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ABSTRACT

A simple two-level global climate model based on the energy balance of the atmosphere and
surface is described. The model includes physically based parameterizations for: (1) exchange of
heat and moisture across latitude belts and between surface and atmosphere; (2) precipitation
and cloud formation; and (3) solar and infrared radiation. Predicted model fields include surface
and atmospheric temperature, precipitation, relative humidity and cloudiness. The effects of
cloud cover are allowed to feed back into the radiation schemes. In low latitudes, the radiative
parameterizations are such that the albedo effects of cloud cover are dominant; in high latitudes,
the infrared properties and albedo effects are of equal importance. Several model integrations are
described. It is found that cloudiness is generally constant with changing temperature in low
latitudes. In high altitudes cloudiness increases with increasing temperature but because of
compensating effects on the thermal and solar radiation, the cloud feedback effect on the

radiation field is small. The net global feedback by the cloud field is negative but small.

1. Introduction

One characteristic distinguishing the earth from
the rest of the planets in our solar system is the
presence of a substantial fractional cloud cover,
which has conflicting effects on our climate: clouds
provide surface warming by decreasing the loss of
infrared radiation to space (cloud greenhouse
effect), but at the same time give rise to surface
cooling by reflecting solar radiation back to space
(cloud albedo effect). These compensating feed-
backs complicate our understanding of the sensi-
tivity of the earth’s climate to various external
stimuli, such as increased CO, or a variable solar
constant, since we still do not know in any detail
how the cloud field will change under different
climatic conditions.

The radiative effects of clouds, both solar and
infrared, have been discussed by London (1957),
Rodgers (1967), Ohring and Clapp (1980), Cess
and Ramanathan (1978), and many others,
although whether the cloud albedo or cloud
greenhouse effect dominates or whether these
effects mutually compensate is still not yet clear.
Schneider (1972) pointed out that an important
factor is the behavior of the temperature of the

cloud top compared to the surface and lower

tropospheric temperatures. Using average tem-

peratures and cloud top height, Schneider cal-

culated that an increase in cloud cover would cause

a global cooling. However, in high latitudes, clouds
could provide a surface warming. Namias (1960).
and Meleshko and Wetherald (1981), also point out
that there may be local and seasonally varying
effects. For example, Namias shows that in the
continental United States there is an inverse
correlation between precipitation (and presumably
cloud cover) and surface temperature in the summer
and a positive correlation in the winter. However.
Cess (1976) has argued that the competing cloud
effects may actually compensate each other in all
latitude bands and in all seasons. Cess et al. (1982)
also discuss the use of satellite data in the problem-
and suggest it is yet premature to draw firm
conclusions.

While these radiative feedback studies art
important for our understanding of the influence of
clouds on climate, other studies are equally
important to determine the basic reasons for ClOl{d
variability. For example, it is by no means certain

that even if clouds have a null effect for the present -
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climate that they will also have a null effect for
other climates. A variety of numerical models
owed that a dominant feature of cloud varia-
yility was a decrease in middle tropospheric
(ractioﬂal cloud cover with increasing surface
jemperature (e.g., MacCracken 1969; Manabe and

' Wetherald, 1975, Wetherald and Manabe, 1975;

Roads, 1978a; Schneider et al., 1979; Wetherald
;nd Manabe, 1980; and Vallis, 1982). In fact, in
the GCM study of Wetherald and Manabe (1980),
middle latitude and midtropospheric clouds tended
o decrease with increasing temperature even
though the intensity of the hydrologic cycle
(precipitation and evaporation) increased.

Reasons for this decrease in cloud cover were

. giscussed first by Manabe and Wetherald (1975),

and later by Roads (1978b), and Wetherald and
Manabe (1980). With a more intense hydrologic
cycle, the vertical velocity variance tends to
increase, resulting in more precipitation in regions
of ascent and more drying in regions of descent. In
regions of descent, where cloud cover was nor-

" mally present or under conditions where hori-

zontal advection of dry air is important, the drying
effects have more effect on the cloud cover than the
moistening effects and, hence, cloudiness decreases
with increasing temperature.

However, the vertical velocity variance is not the
only factor influencing the cloud fields. Roads
(1978b) showed that under certain conditions cloud
cover can be decreased by increasing the mean
downward velocity, by increasing the diabatic
heating, by increasing the static stability and by
decreasing the scaled evaporation, qg,. Scaled
evaporation is the ratio of the surface saturated
humidity, ¢*, to an atmospheric saturated
humidity, ¢,*. If temperature alone increases, but
lapse rate remains the same, the scaled evapor-
ation decreases, as 6/07(q,) < Ofor T, > T,.

