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ABSTRACT

The influence of the cloud feedback process upon the sensitivity of climate is investigated by comparing the
behavior of two versions of a climate model with predicted and prescribed cloud cover. The model used for
this study is a general circulation model of the atmosphere coupled with a mixed layer model of the oceans.
The sensitivity of each version of the model is inferred from the equilibrium response of the model to a doubling
of the atmospheric concentration of carbon dioxide.

It is found that the cloud feedback process in the present model enhances the sensitivity of the model climate.
In response to the increase of atmospheric carbon dioxide, cloudiness increases around the tropopause and is
reduced in the upper troposphere, thereby raising the height of the cloud layer in the upper troposphere. This
rise of the high cloud layer implies a reduction of the temperature of the cloud top and, accordingly, of the
upward terrestrial radiation from the top of the model atmosphere. Thus, the heat loss from the atmosphere-
earth system of the model is reduced. As the high cloud layer rises, the vertical distribution of cloudiness changes,
thereby affecting the absorption of solar radiation by the model atmosphere. At most latitudes the effect of
reduced cloud amount in the upper troposphere overshadows that of increased cloudiness around the tropopause,
thereby lowering the global mean planetary albedo and enhancing the CO, induced warming.

On the other hand, the increase of low cloudiness in high latitudes raises the planetary albedo and thus
decreases the CO, induced warming of climate. However, the contribution of this negative feedback process is
much smaller than the effect of the positive feedback process involving the change of high cloud.

The model used here does not take into consideration the possible change in the optical properties of clouds
due to the change of their liquid water content. In view of the extreme idealization in the formulation of the
cloud feedback process in the model, this study should be regarded as a study of the mechanisms involved in
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this process rather than the quantitative assessment of its influence on the sensitivity of climate.

1. Introduction

It has been noted that cloud cover can exert a large
influence upon climate (for example, see Manabe and
Wetherald 1967; and Schneider 1972). For example,
cloud cover reflects a large fraction of incoming solar
radiation, thereby decreasing the solar energy absorbed
by the earth-atmosphere system. On the other hand,
cloud cover lowers the temperature of the effective
source for the outgoing terrestrial radiation and de-
creases the loss of energy from the system. Since the
magnitudes of these two opposing effects often differ
substantially from each other, the change in the dis-
tribution of cloud cover can have a large effect upon
the sensitivity of climate. This is why many studies
have been conducted on the influence of the cloud
feedback process upon the sensitivity of climate. For
example, Cess (1976), Hartmann and Short (1980) and
Ohring and Clapp (1980) investigated the influence of
cloud cover upon the radiation balance of the earth-
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atmosphere system based upon the data from meteo-
rological satellites. Wetherald and Manabe (1980) and
Hansen et al. (1984) investigated how the interaction
between cloud cover and radiative transfer affects the
sensitivity of a model climate.

The study of Wetherald and Manabe (1980) indi-
cated that the cloud feedback process in their model
has very little effect upon the sensitivity of climate to
a forcing such as a change of solar constant or that of
atmospheric carbon dioxide. On the other hand, the
recent study of Hansen et al. (1984) suggests that it
markedly enhances the surface warming induced by
the doubling of atmospheric carbon dioxide. Despite
such a difference, the features of cloud cover change
obtained in these two studies, as well as in the recent
study of Washington and Meehl (1984), qualitatively
resemble each other as noted by Wetherald and Man-
abe (1986). Therefore, it appears worthwhile to conduct
an in-depth analysis of the results from a climate sen-
sitivity study and identify some of the basic mecha-
nisms which control the CO-induced change of cloud
cover and its effect upon the sensitivity of climate. This
study represents an attempt to do this by use of the
results from the climate model recently developed at
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the Geophysical Fluid Dynamics Laboratory of NOAA
(Manabe and Broccoli 1985). It is hoped that the study
also may lead to the development of an effective re-
search strategy for the improved modeling of the cloud
feedback process.

The present paper begins with descriptions of two
climate models, with and without the cloud feedback
process, followed by a comparison of the sensitivities

of these two models. It proceeds to a description of the .

CO,-induced changes of cloud cover and a discussion
of the mechanisms responsible for such changes. The
magnitudes of various feedback processes are deter-
mined to estimate the relative importance of the cloud
feedback process on the sensitivity of the model cli-

~mate. This is followed by a detailed analysis of the
influence of change of cloud distribution upon the ra-
diative fluxes. The results from this analysis are com-
pared with those from other numerical experiments.
The paper concludes with an assessment of the results
from the present study and its implication for future
research. ,

2. Description of the model

a. Structure

The mathematical model of climate used for this
research is an atmospheric general circulation model
coupled with a static mixed layer ocean model (Manabe
and Stouffer 1980). The atmospheric portion of the
model constructed by Gordon and Stern (1982) pre-
dicts the changes of the vertical component of vorticity
and the horizontal divergence, temperature, surface
pressure and moisture based upon the equations of
motion, the thermodynamical equation, and the con-
tinuity equations of mass and moisture. The horizontal
distributions of these variables are represented by a
‘limited number of spherical harmonics, namely, the
first 15 modes in the zonal direction and the same
number of degrees of freedom in the meridional di-
rection for each wavenumber. The vertical distributions
are spectfied at nine unequally spaced finite difference
levels. The model has a global computational domain,
realistic orography and land-sea contrast and season-
ally varying insolation.

In the dynamical computation described here, the
transform method (e.g., Orsag 1970) is used. In this
method the appropriate spectral variables are trans-
formed to gridpoint values on a horizontal grid of a
designated resolution. The nonlinear terms of the dy-
namical equations are evaluated on this grid and the
results of these computations are transformed back into
the spectral domain.

Precipitation is computed whenever supersaturation
is indicated by the prognostic equation for water vapor.
It is identified as snowfall when the air temperature
near the surface falls below freezing; otherwise it is
identified as rain. The moist convective processes are
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parameterized by a moist convective adjustment
scheme as proposed by Manabe et al. (1965).

The temperature of the continental surface is deter-
mined so that it satisfies the condition of local thermal
equilibrium among the various components of surface
heat balance. A change in snow depth is computed as
a net contribution from snowfall, sublimation and the
snowmelt which is determined from the requirement
of surface heat balance (see Manabe 1969 for further
details). The soil albedo is prescribed geographically
but is replaced by a higher value over snow-covered
regions.

The distribution of insolation is seasonally (but not
diurnally) prescribed at the top of the model atmo-
sphere. The method for computing solar radiation is
similar to that proposed by Lacis and Hansen (1974).
Terrestrial radiation is computed by a modified version
of the method described by Rodgers and Walshaw
(1966) and includes the effect of the water vapor con-
tinuum. The mixing ratio of carbon dioxide is taken
to be constant everywhere (300 ppm). Ozone is spec-
ified as a function of latitude, height and season. The
distribution of water vapor is determined from the
prognostic equation of water vapor.

