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ABSTRACT

Our knowledge of the direct role of clouds in long term climate change is
examined in an overview of key results published over the last 15 or 20
years, along with some relevant unpublished model studies. The focus is
on (1) the impact of clouds on the incoming and outgoing radiation at the
top of the atmosphere, and (2) the two-way interaction of clouds w ith
other variables of the climate system--i.e., the cloud/climate feedback
problem--as revealed by climate model simulations. A common
framework is established for comparing results from different
investigations.
The total effect of clouds on radiative fluxes at the top of the atmosphere
--specifically, the difference in flux between average conditions and
cloud-free conditions, often called cloud forcing--has been derived from
earth radiation budget measurements by several investigators using
varying data sources and methods. There is general agreement that the
annual global mean effect of clouds is to cool the climate system, but
there is significant disagreement on magnitude, with the two
investigations based on recent satellite data indicating a range from 17 to
27 W/m2.
Cloud sensitivity, which represents the differential response of top-ofthe-atmosphere fluxes to changes in cloud cover parameters is a critical
factor in cloud feedback. The observational data at this point in time,
however, are not sufficient to yield more than rough estimates. Two
estimates, of the sensitivity to cloud amount, show wide discrepancies.
To be useful, future studies of sensitivity will have to separate different
cloud types.
Sensitivity of clouds to cloud condensation nuclei raises the issue of a
more direct role of clouds in climate change, where aerosols associated
with S02 emissions can ultimately lead to brighter clouds and a reduction
in solar heating.
On cloud feedback in climate simulations, there are wide discrepancies
amongst models. Investigators find, in general, that the sign of cloud
feedback is positive when one allows the spatial distribution of clouds to
vary in response to climate change. When one additionally takes into
account the effect of changes in cloud properties, that result is less
certain. The conclusion is: (1) clouds may have a strong influence on
climate change, but (2) we are far from knowing the magnitude, and even
the sign, of this influence .

THE RADIATIVE EFFECTS OF CLOUDS
AN D THEI R IMPACT ON CLIM ATE

Albert Arking
NASA Goddard Space Flight Center
Greenbelt, MD 20771

1.

Introduction

Clouds have a strong modulating influence on the radiative energy
exchange between the atmosphere and its upper and lower boundaries.
They constitute the most important variable in determining the amount of
solar energy absorbed by the climate system as well as the amount of
infrared energy radiated to space. Furthermore, the partitioning of the
radiant energy between the atmosphere and oceans, and the energy
available for evaporation and evapotranspiration from land and vegetated
surfaces, are also highly dependent upon cloud parameters.
While clouds exercise strong control over the energetics of the climate
system, the cloud parameters themselves are highly dependent upon the
state of the system. The latter constitutes the less understood side of
the cloud/climate feedback problem. The radiative impact of clouds on
climate is at least understood in principle, with the gaps in our knowledge
confined to recognized problem areas--e.g., the complexity of non-plane
parallel clouds with highly inhomogeneous structure, optical properties of
non-spherically shaped ice particles, inadequate information on spectral
absorption in cloud particles, etc.--whereas the dependence of cloud cover
parameters on the variables of the climate system is only understood in
isolated areas under rather limited conditions.
Cloud cover fraction, which is one of the important parameters for
specifying a cloud layer, is not a well defined quantity. In principle, one
can specify the spatial distribution of liquid water density and its
distribution with respect to particle size, shape, phase, etc. But minimum
thresholds on these microscopic parameters are needed in order to define
"cloud". In practice, such thresholds are not specified, and, furthermore,
the extreme inhomogeneity of clouds across the entire spatial spectrum
(e.g., the fractal nature of clouds) makes cloud boundaries--hence, cloud
amount--dependent upon the resolution of the observing system. In
addition, when discussing cloud sensitivity--which represents the effects
1

of changes in one or more cloud variables on radiative fluxes at the top of
the atmosphere--it is necessary to specify which parameters are held
fixed and which are allowed to vary. The observational techniques do not
permit such control, and modelling investigations do not always reveal the
necessary information. Despite these limitations, the parameter cloud
cover fraction (or cloud amount), and the distinction between cloudy and
cloud-free regions, are used here within a framework that helps us
compare results and methodologies.
It is the purpose of this report to examine the state of knowledge with
respect to the direct role of clouds in long term climate change by
presenting an overview of key results, along with some related
unpublished model studies. It concentrates on the problem of how the
climate system responds to the radiative effects of clouds and deals with
the inverse problem, how clouds respond to changes in other parameters of
the climate system, only in limited areas and where general circulation
mode ls have been used to simulate the full cycle of cloud-cl imate
feedback. More detailed reviews of investigations of the relationship
between clouds and radiative fluxes have been publ ished by Ohring and
Gruber (1983) and Hartmann et al. (1986).
In addressing the problem of the effects of clouds on the climate system,
this report limits consideration to radiative effects, skirting the
important dynamic and thermodynamic effects that operate within the
hydrological cycle. The focus will be on the progress made over the last
15 to 20 years, beginning with an extensively debated topic of the 70's,
the extent to which the net radiative flux at the top-of-atmosphere
responds to changes in cloud cover amount (Sec. 2), continuing with the
sensitivity of cloud radiative effects to other parameters in the climate
system (Sec. 3), and ending with recent attempts to study the full cycle of
cloud feedback in climate models (Sec. 4). Conclusions based on this
overview are presented in Sec. 5.

2.

Effect of Clouds on Earth Radiation Budget Parameters

One effect of clouds on the climate system is through the net exchange of
radiant energy at the top boundary. Clouds interact both with solar
radiation, in the shortwave reg ion of the spectrum, and with the radiation
thermally emitted by the earth and atmosphere, in the longwave region.
They reduce the net absorption of solar radiation by increasing the earth
albedo, and they decrease the loss of terrestrial radiation to space by
decreasing the effective radiation brightness temperature of the earth.
2

The effect of cloud cover on so lar radiation depends primaril y on the
optical thickness of the cloud , but it also depends upon particle size and
phase . The longwave effect depends primarily upon cloud top temperature,
wh ich is a function of clo ud height, and, for thin clouds, upon emiss ivity,
which is re lated to optical thickness.
The solar radiation effect and the thermal em1ss1on effect are in opposite
directions as far as net radiation at the top of atmosphere is con ce rned.
Each effect, by itself, is large, but the combined effect is relatively
small , and will depend significantly on the cloud parameters, such as
height and thickness, upon the cloud-free profile of atmospheric
temperature, humidity, and aerosols, and upon surface temperature and
optical properties. This situation, where the net effect is the difference
of two large terms has led to a debate in the 70's on whether clouds play
an important feedback role in climate.

2. 1

Early Studies of Sensitivity to Cloud Amount

One of the early attempts to quantify the effect of clouds on the earth's
radiation budget is described in a technical report by London (1957),
whose results were widely referenced prior to satellite measurements.
Using temperature and cloud cover observations for the Northern
Hemisphere, he computed solar and infrared fluxes at the top of the
atmosphere with and without clouds. He found that clouds have a net
cooling effect on the climate system, reducing the net energy input
primarily during the spring and summer seasons, with an annual average
effect of -35 W/m2 (visually estimated from the contour plots in Fig. 18
of the report), a result not so different from modern satellite-based
estimates discussed below.
Later, Budyko (1969) used observations of temperature (Ts) and cloud
amount (Ac) compiled in Budyko (1963) to calculate outgoing infrared flux
at the top of the atmosphere (F) and derive a relationship based on
regression:
F = 223 + 2.2 T5

-

(

48 + 1.6T5 ) Ac

( 2.1 )

where F is in W/m2 and T5 in °C. For a mean global surface temperature of
288K, he finds the sensitivity of the infrared flux to be aF/aAc = -72
W/m2.
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Using a simple theoretical approach, Schneider (1972) obtains a sim ilar
result, -75 W/m2. His resu lt is based upon radiative equilibrium for the
mean globe, an assumed tropospheric lapse rate of -6.5 K/km , and a cloud
height of 5.5 km . Changing cloud height by 1 km changes sensitivity by
1 5 W / m2 .
There is close agreement between Budyko's and Schneider's results
despite some differences in the underlying assumptions. Schneider's
sens itivity is based upon a simp le theoretical model in which everyth ing
is held fixed except cou ld amount, wh ile Budyko's sensitivity to cloud
amount includes the effects of observed seasonal and geographic changes
in atmospheric parameters that may be correlated with cloud amount,
eve n thou gh surface temperature is held constant.
For so lar rad iation there is an analog ous se nsiti vity coeffic ient that is
derived from the equation for th e absorbed so lar flux

