N5 CE-1RE SH

NASA-CR-175154
19840008644

A Reproduced Copy

Reproduced for NASA
by the
NASA scientific and Technical Information Facility

LANGLEY RESEARCH CENTER
LIERARY, NASA
HAMPTON, VIRGINIA

FFNo 672 Aug 65



. - B,
&~ S
) FINAL REPORT
-k

for i

l‘jv

GRANT HAG 5-106 Ea

4

from the ’;

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION £

; L3

For the period 9/15/80 to 5/15/83 .

PARAMETERIZATION OF CLOUD EFFECTS ON THE ABSORPTION :‘

OF SOLAR RADIATION ;

=

T e

ROGER DAVIES, Principal Investigator

Department of Geosciences
Purdue University
Hest Lafayette, Indiana 47907

(HASA-CR-I?SISQ) PABAHETERIZATION OF CLOUD N84-16712
E?PECTS ON THE ABSORPTION OF SOLAR RADIATION
Final Report, 15 Sep. 1980 - 15 Hay 1983

(Purdue Univ.) 99 P HC AO5/MF A0l CSCL 04B

Unclas }
G3/47 10153 3
.@'
§ T
¥
) e e Ef'. »
i Q} I3

=
NIY-r767/2




OO T ST E NS e

cwmes bAS P prienPr Ly T

EE N EYRE

i
b

R EAETRTIEN SRV SOl S

INTRODUCTION

As we attempt to better understand the causal mechanisms of climate
and climate change through the development of comprehensive general
circulation models, greater demands are placed on our representation of
the relevant physical processes. Unlike short term prediction models,
where the accumulation of biases in slowly acting forces may be of
little practical consequence, climate models require a careful accounting‘
of all terms that affect the energy budget of a region. Foremost amongst
these, and the source of the energy that drives the subsequent atmospheric
motion, is the term related to the absorption of solar radiation.

This final report describes the results of research on the absorption
of solar radiation, carried out under grant NAG 5-106 from the National
Aeronautics and Space Administratioh, which provided support of approx-
imately $78,679 over a period of'two and a half years. A number of
connected studies were perfofmed, including the development of a new
parameterization scheme for the absorption of solar radiation, experiments
with a comprehensive general circulation model, and development of a new
theoretical model of the absorption of solar radiation in clouds. The
report is consequently divided into three parts.

Part one is an abstract of NASA TECHNICAL MEMORANDUM 83961 (“Documen-
tation of the solar radiation parameterization in the GLAS climate model”.
R. Davies; 1982, 57pp.), which describes the early phase of this research
on the development, testing and implementation of a new radiation para-
meterization for the NASA Goddard Space Flight Center's climate model. |

Part two is a summary of interactive and off-line experiments with‘
the climate model to determine the limitations of the present para-

meterization scheme, culminating in suggestions for future improvements.
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Part three lays the theoretical groundviork for one of the suggested

improvements, namely the parameterization of cloud absorption in terms

of solar zenith anglé, column water vapor above the cloud top, and cloud
liquid water content. This part describes research which led to a Master !
of Science degree for Mr. Kyung-Eak Kim, under the supervision of the %5

Principal Investigator, and forms the bulk of the report.
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PART I
Abstracted from NASA TECHNICAL MEMORANDUM 83961, entitled:

DOCUMENTATION OF THE SOLAR RADIATION PARAMETERIZATION IN THE
GLAS CLIMATE MODEL,

by R. Davies, June, 1982.

This document describes the parameterization of solar radiation in the
GLAS GCM. The parameterization is a revision of the Lacis-Hansen para-
meterization; it explicitly considers the directional nature of the
direct solar beam in treating radiative transfer within clouds, and in
treating the effect of surface reflection. This is accomplished using
delta-Eddington and delta-two stream models for the radiative transfer
within isolated atmospheric layers, and by coupling the individual
layers together by efficiently repeated applications of the interaction
principle.

0ff-1ine comparisons with the previous non-directional, or diffuse,
model yield significant differences in the planetary albedo and in the
amounfs of absorbed solar radiatidb. These differences show a systema-

tic dependence on latitude and season.
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PART 11

PRESENT PARAMETERIZATION OF SOLAR RADIATION IN THE GODDARD
CLIMATE MODEL

An enhancement to the solar radiation parameterization in the Goddard
climate model, together with comparative results from the earlier version
developed by Lacis and Hansen (1974), was described in detail by Davies
(1982). Briefly, this enhancement provides a physically more realistic
treatment of radiative transfer within clouds and at the earth's surface,
as' verified by comparison with more ccmbrehensive models, specifically
taking into account dependence on the directionality of the direct solar
beam. This dependence produced diffezrences in the absofption of solar
radiation which varied more or less systematically from equator to pole,
perturbed by cloud variability.

Since then, fully interactive comparisons have been made using the

complete global climate model, yielding differences which are generally

~consistent with the off-line results. Their significance, however, is

" harder to interpret due to the presently fixed sea surface temperatures

and unspecified model noise of the fully interactive model. Fig. 1, for

example, shows differences in the monthly mean ground temperatures using

the two parameterization schenmes, showing that the climate model did
appear to respond to the change in the parameterization.

An important consideration in parameterizing solar radiation is the

question of the required accuracy of the parameterization scheme. KHhile

- this question has yet to be seriously answered, the required accuracy

presumably depends on the time scale of the application and on the type

of'error, random errors being more tolerable than those which show
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persistent latitudinal or vertical biases. To obtain a nominal figure
for the required accuracy of the solar parameterization scheme in the
Goddard climate model, the atmospheric solar absorption was systematically
perturbed during an'ihteracfiVe ﬁddel run, and the effect on mean monthly
atmospheric temperatures was analyzed. It was found that a change in the
mean monthly, globally averaged, atmospheric temperature of 0.5K was

2 in absorbed solar

produced by a systematic perturbation of ~ 7 ¥m~
radiation. This amount was then taken as a nominal goal for the
required accuracy of the parameterization scheme.

The next consideration was whether or not the radiation paramete}ization
attains the above goal, and.a number of off-line experiments were performed
to this end. For clear sky cases, there was no evidence of systematic
errors exceeding a few watts per square meter, the uncertainty in the
absorbed radiation being mainly due to the uncertainty in the input
variables of surface albedo, water vapor and ozone. Potentially large
systematic errors appear to exist for cloudy regions, however, as
illustrated in Fig. 2. This figure shows the differences in honth]y maan
absorbed solar energy obtained in an off-line experiment in which the
treatment of cloud optical thickness was changed.

Instead of using a continuous cloud cover with constant optical
thickness across the whole area of each cloud grid element, the
experimental treatment assumed a cloud fraction of 0.45 whenever the
climate model generated convective cloud for the grid element. The
optical thickness of the cloudy fraction of each relevant Tevel was
then increased to give the same area-averaged optical thickness as
before. Since area-averaged transmission, in particular, depends on
optical thickness in a highly non-linear manner, and this dependence

is also sensitive to solar zenith angle, the differences obtained are




_ not surprising and serve to jl]ustrate the potential errors in the
present scheme. The sensitivity to fractional cloud effécts is
particularly evident in the tropics und subtropics due to the frequency
of convective clouds and small solar zenith angles at these latitudes.
The typical discrepancy in the total solar absorption for these latitudes

is ~ 35 Nm'z, which is approximately a 10% effect and well above the

nominal threshold of ~ 7 Nm'z.

In terms of the evolution of the present parameterization, the
next step should be a study of this fractional cloud effect in more
detail with a view to reducing the latitudinal biases in absorbed solar
radiation. Since a formal solution to the broken cloud problem,
involving distributions of cloud sizes, shapes, liquid water contents,
etc. is beyond the scope of the climate model, as presently planned,
the new parameterization should be limited to functional dependences on
cloud fraction, cloud temperature and solar zenith angle. These para-
meterizations could be obtained in part through the analysis of more
rigorous cloud modeling as described in Part III.

For example, Fig. 3 shows preliminary results for the total
absorption of solar radiation by a 1 km thick cloud as a function of
cloud top height, assuming the droplet size-distribution remains constant.
The cloud is embedded in a tropical maritime atmosphere with overhead sun.
The total cloud absorption rises uniformly with increasing cloud altitude
as the column water vapor above the cloud decreases and absorbs less of
the solar infrared. Most of the cloud absorption is due to liquid water
and not the water vapor within the cloud. In fact the cloud water vapor
only contributes 10-20% of the total cloud absorption, and remains
relatively constant with cloud top altitude. This is because the effect

of increased solar infrared at higher altitudes is offset by less water
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vapor within the cloud due to colder cloud temperatures.

These results indicate that the present parameterization of the
transfer of solar infrared radiation in clouds should be substantially
revised on physical grounds to reflect the dominant role of cloud
droplets on absorption. Despite the extensive computational effort
required fof their production, the results obtained do not show any
especially complex dependence on cloud height, temperature and solar
zenith angle. It should therefore be possible to parameterize them

in a straightforward manner.
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Fig. 1.

Fig. 2.

Fig. 3.

