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ABSTRACT

The shortwave absorption, albedo and longwave emissivity of water clouds are parameterized for use in
operational and climatic models of the atmosphere. The parameterization also provides the shortwave
heating and longwave cooling rates within the cloud. The scheme presented in this paper assumes a prior
knowledge of the broadband spectral fluxes incident on the cloud and further assumes that the atmospheric
models will provide the surface albedo, solar zenith angle, cloud temperature and total vertical liquid water
path. The last parameter was chosen because it it likely to be available in atmospheric circulation models
and both observational and theoretical evidence suggest that it is strongly related to the radiative properties
of clouds (Paltridge, 1974; Platt, 1976). ‘ .

The parameterization of shortwave radiation resembles a two-stream approximation which has been
“tuned” to match the results from a detailed theoretical model. The longwave scheme simply involves the
parameterization of effective emissivity. Both schemes have been tested and the errors investigated. The
shortwave radiative properties of clouds when compared against calculations can generally be estimated
by the parameterized scheme to within 5%, of the incident flux at the cloud top. The longwave cooling rates
are well within 0.5°C h™! of the theoretical heating rate profiles. The errors in longwave cooling and short-
wave absorption are much smaller than the uncertainties that may arise from variations of cloud liquid
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water distribution.

1. Introduction

The status of the parameterization of radiation-
cloud energy exchange is not as advanced as the
actual theory of radiative transfer and many outdated
schemes are currently employed in general circulation
models of the atmosphere. The basic aim of any such
parameterization must be to supply the fundamental
radiative properties (e.g., shortwave albedo, longwave
emissivity, shortwave and longwave heating and
cooling rates) in terms of parameters that are likely
to be commonly available from circulation models or
from observation. It is important that such approxi-
mations be simple and useable with a minimum of
information about the cloud.

The parameterization of longwave and shortwave
radiation described here assumes e prior knowledge
of the broadband spectral fluxes incident on the cloud.
This is considered reasonable since the parameteriza-
tion of clear-air fluxes is more advanced than the
parameterization of radiation-cloud interactions (e.g.,
Lacis and Hansen, 1974). The scheme described in
this paper assumes that the operational model will
provide four additional variables. These are the cloud
temperature, solar zenith angle, surface albedo and
total vertical liquid water path (LWP).

The choice of LWP as a parameter to describe the
optical properties of a cloud is not entirely arbitrary.
It is shown that the optical thickness of a cloud for
shortwave radiation can be directly related to LWP.
Observational evidence suggests that the longwave
emissivities are strongly related to LWP (see Part 3).
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The LWP can also be determined by satellite micro-
wave radiometry (Grody, 1976) which is a significant
advantage of any scheme based on this parameter.
Cloud-top temperature is also available from satellite
observations.

The shortwave parameterization scheme is in a form
resembling a two-stream approximation. The funda-
mental scattering variables employed by this approxi-
mation are ‘“tuned” so that its solutions match the
solutions of the more detailed theoretical model of
Part 1. The parameterization gives the cloud albedo
and shortwave absorption and can be modified to
provide flux profiles within the cloud layer.

The longwave scheme is based on the parameteriza-
tion of cloud “effective emissivity.” This quantity
allows the calculation of broadband IR fluxes and IR
cooling rates within the cloud. The concept of ef-
fective emissivity is not new and has been applied
extensively to both clear (e.g., Brooks, 1950; Rodgers,
1967) and cloudy atmosphere (e.g., Cox, 1976; Pal-
tridge, 1974; Platt, 1976).

The performance of the parameterizations is checked
using both observational data and results obtained
from detailed theoretical calculations. An indication
of the accuracy of the schemes is presented. The
paper finally presents a compact summary of the
two schemes.

