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ABSTRACT

The influence of cloud and moisture distribution on the radiative forcing of the atmosphere is investi-
gated. A simple radiative transfer model is developed to calculate the radiative fluxes at the boundaries
of the atmosphere and the net radiative absorption of the atmospheric column. Itis of a type and simplicity
which is compatible with the present climate models and is shown to compare well with more complicated
multiple-scattering calculations.

Details of the atmospheric temperature and moisture structure and its radiation properties are sys-
tematically relaxed to test the assumption associated with even simpler models. The radiative properties
of the atmosphere are shown to be strong functions of cloud amount, cloud type, latitude and atmospheric
state. Results are presented which have several implications regarding climate modeling. It appears that
radiative schemes in large-scale models should take into account full vertical and horizontal variability
of moisture and cloud as minimum requirements for an adequate determination of the radiative forcing.
Such a requirement emerges from calculations which show that the longitudinal gradient of radiative
heating is of the same magnitude as the latitudinal gradient. It is shown that much of the longitudinal
variation is due to the cloud distribution. The application of schemes using only zonally averaged cloud
distributions is questioned.

The applicability of various radiation schemes used in simple energy balance models is discussed,
pamcularly with regard to their use in investigating the xmpact of changes in CO, and insolation on climate.
1t is shown that the radiative forcing of the atmosphere is extremely sensitive to variations in the state of
the atmosphere and radiative parameters. It is suggested that small errors in the estimate of such quantities
as emissivity may render models incapable of inferring changes which may occur in the real atmosphere.
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1. Introduction

The climatic state of the earth-atmosphere system
is a function of an ensemble of heat and momentum
sources and sinks which are formed directly by ex-
ternal forcing or by the response of the earth-
atmosphere system to external forcing. A distinct
spatial and temporal variation is exhibited.

As an example, the distribution of one of the most
important heating functions in midlatitudes, the
850 mb meridional convergence of heat by atmos-
pheric eddies, is shown in Fig. 1a. Calculated from
the data of Blackmon ez al. (1977), the variation of
the zonally averaged meridional convergence and
the meridional convergence along 35°N is plotted.
Besides portraying significant spatial differences,
the figure indicates that the magnitude of the longi-
tudinal variation of the eddy heat convergence is of
the same order as the latitudinal variation.

If it is assumed that the majority of eddy transports
of heat are achieved by synoptic-scale atmospheric
disturbances, Fig. 1a suggests that there exist dis-
tinctive regions of intense eddy activity. Such re-
gions have been noted by Askura and Katayama
(1964), Newell et al. (1972) and Blackmon et al.
(1977) for the Northern Hemisphere and by Webster
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and Curtin (1975) for the Southern Hemisphere.
Such geographic selectivity of eddy heat transports
appears to be related to the existence of enhanced
baroclinicity formed by the superposition of quasi-
stationary planetary-scale waves (i.e., standing
eddies) on the basic westerly flow (e.g., Frederiksen,
1978). Therefore, in order to incorporate eddy ef-
fects into a climate model, it seems necessary to
model the magnitude and phase of the standing
eddies. Since the standing eddies can be thought of
as forced modes which are primarily functions of
seasonal heating distributions (Smagorinsky, 1953),
it would thus appear necessary to understand and
carefully incorporate sensible, latent and radia-
tional heating effects into a climate model. It would
seem unlikely that dynamical heating effects which
rectify to form dominant source-sink distributions of
seasonal time scales can be satisfactorily modeled
without the proper specification of thermodynamic
forcing.

To indicate the magnitude and variability of the
heating effects, the distribution of the net radiative
flux at the top of the atmosphere is shown in Fig. 1b.
The data, from Nimbus 3 for July 1969 (Charney,
1975), were used to determine the fluxes for the
zonal mean, a zonal pole-to-pole section along
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90°E, and a latitude section at 25°N between 0° and
180°E. The sign convention is such that positive
represents a net downward flux into the atmosphere.
The desert regions (i.e., 0-50°E, dashed curve) ap-
pear as net sinks, whereas convective regions
(80— 180°E) are radiative sources. The longitudinal
gradient of the net radiation is equal in magnitude
to the latitudinal gradient.

The relative contributions of the various heating
mechanisms which determine the radiative flux dis-
tribution at the top of the atmosphere can be gauged
by considering the various diabatic heating terms
along 25°N between S0°E (Saudi Arabia) and 110°E
(Bay of Bengal). Estimates of Budyko (1974) suggest
that the longitudinal variation of the net radiative
flux is a direct result of the differences of radiative
heating which is dominant in the desert regions and
latent heating which is dominant in convective re-
gions; sensible heating is much smaller than the
dominant term at all longitudes. In the desert re-
gions, radiative cooling dominates, whereas latent
heating is more important in the moist convective
atmosphere over the Bay of Bengal. Consequently,
the longitudinal variation of both latent and radia-
tive heating must be carefully modeled to determine
adequately the total heating field.

