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J ABSTRACT

A detailed multiple-scattering model has been employed to investigate the sensitivity of radiation profiles
and flux divergences to changes in macrostructure and microstructure of basic water cloud types. The study
has been performed on a range of cloud types including variable distributions of liquid water content (LWC)
and drop-size distributions. Total shortwave heating rates vary from 1 to 5°C h™! and are larger in higher
clouds. IR cooling rates in the upper regions of cloud also increase with increasing elevation and are domi-
nated by the atmospheric window contribution. Thus the typical instrument discriminating the IR radia-
tion between 7 and 14 pm will measure almost the entire IR radiative cooling or heating of low-level water
clouds. Both shortwave heating and IR cooling within cloud layers are primarily dependent on LWC
and its vertical distribution and are more or less independent-of drop-size distribution. Cloud albedo
does vary with drop-size distribution but is virtually independent of LWC distribution for fixed total water.

1. Introduction

One of the major requirements of research in atmo-
spheric radiation is a parameterization of the radiation-
cloud energy exchange with sufficient accuracy and
speed for use in numerical models of the atmosphere.
Three steps are necessary. First, the radiation fields
and the sensitivity of such things as flux divergence
and cloud albedo on cloud macrostructure and micro-
structure must be established using calculations by
detailed theoretical models. Second, the results must
be checked using suitable experimental data, and any
uncertainties in the characteristics of radiatively
active constituents of the atmosphere identified.
Finally, the detailed theoretical model and observa-
tional data can be used as a guide to the development
and test of simple radiation-cloud parameterizations.

This paper is the first of a series of three (hereafter
referred to as Parts 1, 2 and 3) dealing separately
with each of the three stages. It describes the theo-
retical model and determines the sensitivity of short-
wave absorption and albedo, and IR heating and
cooling rates to changes of cloud type and structure.
The results are ultimately compared with experimental
data and employed in the development of a parame-
terized scheme in the second and third papers.

Eight basic drop-size distributions are introduced
covering a wide range of shape and of liquid water
content (LWC). Eight standard cloud types whose
microphysics are represented by one of these dis-
tributions are introduced. Part 1 describes the sub-
division of the longwave and shortwave spectral
regions and the manner in which molecular absorp-
tion is included in the scattering model. A series of
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calculations is described using these cloud types in
layers of various thickness and position in the atmo-
sphere. These calculations are based on the assumption
that the clouds are vertically and horizontally homo-
geneous and are used in the radiation-cloud parame-
terizations discussed in Part 2. The sensitivity of
cloud albedo, shortwave heating and longwave cooling
is investigated for a cloud layer possessing four dif-
ferent vertical LWC profiles. Changes in these ra-
diative properties are also discussed for a cloud with
a fixed LWC profile but composed of three different
profiles of drop-size distribution.

2. Standard cloud models

There is a definite need for a set of standard cloud
droplet distributions for radiation calculations. Carrier
et al. (1967) extensively surveyed the literature and
produced an assembly of model drop-size distributions.
The representativeness of these is difficult to establish.
Apart from their cumulonimbus model, their mode
radii are confined either to 3.5 or 4.5 um. Maritime
clouds sampled by the CSIRO Division of Cloud
Physics, for instance, invariably possess fewer but
larger droplets and the mode radius of distribution
varies as a function of LWC (Paltridge, 1974). It ap-
pears that the drop-size distributions of Carrier et al.
are more continental in character.

Eight cloud model distributions are assumed in the
following calculations; their main important physical
properties are summarized in Table 1 and Fig. 1.
The distributions represent a reasonably wide range
of behavior evidenced by the range of mode radii
varying from 2.25 to 7.5 pym and the LWC from 0.05
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TasLE 1. Cloud model droplet distribution parameters
employed in the present study.

