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ABSTRACT

A study of the climatic effect of doubling or quadrupling of CO, in the atmosp'here has been con-
tinued by the use of a simple general circulation model with a limited computational domain, highly
idealized geography, no seasonal variation of insolation, and a simplified interaction between cloud
and radiative transfer.

The results from the numerical experiments reveal that the response of the model climate to an increase
of CO, content in air is far from uniform geographically. For example, one can identify the high-latitude
region of the continent where the runoff rate increases markedly, a zonal belt of decreasing soil moisture
around 42° latitude, and a zone of enhanced wetness along the east coast of the subtropical portion of
the model continent.

The general warming and the increase of moisture content of air, which results from a CO, increase,
contributes to the large reduction of the meridional temperature gradient in the lower model troposphere
because of 1) poleward retreat of highly reflective snow cover and 2) large increase in the poleward
transport of latent heat. The reduction of the meridional temperature gradient appears to reduce not
only the eddy kinetic energy, but also the variance of temperature in the lower model troposphere.
The penetration of moisture into higher latitudes in the CO,-rich warm climate is responsible for the
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large increase of the rates of precipitation and runoff in high latitudes of the model.

1. Introduction

The climatic effects of an increase in the CO,
content of the atmosphere have been the subject
of many investigations [see Schneider (1975) and
Ramanathan and Coakley (1978) for comparative
evaluations of these studies.] Manabe and Wetherald
(1975, hereafter identified as MW735) investigated
this problem by the use of a highly simplified model
of the atmospheric general circulation. The simpli-
fied characteristics of the MW75 model included a
limited computational domain with idealized geog-
raphy, no seasonal variation, no heat transport by
ocean currents and fixed cloudiness. Based on the
results from this model, MW75 discussed the re-
sponse of the zonal- and area-mean climates to the
increase in the CO, content of the atmosphere.
However, MW75 did not evaluate the geographical
distribution of the response which, despite the ideal-
ization of geography mentioned above, reveals some
interesting characteristics that deserve further in-
vestigation. Furthermore, it has been realized that
the idealization of geography, owing to the simplicity
of continental shape, facilitates the identification of
the influences of a continent on the response of
climate to external (or internal) stimuli. Therefore,
it was decided to perform numerical experiments
similar to that of MW?75, after making some modifi-

cations to the model, to study the geographical
character of the CO,-induced climatic change.

After detailed analysis of the results from the pres-
ent series of numerical experiments, it was noted
that the poleward transport of latent heat plays an
important role in determining the latitudinal distribu-
tion of the response of the model climate and de-
serves further discussion. Therefore, the sensitivity
of the zonal-mean climate continues to receive a
major emphasis in this study, even though it was
one of the main topics covered in MW75.

One of the new features of the model used in
the present study is the treatment of cloud cover.
In the previous study (MW?75), cloud cover was pre-
scribed to vary only as a function of latitude and
altitude, i.e., the cloud cover was zonally uniform.
However, it is possible that the interaction between
cloud cover and radiative transfer may significantly
influence the distribution of the climatic response
to the increase in CO, content of the atmosphere.
Therefore, a highly simplified scheme of cloud pre-
diction is incorporated into the present model.

Another important difference between the pre-
vious and present models is the poleward extent
of the computational domain. In the MW75 model,
the poleward boundary was placed at the 81.7° lati-
tude circle because of the use of a Mercator map
coordinate, whereas in the present model, the
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Fi1G. 1. Land-ocean distribution of the model.

computational domain extends to the pole. It is pos-
sible that this difference in the computational do-
main has some: influence on the behavior of the
snow cover in high latitudes.

Obviously, because of the many simplifications
and idealizations of the model, the quantitative de-
tails of this study should be interpreted with caution.
It is hoped, however, that this study yields some
preliminary insight on the distribution of the possible
climatic response to the increase of atmospheric car-
bon dioxide, and that it establishes a foundation
for a similar study of this problem with a global
climate model having realistic geography.

2. Model structure

The model includes prognostic equations for the

horizontal wind velocity, surface pressure, tempera-
ture and water vapor mixing ratio, which are written
in finite-difference form on a spherical coordinate
system. The governing equations are the momentum
equations, mass continuity equation, thermody-
namical energy equation and the water vapor con-
tinuity equation. With the hydrostatic approxima-
tion, the momentum equation explicitly computes
the rate of velocity change due to the momentum
exchange by the large-scale flow and the Coriolis
and pressure gradient forces. In addition, this cal-
culation includes the contributions of horizontal and
vertical mixing due to subgrid-scale eddies as pro-
posed by Smagorinsky ef al. (1965). As suggested
by Phillips (1957), the vertical coordinate is chosen
to be sigma, i.e., pressure normalized by surface
pressure. The thermodynamic energy equation com-
putes the rate of temperature change due to the
three-dimensional advection of temperature by the
large-scale flow, adiabatic compression and expan-

sion, radiative transfer, horizontal and vertical mix-
ing by subgrid-scale eddies, a dry and moist con-
vective adjustment and the condensation of water
vapor. The water vapor continuity equation predicts

the rate of change of the water vapor mixing ratio

due to the three-dimensional advection by the large-
scale flow, horizontal and vertical mixing by subgrid-
scale eddies, and the moist convective adjustment
and nonconvective condensation as proposed by
Manabe et al. (1965). )

The numerical integration of the prognostic equa-
tions described above is carried out at nine verti-
cally spaced finite-difference levels which are
chosen to represent the lower stratosphere, the
Ekman boundary layer and the troposphere. For
the horizontal finite differencing, a regular latitude-
longitude grid system with a meridional spacing of
4.5° and longitudinal spacing of 5.0° is used (for fur-
ther details see Manabe er al., 1975).

The computational domain and geography of the
model are shown in Fig. 1. An insulated free-slip
wall is placed at the equator and cyclical continuity
is assumed for the two meridional boundaries of
the 120° longitude sector. The computational domain
is divided into two equal areas of continent and
““ocean.’’ It should be stressed that this model does
not include ocean dynamics. The ‘‘ocean’ portion
is simply considered to be an area possessing an ~
infinite supply of moisture for evaporation. The
model ocean resembles the actual ocean in the’sense
that it is wet, but it has no heat capacity and no
heat transport by ocean currents.