In order to facilitate the analysis and interpretation
of the results from the numerical experiment, the
prognostic scheme of cloud cover is made as simple as
possible. At each gridpoint, cloud is placed in the layer
where the relative humidity exceeds a critical value.
Otherwise no cloud is forecast. This value for the critical
relative humidity (99%) is chosen so that the global
integral of total cloud amount is approximately 50%.
In the present scheme, cloud may occur in a single or
at multiple contiguous vertical layers. If the cloud is
more than one layer thick, it is regarded as a thick
cloud. In this study, the same critical relative humidity
is used for both large scale and convective clouds.

The fractional absorption and reflection of solar ra-
diation by various types of cloud cover are determined
by referring to the study by Rodgers (1967) and are
tabulated in Table 1. For the computation of terrestrial
radiation, all clouds except “cirrus” or high clouds are
assumed to be completely black. The latter cloud type
is taken to be 60% black based upon data compiled by
Kondratiev (1972). Other aspects of the cloud predic-
tion scheme are discussed in more detail in Wetherald
and Manabe (1980). It should be mentioned that the
model does not compute cloud liquid water content
and, therefore, the effect of varying optical depth of
clouds is not taken into account in this study. For the
sake of simplicity, it is assumed that all condensed water
vapor immediately precipitates out of the model at-
mosphere despite the fact that cloud cover is placed
whenever relative humidity exceeds the critical value.

The oceanic portion of the model is a static isother-
mal layer of sea water with a uniform thickness of 50
meters. The ocean temperature change is computed
from the budget of surface heat fluxes. The effects of
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TABLE 1. Optical properties of cloud cover in the models used in the present study. Here “thin cloud” indicates a cloud which occupies
only one finite difference level, while “thick cloud” indicates a cloud which occupies more than one contiguous finite difference level.

“Visible and UV” denotes solar radiation with wavelength less than 0.7 um, whereas “near-infrared” indicates the part of solar spectrum

with wavelength longer than 0.7 um.

Solar
Reflectivity (%) Absorptivity (%) Longwave
Approximate height emissivity
Cloud type (km) Visible + UV Near-infrared Visible + UV Near-infrared (%)
High  10.5-o0 21 19 0 4 60
Thin cloud{ Middle 4.0-10.5 45 35 0 30 100
Low 0.0-4.0 65 55 0 30 100
Thick cloud 0.0-00 65 55 0 30 100

horizontal heat transport by ocean currents and heat
exchange between the mixed layer and the deeper layer
of the ocean are neglected. The changes in sea ice
thickness are computed from the processes of melting
and freezing of ice, sublimation and snowfall as pro-
posed by Bryan (1969). The ocean albedo is prescribed
as a function of latitude but is replaced by a higher
value over oceanic regions covered by sea ice.

b. Standard simulation

This section will briefly describe the simulation of
two relevant quantities from the standard integration
of the model. Figure 1 shows the latitudinal distribution
of the zonal mean surface air temperature along with
the observed values taken from Crutcher and Meserve
(1970) and Taljaard et al. (1969). In general, the agree-
ment is quite good for most latitudes except in the
Southern Hemisphere at around 60°S and from 75°
to 90°S where the computed values are too warm.

Figure 2 compares the simulated distribution of the
deviation of zonal mean surface air temperature from
its annual mean value with the distribution of the
corresponding quantity for the actual atmosphere
(Crutcher and Meserve 1970; Taljaard et al. 1969). This
figure indicates that the amplitude and phase of the
seasonal variation of surface air temperature are rea-
sonably well simulated, although the amplitude of the
computed seasonal variation is somewhat larger than
that observed at around 60° latitude in both the
Northern and Southern hemispheres. Although the
surface temperatures between 75° and 90°S latitude
are too warm throughout the entire year, the greatest
deviation from the observed values occurs during the
fall season.

The amount of cloud cover computed by the model
is another important quantity for this investigation.
Figure 3 illustrates the latitude-time variation of zonal
mean total cloud amount for the model along with
corresponding observations of this quantity taken from
Berlyand and Strokina (1980). Here it is noted that
there is a considerable seasonal variation of cloud cover

computed by the model in middle to high latitudes in
both hemispheres which is not evident in the obser-
vations. In particular, cloud cover is greatest during
the winter season and smallest during the summer sea-
son, whereas there is a very little seasonal variation in
these latitudes in the observed cloud data of Berlyand
and Strokina. One of the shortcomings of the present
simulation of cloud cover is a systematic underestimate
of low stratiform cloud cover over the ocean in high
latitudes of both hemispheres and off the western
coastlines of the major continents during the summer
seasons. These features have been illustrated in a pre-
vious publication (Manabe and Wetherald 1982) and
undoubtedly contribute to the overall underestimation
of cloud cover from middle to high latitudes. On the
other hand, both the annual mean and seasonal vari-
ation of cloud cover appear to be reasonably well sim-
ulated from 40°N to 40°S latitude.

Despite the shortcomings of the computed cloud
distribution shown in Fig. 3, the computed planetary
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FIG. 1. Annually averaged, zonal mean surface air temperature
(°K) for the model. Dots denote observed values from Crutcher and
Meserve (1970) and Taljaard et al. (1969).
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FI1G. 2. Latitude~time distribution of the deviation in zonal mean surface air temperature from its annual
mean value (°K): (a) computed distribution from the model, (b) observed distribution compiled by Crutcher

and Meserve (1970) and Taljaard et al. (1969)."

albedo appears to compare quite favorably with ob-
servation. Figure 4 shows the latitude-time distribution
of zonal mean planetary albedo, both computed and
observed. The observed distribution is taken from data
presented in Ellis and Vonder Haar (1976). In general,
the correspondence between the computed and ob-
served values is good for most latitudes including the
tropics and polar regions. Exceptions to this are the
latitude regions of 45°-55°N during July and August
and 55°-65°S where the computed planetary albedo
is considerably less than the observed values. This is
due to the underestimation of cloud cover over the
oceans in these regions, as mentioned previously. -

3. Sensitivity experiments

. In order to evaluate the influence of the cloud feed-
back process upon the sensitivity of climate, two cli-
mate models are constructed. The first model predicts
the distribution of cloud cover and thereby incorporates
the interaction between cloud cover and radiative
transfer in the atmosphere. It is described in section
2b and is identified as the global, variable-cloud-cover
(GVC) model. The second model, identified as the
global, prescribed-cloud-cover (GPC) model, is the
same as the first except that the distribution of cloud
cover is prescribed as described here. Thus, it does not
have the cloud feedback process.

J F M A M I 5 A S

FIG. 3. Latitude-time distribution of the zonal mean total cloud amount (%): (a) computed distribution
from the model, (b) observed distribution compiled by Berlyand et al. (1980).
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Fi1G. 4. Latitude-time distribution of the zonal mean planetary albedo (%): (a) computed distribution
from the model, (b) observed distribution compiled by Ellis and Vonder Haar (1976).

With these models two sets of numerical integrations
are conducted. The first set consists of the two time
integrations of the GVC model in which the atmo-
spheric concentration of carbon dioxide is prescribed
to be 300 and 600 ppm by volume, respectively. Start-
ing from the initial condition of an isothermal and dry
atmosphere at rest and an isothermal mixed layer
ocean, a numerical integration for each experiment is
conducted over a period of 40 years. To accelerate the
approach towards an equilibrium, the so-called asyn-
chronous integrations of atmospheric and oceanic
components of the model are conducted as described
by Manabe and Stouffer (1980) during the first 10 years
of the approach. Towards the end of each time inte-
gration, no systematic trend is noted in the temporal
variation of the model climate. The climatic effect of
the doubling of the atmospheric carbon dioxide is
evaluated by comparing the two time mean states ob-
tained from the time integrations with the normal and
twice-normal concentrations of atmospheric carbon
dioxide.