Mode radius

correspond-
ing to maxi-
Number of Liquid water mum number
drops content of drops
Cloud type (cm™3) (g m™3) (m)
Stratus I 440 0.22 3.5
Stratus IT 120 0.05 2.25
Stratocumulus 1 350 0.14 3.5
Stratocumulus IT 150 0.47 7.5
Nimbostratus 280 0.50 3.5
Altostratus 430 0.28 4.5
Fair weather cumulus 300 1.00 5.5
Cumulonimbus 72 2.50 5.5, 6.5

to 2.5 g m~%. These are essentially the same as those
of Carrier et al. (1967) but do not include their cu-
mulus congestus and stratus II models. Instead the
stratocumulus II distribution, based on observations
of Paltridge, is introduced to represent possible mari-
time conditions. An alternate stratus II distribution
composed of much smaller droplets is included also.

Thus a “standard” cloud type is represented by
one of the model drop-size distributions listed in
Table 1 and is assumed to fill a particular layer of
the atmosphere in which the relative humidity is
increased to 1009%. The cloud layer is therefore as-
sumed to be isotropic with respect to drop-size dis-
tribution (and LWC profile). The computations were
carried out for a cloud layer of various thicknesses
and positioned at different heights in the atmosphere.
The table of London (1952) was used as a guideline
in selecting the positions and thicknesses of the cloud
types. A schematic diagram of the cloud positions
and thickness appear in Fig. 2. These drop-size dis-
tributions and cloud positions are used to derive the
parameterization schemes described in Part 2. Cal-
culations are also performed for vertically nonuniform
clouds possessing extreme deviations of dropsize dis-
tribution and profiles of LWC. The results of these
calculations are described below.

3. The computational model

The monochromatic radiation transfer equation for
a scattering-absorbing medium (cloud) is solved using
the discrete space theory (matrix operator theory
including doubling and adding) in the form published
by Grant and Hunt (1968). The model is discussed
in some detail by Stephens (1976a) and includes the
nonhomogeneous source doubling techniques of Wis-
combe (1976).

The cloud is divided into 10 homogeneous layers
each with a specific drop-size distribution and hence
LWC. The single-scattering parameters associated
with each layer are determined from Mie theory
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using the appropriate numerical techniques discussed
by Kattawar and Plass (1967) and Dave (1969) and
the liquid water refractive index data of Hale and
Querry (1973).

a. Inclusion of molecular absorption in the cloud layer

‘Molecular absorption in clouds is a major problem
of radiative transfer calculations because absorption
by gases is inseparable from the scattering and ab-
sorption by cloud particles. One method which has
evolved recently is based on the fitting of the trans-
mission function averaged over a spectral interval Ay
by a sum of exponentials (for review, see Wiscombe
and Evans, 1977), viz.,

TA,(a)=(Av)—‘/ exp(—k,a)

M
= % waexp(—kaa), (1)

n=1
where w, and %, are the exponential fit parameters
and ¢ is the absorption path (or amount) in grams
per square centimeter. The solution of the transfer
equation employs an extinction coefficient of the form

ce=0gtostk.(da/dz), (2)

where g5 and o4, determined from Mie theory, are
the volume scattering and absorption coefficients of

120 T T T T T T T

167e) N I T - St | )

_____ Cu

80}

T

v . Sc |
Sc 1l N

Cb

n(r) Absolute concentration, number (cm™ pm™)

Cb — 60um

1 P X — P | 1 1
5 10 15 20 25 30 35
Droplet radius (um)

F1c. 1. The drop-size distributions of the eight cloud models
described in Table 1 (modified from Carrier et al., 1967).
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the cloud particles, respectively, and z is the height. TasLE 2. The equivalent absorption coefficient &, and weighting
The problem then reduces to a series of M mono- function w, derived from the exponential fit for each water vapor
chromatic solutions each with a volume molecular absorption band in the solar spectrum.

