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ABSTRACT

In modeling the thermal structure of the atmosphere, the role of clouds is critically important.
Clouds modify the solar flux distribution throughout the atmosphere, radiate significantly in the
infrared, and provide large thermal reservoirs because of the large latent heat of water.

In the best current radiative convective one-dimensional models the global atmosphere is
modeled as the sum of clear and cloudy sky parts weighted by a fractional cloud cover. In
considering the cloudy sky part, previous models have treated the clouds as input and
characterized them simply in terms of their altitudes, thicknesses, and optical properties.

This report compares the surface temperature sensitivities to variations in cloud cover for
three cloud approximations: (1) a single effective fixed cloud with a mean water vapor profile, (2)
a floating clouds approximation in which cloud altitudes and thicknesses are calculated and a
mean water vapor profile is used and (3) a fully interactive formulation in which cloud altitudes
and thicknesses are calculated and separate clear and cloudy water vapor profiles are used. In all
three approximations the cloud cover amount, A, is an input. The fully interactive
approximation is shown to reduce the sensitivity of surface temperature to cloud cover variations
from —4.7 x 1072 K/(1% A4 _) for the single effective approximation to —3.6 x 107 2K/(1% 4,).
This reveals that when the model allows the clouds and water vapor to interact, calculated
surface temperature changes caused by changing the amount of clouds are less than previous

studies indicate.

1. Introduction

Both cloud amount and height are known to
affect surface temperature. In globally averaged
models, as the amount of clouds increases, the
planetary albedo increases and the surface
temperature decreases (e.g. Schneider, 1972). The
surface temperature also responds to changes in
cloud height, the nature of the response (i.e.
whether the surface temperature increases or
decreases) depending on the cloud and its original
height (e.g. Manabe and Wetherald, 1967). In
globally averaged models cloud cover amount is
held fixed during the course of the calculations.
Typically, a globally averaged cloud cover amount
of around 50% is used and may be due to a single
effective cloud (e.g. Ramanathan, 1976) or the
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effective cloud cover amount from multiple cloud
layers (e.g. Manabe and Wetherald, 1967).

In terms of the altitudes where clouds are found
in radiative-convective models, two approxi-
mations are currently used. The first approach
assigns to the tops and bottoms of clouds fixed
pressure or height levels. This is known as the fixed
cloud pressure (or height) approximation, fcp. In
their single effective cloud models, Schneider
(1972) and Ramanathan (1976) use the fixed cloud
heights of 5.5 km and 6.25 km respectively. The
altitudes were determined by assuming a specific
outgoing infrared flux at the top of the atmosphere
for a specified surface temperature and then
determining what cloud altitude would give that
infrared flux. The Manabe and Wetherald model, in
use here at the General Motors Research
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Laboratories (GMR), uses fixed cloud pressure
levels based on the data of Telegadas and London
(1954).

The second cloud approximation involves fixing
a temperature to the top of the cloud. Based on the
suggestion of Cess (1974), the assigned cloud top
temperature is found by determining what cloud
top temperature will give a model atmosphere an
assumed outgoing infrared flux at the top of the
atmosphere for an assumed surface temperature.
This approximation is known as the fixed cloud top
temperature approximation, fctt. Reck (1979) has
recently compared the fcp and fett approximations
in the GMR Manabe and Wetherald radiative-
convective model and demonstrated that tem-
perature sensitivities are from 1.43 to 1.56 times
larger with the fctt than the fcp approximation.
With either of these approximations, cloud con-
ditions become imposed and decoupled from the
temperature profile.

In radiative-convective models examining mean
global or latitudinal conditions, separate clear and
cloudy sky flux calculations are typically made and
the mean atmosphere modeled by weighting the
clear and cloudy sky calculations by the assumed
cloud cover fractions. In the present generation of
radiative-convective models (including the GMR
model) a single water vapor distribution is used for
both the clear and cloudy atmospheres. The water
vapor profile used is typically determined by
assuming that the vertical distribution of relative
humidity, #(P), where P is pressure, is constant
(Manabe .and Wetherald, 1967). The distribution
suggested by Manabe and Wetherald (1967) is
h(P) =77 P/P, —0.02 :

1.0 —0.02 )
where P, is the surface pressure and the 77 refers to
the surface value of the relative humidity in percent.
As can be seen from the distribution, A(P)
decreases with altitude. In the real world, however,
when clouds exist the relative humidity should
increase with altitude up to 100% at the cloud
base and be 100% throughout the cloud. As a
result, the relative humidity distribution given by
(1) will not model the expected distribution in an
atmosphere containing clouds. The distribution (1)
also does not reproduce observed mean conditions
and results in the amount of atmospheric water
vapor being about 30-35% less than observed
(Sellers, 1965; Starr et al., 1969).