In the second set of integrations, the GPC model
with the prescribed cloud cover is used. The distribution
of cloud obtained from the last year of the integration
of the GVC model with the normal CO, concentration
is repeatedly cycled through these integrations. Oth-
erwise, the procedures of the integrations are identical
with those of the first set described in the preceding
paragraph. By comparing the alterations of the climates
of the GVC and GPC models induced by the doubling
of the atmospheric carbon dioxide, the influence of the
cloud feedback process upon the sensitivity of climate
is investigated.

Figure 5 compares the zonally and annually averaged
thermal responses of the GVC and GPC models to the
doubling of atmospheric carbon dioxide. According to
this figure the sensitivity of surface air temperature of

the GVC model is considerably greater than that of
the GPC model except in high latitudes of the Southern
Hemisphere where it is very similar. Table 2 lists the
global mean increases of surface air temperature ob-
tained from the two models. According to this table
the increase of surface air temperature for the GVC
model is 1.25 times that of the GPC model. On the
other hand, the decrease of zonal mean temperature
in the model stratosphere is very similar for both mod-
els. This implies that the stratospheric cooling due to
the additional CO; is relatively unaffected by the in-
clusion of the cloud feedback mechanism. Since the
vertical heat exchange between the stratosphere and
troposphere is much smaller than the exchange in the
troposphere itself, this result is to be expected.

4. Changes in cloud cover

a. Annual mean change

Figure 6 illustrates the CO,-induced change of zonal
mean cloud amount computed from the GVC model.
Some of the features of cloud change include

1) a reduction of cloud amount in the upper tro-
posphere in middle and low latitudes;
2) an increase of cloud amount around the tropo-

pause for all latitudes, particularly in high latitudes;

3) an increase of cloud amount in the stable region
near the model surface in higher latitudes.

According to a recent review article by Wetherald and
Manabe (1986), qualitatively similar features are de-
tectable in the CO,-induced change of cloud cover ob-
tained from various models constructed at GFDL and
other institutions. These alterations of cloud cover
translate into the change of total cloud illustrated in
Fig. 7. This figure indicates that total cloud amount
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FIG. 5. Latitude-height distribution of the CO,-induced change of zonal mean temperature (°K) obtained
from the (a) GVC model and (b) GPC model.

decreases equatorwards of approximately 40° latitude
in both hemispheres and increases polewards of this
latitude.

To appreciate the implication of the CO,-induced
‘change of cloud cover described here, it is useful to
inspect first the distribution of zonal mean cloud
amount which is obtained from the standard experi-
ment as shown in Fig. 6b. This figure indicates that a
thick layer of relatively large cloudiness exists in the
upper troposphere of the model. The altitude of this
high cloud layer decreases with increasing latitudes in
a manner similar to the height of the tropopause. This
suggests that the tropopause and the upper tropospheric
layer beneath it serve as a lid to the upward motion

TABLE 2. Increases of global mean surface air temperatures of
GVC and GPC models. Units are in °C.

Model Cloud cover Temperature increase
GVC Predicted 40
GPC Prescribed 32

which is responsible for the formation of the cloud
layer in the upper model troposphere.

In a quasi-geostrophic system the vertical velocity
can be determined diagnostically from the w-equation
(for example, see Holton 1979).. One can infer from
this equation that the vertical velocity depends strongly
upon the static stability of the atmosphere and tends
to become weaker with increasing stability. In a satu-
rated environment where cloud forms, the effective
static stability can be evaluated by computing the moist
(rather than dry) static stability. Figure 8 illustrates the
latitude—~height distribution of this quantity which is
defined as the vertical derivative of equivalent potential
temperature 0, i.e.,

Lr(T)

0.s = 0 exp CT ’
P

where 0 is the potential temperature, T the absolute
temperature, 7, the saturation mixing ratio of water
vapor in air, L the latent heat of condensation, and C,
the specific heat of air under constant pressure. For
reference, the layers where the zonal mean cloudiness
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FIG. 6. Latitude-height distribution of (a) CO,-induced change of zonal mean cloud amount (%), (b) zonal mean
cloud amount (%) obtained from the GVC model.

i

is more than 10% are shown shaded in Fig. 8. According
to this figure, the upper tropospheric level of high
cloudiness is located at the level where the moist static
stability begins to increase sharply with increasing al-
titude. As saturated air reaches this level and loses its
upward velocity, it tends to spread horizontally. Thus,
cloud cover also spreads in an anvil-like manner over
an extensive area in the upper model troposphere. This
is in contrast to the situation in the middle troposphere
where the variance of vertical velocity is larger and the
cloud-free region with downward motion occupies a
larger fraction of the area. Accordingly, the total cloud
amount in the upper troposphere is much larger than
in the middle troposphere.

When one compares the distribution of the high
cloud described here with that of the CO,-induced
change of zonal mean cloud amount shown in Fig. 6a,
one notes that cloud amount increases in the upper
part of this cloud region, whereas it is reduced in the
lower part. This implies that the altitude of the high
cloud in the upper model troposphere increases in re-
sponse to the doubling of atmospheric carbon dioxide.

To explore the mechanism responsible for this up-
ward shift of high cloud, the vertical profiles of moist
static stability at 50°N obtained from both the standard
and high CO, experiments are illustrated in Fig. 9a.
For reference, the vertical distributions of zonal mean
cloudiness from these two experiments are also shown
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F1G. 7. Latitudinal distribution of the CO, induced change of zonal
mean total cloud amount (%) for the GVC model.
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FIG. 8. Latitude-height distribution of the moist static stability for the standard integration of the GVC model (°C km™). Shaded areas
superimposed upon this distribution denote regions where the zonal mean cloud amount exceeds 10% (light shade) and 20% (dark shade).
The 20% or greater regions near the model surface are not shaded to emphasize the features in the upper model atmosphere.

in Fig. 9b. In both experiments the moist static stability
in the lower and middle troposphere has a small pos-
itive value but increases sharply with increasing altitude
in the upper model troposphere where the high cloud
layer is located. When one compares the vertical pro-
files of moist static stability from the two experiments,
one notes that the profile shifts upwards in response
to the doubling of the atmospheric concentration of

95 \

carbon dioxide. This implies a rise of the cloudy layer
of the upper troposphere where the moist static stability
sharply increases with increasing altitude and saturated,
ascending air spreads horizontally. Similar upward
shifts of the moist static stability profile occur at other
latitudes. Although the spacing of the vertical finite
difference levels is too large to determine the level of
~maximum cloudiness from Fig. 9b, the upward shift
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Fic. 9. Verticél profiles at 50°N latitude of (a) moist static stability (°C km™") and (b) zonal
mean cloudiness (%) obtained from both standard and high-CO; integrations of the GVC model.
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of the cloud layer may be clearly inferred from the
relative placement of the solid and dashed lines above
and below the 350 mb level.