0

s

= - ( 1-

4

a)

s

= ~ [1 -

4

ac Ac - a 0 (1 - Ac)]

( 2.2)

where S is the solar constant (1368 W/m2), a is the planetary albedo, uc is
the average albedo for overcast (i.e., totally cloud-covered) conditions,
and u 0 the albedo for cloud-free conditions. The sensitivity coefficient
for solar radiation is then

( 2.3)
For the values adopted by Schneider, uc = .5 and u 0 = .12, the solar
radiation sensitivity coefficient is -130 W/m2 . [Here, and throughout this
article, results from various investigators are normalized to the solar
constant of 1368 W/m2.]
The net sensitivity to cloud amount is the difference between the solar
and infrared sensitivity coefficients

o= aa - .l..E__
- aAC

(2.4)

aAC

which, for Schneider's model, is -55 W/m2.
The net sensitivity coefficient is to be interpreted as follows: With all
other parameters held constant, 8 is the change in net energy absorbed by · -
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the climate system per change in cloud cover fraction. It is implicit that
the distribution of all other parameters , including other cloud parameters,
remain fixed as cloud cover fraction varies. The sensitivity can be
determined for any spatial and temporal domain, but it will have
significance only on scales large enough to overcome the "noise" of dayto-day weather variations.
While there are many caveats associated with these simple models, the
general conclusion to be drawn is that of the two effects of clouds--on
solar radiation and on the earth's thermally emitted infrared radiation- the effects on solar radiation dominate when looked at from a global point
of view. It was harder to draw conclusions about the zonal dependence of
the sensitivity parameters, because one can no longer assume radiative
equilibrium. Despite that difficulty, Schneider's results indicate a
decrease in the absolute magnitude of the sensitivity with latitude-largely consistent with the results of London (1957)--with a potential
reversal in sign at high latitudes. The decrease with latitude would be a
consequence of the reduced solar flux at large zenith angles in winter and
the decrease in the albedo difference (ac - a 0 ) when the surface is ice
and/or snow covered.
The above conclusion was subsequently challenged by Gess (1976), who
re-calculated the Budyko-type regression coefficients with one important
difference: he used observed annual, zonal mean values of F, based upon
Ellis and Vonder Haar's (1976) analysis of satellite observations. Thus, he
considered only latitudinal variations, in contrast with Budyko, who
considered geographic and seasonal variations to determine the regression
coefficients. Cess' results show a higher sensitivity of the infrared flux,
(-86 W/m2 versus Schneider's -72 W/m2). For solar radiation, using Ellis
and Vonder Haar's values for the planetary albedo and cloud-free albedo,
London's (1957) cloud amounts for the Northern Hemisphere, and van Loon's
(1972) for the Southern Hemisphere, Cess finds the global mean
aataAc = -85.5 W/m2, much smaller in magnitude than Schneider's
-130 W/m2. (This last result corresponds to ac= .42 and a 0 = .17,
compared with Schneider's .50 and .12.) Such a small difference between
the solar and infrared sensitivity coefficients would suggest that, on the
whole, clouds have a small effect on the net radiation energy balance of
the climate system. The main problem with Cess' approach (which he
recognizes privately) is the regression against zonal means, where
infrared radiative fluxes are responding more to other factors than to
cloud amount, thus masking the true sensitivity coefficient.
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2.2

Narrow-Band Satellite Observations

Satellite observations of instantaneous radiative fluxes at the top of the
atmosphere make it possible to obtain the sign of the net sensitivity
coefficient, without requiring explicit cloud cover information. From Eqs.
(2.3 and 2.4) one can express the net sensitivity coefficient for cloud
amount as

( 2.5)
Since uc > u 0 , the sign of o is determined by whether the ratio of the
infrared and solar sensitivity coefficients, which appears in the last
factor in Eq. (2.5), is greater (net cloud warming) or less (net cloud
cooling) than one. This approach was used by Ohring and Clapp (1980) and
Hartmann and Short (1980) with visible and infrared measurements made
with the AVHRR on the NOAA polar orbiting meteorological satellites .
Although the visible AVHRR channel covers only the red portion of the
visible spectrum and the infrared channel is confined to the 8-12µm
window of the thermal spectrum, they were treated as representative of
broad-band measurements of reflected solar and emitted thermal
radiation, respect ively.
Oh ring and Clapp (1980) and Oh ring et al. (1981) assembled monthly
averages of F and Q on a 10° by 10° latitude/longitude grid, and computed
year-to-year differences. They determ ine the ratio of the sensitivity
coefficients by the slope of the regression line of the year-to-year
difference in F against the corresponding difference in Q for each grid
point. The assumption is that only cloud amount causes the monthly
average to vary from year to year, although it is difficult to exclude the
possible influence of changes in temperature, cloud height and emissiv ity,
aerosols, and other parameters that may correlate with the radiation
field. Having the ratio, they determine the net coefficient o, as well as
the solar and infrared coefficients separately, by estimating the factor
uc - u 0 in Eqs. (2.3 and 2.5), using a latitudinal model based on radiative
transfer theory for uc and climatological data for u 0 . For the Northern
Hemisphere (0-60N) they obtain aFriJAc = -35 W/m2, which is less than
half the value of the earlier results, and aa1aAc = -106 W/m2, which is
intermediate with respect to the earlier estimates. Noting that it is only
the ratio that is determined by the satell ite data, they find the solar

6

effect of clouds to be three times as strong as the infrared effect. The ir
hem ispheric mean net sens itivity of -71 W/m2 ind icates that clouds , on
the whole, have a very substanti al coo ling effect on the cli mate system .
Hartmann and Short (1980) used the same data but with a somewhat
different approach. They determine the ratio of the sensitivity
coefficients from a linear regression on daily estimates of F and Q at
various locations and seasons. They too find that the cooling due to the
effect on solar radiation is substantially larger th an the longwave
warming effect. Of particular note are the differences in the ratio
amongst different cloud regimes, with low level stratus clouds over the
oceans making a large contribution to the overall cooling effect of clouds
in the tropics and, during summers, in mid-latitudes. In contrast,
precipitation zones, associated with tall clouds, are more nearly in
balance between the solar cooling and the infrared heating effects of
clouds.
Concerning latitudinal variations, Oh ring et al. (1981) find the magnitude
of the infrared sensitivity tends to be larger at lower latitudes, while the
magnitude of the net sensitivity coefficient shows no systematic
variation with latitude in the Northern Hemisphere and a marked increase
at the higher latitudes of the Southern Hemisphere.

2.3 Broad-Band Satellite Observations
The availability of broad-band observations of earth radiation from ERB on
Nimbus 6 and 7, beginning in July 1975, and from the multi-satellite ERBE
mission, beginning in October 1984, provided a new opportunity to
estimate the effects of clouds on top-of-the-atmospheres fluxes. These
observations, in contrast with the AVHRR, cover the entire spectrum,
separated into a reflected solar component (shortwave, ;:: 4µm) and an
emitted terrestrial component (longwave, i:: 4µm).
Before looking at the ERB and ERBE results, there was an earlier satellite
in the Nimbus series, Nimbus 3, which provided nearly broad-band
measurements that were used by Ellis (1978) to determine cloud
sensitivity coefficients. The Medium Resolution lnfrared Radiometer
(MRIR) on Nimbus-3 had a shortwave channel that covered more than 99%
of the solar spectrum and four longwave channels that sampled the
spectrum at 6.5, 11, 15, and 22µm. It provided useful data during a
10-month period, April 1969 to February 1970.
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To obtain the sensitivity to cloud amount, Ellis (1978) first computed the
total effect of clouds on the radiative fluxes at the top of the atmosphere
by taking the difference between the mean flux for all conditions and the
mean flux for cloud -free conditions--cloud-free conditions being
determined by collecting a small subset of the observations corresponding
to maximum longwave and minimum shortwave observations. The flux
difference, which represents the effect of clouds on the radiative flux,
now commonly call ed cloud forcing, is expressed as
CLw

= Fo - F

(2.6)

Csw

= Q - Oo

(2.7)

where F and Q are averaged over the spatial and temporal domain of the
measurements and the subscript O denotes the same average for the
cloud-free condition, Ac = 0. The effect of clouds on the net radiation
field is then
C

(2.8)

= Csw + CLw·

Ellis (1978) finds the net mean annual, quasi-global (65S-65N) effect of
clouds to be cooling the climate system· (C = -20 W/m2), with the
longwave effect CLw = 22 W/m2 and shortwave Csw = -42 W/m2. These
results are shown in Table 1. He finds that t~e magnitude of the net
effect is larg er over the oceans than over land, especially in midlatitudes. Correspondingly, it is larger in the Southern Hemisphere, which
has more ocean surface. It is also larger in the summer, as one might
expect because of the increased solar flux.
One nice thing about looking at cloud effect (or cloud forcing) is that it
provides information on the overall effect of clouds relative to a cloudfree earth without requiring information about the clouds that make up
the present climate. It indicates at each grid point by how much the
clouds modify the radiative fluxes at the top of the atmosphere. A small
cloud forcing at any grid point will then imply either (1) the flux at that
point is not sensitive to cloud amount, or (2) the cloud amount is small.
This is to · be distinguished from cloud sensitivity, which provides
information on the response of the climate system to a change in one or
more cloud variables (e.g., cloud amount). The parameters that play the
key role in determining the role of clouds in climate change are, of course,
the sensitivity coefficients.
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Table 1. Estimates of the mean annual, global (except where indicated otherwise) effect of clouds on
the net downward flux of total radiation energy at the top of the atmosphere (C) and longwave (CLw)
and shortwave (Csw) components, in W/m2. These estimates of cloud forcing are based on climatology
with simple models (CUM), satellite-based observations (SAT), and general circulation models (MOD).