Convective heating has received considerable re-
cent attention and some progress has been made in
parameterizing relationships between convection
and larger scale flow (e.g., Ooyama, 1969; Arakawa
and Schubert, 1974). Radiative processes have also
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FiG. 1b. The net radiative flux at the top of the atmosphere
as determined from Nimbus 3 data for July 1969 (from Charney,
1975). Shown are zonal pole-to-pole sections along 90°E, the
zonal mean and a latitude section at 25°N between 0° and
180°E. The net flux is defined as positive into the atmosphere.

been studied and a multitude of models of varying
complexity have been developed. These vary from
the simple models assuming constant longwave
emissivity and transparency to shortwave radiation
(e.g., Charney, 1959) or effective constant short-
wave absorption (e.g., Budyko, 1969; Schneider and
Gal-Chen, 1973). More complicated models Have
evolved for use in general circulation models (e.g.,
Manabe and Strickler, 1964). These models have
been applied for a number of purposes. For example,
the simple radiative models have been employed
to investigate the effect of changing the solar con-
stant or increasing of CO, content (e.g., Sellers,
1969; North, 1975). Manabe and Wetherald (1975)
also employed their more complex model to inves-
tigate the CQO, problem.

A common feature of nearly all climate models
is the simple manner in which clouds and moisture
variability are treated in the radiation calculations.
The simple models generally ignore entirely this
variability. Most general circulation models usually
employ only zonally averaged and time-invariant
cloud distributions (e.g., Manabe and Strickler,
1964). However, as cloud and moisture content ap-
pear as the two most variable quantities of the
atmosphere along the longitudinal section of Fig. 1b
and as climate models are such important tools in
climate research, it appears both timely and impor-
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FiG. 2. Radiative transfer model.

tant to establish the role that cloud and moisture
variability plays in determining the variability of
the radiative heating fields.

This paper aims to assess the importance of cloud
variability on radiative heating. A model is devel-
oped to determine the radiative fluxes at any level
in an atmosphere in which moisture, cloud amount
and various radiative parameters are allowed to
vary. Sufficient simplicity is retained to allow the
radiative model to be incorporated into climate
models which only supply information on the state
of the atmosphere at a few selected levels. The
model is checked against more elaborate radiative
transfer calculations and is employed to determine

the order of priority of the various processes which

. determine the radiative characteristics of the atmos-
phere. The sensitivity of the radiative heating to
changes in fundamental radiative properties of the
atmosphere is also discussed.

All results pertain to a “fixed-state’’ constraint.
That is, the radiative response relative to a fixed
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atmospheric structure and moisture distribution is
studied. The particular radiative properties calcu-
lated are the net atmospheric absorption and the
net radiative fluxes at the top and bottom of the
atmosphere. The results may be thought of as initial .
tendencies. In a companion paper, the fixed state
constraint will be relaxed and the influence of cloud
and moisture on the temporal properties of the earth-
atmosphere system will be studied.

2. The radiative model

A two-stream model is developed which calcu-
lates shortwave and longwave radiative fluxes at any
level in a plane, parallel and horizontally homoge-
neous model atmosphere. We consider a multiple-
scattering, absorbing and emitting atmospheric col-
umn divided into N discrete layers as shown in
Fig. 2. In this paper we choose N = 3. The radiative
properties of reflection, transmission, absorption

-~ and emissivity are designated as Re(n), Tr(n), A(n)

and e(n). The two-stream model is modified from
the work of Grant and Hunt (1968) and resembles
the two-stream model presented by Lacis and Han-
sen (1974). The radiative flux [F*(n)] at any level
n can be obtained using the recursion algorithm for
both the longwave and shortwave components as

F*(n + 1) =Re(l,n + DF(n + 1)

+ VHn + 1), (la)

F~(n) = Tr(n)F(n + 1)/

[1 — Re(1,n) Re(n)] + V-(n + %), (1b)

where the positive and negative superscripts'repre-
sent the downward and upward directions. The con-
vention of posmve downward is adopted for an
optlcal depth increasing downward (and 7 increas-
ing downward) from the top of the atmosphere. In
the above equatlons

Re(l n + 1) = Re(n) + Trt(n) Re(1,n) Tr-(n)[1 — Re(l n) Re(n)]™, (2a)
Vin + 1) = r*(n)V*(n - 1) Tr*(n) Re(1, n)J (n + %) LI+ 1A), (2b) -
1 — Re(1,n) Re(n) 1 — Re(1,n) Re(n)
V-(n + 14) = Re(n)VFH(n — 1) J(n + 1) 20)

where Re(1, n + 1) is the reflection of a composite
of layers formed by adding two layers whose reflec-
tions are Re(1,n) and Re(n). Thus, Re(1, n +-1) rep-
resents the multiple reflections from all layers above
level n + 1. J*(n + 14) is a source term represent-
ing the emission of radiation within layer n.