This leads to another mechanism affecting the
cloud field, discussed by Vallis (1982). Consider
the energy balance of the earth’s surface, and
suppose CO, or the solar constant rises forcing the
surface temperature to rise. The rapid increase in
evaporation (especially at low latitudes) necessi-
tates a fall in sensible heat loss to the atmosphere in
order to maintain surface energy balance. This is
achieved by an increase in low-level static stability,
which, coupled with the consequent decrease in
scaled evaporation, causes fractional cloud cover to
decrease with increasing temperature.

Tellus 36A (1984), 3

AN ENERGY BALANCE CLIMATE MODEL WITH CLOUD FEEDBACKS

237

However, in a GCM experiment, Wetherald and
Manabe (1980) found that low-level fractional
cloud coverage actually increased with increasing
temperature in high latitudes, (similar results were
also found by Potter et al., 1981). This occurred
over a region in which surface albedo decreased
rapidly, due to the retreat of the surface ice-
line, causing surface temperatures to rise
dramatically—a rise of 19 K was found at latitude
80° in Wetherald and Manabe’s model due to a
6% rise in solar constant. Atmospheric tem-
peratures did not rise as rapidly, presumably
because of the moderating influences of cross-
latitude heat exchange. Vallis (1982) hypothesized
that, largely because the ice-albedo feedback was
included in Wetherald and Manabe’s model, the
effective g, was able to increase and static stability
decrease with increasing temperature, thereby
causing an increase of cloud amount. Thus, this
surface inversion decrease may have been able to
completely overwhelm any effect due to changing
eddy vertical velocities at low levels.

To test this hypothesis, and to study the
influence of cloud feedback on the global climate,
we have constructed a simple energy balance model
incorporating a parameterization of cloud cover
and its radiative feedbacks. The model may be
considered an extension of the Budyko—Sellers
(Budyko, 1969; Sellers, 1969) type of model to
include cloud feedback.

The model does not calculate the vertical
velocity explicitly, and the mechanisms described in
this paper are based solely on changes in diabatic
heating and surface evaporation and precipitation.
In building such highly parameterized models, one
sacrifices a certain amount of homomorphism with
reality, but in return one hopes to isolate the
individual operation, and collective effect, of those
mechanisms included in the parameterization.
Because of the complicated physical processes
governing cloud formation and decay, few models,
aside from some GCM’s, have attempted to
incorporate the interactive effects of clouds. The
papers by Sellers (1976), Weare and Snell (1974),
Paltridge (1975) and Vallis (1982) are exceptions.
These models are not physically comprehensive,
and one should not regard them as yielding accurate
responses to changes in forcing. However, a detailed
and careful analysis of a simple model provides
useful insight both before and after the analysis of
complex GCM’s and the natural system.
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The model structure is described in Section 2.
Section 3 discussed the basic model climate and
characteristics. Various perturbation experiments
are described in Section 4; conclusions are given in
Section 5. We find that, in this model, cloud
changes tend to be small, except in high latitudes
where surface inversion effect causes an increase in
cloud cover with increasing temperature. However,
because of the region involved (small area and
compensating radiative feedbacks), the effect on the
global average temperature is small.

2. Model

Models based on the energy balance of a column
of the earth-atmosphere system expressed in terms
of the surface temperature have been fairly success-
ful in simulating the zonally averaged surface
temperature, but to incorporate cloud feedback
requires a more complex model. The model
described in this paper is based on the require-
ments of energy balance at the earth’s surface and
of the atmosphere, plus the conservation of the
water vapor mixing ratio. It is possibly the simplest
framework in which the latitudinal variation of
surface and atmospheric temperature, and mean
cloud cover, may be described, although Paltridge
(1975) predicts clouds from apparently funda-
mental hypotheses, using a simple model.

The choice of atmospheric level in a dry
two-level model would naturally be 500 mb, since
this temperature most nearly corresponds to the
vertically integrated (density weighted) tem-
perature, but because the scale height for water
vapor is so small the 500 mb value is not a
representative value for water vapor. However,
since the temperature lapse rate is more or less
constant above the boundary layer, the tem-
perature level is somewhat arbitrary, and we,
therefore, use a level of 833 mb to describe an
atmospheric value of temperature and mixing ratio.
It might seem simpler to use vertically integrated
values of temperature and mixing ratio, without
specifying a particular level, but in order to derive a
relative humidity equaiton (below), it is necessary
to express the mixing ratio and temperature
equations at the same levels.