2. Shortwave parameterization

Assuming that the incident radiation at the cloud
top is in the form of a beam along the direction speci-
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fied by the solar zenith angle (6y=cos™' u¢) and that
the lower boundary is nonreflecting, the reflection (Re)
and transmission (Tr) through a layer of optical thick-
ness 7y is (Coakley and Chylek, 1975):

(i) Non absorbing medium, @,=1,

: B(uo)7n/po
Re(uo) =————,
1+§(uo)m/uo W
Tr (o) = 1~ Re uo).
(i) Absorbing medium, @<,
Re(uo) = (u*—1) exp(resr) —exp(—7err)/R, 2

Tr(uo) =4u/R,
where the absorption is

Auo) =1—Re(uo) — Tr(uo)
and , '
wW=[1—do+28(uo)@]/ (1—&0)
Tott={ (1 —@0)[1 — @0+ 28 (o)@o ]} i/ 0 . 3
R= (u+1)? exp(7eir) — (u—1)? exp(— 7ess)

In these equations 7n is the optical thickness of the
cloud, @, the single-scattering albedo and 8 the back-
scattered fraction of monodirectional incident radiation
at the zenith angle uo. This backscattering fraction is a
function of u and involves an integral over scattering
phase function. Egs. (1)-(3) represent the Coakley
and Chylek two-stream model 1 which was chosen
over their model 2 for reasons of maximum simplicity
since model 2 involves an additional backscattering
parameter. These solutions apply only for a specific
wavelength or band of wavelengths in which the
optical thickness rx and single-scattering albedo @,
are uniform. These scattering parameters are generally
slowly varying functions of wavelength.

The solar spectrum is divided into two broad inter-
vals for the simplified scheme proposed here. The
first extends from 0.3 to 0.75 um where absorption
by the cloud droplets is extremely small (provided
there is no anomalous absorption). The conservative
scattering solutions (1) therefore apply. The absorp-
tion in the cloud is confined to the second spectral
region from 0.75 to 4.0 um. The solutions expressed
by (2) apply in this region.

a. Parameterization of cloud optical thickness

The optical thickness (ry) is the most important
parameter needed to describe the radiative properties
of clouds. For typical terrestrial clouds 7x is con-
siderably larger than unity. A rough range is S<7x
<500. Twomey (1976) noted that if the sun’s disc
is not visible through a cloud then 75 must be about 10
or greater )

The optical thickness of a cloud may be defined
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formally as

Az [
TN\ = / [ 1(7)Qext (x)mridrdz, 4)

where x=2wr/\. This involves the integration over
cloud-droplet size distribution #(r) and the cloud-
depth z varying from zero to Az. The efficiency factor
for extinction Qext(x) is determined from Mie theory.
The variation of Qe (x) with size parameter x is
small particularly for large x and asymptotes to a
value of approximately 2. This is relevant for short
wavelengths for which (4) reduces to

. fo o 2,{ /0 i n(r)rzdr]dz. ®)

If the effective radius of distribution is introduced
(Hansen and Travis, 1974) as

Te= / mln(r)lradr / / i n(r)ridr, (6)

Eq. (5) becomes _
' rv=5W/r., O

where W is the LWP (g m~2) and 7, is in micrometers.
W is formally defined as

at
W= / wdz, (8)
0

where w is the liquid water content (g m™).

The parameterization is based on a set of calcula-
tions which were performed using a set of “standard”
cloud types described in Part 1. The cloud positions
and thicknesses used in the computations were illus-
trated in Fig. 2 of that paper. The calculations assume
that the cloud is vertically uniform with respect to
drop-size distribution. The total vertical LWP is then

W=wAz. 9)

The impact of the isotropic assumption embodied in
(9) was fully discussed in Part 1.

The broadband optical thicknesses of these cloud
layers for the two spectral regions are plotted as a
function of LWP in Figs. 1a and 1b. The points on
each diagram were determined from Mie theory. The
solid curves are the least-squares-fitted lines to these
points and were derived as follows:

(i) Conservative scattering, Go=1, 0.3 um<A<0.75 pm
logio(7x,) =0.2633+1.7095 log.[logio(W)]. (10a)

(i) Non-conservative scattering, @,<1, 0.75 pm<\
<£4.0 pm

logso(7x,) = 0.3492+41.6518 log.[logio(W)]. (10b)
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F16. 1. The broadband optical thickness for the 0.3-0.75 um (a)
and 0.75-4.0 um (b) regions, as a function of liquid water path.
The cloud types specified on the diagrams are those presented
in Part 1.