Basis

Investigation

Source

CLw

Csw

ICswlCLwl

c

Schneider (1972) *

Simple Model

37.5

-65

1.7

-27 .5

Cess (1976)*

Empirical

45.5

-44.5

1.0

+1

Ohring et al. (1981)*

NOAAAVHRR

17.5

-53

3.0

-35.5

22

-42

1.9

-20

CUM

co

0-60N

Ellis (1978)
SAT

rvm

Nimbus 3 MAIR
65S-65N

Ramanathan et al. (1989)

EPJ3E

31

-48

1.5

-1 7

Ardanuy et al. (1990)

Nimbus 7 ERB

24

-51

2.1

-27

Cess and Potter (1987)

Range of 6 GCMs

23 to 55

-45 to -74

1.0 to 2.0

-2 to -34

January conditions

* To convert the published cloud sensitivity coefficients to the effect of clouds Eqs. (2.9 - 2.11) were used, with Ac = 0.5.

Table 2. Sensitivity to cloud amount (Ac) of net incoming shortwave flux (Q) and outgoing
longwave flux (F) at the top of the atmosphere, in W/m2.

[2]
aF1aAc

[1 ]-[2]

[1 ]/[2]

Investigator

Region

[1]
aa1aAc

Ohring et al. (1981)
NOAAAVHRR

0-60N

-1 06

-3 5

-71

3.0

0-65N
65S-65N

-66
-7 0

-38
-3 7

-28
-3 3

1.7
1 .9

Ellis (1978)
Nimbus 3 MRIR

8

Based on our strict definition of sensitivity to cloud amount--the change,
with all other parameters, including distribution with respect to cloud
type, held constant--it follows that the fluxes are linearly related to
cloud amount, as was already assumed in writing Eqs. (2.1 and 2.2). The .
sensitivity coefficients can then be expressed in terms of the cloud .
forcing parameters:

aF
aAc =

aa
'dAc

=

CLw
Ac

(2.9)

Csw
Ac

(2.10)

c

B = Ac

(2.11)

For cloud amount, Ac, Ellis (1978) used climatological values adapted from
Clapp (1964) and Sadler (1969). This yields the global and Northern
Hemisphere (NH) sensitivity coefficients shown in Table 2, along with the
NH results of Oh ring et al. (1981 ). Ellis' net sensitivity coefficient is
more than a factor of two smaller in magnitude than Ohring's, -28 versus
-71 W/m2. The main disagreement . is in the solar sensitivity coefficient,
Ellis' -66 versus Ohring's -106 W/m2. Since it is really the ratio of the
sensitivity coefficients that comes out ·of the satellite observations, ~ one
should note that Ellis obtains 1 .7 for the NH shortwave to longwave ratio,
compared to . Ohring's 3.0.
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Figure 1. Radiation budget diagram showing the relationship amongst the top-ofthe-atmosphere fluxes (Q = net incoming shortwave flux and E = outgoing
longwave flux) and the magnitude of the cloud forcing parameters (SW, LW, and
NET, which represent shortwave, longwave, and net effect of clouds on flux).
The global mean annual fluxes (point A) are shown on the line of equilibrium
(Q = E}, the cloud-free fluxes (point 0) on the warming side (0 0 - F0 > 0), and
fluxes for total cloud cover (point C) on the cooling side (0 0 - E0 < 0). The line
connecting points 0, A, and C represents the line along which fluxes would vary if
total cloud amount varied while keeping all other parameters, including cloud
type distribution, fixed. Also shown are the lines representing variations with
cirrus clouds only and low level stratus clouds only.

To clarify the meaning and relationships amongst the various terms, a
radiation budget diagram is is shown in Fig. 1. The 45° line represents
radiative equilibrium, in which the incoming and outgoing energy are in
balance (Q = F), with warming above the line and cooling below. Point A
represents the earth under average conditions (in equilibrium) while point
0 represents a cloud-free earth, which would be gaining energy. The
corresponding point for a totally cloud covered earth, but with the same
variables and cloud type distribution, is shown as point C, on the cooling
side. The "avg cloud" line represents the line along which fluxes would
vary if total cloud amount varied while keeping all other parameters,
including cloud type distribution, fixed. The slope of that line is the ratio
ICsw/CLwl. various determinations of which appear in the sixth column of
Table 1. The net cloud forcing is the vertical distance between point 0
and the equilibrium line (Q = F).
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Ramanathan et al. (1989) focused attention on cloud forc ing . They
obtained the geographic distribution of the longwave, shortwave, and net
cloud forcing parameters from ERBE by using algorithms appl ied to ERBE
measurements to determine when the measurements corre spond to cloudfree conditions. This provided Fo and Oo, and averaging all of the flux
measurements provided F and Q, yielding the cloud forcing parameters
through Eqs. (2.6-2.8). The global , annual averages (based upon one month
in each of the four seasons) are shown in Table 1. The ir resu lts ind icate
that clouds have a much smaller effect on th e earth's rad iation budget
th an is impli ed by Oh ring et al. (1981 ) and are closer to the results of
Elli s (1 978), also shown in Tab le 1. (To co nvert th e earli er resu lts ,
exp ressed as cloud sensitivity , to cloud forcing, we use Eqs. (2.9-2 .11 )
with th e arb itrary choice of Ac = 0.5. ·. A higher "mean " cloud amou nt might
be ju stified--viz ., Ac = 0.6--based on Elli s' (1978) rati o of c lo ud forcing
to cloud sensitivity; th at wo uld increase by 20% all of th e cloud forcing
parameters in th ose investig ati ons marked by an asterisk, but it would not
alter the significant ratio ICsw/CLwl .)
The latitudinal distribution of the cloud forcing parameters found by
Ramanathan et al. (1989) yield some interesting insights into the role of
clouds in the climate system. The lorigwave effect of clouds generally
decreases with latitude in both hemispheres and there are regions--vi z.,
over the western tropical Pacific and Indian Oceans and over the tropical
portions of Africa and South America- -where the longwave effects are
rather strong. These longwave effects are due to thick, high clouds
associated with monsoons and regions of deep convection. Moderately
strong effects also appear in the mid-latitudes along storm tracks. In
some regions--e.g., the convectively active regions of the equatorial
Pacific and Indian Oceans, which are often covered with cirrus--the
longwave forcing is large enough to cancel the shortwave forcing.
Another estimate of the effects of clouds on top-of-the-atmosphere
fluxes is based upon the Nimbus 7 ERB observations used in conjunction
with 11 µm radiance measurements made by the Temperature Humidity
lnfrared Radiometer (THIR), on the same satellite, and with cloud cover
parameters retrieved by combined data from THIR and the Total Ozone
Monitoring . Spectrometer (TOMS), also on the same satellite.
Ardanuy et al. (1991) start with the relationship

F = Fo +

Ac

(2.12)

(Fe - Fo)

1 2.

where Fe is the mean flux for overcast cond itions.
Eq. (2 .6) yields
CLw =Ac (Fe - Fa).

Substituting into

(2.13)

Cloud fraction Ac is obtained from the THIR/TOMS cloud data set compi led
by Stowe et al. (1988, 1989) . At this point one could obtain (Fe - F0 ) from
Eq. (2.12) by regression. However, since the relationship between F and Ac
tends to show considerable scatter, because F depends upon many other
variables besides Ac, Ardanuy et al. decided to use estimates of Fe and F0
based upon clear-sky and cloud top temperatures (Tc and T 0 , respectively),
that were also compiled in the THIR/TOMS data set. Using (crT c4 - crT 0 4)
as the estimate for (Fe - F0 ), the regression relation based on Eq . (2.12)
can be written
F = F0 +a Ac (crTc4-crT 0 4).