Although predictive equations for temperature
and mixing ratio at one atmospheric level (833 mb)
and the surface are required, it is convenient to first

J. 0. ROADS AND G. K. VALLIS

VALY P
6, 167
w 333
6; 500
w 667
8q 833

777777777777 40T 100

Fig. 1. The vertical structure of the model.

express the variables at three vertical levels, as in
Fig. 1. To obtain a single equation for potential
temperature at level 5, we assume (1) a constant
lapse rate; (2) that the turbulent sensible heat flux
from the surface is completely deposited in the
lcwer atmosphere, (3) all water vapor transport
and precipitation occurs at the lower level (but
through convective overturning the precipitation
helps to maintain the lapse rate), and (4) that the
radiative flux divergence is a constant, weighted by
(p//p)", where p, is the pressure at the ith level,
and p; the surface pressure. Then averaging over all
levels and using the continuity equation gives the
potential temperature equation at level 5

i‘-?z ZQAQ + & {F,—F,+ S} +L—6P (1
o b Cyp, 3C,

(v +vy+ ) v (v 8] + v;0, + v'8')
3 T 3

the water vapor equation at level 5

o W . 3gE
S A +L—v-Vq—V-v’q’ @
at  Ap Py

and the surface temberature equation

oT
C,——=—LE—S—F, ©)
ot

s
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where
' § o= potential temperature at level 5
(4 =0+A0
(8 = 6+ 2A80

. A§ =constant=20K

= surface pressure = 10° kg ! 52

ps
Ap = pressure difference between levels = 333.3
mb
~ p = pressure velocity at level 4 in kg=!s~?

¢ =(p/ps)
« =R/C,

; F, =total surface radiative flux, W m~2
' F, = total radiative flux at top of atmosphere, W

m—2
§ = surface vertical turbulent eddy heat flux, W
m—2
P = precipitation at level 5
.y = mean horizontal velocity at level 5
¢ = mixing ratio for water vapor
([ E =evaporation or surface vertical turbulent

eddy moisture flux
L =latent heat of condensation = 2.5 x 10%J

kg™!

T = surfacé temperature

C, =surface heat capacity = 1025 x 105 J m~2
K-!

' @' = horizontal eddy heat flux
¥'q’ = horizontal eddy moisture flux

The model parameterizations will now be described.

2.1. Surface fluxes

We use bulk aerodynamic laws to describe fluxes
from the surface into an overlying constant flux
layer, obtaining:
E=p,Cplvi(g,— g
§=p,C,Cplv (6, — 68— AB)
where
A, = —17 K (see section 3)
Cjp is a drag coefficient

4)

and
p; = surface air density

Iv¢| = surface wind speed
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We define

Cp=p,Chlv,| =

Ds

and C,, is given the value 3.107 s~

2.2. Solar radiation fluxes

Let the solar properties of the atmosphere be
completely described by a single albedo a, and
transmissivity r,, and let the surface albedo be a.
Then the net upward solar fluxes at the top and
bottom of the atmosphere (Q, and @, respectively)
are given by a simple application of the adding
method (see e.g., Paltridge and Platt, 1976) which
accounts for multiple scattering between ground
and atmosphere. The results are:

Qo = —uS,(1 —a, — (0, t2(1 — 0, a)))
Qs = _ﬂSOTa(l - as)/(l

where u is an annually averaged cosine zenith angle
multiplied by fractional daylight time and S| is the
solar constant. g is given by the 5th order
polynomial (obtained by a fit to the data of
Vernekar (1979)), namely:

)

—a, as)

5
u=1% gt
i=0

where x = 2y/m and y is the latitude and a, =
(0.61632, —0.11209, 0.110536, —2.1097, 2.28883,
—0.54153).

Ice albedo feedback is incorporated by allowing
o, to increase linearly from 0.1 to 0.7 as tem-
perature falls from 273 K to 263 K. Above 273 K
and below 263 K albedo is held fixed at 0.1 and 0.7
respectively.

Atmospheric albedo and transmissivity are
functions primarily of cloud cover and type. We
allow them to be solely a function of total cloud
amount, and derive empirical formulae using the
calculations of Rodgers (1967), who gives the net
solar radiation at various levels in the atmosphere.
Given these, and the surface albedo, it is possible to
calculate values for the atmospheric albedo and
transmissivity by solving (5) for a, nd z,. Using the
cloud data of London (1957), linear formula were
obtained relating albedo and transmissivity to total
cloud cover by a least squares fit. The formulae are

a, = —0.064 + 0.555C
7,=0.891 — 0.643C

(6
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where C is the total fractional cloud cover. Data for
all seasons and all latitudes were used. No attempt
was made to include the variation of albedo with
zenith angle. Fig. 2 illustrates the parameters, and
the data used. For cloud amounts less than 0.35 or
greater than 0.7, no data exists and the formulae
may clearly lead to error. However, such values are
never predicted by the model. An idea of the
goodness of fit is given by the skill s where

Xi—9)
s={1—- x 100% %)

2y}
i

where y; is a data point and J, a predicted value
using the least squares formulae. For the albedo ¢
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= 95.4% and for the transmissivity o = 99.42%,
With the mean values removed from the y’s in (7)
the respective values of ¢ fall to 45.8% and 63.1%,

2.3. Infrared radiation fluxes

The infrared radiative fluxes at the surface and
atmospheric top are described in terms of the
surface, one atmospheric temperature field, and the
cloud cover. Smagorinsky (1963) proposed one
such scheme, which takes the form

Iy=(~TD)oT* + vtoT?