A formal parameterization of optical thickness as
a function of W strictly requires the backup informa-
tion of effective radius. The effective radius of dis-
tribution for each cloud type is intuitively a function
of liquid water content and therefore more or less
of LWP. The dependence of ¥ on 7, as described
in (7) has been inherently parameterized in (10a)
and (10b).

b. Tuning wo and B(uo)

A series of calculations of reflection (cloud albedo),
absorption and transmission were perforthed by the
theoretical multiple-scattering model described in
Part 1. The McClatchey et al. (1972) U.S. Standard
Atmosphere was adopted and a zero surface albedo
was assumed. The diffuse reflection and transmission,
computed by the theoretical model, were used to
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TasLE 1. The surface polynomial coefficients required to evaluate
w and B,2 according to (11a) and (11b).

Scattering parameter B B2 w

Degree of polynominal fit

(m, m1, mz) 3 4 4
Polynomial coefficients (n) 1 0.1145 0.09762 0.00285
2 —0.0538 —0.07579 —0.00535
3 0.1024 0.3741 0.09237
4 0.0067 0.02036 0.00136
5 0.0662 0.05863 —0.0198
6 —0.3249 —1.0715 —0.1367
7 0.0001213 —0.00266 —0.1026 X104
8 ~0.007498 —0.02661 —0.00140
9 0.00547 0.12538 0.0394
10 0.1412 0.862 0.05443
11 0.0001585 —0.1268 X104
12 0.0012 0.3115 X103
13 0.00419 —0.002062
14 - —0.07944 —0.01165
15 —0.0223 —0.007189

tune (1) and (2) and thus yield parameterizations of
w and 61,2.

The original model of Coakley and Chylek was
considered to be useful only for small optical depths.
The parameterized variables w and By, suitably de-
termined by comparing solutions (1) and (2) with the
theoretical multiple-scattering model, therefore over-
comes this difficulty allowing this parametric two-
stream model to be applied to cloud layers.

Bi1, B2 and w were determined for each of the eight
cloud types of Part 1 and an average value was
adopted. These averages are empirically derived as
functions of optical depth and solar zenith angle.
Discernable changes of 81, 8: and « with other vari-
ables are much smaller than those associated with 7y
and po. These three parameters are insensitive to
changes of cloud height. A large number of computa-
tions were carried out to determine these tuned pa-
rameters for ranges of 7y from 1 to 500 and of u,
from 1.0 to 0.1. A least-squares best fit of the data
was performed and the parameters are determined as

mtl i
W= 1‘—\/3( Z Z wnxi_jyj—i)(n;_ﬂ",-j)y (113')
i=l j=l
m1.2+1 1
Biz= X 3 buriy, (11b)
=1 =1

where x=In(ry, ,), y=no and w, and b, are the sur-
face polynomial coefficients (initialize #=0). These
coefficients as well as m, m, and ms appear in Table 1
and the original average values of w, 81 and 8, appear
in Table 2. The percentage error of fit in each case
was better than 5%,. The tuned parameters thus
defined have an implied water vapor dependence.
This vapor absorption has been inherently parame-
terized in (11a) and (11b) using the moisture data of
a U.S. Standard Atmosphere.