V*(n + 1) represents the flux transmitted from the
upper boundary [V*(}2) = F*(1)] which undergoes
scattering down to leveln + 1, plus the flux originat-
ing from sources within laye'r n(J-(n + %)) which
are reflected down by the atmosphere above level

1 — Re(1,n) Re(n)

1 — Re(1,n) Re(n) ~

n plus the emission from the adjacent layer itself
[Jt(n + 1/2)] V-(n + %) can be interpreted in a
similar fashion.

Eqgs. (1) and (2) apply forn = 1,2 ... N layers
with boundary conditions Re(1,1) =0 and V(%) |
= F*(1). The radiative fluxes can be. recursively
computed from (la) and (1b) once the incident
boundary fluxes F*(1) and F~(N + 1) are specified
at the upper and lower boundaries of the atmosphere.
These equations are applied separately to determine
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both the longwave and shortwave flux components
by suitably specifying the radiative parameters
Re(n) and Tr(n) and the boundary conditions (see
below).

Eqgs. (1) and (2) are the adding formulas used by
the more elaborate multiple-scattering models to
determine the internal radiation fields (e.g., Grant
and Hunt, 1968; Stephens, 1976a). In these models,
Re and Tr are determined initially for infinitesimally
thin layers in which only single scattering is as-
sumed. The reflection and transmission operators
for thicker layers are rapidly built up using doubling
techniques (e.g., Wiscombe, 1977). The radiation
fields are divided into 2m beams (m in the positive
and m in the negative) directions in which case Re
and Tr become m X m matrix operators. The model
developed in this paper is the two-stream equivalent
of the multiple-scattering models (i.e., m = 1). The
Re and Tr operators for each model layer are as-
sumed to be known, thus bypassing the need for
doubling techniques.

a. The shortwave solutions for a three-layer-model

Atmospheric emission is neglected. The trans-
mittance of each layer is defined as

Fi(1) = 430 cos¢
Tr(1)
1 — Re(1) Re(2)

Tr(2)

F;(1) = F{(1
H H 1 — Re(1,3) Re(2)

Fi4) =
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Tr=(n) = 1 — Re(n) — A(n), 3)

where A(n) is the shortwave absorption of the layer.
The shortwave flux solutions can be evaluated from
Eq. (1) once the boundary fluxes at the top and bot-
tom of the atmosphere are specified. The lower
boundary condition is governed by the surface
albedo a,. The upper boundary condition can be
specified in several ways depending on the particular
application of the model. In this paper we choose
the shortwave flux at the top of the atmosphere to
be given by the total daily insolation received at the
top of the atmosphere. For simplicity we select the
equinoctial case for which the total daily insolation,
obtained by integrating the solar flux at the top of the
atmosphere F{ over daylength, becomes

F+(1) = F} cos(d/m), (4a)

where F{ is 1350 W m~? and ¢ is the latitude of in-
terest. The boundary condition at the bottom of the
atmosphere, with a lower surface possessing an
albedo a, is

F~(4) = a,F*(4). (4b)

The shortwave radiative fluxes (with subscripts s)
at the boundaries of the atmosphere may then be
written as

Fi(4)

+ Tr(2) Tr(1) Re(l)) + Re(2‘)jl + Re(l)} - . (5

[1 = ay Re(1,4)1{[1 — Re(1) Re(2)}[1 — Re(3) Re(2)] — Tr(1) Re(1) Re(3)}

F3(4) = a,F;(4)

b. Longwave solutions for a three-level model

The longwave reflectance of the atmosphere is
neglected [i.e., Re(l) = Re(2) = ... 0]. This ap-

proximation is valid for clear-sky conditions and for’

water clouds (Yamamoto et al., 1970). It is not clear
that the approximation is valid for ice clouds al-
though it is expected to be small.