The upward shift of the moist stability profile as de-
scribed appears to result from the enhancement of the
moist convective activity in low and middle latitudes
of the model. In response to an increase of atmospheric
carbon dioxide, the global mean rate of evaporation
increases as discussed by Manabe and Wetherald
(1975), and the heating due to moist convection and
large-scale condensation intensifies. Thus, the layer of
relatively small, moist static stability (Fig. 8) becomes
thicker, thereby shifting upwards the vertical profile of
moist static stability.

In the model tropics where the static stability of the
lower and middle troposphere is moist adiabatically
unstable and the Coriolis force is small, one cannot
use the w-equation to discuss the distribution of vertical
p-velocity. Instead, the entire vertical profile of static
stability should be examined for this purpose. Figure
10a illustrates the vertical distribution of equivalent
potential temperature 6, defined by

0.=190 exp(é'—r) s
p

where r is the mixing ratio of air. This figure clearly
indicates that a saturated air parcel originating from
the planetary boundary layer can reach a higher altitude

AND S. MANABE 1405

in the warm, high CO, atmosphere, thereby raising the
altitude of the cloudy layer of the upper model tro-
posphere (Fig. 10b).

In summary, the CO,-induced changes of cloud
amount in the upper model troposphere may be re-
garded as a manifestation of the rise of high cloud which
is caused by the upward shift in the thermal structure
of the model atmosphere. However, the CO,-induced
change of high cloudiness shown in Fig. 6 should not
be regarded as a simple shape-preserving, upward shift
of a cloud layer. Figure 9b indicates that, at 40°N, the
increase of cloudiness around the tropopause is sub-
stantially larger than the reduction of cloud amount
in the middle troposphere. On the other hand, the
tropical cloudiness is reduced significantly over a very
thick layer of the upper troposphere as Figs. 6a and
10b indicate. These results indicate that, as the high
cloud layer shifts upward towards the model tropo-
pause, its vertical cloudiness profile is altered. One also
notes that the reduction of cloudiness extends into the
middle model troposphere though its magnitude is
smaller. So far, it has not been possible to satisfactorily
identify the physical mechanisms responsible for the
change of the vertical cloudiness profile.

The mechanism of the CO,-induced change of cloud
cover described here is different from that suggested
previously by Wetherald and Manabe (1980). In that
earlier study, the reduction of cloud cover in the tro-
posphere was attributed to the enhanced removal of
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FiG. 10. Vertical profiles at the equator of (a) equivalent potential temperature (°C) and (b)
zonal mean cloudiness (%) obtained from both the standard and high-CO, integrations of the
GVC model. The vertical lines with arrowheads denote a vertical ascent of a saturated air parcel
originating from the planetary boundary layer in both model atmospheres.



1406

moisture due to the intensification of the vertical ve-
locity. In the present study, the layer in which the zonal
mean variance of the vertical velocity increases does
not necessarily coincide with the layer of reduced rel-
ative humidity in middle latitudes. Therefore, it has
not been possible to demonstrate convincingly the rel-
evance of this mechanism to the general reduction of
tropospheric relative humidity in middle and low lat-
itudes. Unfortunately, neither mechanism can explain
-satisfactorily the details of the latitude-height distri-
bution of the CO,-induced change of tropospheric
cloudiness. .

So far, the discussion has centered around the CO,-
induced change of cloud cover in the upper model tro-
posphere and around the tropopause. However, Fig.
6a also indicates that the amount of low cloud near
the earth’s surface in high latitudes also increases in
response to the doubling of the atmospheric carbon
dioxide. As noted by Wetherald and Manabe (1980),
the warming of the earth’s surface contributes to a re-
duction of “Bowen’s ratio”; i.e., the ratio of sensible
to latent heat fluxes into the atmosphere. A high non-
linear increase of saturation vapor pressure with in-
creasing surface temperature enhances evaporation and
is responsible for this reduction. Since the warming is
at a maximum at the earth’s surface and sharply de-
Creases with increasing altitude, it is expected that the
enhanced evaporation from the underlying surface
contributes to the increase of relative humidity at a
level located slightly above the earth’s surface. It is also
reasonable that the increase of low cloud occurs in high
latitudes where the lowest layer of the model atmo-
sphere has a relatively stable stratification and tends to
prevent the penetration of moist air towards higher
levels.

b. Seasonal change

Figure 11 illustrates the seasonal variation of the
COs-induced change of zonal mean total cloudiness.
This figure indicates that, in middle and high latitudes,
total cloudiness increases in winter, whereas it is re-
duced in summer responding to the doubling of the
" atmospheric concentration of carbon dioxide. Most of
this summer reduction takes place over the continents
in the lower model troposphere. In response to the
doubling of atmospheric carbon dioxide, soil wetness
and the cloudiness of the lower model troposphere are
reduced over extensive continental regions in middle
latitudes in summer. This subject was discussed in a
separate study (Manabe and Wetherald 1987).

5. Feedback analysis
a. Formulation

This section evaluates how the sensitivities of the
GVC and GPC models are affected by various feedback
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FIG. 11. Latitude-time distribution of the CO, induced change of
total cloud amount (%) for the GVC model.

processes involving the basic variables such as cloud
cover, temperature, water vapor and surface albedo.
In order to do this, it is desirable first to obtain an
expression that determines the influence of the change
in each variable upon the radiation balance of the
earth-atmosphere system.

When the atmosphere-mixed-layer ocean system of
the model is in a thermal equilibrium state, the follow-
ing condition should be satisfied at the top of the model
atmosphere. .

R=0 5.1

where the tilde denotes global average and R is the
annually averaged, net downward flux of radiation at
the top of the atmosphere; R may be subdivided into
solar and terrestrial components as follows:

R=S-F (5.2)

where § is the net downward solar radiation and F is
the upward terrestrial radiation at the top of the at-
mosphere. From Eq. (5.1), it follows that

SR=6S—0F=0, (5.3)

where 6 denotes the difference between the thermal
equilibrium with the normal and twice-normal con-
centrations of atmospheric carbon dioxide.

If the CO, perturbation of climate is sufficiently
small, the following approximate expression holds:

R ~ 8,R + 67R + 6,R + 84R + 5.R  (5.4)
where, for example,

6XR~ = 'Ii(x + 6x’ Ti’ i, Aa Cl) - ‘R"(x’ Ti9 ri’.A’ CI)
(5.95)
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orR = R(x, T; + 8T, 1;, 4, C) — R(x, Ty, 11, 4, C).
(5.6)
Here, x and A4 denote the concentration of carbon
dioxide and surface albedo, and T;, r; and C; denote
the temperature, mixing ratio of water vapor and cloud

amount at all finite difference levels. Similarly 65 and
6F may be approximated by

88 ~ 6,8 + 6,8+ 6,8 + 6.5
oF ~ 6, F + 67F + 8,F +8.F.