Tellus 33 (1981), 5

439

_In the real atmosphere, clouds float up and
down, changing their density, vertical thicknesses,
temperatures, and horizontal extents as the tem-
perature and moisture fields change. Obviously, a
one-dimensional, globally averaged model cannot
describe the complex dynamical and thermo-
dynamical process responsible for actual cloud
formation. However, the large scale response of
averaged clouds to temperature changes can be
simply simulated. Results of surface temperature
changes to changes in fractional cloud cover will
now be presented using the interactive radiative-
convective model developed at the University of
Michigan to predict cloud properties. The model
includes the vertical transport of water vapor and
predicts at what altitude clouds should form in the
model atmosphere. The surface temperature sen-
sitivity predicted by the model due to changes in
fractional cloud cover will be presented and
compared to predictions from the model using two
other cloud treatment approximations.

2. The Hummel-Kuhn radiative—
convective model with interactive clouds

The Hummel-Kuhn radiative—convective model
with interactive clouds (HK) predicts cloud altitudes
and thicknesses with a vertical water vapor trans-
port model. The transport calculations include
transport by large scale vertical winds and vertical
eddy diffusion. Both transport contributions are
coupled to temperature. The vertical extent of the
“convection” is limited to 450 mb. The transport
calculations are conceptually similar to models of
Weare and Snell (1974) and Hess (1976). The
features of the model are summarized in Table 1
and compared with the standard Manabe and
Wetherald model. The model, at present, does not
predict total fractional cloud cover. This value is
imposed. If multiple cloud layers are formed, the
clouds (up to 3), are assumed to be randomly
overlapped (e.g. Kuhn, 1978) and give a total
fractional cloud cover equal to the input value. The
liquid (or solid) water content within the cloud is
also computed, thereby, allowing cloud optical
properties to be evaluated if desired. The “clouds”
generated are not meant to be characteristic of
specific cloud types (i.e. cumulus, stratus, etc.) but
only representative of average cloud features.
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Separate clear and cloudy sky water vapor
profiles are computed and used to compute water
vapor transmission functions. The clear sky profile
is determined by using (1). The cloudy sky profile is

Table 1. Model properties and comparison with
the Manabe—Wetherald (MW ) model

Surface albedo w,=14%
Planetary albedo w,=30%
Surface relative hy=17%
humidity
Carbon dioxide 456 ppmm
Vertical extent of 450 mg*
convection
Mw HK
Number of 9 12
pressure levels
Cloud layers 3t upto3
Aerosols included Yes No
Clear and cloudy No Yes
H,0 profiles
Cloud locations  Assigned by either Calculated
fep or fett
Cloud reflectivity High Middle Low
(%) 21 48 63 321
Cloud 05 20 3.5 Notincluded§

absorptivity

* See Hummel (1978) or Hummel and Kuhn (1981b).

+ The MW can handle any number of layers but three
are typically included.

1 This is the reflectivity of the total cloud :cover.
Individual cloud reflectivities are not needed. An
accurate empirical relationship is used in the solar flux
calculations that requires only the clear sky fluxes
(Budyko, 1964).

§ The individual cloud absorptivities are not needed.
See above.

Table 2. Cloud approximations used in this study
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calculated with the transport model used to predict
cloud altitudes. Separate clear and cloudy sky
infrared radiative fluxes are then computed and
weighted by the cloud cover amount to give an
average atmospheric radiative flux. Specific details
of the model are given in Hummel (1978) and
Hummel and Kuhn (1981b).