8
I;=0T*—vioT? ®

Iy and I are the net upward fluxes at the surface
and 0 mb, and I, vt and ¥ are empirical
coefficients. I appears to be very constant with
latitude; however, vt and W are very strong

\
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Fig. 2. The least squares fit for the radiative parameters (a) atmospheric albedo, (b) atmospheric transmissivity. ()
upward_ thermal flux, (d) downward thermal flux. In (c) and (d) the values of the flux for the least square fit are given
on the iso-flux lines. The symbols (., X, +, [], A) denote actual values of (175, 200, 225, 250, ... + 12.5) in (c) and

(200, 250, 300, 350, 400.. . . + 25)in (d).
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functions of latitude. We therefore use a para-
meterization of the form

= (1= DoT* + (41 + BIT,)(1 —C)
+ (A"t + B'1T,)C (9)
J,=0T*— (44 + BiT,)(1 = C)— (44 + BT,)C

we again use the data of Rodgers (1967) for all
jatitudes and seasons to obtain least squares fits to
give the constants A and B. The value of T is 0.96,
from Smagorinsky (1963), and the 4’s and the B’s
are (for T,in ° C)

(A%, Bt, A't, B') = (293.7, 3.084, 227.6, 1.377)
(At, BV . A'L, B'V) = (374.8, 6.347, 494.4, 6.285)

T, is the 500 mb atmospheric temperature, {(8 +
AB)/(p/py*}, and C the total cloud cover. The
parameters and data are also illustrated in Fig. 2.
The formulae show that outgoing radiation to
space varies more slowly with temperature as cloud
cover increases, although the downward radiation
changes little. Note also that the slopes of the lines
seem to be physically reasonable. The value of s for
the upward atmospheric flux is 99.97% and
99.95 % for the downward. On removing the means
these values drop to 97.3% and 98.5% respec-
tively. As only one cloud layer is predicted we are
unable to explicitly model any changes in cloud top
height, except insofar as this may implicitly be
modelled by (9).

2.4. Horizontal eddy fluxes

We assume that the horizontal transport of heat
and moisture can be described by simple diffusion
laws—a common assumption in simple climate
models (e.g., North, 1975), although its theoretical
foundations are insecure (see Green, 1970).

v+ Vo V. 6 +vi0, +v' ')
3 3
= KV?8

(10)

and
—v-Vg—V.v'g' =KVg

We use a constant value for K, namely
K=3x10°m?s!

Note that the heat transport due to the mean
meridional circulation is essentially treated ex-
plicitly, through the first term on the right-hand side
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of (1). See also the model heat balance in Fig. 6.
We make the further approximation that the
dominant horizontal variations in the mixing ratio
are due to changes in the temperature and, thus, in
the saturation mixing ratio rather than in the
relative humidity, and hence:
KVig KH@VZQ (12)
o6
where H = ¢/q* and ¢* = saturation mixing ratio
at # and P,. As shall be shown below, this

assumption simplifies the calculations for the
moisture variables.

2.5. Cloud and relative
humidity

It is natural to scale the water vapor equation by
the saturated mixing ratio, and to derive an
equation for relative humidity. This is also con-
venient for the precipitation and cloud cover
parameters. The derivation is similar to Roads
(1978b) and leads to the three-dimensional relative

humidity equation:

cover precipitation

oH )
—— + quwH =~ Pq, + 3Cp(q,— H)
ot
- (13)
—~H=2|F,—Fy+ S}
pC,
where:
81
e = N
Ga =25l
L an}
=—i{1+
%= AP 3
q,=q,*/q*
1 Lg,
={— 4+
N PTRETN

and the superscript * indicates the saturation value.
The horizontal eddy flux of relative humidity is
identically zero following from the assumption of
(12).

Using (13), it is possible to derive equations not
only for the zonally averaged relative humidity but
also for the zonally averaged fractional cloud cover
and precipitation. The parameterizations (described
in detail in Roads, 1978b and based on the inter-
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actions of a zonally varying relative humidity wave
with a vertical velocity wave) lead to the formulae:

C=1—cos ' (B/W)/n (14)

. Wi 1

P= s —sinn C— Ccos nC (15)
gs |7

x(1-C)
H=C+f dgn/(n + cos nC + cos ¢)  (16)
—-x(1-C)

where n = 3Cpq,/Wgqs and where W is the
amplitude of a vertical velocity wave, varying
zonally as W cos ¢, with ¢ the longitude. B is a
collection of terms involving the mean atmospheric
heating, scaled evaporation and mean vertical
motion and is:

9e84

1 .
=— {3CD(q}’— D) — awg, -
s

x {F,—Fy— S}

pP

where  is the zonally averaged vertical pressure
velocity (see Fig. 3). Eqgs. (14), (15) and (16) are

320
[
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Fig. 3. Model parameters for the control run as a
function of latitude.
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used in place of (13) and together with (1) and 3)
form the model. It is to be emphasized that (14),
(15) and (16) are parameterizations based on a
simple model which prescribes a fixed longitudinal
structure for the atmosphere at all latitudes. Such a
parameterization is required because the zonally-
averaged mixing ratio cannot directly be used to
predict cloud cover and precipitation in the same
way as is used, for example, in a high resolution
GCM. Also for the purposes of the radiation
schemes we have assumed the parameterization
gives total cloud cover, and not simply low cloud.
The scheme is an over-simplification, but it does
enable explicit analyses to reveal those important
factors determining cloud variability within the
parameterization schemes. .