(2.14)

If the estimate were perfect, a would have the value 1. Using daily
values, the regression provides a best fit to both a and F0 for each month
on a 500km grid. The longwave cloud effect is then CLw = F - F0 , where F
is the monthly mean outgoing longwave flux from ERB.
A similar scheme was used for determining the shortwave forcing Csw. but
with one additional feature not normally considered when applying
regression to shortwave observations. To allow for the possible effect of
optical thickness variations, they parameterized cloud albedo as follows:

ac = Cic [a + b (T0

-

Tc)2]

(2.15)

where uc is the mean cloud albedo. The second term in the square brackets
is a surrogate for optical thickness, the assumption being that one can
parameterize the effect of optical thickness on albedo as a quadratic
function of the difference between clear-sky and cloud top temperatures,
variables which are available in the THIR/TOMS data set. Inserting Eq.
(2.15) into the equation for planetary albedo, extracted from Eq. (2.2), the
regression · equation becomes
a = a 0 + (a

Cic - a 0 ) Ac + b uc (T0

- Tc) 2

Ac

(2.16)

and multiple linear regression is performed to determine the coefficients
(a

Cic - a 0 ) and b Cic, in addition to determining the mean clear-sky albedo
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a 0 . The net incoming cloud-free flux is then 0 0 = S (1 - a 0 ) and the
shortwave cloud forcing Csw = Q - 0 0 , where Q is the monthly mean flux
from ERB.
The results of Ardanuy et al. (1991) for the global mean cloud forcing-longwave, shortwave, and net--are shown in Table 1. They represent an
annual mean obtained by averaging three winter and three summer months
(Dec-Feb and Jun-Aug) . The main difference with respect to Ramanathan
et al. is in longwave forcing; they obtain 24 W/m2 compared to 31 W/m2
for Ramanathan et al. They find an interhemispheric difference in
shortwave forcing, but not longwave, consistent with Ellis (1978), which
is likely due to clouds being more effective over the dark ocean surface in
reducing the net incoming solar radiation. As a result, there is a
significant difference in net forcing between the two hemispheres,
-30 W/m2 in SH and -24 W/m2 in NH.
2.4 Comparison of the Satellite-Based Estimates of Cloud Effect
A comparison of the four satellite-based determinations of shortwave
cloud forcing in Table 1 (NOAA AVHRR, Nimbus-3 MAIR, ERBE, and Nimbus 7
ERB) shows three of the four clustered around -50 W/m2 and one at -42
W/m2, which is reasonably good agreement considering the variety of data
sources and methods. But there is a very large disc;igreement in the
longwave effect--almost a factor of two in range. The disagreement in
the longwave effect is highlighted by comparing the shortwave to
longwave ratio, which ranges from 1.5 to 3.0 amongst the satellite-based
determinations.
All four methods are quite different. First, the Ohring et al. (1981)
results are restricted to the latitude range 0-60N. However, the area
poleward of 60° is only about 13% of the hemisphere, and there is not
enough of a difference in the longwave effect at high latitudes to account
for the large difference in the hemispheric mean. Also, as shown in Table
2, the interhemispheric difference is small.
Another potential explanation for the difference between the results of
Ohring et al. and the others is their use of narrow-band measurements.
They , directly determine the ratio of shortwave to longwave sensitivity
using the visible channel (0.55 - 0.90 µm) and the thermal infrared
window channel (10.5 - 11.5 µm) of the TIROS-N AVHRR .. Since brightness
contrast between cloudy and cloud-free meas.urements over vegetationcovered land and desert areas is reduced at wavelengths beyond about
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0 .9µm, the narrow-band measurements would overestimate the shortwave
sensitivity. However, the overestimate over land may be offset by an
underestimate over the oceans, where the brightness difference between
cloudy a nd c loud-free measurements is increased for liquid water clouds
at the lo nger wavelengths. (For ice clouds, which become darker with
increasing wavelength in the near infrared, the shortwave sensitivity
would be overestimated, but those clouds are less prevalent.) Also, the
overestimate of shortwave sensitivity is offset by an overestimate in
longwave sensitivity, since there is less contrast between cloudy and
cloud-free radiance outside the infrared window channel due to absorption
by water vapor and C0 2. Furthermore, the visible channel of the AVHRR
encompasses a much larger portion of the energy in the broad-band
shortwave spectrum than the corresponding channel in the longwave , so
that one would expect the overestimate of longwave sensitivity to
dominate. But the opposite is the case, with the shortwave-to-longwave
ratio of Ohring et al. being much larger than those of the other
investigators. There still is not a full explanation for their extreme
results.
In comparing Ardanuy et al. (1990) and Ramanathan et al. (1989) it should
be noted that they used different data sources as well as substantially
different methods. The results of Ramanathan et al. are based only on the
measurements of ERBE, from which they derive all-sky fluxes {F, Q} and
clear-sky fluxes {Fo, 0 0 }, with the differences {F 0 -F, Q-0 0 } explicitly
yielding the cloud forcing parameters. Ardanuy et al. used a regression
technique, with a combination of Nimbus 7 ERB and THIR/TOMS
measurements that tried to account for the effects of "other parameters".
That method requires cloud amount, which was provided by the THIR/TOMS
cloud cover data set. A comparison of the earth radiation budget data
sets, ERBE and Nimbus 7 ERB, is shown by Kyle et al. (1990) to be in fairly
good agreement with respect to the global annual mean of F (234.0 W/m2
for ERBE, versus 232.7 W/m2 for Nimbus 7 ERB) but in poor agreement
with respect to Q (102.1 and 113.5 W/m2, respectively). However, the
main disagreement between Ardanuy et al. and Ramanathan et al. is in the
longwave cloud forcing, implying that the differences in results are due to
the differences in methodology and, perhaps, in Ardanuy's use of the
THIR/TOMS data set.
The methods can be classified into two basic approaches. The results of
Ellis (1978) and Ramanathan et al. (1989) depend upon explicit
determination of cloud-free fluxes based upon a set of selection criteria,
while Ohring et al. (1981) and Ardanuy et al. (1990) use linear regression
to, in effect, estimate the cloud -free fluxes.
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The differences between the two approaches are discussed by Hartmann
and Doelling (1991 ). They determine cloud forcing by both methods and
compare results. They conclude that both methods have deficiencies and
can yield significantly d ifferent results in particu lar regions, although
the global averages tend to agree. They find that errors in identifying
cloud-free scenes often produce spurious results w ith the exp licit
method, especially over snow- and ice-covered surfaces. The main
problem with the regression method is the extreme sensitivity to cloud
type, with a resulting distortion of the slope. For the mean global, annual
(based upon one month in each of the four seasons) ratio of shortwave to
longwave c loud forcing they obtain 1 .56 with the regress ion method and
1.35 with the explicit method.
One problem with the exp lic it method is the difficulty of ensuring that the
collected cloud-free rad iances are actually cloud-free and t hat they are
typical--i.e., cloud-free scenes that fail the selection criteria do not, on
the average, have fluxes th at are significantly d ifferent from those that
meet the criteria. Factors like surface type, haze , and sea roughness,
combined with the effects of viewing geometry, contribute to that
difficulty. Also, surface inhomogeneities make it difficult for any set of
criteria to work uniformly well within any region.
To estimate the possible effect of cloud contamination, Ramanathan et al.
(1989) tested a more selective algorithm for determining cloud-free
pixels, and found that it could increase Fo by 4 W/m2 and Oo by 3 W/m2.
Assuming 4 W/m2 to be the uncertainty in Fo for both Ramanathan et al.
and Ardanuy et al., and that the errors are uncorrelated, then the standard
deviation for the difference between their longwave results would be 5. 7
W/m2, compared to the 7 W/m2 actual difference. With only 3 W/m2
difference in the shortwave forcing, one might conclude that the
differences in their results are within the expected uncertainty. However,
the cloud contamination errors in Fo and 0 0 tend to offset each other when
determining the net cloud forcing, which, by virtue of Eqs. (2.6-2.8) can be
expressed as
C

= (Q - F) - (Oo - Fo).

(2 .17)

Thus, cloud contamination would introduce a relatively small error in C,
a few W/m2, while the actual difference in C between Ardanuy et al. and
Ramanathan et al. is 10 W/m2.
In view of the unexplained discrepancies, it is necessary to take a close
look at the basic assumptions in this type of analysis, where one seeks to
extract from observations the purely radiative effects of clouds.
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Table 3. The effect on outgoing longwave flux in a cloud-free atmosphere
(F 0 ), in W/m2, of a 25% reduction in specific humidity below the specified
pressure level (P). The temperature and humidity profiles are the standard
atmospheres of McClatchey et al. (1972).

