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ABSTRACT

A one-dimensional radiative convective model is used to gage the influence of clouds on simple climate
systems. The radiative transfer model is developed to accommodate in a systematic and consistent manner
the optical properties of a hierachy of cloud types. Cloud albedo and emissivity relationships for both
ice and water clouds are introduced.

The model structure is highly sensitive to cloud height for all cloud types and particuiarly sensitive to
water path for optically thin clouds. High thin clouds at low and middle latitudes in all seasons and all
clouds at high latitudes in winter tend to warm the surface relative to the clear sky; all other clouds tend to
cool the surface. The summer high-latitude effects are similar to the low- and middle-latitude situation.
The model sensitivity is compounded by surface albedo effects. For a given cloud a critical surface albedo
may exist at which the cloud transits from cooling the surface relative to clear-sky conditions to warming
the surface when the surface albedo is increased. The critical albedos fall within the observed albedo range
of real systems. The sensitivity of the model indicates that great care is necessary in developing param-
eterizations for the radiative structure of clouds and for surface albedos for use in climate models.

It is argued that simple energy balance models (e.g., Budyko, 1969) will be of limited use in climate
research unless a cloud amount-surface temperature relationship is established. For example, the
cloud-surface temperature effect will tend to buffer the Budyko surface temperature-surface albedo
feedback if cloud amount increases with decreasing surface temperature or is independent of surface
temperature but will enhance the feedback if the cloud-surface temperature relationship were reversed.
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It is concluded that the establishment of a simple cloud amount-temperature relationship will remain an

elusive goal.

1. Imfroduction

There is little quarrel that the primary energy
source of the earth’s climate system is the incoming
solar stream and that the major sink is the outgoing
longwave stream. Controversy stems from another
quarter; the manner in which the radiative stream
[i.e., F(z)] is modulated. As the shortwave gain and
the longwave loss are not usually in local bal-
ance, a three-dimensional redistribution of energy
occurs as the system seeks equilibrium. Within a
climate system, clouds of varying distribution, char-
acter, thickness and height appear as intrinsic fea-
tures. Their roles as important modifiers of the radia-
tion budget on either regional or planetary scales
or as integral elements of feedback loops which en-
hance or buffer changes in a climate system is a
question of concern and debate.

Of all climate constituents, clouds have the poten-
tial of exercising maximum impact on both the long-
wave and shortwave streams. The controversial
question is whether or not clouds affect the net radia-
tion stream. Cess (1976), for example, argues that
the shortwave loss of energy due to cloud reflection
is exactly balanced by longwave enhancement by
cloud absorption. Recent studies by Ohring and
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Clapp (1980) suggest that the net radiation balance
at the top of the atmosphere is sensitive to changes
in cloud amount. Hartman and Short (1980) have
shown that the quantities discussed by Cess and
Ohring and Clapp are fundamentally different. For
example, Cess calculated a quantity like the total de-
rivative of net flux with cloud (i.e., dF/dQ) while
Ohring and Clapp computed the sensitivity of
the radiation balance to changes in cloudiness
(i.e., 0F/3Q).

However, aimed principally at the planetary-scale
radiation budgets, neither the Ohring-Clapp nor
Cess study addresses the problem of regional or
vertical energy redistributions by cloud. This is im-
portant because energy conversions and dynamic
structures critically depend on the vertical distribu-
tion of total diabatic heating to which radiational
forcing is a considerable contributor (Stephens and
Wilson, 1979; Webster and Stephens, 1980). Conse-
quently, the question of the impact of clouds on the
net outgoing radiation flux at the top of the atmos-
phere may have only a partial relevance to the im-
pact of clouds on the climatic state of the earth
system. Conceivably, the net flux at the top of the
atmosphere is the radiative quantity least sensitive
to changes in cloud amount. That is, a particular
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value of the net flux need not represent-a unique
state of the column below.

Thus, a definitive study of the cloud-climate prob-
lem has remained an elusive attainment. Observa-
tional studies have been hampered by the need to
establish control situations. Similarly, because of
the multi-faceted interdependencies of cloud and
climate, investigations by theoretical and numerical
models are equally difficult and possibly premature
with current models (G. E. Hunt et al., 1980). The
utilization of simple energy balance models tends to
be constrained by the simplicity of the adjunct radia-
tion models and cloud parameterizations which often
depend only on a single atmospheric temperature
which is a prescribed and tuned function of the sur-
face temperature (Stephens and Webster, 1979) and
the neglect of all but the simplest dynamic transports.

The problems facing the larger and more sophis-
ticated modéls are underlined by the study of B. G.
Hunt (1978) who found the earth climate sytem, at
least as simulated by a general circulation model, to
be relatively insensitive to cloudiness. However,
G. E. Hunt et al. (1980) questioned this lack of sensi-
tivity on the basis that B. G. Hunt’s model ignored
certain critical feedback -mechanisms in common
with other general circulation models. In particular,
the B. G. Hunt study neglected the relative humidity
feedback in the radiation calculations.