absorption coefficient k,(de/dz). The broad-band in-

Band center Number of terms

tensity for Ay becomes (um) . infitM wa kn
M

wm@ [ L= Tan. @ 0 5 0322 0o0sm
ar " 0.10205 0.06928
0.01410 0.03410
1) SHORTWAVE REGION 0.02509 0.38791
Water vapor is assumed to be the only radiatively 1.1 3 0.20688 0.04078
active gas present in the cloud layer. This approxi- 0.73888 0.00229
mation is reasonable for IR radiation when applied 0.05421 0.19874

in the troposphere since CO; and O3 are more im-

portant in the stratosphere. Although there are bands 1.38 5 83%461 8328;;
of CO; and O, that absorb in the same region as 0.04550  3.92200
water vapor in the solar spectrum, laboratory results 0.17631 © 0.23607
of Burch e al. (1962) and the analysis of Yamamoto © 013138 0.97203

(1962) indicate that their combined absorptivities are

. 1.87 5 0.56054 0.00197
relatively weak. : 0.1303¢  0.23794
The absorption characteristics of the six major 0.10034 1.05560
water vapor bands centered at 0.94, 1.1, 1.38, 1.87, .0.17235 0.04570
2.7 and 3.2 uym are fitted according to (1) using the 0.03742 4.56860
analytlc‘forrn of absorptllgn adgp.ted %y Liou and 27 . 0.14275 0.20766
Sgsamorl (1975). The nonlinear finite-difference tec}}— ©0.31288 0.00613
nique of Levenberg (1944) and Marquardt (1963) is . 0.17072 0.04925
adopted to provide a least-squares fit of the trans- 0.12397 2.86940
mission for a reasonably wide range of absorber paths 0.13548 0.77866

0.09087 10.51400

N s . .
(0 100 g cm™?). The number of terms in the series 003000  38.45100

is selected such that the ﬁt in all cases is better

than 0.02%. , 3.2 4 0.61305 0.01297
0.10420 0.29799
2) LONGWAVE REGION A 0.26760 0.08437

0.01418 0.88567

The band model transmission data for each IR
spectral interval are also fitted according to (1). The

range of absorber path is chosen such that trans- missions smaller than 0.001 are not included in the

fit since experimental confirmation in this range is
lacking. The accuracy of fit, especially in the strong
absorption regime, is less precise than for the solar
& - w . radiation transmission data but is likely to be of little
consequence to the overall radiation fields in cloud
| layers since the radiation at these wavelengths is
§ ostensibly blackbody radiation. The absorption coeffi-
cient in the window region incorporates a dependence
' on water vapor partial pressure e. The absorber amount
in (4) is thus replaced by the product of @ and e which
varies from 0-10 g cm™2 atm™ in determmlng the fit
parameters. The percentage error of fit in all cases
is less than 19.
The w, and k&, values obtained from the exponential

& i St1.Scl &Il
series fitting appear in Tables 2 and 3 for the solar

Cu \
\\ \ and IR spectra, respectively.
w b. Derivation of cloud boundary intensiiies