In this way the tuned variables w and B, averaged
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TaBLE 2. The average values of w, 81 and §; used to determine the coefficients presented in Table 1.
Average values of 1-w
Ko
™ 1.0 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
1 0.0225 0.0277 0.0312 0.0346 0.0398 0.0346 0.0364 0.0294 0.0173
2 0.0225 0.0250 0.0284 0.0294 0.0312 0.0294 0.0260 0.0191 0.0104
S 0.0208 0.0208 0.0208 0.0208 0.0191 0.0173 0.0156 0.0104 0.0052
10 0.0173 0.0173 0.0156 0.0147 0.0139 0.0104 0.0085 0.0064 0.0028
16 0.0156 0.0139 . 0.0121 0.0121 0.0104 0.0087 0.0062 0.0045 0.0017
25 0.0121 0.0104 0.0099 0.0087 0.0076 0.0069 0.0045 0.0035 0.0017
40 0.0104 0.0087 0.0073 0.0064 0.0055 0.0052 0.0035 0.0023 0.0014
60 0.0069 0.0069 0.0055 0.0045 0.0045 0.0035 0.0026 0.0017 0.00052
80 0.0069 0.0052 0.0045 0.0043 0.0035 0.0035 0.0026 0.0017 0.00017
100 0.0052 0.0035 0.0035 0.0029 0.0026 0.0017 0.0017 0.0012 0
200 0.0035 0.0035 0.0026 0.0017 0.0017 0.0017 0.0016 0.00035 0
500 0.0017 0.0017 0.0016 0.0014 - 0.0010 0.0009 0.00017 0 0
. Average values of 8, .
~ Mo .
™~ 1.0 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
1 0.04213 0.05569 0.06569 0.07690  0.09323 0.11113 0.12951 0.14069 0.11959
2 0.04723 0.06146  0.07077 0.08028  0.09236 0.10172 0.10767 0.10337 0.07942
S 0.05820  0.06924  0.07440 0.07818  0.08153 0.08107 .  0.07756  0.06798  0.04833
10 0.06805 0.07262 0.07368 0.07333 0.07231 0.06853 0.06263 0.05265 0.03594
16 0.07337 0.07376  0.07283 0.07072 0.06803 0.06309 0.05642 0.04646  0.03103
25 0.07681 0.07443 0.07225 . 0.06906  0.06531 0.05975 0.05264 0.04270 0.02807
40 0.07914  0.07489 0.07188  0.06797 0.06361 0.05753 0.05013 0.04021  0.02611
60 0.08048 0.07518 0.07171 0.06740  0.06267 0.05633 0.04877 0.03885 0.02505
80 0.08119 0.07536  0.07166  0.06715 - 0.06223 0.05576 0.04811 0.03819 0.02456
100 0.08202 0.07566  0.07172 0.06699  0.06188 0.05528 0.04753 0.03761 0.02414
200 0.08307 007626  0.07212 '0.06720  0.06192 0.05517 0.04733 0.03738 0.02406
500 0.08743 0.08000 . 0.07553 0.07028  0.06465 0.05755 0.04935 0.03916 0.02617
Average values of B2
Mo
™ 1.0 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1
1 0.04769 0.06274 0.07338 0.08552 0.10224  0.12002  0.13789 0.14652 ' 0.12066
2 0.05371 0.06903 0.07873 0.08863 0.10033 0.10904 0.11326  0.10647 0.07940
5 0.06597 0.07688 0.08172 0.08497 0.08709 0.08018 0.08012 0.06877 0.04741
10 0.07585 0.07931 0.07949 0.07812 0.07567 0.07048 0.06287 0.05156 0.03390
16 0.08007 0.07867 0.07657 0.07323 0.06893 0.06257 0.05432 0.04335 0.02768
25 0.08068 0.07592 0.07241 0.06778  0.06245 0.05552 0.04713 0.03676  0.02288
40 0.07700 0.07001 0.06557 0.06030  0.05453 0.04758 0.03958 0.03022 0.01839
60 0.06994 0.06214 0.05750 0.05222 0.04661 0.04012 0.03291 0.02475 0.01479
80 0.06341« 0.05555 0.05104  0.04604  0.04076 0.03481 0.02832 0.02111 0.01249
100 0.05340 0.04605 0.04198 0.03755 0.03295 0.02787 0.02246  0.01658 0.00966 .
200 0.04149  0.03526  0.03187 0.02826  0.02458 0.02061 0.01645 0.01199 0.00684
500 0.02506 ©  0.02083 0.01861 0.01629  0.01398 0.01154  0.00902 0.00637 0.00324