The radiative transfer section of the model com-
putes the transfer of solar and terrestrial radiation
incorporating the effects of water vapor, carbon
dioxide, ozone and clouds. The transfer of terrestrial
radiation is computed by a method which was orig-
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inally developed by Rogers and Walshaw (1966)
and was modified by Stone and Manabe (1968). The
method is significantly different from the version
formulated by Manabe and Strickler (1964) which
was used in MW75. The scheme for computing solar
heating of the atmosphere is identical to that de-
scribed by Manabe and Strickler (1964) and Manabe
and Wetherald (1967). The distribution of water
vapor is determined from the prognostic equation
for water vapor. The mixing ratio of carbon dioxide
is assumed to be uniform everywhere. A zonally
uniform distribution of ozone is prescribed as a func-
tion of latitude, height and season. The cloud cover
is placed wherever condensation of water vapor is
predicted; otherwise, clear sky is assumed. For the
computation of terrestrial radiation, the cloud cover
is assumed to be a blackbody radiator. For solar
radiation, the reflectivity and the absorptivity are
prescribed as a function of altitude and cloud thick-
ness. A more detailed description of the cloud pre-
diction scheme will be given in a future publica-
tion. One of the important simplifications of this
model is the elimination of the diurnal and seasonal
variations of insolation. The latitudinal distribution
of the annual-mean insolation is prescribed at the top
of the model atmosphere for the computation of the
solar radiation flux. :

The surface temperatures of the continent and
the idealized ocean are determined from the bound-
ary condition that no heat is stored at the earth’s
surface, i.e., that the contributions from the net
fluxes of solar and terrestrial radiation and the turbu-
lent fluxes of sensible and latent heat locally sum
to zero.

The depth of snow cover and the amount of soil
moisture over the continent are computed based on
budget equations for snow and soil moisture, respec-
tively [refer to Manabe (1969) for further details].
Differentiation of precipitation between rain or snow
is determined by the temperature at a height of
~350 m above the ground. If this temperature is
below freezing, it is assumed that snowfall occurs.
Otherwise, precipitation occurs in the form of rain.
Over the idealized oceanic region, sea ice is
predicted where the surface temperature is less
than —2°C.

For the computation of the heat balance at the
earth’s surface it is necessary to know the distribu-
tion of albedo. The albedos of the soil surface and
sea surface are specified as functions of latitude [see
Fig. 1 of Manabe (1969) for the latitudinal distribu-
tions]. The albedos of snow cover and sea ice are
assumed to be much larger than the albedo of bare
soil. When the surface temperature is below —10°C,!
the albedos of both snow cover and sea ice are as-

! In the study of Manabe and Wetherald (1975), this critical
temperature was —25°C because of a code error.
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sumed to be 70%. On the other hand, albedos of
45 and 35% are assigned to snow cover and sea
ice, respectively, if the surface temperature is
above —10°C.

3. Numerical time integrations

Numerical time integrations of the model are
carried out for three values of the atmospheric CO,
concentration, viz., 300, 600 and 1200 ppm by vol-
ume. Hereafter, these three integrations are identi-
fied as standard, 2 X CO, and 4 X CO,, respec-
tively. By comparing the results from these three
experiments, the influences of the increased CO,
content on the model climate are identified.

Starting from the initial conditions of an iso-
thermal and dry atmosphere, the time integration of
the standard experiment is performed over the
period of 1200 days. The state of the model at-
mosphere at the end of the standard integration is
chosen as an initial condition for the 2 x CO, and
4 x CO, integrations, both of which are carried out
over the period of 1200 days. A quasi-equilibrium
climate is obtained as the time-mean state of the
model atmosphere over the last 500-day period of
each integration. As discussed in MW?75, the periods
of time integration chosen for these experiments are
sufficiently long that the response of the model cli-
mate to the doubling or quadrupling of CO, is much
larger than the ambiguity resulting from the failure
of the model to completely achieve statistical equi-
librium.

Unless specified otherwise, the responses of the
model atmosphere to the doubling and the quad-
rupling of CO, are shown as the differences among
the time-mean states over the last 500-day period
of the three time integrations.

4. Zonal-mean response

The change of the zonal-mean temperature of a
model atmosphere in response to the doubling of
the atmospheric CO, content is extensively dis-
cussed in MW?7S. Despite significant differences be-
tween the present model and the MW75 model, the
basic characteristics of the zonal-mean temperature
response obtained from the present experiments are
essentially similar to those obtained in the previous
study. Readers should thus refer to MW75 for de-
tailed discussion of the response of the zonal-mean
temperature.

However, there are some features of the zonal-
mean response which deserve further discussion in
this paper. Figs. 2a and 2b show the latitude-height
distributions of the zonal-mean temperature re-
sponse of the model atmosphere to the doubling
and quadrupling of CO,. These figures show that
the meridional temperature gradient in the lower
troposphere markedly reduces in response to an in-
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FiG. 2. Latitude-height distribution of the change of the zonal-mean temperature
(K)in response to (a) a doubling of CO, content and (b) a quadrupling of CO, content.

crease in CO,. As discussed in MW75, one of the
important reasons for this reduction is the enhance-
ment of the warming in high latitudes by the pole-
ward retreat of the highly reflective snow cover and
the confinement of the additional heat in the lowest
layer of the model troposphere by the stable strati-
fication.