In the original study, Hummel (1978) and
Hummel and Kuhn (1981b) examined the surface
temperature sensitivities in the fully interactive
model to changes in carbon dioxide content and
surface relative humidity. They then compared the
results to sensitivity estimates made by (1) assum-
ing a single cloud with fixed cloud pressures and a
mean water vapor profile based on a constant
distribution of relative humidity and (2) predicting
the cloud altitudes but using a mean water vapor
profile based on the constant distribution of relative
humidity. The differences between the sensitivities
were found to be large with the relative errors
(relative to the estimates from the fully interactive
model) exceeding, at times, a factor of 2.

Results will now be presented for surface
temperature sensitivities for changes in total effec-
tive cloud cover. As with the original study by
Hummel (1978) and Hummel and Kuhn (1981b),
the results from the fully interactive model will be
compared against (1) those obtained by only
predicting cloud altitudes and (2) by assuming a
single effective fixed cloud. In both of these cases a
mean atmospheric water vapor profile will be
assumed using a constant distribution of relative
humidity based on (1). The conceptual differences
between the cloud approximations are shown in
Table 2. Convective adjustment is accounted for by

Property Fully interactive Floating clouds only Single effective cloud =~ Manabe—Wetherald
Number of cloud  Predicted (up to 3) Predicted (up to 3) 1 and constant 3 and constant
layers and varies with T(P) and varies with T(P)
Cloud altitudes Predicted and varies Predicted and varies Fixed at constant Fixed at constant
with T(P) with T(P) pressure pressure
Cloud amounts Fixed Fixed Fixed Fixed
Water vapor Separate clear and One profile based on  One profile based on One profile based on
profile cloudy sky profiles. constant A(P) constant A(P) constant A(P)
—~Clear based on
constant i(P)
—Cloudy based on

vertical transport
of water vapor
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Fig. 1. Change in surface temperature with cloud cover
for the three cloud assumptions described in the text.

limiting the tropospheric lapse rate to a maximum
of 6.5 K/km in a particular atmospheric layer. As
noted by Hummel and Kuhn (1981a) an alternate
lapse rate formulation is now available that can be
used in a greater variety of sensitivity studies than
the lapse rate formulation based on a maximum
tropospheric lapse rate of 6.5 K/km. However, to
allow comparisons with previous studies the critical
lapse rate of 6.5 K/km is adopted.

For cloud covers ranging from 0% (completely
clear) to 100% (completely overcast) steady-state
temperature profiles were calculated with the
Hummel-Kuhn radiative—convective model for the
three different cloud treatments just described. The
differences in surface temperature, AT, for the
model atmosphere with no clouds and a cloud
cover A, was computed for each cloud treatment
and then averaged to give a AT,/1% A, The
results are plotted in Fig. 1.

3. Discussion of results

In Fig. 1, the curve labeled “Fully Interactive”
refers to the results from the Hummel-Kuhn model
with the cloud altitudes and separate clear and
cloudy sky water vapor profiles computed. The
curve labeled “Floating Clouds Only” refers to the
results obtained by predicting the cloud altitudes
but using a single water vapor profile based on a
constant distribution of relative humidity. The
curve labeled “Single Effective Cloud” refers to
predictions made by including a single thin cloud
with a fixed pressure level, 500 mb, and a single
water vapor profile based on the constant distri-
bution of relative humidity given by (1). For each
non-zero fractional cloud cover, both the fully
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interactive and floating clouds only versions predic-
ted a final, single clound with a base at 650 mb and
top at 500 mb in their steady-state atmospheres.

3.1 Single effective cloud

Consider first the single effective cloud curve. As
the cloud cover increased the surface temperature
decreased at a nearly linear rate of —4.7 x 10~2K
per 1% increase in fractional cloud coverage. The
decrease in surface temperature is a result of the
decrease in net solar radiation. The surface
temperature sensitivity to cloud cover changes is
considerably different from that when three fixed
clouds are included (e.g. Manabe and Wetherald,
1967) because of the impact of cloud height on
surface temperature. If three fixed clouds were
used, employing the cloud properties of Manabe
and Wetherald (1967), the surface temperature
change per 1% increase in low cloud amount is
—0.6 K. The fact that the three cloud and single
cloud results differ so much further stresses the
impact of cloud approximations.