\

for eight cloud types, can be obtained as functions of
optical depth (in this case LWP) and solar zenith

angle. The parameterized cloud albedo, absorption and .

transmission can be obtained from (1) and (2). The
resultant parameterization is therefore in a form that
resembles a two-stream approximation and must not
be misconstrued as a theoretical model. Furthermore,
the parameters w and 8; and B, [as distinct from &,
and B(uo)] are tuned variables such that the solutions
described by (1) and (2) match a more detailed
multiple-scattering model. For example, it is evident
from the resultant parameterization that 8; and 8.
are nothing more than tuned variables depending on 7.

In the theoretical sense, the backscatter function is
independent of Ty.

c. Reflection and transmission for a cloud over a reflecting
surface

When the atmosphere is over a reflecting surface,
multiple reflections occur between the cloud layer and
the underlying layer. If the surface albedo is a, the
albedo, transmission and absorption of the combined
system is ‘

Re'=Re+aTr?/(1—aRe) (12)
Tr'=Tr/(1—aRe) ’
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TaBLE 3. Comparison between the theoretical and parameter- flyx at any depth 7 in the cloud is given by
ized values (in parentheses) of Re’ and Tr’ for a Sc I cloud layer
of W=140 g m. F{=FO{1-e ()@,  (13)
Surface albedo Re’ Tr yielding " FY(r)~F+(0) ”
0 0.605  0.183 er)=——""—. 4a
(0.600)  (0.187) oTH(r)—FH(0)
0.25 0.702 0.221 This definition of ¢ neglects the effect of cloud re-
(0.701) (0.226) flectivity which in the IR is only a few percent
(Yamamoto et al., 1970). Similarly, the upward ef-
0.5 (g;}‘;) (gggg) fective emissivity becomes
075 0740 0428 t(r)= Ft(r)—Ft(rv) (14b)
0.744)  (0.388) T ()~ F 1 (7)
1.0 X 041 .
(gggg) (8.203) In these formulas, T is the temperature at the ap-

where Re and Tr are provided by (1) and (2). These
definitions do not include absorption below the cloud
layer. According to Liou (1976), this omission is not
likely to result in significant error. To a good ap-
proximation (see Part 1 and Liou, 1976), A’'=A.
These equations implicitly assume that the cloud-
base reflectivities and transmissivities are the same as
those at the cloud top therefore implying the former
possess a dependency on sun angle (whereas they
should be independent of sun angle). The differences
between the two reflectivities and transmissivities will

introduce errors which are likely to be small for small .

surface albedos but may be prominent over snow
and ice. To investigate these errors, the parameterized
and theoretical models were used to determine Re’
and Tr’ for a ScI cloud model inserted between the 1
and 2 km levels in the U.S. Standard Atmosphere.
The calculations were carried out assuming normal
solar incidence and five different surface albedos. The
comparisons appear in Table 3. The assumptions de-
scribed above introduce tolerably small errors for
a <0.75 but care must be observed when (12) is
applied for larger surface albedos.

3. Longwave parameterization—Effective
emissivity ~ '

Operational models of the atmosphere generally
employ a grey body cloud emissivity that is constant
over the entire longwave spectrum. For example, the
models described by Manabe (1969) and Sasamori
(1968) use a somewhat arbitrary selection of cloud
emissivity values. This arbitrariness is understandable
since the necessary cloud microphysical data needed
for detailed calculations conceivably will never be
predicted by such models.

The concept and usefulness of effective emissivity
has been discussed elsewhere (Cox, 1976). The ei-
fective emissivity is defined such that the directional

propriate cloud level = and Ft(0) and Ft(ry) are the
impinging fluxes at the cloud top and base, respec-
tively. It is necessary to define separate effective
emissivities for the upward and downward irradiances
since the spectral composition of the two beams
incident on the cloud boundaries are quite different.