In the derivation, the local time derivative and
horizontal advection of relative humidity are
neglected and because of this the integral values of
precipitation and evaporation do not always
exactly balance. At each timestep a correction was
applied equally to precipitation and evaporation
weighted with the cosine of latitude. This correction
was always small.

2.6. Differencing

The zonally-averaged model was solved on a
horizontal grid extending from the equator to the
pole in 5° increments (from 2.5° to 87.5°). An
explicit forward time step was used to iterate the
model toward a stationary state. For the control
run and for the experiments to be described later,
approximately one year of simulated time was
required in order to achieve a steady state. This
time was set predominantly by the surface heat
capacity—if smaller surface heat capacities were
used then the time step had to be proportionately
smaller. The value of the heat capacity is irrelevant
to the final steady state. For these experiments a
time step of } day was sufficient for stability.
Because a time-marching scheme was used, all
solutions found are stable equilibria.

3. Equilibrium results

In a model of this nature certain parameters
must be tuned since their exact values are not well
known. In this model these parameters were the
drag coefficient, the eddy and mean (W and @)
vertical velocity magnitudes, the potential tempera-
ture correction value and the large-scale eddy
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giffusivity constant. Values for the tuned constants
were given in the previous section and Fig. 3
jlustrates the preset eddy vertical velocity am-
plitude and zonal mean vertical velocity profile.
This profile helps to determine the gross variation
of the latitudinal cloud distribution. Using these
values, the model was integrated from isothermal
initial conditions to a steady state (a variety of
initial conditions was in fact used in a search for
multiple solutions. Except for the effect of ice-
hysteresis, discussed below, all solutions found
were independent of initial conditions).

Fig. 3 shows the equilibrium value’s potential
temperature at 833.3 mb, §, surface temperature T,
surface albedo a,, planetary albedo a,, relative
humidity H, and fractional cloud cover. Mean
values are given in Table 1. These values resemble
the observed values. Note in particular a strong
polar inversion, relative maxima of cloud cover and
relative humidity in the tropic and mid-latitudes,
and the maximum of meridional temperature
gradient in mid-latitudes.

It is of interest to determine the contribution by
various mechanisms to the cloud cover. Fig. 4
shows B,, B, and B, which refer to the contri-
bution to B by the scaled evaporation, the mean

243

circulation and the diabatic heating. The dominant
latitudinal variation is due to the change in mean
circulation, i.e., the effects of the Hadley and Ferrel
cells. In high latitudes the effect of diabatic heating
is the largest single contribution. However, as will
be shown, the changes in cloud cover are caused
mainly by changes in the scaled evaporation.

The variations in the surface heat and radiative
fluxes are displayed in Fig. 5. In low latitudes the
surface balance lies essentially between evaporation
and solar flux, whereas in high latitudes the infrared
flux balances the solar input. A global balance is
achieved in the steady state between incoming solar
and outgoing infrared radiation (see also Table 1
and Table 2).

The atmospheric heat balance is illustrated in
Fig. 6. In low latitudes the dominant balance lies
between precipitation and infrared radiation; in
polar regions the horizontal eddy heat flux is
balanced by outgoing infrared radiation. However,
note that all terms are important.

3.1. Some radiative calculations

In this section we explore the radiative effects of
the cloud cover. A convenient parameter to

Table 1. Globally averaged values for various terms and for various experiments with the model. I, Q,,
0, E. S, I, & are given in units of W m™* and the terms contributing to the atmospheric heat balance,
P, Solar, Thermal, S are given in units of K/(10° s). AS = 2, —2 refer to the sensitivity experiment with
a +2, —2% change in solar constant. Dashes indicate that these particular parameters were not calculated
for a particular experiment. The cloud values predicted for ¢ = 0.5 and 0.6 are used only in the hydrology