Figure Captions

Differences (revised minus original) in ground temperature

- from two interactive runs of the Goddard general circulation

climate model, using, respectively, the revised and original
$o1ar radiation parameterizations. July averages.
Differences (experimental treatment of cloud fraction minus
standard treatment) in zonally averaged system absorption of
solar radiation. The standard treatment assumes 100% cloud
cover when cloud is present. The experimental treatment
assumes 45% cloud cover with greater optical thickness, if
convective cloud is present in the grid element. Single
time step in mid-April.

Results from a comprehen;ive radiative transfer model for
absorbed solar radiation as a function of cloud top

altitude for constant cloud thickness of 1 km. Moist
tfoﬁical atmosphere wfth overhead sun.

(a) Absbrption by water vapor within cloud.

(b) Absorption by cloud droplets.

(c) Total cloud absorption.

(d) Absorption by water vapor above cloud.
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PART III

SPECTRAL ABSORPTION OF SOLAR RADIATION

IN HCMOGENEOUS CLOUDS

A Thesis

Submitted to the Fasulty
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Purdue University
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ABSTRACT

Kim, Kyung-Eak. M.S., Purdue University, August 1983.
Spectral Absorption of Solar Radiation in Homogeneous
Clouds, Major Professor: Dr. Roger Davies.

In order to better estimate total cloud absorption,

spectral c¢loud absorptior ang the relative role of liquid

water and water vapor, a theoretical model of 2 plane~

parallel homogeneous cloud has been developed. This mode

uses a photon pathlength distribution to include the effects

of multiple scattering. The water vapor transmission

function is obtained fron LOWTRAN S,

The results indicate that 1 km thick clouds absorb about

8 to 12 Z or solar radiation incident on the cloud top, and

cloud absorption is highly dependent upon the wavenumber.

Cloud absorption between 1500 cp? and 7500 cm? is Primarily

due to liquid water while c¢loud absorption betweer 11500 cm?
and 15000 ecm? s due to water vapor absorption. Over the

spectral range 7500 em! to 11500 cm!, both liquid water and

water vapor are responsible for cloud absorption. In ferms

of relative absorption, liquid water contributes about 77 to
S1 % of total cloud absorption, depending on c¢laud type,

cloud top altitude, solar zenith angle, and atmospheric
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model, while cloud water vapor contributes the remaining 9

to 23 %.

A3 cloud top altitude increases, the amount of energy
absorbed bty cloud and liquid water increasesz significantly
wvhile the amount of energy absorbed by water vapor is nearly
constant. The =absorption by atmospheric water vapor above
the cloud strongly affects the amount of energy absorbed by
the cloud, and should not be neglected in the calculation of
cloud absorption. The fractional absorption by a cloud does
not show significant differences for different sezasonal and

zonal atmospheric models.

The application of the model results suggest that the
global average of cloud absorption is about 8 t§ 9 % of the
incident solar radiation on the <c¢loud top, based on *“he
global estimation of liquid water content and cloud
thickness. The global mean fractional cloud absorption is
about 7 % of the global average ol solar irradiance at the

top'bf the atmosphere.
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I. INTRODUCTION

Clouds are one of the most important }eatures controlling
the radiation budget and clinmate of the earth. They cover
about B0 2 of the sky on a global scale (Sasamori, et
al.,1872) and significantly modulate solar and infrared
radiation on a global scale far more than any other
constituents by their reflection and absorption of short
wave radiation, and thei; emission of infrared radiation.
In addition, the interaction of radiation with clouds

affects cloud development and microphysics.

The ‘primary objectives of this investigation are to
develop a theoretical model for-the spectral abhsorption of
solar radiation in clouds, and to investigate the dependence
of cloud absorption on cloud environmental parameters. The
relative contribution of liquid water and water vapor within
the cloud is also examined. For the purposes of the present
stucdy, the clouds are assumed to be plane-parallel
homogeneous media with uniform drop size distribution, and

to be embedded in a variety of atmospheric models.

Trbpospheric absorption of solar radiation in the absence
of cloud takes place mainly in the water vapor absorption

bands, ranging from 0.7 um to 3.5 um(or from about 2800 to
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15000 cm® in wavenumbers). 1In the presence of clouds, the
absorption and scattering by cioud particles substantiaily
modify the radiation field of the atmosphere over this
spectral range. In addition, droplet absorption also occurs

outside of water vapor bands.

in calculating the absorption of solar radiation in
clouds, one of the major problems is how to incorporate both
liquid water gbsorption and vapor absorption in the presence
of multiple scattering by cloud droplets. The task of
accurately determining relative absorption by liquid water
and wvater vapor has hitherto remained an unanswerad
question. Stephens (1978) suggested that the atsorptions of
solar radiation by liquid water and by water vapor are
equally significant. However, Welch and Cox (1280)
concluded that droplet absorption is primarily responsible
for absorption of sclar -radiation in thin c¢louds, and
roughly of equal importance to water vapor in thick clouds.
According to Slingo and Sﬁhrecker (1982), droplet abscrption
is respoﬁsible for the bulk of the total absorption, while

water vapor has a only minor contribution.

The amount of water vabor above the cloud regulates total
cloud absorption by modifying the amount of incident solar
radiation on the top of cloud. Welch, et al. (197€) have
suggested thgt as the cloud top is raised, the increzse in
available energy in the water vapor absorption bands

outweighs decreasing water vapor concentration within the
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é . eloud due to lower temperature, so that total cloud

absorption may increase with height.

The model developed here therefore includes the effect of
atmoﬁpheric watervvapor above the cloud, as well as yielding
the _relative spectral absorption by liquid water and water
vapor within the cloud. In addition, seasonal and zonal
variations of cloud absorption are estimated by using three

different cloud types and five different atmospheric models.

gj In Chapter II, a number of papers, including both
éi measurcments and theoretical studies, are reviewed in a
%ﬁ survey of cloud absorption studies. Chapter II1 discussszs
EfA the basic theory and fundamental equations wused in the

;"

development of a spectral model of <c¢loud absorption,

g% including the relative absorption by liquid water and water
gfé vapor. Chapter IV presents cloud absorption results for
éé three types of cloud and five different atmoépheric models,
% % f : - In addition, spectral cloud absorption and atmospheric water
3

-

. vapor abeorption above the cloud is also discussad.
Finally, the global application of the model results is

briefly discussed.
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II. A SURVEY OF CLOUD ABSORPTION STUDIES

Chapter II discusses some of the previous work on cloud
absorption, including global <c¢loud absorption, =aircraft
measurement, and theoretical studies. In addition, some
problems involved in the measurement and theoretical

calculations are discussed.

2.1 Measurements of Cloud Absorption

Although global cloud coverage is known to be about S0 =2
" of the atmosphere, there are a number of different values of
global absorption by clouds. Table 2.1, as an 2zyanmple,
compares' the values for global cloud absorpt;on sugrested by
" a number of different authors (Liou,1980). It is noted that
the values of Houghton and London are for the Northern
Hemisphere, and that of Sasamori <t al. is oniy for the
Southern Hemispnera. The global abscrption by Paltridge and
Platt(1S7€) is based on global and multi-annual =zverages.
As shecwn in Table 2.1, the wide range of glebal absorption
Vmakes it difficult to evaluate the effect of clcuds on
global radiation budget. The range of wvalues, from S to 37
W/m2, exceeds the change in the earth's heat budget due to

doubling CO; content, or to a 2 Z change in solar constant,
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Table 2.1

Global Absorption and Absorbed Energy by Clouds

Global Absorbed
Absorption Energy {W/m2)
Houghton 10 34
London 1.6 S
Sasamori, et 2al. 4 14
Paltridge and Platt(1976) 11 : 37
Wittman 4 14

The above values except for Paltridge and Platt are quoted
from Liou(1S80). The global absorpticn is expressed as a
percentage of the mean insolation at the top» of the
atmosphere, 340 ¥W/m2, which is 130 units.
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which corresponds to 4-5 W/m2(Clark,1982).

The extent to which clouds absorb solar radiation is : E

still a question of some debate. Theoretizal czlculations

C ey

of fractional absorption do not show general agreement with
aircraft measurements of Reynolds, et al.(1975). According
to the actual measurements of stratus clouds, the fractional

absorption of the incident radiation above the clouds ranges

from 0 % to 23 Z(Herman,1977). However the nechanisn

responsible for this large variability has not bean clearly

explained. The variation may be expected because¢ cliouds are
affected by dynamical variables associated with transieat
atmospheric processes and exhibit significant variability on
small scales of time and space. Furthermore, measurement
errors are invariably present.