(5.7)
(5.8)

The computational procedure involved in obtaining
the various components of 65 and 6F is briefly outlined
as follows. The radiation algorithm of the model is
used to compute the standard fluxes Sy, S,, S4, S, Fy,
Fr, F, and F, at each gridpoint from 1) the seasonal
mean values of temperature, water vapor and surface
albedo and, 2) the daily values of cloudiness which are
obtained from the (1 X CO,) standard integration of
the model. Since the time mean value of radiative flux
emitted from the temporally varying cloud can differ
significantly from the radiative flux emitted from the
hypothetical clouds with a time mean distribution,
daily (instantaneous) cloudiness is used for the com-
putation of S, and F,. The fluxes thus obtained are
then averaged over the global computational domain
of the model. This radiative computation is then re-
peated for each term by replacing, in succession, the
relevant quantity by the corresponding guantity from
an annual cycle of the perturbed (2 X CO,) integration.
Each term in Egs. (5.7) and (5.8) is then obtained by
subtracting the standard values from the corresponding
perturbed values. Tables 3 and 4 present the values of
the various terms in Eqs. (5.4), (5.7) and (5.8) as com-
puted by this procedure for the GVC and GPC models,
respectively. Here, (W m™2) is watts per meter squared.
From Eqgs. (5.3) and (5.4) we obtain

6R~ —67R ~8,R — 6,R—6.R.  (5.9)
For the convenience of the present analysis, one can
define the feedback parameters A7, \,, A4 and A, as
follows:

. R dT;
- -(z R4

—L V6T = ApoT 5.10
iaTidTN) N 0Ty  ( )

TABLE 3. 8,Y from the GVC model. Units are W m™2

v

Y T r 4 C X z
S — 115 220 100 0.5 4.50

-F -1257 545 — 050 207  -455
R -1257 660 220 150 222  —0.05
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TABLE 4. 5,Y from the GPC model. Units are W m™2.
v
Y T r A C X >
S — 0.77 189 — 014 2.80
-F -8.36 333 — — 2.08 295
R -8.36 4.10 1.89 2.22 -0.15
~ 31% dr,- ~
—6,R = — — —— 6T n = N\ 0T, 5.11
(; 2 dTN) w= ATy (5.11)
. R .
- AR = - —“—L—g‘ 6TNE )\ABTN (512)
04 dTy
L 4R dC;
—6.R=— — —— 8T, Ab6Tn, (5.13
(,.GC,-dTN) = \bTh, (5.13)

where i ranges from 1 at the highest to i = N at the
lowest of the model atmosphere, and T denotes the
global mean surface air temperature (i.e., the global
mean temperature at the lowest finite difference level
located about 70 m above the ground). Here, Ar, A,,
A+ and A\, are the parameters of temperature-, water
vapor-, albedo- and cloud-feedbacks, respectively.

The temperature feedback parameter Ar may be
subdivided into the mean temperature feedback pa-
rameter Ao and the lapse rate feedback parameter A; g
as follows:

Ar= Ao + AR (5.14)

where

d N N
Ao = ‘—1-7:,; Ty = deaT,
and e is the effective emissivity of the earth-atmosphere
system for the upward flux of terrestrial radiation (¥
= e¢oTy*). From Eq. (5.14), the lapse rate feedback pa-
rameter A\ g may be computed as a residual.

Using relationships (5.10), (5.11), (5.12), (5.13) and
(5.14), the expression (5.9) becomes

(5.15)

8,R = \oTy (5.16)
where
Am Ao+ AR + A+ A+ A (5.17)

The Egs. (5.16) and (5.17) are analogous to the for-
mulation of the feedback effect in the zero dimensional
model of Dickinson (1981). As this equation implies,
the larger the feedback parameter A, the smaller is the
response of the global mean surface air temperature
6Ty to the CO, radiative forcing 6, R.

The formulation of the feedback analysis described
above differs substantially from that used by Hansen
et al. (1984). For example, they used a global mean,
one-dimensional model of radiative convective equi-
librium to determine the feedback parameters of their
three-dimensional model. Although the radiation al-
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TABLE 5. Feedback parameters of the GVC and GPC models. Units are in W m™2 °C™!,
Ao AL A A A A 6Ty ATy 6xR
GVC 3.37 -0.23 C—1.65 —0.55 -0.37 0.57 4.0 2.28 2.22
lGPC 3.37 -0.76 —-1.28 -0.59 0 0.74 3.2 2.37 2.22

gorithm used in the one-dimensional model is com-
patible with that used in their three-dimensional model,
the sensitivities of the two models could be significantly
different from each other. In particular, it is difficult
to determine the global mean cloudiness which has the
same radiative effect as the cloudiness in a three-di-
mensional model. Therefore, it was decided to use the
formulation described above rather than their ap-
proach. : '

One should also note that the present analysis uses
the fluxes at the top of the model atmosphere rather
than those at the tropopause which are commeonly used
by other studies. This is why 6,F-in Tables 3 and 4
turned out to be approximately 2 W m~2 and is much
smaller than 4 W m™2 obtained by other studies (for
example, see Ramanathan et al. 1979; Hansen et al.
1981; Schlesinger 1986). Since the height of the tro-
popause is often ill-defined in high latitudes and varies
between the standard and high CO,-experiments, it was
decided to choose the top of the model atmosphere as
a reference level in the present study.

b. Feedback parameters

Table 5 contains the values of the feedback param-
eters (i.e., Ao, ALR, Ar, A4, Ao) which are computed from
Tables 3 and 4. In addition, the values of A\67Ty and
" 6,R are added to the table to evaluate the approximate
expression (5.17). ’

According to this table, the value of the feedback
parameter A of the GVC-model is significantly smaller
than that of the GPC-model, underscoring the differ-
ence in sensitivity between the two models. In both
models, A4 is negative. This indicates the positive feed-
back effect of snow and sea ice. Since the values of A4
are similar in these models, the albedo feedback process

does not account for the difference in A between the -

two models.

This table also indicates that A, is negative in the
GVC-model implying that the cloud-induced change
of radiative fluxes at the top of the model atmosphere
is a positive feedback process. Obviously, A, is zero in
the GPC-model without the cloud feedback process.
The magnitude of the difference in A, between the two
models is more than that of the difference in A men-
tioned above.

The lapse-rate feedback parameter A g is negative
in both models because of the reversal of the sign of
the CO,-induced temperature change between the tro-
posphere and the stratosphere of the models. Here A\; g

of the GVC model is —0.23 W m™2 °C~! and is sig-
nificantly different from the A g of the GPC model,
which is —0.76 W m~2 °C~'. The CO,-induced change
of cloud cover results in the change in the radiative
heating (or cooling) and stabilizes the model tropo-
sphere thereby increasing the feedback parameter (A
+ A,). To demonstrate this process, the influence of
the CO,-induced change of cloud cover upon the ra- .
diative heating (or cooling) in the GVC atmosphere is
determined. This was done by computing the rate of
radiative temperature change in the model atmosphere
for the two time series of daily cloudiness obtained
from the (2 X CO,) and (1 X CQ,) integrations of the
GVC model. All other relevant fields required for the
computation of the radiative transfer processes are ob-
tained from the 1 X CO, integration of the GVC model.
The difference between the two rates thus computed -
is averaged both zonally and annually and shown in
Fig. 12. In this figure, one can identify the thick layer
of positive change around the tropopause of middle
and low latitudes where the radiative cooling is reduced
significantly due to the CO,-induced increase of cloud
amount. However, the influence of the CO,-induced
change of cloudiness upon the radiative temperature
change is small in the rest of the troposphere with the
exception of the surface layer where it has a positive
value of significant magnitude. It is expected that these
radiative changes increase the static stability of the
GVC troposphere.