Similar pitfalls await investigations using simpler
models. For example, Stephens and Webster (1979)
discussed the sensitivity of radiative forcing to both
variations of cloud amount and of cloudy- and clear-
sky optical properties. Within the confines of an
extremely simple model they found the radiative
balance to be a strong function of both cloud char-
acter and cloud height. The results allowed Stephens
and Webster (1979) to make specific recommenda-
tions regarding the treatment of cloud parameteriza-
tions and radiative transfer in both simple and
complex climate models. However, the major

simplification of the Stephens-Webster model was a-

fixed-state constraint. That is, the radiation balance
was calculated relative to a fixed atmospheric state
for a given cloud structure such ‘that the results
could only be interpreted as an initial tendency of the
atmosphere to the imposition of cloud. )

In the present study the fixed-state constraint is
relaxed by the introduction of a convective adjust-
ment model which is similar to the one-dimensional
model of Manabe and Wetherald (1967). However,
the model differs in total form by the difference in
radiative transfer schemes (see Stephens and
Webster, 1979) and in the consistent manner in
which both the shortwave and longwave effects of
clouds are included. As distinct from Manabe and
Wetherald, who held cloud albedo constant for
all emissivities, a relationship is used which binds
the two cloud properties via the cloud liquid-water
path.
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The relaxation of the fixed-state constraint in-
creases the complexity of the Stephens-Webster
model considerably. The additional complexity
allows the ascertainment of whether the initial tend-
encies of the effect of cloud, as calculated by
Stephens and Webster, are modified when the ther-
mal structure of the system is allowed to readjust.
Second, because the surface energy budget may
adjust as the model procedes toward equilibrium,
it introduces a second class of sensitive parameters;
most notably surface albedo.

The basic aims of the study are to assess the
sensitivity of a system whose complexity has been
increased one step beyond the state of the Stephens-
Webster system. The system represented by the
present model possesses the rudiments of self ad-
justment (both radiative and convective) to varia-
tions in cloud type. However, the model does not
allow adjustments due to the evolving dynamic state
of the ocean. Horizontal transports of heat by the
large-scale atmospheric motions are introduced but
only in a crude climatological fashion.

In the next three sections the radiative-convec-
tive model with its attendant cloud property param-
eterizations will be developed. In Section 6, the
sensitivity of the model structure to variations in
cloud form and amount will be studied together with
the related sensitivities induced by variations of sur-
face albedo in a.cloudy atmosphere.

2. The radiative transfer model

The radiative transfer model used for the deter-
mination of the shortwave fluxes is based on the
scheme of Stephens and Webster (1979) which in-
corporates the clear air parameterizations of Lacis
and Hansen (1974). The original three-layer model
of Stephens and Webster is extended to 19 layers.

The longwave fluxes are calculated by an ap-
proach more consistent with present aspirations and
requires the solution of the radiative transfer equa-
tions. Following Rodgers (1967),! we may write

N

1.
= [BV(TS)TVS n j Bv(mdrw](l s
1
# [ Ferner + | BAT)dr. o L
1
Fl= [ J BV<Tz)_dnz] + Femycsf

where T, is the temperature of the atmosphere at
any height z, B (T,) is the blackbody radiation at T,
Fcr is the radiant flux (exitance) at cloud top and
F ¢y is the cloud base (exitance). Subscript s denotes

! The transmittance form of the radiative transfer equations is
used as in Paltridge and Platt (1976) Eq. (7.5) which differs from
Rodgers only in notation.
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evaluation at the ground. 7,, is the transmittance of
the atmosphere for diffuse radiation between the
reference height and the appropriate atmospheric
boundary (either at the ground, cloud base, cloud top
or top of the atmosphere). 0 represents the fraction
of sky covered by a cloud layer. Note that in the
region of cloud cover, the clear-sky calculations are
extended to the relevant cloud boundaries. The
fluxes from the cloud boundaries (exitances) are
then determined via an effective cloud emittanc

form given by )

F' (cloud top) = F)(1 — €") + €'oT,*

, (2)
F! cloud base) = F¥(1 — &) + eloT,* ]

where FJ*' are the respective incident cloud-base
and cloud-top fluxes determined from (1). Thus the
first term on the right-hand side of (2) represents the
contribution to the exitance by the transmitted com-
ponent of the incident flux and the second term is the
emitted component by the cloud with a temperature
T,. The effective cloud emittances "1 are discussed
in Section 4.

The introduction of cloud cover in (1) and in the
shortwave scheme (see Stephens and Webster, 1979)
implies linearity between the radiative properties in
a clear and cloudy atmosphere. This is an over-
simplification since nonlinear corrections are likely
for albedo relationships for finite cloud types.

3. Transmittance modeling

The calculation of the transmission functions of
(1) and (2) assumes critical importance in the study
of climate phenomena especially when cloud proc-
esses are involved. In the following paragraphs,
schemes used to calculate transmittance functions
for water vapor, the water vapor—CQ, overlap and
the 9.3 um O, band are discussed.

a. Water vapor transmittance

The transmittance of longwave radiation through
the major water vapor absorption bands is incor-
porated using the greybody emissivity approach of
Rodgers (1967) with the extension of Stephens and
Webster (1979) to include water vapor dimer mole-
cule (e-type) absorption. Pressure corrections for
absorption along a pressure varying path are per-
formed using the simple scaling approach (see
Rodgers, 1967). While this approach is likely to be
reasonable for water vapor absorption in the tropo-
sphere it will not be appropriate for CO, and O,
absorption especially in the stratosphere.

b. Water vapor—CO, overlap

The water vapor—CQ, overlap region is treated in
the manner of Rodgers and Walshaw (1966) as a 200
cm~! wide single interval centered at 667 cm™'. Pres-
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sure corrections along the absorption path are im-
plemented via the Curtis-Godson approximation.