The source term of the nth layer is given by

JEHn + 12) = e*(n)oT¥(n), {6)

where T(n) is the temperature of the nth layer, ¢*
are the upward (—) and downward (+) directed

emissivities of the nth layer and o is Stefan-Boltz- -

man’s constant. _

The model development in Eqs. (1) and (2) implies
the multiplication of transmittance. This is strictly
valid for monochromatic line transmission due to
the exponential nature of this transmission. Mul-
tiplication of transmission is also preserved for mean

transmission functions derived from random band
models. However, most simple transmission model-
ing employ a parametric form of grey-body emis-
sivity (e.g., Rodgers, 1967b) which does not pre-
serve the multiplicative properties of transmittance
often wrongly assumed especially for the water
vapor-CQ, overlap bands in the longwave region.
This assumption is also employed in the following
analysis and its specific limitations are discussed.
The layer transmittance is therefore assumed as

Tr*(n) = 1 — €%(n). (7

It is further assumed that there is zero longwave
radiation directed downwards at the top of the at-
mosphere. The boundary conditions are

(=0

8
F1(4) = €QGT04} ’ ®
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where eé, (=1) and T, are the emissivity and temperature of the surface, respectively. Thus the long-
wave fluxes at each model level follow from Eq. (1a) and Eq. (1b):

Fr() = Trr (D) Tr Q) Tr-@)F @) + Tr () Tr Q)esaTs* + Tr(Deo Tyt + e,0T)*

Fi1) =0,

©)

Fi(d) = TrrQ) Tr*Q)efo T + TriB)efo Tyt + exo Tt

Fid) = 0T
. The net radiative fluxes at the top and bottom of
the atmqsphere and the net absorption become
Frell) = F{(1) — F5(1) = Fp(1)
Foad) = F{@) + F1@4) - F;(4) - Fi(4)
AFpet = Fra(1) — Fpe(4)

(10)

Note that the net radiative flux is defined as positive
when directed downward. A

c. Cloud cover

. Fractional cloud amount @ is introduced by ex-
pressing reflection of the nth layer as

Re(n) =0 Re(”)cloud + (1 - 6) Re(”)cleara (11)

where 08 Re(n),0uq represents the contribution of the
clouded portion of the layer to the total layer reflec-
tion. The second term represents the contribution
by the clear-air portion of the layer. Absorption and
emission, are expressed similarly.

The shortwave absorption in the clear atmosphere
below the cloud layer is approximated by

An + 1) =1 -~ DA + Dyear, (12)

which accounts for the removal of energy in the .

spectral absorption bands by the cloud. This absorp-
tion is especially efficient in lower tropospheric
water clouds (Stephens, 1978a).

Eq. (11) relates cloudy and clear: atmospheric
properties linearly. Aida (1978) has hinted that the
relation may be more complicated for ensembles of
finite cloud and with high solar zenith angles. We

. might expect then that Eq. (11) may lead to errors
in convective regions at low latitudes.

3. Longwave emissivity for a clear atmosphere

The grey-body emissivity data of Rodgers (1967b)
were used. These data were derived for absorption
by the major water vapor molecular absorption
bands with only a small correction for continuous
absorption in the 8—13 um region. Since the publica-
tion of these data, additional absorption in the 8-13
um region due to absorption by a water vapor dimer

. molecule was identified. This absorption displays a
dependence on water vapor partial pressure and is
often referred to as e-type absorption.

The contribution of this absorption to the total
broad-band emissivity was determined employing
the properties published by Cox (1973). The absorp-
tion is expressed in the form

A, = 1 — exp[—k(,T)uel, (13)

where k is the absorption coefficient resulting from
the dimer absorption, u the water vapor path length
and e the water vapor partial pressure for the region
v, to v, -

The upward and downward emissivity are ob-
tained from (after Rodgers, 1967b)

o = J 4, 24D 4, (14)
, " o T
v dBT
€ = J A, 4B/1) dv, (15)
wo doT?)

where v, = 810 cm™, v, = 1210 cm™! and B(T) is
the Planck function at wavenumber ». Incorpo- -
rating (13) into (14) dnd (15) along with the linear
functions (from Cox, 1973)

BAT) = aT) + B(T)V}
k(1) =a + by ’
the emissivities were determined for absorption paths

(ue) ranging from 0.001 to 1 g cm™2 atm™*. The emis-
sivities were then determined according to

(16)

€ = % ay[log.(ue)l" .
= , an

N
€ = .E‘)bn[loge(ue<)]"
s
with a percentage error of fit less than 1%. The
coefficients a, and b, are tabulated in Table 1.
The total broad-band emissivities for longwave
radiation were obtained by adding €, and €; to the
emissivities derived by Rodgers. The addition of an
emissivity correction in this way incorporates the
reasonable assumption that there is negligible over-
lap between the dimer absorption and the absorp-
tion by water vapor. It is also important to realize
that the derived emissivity corrections ¢, and €; were
determined for absorption data specified at T = 20°C.
The absorption has a distinct temperature depend-
ence which may be incorporated into (17) by suit-
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TABLE 1. The emissivity correction for coefficients for water vapour pressure broadened continuum in the 8—13 um region.