In order to compare the change in static stability
between the two models, the following quantity is
computed for both the GVC and GPC atmospheres.

570, p)/sTy (5.18)

6= Jax—( ix

and 6 and p are latitude and pressure respectively, and
Tn denotes the global mean surface air temperature
obtained from each model. This quantity denotes the
change in zonal mean temperature of the model at-
mosphere which accompanies a unit increase of the
global mean surface temperature. Figure 13 illustrates
the latitude-height distribution of the zonal mean dif-
ference of these ratios between the two models (i.e.,
GVC — GPC models). It is indicated that the increase
of the static stability of the troposphere accompanying
a unit increase of global mean surface air temperature
is larger in the GVC than the GPC model. Such a sta-
bilization increases the upward flux of terrestrial ra-

where
(5.19)
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FiG. 12. Latitude-height distribution of the zonal mean value of &, (rate of radiation temperature change) in the
GVC atmosphere. Units are in °C day™'. Here, §,( ) denotes the influence of the CO, induced change of cloud cover

upon the rate of radiative temperature change.

diation at the top of a model atmosphere making Apgr
less negative. Thus, the parameter of the temperature
feedback A; = Ao + Arr is 3.14 W m~2 °C™! for the
GVC model and is larger than the value of 2.61 W
m~2 °C™! obtained from the GPC model.

The change of static stability of the GVC model de-
scribed above also induces a change in the vertical dis-

2%

tribution of water vapor. Accordingly, the value of A,
is —1.65 W m™2 °C~! in the GVC model and is sig-
nificantly different from —1.28 W m™2 °C~* of the GPC
model. Although the difference in A, between the two
models partially offsets the difference in A g, the (A
+ Ar + A)-value of the GVC modeél is still larger than
that of the GPC model. Summing up all contributions

N\

95

25

SN

S

Ns—,

FIG. 13. Latitude—height distribution of the difference’of the ratio defined by Eq. (5.18)
between the GVC and GPC models.
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listed in the right hand side of the Eq. (5.17), the A-
value of the GVC model is smaller than that of the
GPC model indicating that the net effect of the CO,-
induced change of cloudiness is the enhancement of
the sensitivity of a model climate.

In summary, the CO,-induced change of cloud cover
alters the radiative flux at the top. of the atmosphere
of the GVC model enhancing its sensitivity. However,
the change of cloud cover also modifies the distribution
of radiative heating (or cooling) in the GVC atmo-

sphere, thereby increasing the static stability and in-

ducing the change of the vertical water vapor distri-
bution in the model troposphere. These tropospheric
changes partially offset the positive feedback effect of
the radiative flux change at the top of the model at-
mosphere mentioned above. The net effect of the CO»-
induced change of cloudiness is to enhance the sensi-

tivity of the model climate. Thus the increase of the .

global mean surface air temperature of the GVC model
in response to the CO,-doubling is 4.0°C which is sub-
stantially larger than the warming of 3.2°C of the GPC
model.

¢. Cloud-induced changes in radiative fluxes

It has been shown that the change in the atmospheric
transfer of radiation resulting from the change of the
cloud distribution enhances the sensitivity of climate
of the GVC model. To determine the mechanism in-
volved in this positive feedback process the cloud-in-
duced changes of radiative flux at the top of the model
atmosphere are subdivided into two parts as

8.5.= 8,48 + 6.8 (5.20)
501": = 6¢AF- + 6CHF (521)

where S and F are net downward flux of solar radiation
and upward flux of terrestrial radiation at the top of
the atmosphere, respectively. The 6.4Y and écHYdenote
zonal mean change of flux Y due to changes in the
amount and height of cloud cover, respectively. Here,
0.4Y is defined by the following equation.

6Cr
BAY AY .

(5.22)
where A Y is the influence of cloud cover upon a ra-
diative flux at the top of the atmosphere (Y), i.e.,

ACY = Y(x3 Tis ri., A9 Ci) - Y(x, Ti, i A’ O)a (5'23)

and Cr and 6Cy are total cloudiness (i.e., the fraction
of cloud coverage as seen from the top of the atmo-
sphere) and its change caused by the doubling of at-
mospheric carbon dioxide. A.Y is called “cloud forc-
ing” by Ramanathan (1987) and represents the differ-
ence in Y between a cloudy and a hypothetically clear
atmosphere. Given §.4Y, 6.5Y may be computed from
the following equation
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501.1)7 = 551—, - 5cAY (5.24)

Figures 14a and 14b illustrate the latitudinal distri-
butions of the changes of the radiative flux which are
attributable to the CO,-induced changes in the amount
and height of cloud. The changes of solar fluxes 4.5,
6c4S and 0.8 are shown in Fig. 14a and those of ter-
restrial fluxes 6.F, 6.4F and §.4F are contained in
Fig. 14b.

As described earlier, cloudiness is reduced in the
thick layer of the upper troposphere and increases
around the tropopause of the mode! in low latitudes.
The reduction of planetary albedo due to the upper
tropospheric decrease of cloudiness substantially ex-
ceeds the contribution from the increased cloudiness
around the tropopause, thereby increasing the net in-
coming solar radiation. This explains why 6.4 is pos-
itive in low latitudes (30°S ~ 40°N). In middle to high
latitudes, the increase of cloud amount in the surface
layer and around the tropopause increases the planetary
albedo and makes 6.4S negative in these regions of
both hemispheres. When 6.5 is averaged over the en-
tire global domain, the contribution from the positive
values in the low latitudes substantially exceeds that
from the negative values of high latitudes. Thus, the
global mean value of 6,5 is 0.64 W m~2 as indicated
in Table 6. _

According to Fig. 14a, 6.5 has a small positive value
at most latitudes. When écHS is averaged over the global
domain, 6.5 is 0.34 W m™2 and is substantially smaller
than 6., as discussed in the preceding paragraph.
Adding 8.4 and 8,5 one obtains a §,.S-value of 1.00
W m~ as indicated by Table 6.

The latitudinal profiles of the cloud induced changes
of the upward flux of terrestrial radiation at the top of
the model atmosphere (i.e., . F, 8..4F and 5cHF ) are
shown in Fig. 14b. Note here that positive (F ) is taken
as upward flux so that positive (—§, F) represents a heat
gain for the atmospheric surface system.