c. 9.6 um O; band transmission

Two major problems exist in the conventional
treatment of ozone transmission which uses the two
parameter Curtis-Godson approximation with the
Goody random model. First, weaknesses in the
Goody random model emerge when applied to spectra
composed of a large number of intense lines such
as exists for ozone. Second, the incorporation of
pressure variations along the absorption path either
by the one parameter scaling approximation used in
Section 2a or the two parameter Curtis-Godson ap-
proximation are extremely inaccurate for ozone
although reasonable for strong water vapor and CO,
absorption. We follow Rodgers? to overcome these
problems. First, the Malkmus (1967) random model
is utilized which possesses a more realistic distribu-
tion for ozone. Second, a four parameter approxima-
tion is applied (after Goody, 1964). The approxima-
tion used in conjunction with the Malkmus random
model provides ozone transmission results which
compare well with the more complicated Kuriyan
et al. (1977) model.

For the sensitivity studies, which form the sub-
stance of the paper, the ozone profiles for the
McClatchey et al. (1972)® tropical, . U.S. and sub-
arctic winter standard atmospheres are used to rep-
resent a relatively wide range of ozone amounts and
profiles (0.225 cm NTP for the tropical model to 0.15
cm NTP for the subarctic winter model).

4. Cloud-radiation parameterization
a. Low and middle clouds

The radiative properties of the low and middle
cloud types were obtained using the parameteriza-
tions developed by Stephens (1978) for water clouds
which provide shortwave absorption and cloud
albedo for a given solar zenith angle and cloud long-
wave emittance. The most important feature of
Stephens’ parameterization is that it allows both
the shortwave and longwave properties (i.e., albedo
and emissivity) to be determined by one property
of the cloud; the cloud water content. Mean daily
zenith angles and fractional day lengths were taken
from Manabe and Moller (1961).

Fig. 1a shows the relative behavior of cloud albedo
and cloud emission as a function of cloud liquid-
water path. The most notable feature is that the rate

2 Rodgers, C. D., 1967: The radiative heat budget of the tropo-
sphere and the lower stratosphere. Planetary Circulation Project,
Department of Meteorology, Rep. No. A2, MIT, 99 pp.

3 McClatchey, R., R. E. Fenn, J. E. Selby, F. E. Volz and
J. S. Garing, 1972: Optical properties of the atmosphere. AFCRL-
72-0497, Air Force Cambridge Research Labs., Bedford, MA,
107 pp.
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FiG. 1a. Cloud albedo and cloud effective emittance as a func-
tion of liquid-water path w for a zenith angle of 30°. Bars on upper
abscissa denote approximate radiative property limits of various
cloud species.

of change of cloud albedo with increasing water path
is greater than that of the effective emittance; i.e.,
clouds are optically black if their water paths are
=40 g m™2, whereas a maximum value of cloud
albedo is not reached until the water path exceeds
500 g m~2. Consequently, an increase in the cloud-
water path to values > 40 g m~2 will only affect the
shortwave part of the radiation balance as at that
water-path value the longwave emittance has already
achieved its maximum value. However, if the water
path were decreased to values < 40 g m~2, the rate
of change of cloud albedo is far greater than the de-
crease in emittance which will be shown to imply,
in general, an increase in surface heating.
Shortwave effects are also strong functions of

0 T T

Cloud albedo

0 1 1
10 100 1000

Liquid water path (gm'zl

F1G. 1b. Cloud albedo as a function of liquid water path
for various zenith angles.
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F1G. 2. Cloud albedo as a function of cloud emittance for a
theoretical cloud layer composed of randomly oriented cylindri-
cal ice crystals and spherical water droplets (solid curves).
Parameterizations of Stephens (1978) are shown as dashed
curves. Dots denote satellite-lidar observations of Platt ef al.
(1980).

zenith angle. Fig. 1b illustrates the cloud albedo
dependency on zenith angle for increasing liquid-
water path. For thin clouds the albedo increases by
over a factor of 2 between 0° and 60°. For thicker
clouds the albedo increase is limited to 15-20% over
the same zenith angle range.

b. High clouds

The radiative properties of high clouds are not well
known, although they are improving by theoretical
deduction and remote sensing of cloud properties
(e.g., Stephens, 1980; Platt ez al., 1980). High cloud
albedos (for a zenith angle of 42°) and emittances
deduced from the satellite-lidar measurements of
Platt et al. (1980) are shown on Fig. 2 (solid dots)
together with theoretically calculated relationships

-for a model cloud layer composed of randomly

oriented cylindrical crystals and spherical ice par-
ticles (Stephens, 1980). The satellite-lidar deduced
values tend to fall closer to the theoretical cylinder
curve. The dashed curve represents the relationship
of Stephens (1978) which shows a reasonable fit with
the theoretical sphere relationship (solid curve) for
optically thick clouds. The relatively poor fit for
optically thin clouds is due to the original param-
eterization being designed specifically for optically
thick water drop clouds, as mentioned in the last
section.