Another important reason for the general reduc-
tion of the meridional temperature gradient is the
large increase in the poleward transport of latent
heat due to the general warming of the model at-

mosphere. Fig. 3 shows the vertically integrated

poleward transport of dry static energy (C,T + ¢),
latent energy (Lr) and moist static energy (C,T + ¢
+ Lr) which is the sum of the dry static energy
and latent energy. Here 7, ¢ and r represent tem-
perature, geopotential height and water vapor mix-
ing ratio, respectively, and C, and L denote the
specific heat of air under constant pressure and the
latent heat of evaporation. As shown by this figure,
the poleward transport of latent energy at ~30°

latitude increases by. as much as 7 and 16% in re-
sponse to the doubling and quadrupling of CO,, re-
spectively. The reason for the increased latent heat
transport becomes evident when one examines Fig. |
4 which presents the latitudinal distributions of the
mixing ratio of water vapor at the 940 mb level from
all three experiments. This figure indicates that the
mixing ratio of water vapor in the lower model
troposphere increases markedly with increasing
CO, content. This is consistent with the highly
nonlinear dependence of the saturation vapor pres-
sure of air on temperature. It is therefore reason-
able that in a CO,-rich, warm model atmosphere
the poleward transport of latent energy is relatively
large, accounts for a major part of the poleward
energy transport in middle latitudes, and contributes
to the overall reduction of the meridional tempera-
ture gradient in the lower troposphere of the model
atmosphere.

It is important to recognize, however, that the
poleward transport of dry static energy reduces
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markedly in response to an increase in CO,. To a large
degree this reduction counterbalances the increase
in latent heat transport discussed above. In fact, the
poleward transport of moist static energy actually
reduces in high latitudes where the meridional tem-
perature gradient reduces markedly mainly due to
the reduction of snow-covered area. However, in
middle and low latitudes where the influence of
snow-cover feedback is less important, the transport
of moist static energy increases significantly in re-
sponse to a doubling of CO, as illustrated in Fig. 5.
The increase occurs despite the general reduction of
the meridional temperature gradient in these lati-
tudes suggesting the increased effectiveness of the
model atmosphere in transporting moist static
energy poleward.

Recently, using a spectral model of the at-
mosphere with a limited computational domain, the
present authors conducted a series of numerical ex-
periments which are very similar to those described
in this paper but with an additional case where the
CO, concentration was increased eight times the
normal amount (8 x CQ,). It was found that, owing
to a relatively high surface air temperature, snow
cover is absent from the 8 X CO, experiment and
almost absent from the 4 x CO, experiment. The
comparison between these two experiments indi-
cates that, in the absence of the snow-albedo feed-
back mechanism, the poleward transport of moist
static energy increases at all latitudes and the
equator-to-pole difference of surface air temperature
reduces by 2-3°C in response to this particular range
of CO, increase (refer to Fig. 5). Qualitatively, a
similar increase of the moist static energy transport
was noted by Held (1978) in his results from a set
of numerical experiments with a simple general cir-
culation model.

These results convince the authors that the effec-
tiveness of the atmospheric circulation as a whole
for transporting moist static energy increases with
increasing atmospheric temperature and results in
the reduction of the meridional temperature gradi-
ent in the lower model atmosphere. In other words,
the meridional temperature gradient in the lower
troposphere is reduced irrespective of the existence
of the snow-albedo feedback mechanism. The in-
crease in the poleward moisture transport which is
discussed above is responsible for this change.

Itis probable that the large reduction in the meridi-
onal temperature gradient in the middle and lower
model troposphere, which is discussed above, alters
the distribution of the eddy kinetic energy. Fig. 6
shows the latitude-height distribution of the eddy
kinetic energy change caused by the quadrupling
of CO,. As discussed in MW73, eddy kinetic energy
reduces in the middle and lower model troposphere
probably because of the reduction of the meridional
temperature gradient. On the other hand, it increases
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F1G. 3. Vertically integrated poleward transport of (a) dry static
energy (C,T + ¢), (b) latent energy (Lr) and (c) moist static
energy (C,T + ¢ + Lr). Negative values are equatorward
transport.

in the upper model troposphere where the static
stability decreases as Fig. 2 indicates. Further study
is required for the definitive determination of the
basic cause for the change in the distribution of eddy
kinetic energy described above.

An increase in CO, content affects not only the
distribution of eddy kinetic energy, but also the vari-
ability of temperature in the model atmosphere. Fig.
7b shows the latitude-height distribution of the
change in the variance of the temperature fluctuation

A

(T’2t) in response to the quadrupling of CO, content.
Here, ( )’ denotes the deviation from the time
mean, and (7) and (7)* indicate the time and zonal
means, respectively. As a reference, the latitude-
height distribution of temperature variance in the
standard model atmosphere is presented in Fig. 7a.
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F16. 4. Latitudinal distribution of the zonal-mean water vapor mixing ratio at the
940 mb level from the three experiments. :

Fig. 7b indicates that the variance of temperature
increases somewhat in the upper model atmosphere
but decreases markedly in the lower model tropo-
sphere in response to the quadrupling of CO, content
in air. This decrease is particularly large in middle
and high latitudes. It therefore appears that the gen-
eral reduction of the meridional temperature gradi-
ent in response to the CO, increase is responsible
‘for the reduction of both the eddy kinetic energy
and the variance of temperature in the lower model
troposphere.

The increase in the poleward transport of latent
energy discussed above has a very important hydro-
logic implication. In MW75 it was emphasized that

the area-mean rate of precipitation increases mark-
edly in response to an increase of CO,. A similar
increase is evident in the upper half of Fig. 8a, which
shows the latitudinal distributions of the zonal-mean
precipitation rate from the standard, 2 x CO, and
4 X CO, experiments. Although the increase in
evaporation rate tends to be uniform at most lati-
tudes, as Fig. 8b indicates, the increase in precipi-
tation rate is not uniform at all latitudes. It is par-
ticularly large poleward of 45° latitude, and far
exceeds the increase of the evaporation rate. Also
evident is the poleward shift of the latitude of the
maximum precipitation rate in middle latitudes as
the CO, concentration is increased. The large in-

1 T T T T 1

2%XCO2 —1%CO,
4%CO 5 —2XCO,
8XCO; —4%CO, (SPECTRAL)

x 10YSwaTTS

1 1 i I 1 1 ] I 1l
90° 80° 70° 60° 50° 40° 30° 20° 10°

LATITUDE

Fic. 5. Latitudinal distribution of the change of the poleward transport of moist
static energy between the successive experiments of this study. The last category
(4 X CO, — 8 x CO,) was obtained from a spectral version of the current model.
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Fic. 7. Latitude-height distribution of (a) the zonal-mean-variance of tempera-
ture from the standard experiment and (b) the change of the zonal-mean variance
of temperature due to a quadrupling of CO, content. Units are K2.
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FiG. 8. Zonal-mean rates from all three experiments of
(a) total precipitation and (b) evaporation. Thé portion of the
precipitation rate, which is attributable to snowfall, is indicated
by various-types of cross hatching.

crease in the precipitation rate in high latitudes ob-
viously results from the large increase in the pole-
ward transport of water vapor into higher latitudes,
where the moisture content of air increases mark-
edly (see Fig. 4). As discussed later, the changes
in the rates of precipitation and evaporation have
a profound effect on the hydrology over the model
continent, namely they yield large excesses of
moisture in high latitudes and some deficit in a cer-
tain region of the middle latitudes.