2.2 Theoretical Studies of Cloud Absorption

For the accurate calculation of cloud absorption over a
given spectral band, we have to consider the problens of

multiple scattering of photons between cloud droplets and

spectral variation of absorption by liquid water and watar
vapor. These problems are complicated by the fact that
multiple scattering increases the optical path of photons in
clouds, and the simple extinction law, Beer's law, epplies
only to monochromatic radiation. Two methods are commonly
used in treating vapor absorption in the presence of

multiple scattering. The first method is an exponential sum

PR PP, § Py giapae.. A SR Sl B WP PP S § a6
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fit to the tr#nsmission function, in which the broad band
transmissivity is approximated by a finite sum of
exponentiéls (Wiscombe and Evans,1977). An alternative
technique is the use of photon pathlength distributions, in
which a nultiple scattering model is wused to ob%ain the
probability distribution of photon paths through the clouds.
The cloud absorption is then found by integrating the actual
spectral transmission function over the pathlength
distribution. Although the two methods <&iffer in their
approach, Bakan et al.(1978) showed that they are formally

equivalent.

A simpler approach was adopted by Lacis and Hansen (1974)
who calculated c¢loud absorption using a k-distribution

method to account for water vapor absorption. Their method

‘is somewhat similar to the exponential sum fit of

transmission, but inﬁroduces a single probabilitj

distribution for the absorption coefficients of water vapor.

In a different method from Lacis and Hansen(1374),
Krésnokotskaya and Romanova (1974) used =& pathlength
distr‘i;bution metho& to calculate fractional raflection,
tran;mission. and absorption by <ciouds iii the water vapor
absorption bands. However, they did not point out the
relative confribution by water vapor and droplets for each
absorption b#nd. They suggested that clouds abscrb 6-12 &

of solar flux falling on their upper boundary and that this

range of wvalues is weakly dependent upon the optical

e me N DR Y . -
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thickness of the clouds.

Twomey (1974) calculated fractional absorption for clouds
with a thickness of 1 km by the doubling method. His values
indicate that clouds absorb 8 to 17 & of total incoming
solar flux, depending on solar zenith angle and cloud type.
However, there is a limitation in Twomey's work because his
calculation is restricted to a 1 km thick cloud layer, and

is based on exponential absorption by water vapor.

Following Liou (1976), thick clouds such as nimbostratus

and cunulonimbus reflect 80-80 % and absork 10-20 2 of the

" solar radiation incident upon them. For thin stratus clouda

whose thickness is 0.1 km, the reflection is about 45-72 2
ard the absorption is about 1-6 T of the solar flux incident
on the cloud. Fis theoretical calculation sugg:zsted that
maximum cloud absorpcion does not exceed 20 2 of the

incident radiation on the cloud top.

By the method of exponential sum fitting of transmission,
Stephens (1978) calculated cloud aBsorption. His conclusion
is that the absorption of solar radiation by droplet and by
water vapor in clouds is equally significant. He also
suggesﬁed that - the fractional absorption is almost
independent of height after allowing for absorption by water

vapor above the cloud.

Welch, et al. (1976) showed that droplet  absorption in

the 2.7 and 3.3 um water vapor bands has a significant

ya




T AETTY e mal Lt te v W v S et sy taicmm e mam .t e enn

?.‘T‘Vﬁmﬁ’:ft'?'{“‘ﬁfﬁ“"--w; AT e e < £

LIRN o

S BRI S WS Y TR

ORIGINAL PAGE 19
OF POOR QUALITY

contribution to cloud heating rates. Using a spherical
harmonics technique, Welch and Cox (1980) examined the
relative absorption by water vapor in cloud absorption and
its ceontributien to heating rates. According to their
results, water vapor contributes approximately 20 € of cloud
heating near the cloud top, but up to 50 % of cloud heating

averaged over cloud thickness of 1 km.

From a study on the shortwave radiative properties of
stratiform clouds, Slingo and Schrecker (1982) concluded
that droplets are responsible for the bulk of the

absorption, and water vapor makes a minor contribution to

- total cioud absorption.

As discussed in this section, estimation of the relative
absorption of liquid water and water vapor in cloud nas been
quite ~ variable, deﬁen&iﬁg on the authors, and it is
difficult to assess the range of <c¢loud abserption and

relative absorption by liquid water and water vaper within

cloud. These inconsistent conclusions may be due to the

lack of detailed spectral models which include the accurate
scattering and transmission of solar radiation within cloud.
However, the main reason for this lack appears to be the
computational effort required to account for boih multiple
scattering effects, as well as detailed spectral

transmission in water vapor.
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The present study _attempts to estimate accurately the
relative absorption of liquid water and water vapor in
clouds. The calculations are performed by using a spectral
model which takes into account the effects of multiple

scattering and spectral absorption of water vapor in clouds.
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III. THEORY

In this chapter a brief discussion of optical parameters,
including droéop size distribution and water vapor density is
presented. In addition, the basic equations for the
calculation of c¢loud absorption and computational prcecedure

are alco developed.

3.1 Fhysical Parameters Related to Cloud Absorption

Usually, a cloud is defined as a visible aggregate of
very snall droplets, ice crystals, or a mixture of both,
with its base above the earth's surface. Howevzr~, for a

more detailed description of the rhysical characteristics of

2 cloud, it 1is necessary to introduce other physical

parameters such as; (1) shape, (2) dinenszions, (2) three

dimensicnal drop and ice crystal size distritution

v (4)

temperature distribution, (5) cloud height from trne earth's

surlace, and (6) relative volume of ice erystals and liquid

vater. The amount of radiznt energy which is refle;ted and
absorbed by a cloud is closely related to all of these
factors. In addition, cloud absorption alss depends on a
few other factors, such as, surface albedo, solar zenith

angle, atmospheric water vapor content, and presenc: of
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other cloud layer(s). Among the previous factors, the drop

size distribution and water vapsr content are the most

inportant factors, and will be discussed in this section.
3.1.1 Drop Size Distribution

The number density of cloud dreps and range of drop sizes
vary siznificantiy in nature. They are not only hicghnly
cdependent upon cloud type, but also en cloud height,

geonetrical thickness, season, and geograpnical pesition.

In the precent study, clouds are assumed to be plane-
parallel media which have a honmnogeneous Jicguid drep size
distributicen and a uniform water vapor density in
saturation. This assumption allows the use of a simplified
cloud nedel. For the parameterization of drop size
digtribution. the . modified gamma distribution which was
derived from experimental data is used (Tamdier and
Tomasi,1976). This distribution function gives ths number
density of droplets per.ﬁnit radius as a function of radius

in the form of

) ry
NG = o exp (- 2L ] (3.1)
wvhere o, & and ¥ are empirically derived constants, hased on
the experimental drop size distribution. The varameter R
refers to the modal radius. Table 3.1 (Yelch and Cox,1980)

gives the parameters for the three clouds used in this

P p———Y
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Cloud Drop Size Distribution Parameters
Cloud o 5 Yy R LvC No
Type (jtra) (g/nn?) (em?)
Stratocunulus .2823 © 1.19 5.33 0.141 100
(base)
Nimbostratus 1.0869 1 2.41 8.67 1.034 100
(top)
Stratus(top) .3818 3 1.30 6.75 0.379 100
Note; LWC: 1liquid water content, Ng: number density of

droplet.
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é study. The three parameters except for « completely
determine the shape of the distribution curve while the.
constant ‘« 1is only related to the total number of droplets

per unit volume.

i 3.1.2 Water Vapor Content

RV SV

Water vapor amount within cloud is determined assuming

LT e

100 2% relative humidity. The saturated water vapor density

ST Y A Ll LS L NI S N 08 7 R S i ok of v o £ 5= ed S S IR AP

(z/m®) is obtained from the empirical {ormuiz wused in

LOWTRAM S (Kneizys, et al., 1980), ziven by

f(t) = A exp(18.9766 - 14,95954 - 2,4388A° ) (3.2)

where A=273.15/(273.15+t), and ¢ is the mean temperzatura of
a cloud in °C. This equation is a good approzimation of
saturated water vapor density for the temzerature ranging

from - 50 °C to + SO °C.

Since the half width and effective strength of an

absorption line are dependent upon pressure and tzmperaturs,

23

the water vapor density must first be sezalzcd to standard

Al

pressure and temperature before being uzed in the
calculation of water vapor absorption. The ccaled wzter

vapor density ﬁ?t) is obtained through equation (3.3)

IHOES T (—E—) (—_1;_—)—ZL (3.3)

% where P and T indicate the mean pressure and temperature of

im gt ot
LT b

L8
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- 2 cloud layer. Py and T, correspond to STP(1013 mb, 273 K).

E - For the computation of atmospherie vYapor absorption abeove
‘ ? the cloud,. the effective watesr vapor amount is obtained by

integrating the specific humidity qQ with respect to

o Pressure, secaling as in equation (3.2). That is
N .

' R : :

' = ! AT G
: =4 ) (DTS | )

(]

e

where R is the pressure at the cloud top. £ _is the
gravitational accelaration of the ecarth. Actually, Vs

|
-
-
ot
[£as
-
[

corresponds to the effective water vapor amount above the

cloud, and is given in cm. This value of y nay then be used

to calculate atmospheric vapor absorption using LOWTRAN 5.