T T T

o8
=1 -exp(-0-158W)

et

06
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Sc i
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=1 -exp(-0'13W)
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Fi6. 2. Empirical presentation of downward (a) and upward
(b) emissivity as a function of liquid water path. Details of
the cloud types are given in Part 1. The solid line is the least-

_ squares best fit through the given points using the analytic

form described in the text.
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TaBLE 4. Mass abosrption coefficients for
different standard atmospheres.

{

Atmospheric ag
profile (m2 g™1)
Tropical 0.157
U.S. standard 0.158

Subarctic winter 0.156

Thus the definitions are not entirely unique and may
vary for different moisture and temperature conditions.

a. Paramelerization of et and e

A number of calculations of upward and downward
effective emissivities were carried out using the eight
cloud types of Part 1 positioned in a U.S. Standard
Atmosphere. For a single cloud layer, 10 values each
for ¢t and €t were determined corresponding to the
11 levels of the detailed theoretical model. The re-
sulting total emissivities are plotted in Fig. 2a and 2b
as a function of LWP.

The degree of scatter in Fig. 2a and to a lesser
extent Fig. 2b is slight and the emissivity is largely
independent of cloud position and temperature. The
small temperature dependence of et (and et) is probably
due to the same reason that the clear-air total emis-
sivity is virtually independent of temperature. This
is supported by an observation of Staley and Jurica
(1970) that the change with temperature of clear-air
emissivity in the 6.3 um band compensates for the
change of the rotation band emissivity. It is also
evident in these diagrams that the emissivity of one
cloud type is similar to that of another only when
the LWP is the same. The nature of the cloud micro-
physics is not important to the estimation of cloud
emissivity.

The solid line on each diagram is the curve of least-
squares best fit using the form

etd=1—exp(—ao"‘W). (15)
In this context @, defines a mass absorption coefficient
for total infrared flux. The fitted absorption coeffi-
cients (m? g!) are obtained as

(16)

It is usually assumed that low-level clouds act as
blackbody radiators. There is little evidence to con-
firm this assumption. Fig. 2a indicates that the clouds
do not achieve blackbody characteristics when the
water paths are less than 30 g m™% For example,
the Cb cloud type [liquid water content (LWC) of
2.5 g m~?] radiates as a blackbody beyond a depth
of 12 m into the cloud. The optically thin St IT cloud
type (LWC of 0.05 g m™3) must be at least 600 m
thick before it is black.

al=0.158, a}=0.130.
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b. The variability of et and €

The definition of effective emissivity in (14a) and
(14b) and its ultimate parameterization (15) requires
a knowledge of the impinging fluxes on the cloud
boundaries. It is desirable to estimate the extent to
which et and et may vary under various atmospheric
conditions. To investigate this effect the calculations
associated with Figs. 2a and 2b were repeated using
the moisture and temperature profiles of the tropical
and subarctic winter atmospheres presented by
McClatchey et al. (1972). The fitted mass absorption
coefficients are summarized in Table 4 for the three
atmospheric profiles.

The downward emissivity is rather insensitive to
changes of atmospheric temperature and moisture
profiles. This feature is evident in Table 3 and is
intuitively expected from the definition (14). As the
cloud top nears the top of the water vapor mass in the
atmosphere, the clear-air flux at the cloud-top is re-
duced and both the denominator and numerator be-
come larger; hence the emissivity may remain roughly
the same. The latitudinal variation of effective emis-
sivity therefore arises from the differences in the
liquid water and not water vapor distributions of
each region.

The discussion of effective emissivity centers on
the downward component in particular. The reasons
for this are as follows. First, et characterizes the
downward radiation flows which influence the cooling
in the upper regions of the cloud; a feature that
dominates low-level and middle-level clouds. Second,
observational data, particularly narrow beam radi-
ances (see Part 3) can be more usefully applied to
verify the theoretical downward emissivities. The
essential features of ¢! (and a¢) will conceptually
apply for et (and aot).