5. Area-mean response

Table 1 contains the changes of the area-mean
surface air temperature of the model in response
to the doubling and quadrupling of CO, content.
As shown by this table, the sensitivity of the present
model is approximately similar to the sensitivity of
the previous model (MW?75) despite the incorpora-
tion of the cloud-radiation feedback mechanism into
the present model. The influence of the cloud-radia-
tion feedback mechanism is discussed in Section 8.
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Table 1 also reveals that the change in surface
air temperature of the model is almost linearly pro-
portional to the change in the logarithm of the
CO, amount. A similar relationship is evident in
Figs. 2a and 2b which show the response of the
zonal-mean temperature of the model atmosphere
to the doubling and quadrupling of the CO, content.
It holds because the emissivity of carbon dioxide is
almost linearly proportional to the logarithm of car-
bon dioxide amount in the range under considera-
tion. A similar relationship emerged in the result of
Manabe and Wetherald (1967) from their one-dimen-
sional model of radiative-convective equilibrium.
For reference, Table 1 also tabulates the responses
of the one-dimensional (1-D) radiative-convective
equilibrium model which incorporates the scheme
of radiative computation used for the present three-
dimensional (3-D) model. A quasi-linear relationship
is also evident in this result. One can evaluate the
validity of this relationship further by referring to
the studies of Rasool and Schneider (1971) and
Augustsson and Ramanathan (1977) with simple
global-average models. '

It is of interest that the surface-air temperature
is more sensitive to the increase of CO, content in

-the 3-D model than in the 1-D model. As discussed

in MW?75, the larger sensitivity of the 3-D model is
caused, in part, by the inclusion of the so-called
snow-albedo/surface temperature feedback mecha-
nism in the model.

The area-mean changes of precipitation rate in
response to the doubling and quadrupling of CO,
in the model atmosphere are given in Table 2. This
table shows that the area-mean precipitation rate

-increases by 12% when the CO, content is quad-

rupled. As discussed in Section 7, the temperature
change in the model atmosphere due to the quad-
rupling of CO, is very similar in magnitude and dis-
tribution to the change caused by a 4% increase in
the solar constant. However, as noted above, the
intensity of the hydrologic cycle increases by a per-
centage which is much larger than 4%. Wetherald
and Manabe (1975) found a similarly excessive in-
crease in the intensity of the hydrologic cycle in re-
sponse to an increase of the solar constant and con-
cluded that it results from 1) the decrease of Bowen’s
ratio with increasing surface temperature and 2) the
increase in the downward terrestrial radiation due to

TABLE 1. Area-mean surface air temperature difference (K)
obtained from a doubling and quadrupling of CO, content. Results
from the one-dimensional (1-D) radiative, convective model are
added for comparison.

1-D 3-D
2 x CO, 2.0 3.0
4 x CO, 4.1 5.9
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the nonlinear increase of the water vapor content of
air with respect to increasing temperature. In this
study similar changes of the model atmosphere oc-
cur in response to an increase of CO, content of
the atmosphere.

6. Geographical response

It is found that the doubling and quadrupling
of CO, has a significant influence not only on the
zonal- and area-mean climates, but also on the geo-
graphical distribution of climate, particularly of the
hydrologic variables. Therefore, this section is
mainly devoted to the geographical distributions of
the hydrologic response to the increase of CO,
content.

Before beginning a detailed discussion of the geo-
graphical response, it is desirable to describe briefly
the surface climatology from the standard experi-
ment. Fig. 9a shows the geographical distribution
of the precipitation rate from the standard experi-
ment. In this distribution, one can identify the tropi-
cal rainbelt, the subtropical dry belt and the mid-
latitude rainbelt. In addition, one notes the region
of relatively large precipitation rate along the east
coast of the subtropical portions of the model con-
tinent. As Manabe (1969) pointed out, the northward
advection of moist air and the northward migration
of cyclones along the periphery of the oceanic anti-
cyclone in the model subtropics account for the rela-
tively large precipitation rate in the coastal region.
Fig. 9b shows the geographical distribution of the
evaporation rate and indicates that the evaporation
rate over the continent is much less than that over
the ocean in the model subtropics. This land-sea
contrast in evaporation rate produces the land-sea
contrast in surface temperature and, accordingly, sea
level pressure. In Fig. 10, which shows the geo-
graphical distribution of the sea level pressure of
the model atmosphere, one can identify an anti-
cyclone in the subtropical ocean where the surface
temperature is relatively low because of the heat loss
due to a high evaporation rate. Along the western
periphery of this oceanic anticyclone, moisture is
transported poleward, as Fig. 11 indicates, and con-
tributes to the enhancement of precipitation along

TABLE 2. Area-mean precipitation rate P4 (cm day~?) and
fractional increase of area-mean precipitation rate due to a
doubling and quadrupling of CO,. P4,co, is the area mean pre-
cipitation rate from the standard (1 x CO,) experiment.

PA - PA)XCOz
P4 Pixco.
1 x CO, 0.258 0
2 x CO, 0.276 0.07
4 x CO, 0.288 0.12
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F1G. 9. Horizontal distributions of (a) total precipitation rate
and (b) evaporation rate which are obtained from the standard
experiment. Units are cm day~!.

the east coast of the model continent. (In Fig. 11, the
moisture transport vector m is defined as

1 (P
m=——J
g Jo

where g is the acceleration of gravity, r the mixing
ratio of water vapor, v' the time mean wind vector,
p the pressure and Psx the surface pressure.) The
monsoonal precipitation discussed above influences
the geographical distribution of soil moisture which
is shown in Fig. 12. According to this figure, soil
moisture in the subtropical portion of the continent
is relatively large along the east coast and becomes
very small near the west coast in response to the
longitudinal variation of the precipitation rate which
is illustrated in Fig. 9a.