In the present work, five different atmecspheric models

-

Fuat

¢

(McClatchey et al.,1972; Welch and Cox.ion

»128J) are used for
L
ﬁ! the calculation of water vapor amounts zbove Lha cloud., The
]
‘,‘5:
§1 mean temperature and Pressure of a cloud are also dstermined
3
=

from thesg models,

&1

[PEry Lt
Rl OB ok

AA

{

3.1.2 Cloud Size

The shape, size, and thickness of cloud nay be cornsidered

as continuous variables. They are dependent on season,
geograpny, and atmospheric state. For the caiculation of

cloud absorption, & homogeneous plane~paralj=|]

assumed. The extent of the

cloud is

cloud is "infinite in the

horizontal direction. The cloud thickness is assumed to be
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1 km as a reference thickness for the caleculation of ecloud
absorpticen. This 1is consistent with the typical thickness

of cumulus cloud (Paltridge and Platt,197e).

8.2 Optical Parameters of Cloud Droplets from Mie theory

Mie theory (Zdunkowski and Strand, 1969; McCartney, 1976,
Van de Hulst,1981) has been known to give 2 nearly conplete
colution to the.problem of scattering and absorpticn by an
isclated sphers. The theory is based orn the assumption that
the particle is a homogeneous sphere with a sharp

discontinuity of refractive index at its surlace.

The extinction by a spherical particle is described in

terms of its size parameter and its complex

refractive
index. The size parameter X is defined as the ratio ¢f the
particle radius r to wavelength \,ie,
A

To include the effect of absorrtion, the refractive inday of
the medium may b2 expressed as a complex numbar. In this

case, the index of refraction is represcnted by
N\ = nrtl\) =i N(A) (3.6)

Here n_()\) and n. (\) stand for the real and imaginary

indices eof refraction, respectively.

W .
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Using the size parameter for a single dronlet and the

am— e

complex refractive index for pure water, the eztinction

< s e

efficiency factor Q,(x,A), scattering efficiency factor

Q. (x,X), and asymmetry factor §(x,\) .say be obtained using

Mie theory. Wiscombe's computer code(1979) was used for

ey T :

E ) this purpose together with data on refractive indicszs of

water from Irvine and Pollack(1968) and Hale and-
Querry(1973). For 2 cloud made up of pherical droplets
with drop size distribution HN(r),the vslume extinc:ion

coefficient, is then found by integrating o2y size

S b AA AT e R b CHA
"

¥ o

distribution as

o0

2 .

6“(;\) = S TEIN(D) Qs 1) dr (3.7)
-]

Similarly, the volume absorption coefficient B4, (N\) or the

volume extinction coefficient Bes (M) may be calculated by

replacing the Mie scattering efficiency factor by the iiie

efficiency facter for absorption, Q, (AM.r), or extinction,

Qe& ()\.!‘).

The single scattering albedo w(\) is defined as :he ratio

cf scattering to extinction,

i (3.8)
. TwAy = —— .
. p“uu + ﬁ;‘ O\
R The angular distribution of scattered radiation by an

element of volume, including polarizatior, may be determined
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§ - expiicitly using the Mie phase matrix. In the present
%; study, it 1is assumed that the transfer of radiation within
%' ~ cloud 1is dominated by multiple scattering so that
‘ polarization effects are neglizible. This situation aliows
§“ the.use of the Mie phase function P(€), which is normalized
1: such that

3 ‘_S poda =1 (3.9)
% 4 4

i

,gf where 6 is the scattering angle and dQ is the solid ancgle.

-
a4

The effects of multiple scattaring may be further
summarized by the asymmetry factor, ¢()\,r), defined as the

solid angle average of cos@ weighted by the phase function

' +i
g r = Pranrose dcosos (3.10)

Tha asymnetry factor for a distribution of droplet <izes is
found by integrating the individual asymnetry volues as:

00 .

S T 2N Qs  (OAT) 9o ndr

Joy = —— (3.11)
TrEIN(R) QAT 4T

’
. where § {\,r) is the asymmetry factor for a single droplet.
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3.3 Results for Spectral Values of the Cloud Parametess

Figure 3.1 1illustrates the asymmetry fachtor, optical
thickness of scattering, and single scattering albedo as a
function of wavenumbaer for the stratocumuius and
ninbestratus clouds specified in Table 3.1. The spectral
dependence of § , T.and @ for stratus cloud is omitted from
Figure 3.1 for clarity as they were found to be intermedizte
between the nimbostratus and siratocumuius valuas, The
curves of J and T, do not show a large variation except in
trhe vicinity of the strong absorptiun band at ad»out 3000
cm* . For example, the value of T.. for 2 nimbostratus cloud
ranges fronm about §2 to 103, and the wvalus of asymmetry
factor from 0.84 to 0.98. Apart {rom this variatien, the
vaiues c¢f g and T, are nearlyb constant, and remain about
0.86 and 100 elsewhere. For stratocumulus cloud, the valu=
of d is between 0.77 and 0.97. The value of T;,. ranges fron
i4 to about 34. The ﬁighes: variations o ¢ and 7 are
again restricted to the spéctral region betw2an about 2000
em! and 4000 cml. Exclﬁding the region of high variatien,

the valuyes of g and T, are about 0.8G aand 28, respsctively.

Figure 3.1 is a plotting of log(1-w)! against wavenunber.

The values of single scattering albedo, w, in Figure 3.1
increase with wavenumber, showing some oscillaticens. The
value of log(1-w)! changes from about 0.3 to 5.5. Howveves,

the value of log(1-u)? does not show large differences for

the three different cloud types.
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Among the optical parameters of cloud droplets, the
scattgring optical thickness and zsymmetry factor are used
to generate photon pathlength distribution of wupwvard and
downward flux under consefvatiVﬁ seattering. The values of
tcand g are selected approximately, basasd on calculations.
Fér the calculation of pathlength distributions, the value
of J is fixed at 0.86 for the three types of cloud because
it does not show as much variation as the value of the
scattering upotical thickness which was nornally chosen as 28
for stratocunulus, 84 for stratus cloud and 100 for
nimbostratus, corresponding to clouds of ~1 kn thickness
The variations of 3 and ;_around 3000 cni! may be neglected
because absorption dominates scattering in this emall

spectral region.

3.4 Photen Pathlength Distribution

‘he incident solar ra&iation is absorbed and scattered
.tnin a c¢loud layer by»thevinteraction of photons with the
cloud droblets. For a moderathQ dense cloud, the direct
solar beam rapidly loses its identity o3 a result of
nultiple scattaering. Therefore, the zmount of avsorpiiuin
andvscattering -is highly dependent upen the pathlength
travéled by a beam of radiation rather than directly on the

geometrical thickness of the cloud.

The notion of the pathlength distribution dates back to

Fock's paper in 1926(Van de Hulst,1980),and is applicable to

L m
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the cloud with multiple scattering (Irvine,1964 and 1863:
Danielson et al.,1969; Appleby and Irvire, i9573;Bakan and

Quenzel,1978).

Wher solar rgdiation ie scattered ir the cioud, the
scattered radiation leaving the cioud is composed of photons
with different patas. The pathlength distribution, P(d) is
defined to be the probability gpger unit pathlength tﬁat
photons will travel a distance { before ensrging fronm the
cloud. The pathlength distribution. P(¢) is nornalized over

a1l rossible pathlengths such that
© .
) purat =1 (3.12)
o

The pathlength distribution has been obizined from a

Monte Carlo simuiation of the actual process of photon

transmission through a cloud layer with conservative
scattering, using the model of Davies(1973). The nodel was
run for specified §J , T and solar zenith angie, &4, with

iC% simulations per case.

Figure 3.2 shows an example of the photon pathlength
distribution of scattering radiation in the case where 64=0,
d=0.86, and 7, =100. The pathlength distridbutisn, P({)
decreases asymptotically for large pathlzagth, and has a
maximum value at about 0.1 km. This pezak is due to the

reflected photons from the cloud layer. The figure is

truncated at 2 km, beyond which P({) continues to deacrease
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asymptotically. Figure 3.3 illustrates the typical photon

pathlength distribution forba stratus cloud. The pathlength
which corresponds tp thg maximum value of P({) ic slightly
larger than éﬁat ofAPkl)“in Fig. 3.2. The maxinum value of
P(ﬂ).in Figure 3.3 is about a half of the P(¢) in Figure
3.2. The decrease oi maximum value of P(/) is dus to the
qecrease of the scattering optical thickress. The value of
P(0) after 0.5 km is higher than that of P(f) in Figure 3.2.
This higher value may be explained b} the higher

ransmission due to lower scattering optical thickness.

The pathlength distribution of stratocumulus clouds is
diszlayed in Figure 3.4. Tﬂe primary peak at abou: 0.25 kn
is due to the reflected photons while the sacendary peak a
about 1.25 km is due to the transmitted photons. &5 ¢an be
seen in Figure 2.4, the transmittsad photons are equally
significant to the fefléééed photons for a given pathlength.
A comparison of these three figures shows that as T

decreasaes, the value of P({) for reflected pnotcns dacreases

vhile the value of P(4) for transmitted phctons increazes.