Std Atm

~Fo

Fo
P

=

200mb

400mb

700mb

TRO

306.9

7.5

6.2

3.2

MLS

296.9

5.6

4.3

1 .9

MLW

240.4

2.5

1 .9

0.6

SAS

276.4

4.8

3.9

1.6

SAW

205.1

1.4

1.0

0.0

In the explicit method the critical step is determining what the flux
would be without clouds. If one were to collect all data where clouds
were absent and measure the fluxes, would that provide the required
information? The answer is no, because the ambient conditions where
clouds are absent are not likely to be the same conditions where clouds
are present. After all, clouds develop only when conditions are favorable
for cloud formation. These conditions involve temperature, humidity, as
well as winds and vertical velocity. Therefore, a strict determination of
clear-sky flux would include not only cloud effects but also environmental
effects that are correlated with clouds. It would also seem that the
larger the cloud -free area, the larger the environmental difference.
To get an estimate of the influence of humidity, for example, on cloudfree radiative fluxes, we computed the effect of reducing specific
humidity by 25% from the standard atmospheres of McClatchey et al.
(1972), using the radiation code of Chou et al. (1991). Under the
assumption that humidity differences between cloudy and clear-sky
conditions usually occur below, rather than above, cloud level, we
restricted the changes to levels below 200, 400, and 700mb. The results,
shown in Table 3, indicate that 25% differences in humidity below the
cloud layer could account for several W/m2 difference in Fo. (The effect
on 0 0 is much smaller, approximately -0.5 W/m2 , but note that the
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magnitudes of the shortwave and longwave effects of humidity add, as far
as their effect on net forcing is concerned.) If one can argue that
Ramanathan's selected cloud-free areas have generally ~25°/o less
humidity than the cloud-free conditions that might be inferred from
regression analysis--not an unreasonable guess--then that would account
for a significant part of the 1O W/m2 difference in net forcing between
the two investigations.
The use of a regression technique tries to minimize the environmental
effects by looking at changes in flux relative to changes in cloud amount,
not insisting that any area be entirely free of clouds. That would be a fine
technique if one could be sure that, on the average, the number of times
the fractional cover of a particular cloud type (defined by its optical
thickness, height, and other characteristics which affect its radiative
properties) changes and the amount by which it changes is such that it
makes the appropriate contribution to the determination of the slope and
intercept. The desired slope is that due to a proportionally uniform
change in cloud amount of all types. (With reference to Fig. 1, the desired
slope is the one marked "avg cloud", but depending upon which clouds are
varying and by how much, the observed slope could be quite different.) The
problem is that there is no guarantee that minimization of root mean
square differences will yield the correct slope. Also, because there is
probably a correlation between cloud type and total cloud amount, the
pattern of points in a plot of F or Q versus Ac could be non-linear. The
error is hard to estimate, but that it could be substantial in individual
regions on a monthly time scale is shown by Hartmann and Doelling (1991 ).
There is one further implication. If the relationship between {Q, F} and Ac
is not linear, then one cannot infer cloud sensitivity from cloud forcing.
Consequently, the cloud forcing parameter could not directly help us to
understand how changes in cloud amount--in response to large scale
warming, for example--will feed back on the radiative forcing of the
climate system. Of course, cloud forcing will still have value as a
diagnostic tool, in that climate models will have to satisfy this observed
parameter. But having met that criterion, the climate model will not
necessarily produce the correct cloud feedback. It is therefore important
to put as much emphasis in determining cloud sensitivity coefficients as
in determining total cloud effect (or cloud forcing).
While the observations show substantial discrepancies, the climate
models are even further apart. The results of a comparison of six GCMs by
Gess and Potter (1987) are shown in Table 1. The net effect of clouds in
the GCMs ranges from -2 to -34, wider than the discrepancy in the
observations.
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3.

Sens iti vity of C loud Radiat ive Effects to Other Cloud
Param ete rs and the Env ironment

The discussion in Section 2 concentrated on the sensitivity of the
radiation budget parameters to cloud amount and to the total effect of
present-day clouds. However, the radiative effects of clouds are highly
sensitive to the variables that characterize clouds, in addition to cloud
amount, and to the parameters that represent the atmospheric state.
Three classes of parameters determine a cloud's effect on the radiation
field: (1) the environment above and below the cloud, including aerosol
distributions , the temperature and humidity profiles, and surface optical
properties; (2) the macrophysical structure of the cloud --horizontal
extent, optical thickness, temperature, including vertical and horizontal
inhomogeneities; and (3) the microphysical structure--particle size,
phase, shape, impurities, including the statistical distribution of these
parameters within the macroscale volume.
The ultimate aim of any cloud model or cloud parameterization scheme is
to determine the relationship of these cloud parameters to the large scale
parameters of the atmosphere, including the velocity, temperature and
humidity field, the fluxes representing energy and moisture exchange
between cloud and environment, and, what now appears to be critically
important, the chemical composition of the atmosphere, both gaseous and
particulate.

3. 1 The Environment
Examination of the geographic variation of the sensitivity coefficients
makes it readily apparent that different cloud regimes and different
atmospheric states lead to markedly different sensitivity coefficients .
That, coupled with observations that there are strong longitudinal as well
as latitudinal variations in the net radiative flux at the top of the
atmosphere, led to the study of Stephens and Webster (1981) on the
sensitivity of the radiative effects of low, middle, and high clouds to
various atmospheric parameters, including atmospheric temperature and
moisture and solar zenith angle. Cirrus clouds are especially important in
this context because of their ubiquity and highly variable properties in
both the shortwave solar spectrum and longwave infrared spectrum (Liou,
1986). The net heating of the atmosphere is found to be especially
sensitive to the thickness and height of the cloud, latitude, season, and
the underlying surface albedo.
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3.2

Macrophysical Structure--Sensitivity to Cloud Type

To get an integrated view of how different cloud types affect the climate
system, the Multi-Layer Energy Balance Model of Peng et al. (1982) was
used in a non-interactive mode to determine the change in net flux at the
top of the atmosphere due to a 10% (relative) change in the amount of
various cloud types. The cloud classification and parameters are based
upon the annual zonal mean of London (1957).
The change in longwave, shortwave, and net flux as a function of latitude
is shown in Fig. 2 for cirrus clouds and for all other clouds combined (low
and middle level clouds). These results indicate that, annually averaged,
cirrus clouds have a warming effect on the climate system at all
latitudes. Note, however, that this is subject to the assumed climatology
and the specific parameterization used. Reducing the infrared emissivity
of cirrus clouds, for example, as shown below, can negate this result. For
each cloud type the net effect is a delicate balance between longwave and
shortwave. In the case of cirrus the longwave effect is large because of
the high temperature contrast between clouds and surface, while the
shortwave effect is small because of the low optical thickness.
The same approach was used to determine the global average sensitivity
of the net top-of-the-atmosphere flux to various cloud parameters, shown
in Table 4. It shows that: (1) all clouds combined, as well as low and
middle clouds separately, have a net cooling effect; (2) cirrus clouds have
a net warming effect which, however, could be offset by a 33mb reduction
in height (for fixed temperature profile) or by reducing the emissivity.
One very important feature of cloud cover is its sensitivity to the diurnal
distribution. Shifting 10% of the nighttime cloud cover to daytime
produces an effect that is large enough to offset the effects of doubling
atmospheric C02. This is a consequence of the delicate balance between
shortwave effects (confined to daytime) and longwave effects.

3.3

Microphysical Structure--Effects of Aerosols on Cloud Optical
Properties

To condense and form cloud particles, water vapor molecules require
material that is already condensed and which has an affinity for water
vapor. Aerosols called cloud condensation nuclei (CCN), which are
normally present in clear air, serve that purpose. There is much
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Figure 2. Change in the globally averaged annual mean flux into the earth-atmosphere system
resulting from a 10% (relative) increase in cloud amount for cirrus clouds (Ci) and for all
other clouds (Lo/Mid), shown for shortwave (SOLAR), longwave (IR), and net (NET)
radiation components. Computations were done with the radiative transfer model and cloud
parameterization of Peng et al. (1982) and the cloud cover data of London (1957).