3.2. Floating clouds only

For the curve labeled “Floating Clouds Only”
the differences between clear sky and cloudy sky
water vapor profiles were ignored. In all cases, the
steady-state atmosphere predicted a final single
cloud with a base at 650 mb and top at 500 mb.

The sensitivity for the “Floating Clouds Only”
assumption is —3.9 x 1072 K/(1% 4,) as com-
pared with —4.7 x 1072 K/(1% A,) for the single
effective cloud assumption. The reduced sensitivity
results from the thicker cloud and the cloud
locations changing during the course of the cal-
culations. With the lower cloud base the amount of
downward infrared radiation from the cloud base is
greater than in the single effective cloud case
because the cloud base temperature is higher;
therefore, the surface temperature is higher. The
change in slope around 50 to 60% cloud cover
arises from the fact that the cloud locations
changed during the course of the calculations. The
model cloud thickened, for all values of 4, to
400—-650 mb before reaching the steady-state value
of 500-650 mb. The higher cloud top leads to a
higher surface temperature because the cloud top
temperature is less. However, the impact of the
cloud location on the radiative flux depends on 4,
because the average atmospheric radiative flux is
the weighted average of the clear and cloudy sky
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fluxes. Around 50 to 60% cloud cover the
contributions from the changing cloud locations in
the cloudy part of the sky become significant
enough to change the slope of the curve.

3.3. Fully interactive

Finally, consider the curve labeled “Fully In-
teractive.” These results are from the Hummel-
Kuhn model with the cloud altitudes and
thicknesses predicted and separate cloudy and clear
sky water vapor profiles included. As with the
floating clouds assumption, all of the steady-state
clouds had a top at 500 mb and base at 650 mb.
The reduced cooling from the lower cloud base is
again evident as well as a further reduction in the
cooling brought about by the cloudy sky water
vapor profile.

As with the floating clouds only results, the
change in the slope around 50 to 60% cloud cover
results from the changing cloud locations during
the calculations. The cloud locations varied in the
same way as the floating clouds only results, first
thickening to 400—650 mb and then converging on
the steady-state 500—650 mb thickness.

The cloudy sky water vapor profile contains
more water vapor than that found in a clear sky.
The additional infrared absorption by the water
vapor below the cloud leads to an enhanced
“greenhouse effect.” The final result being that the
surface temperatures predicted for a particular
cloud cover fraction are larger than those predicted
with the floating clouds and single effective cloud
assumptions by about a degree. Also, the sensitivity
to cloud cover changes is the smallest, —3.6 x 1072
K/(1% A4,).

4. Conclusions

Comparing the different sensitivities it is seen
that the surface temperature sensitivity to changes
in cloud cover depends on three components: (1)
the change in planetary albedo as cloud cover
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amount changes, (2) the coupling of cloud
locations to temperature, and (3) a greenhouse
effect from the larger water vapor profiles found in
cloudy skies. Previous studies (e.g. Schneider,
1972; Cess, 1974; Ramanathan, 1976) have only
included the first component. Relative to the single
effective cloud results, coupling the cloud locations
to temperature alone reduces AT,/AA_ about 17%.
Coupling the cloud locations to temperature and
including separate clear and cloudy water vapor
profiles reduces AT,/AA4, about 23%. It can be
concluded, then, that when water transport is
included to allow separate clear and cloudy sky
water vapor profiles and cloud locations to be
computed the surface temperature sensitivity to
changes in cloud cover amount is less than has
been suggested by previous studies (e.g. Schneider,
1972, Cess, 1974; and Ramanathan, 1976). The
implications for global climatology need to be
examined by coupling the cloud cover amount as
well as cloud numbers and locations to the
temperature profile.