In the high-latitude portions of the model con-
tinent where the precipitation rate substantially ex-

virdp,
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standard experiment.

ceeds the evaporation rate, the soil is nearly satu-
rated with water. In low latitudes, the soil moisture
increases from the subtropics to the tropics of the
model where the tropical rainbelt is located. How-
ever, because the precipitation is highly sporadic
in the model tropics, the time-mean value of the soil
moisture there is significantly below the saturation
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tor, see the line segment indicating 2 kg cm™! s~! in the lower
left corner of the figure.

value of 15 cm even though the time-mean rate of
precipitation far exceeds that of evaporation. One
can appreciate that the larger the variability of the
precipitation rate, the greater is the fraction of rain-
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Fi1G. 12. Horizontal distribution of the soil moisture (cm) over
the continent for the standard experiment. (For this study, it is
assumed that the field capacity of soil is 15 cm everywhere.)
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FiG. 13. Horizontal distribution of the change of soil moisture (cm) over the
continent in response to (a) a doubling of CO, content, (b) a quadrupling of CO,

content.

water diverted to runoff and thué the less the soil

moisture.

The geographical distributions of climate and
hydrology, which are briefly described above, are
essentially “similar to those discussed by Manabe
(1969). Refer to his paper for further discussion of
this subject.

The distribution of soil moisture changes signifi-
cantly when the CO, content of air is increased.
Figs. 13a and 13b illustrate the geographical distri-
butions of the changes in soil moisture over the
model continent in response to the doubling and
quadrupling of CO, content, respectively. One of
the notable features common to both distributions
is the reduction of soil moisture in the zonal belt lo-
cated between 37 and 47° latitude. This drying is
also indicated in Fig. 14, which shows the zonal-
mean values of precipitation rate (P), that of
evaporation rate (F) and (P — E) over the model
continent as a function of latitude. [Note that (P
— FE) is approximately equal to the runoff rate. In
the absence of a systematic change of soil moisture
with time, the difference between the time mean
rates of precipitation and evaporation is essentially
equal to that of runoff.] As shown by this figure,
the precipitation rate decreases slightly in the zonal
belt mentioned above due to the poleward shift of
the rainbelt in middle latitudes. Therefore, as
Fig. 14c indicates, (P — E) and, accordingly, runoff
rate over the model continent decrease significantly
between 40 and 50° latitude causing the substantial
reduction of the soil moisture there.

In Section 4, it was shown that the eddy kinetic
energy in the middle and lower troposphere de-
creases in response to a CO, increase, probably be-
cause of a reduction in the meridional temperature
gradient. This decrease is particularly large around
40-45° latitude where the meridional temperature
gradient is reduced significantly throughout the en-
tire model troposphere as Fig. 2 indicates. In Fig.
15, which shows the geographical distribution of the
change in eddy kinetic energy at the 500 mb level,
one can identify the zonal belt of eddy kinetic energy
reduction at around 45° latitude over the model con-
tinent. It is probable that this reduction is partly
responsible for the decrease (or lack of significant
increase) in precipitation rate and for the drying of
the soil in this zonal belt.

According to Fig. 14c, (P — E) increases mark-
edly poleward of 50° latitude in response to the
increase of the CO, content. The significant increase
in the poleward moisture transport, which was dis-
cussed in Section 4, is responsible for this change.
In short, a marked increase in the runoff rate occurs
in higher latitudes of the model because of an in-
crease in CO, content of air.

Another feature of interest, which is common to
both Figs. 13a and 13b, is the general increase in
soil moisture along the east coast of the continent
equatorward of 35° latitude. This change results from
the increase in the aforementioned monsoonal pre-
cipitation which is caused by the intensification of
the northward moisture transport along the periph-
ery of the oceanic anticyclone in the model sub-
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F1G. 14. Zonal-mean values of (a) precipitation rate, (b) evaporation rate and
(c) precipitation rate minus evaporation rate, i.e., (P — E), over the continent
from all three experiments. Units are cm day™.

tropics. This intensification is mainly caused by an
increase in the moisture content of the air, and is
evident in Fig. 16 which shows the change in the
moisture transport vector in response to the quad-
rupling of CO, content in the model atmosphere.
The change in the monsoonal precipitation manifests

itself in Fig. 17, which shows the geographical dis-
tribution of the change in (P — E) in response to
the doubling of CO,. According to this figure, (P
— E) increases along the east coast of the model
continent in both the subtropics and the tropics.
In addition, this figure reveals that (P — E) de-
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F1G. 15. Horizontal distribution of the change of eddy kinetic energy (J kg™)
at the 500 mb level of the model atmosphere in response to a quadrupling of the

CO, content.

s

creases over the model continent around 45° latitude
as discussed above. It should be noted here that,
over the model continents, the distribution of (P
— E) shown in Fig. 17 is essentially similar to the
distribution of the runoff rate as pointed out earlier.

The change-in the wetness of the soil surface sig-
nificantly affects the change of surface air tempera-
ture shown in Fig. 18a. According to this figure,
warming over the model continent has a local maxi-
mum around 40° latitude where the soil moisture
decreases. On the other hand, warming is relatively
small along the east coast of the model continent
where the soil moisture increases. One can appreci-
ate these results by recognizing the influence of the
soil moisture on the rate of evaporation. For exam-
ple, the reduction of soil moisture results in the sup-
pression of heat loss by evaporation from the conti-
nental surface and contributes to the warming of
the surface temperature. In high latitudes, warming
is at a maximum around 83° latitude where the sur-
face albedo reduces the most as indicated in Fig. 18b
owing to the poleward retreat of the snow cover
and sea ice.

The results described above suggest that the cli-
matic consequences of increasing CO, are far from
uniform and are highly variable geographically.