3.% Transmission Function of Cloud

Figure 5.5 presents an example of water vapor
transmission, at 20 cm?! resolution obtained from LOWTRAN G,
and chows the very rapid change of water vapor transmission

with wavenumber.  This figure clearly illustrates a higher
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1.,1980),

quivalent water vapor paths of 0,1

gure is obtained from LONTRAN 5(Knelzys et a

wavenunaber,

£y
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transmission for a smaller valus of the equivalent water
vapor path. For a finite spectral interval AY.,,  the water

vapor average transmission function may be erxpresed a<

= P -t
T = v SM e dv (3.13)

where é(v) is the volume abscrption coefficient cf water
vapor, and { is photon pathlenzth. It is ﬁoted that in
équation (3.13), ‘ti(e) will no longer nacessarily vary
exponentially with 2 due to the rapid spectral variabiiity

of B8(v).

In the case of a homogeneous cioud composed of water
vapor and liquid water, the cloud transmission funciion can
be obtained by combining liquid water nd  water vapor
transmission functions. The cloud transmission fun:ztisn can

be written as;

Tt = [Tow)(Tow)] (314

. R
where the subseript CD means cloud, and Wzdeis the
trarsnission function of liquid water. Th2 transmission
function of liquid water is given in the forn of

=% | 5 - ¢
v I I (3.15)

where B(v) is the volume absorption coefficient of liquid
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water. The spectral interval, 4y. in equation (2.13) should
be chosen smal!l enough so that the droplet scattering

properties ard B{v) remain relatively constant.

3.6 Spectral Cloud Absorption

To include the effect of water vapor absorption akove the
cloud, the composite transmission function for photons with

pathlength ¢ within the cloud nay be written as;

T (L, uo:ﬁ; ][Tu 410 (3.16)
The quantities kA and d in the equation (S.16) are the

equivalent water vapor amcunt from the tep of atmosphere to - - -

cloud tep and the water vapor amount in cloud, respectively.
The values of y and y are obtained througan th= equations
(3.2) and (3.4). Us 1ng the cloud transmission function and
pathlength distribution, the cloud absorption, A(ﬂ,l’ for a

given Ay is obtained from

u © _, _ '
Alw), = S F (p.)j Pcuei ['l;,..(ﬂ,)- T ‘ée.“co] didv  (3.12)

where u, =C0S8, and Ay=vya,-y,. Ay. is the subdivision of Ay
and the value of Ay, is assigned as 20 enm! in the actual
calculation. F, represents spectral! soiar irradiance at the
top of the atmosphere. The values of solar spectral

irradiance are taken fronm Thekaeﬁara and Drunnond(1971).
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To determine relative absorption, we need Xhe

-

two

separate equations for the two abcorbing constituents of the

cloud. The liquid water absorption, K(uoz, is calculated
through
Y, ©
¥ - 4:;’ .
A(}")‘“’—S E(/U‘)j P(p.,i)[ S (4.4029)
&, [ 3 v 3 AU“

de’

Similarly, the cloud water vapor abserption is given in the

,(-JT';K(F) MJ 104, | (3.18)

forn of
Y

< © ¢
ﬁL=S W | F n[ T ()
A, ”E;Lj.Ecpq 3‘[“

A °

~d TG gi \ |
» Jl A )
( m ) Jﬂ] dt dv (3.19

In (3.17), (3.18) and (3.19), the speciral pathlenzth

distribution, B({) is not strongly

=

ependent ¢ wavenumber.

Therefore, P({) is used instead of B(L).

By representing the iﬁtegrals in the equations (Z.17) to
(3.19) as finite sums, we obtain the totai cloud absorption,
droplet absorption._ andv wvater vapor ansorptier. For the
numeriéal integration, the trapezoidal mzthsd is uced, and
all wvaiues between data points zre linearly interpolated
within the possibie range of linearity. The valuves of step

size for wavenumber integration and pathlength integration

.are taken as 100 ecm? and 0.1 km, respectively.
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The value of Ay, in the water rapor transmissﬁon function is
chosen as 20 cn?. The spectral resolution of droplet
absorption and scattering, and solar irradiance depends on
'the_ degree of variation of volume absorption coefficient,
and scattering‘coefficient. and spectral solar irradiance
with wavenumber. The average value of spectral resolution
of droplet absorption and scattering coefficient are about
320 c¢m? for the interval of integration. The spectral
resolution of solar irradiance is about 240 cm?. Beth are

consistent with integration steps of 100 cmt,

3.7 Summary of Cloud Absorption Model

The numerical integration of A(#°20' d(uozv and Ak#o}o
requires a number of input variables: (1) atmospheric mode1. ”
(2) cloud type, (3) wavenumber interval and step size for
numerical integration, (4) solar zenith angle, and (3)
altitudes of cloud top and base. For the. given cloud type,
solar zenith angle, and wavenumber interval for integration,
the data for pathlength distribution, volume absorption
coefficient of liquid water and spectral solar irradiance
are arranged for the calculation of cloud absorption through
a main program and subroutine programs. In addition, water

vapor transmission is provided from LOWTRAN S.

It is noted that the volume scattering coefficient of -

liquid water changes with cloud type, and thus rathiength
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distribution is also dependent upon the type of <¢loud and
solar =zenith angle. Therefore, the first step 1in the
appiication of the present model to a different cloud ¢type
is ﬁo calculate the optical paramsaters pf the cloud using
Mie the;ry. ﬁéecon&f&. éae photon pathlength distribution
for fixed sofar zenith angle should be generated based on
the average values of scattering optical thickness and
asymmetry factor of the cloud., The calculation of cloud
abcorption fof dif{erent solzr zenith anglez again requires
generation of the photon pathlength distribution. The
generation of photon pathlength distribution is a major task
in the model because it is obtainsd through the Monte Carlo
method and requires a lot of computer time for the

simulation of physical processes within a cloud.

The cloud abcorptions wiih changes of cloud top altitude,
cloud thickness, and atmospheric model <can be obtained
directly from the model By assigning the altitudes of cioud
base and top, aﬁd atmospheric model. The atmospheric model
c¢etermines the naan temperature and pressure ¢f cioud layer,
as well as water vapor amount above the cloud, base4 on the

altitudes ol cloud top and base.

i

Tn2 present model c¢an be extended for further application
by introducing variations of <c¢loud type and atmospheric
model, ZIn additicn, the use ol pathlength distributions for

finite clouds improve the usefuiness of this model.
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addition, a comparison against previously published results

E ; IV. MODEL RESULTS

1.

ﬁhé This chapter presents results from the cloud absorption
i%% model for three types of clouds and five different
égé atmospheric models. In the calculation of cloud absorption,
g?; the effect of solar zenith angle, cloud thickness, season,
%%i and water vapor absorption above the cloud are examined. In
3

has been made to test the present model.

4.1 Spectral Absorption by Water Vapor and Liquid Water

For the investigation of spectral variation of absorption
in stratus cloud whose thickness is 1 km, the cloud is

assumed to be embedded in an atmospheric model for mid-

- model results for specﬁral cloud absorption and atmocpheric
water vapor absorptioﬁ expressed as fractions of the
incident solar irradiaﬁce at the top of the atmosphere. As
illustrated in Figure 4.1, there are eight andv seven
dominant spectral béan invthe profiles of atmospheric water
vapor absorption and cloud absorption, respectively. There

B are four regions of minimum cloud absorption between 1500

cni! and 8000 cni!. These regions are nmainly due to the

nearly codplete absorption by atmospheric water vapor above

latitude summer with overhead sun. Figure 4.1 shows the = -
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the cloud. Over this spectral range, there is a general
correspondence between the maximum c¢loud absorption and the
minimun atmospheric vapor absorption. The maximun cldud
absorption at the point of minimum atmospheric wster vapor
absorption is due to liquid water absorption, as can be seen

in Figure 4.3.

In the spectral region of 8000 to 15000 cnf! in Figure
4.1, the peaks of atmospheric water varor absorption are
superimposed on the peaks of cloud absorpticn, and their
values do not exceed S50 Z. This m=ans that the water vapor
absorption bands within 8000 to 15000 ¢! are not as strong
as the water vapor absorption bands within 1500 to 8000 cnm!.
Therefore, some cloud water vapor absorption can be expected
because of incomplete absorpﬁion by water vapor abeve the

cloud.

Figure 4.2 displays the spectral energy absorbed ty cloud
and atmospheric water vaéor above the cloud as a function of
wavenumber. Instead of fractionai clrud absorption in
Figure .4.1. Figure 4.2 clearly shows the relative
contribution of each ban?d to total cloud absorplicn. A
cempafison of Figs. 4.1 and 4.2 shows that there i3z good
agreement between the patterns of the curves., However, the
maximum fractioenal cloud absorption and atmospheric water
vaper absorption occurs for different wavenumbers than the
maximum values of absorbed energy due to weighting by the

solar spectrum. In terms of absorbed energy, ths maxinum

X3
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The same conditinns in Fig. 4.1 are used.
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cloud absorption occurs between B500 crf! and 7000 cmf?! while

the maximum atmospheric water vapor absorption takes place
in the range of_SOOQ,cﬁ* to 8000 cm!, Two dominant cloud
absorption bands tetween 4000 cnf! and 7000 cm? contribute
significantly to total cloud absorbed energy. Three
absorption bands between 1500 cm?! and 7500 <mt! are the major
éomponents of the atmospheric water vapor absorption above
the cloud. Over the spectral region of 11569 cm* to 15000
cif!, there are two weak bands of cloud and atmospheric water
vapor absorption. Almost all the cloud absorption is due to
the liquid wate} absorption between 1500 cm?! and 7500 cmt,

and to water vapor between 11000 cm! and 15000 cmt.