It is of interest that —6.4F is positive at most lati-
tudes. In response to the doubling of the atmospheric
concentration of carbon dioxide, cloudiness increases
around the tropopause and is reduced in the upper
troposphere of the model. Thus, the upper tropospheric
layer of relatively large cloudiness shifts upward as dis-
cussed in section 4. The rise of high cloud contributes
to the reduction of the upward terrestrial radiation at
the top of the model atmosphere at most latitudes.
Thus, —6.4F, (i.e., the global mean value of 8. F) has
a positive value of 0.66 W m~2 which enhances the
CO,-induced warming of the combined atmosphere-
earth surface system. _

Figure 14b also indicates that —§.4 F is negative in
low latitudes and is positive in high latitudes. Because
of the reduction of cloud amount (Fig. 7) the effective
emission temperature of the outgoing radiation in-
creases resulting in the negative —6.4 F in low latitudes.
On the other hand, the increase of cloud amount lowers
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FiG. 14, Latitudinal distributions of (a) §, S 8:48 and 6,48, (b) —§.F, BMF and —6.4F
for the GVC model. Units are W m™2

the effective emission temperature for the outgoing ra-
diation accounting for the positive —é.4F in high lat-
itudes. Since the negative contribution from the low
latitudes slightly exceeds the positive contribution from
the high latitudes, —d.4F (i.e., the global mean value
of 6.4 F) has a small negative value of —0.16 W m™2
indicated by Table 4.

In summary, the increase of the net incoming solar
radiation and the reduction of the outgoing terrestrial
radiation at the top of the model atmosphere, which
result from the change in cloud cover, enhance the
COy-induced warming of the coupled troposphere-
mixed-layer ocean system of the model.

TABLE 6. Cloud-induced changes in global mean radiative fluxes
(8,Y). Units are in W m™2,

v

Y cA cH c

S 0.64 0.34 1.00
-F -0.16 0.66 0.50

R 0.48 1.02 1.50

6. Comparison with previous results

The results presented in the preceding section suggest
that the interaction between cloud cover and radiation
enhances the CO,-induced warming of climate and is
a positive feedback process. This suggestion is different
from that obtained from the earlier studies by the pres-
ent authors (Wetherald and Manabe 1980; Manabe
and Wetherald 1980) which suggested that the cloud
feedback process has very little influence upon the sen-
sitivity of climate. In both present and earlier studies,
cloud amount increases around the tropopause and is
reduced in the upper troposphere at most latitudes in
response to an increase of atmospheric carbon dioxide
(or solar constant). Another common feature of the
CO.,-induced change of cloud cover is the increase of
cloud amount in the surface layer of high latitudes.
The magnitudes of these changes, however, are signif-
icantly different between the present and earlier studies.
For example, the increase of cloud amount around the
tropopause in low latitudes was very small in the earlier
studies, whereas it has a significant magnitude in the
present study. Also, the increase of cloud amount in
the surface layer of high latitudes in the earlier studies
is larger than the increase in the present study. These
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quantitative differences in the CO,-induced change of
cloud cover are partly responsible for the difference in
climate sensitivity between the earlier and the present
results as described below.

In both earlier and present studies, cloud cover in-
creased around the tropopause and in the surface layer
at high latitudes. However, this increase of cloudiness
in high latitudes is considerably greater in the earlier
study than in the present one. One should also note
that, in the present study, the low cloudiness is actually
reduced in summer when the insolation is at a maxi-
mum as described in section 4b. Thus, the negative
feedback process involving solar radiation and cloud
cover in high-latitudes is smaller in the present study:

One of the other relevant factors is the above men-
tioned difference in the CO,-induced change of cloud
amount around the tropopause in low latitudes. This
difference accounts for the fact that, because of the
CO,-induced change of the cloud distribution, the ef-
fective source temperature of the upward terrestrial ra-
diation increases in the earlier study whereas it is sig-
nificantly reduced in the present study enhancing the
positive feedback effect of cloud cover.

It is not entirely clear why the CO,-induced change
of cloud cover is different between the present and ear-
lier studies. One should note, however, that many sim-
plifications were made in the construction of the model
used in the earlier studies because of the limitation of
computer capability. For example, the model had an
idealized sector geography and an annually averaged
insolation which does not change with season: It applies
an energy-conserving finite difference method to the
- regular grid system with the grid size of approximately
500 km. The model incorporates nonlinear subgrid-
scale mixing of momentum, heat and moisture. It has
been recognized that the subgrid-scale viscosity of this
model is substantially larger than that of the present
model which employs a semispectral technique and
biharmonic subgrid-scale mixing. To identify the fac-
tors responsible for the differences in behavior between
the earlier and present models, a series of sensitivity
studies has been conducted after modifying the present
model in various ways. For example, both GVC and
GPC models are modified such that they have an an-
nually averaged rather than seasonally varying inso-
lation. By comparing the sensitivities of the modified
models with those of the original models, it was found
that the positive feedback effect of cloud cover in the
modified annual model is half as large as that in the
original GVC model. In this modified model, the
change of cloud amount around the tropopause in low
latitudes remains significant despite the removal of the
seasonal variation of insolation. However, the CO,-
induced increase of near-surface cloud is larger than
the corresponding increase in the original seasonal
model, thereby weakening the overall positive feedback
process of cloud cover. This explains approximately
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half of the difference in the magnitude of the cloud
feedback effect between the present and the earlier
models. ‘

In the next set of experiments, the GVC and GPC
models are modified such that they have not only an-
nually averaged insolation but also the idealized sector-
geography of the earlier model. According to the results
from these modified models, the influence of the cloud
feedback process upon the sensitivity of the model cli-
mate is similar to the global model with annual mean °
insolation, but is, again, half as large as the original
global GVC model with seasonally varying insolation.
This result suggests that the idealization of geography
is not responsible for the small cloud feedback effect
of the earlier model.

In order to explain satisfactorily the difference in
sensitivity between the present GVC model and the
earlier model, it is necessary to explain why the CO,-
induced change of cloud cover around the tropical tro-
popause is different between the two models. It is pos-
sible that the cloud change may depend critically upon
the choice of finite difference levels particularly around
the tropopause where the water vapor content and static
stability vary sharply with increasing altitude. The sec-
ond finite difference level is located around 95 mb in
the present GVC model whereas it is located around
70 mb in the earlier model. Further numerical exper-
iments are required to confirm this speculation.

Recently, Wetherald and Manabe (1986) compared

_the CO,-induced changes of cloud cover obtained from

several models constructed by different groups: (Han-
sen et al. 1984; Washington and Meehl 1984). Ac-
cording to this comparison, there is a tendency for

. cloud amount to increase around the tropopause pole-

ward of tropical latitudes in both of these models in
agreement with the present results. However, neither
model indicates a positive cloud change around the
tropical tropopause. This is due to the fact that no
clouds are allowed to form at the top two finite differ-
ence levels in either the Hansen et al. model (Hansen
et al. 1983) or the Washington and Meehl model (Ra-
manathan et al. 1983). This assumption precludes the
potential increase of cloudiness around the tropical
tropopause in these two models. Therefore those au-
thors’ results in this region appear to differ from the
present result. It is difficult to assess the impact of this
assumption upon the cloud change in the experiment
of Washington and Meehl because the information on
the change of relative humidity is not available. In the
experiment of Hansen et al. an increase of relative hu-
midity is indicated around the tropical tropopause
(Rind, personal communication). Therefore, it is
probable that, in qualitative agreement with the present
result, a corresponding increase of cioud amount would
have occurred if this assumption had not been adopted.
Furthermore, the latest experiments conducted by
Wilson et al. (1986) also indicate an increase of cloud
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amount around the tropical tropopause. In fact, the
general pattern of cloud change obtained from their
model is in reasonable agreement with that from the
present study. This result, together with the cloud
changes from the other more recent cloud prediction
experiments conducted at GFDL, imply that the pat-
tern of cloud change obtained from the present study
is probably more reliable than those from our earlier
investigations with idealized geography.