o) stia The calculations are carried out across the solar

Fic. 2. A schematic view of the cloud heights and thicknesses Spectrum from 0.3 to 4.0 um and across the IR spec-
adopted in the study. trum from 4.54 to 250 um.
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TaBLE 3. The exponential fit parameters for water vapor absorption in the IR spectrum.
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A
(um) M kn Wy,
471 3 1.0227, 0.09935, 7.4658 0.24189, 0.64075, 0.11349,
500 5 0.24615, 1.2453, 4.706, 77.183, 17.338 0.37737, 0.29677, 0.16017, 0.06306, 0.10260
526 5 10239, 4.6105, 47954., 21321., 26.255 0.23925, 0.37021, 0.008529, 0.10218, 0.27983
556 5 46.709, 217.62, 2844.1, 41242., 807.17 0.3373, 0.33385, 0.1091, 0.004554, 0.21519
588 5 44.547,200.56, 2079.0, 38140, 682.96 0.33757, 0.35053, 0.08749, 0.00135, 0.22305
625 5 27.795,142.99, 1209.8, 3390.5, 478.11 0.41228, 0.30772, 0.09035, 0.02281, 0.16583
6.67 5  12.404, 58.741, 496.14, 1247.7, 168.56 0.37385, 0.32079, 0.09805, 0.02305, 0.18425
714 5 8.3821,2.9574, 24.475, 347.17, 79.979 0.22777, 0.71425, 0.26819, 0.020501, 0.22761
7.84 4 3.3482, 24.774, 075093, 0.18471 0.25107, 0.19668, 0.33681, 0.21535
851 3 10.536, 13.033, 227.15 0.45831, 0.45169, 0.00161
913 2 9.7093,9.7101 0.42526, 0.57474
1026 3 15.538, 13.807, 17.116 0.46249, 0.29618, 0.23933
1.70 3 10.396, 12.467, 11.547 0.44621, 0.50216, 10.05163
1316 5 0.70551, 0.01104, 0.09975, 25165., 522.43  0.11909, 0.59382, 0.24925, 0018714, 0.019119
1515 5 1.3724, 0.05747, 0.34248, 5.2829, 26.862 0.13141, 0.4575, 0.275, 0.07972, 0.056363
1818 5 0.26684, 1.0981, 18.738, 878.83, 4.1617 0.24584, 0.31592, 0.1384, 0.08565, 0.21418
273 5 1.6041, 65886, 5.5782, 355.41, 18,346 0.17106, 0.15916, 0.29189, 0.14820, 0.23018
3330 5 62.194, 9.2336, 3826.1, 189.92, 23.280 0.25049, 0.02868, 0.31948, 0.24652, 0.15481
4545 5 61.065, 554.22, 9745.1, 1884.4, 182.85 0.0953, 0.25561, 0,2039, 0.19568, 0.24952
100.0 5 389.43, 17814, 1159.4, 3966.1, 133.6 0.23989, 0.19969, 0.2633, 0.21371, 0083365

The solar spectrum is divided into 15 intervals,
eight for wavelengths less than 0.75 pm and seven for
wavelengths beyond 0.75 pym. The transmission of
solar energy in the clear air above the cloud incor-
porates 1) molecular (line) absorption by water vapor,
O; and the uniformly mixed gases CO,, N,O, CH,,
0, and CO; 2) Rayleigh scattering; 3) aerosol ex-
tinction (absorption and scattering). The transmission
for each frequency interval Ay becomes

Ta, (total)="T,, (line) X Ta, (Rayleigh)

X T4, (aerosol). (4)

Thus the appropriate boundary conditions for the -

cloud tops are

- Fo, _
1(07“0) =—"Ta (tOta'l > O:.U'O)a(_.“o)a
v

where F,, is the spectral solar constant for the ap-
propriate interval (from Thekaekara and Drummond,
1971), a, the albedo of the underlying surface, 7y the
optical depth of the cloud and wo the cosine of the
solar zenith angle (uo=cosfp). Only the extinction of
the direct beam is considered and the incident solar
flux is assumed collimated. The transmission data
and aerosol model employed in (1) are those of
McClatchey et al. (1972).

The clear-air IR intensities are determined using
the model of Rodgers and Walshaw (1966) modified
to provide intensities at the cloud boundaries. The
IR spectrum is divided into 20 intervals, nine and
seven intervals spanning the vibration (from 4.54-
8.33 um) and rotation (from 12.35—250 um) bands,
respectively. Therefore, this subdivision is identical
to that of Rodgers and Walshaw (1966). The atmo-

spheric window region (8.33-12.35 um) is divided into
four intervals and incorporates e-type absorption as
discussed by Stephens (1976b). The calculation in the
13.9-16.7 pm interval includes the overlap of the 15 um
CO; and water vapor rotation bands. This is per-
formed assuming a transmission function of the form

T (overlap) =T (H,0) X T (CO,), (6)

where the CO, statistical band model data of Rodgers
and Walshaw (1966) are employed.