Table 4. The globally averaged annual mean change in the net
downward flux at the top of the atmosphere (~N) in response to
the indicated cloud parameter change, based upon the radiative
transfer model and cloud parameterization of Peng et al. (1982)
and the cloud cover data of London (1957).
~N (W/m2)
10% Increase in Amount
All Clouds
-1. 1
All Clouds, Day Only
-2.7
All Clouds, Night Only
+3.2
Low Clouds
-1. 7
Low + Middle Level Clouds
-2.8
Cirrus
+ 1. 7
Change in Cirrus Parameters
10% Increase in Amount
Lower Height 33 mb
Reduce Emissivity 0.8 to 0.65
Day/Night Distribution (mean fixed)
+10% Day, -10% Night
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+1. 7

-1 . 7
-3.7
-4.3

observational evidence (e.g., Pruppacher and Klett, 1978) to show that the
microphysical structure of clouds is sensitive to the CCN concentration in
the atmosphere. In effect, cloud particle density increases with increase
in available CCN. Hence, for a given liquid water content, particle size
decreases with increasing CCN concentration.
Twomey (1977) seized upon this fact to demonstrate theoretically how
pollutants can significantly alter cloud optical properties and thereby the
effect of clouds on the earth's radiation budget. He shows that moderately
thick clouds (albedo ~0.5) would increase in brightness with increasing
CCN concentration, even if the aerosols which make up the CCN are heavily
absorbing. Only as the clouds become thicker and with more highly
absorbing particles would cloud brightness turn around and begin to
decrease with increasing CCN concentration. Based upon measurements of
absorption in samples of CCN and sample satellite measurements of cloud
optical thickness, Twomey et al. (1984) conclude that the overall effect
of pollution is to make clouds brighter.
Charlson et al. (1987) used Twomey's theoretical model to postulate a
biological mechanism involving clouds which would produce a negative
feedback and have a regulating effect on climate. They show that over the
oceans the major source of CCN is dimethylsulphide (OMS), which is
produced by phytoplankton in sea water. OMS diffuses into the
atmosphere, where oxidation yields S02 which, in the presence of cloud
droplets, rapidly converts to CCN in the form of sulphate particles. They
estimate that a doubling of CCN over the oceans would have the effect of
counteracting the warming effect of a 2% increase in the solar constant or
the doubling of C02.
The effect of sea surface temperature and sunlight on phytoplankton
population is highly speculative, and, furthermore, the relationship
between phytoplankton population and OMS concentration is complicated,
depending on many factors, including ocean chemistry and phytoplankton
speciation. Nevertheless, Charlson et al. (1987) suggest that if
phytoplankton . production increases with temperature and/or solar
irradiance, then there is a feedback loop that operates as follows:
increased sea surface temperature --> increased OMS --> increased CCN
--.,-> increased cloud albedo --> decreased solar radiation --> decreased
sea surface temperature. While CCN concentration over the remote oceans
varies by about a factor of ten, there is no observational evidence at this
point to show that clouds do respond to changes in OMS concentration or
that there is a relationship between OMS and sea surface temperature.
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Schwartz (1988) points out that anthropogenic emissions of S02,
principally from fossil fuel combustion, are more than twice as large as
that associated with marine OMS, and have developed over the past 100
years. Because of the short time it takes for S02 to convert to aerosols
and eventually be rained out, he argues that the anthropogenic S02 effect
would be confined largely to where it is produced, the Northern
Hemisphere. Measured concentrations of sulphate particles around the
globe documented by Schwartz (1 988) are indicative of a large excess in
the Northern Hemisphere. His examination of cloud albedo data, however,
based on the same climatology used by Ell is (1 978), reveals no
enhancement of cloud albedo in the Northern Hemisphere compared to the
Southern Hemisphere. He points out further that observed surface
temperature trends do not reveal any trend in the temperature difference
between the two hemispheres, as might be expected if the S02 effect was
operating.
Underlying Schwartz's conclusion is the assumption that cloud albedo in
the two hemispheres would otherwise be the same and that climate
sensitivity to radiative perturbations is sufficiently strong to produce a
discernible effect on global and hemispheric mean surface temperatures.
Without a substantial, positive cloud/climate feedback, which is itself
highly uncertain (see Sec. 4), the sensitivity of the climate system to
radiative perturbations might not be strong enough, and the observed
global temperature trends might be a result of inadequate observations or
due to non-anthropogenic causes. In examining the problem from this
point of view, Wigley (1989) concludes that observed trends that might
indicate presence of an S02 effect are not statistically significant, and
that the trends that one would expect from the theoretical analysis would
not be above the noise level.
There is another potential explanation for the lack of a significant
interhemispheric difference in temperature trend: the possibility that in
the Northern Hemisphere the cooling effect of S02 is counteracted by the
warming effect of C02, and in the Southern Hemisphere climate response
is weak, as indicated in a recent simulation with a coupled oceanatmosphere climate model (Stouffer et al., 1989).
In an attempt to determine more directly the relative contributions of
anthropogenic S02 cooling and C02 warming, Kaufman et al. (1991)
utilized estimates of the emission ratios of S02 to C02 from fossil fuel
combustion and from biomass burning, and systematically examined the
steps leading from the gaseous emissions to the expected effects on
climate. Consideration of the uncertainties in the parameters and
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assumptions required at each step leads to a large uncertainty in the ratio
of cooling to heating. They conclude that, under present conditions, the
cooling effect from fossil fuel combustion is from 0.4 to 8 times the
warming effect, in contrast to biomass burning associated with
deforestation, where the heating effect is much more likely to dominate.
They note, however, that the S02 effect tends to saturate and,
consequently, in the future the balance for fossil fuel combustion will
shift towards net heating.

4.

Cloud Feedback in Climate Models

There are many
used in climate
engineering. It
and, with some

ways of defining cloud feedback. We will employ one often
studies, analogous to the concept of feedback in electrical
is essentially the same as that used by Schlesinger (1986)
difference in nomenclature, by Hansen et al. (1984).

Under equilibrium conditions the net downward radiative flux at the top of
the atmosphere N is zero. An externally induced perturbation of the
climate system--e.g., due to changes in solar flux, atmospheric C0 2 , etc.-will produce an imbalance 8N. To restore equilibrium, the variables of the
climate system, including surface temperature T 5 , will change. The
climate sensitivity parameter, K, is then defined by
8Ts

=

( 4.1)

K 8N.

In considering the effect of doubling C02 on the radiation budget at the
top of the atmosphere, it is necessary for purposes of studying
tropospheric climate to subtract out the effect of the stratosphere, which
has its own radiation budget. The immediate effect of doubling C02 on the
net flux at the top of the atmosphere, 8NroA, is substantially different
from that at the tropopause, 8NrRO· Typically, 8NroA = 2-2.5 W/m2, while
8NrRo = 4 W/m2. The net difference of 1.5-2 W/m2 represents a radiative
forcing of the stratosphere with a cooling effect, compared to the
warming effect of 4 W/m2 on the climate system below. As shown in
Hansen et al. (1981 ), the stratosphere reaches e·q uilibrium within a few
months, while the climate system, because of the thermal inertia of the
oceans, requires decades. Thus, after a few months, 8NroA = 8NrRo = 4
WI m 2. It is the latter quantity, after stratospheric equilibrium is
achieved, that is represented by 8N.
In Eq. (4.1) K includes the effects of feedbacks, processes which modify
the net flux at the top of the atmosphere through changes in variables
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other than temperature. The precise definition of feedback hinges on
specifying what we mean by a response without feedback. We mean it to
be a response constrained to a change in temperature that is uniform with
height, all other parameters fixed. In that case the climate sensitivity
parameter will have the valu e K0 . (The difference betweeen K and K0 is the
difference between a total derivative and a partial derivative: K = dT sld N,
K 0 = aT slaN, where the partial derivative is subject to the above-stated
constraint.)
A feedback process is one in which a variable responding to a perturbation
in net flux changes in such a way as to further modify the flux. Assum ing
the responses for a number of such processes are linear and independent
of each other, one can express the modified net flux as follows:
(4.2)

where ai is a sensitivity coefficient indicating the change in net flux per
unit change in surface temperature due to the response of variable i. The
sign of ai determines whether the feedback is positive or negative. The
sensitivity for cloud amount, for example, would be
aN

dAc

ac = aAc dTs
where the first factor represents the radiative effects of clouds, which
were discussed in Sections 2 and 3, and the second factor represents the
effects of the environment on cloud amount. The sensitivity coefficients
for other parameters have similar structures .
Now, the response to a perturbation ~N with feedback processes should be
the same as the response to ~N' without feedback. In that case
L\ T s = K0 L\N'.

(4.3)

Combinjng Eqs. (4.1 to 4.3), the climate sensitivity parameter becomes

( 4.4)

where fi = aiKo is defined as the feedback factor for variable 1. When
defined in this way the feedback factors are additive. We refer to the
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sum of the feedback factors as the net or total feedback. (Note that
Schlesinger (1986) refers to K as the "gain" of the system. Hansen et al.
(1984) refer to our f as "gain" and K/Ko as "feedback factor". Manabe and
Wetherald (1988) refer · to the parameters A.o
1/Ko and /..i = fi/Ko as
"feedback parameters".)