FEBRUARY 1981

The reflectance-emittance relation assumed in the
subsequent analysis is shown on Fig. 2 as the dot-
dash curve. The relation was determined by assum-
ing the cloud albedo-liquid water path parameteriza-
tion of Stephens (1978) but where the ice water path
is used in place of liquid-water path. The (effective)
emittance—ice-water path relation is adjusted ac-
cordingly as

€ =1 — exp(—0.1w), 3)

where w is the ice water path (Stephens, 1980). For
reasonable agreement with the relations depicted on
Fig. 2, only case studies with w > 5 g m™2 are con-
sidered so that to first approximation the cioud
albedo and emittance are related through the ice
water path. Thus, only the ice-water path and solar
zenith angle are required to describe the radiative
properties of the ice cloud. Even though the validity
of (3) is difficult to ascertain; observations of cirrus
cloud properties are still rather rare, it does agree
reasonably with the results of Cox and Griffith (1979).

A significant weakness of the parameterization of
the cloud optical properties utilized in this study is
the neglect of the nonlinear effects due to the finite
geometric structures of partial cloud cover. How-
ever, the inclusion of such effects if far from trivial
as it may be expected that the type of cloud, the
structure of the cloud elements, the zenith angle and
the cloud depth may be of considerable importance.
In this study we assume only clear or overcast con-
ditions and linearly extrapolate in between to com-
pute the effects of partial cloud cover.

5. The radiative-convective model

A convective adjustment scheme similar to that of
Manabe and Wetherald (1967) is coupled to the
radiative transfer model and cloud parameteriza-
tions developed in the last sections to produce a
one-dimensional radiative convective model (1D/RC).
Radiative equilibrium is approached iteratively at all
levels in the atmospheric column except where the
resultant temperature gradient between layers ex-
ceeds a critical lapse rate. In such cases of convec-
tive instability, a 6.5°C km™' lapse rate is as-
sumed. This lapse rate matches that commonly
observed in the atmosphere. With the assumptions
of a constant relative humidity and energy conserva-
tion the model iterates to a stable equilibrium radia-
tive-convective temperature profile. Sarachik (1978)
explicitly included a hydrologic cycle in a 1D-RD
model and his results support the assumption of a
constant relative humidity. The vertical distribution

* The calculations with the cloud slabs was made using the
model discussed in this paper. Saturation was assumed in the
cloud layers.
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of relative humidity was taken from Manabe and
Wetherald.

The specific humidity distribution assumed by
Manabe and Wetherald requires some discussion.
For a clear atmosphere at 35°N and relative to an
equilibrium equinoctial temperature distribution
calculated using their radiative-convective scheme,
the relative humidity distribution was consistent
with a precipitable water distribution of 1.78 cm.
However, if clouds completely occupied the tropo-
spheric slabs 913-854, 632-549 and 381-301 mb,
the precipitable water content rises to 2.62, 2.01 and
1.80 cm, respectively.* These estimates may be
compared with the observed mean values of 1.7, 1.8
and 2.1 cm for the Southern Hemisphere stations of
Laverton (37°S, 144°E), Nowra (35°S, 150°E) and
Lord Howe Island (31°S, 159°E).> Given that the
three stations reside within the low cloudiness sub-
tropics, the theoretical and observed values com-
pare quite well which lends some confidence to the
Manabe-Wetherald assumption.

The pure radiative equilibrium profile for the lati-
tude in question was assumed as the initial tempera-
ture condition. Equilibrium is assumed when the net
flux at the top of the atmosphere approaches con-
stancy.

The neglect of the evolving oceanic thermal state
[itself a strong function of both radiative heating
and dynamic stirring (Webster and Lau, 1977)] is
likely to be significant in the middle and high lati-
tudes where the solar heating and the ocean tempera-
ture are out of phase. Although ignored in the present
study, the omission may be remedied in a crude
fashion by the application of a fixed surface tempera-
ture pertaining to the particular time of year. Such
a technique was used by Manabe and Moller (1961)
in the calculation of hemispheric equilibrium tem-
perature cross sections with some success.

The omission of large-scale dynamic transports
imposes restrictions on the determination of a realis-
tic temperature profile particularly in the winter
hemisphere where dynamic heat fluxes are largest.
In order to assess the importance of the dynamic
effects, the equilibrium profile for January at 35°N
was calculated with the 1D-RC without dynamic
effects and with total dynamic heat transports
obtained from the climatological data of Qort and
Rasmussen (1971). The two equilibrium profiles are
shown on Fig. 3. The heat added to the system by
the climatological dynamic heat transports is subject
to radiative and convective adjustment by the model.

5 Data obtained from Precipitable Water Statistics, Australia:
Monthly Statistics of Precipitable Water between the Surface and
400 mb at 2300 GMT, 1958-1969, by C. L. Pierrehumbert, Com-
monwealth of Australia, Bureau of Meteorology, Meteorological
Summary. Obtainable from the Director, Bureau of Meteorology,
Melbourne.
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FiG. 3. Equilibrium temperature profile for 35°N in January
calculated using the one-dimensional radiative convective model
(solid curve). Modified profile which includes dynamic sensible
heat convergence is shown as the dashed curve.

~ Equilibrium profiles for cases with and without the
addition of the climatological heating are shown in
Fig. 3. In the following sensitivity studies the ap-
propriate climatological dynamic heating deter-
mined from Oort and Rasmussen will be included.
However, it should be noted that the inverse feed-
back, the change of the dynamic effects relative to
changes in the system structure for example by
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. FIG. 4a. Vertical profiles of the various equilibrium diabatic
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cal dynamics) shown in Fig. 3.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLUME 38

1 T T
= 10 ~
E SW
L1
5
%3
4 —— High
a R Middle
100 — Low ~
1000 = 1
-12 -8 -4 0 4 8 12

Radiative Heating Rates (°C. day™)

F1G. 4b. Vertical profiles of the total longwave, the total short-
wave and the net diabatic heating rates (K day~!) for overcast
high, middle and low cloud. Liquid water paths for the three
cloud species are 140, 140 and 20 g m~2, respectively. Vertical
bars denote the extent of the cloud decks.

changes in cloud amount, cannot be included in so
simple a model. Perhaps because of this truncated
feedback, the sensitivity of the model structure ap-
pears independent of the dynamic heating. That is,
dynamic heating added to the system in the manner
described here provides only a first order correction
to the system.