7. Increased solar constant

Recently, the present authors conducted a series
of numerical time integrations of the model assum-
ing various values of the solar constant. It was found

that the comparison between this set of solar con-
stant experiments and the present CO, experiments
revealed the relative importance of the mechanisms
for the reduction of the meridional temperature
gradient which are discussed in Section 4. There-
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F1G. 16. Horizontal distribution of the change of the moisture
transport vector m in response to a quadrupling of the CO, con-
tent. For the scaling of a vector see the line segment indicating
1 kg cm™! s7! in the lower left corner of the figure.
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FIG. 17. Horizontal distribution of the change of precipitation rate minus
evaporation rate, i.e., (P — E), in response to a doubling of CO, content. Units

are cm day~1.

fore, it was decided to discuss the results from this
comparison.

The model structure and the time integration pro-
cedure, which were adopted for the solar constant
experiments, were identical to those of the CO, ex-
periments which are described in Sections 2 and 3.
The results, which are shown here for the compari-
son, represent the time averages over the last 500
days of each integration. Further details of the ex-
periments are contained in a forthcoming paper
which discusses the influences of cloud cover on the
sensitivity of the model climate.

In Fig. 19, the changes in the zonal-mean surface
air temperature in response to the doubling and the
quadrupling of CO, content are compared with the
corresponding changes due to a 2% and a 4% in-
crease in the solar constant. This figure clearly in-
dicates that the latitudinal distribution of the change
in the zonal-mean surface air temperature resulting
from the doubling (or quadrupling) of CO, closely
resembles the change due to a 2% (or 4%) increase
in the solar constant. This resemblance is particu-
larly surprising because the radiative influence of
a CO, increase is quite different from that of an
increased solar constant as discussed below.

Fig. 20a shows the latitudinal distributions of the
changes in the net downward radiative flux at the
200 mb level of the standard model atmosphere when
the CO, content of air is quadrupled or the solar
constant is increased by 4% but all other relevant
parameters of the model (i.e., air temperature, mix-

ing ratio of water vapor and the surface albedo of

- the earth’s surface) are held fixed. Since the 200 mb

level approximately corresponds to the tropopause
level, the new downward flux indicates the net acqui-
sition of heat by the troposphere-earth system.
According to this figure, the latitudinal distribution
of the radiative heat gain by the troposphere-earth
system resulting from the quadrupling of CO, con-
tent is significantly different from the distribution
of heat gain due to a 4% increase of the solar con-
stant. However, both distributions yield approxi-
mately the same increase in net radiative heating
when they are averaged over the entire computa-
tional domain.

In Section 4 it was noted that the general warming
of the entire model troposphere reduces the area
of highly reflective snow cover in high latitudes,
enhances the poleward transport of latent energy
and thus reduces markedly the meridional tempera-
ture gradient. In other words, the overall warming
of the model atmosphere affects not ony the area-
mean temperature but also the latitudinal gradient of
temperature of the model atmosphere. It is found
that this effect is so overwhelming that the differ-
ence between the latitudinal distributions of the two
thermal forcings described above has a relatively
minor effect in altering the meridional temperature
gradient of the model atmosphere. This is evident
in Fig. 20b which shows the contributions of the
relevant factors to the change in the heat balance
of the earth-atmosphere system of the model which
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Fi1G. 18. Horizontal distribution of the change of surface-air temperature (K)
N in response to a quadrupling of CO, content (a) and horizontal distribution of
the change of surface albedo (%) in response to a quadrupling of CO, content (b).

results from the quadrupling of the CO, content.
In this figure, the dashed line shows the latitudinal
distribution of the change in the net downward solar
radiation at 200 mb which is mainly attributable to
the reduction of surface albedo. The solid line shows
the latitudinal distribution of the change in the
net release of latent energy (i.e., the difference be-
tween the heat released by condensation and the
heat consumed by evaporation) in the earth-tropo-

sphere system of the model. This change is the con-
sequence of the general increase in the poleward
transport of latent energy. For the sake of compari-
son, the difference between the two radiative
forcings shown in Fig. 20a is added to Fig. 20b. This
figure clearly indicates that the consequences of the
general warming (i.e., snow cover reduction and the
increase in latent heat transport) contribute sig-
nificantly to the reduction of the meridional tempera-
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Fi1G. 19. Latitudinal distribution of the zonal-mean change of surface air tem-
perature in response to a 2% (and a 4%) increase of the solar constant, and a
doubling (and quadrupling) of the CO, content. :

ture gradient. The first effect is particularly impor-
tant at high latitudes but the second effect exerts its
influence at all latitudes. The magnitudes of these
contributions are much larger than the difference
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F1G. 20. (a) Latitudinal distribution of the change in net
downward radiation flux at the 200 mb level of the standard
model atmosphere. A change is computed by either quadrupling
the CO, content or increasing the solar constant by 4% and keep-
ing all other relevant factors unchanged.

(b) Dashed line indicates the latitudinal distribution of the
change in zonal-mean net downward solar radiative flux at the 200
mb level of the standard model atmosphere which is attributable to
* the reduction of surface albedo resulting from the quadrupling
of the CO, content. Solid line shows the change in the net release
of latent energy L(P — E) in the earth-atmosphere system of the
model due to the quadrupling of the CO, content. Dots indicate
the difference between the two thermal forcings shown in Fig. 20a.

between the latitudinal distributions of the two radia- -
tive forcings confirming the statement made earlier.
Since the area-mean warming due to the quadrupling
of CO, is very similar in magnitude to the warming
resulting from the 4% increase of the solar constant,
it is reasonable that the reductions of the meridional
temperature gradient due to these two forcings are
approximately similar to one another.

The similarity between the results from the CO,
and solar constant sensitivity studies is also evident
in the geographical distribution of the changes in
hydrologic variables. Fig. 21 shows the horizontal

%
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F16. 21. Horizontal distribution of the change of soil moisture
(cm) over the continent in response to a 4% increase of the solar
constant.



JANUARY 1980

distribution of the change in soil moisture over the
model continent in response to the 4% increase of the
solar constant. The general features of the distribu-
tion are very similar to the distribution of soil mois-
ture change in response to the quadrupling of CO,
content which was shown in Fig. 13b and discussed
in Section 6. For example, Figs. 21 and 13b both
indicate a zonal belt of enhanced aridity around 42°
latitude and increased wetness along the east coast
of the subtropical and tropical continent.? This simi-
larity reinforces the statistical significance of the
changes of surface aridity which are discussed in
Section 6.