=

The feedback factors are introduced because it permits, under certain
assumptions, a separation of feedback processes. (See Schlesinger (1986)
for an analysis showing which processes do satisfy ·the assumptions of
linearity and independence.)
Some feedback processes are illustrated in a schematic diagram of the
climate system, in Figure 3. It is important to note some of the
limitations of this type of analysis. First, it ignpres internal changes
that produce no net global effect but otherwise alter the climate. Second,
it does not allow for interaction amongst the processes or for non-linear
response, and, therefore, extracting the feedback factors from a numerical
simulation does not necessarily yield a unique result. Nevertheless,
because of the insight gained from this approach, we will employ it below.
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4. 1 Cloud Feedback in Response to Doubling Atmospheric C02

Two of the GCMs used to simulate the effects of enhanced C0 2 on climate
have been analyzed by the investigators to determine the role of clouds in
the climate system's response. The GISS (Hansen et al., 1984) and GFDL
(Wetherald and Manabe, 1988) models have interactive clouds, to the
extent that the spatial distribution of cloud cover (height and amount) can
vary in response to climate change. The optical properties of the clouds,
however, are fixed.
Both models show approximately the same change in mean global surface
temperature in response to doubl ing of atmospheric C02: 4.0K for GFDL and
4.2K for GISS. Also, in both cases the total feedback is approximately the
same, 0.7. This tells us, by way of Eq. (4.4), that the response is 3.3 times
what it would be without feedback. Although the total feedback is the same
in both simulations, there are large differences in the d istribution amongst
the various processes. The feedback factors are shown in Table 5, broken
down into three categories: surface albedo, water vapor (including
temperature lapse rate), and cloud cover.
In extracting the water vapor feedback factor from the GFDL results we
combined their estimate of the water vapor and temperature lapse rate
factors, for consistency with GISS. However, GFDL's lapse rate feedback
includes the response of the stratosphere, wh ich, as explained above,

Table 5. The calculated feedback factors associated with several
processes in the GFDL and GISS models.

FEEDBACK PROCESS

GFDL

GISS

Surface Albedo

. 16

.09

Water Vapor*

.43

.40

Cloud Cover

.11

.22

Total Gain

.70

.71

*Includes effect of change in temperature lapse rate in troposphere .
Also, an adjustment is made in the GFDL result to account for the
short-term transient effect of the stratosphere, as explained in the
text.
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needs to be removed. Their stratospheric response makes their lapse rate
feedback factor positive (0.07), whereas for the troposphere alone it should
be negative. (The latter follows from the fact that warming causes a
reduction in the moist adiabatic lapse rate, making the upper layers of the
troposphere warmer with respect to the mean temperature and thereby
making it possible to restore equilibrium with a smaller change in surface
temperature.) The combined water vapor and temperature lapse rate
feedback factor for GFDL given in their paper is 0.56 out of a total feedback
of 0.83 (corresponding to ~NroA = 2.2 W/m2). We subtracted out the
stratospheric effect by recomputing the total feedback from
(4.5)
where ~ T0 is the response with no feedbacks and is taken to be 1.2K,
the value found by GISS. Eq. (4.5) follows from Eqs. (4.1 and 4.4) with
~ T 0 = Ko ~N. The recomputed net feedback is 0.70, and the difference
of 0.13 with respect to the original net feedback is attributed to the
stratospheric temperature response and subtracted from the water vapor
plus temperature lapse rate feedback factor, reducing it from 0.56 to 0.43.
These recomputed feedback factors are the ones shown in Table 5. They
correspond to ~N = 4.0 W/m2, the same as for the GISS model.
(Incidentally, the reduction of GFDL's water vapor plus lapse rate feedback
factor to 0.43 implies that the lapse rate portion of the factor is negative,
-0.06, about as one would expect.)
Both models show a positive feedback for cloud cover, but there is a factor
of two difference in magnitude, 0.22 for GISS versus 0.11 for GFDL. While
largely offset by the difference in surface albedo feedback, there is,
nevertheless, a large difference in the role of clouds in the two models.
Looked at as an amplification of climate response, cloud feedback
multiplies the response by the factor 1.76 in the GISS model and by 1.37 in
the GFDL model. Looked at from another point of view, if one were to
switch cloud models between the two GCMs, instead of both having
approximately 4K response to doubled C0 2 , the results would be quite
different: 3.0K for GISS and 6.3K for GFDL, the result of applying Eqs. (4.1
and 4.4) and switching the cloud cover feedback factors in Table 5.
Cloud feedback is complicated by the large number of parameters involved
and their close coupling to the other parameters of the climate system.
Despite the large difference in the magnitude of cloud feedback between
the two models, there are common features in the pattern of cloud change.
They can be summarized as follows: (1) Decrease of clouds throughout
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most of the troposphere at low and middle latitudes; (2) Increased
cloudiness near the tropopause at middle and high latitudes; and (3)
Increased cloudiness near the surface at middle and high latitudes. The
first two would have a warm ing effect while the third would have a
cooling effect, and the warming effect dominates. Similar results were
obtained in the C02 simulation of Washington and Meehl (1984).

4.2 Liquid Water Content and Cloud Microphysics Feedback

In the GCM simulations discussed above the spatial distribution of cloud
cover varied in response to changes in temperature and humidity, but the
optical properties of the cloud layer at any grid point, which are functions
of particle size, phase, and total liquid water content, were fixed.
Paltridge (1980) raises the question of how cloud optical properties might
change in response to a C02 induced warming. He argues that increased
temperature would increase the liquid water content of clouds, which
would increase cloud optical thickness. His estimates show that the
shortwave effect would dominate over the longwave effect, resulting in a
negative feedback for this process alone and reducing the overall
sensitivity of climate to C02 changes by -40%.
Subsequent investigations by Charlock (1982) and Somerville and Remer
(1984) with 1-dimensional radiative/convective models also suggest that
cloud liquid water would contribute negatively to cloud feedback. If all
else remains the same, the optical thickness of the cloud would be
proportional to the vertically integrated liquid water. However, Bohren
(1985) points out the possibility of changes in cloud microphysical
structure--in particular, the possible effects of changes in atmospheric
temperature and humidity on the size of cloud particles--showing that the
magnitude of the negative feedback would be smaller if cloud particle size
increased along with liquid water content.
Two GCM's have simulated the effects of climate change with cloud liquid
water feedback.
Roeckner et al. (1987) used a 2°/o increase in the incident solar flux to
force a climate change. Their model includes a liquid water continuity
equation, with shortwave and longwave cloud optical properties dependent
upon total cloud liquid water. Longwave sensitivity in the model is found
to be associated primarily with thin cirrus clouds, where emissivity is
significantly less than 1. Low and middle level clouds are thick enough to
be essentially opaque in the thermal· infrared under any circumstance. As
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in the GCM runs of earlier investigators, they find increases in the cirrus
clouds and decreases in the low and middle level clouds, both effects
contributing positively to the sun-induced warming.
When analyzed to determine the contribution of liquid water to cloud
feedback, they find the effects of liquid water to be large and negative for
low and middle level clouds, such as to cancel the effects of the decrease
in cloud cover, and very large and positive for high (cirrus) clouds, such as
to be the dominant effect on total cloud feedback. Overall, the clouds in
their model have a positive feedback effect on climate change, due largely
to the enhanced liquid water content of high clouds. One should note that
their stated conclusion that clouds have a negative feedback effect is due
to their misinterpretation of the change in surface energy budget
parameters in the model, as pointed out by Schlesinger (1988). The
correct analysis of the effects of clouds is derived from the effect on top
of the atmosphere fluxes.
Platt (1989) inserted a note of caution concerning the results of Roeckner
et al. (1987). He shows that their parameterization of the dependence of
the emissivity of high clouds on temperature, based upon liquid water
content, is approximately a factor of two higher than what one could draw
from observations. That would significantly reduce the positive feedback
effect of high clouds, which is the dominant cloud feedback effect in their
model.
Mitchell et al. (1989) also used an explicit cloud water variable for
parameterizing clouds in their GCM, which significantly changed the
distribution of cloud cover response and allowed for the effects of
changes in liquid water on cloud optical properties. They forced the model
by doubling atmospheric C02. Two effects occurred, compared to an
earlier run in which cloud cover was parameterized according to relative
humidity and cloud optical properties were prescribed . The new cloud
parameterization resulted in a much smaller change in middle and low
level cloudiness, so that the total model response to doubled C02 was
reduced in half without taking cloud liquid water into account. When the
effects of cloud liquid water on cloud optical properties were included,
there was a further reduction in the model's response to doubled C02 by
30%. Thus, with cloud parameterization dependent only on relative
humidity and with fixed cloud optical properties, their model shows a 5.2K
global response to doubled C02. The improved cloud parameterization
scheme reduces it to 2.7K, and the cloud liquid water feedback further
reduces it to 1.9K. Although the authors did not compare these results to
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a fixed cloud simulation, the low sensitivity of 1.9K would almost
certainly imply a negative overall feedback for clouds.
From these additional simulations one can conclude that cloud
parameterization is very critical to cloud feedback. It is necessary to
account for changes in cloud liquid water and cloud particle size and
phase, in addition to cloud amount and height distribution, before one can
assess the role of clouds in climate change. It appears that cloud optical
parameters have a negative feedback effect, which can substantially
reduce (perhaps cancel?) the feedback effect that many models exhibit in
connection with changes in cloud amount and spatial distribution.