The model described above contains two major
assumptions: (i) Rayleigh scatter is neglected above
and below the cloud layer and (ii) the clear-air ab-
sorptions of solar and IR radiation are treated by
broadband methods. The molecular absorption within
the cloud is simulated by a series of M pseudo-mono-
chromatic solutions. It is assumed that the methods
can be matched at the cloud boundaries. This as-
sumption may introduce errors in the shortwave
absorption calculations but is not likely to signifi-
cantly alter the longwave calculations due to the
dominance of liquid water absorption in the IR. The
errors in shortwave absorption are likely to be more
evident for those bands which do not completely

" deplete the solar radiation before reaching the cloud top.

Calculations were carried out for two cloud layers
with cloud tops at 5.25 and 2 km to test the influence
of these assumptions on cloud albedo and shortwave
absorption. The clouds were positioned in the
McClatchey et al. (1972) U.S. Standard Atmosphere
and normal solar incidence was assumed. Two com-
putational models were employed. In model A, the
pseudo-monochromatic calculation was performed both
inside and outside the cloud layer for water vapor
absorption. The atmosphere was divided into 10 layers
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TasLE 4. Comparison of cloud albedo and absorption calculated
by the two computational models. The positioning of the cloud
layer is also included. Surface albedo is zero and normal solar
incidence is assumed.

Computational model Cloud type Cloud albedo Absorption

Model A 0.565 0.095
As

Model B (5-5.25 km) 0.560 0.091

(present model)

Model A 0.712 0.121
ScI

Model B (1-2 km) 0.706 0.121

and the Liou and Sasamori (1975) approach was used
to include the pressure dependence of this absorption
in the calculations. Each model layer includes Ray-
leigh scatter. Model B is the computational model
described above.

Comparison of the cloud albedo and absorption as
calculated by the two cloud models appear in Table 4.
The values listed are the fraction of the solar flux
incident on the cloud top that is absorbed or reflected
by the cloud layer. The comparison between the two
models shows that the omission of Rayleigh scatter
in the present procedure (model B) does not signifi-
cantly affect the cloud albedo and absorption estimates.
The comparison further illustrates that the over-
simplification of boundary intensities used in model B
is only significant for higher level cloud. The dif-
ference between the shortwave absorption calculations
for the low-level Sc I cloud layer is negligible. The 5%,
absorption differences for the As cloud model is likely
to be an extreme difference and is not likely to alter
the results discussed below since most of these cal-
culations pertain more to the lower level cloud layers.
The differences between cloud albedos are also not
likely to alter the results below.

The comparison presented in Table 4 does highlight
the need for an accurate line-by-line multiple-scattering
calculation across a suitable molecular absorption
band. Such a calculation would be a useful check on
the accuracies of the present methods for handling
molecular absorption in clouds. It is not clear that
the Liou and Sasamori approach can provide a suitable
bench mark " calculation. The uncertainties of such
a model (model A) cannot be readily estimated without
being checked with line-by-line calculations.

4. Results
a. Shortwave absorption in uniform clouds

Absorption of solar energy in cloud layers is a sub-
ject of considerable debate. The few measurements
available (e.g., Neiburger, 1949; Rosenberg ef al.,
1974; Reynolds et al., 1975; Drummond and Hickey,
1971; among others) suggest that direct absorption
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of solar radiation in clouds is substantial and therefore
an important heat source in the troposphere.

The computed solar absorption (fraction of the solar
flux at the cloud top that is absorbed by the cloud)
is plotted in Fig. 3 as a function of solar incidence
angle for a 3.5 km thick Cb and a 0.5 km thick St I
cloud layer. The McClatchey et al. U.S. Standard
Atmosphere was employed in the calculations. The
solid line is the hypothetical case for which the above
cloud air is completely dry. The dashed line i the
calculated absorption in an identical layer with a wet
atmosphere above. The decrease of shortwave absorp-
tion with decreasing solar elevation is more pronounced
in an atmosphere which absorbs the solar flux before
reaching the cloud top.