Cloud formation results from the horizontal and
vertical transport of water vapor. The Hummel-
Kuhn interactive model includes the role of ver-
tical transport processes while the Manabe and
Wetherald radiative-convective model with its treat-
ment of fixed multiple clouds approximates the role
of horizontal circulation in defining clouds. Seeing
that the numerical values of the surface tempera-
tures and the surface temperature differences are
significantly different for both processes it is clear
that an improved version of a radiative-convective
model should include both the effect of horizontal
and vertical transport.
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YVYBCTBUTEJIBHOCTH TEMIIEPATVPBI TIOBEPXHOCTH K BAPUALIUAM OBJIAYHOI'O
MOKPOBA B PAJUALIMOHHO-KOHBEKTUBHON MOJEJIN XAMMEJIA-KYHA
C TPEMA PA3JIMYHBIMH AIMTIPOKCUMAIIUAMHM OBJIAYHOCTHU

B MonenmpoBaHmMM TepMHYeCKOM CTPYKTYpHI aT-
Mocdephl poib OONAKOB 4pEe3BLIYAHO BaXHA.
O6naxa MOIRGUUHAPYIOT Pacpenie/ieHHe CONMHEYHOTO
nmotoxka B arMochepe, H3MYyYarOT CYIUECTBEHHO B
mHGpaKpacCHOM JAMana3oHe IUIMH BOJMH H obec-
neYrBalOT OONBIIME TEIUTOBHIE pe3epByaphl H3-3a
GONBIIOro CKPLITOrO Telia BOALL.

B nywyinux coBpeMeHHBIX OLHOMEDHBIX pajHa-
LIMOHHO-KOHBEKTHBHBIX MoAensax riobanbHas ar-
Mocthepa Momemupyercs kak cymma Ge3sobnavnolt u
o6nayHolt wYacTeif, B3BEWIEHHBIX C YYETOM JOJH
obnaunoro moxposa. B paccMoTpenun o6nadHol
4aCTH aTMocephl B NPENbAYyIAX MOACIAX ofraka
paccMaTpHBAIIHCh 3aJaHHBIMH M XapaKTepH30BaIHCh
TOJBKO B TEPpMHHAX BBICOT 06113.](03, TOJILIHH H
ONTHYECKHX CBOMCTB.

B panHo#f paboTe CpaBHMBAIOTCH 4YyBCTBHTE/Ib-
HOCTH TEMINEPAaTypbl NOBEPXHOCTH C BapHAaLMAMH
o6nayHOro MOKpoBa A Tpex oblavHBIX Npubinu-
xenuii: (1) ogoro 3¢dexTUBHOrO GPUKCHPOBAHHOTO
obnaka co cpequuM npoduneM BOASHOro mapa, (2)
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OpUONHXKEHUA MNNaBalOUMX O6JIaKOB, B KOTOPOM
BBICOTHI O0JIAKOB W TONUMHBLI PACCUUTHIBAIOTCA H
HCTIONBb3YeTCA CpeaHuit nmpodmiIb BOIAHOTO napa M
(3) dopMyIHPOBKM C NOJHBEIM B3aHMOAelicTBHEM, B
KOTOpO} BBICOTHI OGJIAKOB M TOJIUWHBI PACCYHTHI-
BAIOTCA M HCHOJNL3YKIOTCA OTAEIbHbIE NPOdHIH
BojAHOro mapa nna obnayHol u Oe3zobnauHol
atMocthepsi. Bo Bcex npHONMKEHHAX KOIMYECTBO
obnakoB, A, sBiaserca 3agaHHeiM. Ilokazauo, 4TO
YyBCTBHTENLHOCTh TEMIEPATYpHl IOBEPXHOCTH NPH
BapHalMAX oOOMAYHOrO NOKPOBA YMEHBINAETCA B
npubIKXEHAN C MOJHBIM B3aHMOJEHCTBHEM A0 —3,
6:10"2 K/(1% A.) 1O CPaBHEHHMIO C 4YyBCTBHTE!b-
HocTRIO —4,7-1072 K/(1% A.) nna nprGnmxeHns
onnoro 3pdexTHBHOro o6iaxa. TeM caMbIM IOKa-
3aHO, YTO XOorAa obnmaka M BOAMHON map B3aMMO-
AeHCTBYIOT B MOAEIH, PacCYMTaHHbIE H3MEHEHHA
MMOBEPXHOCTHOH TeMIepaTyphl NPH H3MEHEHRH KOJIHY-
ecTBa O0JIAKOB MeHBILIE, Y€M YKa3hIBAJIOCh B NPEAbl-
DyOMX MCCIEAOBAHMSAX.