cycle
Control C=.5 C=.6 AS=2 AS = -2

g 295.1 300.0 291.9 298.2 291.7
T 288.1 292.1 285.3 290.8 285.0
0, .1808 1562 2085 1624 2085
a, .3083 3017 3155 .3034 3155
H .7599 7573 .71576 .7606 15717
C 5748 5768 5711 5776 5710
I, 239.8 — — 245.7 2333
0o —239.8 — —_ —-245.7 —233.3
o, —157.5 —172.5 —148.3 —162.4 —-151.7
E 77.47 90.6 68.7 86.09 68.19
S 30.53 27.5 31.5 29.10 31.62
I,s 49.52 54.4 48.06 47.2 51.90
P .8041 9405 L7132 .8936 7079
Solar .8543 .8273 8733 .8653 .8466
Thermal —1.975 —2.053 —1.914 —2.061 —1.883
S 3169 2859 3271 .3020 .3283
é —115.6 — — —-117.1 —112.8
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Fig. 4. Contributions of various mechanisms to the

cloud cover, (1) the scaled evaporation, (2) the mean
vertical velocity, (3) the diabatic heating.
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Fig. 5. The planetary radiation at the top of the
atmosphere /o, 0, and the surface fluxes, I, 0,, E, S.
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Thermal
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Fig. 6. The atmospheric heat balance, expressed in terms
of a heating rate. Solar refers to heating by solar
radiation. Thermal is infrared cooling. P and S are
heating due to precipitation and surface sensible heat
flux, respectively. H and O are due to the prescribed
mean circulation and horizontal eddy fluxes.

measure the relative importance of the solar versus
infrared cloud properties is (Schneider, 1972)

5_ 0000 en,
ocC

(17)
oc

The albedo (infrared) effect dominates if § < 0(5 >
0), and an increase in cloud results in a net decrease
(increase) in net downward radiation at the top of
the atmosphere. Normally (0(—0,)éC) < 0 and
(01,/0C) < 0. Apart from cloud properties, 0
depends also on surface albedo. Its latitudinal
variation for the parameters described above is
illustrated in Fig. 7; the parameter ¢ is negative
everywhere, but much less over the ice-sheet, and
so an increase in cloud cover will decrease
temperatures.

Consider now the radiative equilibrium cal-
culations. The flux balance at the top and bottom
atmosphere is:

0= (4 + BIT,)(1 —C) + (4't + B'1T,)C

+(1—=T)oT* + Q, (18)
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Table 2. As in Table I except AS' refers to the experiments in which cloud cover was held constant at the
control run values and AS" refers to the experiments in which the surface albedo was held constant at

the control run values for the radioactive parameterizations only

AS = +8 AS =8 AS' =8 AS' = -8 AS" =—8 AS" =8

¢ 307.5 281.5 308.0 281.3 285.1 305.2
T 298.4 275.5 298.8 275.5 280.0 295.8
o .1000 2757 .1000 2757 .1808 1808
0 2890 3350 2887 3351 3076 3090
H 7617 7478 7607 7503 7652 71530
C 5869 5601 5863 5613 5710 5786
I, 263.0 213.9 — — — —

0, ~263.1 —213.8 — — — —

0, ~176.5 —134.9 ~178.0 ~134.5 —145.0 —169.9
E 111.1 42.46 112.2 42.43 49.8 105.6
s 24.2 33.44 23.78 34.04 36.24 23.39
I, 41.15 58.96 42.05 58.06 59.00 40.94
p 1.153 4407 1.164 4404 5169 1.096
Solar 889 8197 8969 8211 7857 9231
Thermal ~2.303 —1.608 ~2.308 —1.615 ~1.679 ~2.262
S 2512 3471 2460 3533 3762 2428
5 —122.1 —106.1 — — — —

0= +B' T)1 - C)+ (44 + BN T,)C —oT*
+ 0, (19)

Let us linearize T* about 288 K (ie., let T* ~
(288)* + 4(288)3(T — 288). Then (18) and (19) are
easily solved for T'and T, (or 6), and the results are
displayed in Fig. 7. Note that the lapse rate is
unstable in the tropics, but stabilizes as latitude
increases, and the high surface albedo in polar
regions produces a stable lapse rate. Comparison
with Fig. 3 indicates that the surface fluxes and
precipitation are acting to stabilize the lapse rate,
and the cross latitude heat fluxes are reducing the
meridional temperature gradient.

Fig. 7 also illustrates the effect of changing the
cloud cover on the temperature structure, first
when only changes in the infrared fluxes are
allowed and then including the effects on the solar
field. Note that the surface response is always
greater than the atmospheric response in low
latitudes. In high latitudes the high surface albedo
reduces the net solar flux at the surface, and the
surface and atmospheric responses are corre-
spondingly reduced. The essential result here
though is that a 1% increase in cloud cover
produces a global cooling of about 0.7 K, if both
solar and infrared interactions are allowed, and a
much smaller cooling in high latitudes where é ~ 0.