6. Results
a. Heating rate profiles

The thermal structure of an atmospheric column
is determined by the interplay of a number of diabatic
heating functions and a response to that heating.
In the simple structures discussed here, the response
is accomplished by convective adjustment.

The vertical profiles of the equilibrium diabatic
radiative heating rates for a clear atmosphere at 35°N
in winter are shown in Fig. 4a and are quite similar
to those obtained by Manabe and Strickler (1964).
In the stratosphere and lower troposphere consider-
able heating occurs due to O; and. H,O shortwave
absorption, respectively. Strong emission occurs in
the stratosphere in the 15 um CO,-H,O overlap
region -and this provides the largest compensation
to the O; shortwave heating. With the addition of
weak cooling by the 9.6 um O, band and H,O, the
stratosphere appears in radiative equilibrium. In the
troposphere, the total heating curve is principally
determined by the H,O cooling. The greatest dif-
ference from the Manabe-Strickler profiles occur in
the lower troposphere where the inclusion of the
e-type absorption'in the atmospheric window region
in the present study has resulted in enhanced cooling.

Fig. 4b shows the total longwave and shortwave
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heating profiles as a function of pressure for three
cloud types. Overcast conditions were stipulated.
Low cloud (water path of 140 g m~2) was assumed
to occupy the 913-854 mb slab, middle cloud (140
g m?) the 632-549 mb slab, and high cloud (20 g m—2)
the 381-301 mb slab. A surface albedo of 0.102 was
assumed. Each cloud species exhibits considerable
longwave cooling and shortwave heating averaged in
depth through the cloud so that the total heating of
the cloud is a composite of two compensating quan-
tities of similar magnitude. The decrease in long-
wave cooling of the cloud with increasing cloud
height is a direct result of the clouds lower emitting

temperature. Low-level clouds tend to cool most

strongly since the upward flux at the cloud top ex-
ceeds the net input at its base. As the cloud base
rises, the net longwave input at the base increases,
whereas at the cloud top the cooling decreases
(Stephens, 1980; Webster and Stephens, 1980).

The corresponding temperature profiles are shown
in Fig. 4c. In the upper stratosphere there is little
difference between the three cloud cases. However,
in the lower stratosphere heating is apparent in the
cloudy atmospheres due to the enhanced absorption
of shortwave radiation reflected from the cloud top.
Above each cloud layer is a distinct inversion which
was absent in the results of Manabe and Wetherald
and Manabe and Strickler. The strength of the in-
version appears to match the longwave cooling noted
in Fig. 4b. The development of stable layers in the
vicinity of cloud decks has observational justifica-
tion (Stephens ef al., 1978) although the magnitude
of the model inversions may be excessive; a problem
associated with the ignoring of fully interactive
large-scale dynamics and cloud physics. One might
expect either process to rapidly remove such in-
versions.

The existence of the cloud decks appears to have
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Fi1G. 4¢. Vertical profiles of the equilibrium temperature (K) of
the three cloud cases shown in Fig. 4b.
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Fi1G. S. Equilibrium surface temperature distribution (K) as a
function of cloud amount for the low, middle and high cloud
cases using winter and summer solstice conditions at 35°N.
Liquid water paths for the three cloud species are 140, 140 and
20 g m~2, respectively.

the effect of altering the mean temperature of the
troposphere. Using the surface temperature as a
guide (see the dashed curve of Fig. 3), the high cloud
layer has tended to cause a 12 K warming compared
to the clear case, whereas low and middie clouds
have cooled the surface by over 25 K.

b. Surface temperature —~cloud character relation-
ships

Fig. 5 shows the equilibrium temperature of the
earth’s surface as a function of cloud amount for
January and July at latitude 35°N although the non-
linear effects of the finite geometry of partial cloud
cover have been ignored. Early 1D-RD models which
included specified cloud layers (e.g., Manabe and
Wetherald, 1967) found that most clouds caused a
decrease of the surface temperature because the loss
of energy by cloud-top reflection is greater than the
enhanced increase of energy at the surface by ther-
mal emission from the cloud. Fig. 5 supports the
result for the optically thick low- and middle-level
clouds. However, the optically thin high cloud (w
= 20 g m~2) produces a substantial surface tempera-
ture increase for both the January and July cases
relative to the corresponding clear-sky surface tem-
perature. This is consistent with the expectations
of Manabe and Wetherald (1967) for thin cirrus
where the loss of shortwave energy by cloud reflec-
tion does not balance or dominate the enhanced
cloud longwave emission and with Cox (1971) who
interpreted the Manabe and Wetherald results, with
the aid of longwave radiative observations, to sug-
gest that high-altitude, low-latitude cirrus may cause
surface warming.