The spectral nature of effective emissivity is domi-
nated by the atmospheric window component. This
results since the atmospheric window region of the IR
spectrum is the-most active in the atmosphere-cloud
exchange, at least for low-level and middle-level
clouds. Furthermore, the window region lies toward
the peak of the blackbody spectrum and the emis-
sivity is heavily weighted by these wavelengths. The
broadband spectral components of emissivity were
fitted according to (16) and are presented in Table 3.

The mass absorption coefficient is smallest in the

TaBLE 5. The spectral nature of €*.

4

Spectral Interval ag
region (um) (m? g™)
Total 4.54-250 0.158
Window region 8.33-13.9 0.116
Vibration band 4.54- 833 0230
Rotation band 13.9 -250 0.327




NoOVEMBER 1978 G. L.

c
°
a
o O T T
v
G . i
< Cloud albedo

8F T issi +00
5 08 ransmission <7
3 - St Il a As ]
& 06} o St o Ns -
5 L e Scl + Cu -
@ 04l . o Scli x Cb N
€ Parameterised
Z - -
2
". o 2H Abso[prion %X
(=] 8; F ¥
hed b~ + —
2 +
a (0] 1 1

10 100 1000 10000

Liquid water poth (g m™%)

F1c. 3. Comparisons between the shortwave absorption, trans-
mission and cloud albedo as determined by the theoretical model
for the given cloud types (illustrated points) and the parame-
terized scheme (solid lines). The cosines of the solar zenith
angle (uo) is 0.8 and a zero surface albedo (a,) is assumed.

window region of the IR spectrum and has the most
influence on the total a). The scatter of points for
the vibration and rotation bands is much more pro-
nounced than illustrated in Fig. 2a. This primarily
results from the accentuated temperature dependence
of these contributions.

4. An assessment of the cloud-radiation
parameterization

Any parameterization schemes, such as those de-
scribed above, must be checked fully against the more
rigorous theoretical calculations before they can be

10000 r r .
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offered to modelers desiring to include realistic effects
of clouds in their models of the atmosphere. The set
of calculations using the more rigorous model were
repeated with the parameterization scheme. An indi-
cation of the error trends is now presented.

a. Shortwave reflection, transmission and absorption

Fig. 3 shows a comparison between the diffuse
reflection, transmission and absorption as calculated
by the parameterized scheme and the theoretical
model. The theoretical estimates are represented by
the set of points and the parameterized calculations
are shown by the solid lines. The calculations were
performed using cloud positions according to those
described in Part 1 and the tropical atmospheric data
of McClatchey et al. (1972). An angle of solar inci-
dence of 6,=37° is assumed. The behavior of reflection
(cloud albedo), transmission and absorption with
changes of liquid water path are well reproduced by
the simplified scheme.-

Fig. 3. shows that the less extreme and somewhat
more realistic changes of cloud drop-size distributions
from one cloud to another result in only a relatively
small fluctuation of points. around the general cloud
albedo-LWP trend. This fluctuation is much smaller
than that suggested in Part 1.

The general behavior of cloud albedo and shortwave
absorption, as determined by the more extensive
theoretical model, is summarized in Figs. 4a and 4b.
The contours shown on each diagram were smoothed
by eye through the calculated points. Some variation
in these contours can be expected from variations in
cloud microphysics, positioning and nature of the
atmospheric moisture profile. Fig. 3 suggests that this
variation is small, resulting in a slight scatter of values
around the main LWP trend. The profiles illustrated
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F16. 4. The variability of cloud albedo (a) and shortwave absorption (b) as determined by the theoret-
ical model for changes of solar incidence and liquid water path. The surface albedo is zero and the tropical
moisture profile of McClatchey et al. (1972) is assumed. The contours are the percentage of the incident
downward flux at the cloud-top reflected or absorbed.