Tellus 36A (1984), 3

Finally, in Fig. 8, we display the equilibrium
temperatures given by the full model (i.e., when
cross latitudinal and vertical heat fluxes and
precipitation are included) for fixed values of cloud
cover of 50% and 60% in the radiation schemes.
An increase in cloud cover of 10% has caused
surface temperatures to drop about 7 K and
atmospheric temperatures by about 8 K. The large
surface changes around 60° are due to changes in
the extent of the ice sheet. Thus, we see that cloud
feeld back can strongly influence the global
temperature, especially when this feedback is
coupled to an ice-albedo feedback. However, as will
be seen, the dominant cloud changes arising are
local in extent and because of compensating
feedbacks the cloud field has a negligible effect on
the thermal climate of this model.

4. Sensitivity experiments

This section describes the effects of changing the
solar constant on the climate of the model, with
particular emphasis on cloud response. The change
in temperature due to changes in solar constant is
illustrated in Fig. 9. With ice albedo feedback, it is
qualitatively similar to that found in GCM’s (e.g.,
Wetherald and Manabe, 1975) and energy balance
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60 90

Fig. 7. Radiative parameters for the control run. 7T, @
refer to the radiative equilibrium values for the given
surface albedo. AT, A8 refer to the changes in this
thermal structure for a 1% increase in cloud cover. AT,
A#’ refer to the changes when the cloud cover is allowed
to affect only the thermal radiation. J refers to the change
in the net flux difference — 8F,/dC.

models (e.g., Budyko, 1969). Quantitative dif-
ferences arise between all models, mainly due to
detailed differences in surface albedo specification.
Clearly the cloud feedback is small and negative,
whereas the ice-albedo feedback is positive and can
almost double the response in high latitudes. This is
the prime reason for the nonlinear change of surface
temperature with solar constant. A decrease
in solar constant greater than 8% is required
for the earth to become ice covered, somewhat
larger than many previous estimates (Budyko,
1969; Sellers, 1969; North, 1975). Numerical
experiments then indicated that the earth remains
ice covered until solar constant is increased to a
much larger value, the hysteresis loop discussed by
North (1975) and others. The surface temperature
response is generally similar to, but slightly smaller
than, that of the atmosphere, except in the vicinity
of the edge of the ice-line where large changes
occur, and the surface temperature changes are
larger.
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0 30 60 - 90
y—
Fig. 8. The change in the temperatures (from control
integration) caused by keeping cloud cover constant
everywhere at C = .5 and C = .6

Of course, in a model such as this, quantitative
simulations of the earth’s climate are neither
possible nor necessarily desirable, the aim being
more an exploration of potentially important
mechanisms. Certainly though, results should not be
dependent upon small changes in parameter values.
Since in this study we examine the interaction
between cloud cover and the ice-line, it is neces-
sary to show that our results are not sensitive to the
precise parameters governing the position of the
ice-line (cf. Saltzman and Vernekar, 1975). Fig. 10
illustrates various fields when albedo is allowed to
change between 0.1 and 0.7 as temperature falls
from 268 K to 258 K, pushing the ice-line
polewards of its previous position. Fig. 11 shows
the changes in cloud cover when solar constant is
now changed by +4%. Results are qualitatively
very similar to those obtained previously, given the
change in initial ice-line position. Note, though, that
an increase in solar constant of 4% is now
sufficient to completely destroy the ice-sheet. For
this reason the change in the cloud field is

Tellus 36A (1984), 3
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A6 (K)

60 20

y—>

Fig. 9. (a) Changes in the atmospheric potential temperature for fractional changes in the solar constant (of + 0.02,
0.04, 0.08, 0.16). The solid lines give the results for the complete model, the dashed lines when the cloud cover for the
radiative calculations was that of the control run and the dotted lines when the surface albedo was that of the control

run. (b) Same as 9(a) except for the surface temperature.

monotonic polewards of the initial ice-line, as it is
for an 8% increase in the original formulation.

The reason for the small feedback by the clouds
can be seen from an inspection of Fig. 11. We see
that in high latitudes cloud cover generally
increases with solar constant, but that in low
latitudes cloud cover remains essentially constant.
Note especially that cloud cover increases much
less in high latitudes when surface albedo is held
fixed and surface temperature changes are similar
to, or smaller than, the atmosphere’s. As cloud
cover changes predominantly in that region where
its solar and infrared properties almost balance, the
effect on the temperature field is small. This null
effect, however, is due to our particular radiation
parameterization.