Figures 4.3 and 4.4 show the relative contritutions ¢to
total ciloud absorption made by liquid water absorption and
absorp@ion by watgr.vapqr within the clcﬁd. As czn be scen
in the figures, the maximum c¢loud absorption over the
spectral range of 10000 to 15000 cnf! is mainly due teo the

cloud water vapor absorption.

Between 7500 erf! and 10000 ecmf', the water vapor
absorption is slightly larger than liquid water absorption.
Almost all the <c¢loud absorption at wavenumber belew about
7000 cu? and elsewhere between the water vapor bands, is due
to liquid water absorption. Cloud water vapor absorption
dominates the total cloud absorption only in the watar vapor
absorption bands above 8000 ecmft. The only .region of

equivalent absorption by liquid water is in the band
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centered at 7500 eonf!.

Tﬂe above results for continuously variable absorption
may be sﬁmmari;éd' &iécretely using the conventional water
vapo} absorption bands, namely: 0.7, 0.8, poz, ¢, ¢, @, X
and 3.2. Table 4.1 shows fractional absorption within and
between the water vapor absorption bands due to water vapor
and liquid water. The U.S. standard atmosphere(1362) and
stratus cloud are used to estimate relative spectral
absorption by water vapor and liquid water. The values in
Table 4.1 are calculated as a percentage of incident
spectral ifradiance at the c¢cloud top. The highest
fractional absorption in ; water vapor band is abcut 97 2 in
the 3.2 um band, and the lowest fractional absorption is
about 3 %2 in the 0.7 um band. In terms of the contribution
of each band to total.cloud absorption, the ¥ and © bands
are Qeéy dominant ié Table 4.1. These two bands constitute
about 35 2 and together with the spectral band betweasn then,
make up almost 50 $ of " the total cloud absorption. As
illustrated in Table 4.2, water vapor absorgtizn is only
dominant in the 0.7, 0.8, and poz bands, while droplet
absorption dominates elsewhere. As the cioud top is raised,
the relative water vapor absorption decreases in each band.
For the cloud top witk height of 1.5 kn, the extent of the
cloud absorption in the eight bands occupies 69.7 £ of total
cloud absorption in the entire solar spectrum. For the

relative absorption in the eight bands, liquid absorption
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Table 4.1

Spectral Cloud Absorption within and betwean the Water
Vapor Bands

Band Band E, (abs.) FE,(abs.) E,(abs.) E,(abs.)
N F.

Name Interval A BA Total abs.
(AN um) (W/m2) (Wri2um!) (2) (2)
0.20~0.70 0.25 0.50 0.04 0.20
0.7 0.70~0.74 l1.66 41.5 3.23 1.32
0.74~0.79 0.27 S.40 0.4% 0.21
0.8 0.79~0.84‘ 1.97 39.4 3.78 1.56
.0.84~0.86 0.19 9.50 0.86 0.18
poz  0.86~0.99 11.33 87.15 11.33 g.99
0.88~1.03 1.30 32.50 4.44 1.03
v 1.03~1.23 12.31 61.55 11.98 9.77
1.23~1.25 1.07 §3.50 11.93 0.85
b4 1.25~1.54 24.18 - 83.38 40.65 19.18
1.54~1.70 18.56 1; 103.50 44.04 13.1<
Q 1.70~2.10 ig.gs 49.88 63.94 i16.83
2.10~2,27 8.77 E 51.09 65.16 6.86
i 2.27~3.0 10.08 .: 13.82 78.26 e.01
3.2 3.0~3.87 6.31 11.c7 96.924 $.01
3.87~7.0 9.83 2.87 9Z.350 7.80

Fa(W/m2) ;Solar irradiance for a given band at the cloud
top. The cloud is assumed to have 1 km thickness, and is in
the U.S. <tandard atmosphere und=r overhead sun.
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Table 4.2
Fractional Absorption of Stratus Cloud
(1) Case of Cloud Top Altitude of 1.5 km
Band ,
Name 0.7 0.8 poz $ 4 Q X 3.2

TOABS 3.2 3.8 11.3 12.0 40.7 63.3 78.3 $6.9
WVABS 93.1 81.2 80.4 49.5 26.3 10.9 €.1 - 2.2

LWABS 6.9 8.8 18.¢€ 50.6 73.6 89.1 94.0 97.8

(2) Case of Clcud Top Altitude of 5 km

Band
Name C.7 0.8 poz $ v Q X 3.2

TOABS 1.8 1.8 6.8 S.6 13.4 65.0 81.8 85.8
WVABS 82.2 77.8 62.4 34.0 20.8 10.0 4.0 1.1

LWABS 17.8 22.1 37.6 €6.0 79.2 90.0 96.0 98.9

The cloud is assumed to have 1 km thickness, and is in the

U.S. standard atmosphere under ov:rhead sun. TOABS: c¢loud
absorption for each band. WVABS ; relative fractional water
vapor absorption in cloud. LW4ABS ; relativa fracticnal

liquid water absorption in cloud. All values in Table 4.2
are expressed as percentages.
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takes 68.3 2 and water vapor absorption occupies 31.7 2.

Outside the water vapor bands, liquid water contributes

about 30 % of total cloud absorption.

As the h;iéht of ;lo;d top changes from 1.5 km to 5 km,
the total cloud absorption in>the eight bands is increased
about 3.1 %. This is due to greater absorption by the
droplets. Of the absorption of eight bands, the liquid
water now occupies 81.1 % vwhile water vapor takes 18.9 2

LY

4.2 Comparison of the Results with a Previous Work

It is desirable to compare these results obtained from
photon pathlength distribﬁtion with previous work. To
examine the validity of computed results, the present work
is compared with Welch.and Cox (1980). Table 4.3 gives a
comparison for a stratus cloud. Before exanining the values
in T;bie 4.3.4it is'imégrtant to point out that the present
computation used the same type of drop size distribution and

the same atmospheric model as tha Welch and Cecx study.

There appears to be a general agreement in the values of
c¢loud transmission and absorption. However, there exist
significant differences in the values of reflection and
wateé vapor absorption above the cloud top. The values of
water vapor absorption above the cloud can alsc be examined
based on the absorptivity curve in Lacis and Hans=n(1974).

According to their curve, the water vapor amount yielding a

~

-
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Table 4.3

Compariscns of the Prasent Work and Welch and Cox's Study

Cloud Top Present Work Welch and Cox Difference
Height (km) (2) (2)
T 13.9 12.8 +1.1
1.5 R 6S.9 58.7 +7.2
A 8.0 8.0 0.0
ATH 12.2 20.5 -8.6
T 14.2 13.3 +0.9
4 R 67.9 682.1 +5.8
A 9.1 ' 10.7 -1.86
ATV 8.8 13.9 -5.1
T 14.9 14.2 +0.7
10 R 71.5 ' 69.4 +2.1
A 12.6 16.4 -3.8
ATM 1.0 0.0 +1.0

- A stratus cloud whose thickness is 1 km is embedded in an

atmospheric model of GATE phase III with overhead sun. T: |
transmission, R ireflection, A : aktsorption, ATM;.
atmospheric water vapor absorption zbove the clcud.
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fractional absorption of 20 % must be larger than 10 cem of
precipitable water. It therefore appears that Welch and Coy
grossly overestimated water vapor absorption above the
cloud. This overestimation of water vapor amount =bove the
cloud directly .~ affects their reflection values.
Unfortunately, there appears to be a lack of other published
results lor further independent verification of the model

presented here.

4.3 Limitations of the Model

The present calculations are performed based on plane-
parallel homogenecous clouds, and zero reflection of solar
radiation from the earth's surface. Actually, clouds are
finite in their dimension, and their drop size distributicn
depends on the position within cloud. 1In additisn, cioud
vapor density changecs with height. The reflectiecn of <colar
radiation from the surface affects c¢loud ahscrption.
However, it is neglected in thzs present calculations because

of its small! effect on cloud abscrption.

For the generation of photon pathlength distribution, the
Monte Carlo method is used. A stochastic error is expectad
from the Monte Carlo simulation of multiple scattering.
This error can be reduced by considering the nuﬁber of
histories and was small for the cases considered here. The

stochastic error is about 0.1 % in the generation of photon
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The water vapor transmission function is obtained from
LOWTRAN S. The computer <zode of LOW/RAN 5 calculates
atmospheric_ transﬁission averaged over 20 cm! intervals in
steps of S enf! from 350 cm? to 40000 cw!. The code uses a
single paraneter band model for molecular absorption. In
the case of the present calculations, some error is expected
from the estimation of the water vapor transmissicn function
because LOWTRAN 5 is incomplete. Although it is difficult
to assess accurately the errcor originated in LOWTRAYM 5.>the
error in the water vapor transmission functicn 1is expected

to be less than 1 Z.