)

n

0 1 2 3 4
€ an 0.21699 ~9.185 x 1072 —7.971 x 1072 ~1.502 x 102 -8.754 x 10¢
€ by 0.2837 —-0.1231 ~0.1057 -0.0199 -1.16 x 1073

ably defining a correction to we, although no tem-
perature correction was employed in the following
analysis. The correction to Rodgers’ emissivity is
significant only for tropical atmospheric conditions
and then only in the lowest model layer (e.g.,
Stephens, 1976b).

4. Summary of radiative properties

Many early models resorted to a simplicity which
neglects many of the radiative processes implied
in Egs. (1) and (2). For example, Charney (1959)
adopted a radiative transfer model in its most simple
form in which there was no shortwave absorption
or clear-air shortwave reflection. Cloud amount was
not explicitly included although the mean global
albedo was increased to allow for average condi-
tions. The atmospheric total longrange emissivity
was accordingly adjusted although it was assumed
to be constant globally.

In contrast to the very simple models, the model
developed in Section 2 requires the specification
of shortwave absorption, reflection and longwave
emissivity, the latter for both upward and downward
directions in both clear and cloudy atmospheres.
Table 2 lists recent estimates and parameterizations
of these various properties together with their
sources for the three latitudes considered in the
paper (10°, 40° and 70°). The clear-air parameteriza-
tion of shortwave absorption and reflection pre-
sented by Lacis and Hansen (1974) was adopted.
In this parameterization the relative air mass formula
of Rodgers (1967a) was employed. The clear-air
longwave transmittances were determined by the
techniques described in the previous section.

The shortwave absorption and longwave emissiv-
ity parameterization require the pressure-corrected
water vapor paths (g cm™2). These were obtained
from McClatchey et al. (1972) for the three atmos-
pheric profiles considered. The importance of the
scaling approximation is discussed later. Shortwave
absorption by ozone was also included along with
water vapor absorption in the uppermost model
layer. Here we used an ozone amount of 0.3 cm STP
to calculate the absorption according to Lacis and
Hansen.

The radiative properties of the clouds were se-
lected in the following manner. Low- and middle-
level clouds were assumed to be water clouds and

their properties were determined from Stephens
(1978b). The values chosen for the cloud albedo,
shortwave absorption and longwave emissivity
(which is expressed in an exponential form) are
for cloud layers with a liquid water path of 150 g
m~2. Note the variation of cloud albedo and short-
wave absorption with mean solar zenith angle (i.e.,
ldatitude).

The radiative properties of middle clouds are not
well known and their radiative properties are ap-
proximated by those of water clouds. Uncertainty
also exists about the radiative properties of cirrus
clouds and, at best, a first-order approximation for
A(n), Re(n) and e*(n) was employed. The emissivity
of cirrus clouds was chosen as 0.5 for both direc-
tions except where stated otherwise. This is the
mean value (for €*) from some 1600 separate meas-
urements of nine different cloud systems by Platt
and Dilley (1978, personal communication) employ-
ing a combination of lidar and radiometric meas-
urements. This emissivity was related to the IR
absorption optical depth and thus the visible optical
depth, the former being roughly half the latter. The
cloud albedo was obtained from the relation of Liou
(1974) between cloud albedo and visible optical
depth. There are no theoretical or measured esti-
mates of shortwave absorption in cirrus clouds. The
absorptivity was assumed to be of the same order
as for water clouds possessing the same visible opti-
cal depth. '

5. Results

a. Comparison with detailed radiative transfer
models

The simple model has been tested against more
detailed radiative transfer calculations. The com-
parisons emphasize the variation of the net radiative
fluxes and.atmospheric radiative absorptions [as
given by Eq. (10)] with changes in cloud amount.
The emphasis on correctly modeling the change of
radiative property with cloud amount (e.g., AF/
d6) is important as it is a rigorous test on the simpler
model’s performance. Merely comparing model re-
sults for set cloud amounts is not conclusive as it is
possible (and normal) to tune results to match more
precise calculations. However, such tuning does not
necessarily ensure that the gradient (3AF/36) is
modeled properly.