8. Cloud response

As discussed in the Introduction, one of the sig-
nificant differences between this study and that of
MW?75 is the incorporation of the cloud/radiation
feedback mechanism into the present model. There-
fore, it is decided to discuss briefly here the influence
of the cloud cover change on the response of the
model climate to the increase in CO, content.

Fig. 22a is the latitude-height distribution of the
zonal-mean cloud amount obtained from the stand-
ard experiment. This figure indicates that the cloud
amount in the model atmosphere has a local maxi-
mum in the tropics and midlatitudes and a minimum
in the subtropics where the downward motion
branch of the Hadley cell is located. It also in-
dicates that the layer of relatively large cloud amount
which is located at ~12 km in the tropics and at ~6
km in high latitudes may be identified as a layer of
cirrus cloud. One can also identify a layer of rela-
tively large cloud amount which is located just above
the earth’s surface in high latitudes of the model as
low stratus cloud. The characteristics of the zonal-
mean cloud distribution in the standard model
atmosphere, which are described above, are evident
in the actual cloud distribution as estimated by
Telegadas and London (1954) and London (1957).

As one might expect from the discussions in the
preceding section, the distribution of cloud cover
change, which results from an increase in the CO,
content of air, is very similar to the corresponding
distribution of cloud cover change caused by an in-
crease in the solar constant. The latter distribution
will be extensively discussed in the future publica-
tion which deals with the influence of cloud cover
on the sensitivity of the model climate. Neverthe-
less, a brief discussion of the former is presented
here for the present readers.

2 The present authors performed a series of numerical experi-
ments comparable to those described in this section with a version
of the model in which the cloud distribution was held fixed. It
was found that the inclusion of cloud feedback did not signifi-
cantly alter the basic characteristics of the changes in the soil
moisture distribution which are identified here. For the discussion
of the effect of the cloud feedback mechanism on the sensitivity
of zonal-mean climate, see Section 8.
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FiG. 22. Latitude-height distribution of (a) the zonal-mean
cloud amount from the standard experiment and (b) the change of
the zonal-mean cloud amount in response to a quadrupling of the
CO, content. Units are percent.

The change of the zonal-mean cloud amount,
which occurred in response to the quadrupling of
CO,, is shown as a function of latitude and height
in Fig. 22b. This figure indicates that, in the upper
and middle troposphere, cloudiness decreases at
most latitudes. [Qualitatively, a similar reduction
of cloudiness was noted and discussed by Roads
(1978) and Schneider et al. (1978) when they exam-
ined the cloudiness change in their model atmosphere
which occurred in response to an increase in sea-
surface temperature.] On the other hand, low cloudi-
ness increases in the lower troposphere of high lati-
tudes and the subtropics where the relatively stable
stratification reduces the penetration of moisture
into the mid-troposphere and relative humidity in-
creases due to the enhanced evaporation from the
earth’s surface. In addition, cloudiness increases
in the lower stratosphere of the model. It is found
that the large reduction in static stability around the
tropopause level, a result of the large differ-
ence in warming between the troposphere and the
stratosphere, enhances the convergence of the up-
ward moisture transport into the lower stratosphere
and raises the relative humidity and cloudiness there.
In summary, cloudiness decreases in the upper and
middle troposphere of the model at most latitudes
but increases near the earth’s surface and lower
model stratosphere in high latitudes in response to
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TABLE 3. Partial change in S, F and R (W m~2) of the standard
model atmosphere attributable to the separate change in various
relevant factors, i.e., CO,, T, r, A and C. X denotes the sum
of all these partial changes. 8Y is the change in a radiative flux ¥
(i.e., S, F or R) due to the simultaneous changes in all relevant
variables resulting from the quadrupling of CO,.

Y4 3 8y
y\x CO, T r A C
N 0.35 —_— 1.12 2.10 2.26 5.83 S5.72
-F 426 —-16.74 668 — 206 -7.86 5.72
R 461 —-16.74 7.80 2.10 0.20 -2.03 0

an increased CO, content. Because of these changes,
both total cloudiness and the effective cloud-top
height reduce equatorward of 50° latitude. However,
total cloudiness as averaged over the entire compu-
tational domain changes little (<1%) because of the
increase in total cloudiness in the region poleward
of 50° latitude. (Here, total cloudiness means the
fraction of horizontal area covered by clouds.)

For the evaluation of the relative importance of
the cloud changes presented above, an analysis of
the radiative fluxes has been performed. The method
of analysis involves the computation of the con-
tribution of the change in each relevant factor on
_ the changes of solar and terrestrial radiative fluxes
at the top of the model atmosphere.

The change in the net downward radiation at the
top of the model atmosphere in response to the
quadrupling of CO, content is given by

6R = 8§ — 6F, ¢))

where 8( ) denotes the change of ( ) in response
to the quadrupling of CO, content. S and F are the
net downward solar radiation and upward terrestrial
radiation at the top of the model atmosphere,
respectively. 8S and 8F may be approximated as

85 =~ 8¢o,S + 8,5 + 8,8 + 8.5, V)
8F ~ 8¢o,F + &,F + 8,F + 8,F, A3)

where 8,5 and 6, F denote the changes in § and F
attributable to a change in a variable x (i.e., 8;) when
it is assumed that all other relevant variables do not
change. Here, the subscripts CO,, 7, r, A and C de-
note carbon dioxide content of air, atmospheric tem-
perature, mixing ratio of water vapor, surface albedo
and cloud cover, respectively.