4.4 Dependence of Absorption on Cloud Top Altitude

Figure 4.5 illustrates how the water vapor absorption
above éhe cloud aﬁd'théltotal cloud absorption depends ‘on
the cloud top altitude. A stratus cloud whose thickness is
1 km is assumed to be embedded in an atmospheric model for
GATE phase 1III with overhead sur. The cloud to, altitude
changes from 1.5 to 10 km in the atmospheric model. As the
height of the cloud top increases, absorption by water vapor
above the cloud decreases rapidly due to less colunr vapor
amounts, while liquid water absorption and total absorption
increases steadily within the cloud due to an insrease in

the solar radiation incident on the cloud top. As the cloud

top altitude increases, cloud temperature decreases and
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consequently the water vapor amount in the cloud dJdacreases.
Figure .4.5 does not show nuch decrcase in cloud vapor
absorption. . This means that the reduced acmospheric water
vapor absorption above the cloud largely compensatas for the

lower vapor density within the cioud.

At a height of 10 km, the total cloud atsorption is

increased about 57 % of its value at 1 km, and liquid water

absorption is about 84 2 higher. In contrast, the
atmospheric water vapor absorption above the cloud is
reduced about S2-%Z from its value at 1 kmn. Taus, water
vapor absorption above the cloud has a very impertant effect

on the calculation of total cloud absorption.

Figure 4.6 shows the spectral abserption by a stratus
cloud and atmospheric water vapor above the cloud fer the
cloud top altituae'of.é km. The cloud whose thickness is 1
km is assumed to be embedded in an atmospheric model for
GATE phase III with overhead sun. This figure illustrates
the spectral cloud absorption and atmospheric water vapor
absorption in energy per unit wavenumber. Figure 4.7 also
shows the spectral cloud absorprion and atmespheric
absorption above a cloud for the clouc teop altitude of S kn.
A conparison of Figure§ 4.6 and 4.7 shows that as the clcud
top height increases, spectral cloud absorption increases
steadily between 1500 and 7500 cuw! while the atmospheric

water vapor absorption above the cloud decreases

“xt

’ ,/(
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The cloud ie embedded in an atmospheric model for GATE phase III with overhead sun.

-~
~
S —————

ALYNd ¥ood H0
31 30vd vNiDigo

L.

64



L/t gsi-13

BED ENTRS

B BTt 2 is=3 < oer's"y et o 3 Uit o S v St St ns e IRP Tl

8.63

3o Lo
) f
<
G‘). -
«®
g 1
S i

3

A

Q 2 L ad M
1552 T3 33 Y e R TG 1620

HAVEIQSZ2ZR £Ci-93
Figure 4,7 Spectral cloud absorption(solid) and atmospheric water vapor absorption
(dashed) for cloud top altitude of 5 knm, '

The same conditions in Fig. 4.6 are used for solar zenith angle and atmospheric model,
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significantly in the spectral region between 4500 and 11500
cm!, In the spectral region ranging from 10000 to 14000
cm?, both clogq abso;pﬁicp and column vapor absorption are
decreased. Over this spectra!: range, c¢loud water vapor
absorption dominates over liquid watér absorbtion. and the
decrease of cloud absorption is due to the deerease of water

vapor amount within and above the cloud.

Figures 4.8 and 4.9 display liquid water absorption for
cloud top altitudes of 2 km and 8 km, respectively. An
increase in liquid water absorption can be seen from the
comparision of Figures 4.8 and 4.9, as evidenced by the
broadening of the liquid ‘water absorption bands. A
conparison of Figure 4.10 and 4.11 shows that as the cloud
top altitude changes from 2 km to S km, the cloud water
vapor absorption is decrga;ed slightly everywhere except for
the spécéral regien betﬁeen about 4800 and 86000 ¢, For
the change of cioud ¢top al'titude, two major factors are
related to ecloud water vapor absorption: (1) d=acrease of
water vapor density in cloud due to the lowér tenperature,
(2) increase of available solar energy for cloud absorption
Ey the decrease of atmcspheric vaper absorption abeve the
cloud. Thus, the increase of spectral absorption between
about 4800 and 8000 cn! may be explained by the more
donminant effect of (2) over the effect of (1). The net
effect of increase of cloud top altitude makes the cloud

water vapor absorption decrease.
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Figure 4.8 Spectral cloud absorption(solid) and liquid water absorption(dashed)
for cloud top altitude of 2 kn,

The cloud is embedded in an etmospheric model of GATE phase III with overhead sun,
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Figure 4.9 Spectral cloud abaorption(solid) and liquid water absorption(dashed)
for cloud top altitude of 5 kn

The cloud is embedded 1n an atmospheric model of GATE phase III wWith overhead sun,
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Figure 4,10 Spectral cloud absorption(solid) and cloud water vapor absorption
(dashed) for cloud top altitude of 2 km,

The same conditions in Fig. 4.6 are used for solar zenith angle and atmospheric
model.
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The same conditions in Fig, 4.7 are used for solar zenith angle and atmospherlec model.,

199

i
i
1
]
I
i
i
'
.
Y
I
!
1
v
. Y
!-.
r



tgjins

f

v e

e
cRY

SR L

aT

P L

N e e e

e

|

ey

vR eyt 7YY
"'; Vomim WO

ORIGIMAL i

e 68
OF POOR QUALITY.
4.5 Cloud Absorption for Different Atmospheric Models
Table 4.4 presents absorption, ref'leztion, and

transmission by stratocumulus c¢loud for five different
atméspheric models. The values of cloud absorption are
nearly constant except for GATE phase III. This exception
can be explained by the higher moisture content of its
atmospheric model, causing greater water vapor absorptio:n

above the cloud than for the other atmospheric models.

Conversely, Table 4.4 also shows the highest cloud
absorption occurs for a the mid-latitude winter atmosphere.
This is due to the lowest absorption of &the water vapor

above the cloud. In addition, the highest value of

transmission and reflection for the same atmospheric model

may be explained by the same reason. In contrast, the
values in GATE phase III show that the lowest ones are due

to the highest water vapor absorption above ‘the cloud.

Thus, cloud absorption does not change significantly with
the atmospheric models. However, the atmospheric water
vapor absorption 1is strongly dependent on the moisture

distribution of atmospheric models.

4.6 Change of Cloud Absorption with Cloud Thickness

Table 4.5 1is an illustration of cloud absorption,

reflection, and transmission with the change of geometrical
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.i, OF Table 4.4
HE
i{ Cloud Absorption for Different Atmospheric Models
At -
42; .
f Standard Tropical Mid-lat. Mid-lat. GATE
atmos. ' .atmos, summer.  winter phase III
' :, Transmission 340.2 333.6 335.5 343.9 33.0
it
5 Paflection 790.7 775.9 780.5 799.0 771.9
it Absorption 110.4  108.2  109.8  117.7 93.7
:’. Atmospheric
i vapor abs, 93.9 117.8 109.8 80.4 137.1
%, Water vapor .
a path 0.20 0.45 0.34 0.12 0.83
E
.‘Tf All values in Table 4.5 have units of W/m2. A stratccunulus
5 cloud is assumed to be embedded in the five different
i& atmospheric models with overhead sun, The c¢loud top
?»}_' altitude is 3 km, and its thickness is 1 km. The vertical /
2 water vapor path above the cloud is expressed in cm. /
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Table 4.5
Cloud Absorption with Change of Cloud Thickness
AZ(km) Percent Stratocunmulus Nimbostratus
DL E Transmiésion 28.2 8.6
(2.5~3) Reflection 63.9 78.9
Absorption 7.9 11.5
1 Transmission 27.9 8.5
(2~3) Reflection 63.2 79.5
Absorption 8.9 12.0
2 Transmission 27.3 8.4
(1~3) Reflection 62.2 78.6
Absorption 10.5 13.0

The clouds are assumed to be in the tropical atmosphere with .

overhead sun.
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thickneés'of clioud. The ecalculations are performed for
constant scattering optical thickness for each cloud
discussed in section 3.2. The total liquid water content of
clouds is kept fixed because of the uniform distribution of
cloud droplets, The cloud top altitude is alsé fired at 3
km so that all clouds may have the same amount of solar flux

on their upper boundary.

Table 4.5 shows that as the cloud thickness increases,
cloud absorption increases. In addition, the reflection and
transmiscsion show a slight decrease in their values as the
geometrical cloud thickness increases. Therefore, it is
obvious that the geometrical thickness of the cloud is not
an important factor for fixed water content, but the optical
thickness is a major factor in determining cloud absorption,

reflection, and transmission.