7. Summary and conclusions

The CO,-induced changes of cloud cover obtained
from the present experiment are qualitatively (but not
quantitatively) similar to the changes from other mod-
els developed at GFDL and other institutions (Weth-
erald and Manabe 1980; Hansen et al. 1984; Wash-
ington and Meehl 1984). This was noted in a review
paper by Wetherald and Manabe (1986). Some of these
changes are 1) the reduction of cloud amount in the
upper troposphere, 2) an increase of cloud amount
around the tropopause and 3) an increase of cloud
amount near the earth’s surface in high latitudes. Both
the increase of cloud amount around the tropopause
and its reduction in the upper troposphere are the
manifestation of the upward shift of the relatively stable
layer of large cloudiness where rising, saturated air
tends to spread horizontally. Since the heating due to
moist convection intensifies in middle and low latitude
in response to an increase of atmospheric carbon diox-
ide, the tropospheric layer of relatively low, moist static
stability extends to a higher altitude and causes this
upward shift of high cloud.

It is found that the interaction between cloud cover
and radiation is a positive feedback process in the pres-
ent model enhancing the CO,-induced warming of the
model troposphere. The increase of global mean surface
air temperature due to the doubling of the atmospheric
carbon dioxide is 4.0° and 3.2°C with and without the
cloud feedback process. The present result is in qual-
itative agreement with the result obtained by Hansen
et al. (1984). However, the positive feedback effect of
cloud cover in the present model appears to be much
weaker than that in their model.

In order to elucidate the physical mechanisms in-
volved in this positive feedback process, the results from
the present numerical experiment are analyzed in de-
tail. According to this analysis, both solar and terrestrial
radiation are affected substantially by the change of
cloud cover and enhance the CO,-induced warming of
the model climate. For example, the effective source
temperature of the outgoing terrestrial radiation is re-
duced due to the rise of the high cloud layer mentioned
above. Thus, the loss of heat due to the outgoing ra-
diation is reduced thereby enhancing the CO, warming
of the model climate. : .

The change in the distribution of high cloud not
only lowers the heat loss by outgoing terrestrial radia-
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tion but also increases the heat gain due to the absorp-
tion of solar radiation. In the upper model troposphere,
the vertical profile of cloudiness is significantly altered
as the layer of high cloud moves upward in response
to the doubling of the atmospheric carbon dioxide. For
example, the magnitude of the upper tropospheric re-
duction of cloudiness is significantly larger than the
corresponding increase of cloud amount around the
tropopause in low latitudes. Thus, the reduction of
planetary albedo due to the former change of cloud
overshadows the albedo increase due to the latter
change. The increase of solar absorption resulting from

“the net reduction of planetary albedo enhances the

COs-induced warming of the model climate.

The upward shift of high cloud described above has
another implication. By altering the vertical distribu-
tion of radiative temperature change, such a shift in-
creases the static stability of the model atmosphere. As
discussed by Held (1978), a stabilization of the atmo-
sphere reduces the sensitivity of surface air temperature
by reducing the change of outgoing terrestrial radiation
accompanying a given change of surface air tempera-
ture. However, this effect is smaller than the direct pos-
itive feedback effect of cloud cover described in the
preceding paragraphs. Thus, the net contribution from
the upward shift of high cloud is an enhancement of
CO,-induced warming.

Another feature of the CO,-induced change of cloud
cover identified earlier is the increase of low cloudiness
in high latitudes. This raises the planetary albedo with-
out significantly affecting the outgoing terrestrial ra-
diation at the top of the model atmosphere. Thus, the
COy-induced warming of climate is reduced. The con-
tribution from this low cloud change is much smaller
than the contribution from the upward shift of high
cloud described earlier. This is partly because the low
cloud change is large in high latitudes only during win-
ter when the insolation is small.

In summary, the positive feedback effect of high
cloud overshadows the smaller negative feedback effect
of low cloud in high latitudes. Thus, the cloud process
in the present model is positive as stated earlier.

The present study differs from the earlier study by
the same authors (Wetherald and Manabe 1980) which
suggested that the cloud feedback process does not af-
fect significantly the sensitivity of climate. This is partly
because the negative feedback effect involving the stra-
tus cloud in the present seasonal model is significantly
smaller than that of the earlier model with the annually
averaged insolation. The difference is also attributable
to the larger CO,-induced increase of cloudiness around
the tropical tropopause in the present model as com-
pared with the results from the earlier study. Unfor-
tunately, the numerical computation of vertical mois-
ture transport in both studies suffers from large trun- -
cation errors in the upper model troposphere where
the moisture content of air decreases rapidly with in-
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creasing altitude. Furthermore, the vertical distribution
of low cloudiness is poorly resolved in these models.
Therefore, it is highly desirable to repeat the present
study with a model which has greater vertical resolu-
tion for the finite difference computation than the
present one.

There are indications that the change of cloud cover
obtained from a sensitivity study may significantly de-
pend upon the method chosen for the parameterization
of moist convection. For example, the Washington and
Meehl (1984) and the present models employ the moist

convective adjustment scheme proposed by Manabe -

et al. (1965), whereas the models of Hansen et al. (1984)
and Wilson et al. (1986) utilize a deep penetrative con-
vection scheme. The latter two studies yield reductions
of upper tropospheric cloud cover in the tropical re-
gions that are considerably greater than those given by
the first two studies. A comparison of the models re-
viewed by Schlesinger and Mitchell (1987) and the
model developed by Wilson et al. (1986) reveals that
the two studies with penetrative convection parame-
terizations yield greater cloud reductions accompanied
by larger temperature increases in the upper model
troposphere. Therefore, it is probable that the specific
details of the parameterization of moist convection
processes can greatly affect the changes of temperature
and cloud amount in the upper model troposphere
which, in turn, can have a significant effect upon the
sensitivity of a model climate.

Before concluding this paper, it is important to note
the recent study of Somerville and Remer (1984). They
suggested that accompanying the CO,-induced warm-
ing of the atmosphere, the liquid water content of cloud
may increase, thereby increasing the planetary albedo.
Such a negative feedback process can oppose the pos-
itive feedback effect described in this study.

In view of the extreme idealizations made in the
parameterization of the cloud-radiation interaction, the
present study should be regarded as a qualitative study
of the cloud feedback process rather than a quantitative
assessment of the influence of this process upon the
sensitivity of climate. To reduce the large uncertainty
in the current estimate of climate sensitivity, a major
effort should be devoted to improve the treatment of
the cloud feedback process in climate models. In par-
ticular, a model should reproduce with sufficient fidelity
the horizontal distributions of cloud amount and ra-
diative fluxes as determined by satellite observations.
Other research topics, which require immediate atten-
tion, include the dependence of liquid water content
in cloud upon temperature and other relevant variables.
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