4.3 lntercomparison of Cloud Cover Feedback in GCMs

A quite different but more extensive investigation of the role of clouds in
GCMs was conducted with 19 models from various research institutions by
Cess et al. (1990). In order to focus on cloud feedback and reduce the
influence of other processes, the prescribed forcing is a ±2K sea surface
temperature perturbation for perpetual July conditions. With this
specification all models yield approximately the same mean global
surface temperature difference, 4K, so that the test is one in which ll T 5 is
specified, rather than llN, as in the more usual sensitivity study. (In other
words, it is the climate response that is specified, rather than the
forcing, and the model is then allowed to determine the magnitude of the
forcing that would be in balance with such a response.) Under perpetual
July conditions, snow cover was minimal and sea ice was fixed in all but
one of the models, effectively suppressing surface albedo feedback.
The results ,of this comparison show the climate sensitivity parameter
for the globally averaged system, K, ranging over a factor of three
(0.39 - 1.23). To determine the role of cloud feedback, Cess et al. (1990)
also computed a sensitivity parameter based on cloud-free grid points. It
has a much smaller range (0.42 - 0.57), indicating that the wide disparity
in the climate sensitivity parameter is due primarily to clouds.
In order to · extract the feedback factor associated with clouds from the
results of Cess et al. (1990), we assume that the cloud-free grid points
represent the climate system without clouds. Denoting with a prime the
parameters that refer to a cloud-free system, we can write with the aid
of Eq. (4.4)
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K' =

K' 0
1 - W'

and

K=

1-W-fc

(4.6)

where W represents the net feedback without cloud feedback and fc is the
cloud feedback factor. The difference between K' 0 and K0 is just the
difference in the no feedback response between the cloud-free system and
the present climate system; likewise for W' and W. Eliminating W in
Eq. (4.6) and solving for fc, we obtain
(4.7)
where

!!W = W' - W and r = K' 0 I K0 .

Numerical studies with a one-dimensional radiative equilibrium model
with convective adjustment (A. Arking, paper in preparation; see Arking,
1990, for a brief description of the model) indicate that !l W "" O and r "" 1.0.
We adopt these values, and take K0 = 0.3, a value consistent with many
models and about which there is little disagreement. Applying Eq. (4.7) to
the values of K' and K for each of the 19 models, given by Gess et al. (their
A.c and A., respectively), we obtain the distribution of fc shown in Fig. 4.
The individual feedback factors for the GFDL and GISS models, which are
two of the 19 in the study, are indicated in the figure; the difference with
respect to the annual mean simulation with doubled C02 (Table 5) is small
for the GFDL model but appreciable for the GISS model, implying that the
cloud feedback factor for perpetual July is not necessarily equivalent to
that for the annual mean.
(We note that within a wide range of values of r the dispersion in fc hardly
changes. Also, we compute W, which is basically the water vapor
feedback factor, and find the mean to be 0.43 with a standard deviation of
0.05, which, by comparison with Table 5, is in the expected range. Since
the results apply to perpetual July conditions they do not necessarily
correspond to the annual mean. We note further that the main effect of
changing r from 1.0 to 0.9, for example, is to decrease fc more or less
uniformly by - 0.06 and increase W by about the same amount.)
With the values chosen for !l W and r, the ratio of the climate sensitivity
with cloud feedback to wMat it would be without cloud feedback--i.e., the
amplification in climate response due to clouds--is K/K'. The values
found by Gess et al. range from 0.7, a substantial negative feedback, to
2.5, a large positive feedback. This implies that there would be a spread
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Figure 4. Distribution of the cloud feedback factor amongst 19 GCMs under
perpetual July conditions, derived from the results of Cess et al. (1990).
Individual results from two of the models, GEDL and GISS, are indicated.

of more than a factor of three amongst the 19 models in the overall
response to a perturbation, such as changing C02, just due to the
differences in cloud feedback
It is clear from Fig. 4 that there is a wide dispersion in cloud feedback
amongst GCMs. Most models exhibit positive feedback, but seven show
very small or negative feedback. These results imply that clouds may
have a strong influence on climate change, and the wide variation amongst
the models implies that we ·are far from knowing the magnitude, or even
the sign, of this influence.

5.

Conclusion

This overview focuses on the direct role clouds play in long term climate
change--viz., through their impact on the radiative fluxes at the top of the
atmosphere, based on satellite observations, and through their
interactions with other variables in the climate system, as revealed by
climate model simulations.
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Several attempts have been made to determine the overall effects of
clouds on the climate system (climate forcing) with various data sources
and methods. All of the investigations show that clouds have a net
warming effect. The two estimates of the global annual average effect of
clouds on the net flux at the top of the atmosphere, that are based upon
recent satellite observations, and therefore considered most reliable, are
-17 W/m2 (ERBE) and -27 W/m2 (Nimbus 7 ERB/THIR). The difference is
large enough to suggest that data: and methodology need to be improved.
While helpful for · understanding the role of clouds in the climate system,
cloud forcing d.o es not directly address the cloud/climate feedback
problem. Another quantity, cloud sensitivity, which represents the
differential response of earth radiation budget parameters and other
variables of the climate system to changes in cloud cover parameters
about their mean distribution, is a critical factor in determining the cloud
feedback effect . in climate simulations.
Two attempts to estimate the sensitivity of top-of-the-atmosphere
fluxes to total cloud amount, based mostly on satellite data but with some
ad hoe assumptions, show wide discrepancies. A really useful set of cloud
sensitivity coefficients is not easily derived from . existing observations,
but with a growing long -term global cloud cover data set--the
International Satellite Cloud Cover Project, beginning July 1983-overlapping the earth radiation budget measurements from Nimbus 7 ERB
and ERBE, it should be possible to extract quantitative estimates of the
sensitivity of some variables of the climate system to variations of some
of the cloud parameters.
On the other side of the cloud/climate interaction problem--how clouds
respond to changes in the state of the climate system--observational
evidence is very much limited. Recent organized field experiments--e.g.,
the First ISCCP Regional Experiment (FIRE) and the International Cirrus
Experiment (ICE)--are beginning to provide the required information.
One aspect of cloud response to changes in the atmospheric state has
received considerable attention in recent years: the change in cloud
optical properties in response to changes in temperature and to available
cloud condensation nuclei (CCN). Temperature would affect the total
water in clouds, making them more opaque with increasing temperature,
but it could also affect the microphysical structure, including particle
phase and size, and thereby the cloud's optical properties. Aside from
dynamically induced changes in cloud amount and spatial distribution, the
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cloud's temperature sensitivity would provide negative feedback within
the climate system.
The dependence of cloud microstructure on CCN raises another issue with
respect to climate change. The evidence supports the conclusion that
pollutants--primarily S02-induced sulphate particles--will make clouds
brighter, and hence have a cooling effect on climate, even if the particles
contain substantial amounts of absorbing material. While estimates for
this effect vary widely, due to considerable uncertainties in the processes
leading from 802 emission to cloud optical properties, it may be large
enough as a cooling effect to compete with the warming effect of C02 and
other trace gases.
On cloud feedback in climate simulations, there are wide discrepancies
amongst models. Investigators find, in general, that the sign of cloud
feedback is positive when one allows the spatial distribution of clouds to
vary in response to climate change. When one additionally takes into
account the effect of changes in cloud properties, that conclusion is less
certain. The uncertain role of cloud feedback can account for at least a
factor of three in the response of various climate models to external
radiative perturbations, such as that due to changes in atmospheric C02.
Perhaps all we can conclude is: (1) clouds may have a strong influence on
climate change, but (2) we are far from knowing the magnitude, and even
the sign, of this influence.
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