Liquid water and water vapor absorb in similar
spectral regions (0.75-3.0 um) and there appears to
be a competition between the two. The crucial question
is whether liquid water contributes significantly to
the total absorption. Referring to Fig. 4, the ab-
sorption by water vapor in various atmospheric layers
is represented (by the solid line) as a function of the
water vapor path of the layer. This absorption in-
cludes the enhancement by multiple scattering but
excludes absorption by the cloud particles. The dashed
curve is the absorption in the clear atmospheric layer
possessing an equivalent water vapor path. It was
determined using the water vapor absorption data of
Yamamoto (1962) in its parameterized form presented
by Lacis and Hansen (1974). The clear-air absorption
was calculated as the difference between the absorp-
tion in the air above the cloud to the absorption
along a path extending from the cloud base to the

Fractional absorption

0 20 40 60 80

Angle of solar incidence (degrees)

F1c. 3. The fraction of the incident shortwave flux absorbed
in two model clouds as a function of solar zenith angle. The
Cb cloud is positioned between the 2.5 and 6 km levels and
the St I cloud between the 1 and 1.5 km levels in a U.S. Standard
Atmosphere. The solid lines apply to clouds in an atmo-
sphere in which there is no water vapor absorption above the
cloud. The dashed line is the clear-air absorption in an equivalent
layer of the atmosphere.
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layer (dashed line) to the absorption in a multiple-scattering
cloud layer in which there is no liquid water absorption (solid
line) as a function of cloud water vapor path. The points depict
the total absorption for the indicated cloud types.

top of the atmosphere. This comparison of the solid
and dashed curves illustrates the extent to which
multiple scattering enhances the absorption of water
vapor. This enhanced absorption varies from about 1%,
of the impinging flux of thin clouds possessing small

water vapor paths (altostratus clouds) to 89, for

thicker moister clouds (Cb, Ns). Multiple scattering
enhances the water vapor absorption for short and
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Fic. 5. The shortwave heating profiles in eight cloud models
described in Table 3. Zy represents the total geometric thickness
of the cloud. The surface albedo is 0.3 and normal solar inci-
dence is assumed.
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F1c. 6. The shortwave heating rates in a Sc I cloud layer for
different solar elevation angles. Surface albedo is 0.3 and the
cloud is positioned between the.1 and 1.5 km levels in the
McClatchey et al. (1572) tropical atmosphere.

moderate paths but reduces the contribution when
the paths are longer. This results from the reflection
of some of the available energy back to space.

The illustrated points are the total absorptions in
the specified cloud types and include contributions by
water vapor and liquid water enhanced by multiple
scattering. Thus comparison between the solid curve
and the illustrated points shows that the contribution
by liquid water is of the same order as water vapor
absorption except for relatively transparent clouds in
the lower atmosphere. For example, the absorption
in the St.II cloud layers (LWC=0.05 g m™®) is domi-
nated by the water vapor contribution.

. . . I
b. Shortwave heating rates in uniform clouds

The shortwave heating rate profiles for the eight
cloud types are shown in Fig. 5. The calculations
assume normal incidence (i.e., we=1.0 or 6,=0°),
a surface albedo @,=0.3, and the standard tropical
moisture and temperature profiles of McClatchey et al.
(1972). The cloud heights and thicknesses are given
on the diagram. The vertical scale is a normalized
dimensionless parameter which is zero at the cloud
top and 1 at the base.

The heating is largely confined to the upper layers
of the cloud because the absorption bands of liquid
water and water vapor become saturated very quickly.
The heating rates vary from less than 1°C h~* in the
relatively transparent St II cloud to 5°C h™! in the
As model situated higher in the atmosphere. These
heating rates represent substantial warming and must
be considered especially when the interest is in the
dynamics of the cloud itself.

The heating rates calculated when a Sc I cloud
model is illuminated by radiation at various incidence
angles are illustrated in Fig. 6. The cloud is positioned