Fig. 6 shows the difference in surface temperature
between clear and overcast skies for the three cloud
species as a function of cloud-water or ice-water
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(g m~2) for the three cloud layers defined in Fig. 5. Resuits for
5,35and 65°N in winter are shown with a surface albedo of 0.102.

path. Distributions for three latitudes are shown and
winter insolation values are assumed. Generally,
only high optically thin clouds tend to produce
strong surface warmings at all latitudes, whereas at
high latitudes all cloud species irrespective of water
path tend to warm the surface relative to clear-sky
conditions.

The curves of Fig. 6 suggest a strong role for cloud-
water path in determining whether or not the cloud
layer induces a surface warming or cooling. For a
given surface albedo, the surface temperature in
_ clear-sky conditions is determined by the degree of
shortwave and longwave input at the surface. Sur-
face warming will occur if the enhanced longwave
input at the surface by the introduced cloud out-
weighs the loss of energy by shortwave cloud reflec-
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tion. Alternatively, surface cooling occurs when
cloud reflection dominates.

From Fig. 1a it is obvious that the numerical dif-
ference between cloud emittance and cloud albedo
is greatest for thin clouds. For example, a cloud with
a water path of 20 g m™2 possesses a cloud albedo
of 0.36 and the effective emittance is 0.9 such that
longwave enhancement at the surface dominates and
the surface warms. Small increases in water path
cause large increases in cloud albedo but only small
changes in emissivity so that for only slightly thicker
clouds shortwave reflection tends to dominate and
the clouds become net coolers of the surface.

The latitudinal variation of the surface tempera-
ture change may be understood using similar argu-
ments. At low and middle latitudes, the solar input
at the surface in the clear-sky case tends to dominate
the surface energy balance. Thus, except for clouds
possessing a low albedo and a high emittance all
clouds will cause surface cooling. However at high
latitudes, the solar input is so small that the enhance-
ment of the longwave flux at the surface by the intro-
duced cloud dominates the surface balance. Con-
sequently, all clouds irrespective of height in the
winter polar regions tend to be net surface warmers.

At all latitudes the surface temperature effect is
a strong function of cloud height. For a given water
path the surface heating intensifies (or cooling re-
duces) with increasing cloud height. Such intensifi-
cation arises because of the radiative energy loss to
space. As the cloud top assumes the ambient tem-
perature and as the cloud top represents the major
radiating surface to space, the higher the cloud the
smaller the energy loss. Consequently, as the sub-
cloud temperature adjusts relative to the radiative
loss to space, the subcloud and surface temperatures
will be higher for (say) middle-level cloud than for
low cloud if their water paths are identical.

In summary, equilibrium temperature structure
appears to be extremely sensitive to both cloud
character and the latitude of the cloud. As well as
the height of the cloud being important, the optical
properties of the cloud also determine the sense of
temperature change at the surface. In essence it is
the water path of the cloud which defines the par-
ticular albedo-emittance relationship and conse-
quently the relative importance of the longwave and
shortwave effects.

c. Temperature-surface albedo-cloud relationships

The variation of equilibrium surface temperatures
as a function of surface albedo (a,) for various cloud
species and latitudes is shown in Fig. 7. For the clear
case (heavy dashed curves) the relative importance
of the longwave and shortwave inputs to the surface
is easy to assess. The surface radiation balance may
be written to first approximation as:
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oTd =581 —a ) —a,) + o0, + -+, (4)
where T, is assumed to represent an effective
radiating temperature of the atmosphere, a. and a;
the cloud and surface albedos and S, the incoming
solar flux at the top of the atmosphere. Thus for a
steady T,, the surface temperature will decrease
rapidly with increasing a, especially for clear-sky
conditions (where a, = 0 and ¢, is small) in low and
middle latitudes (where S, is large). Generally, in
cloudy skies (large a, and ¢,) or at high latitudes
(small §,), we may expect variations in surface
albedo to be of smaller importance.

However, the equilibrium temperature-surface
albedo relationships in cloudy atmospheres are quite
complex. From Fig. 7 it appears that at low and
middle latitudes the surface temperature is nearly
independent of surface albedo in the small albedo
range but much more sensitive for higher albedos.
The complicated form of the response leads to inter-
ceptions between the equilibrium temperature curves
for the cloudy and clear cases. Thus, for a surface
albedo less than some critical value (a,.) a cloud of
a given character will cool the surface relative to the
clear atmosphere, whereas if a, > a, the tendency
will be to warm the surface. All clouds in the winter
high latitudes appear independent of surface albedo
and therefore warm relative to the clear case. The
latter independence is merely a manifestation of
small insolation values at high latitudes and the
dominance of the enhanced longwave effects due to
the introduced cloud.

The critical surface albedo effect may be seen
more clearly in Fig. 8 where equilibrium surface
temperature differences between the clear and cloud
cases are plotted. Generally, with increasing lati-
tude (or zenith angle) the critical albedo for each
species tends to decrease. For example, at 5°N the
L(140) case possesses a critical albedo of 0.73,
whereas at 35°N the critical value is reduced to 0.63.
Over the same latitude range thick, a high-level cloud
possesses values of 0.5 and 0.23. The critical albedos
are summarized in Table 1 in order to emphasize the
latitudinal dependence of a,,. illustrated above.

The following simple argument demonstrates the
reason for the behavior noted in Figs. 7 and 8. If the
criteria is used that the critical surface albedo is the
albedo at which the surface temperatures for the clear
and cloudy cases match, we can use (4) to obtain

0T, (€10 — €ap=0)
de =1 - 4" (€40 a0=0) L.
Soa.