The approximate expressions which are listed
above, hold provided that the changes of these vari-
ables are small. The results of this analysis are
presented in Table 3. From this table, it is seen that
the major contributions to 8R come from changes
of temperature, water vapor and CO, content, while
a lesser contribution comes from a change of surface
albedo in high latitudes. Since both the standard
and 4 x CO, atmospheres, are very close to radia-
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tive equilibrilinA(i.e., R = 0), the area mean value
of 8R (i.e., 8R") is equal to zero as the 8Y col-
umn of Table 3 indicates. However, 8RA, which
is computed from the approximate equations (1),
(2) and (3), does not vanish because of the nonlinear
interaction among the relevant variables as Table 3
indicates (the 3 column). It is of particular interest
to note here that contributions 8.5 and §.F almost
cancel out each other, which indicates the smallness
of the net contribution of cloud feedback. In other
words, the change in terrestrial radiation caused
by the cloud change is compensated by the accom-
panying change in solar radiation.

Further analysis of the results shows that, equa-
torward of 50° latitude, the reductions of both total
cloudiness and effective cloud-top height contribute
to the increase in the effective emission temperature
of the upward terrestrial radiation and enhance the
cooling of the model atmosphere. On the other hand,
the aforementioned reduction of cloud amount re-
sults in the decrease of the reflected solar radiation
(or increase in net incoming solar radiation) and
accordingly increases the absorption of solar radia-
tion by the earth-atmosphere system of the model.
Thus, the effect of the cloud-induced increase in out-
going terrestrial radiation almost compensates for
the effect of the corresponding increase in net
incoming solar radiation. Poleward of 50° latitude,
cloudiness increases without significantly altering
the effective cloud-top height. Since the incoming
solar radiation is small in high latitudes, the heat loss
due to the cloud-induced reduction of the net in-
coming solar radiation is almost compensated by the

heat gain due to the corresponding reduction of

outgoing terrestrial radiation despite the absence of
a change of the effective cloud-top height. Be-
cause of the compensation in both latitudinal zones,
the overall effect of the cloudiness change on the

heat balance of the atmosphere-earth system of the

model is relatively small.

In view of the uncertainty in the values of the
optical cloud parameters and the crudeness of the
cloud prediction scheme incorporated into the
model, it is premature to conclude that the change
of cloud cover has little effect on the sensitivity of
climate. However, it may not have as large an effect
as some of the earlier studies -(Manabe and
Wetherald, 1967; Schneider, 1972) imply because
of the compensative mechanism discussed above.
This subject will be dealt with in more detail in the
aforementioned future publication.

9. Summary and conclusions

It is shown that the general warming and the in-
crease of moisture content in the model atmosphere
due to a CO, increase results in the reduction of the
meridional temperature gradient in the lower model
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troposphere because of 1) the poleward retreat of
highly reflective snow cover and 2) the increase of
the poleward transport of latent heat. The first effect
is particularly important at very high latitudes and
the second effect exerts a smaller but more uniform
influence at all latitudes.

The increase in the poleward moisture transport
has an important hydrologic implication. Owing to
this increase, the change in the mean precipitation
rate has a large latitudinal dependence although the
evaporation rate tends to increase uniformly at all
latitudes in response to an increase of CO,. It is
found that the enhanced penetration of moisture into

high latitudes markedly increases precipitation there -

and shifts the midlatitude rainbelt poleward. Thus,
the rate of runoff from the model continent increases
significantly in high latitudes. On the other hand, the
poleward shift of the midlatitude rainbelt results in
the absence of a significant increase in the precipita-
tion rate and the reduction of soil moisture over the
model continent in a zonal belt centered around 42°
latitude. In this zonal continental belt, the eddy
kinetic energy decreases significantly and is partly
responsible for the aforementioned absence of the
increase in the precipitation rate. In the model
subtropics, an increase of carbon dioxide in the
model atmosphere intensifies the monsoonal precipi-

tation along the east coast of the model continent -

which results from the increase of the northward
moisture transport along the periphery of the oceanic
anticyclone. It is important to recognize that the re-
sults described above are obtained from a climate
model with an idealized geography free of moun-
tains and without seasonal variation. Therefore, one
should not take too literally the details of the geo-
graphical distribution of climate change indicated in
this study. Nevertheless, these results suggest that
the climatic effect of a CO, increase may be far
from uniform and may have significant geographical
variation.

It is of interest that the response of the model
climate to a-doubling (or quadrupling) of CO, con-
tent is very similar to the corresponding response to
a 2% (or 4%) increase of the solar constant. Both
responses include a general warming of the tropo-
sphere-earth system of the model and decreases of a
similar magnitude in the meridional temperature
gradient although the latitudinal distributions of the
direct radiative effect of these two forcings are quite
different. As pointed out in the beginning of the pre-
ceding paragraph, the general warming of the model
atmosphere results in the poleward retreat of snow
-cover and enhanced transport of latent energy and
causes the large reduction of the meridional tem-
perature gradient of the model troposphere. This
effect is found to dominate over the difference be-
tween the latitudinal distributions of the two radia-
tive forcings.
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The reduction of the meridional temperature:
gradient, which accompanies the general warming
of the model atmosphere, may have a paleoclimatic
implication. One can speculate that the small
meridional temperature gradient in the warm climate
of the Mesozoic era, which is indicated by geological
records, was partly sustained by a similar mecha-
nism, i.e., alarge poleward transport of latent energy.

It is suggested that the increase of CO, content
affects not only the time-mean state, but also.the
variability of the model climate. For example, the
variance of temperature in the lower model tropo-
sphere decreases substantially in response to the
CO, increase. The aforementioned reduction of the
meridional temperature gradient appears to be re-
sponsible for not only the reduction of eddy kinetic
energy, but also the reduction of the variance of
temperature.

The model used for this study contains an inter-
action among cloud cover, radiation and dynamics,
i.e., a cloud feedback mechanism. It is found that
the cloud feedback mechanism of the model has
little effect on the overall sensitivity of climate.
Obviously, the magnitude of the effect depends on
the specific choice of the optical cloud parameters
(i.e., reflectivity and absorptivity) which are not
known accurately. Nevertheless, the results from
this study identify an interesting mechanism of
compensation which tends to reduce the net effect
of cloud cover on the sensitivity of climate.

A natural extension of this study is a sensitivity
study using a joint mixed-layer ocean-atmosphere
model with a global computational domain, realistic
geography and a seasonal variation of insolation.
The construction of such a model is in progress
at the Geophysical Fluid Dynamics Laboratory
of NOAA.
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