Wetherald and Manabe's (1975) general
circulation medel (GCM) study, which estimates that a mere 29, increase in solar constant in-
creases 7. by 3 K accompanied by a 9K increase in polar 75, and that the equator to pole tempera-
ture difference is decreased by 7K.

The only three-dimensional GCM study of the cloud-climate problem to date is that by B. G.
Hunt (1978), in which clouds were removed completely and GCM simulations, with and without
clouds, compared. For the simulation with clouds, clouds were prescribed on the basis of annual
mean observations; and, furthermore, the GCM simulations were performed for annual mean
conditions. The significant conclusions from this comparison study were: (i) the global 7% increased
by 7K, as opposed to 15 K obtained by earlier studies; and (ii) the meridional forcing function for
the general circulation was largely unaltered by the removal of clouds. Based on these results, Hunt
suggested that the forcing function for the general circulation is independent of cloud cover and
that clouds have a negligible role in providing radiative-dynamical coupling within the atmosphere.

The purpose of this note is to indicate quantitatively that the GCM used by Hunt, because of
neglected feedback processes, underestimated the global forcing function by more than a factor of
two and may have misrepresented the meridional forcing function caused by the removal of clouds.
In addition it is shown that in order to examine the radiative-dynamical coupling provided by
clouds it is necessary to take account of seasonal and land-ocean asymmetries in cloud radiative
forcing — two effects which were neglected in Hunt's GCM. The principal conclusion of our paper,
then, is that, while Hunt’s study is an important first step towards defining the role of clouds in the
general circulation, we need more detailed model and observational studies before arriving at
definite conclusions.

2. ANALYSIS OF HUNT'S STUDY ! NEGLECTED FEEDBACK PROCESSES

The major cause of the underestimation of the global forcing (due to removal of clouds) by
Hunt is the neglect of the ‘relative humidity feedback’ in the radiation calculations. Hunt’s GCM
allows for a hydrological cycle, i.e. atmospheric H,O is a prognostic varizble in the model. As
shown by this GCM, as well as by Wetherald and Manabe’s (1975) GCM study, the atmosphere
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tends to conserve relative humidity by a change in temperature. Then, as the temperature increases,
the H,O amount increases and the consequent enhancement in the H;O longwave radiation
opacity (the so-called ‘greenhousc effect’) amplifies the initial increase in temperature. Manabe and
wetherald (1967) demonstrated that this relative humidity feedback doubles the increase in 7, when
compared with a model which fixes absolute humidity. However, in Hunt’s GCM this feedback is
neglected since the GCM assumes the same absolute humidity in both simulations, with and
without clouds, for the radiation calculations. Consequently, we estimate that the increase in T, of
7K computed by this model would have been 214K (in closcr agreement with the results of
Manabe and Wetherald 1967) had the GCM simulation included the relative humidity feedback in
the radiative calculations.

Another important feedback neglected in the GCM is the ice albedo feedback. As suggested
by several studies, for example Wetherald and Manabe (1975), in regions of i ice and snow cover a
warming of the surface might melt this surface cover, resulting in a decrease in surface albedo; this
albedo decrease would in turn amplify the initial increase in the surface temperature. A summary of
the numerous investigations on this feedback shows that the ice albedo feedback amplifies the
change in T. by a factor of about 1:25 (Lian and Cess 1977), and this contribution of 1-25 to global
7. comes from the increase in polar T, which is larger than the low to mid-latitude warming by a
factor of about 3 (Wetherald and Manabe 1975). This result is in contrast with Hunt's GCM esti-
mates, which suggest that increases in polar surface temperatures are much smaller than increases
in mid-latitude surface temperatures. Consequently, because of the neglect of the ice albedo feed-
back, meridional forcing caused by the removal of clouds is substantially underestimated by the
model, and perhaps more importantly is misrepresented with regard to the sign of the forcing.

3. CONCLUDING REMARKS

There are important seasonal and land--ocean asymmetries in the radiative forcing of clouds
that are neglected in Hunt's GCM which may limit the validity of his cenclusions concerning the
negligible role of clouds in providing radiative-dynamical coupling.

In polar regions complete removal of clouds during winter would radiatively cool the earth—
atmosphere system but would cause radiative warming in summer. This is because solar insolation
during winter is negligible in polar regions and hence removal of clouds would enhance longwave
cooling to space. On the other hand, during summer solar insolation is larger and hence longwave
cooling to space caused by the removal of clouds would be more than compensated by the increased
absorption of solar radiation, particularly when considered in conjunction with the effects of ice—

albedo feedback in reducing surface albedo. This seasonal asymmetry in cloud radiative forcing is -

clearly illustrated by Ellis (1977) who shows that at 60-70°N the parameter d/N/éc (where N is the
net radiative energy budget of the earth-atmosphere system and ¢ is fractional cloudiness) is
22Wm~? during January and that it changes in sign to —61 Wm~2 during July. The resultant
change in perturbation meridional radiative forcing due to cloud removal can play an important
role in determining the effects on the general circulation.

In addition, as shown by Ellis, removal of clouds has a significantly larger effect on the ocean
energy budget than on the land energy budget. Ellis’s analysis of satellite radiation budgets indi-
cates that removal of clouds would exert roughly a 509 larger effect on the ocean radiative energy
budget, in mid-latitudes, than on the land energy budget. Such land-ocean contrast in cloud
radiative effects, which are neglected in Hunt's GCM, can play an important role (because of their
effects on excitation of planetary scale waves) in determining the radiative-dynamical effects of
clouds.

The list of neglected cloud radiative processes given above, that may determine the role of
clouds on climate, is by no means exhaustive. It should be pointed out that all current GCMs and
other, less sophisticated climate models suffer from similar or different types of deficiencies, the
reason for such deficiencies being lack of adequate observational data and theoretical framework
regarding cloud distributions and their radiative effects. The cxistence of these deficiencies in
current GCMs does not necessarily imply that the GCMs are unsuitable for climate studies; but
that they may not yet be ready to enable a definite assessment to be made of the role of clouds in
the atmospheric general circulation.
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