&)

where ¢,9 and €,4-, are the atmospheric emissivities
of the cloudy and clear skies, respectively.

Noting the cloud albedo-emissivity relationships
of Fig. 2 and assuming T, is constant, it is obvious
that for a given zenith angle (or alternatively a given

GRAEME L. STEPHENS AND PETER J. WEBSTER

243

320f_

300

280

260

SN, WINTER \ -

300

280

Equilibrium surface temperature Tg(K)

260
6 \\‘ M(140)
L{140) \‘\Y
2ol \t:\\
| Clear N, _|
] AN
220 35 N, WINTER N
[ S N W N NS I B
I T O O I
2801 65°N, WINTER N
260}~ 7
W0 A H(e)
HLOY K200 H80)
220f= =
M(140) ]

[ e s e e L(140)
200~ Clear =
L 11 1 1 1

0 0-2 04 06 08 10

Surface albedo, ag

Fi6. 7. Equilibrium surface temperature for various cloud
case with given water path (solid lines) and the clear atmosphere
(heavy dashed curve) as a function of surface albedo. Results for
5, 35 and 65°N in winter are shown. Clouds occupy the layers
indicated in Fig. S.



244 JOURNAL OF THE ATMOSPHERIC SCIENCES

o M)

| 5°N, WINTER -

g,
D—m —
< M(140)
0 ((140) ]
-
40— 35°N, WINTER ]
Lt 1 1 1 ¢ (1 1
1T T 1T 1T 17 1T T 71
H H(g
W H(20) {8)
= —
Hig)  HEO -
M{140)
L(140)
0
-20}— .
40 65'N, WINTER ]
l 11 1 1 ( 1 1 1
0 02 0 06 08 10

Surface albedo, ag

" F16. 8. Surface temperature difference (AT,) between the
clear and cloudy cases shown in Fig. 7. Results for 5, 35 and 65°N
in winter are shown. -

S,) that the critical albedo for optically thick clouds
(large a.) will be larger than that for thinner clouds
(small a.). Similarly the critical surface albedo for a
given cloud will increase with decreasing zenith
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angle (i.e., large S,). The climatic significance of the
effect will be discussed in the conclusions.

The vertical temperature structure is also a strong
function of the surface albedo. This dependency is il-
lustrated in Fig. 9 which shows the change in the equi-
librium temperature profile between the a, = 0.102
case and the a, = 0.3, 0.5, 0.7 and 0.9 cases.

Three distinct domains of temperature change
with increasing surface albedo are evident in the
profiles. There are significant coolings at the surface
and in the vicinity of the cloud layer and a warming
in the upper levels, all of which increase in magni-
tude with increasing surface albedo. The surface
cooling, already discussed, results from the energy
loss at the surface by increasing shortwave refiec-
tion. The cooling in the cloud layer region in all three
experiments results from the reduction of longwave
radiation emanating from the cooler surface. This is
most evident in the cloud layer as it is the region of
maximum longwave absorption in the column. The
warming in the upper layers results from the sub-
stantial increase in the upward flux of shortwave
radiation and the subsequent increase of shortwave
absorption. )

7. Summary and conclusions

With the use of a simple one-dimensional radia-
tive convective model, an attempt has been made
to gage the effect of clouds on equilibrium thermal
structures and sensitivities of simple climate sys-
tems. Because the one dimensionality of the model
and the neglect of atmospheric and oceanic dynamics
except for the. effect of climatological eddy heat
transports described in Section 5 the system re-
sponse must be considered only a first approxima-
tion to real climate systems. However, as was found
with an even simpler model (Stephens and Webster,
1979) sufficient sophistication has been included to
be instructive in helping to emphasize the impor-
tance of certain physical mechanisms involved in the
maintenance of climate states and in underlining cer-
tain problem areas which demand further study.

Table 2 summarizes the sensitivity of the surface
temperature parametric variation as discussed in the
preceding section. The sensitivity of T to changes in
solar constant has been added for comparative pur-
poses. Note that the solar constant sensitivity

TagLE 1. Critical albedos (a,.) at which clouds transit from net
surface coolers to net surface warmers.

5°N 35°N 65°N
L(140) 0.73 0.64 —
M(140) 0.69 0.55 —
H(80) 0.50 0.23
H(40) 0.41 0.02 —
H(20) 0.19 —
H(8) — -
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parameter is merely Schneider’s (1972) ‘‘8 climate
factor’’. Using the table as a reference a number of
points may be made.

(i) The surface temperature and vertical tempera-
ture structure is acutely sensitive to the cloud amount
and cloud form (Figs. 4c and 5). Low clouds are seen
to cool the surface, whereas high clouds tend to
warm. Such behavior depends upon the longwave
and shortwave optical properties of the cloud (the
low clouds are radiatively black with large albedos
and high clouds are grey and relatively poor reflec-
tors) and the cloud height. The sensitivity of the
model to changes in the amount of low and middle
level clouds or thin high clouds is only a factor of
4 less than corresponding changes in solar constant.
That is, a 4% change in cloudiness would pro-
duce the same change in surface temperature as a
1% change in solar constant.