It is of interest to determine the mechanisms
causing the changes in this cloud cover. The
simplicity of our model allows this analysis to be
performed with comparative ease. As:

C=(n—cos (B/W))/n

then:

A(B/W)
n(1 — B w2

AC =

Tellus 36A (1984), 3

where:
{A([%)}: {AB, + AB, + AB, + AB, + AB,
+ AB}/W
320
< 300

A
& 280

260 — T

y(deg‘of Lat)

Fig. 10. As for Fig. 3, but for run with ice forming only
at 268 K (instead of 273 K). Vertical velocity is same as
in Fig. 3.
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BAW
AB,=—
WZ

Fig. 12 shows the various contributing factors. AB,
is the lapse rate effect, AB, is the effect of the
change in the diabatic heating, and AB is the effect .
of any change in vertical velocity (zero in this
model). AB,, AB; and AB, are changes in the
relative humidity thermodynamic coefficients. In
low latitudes AB, is negative with increasing
temperature, due to a stabilization of the lapse rate. '
This is largely compensated for by an increase in
Bg; increased precipitation and temperatures
causes more infrared cooling. Other terms are
generally small. In high latitudes the lower atmos-
phere is destabilized because of the surface albedo
change, and this is the dominant cause of increased
cloud cover (note the much smaller change in B,
when albedo is fixed (Fig. 12c). The coefficients
AB,, AB, and AB, are always small and cloud
cover changes are due primarily to changes in the
lower-level static stability and atmospheric heating.

Thus, even though cloudiness has the potential
for strongly feeding back on the model, the effects
are small. This is due to negligible changes in cloud
cover in low latitudes (where radiative feedback is
stronger) and small radiative feedbacks in high
latitudes where cloud changes are large.

AC (%)

| l |

0 30 60 90

—

Fig. 11. Changes in the cloud cover for fractional 3. Concmdmg comments

changes in solar constant. The dotted lines refer to fixed

surface albedo. The dashed lines refer to the experiment We have attempted to analyze in some detail a
with ice 'forming at 268 K. Solid lines use control model. relatively simple two-level energy balance climate
Change in solar constant is marked on each curve. model with a cloud parameterization, partly to aid
understanding of the cloud responses in various
and: GCM integrations.
3C,(Ag.) It was foux?d that with an increase in solar
AB =2 "% constant the ice sheet retreated, the lower at-
s mosphere (in high latitudes) was destabilized and
3C,q.Aq an increase in scaled surface evaporation caused
AB,=-"27» 78 increased cloud cover. However, because of com-
q; pensating feedbacks by thermal and solar radiation.
Ade g the net radiative feedback was very small.
AB,=— ¢s EF,—F,—S) In lower latitudes an increased solar constant
9, C, : stabilized the lower atmospheric lapse rate due t0
Ag increased evaporation which required a smallef
AB, = 9 0p EA(F,— F,=S) vertical flux of sensible heat. The direct analog of
11,2; » this mechanism in the atmosphere away from th¢
surface is the decrease in wet adiabatic lapse rat
AB,=— 8 EA(F, — Fy— §) with increasing temperature. In spite of the absolut¢
BBty evaporation increasing, the scaled evaporation

Tellus 36A (1984).
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Fig. 12. (a) The changes in the various terms (AP, ... AB) that contribute to the cloud cover changes in the

experiment with an 8% increase in solar constant. (b) As in 12(a) except for 8% decrease solar constant. (c) As in

12(a) except here o was the same as in the control run.

(which describes the influence of evaporation on the
cloud field) actually decreased. Acting alone this
would cause the cloud field to drop. However, this
was largely compensated for by an increase in the
net radiative cooling (required to balance the
increased precipitation) which acts to increase
cloud cover.

Thus, the impact of cloud feedback in the model
is small. However, in order to make a tractable
energy balance model and to provide insight,
various simplifications have been made. This study
has focused on the influence of changes in surface
fluxes and surface albedo and eliminated the

feedbacks from changes in eddy vertical velocity

and mean circulation. Yet the changes in low-level

"cloud cover and temperature with a change in solar

constant do resemble the resuits found in the
comprehensive GCM of Wetherald and Manabe
(1980). Furthermore, the parameterizations within
the model are based on physical theories and yield
an equilibrium climate, temperature, precipitation,
cloud cover, similar to the observed. These argu-
ments do strongly suggest that such changes in the
GCM, and, by extension, the real atmosphere, are
due to mechanisms connected to the lapse rate as
described above.

It should be noted that the model does not allow
eddy and zonal mean vertical velocity fields to be
determined internally. In some model studies (e.g.,
Roads, 1978a) an increase in temperature increases
the intensity of the hydrologic cycle, increases the
eddy vertical velocity variance and the fractional

Tellus 36A (1984), 3

cloud cover is reduced. If this mechanism were to
exist in our model, cloud cover would feed back
positively on any change in temperature. We have
also only attempted to predict one level of cloud
cover, and are, thereby, unable to predict any
effects involving a change in cloud-top height,
potentially of major importance. Finally, changes
in the cloud optical properties may also have a
large influence (e.g. Temkin et al., 1975).

Perhaps the next stage for understanding the
large-scale cloud cover and its influence on the
radiation field is via the use of a model with an
internally consistent calculation of the wvertical
velocities. Such a model would need some degree of
longitudinal structure and more vertical structure
while ideally retaining the essential simplicity of this
model. An attempt along these lines is reported on
in Roads et al. (1983).
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