(ii) The sensitivity of surface temperature to
changes in the optical properties of clouds is large
for optically thin clouds but less so for thick clouds
(Fig. 6). Clouds with water paths = 80 g m~2 possess
relatively set optical properties (i.e., emissivity and
albedo) for both short and longwave radiation,
whereas for smaller water paths the optical proper-
ties vary rapidly. Sensitivity tends to decrease with
decreasing insolation due to the diminishing in-
fluence of shortwave effects and the dominance of
the enhanced longwave absorption at the surface
from the cloud layer.

(iii) The temperature structure of an atmospheric
column is acutely dependent on the magnitude of
the surface albedo (Figs. 7, 8 and 9). Temperature
sensitivity to changes in surface albedo decreases
with latitude because of the decreasing importance
of the shortwave radiation. Depending on the cloud
character, there may be one surface albedo (a,.)
at which the surface temperature for the clear and
cloudy cases is identical. For surface albedoes
smaller than a,. the cloud will cool the surface,
whereas for larger albedos the cloud will warm the
surface. The sensitivity of temperature to surface
albedo is similar to that for the solar constant varia-
tions (see Table 2).

Generally, the results related to the role of cloud
amount and cloud type [(i) and (ii) above] cor-
roborates the findings of Manabe and Wetherald
(1967). The major differences lies in the cloud opti-
cal property parameterization used. Manabe and
Wetherald, who use a constant cloud albedo, state
that it is the degree of blackness which determines
whether a cloud will warm or cool the surface. Our
study allows water path of a cloud at a given height
to be established as the dominating parameter to
which we relate both albedo and emissivity.

In an earlier study, Stephens and Webster (1979)
hinted at the care that is necessary in the formula-
tion of models in which radiative processes and
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cloud-radiative feedbacks were important. This in-
cludes models dealing with processes involving
climate time-scales or even models dealing with
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TABLE 2. Surface temperature sensitivities to changes
in various parameters at 35°N.

. dT *
S tivit o s _
ensitivity 00 Ao
Parameter a Clear L(140) M(140) H(40) H(8)
Solar constant +1.26 +1.20 +1.20 +1.25 +1.27
Cloud amount — -0.28 -0.22 +0.04 +0.26
Surface albedo i

a; < 0.5 -0.8 —0.13 -0.17 -0.30 -0.46
a, > 0.7 -0.9 -0.14 —0.18 -0.40 -1.20

* Sensitivity to ozone variation is calculated in the follow-
ing manner: -
a dT; - AT,
100 aa  100[(a; — ay)l@]
where a,, a, and & are the McClatchey er al. (1972) totai ozone

concentration values which are 0.45, 0.227 and 0.36 cm NTP,
respectively.

tropical phenomena of considerably smaller time
scales (Webster and Stephens, 1980). By relaxing
the constraints of the Stephens-Webster model, the
present study allows further and more specific con-
clusions to be drawn.

(i) The sensitivity of equilibrium temperature to
the amount of cloud indicates the necessity for care-
ful cloud parameterizations. The results of the pres-
ent model substantiate the findings of Stephens and
Webster (1979). Not only must the amount of cloud
be carefully gaged in a model scheme but also the
cloud radiative properties and cloud heights. For
example, Fig. 7 suggests distinct dependences on the
height of cloud and on cloud-water path, especially
for optically thin clouds. For optically thicker clouds,
the optical properties are less variable but the
establishment of the cloud height remains critical.

(ii) The acute sensitivity of the model structure to
surface albedo variations and cloud optical property
indicates the need for careful parameterization of
both effects. Over continental regions and in ocean

areas in winter large variations in the surface albedo

may occur in both space and time (see Webster and
Chou, 1980) such that the critical albedos calculated
in Section 6¢ fall within realisable limits.

(iii) As the surface albedo is increased, clouds
tend to either become net warmers of the surface or
reduce their degree of cooling. Consequently, if
cloud amount is either independent of temperature
change or increases with the cooling of the tropo-
sphere or the surface, cloud will tend to act as a
climate buffer. That is, the surface albedo-cloud ef-
fect will tend to be negative.-On the other hand, if
cloud amount decreases with decreasing tempera-
ture the surface albedo-cloud effect will tend to be
positive and any decrease in surface temperature
caused by an increase in surface albedo would be
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emphasized. Consequently, the relationship of tem-
perature change to cloud amount would appear cen-
tral to the surface temperature-albedo schemes
which depend primarily on surface temperature
(Faegre, 1972; Webster and Chou, 1980).

The phenomenological interpretations of the re-
sults of the study listed in (iii) underline the neces-
sity for the determination of whether or not cloud
is related to or is independent of the temperature
structure of the atmosphere or surface conditions.
Such an interpretation is substantiated by Paltridge
(1980). It is unlikely that such a relationship will be
simple to develop as cloud amount and character
will depend strongly on dynamical state and synoptic
situation on which the temperature structure also is
partially dependent. However, without such a rela-
tionship models of the degree of sophistication de-
veloped here can be used at best to hint at the sen-
sitivities of a real system and not as forecast models
of climate change.

Within the limitations of the model noted above,
a number of worthwhile studies can be recom-

- mended. The present study relates to temperature

sensitivities relative to a surface with small thermal
inertia and as such is not appropriate to ocean sur-
faces. In-order to overcome this limitation, the advec-
tive mixed-layer model of Webster and Lau (1977) is
being attached to a model similar to that described
here. Also, the results described above pertain to
clear- or overcast-sky conditions. The extension of
the study to consider partial sky cover in a manner
which encompasses the nonlinear effect due to finite
geometrics will allow the testing of the climate feed-
back hypotheses described above.
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