4.7 Cloud Absorption by Different Types of Cloud

The cloud absorption depends to some extent upon the
microphysical properties and stage of developnmemt of cloud.
Table 4.6 shows total absorption, reflection; and
transmission for three types of cloud discussed in section
3.2. As can be seen from Table 4.6, the highest absorption
takés place in the nimbostratus, whicn has the highest

liquid water content.
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3 Table 4.6
X
- Cloud Absorption by Different Types of Cloud
ig percent Stratus Stratocumulus Nimbostratus
i ___(top) (base) (top)
"r:,‘:fL . o
;_';‘;f Absorption 10.5 8.7 11.9

Ere .
}g Transmissicn 15.5 27.4 8.5
&
i Reflection 74.0 63.9 73.6
%ﬁ Note; All clouds are assumed to be embedded in the
513 atmospheric model of mid-latitude summer with cverhead sun.’
éi The cloud top altitude is 2.5 km, and the thickness of
g% clouds is 1 km. All values ir T-ble 4.6 are expressed as
25 percentages of sclar radiation incident on the cioud top.
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It appears that the amount of liquid water has little

" effect on cloud absorption. For example, the liquid water

content of nimbostratus is about seven times larger chan

that' of stratocumulus, but thae difference in their

fractional absorptions is only 3.2 8. On the other nand,

the liquid water content strongly influences cloud
reflection and transmission. In the case ol traasmission

and reflection, the differences between thece two cloud

types are approximately 19 ¥ and 16Z.

4.8 Dependence of Cloud Absorption on Solar Zenith Angle

Based on he incident solar radiation at the top of
c¢loud, the fractional absorption is plotted against the
solar zenith angle in Figure 4.12. The height of the cloud -
top is assumed to be 3 km, and its thickness is ! km. The

standard atmospheric moda! a:d stratus cloud are used

for the calculation of fractional absorption. The result

indicates that the fractional absorption decreases from 10.7

% to 5.7 2 as the solar zenith angle increases. However,

" this range is quite Variable with the type of cloud, cloud

thickness, and atmospheric state.

Figure 4.13 shows that the absorbed energy by stratus
clouc decreases steadily with the increase of solar zenith

angle for the same conditions as Figure 4,12. The

absorbs about 134 W/m? under overhead sun and about 13 W/m2

for a solar zenith angle of 75°. The decrease in absorbad

.

cloud L
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energy may be explained by (1) decresase of incident solar
anergy per unit. area due to effect of angle of incidence.
and (2) shorter pathlength of photons due to less
probability of penetration into cloud; and (3) increase of

water vapor path above the cloud.
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" ¥. GLOBAL APPLICATION OF MODEL RESULTS

The results obtained in Chapter IV may be used in global
applications; for example, general circulation or climate
models. Since the energy absorbed, reflected, and
transmitted by a cloud is not significantly dependent on the
seasonal and 2zonal atmospheric mnodels, it is possible to
generate cloud absorption by a simple parameterization of
the optical properties of cloud, based on cloud clinatology.
The atnospheric water vapor absorption above the <¢loud can
also be obtained easily from the relevant atmospheric model.
The resnltsvof Figure 4.5, in particular can be used as a
useful guideline.  for the parameterization of cloud
aksorption and atmospheric water vapor absorption above the
cloud. The nearly linear variation of these two curves will

mak# parameterization simpler.

A range of cloud absorption under overhead sun may be
suggested for global applications. The values in Table
S5.1.(a) are only applicable to the clouds whose liquid water
content ranges from 0.14 to 1.0 gram/m3®, and are given as

the fraction of solar radiation at cloud top.

An estimation of cloud absorption can be made by the

global averages of liquid water content and thickness of



"

TSR

e
-~

66

Table 5.1
Global Application of Cloud Absorption Model

(a) Range of Global Cloud Absorption for Overhead Sun

Cloud Thickness(kn) Cloud absorption(2)
1 8 - 12
2 10 - 13

The values in Table 5.1.(a) are expressed as a fraction of
solar radiation incident on the top of cloud.

(b) Zonal Average of Cloud Absorption

.Latitude zone <CO0S8,> (CLDABS%“ (CLDABS) /
(H/m2) Fo<C0S8,>
0~ 10 ~ 0.834 59.2 6.9
10 ~ 20  o0.615 56.9 6.8 ]
20 ~ 30 0.577 51.6 6.6 f |
30 ~ 40 0.521 48.2 6.8 | g
40 ~ 50 0.450 42.8 7.0 é
50 ~ 60 0.365 34.6 7.0 '

60 ~ 70 0.269 25.5 7.0 o L

The values in the last column are expressed as percentages.
(CLDABS)Mc is zonal average cloud absorption over daylength
based on mean cosine of solar zenith angle. The subscript co .
MC stands for mean cosine of 8. Fp is solar irradiance at e
the top of the atmosphere. <C0S8y> is mean cosine of solar
zenith angle.
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clouds. The global averages of liquid water content and
cloud thickness may be assumed to be 0.2 - 0.3 g/n? and ~1.6
knm. These values can be estimated approxihately from a
typical value of liquid water content of non-precipitating
cumulus clouds, 0.5 g/m?, and data on the zonal distribution
of cloud amount‘and thickness (Paltridge and Platt,1976;
Rogers,1379) Based on these values and Table 5.1.(a), liquid
water clouds usually absorb about 8 = 9 % of the incident

solar radiation at the top of cloud for overhead sun.

Based on the average cosine of solar zenith angle at the

~vernal equinox and the zonal distribution of cloud amount

and thickness (Paltridge and Platt, 1976), Table £.1.(b)

illustrates an estimation of cloud absorption for each

latitudinal zone in Northern Hemisphere. It is noted that -

the present calculations exclude the data on cirrus and

altostratus clouds because these clouds are high-level

clouds and are composed of ice crystals.  Therefore, the -

values in Table 5.1.(b) are averaged ones due to only liquid
wateé clouds. Although the result is a preliminary figure,
the values in the last column show little variation with
latitude zone. This may be explained by the fact that the
mean wvater vapor path to cloud .top is approximately
independent of the latitudes. Approxinately, the same mean
water vapor . path may be expected in both low and high
latitudes since lower column vapor amount occurs  at

latitudes with higher mean solar zenith angle, and higher

i,
%X
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¢olumn vapor amount takes place at latitudes with lower mean

solar zenith anglae,

Averazing. ei:.' zbsorption from the equater to 70°N, the
global average absorpéion is obtained and the value is
estimated as about 47 W/m?. This value is approximately 7 2
of the globally averaged solar irradiance at the top of the
atmosphare. However, this value may be changed by the

consideration of ice ecrystal clouds.
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VI. CONCLUSIONS

A theoretical model of spectral absorpticii of solar
radiation in homogeneous clouds has been developed for the
purpose of the present investigations. This model is

linited to plane-parallel homogeneous water droplet clouds.

The model results presented in Chapter IV indicate that
cloud absorption and atmospheric water vapor absorption
above the cloud are highly dependent upon tcthe wavenumber.
There are four principal! regions of minimum cloud absorptioq
and three dominant bands of cloud absorption between about
1500 cm? and 7500 cm!. The three dominant cloud absorption
bands exist at the poinés of the minimum atmospheric water.
vapor absorption, And are due to nearly complete liquid fl
water absorption. The:minimum cloud absorption regions are
mainly due to the neafly complete absorpticn by atmospheric
water‘vapor above the cloud. Over this spectrai! range,
there is a general correspondence between the maximum cloud
absorption and the vminimum atmospheric water  vapor
absorption. Two cloud absorption bands between 7503 cm! and
11500 cm! occur at the points of the weak atm&spheric watér‘..

vapor absorption, and are mainly due to both liquid water e

-

and c¢loud water vapor absorption. The cloud absorption
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bands between 11500 cm! and 15500 cu? are mainly due to
water vapor absorption. Therefore, the liquid water
contributes nearly completely to cloud absorption between
2000‘cm"z and 7500 cm? while water vapor absorption is the
major contributer to cloud absorption between 10000 cm!

15000 cm!.

Averaged over the whole solar spectrum, total cloud
absorption, as a fraction of the incident solar radiation at
the top of the cloud, depends most strongly on liquid water

A

absor, ion in the wavenumber interval ranging from 1800 to

11500 cn!, and to a lesser extent on water vapor absorption

_elsewhere. Thus, the most critical parameters to the model

are iiquid water content and the amount of water vapor above

the cloud.

For the whole spectral range of solar radiation, 1 km
thick c¢loud absorbs about 8 to 12 % of solar radiation
incident on the <c¢loud ¢top for overhead sun. Cloud
reflection changes from 12 % to 80 &, and transmission
changes from 8.5 % to 28 Z. In terms of the relative
absorption by liquid water compéred with water vapor within
cloud, liquid water contributes about 77 Z to 81 % of total
cloud absorption, depending on cloud type, cloud top

altitude, and atmospheric nodel,. The cloud waﬁer vapor

contributes the remaining 9 to 21 % to total cloud . ..

absorpticn. This relative ratio is sensitive to the changes

'T\ e .
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of cloud top altitude within the wavenumber interval of 8000

to 15000 cmt.

Water vapor absorption dominates over liquid water
absorption in‘ three bands, ie., 0.7, 0.8, and poz. The
results obtained indicate that even in the water vapor

absorption bands liquid water donminates over water vapor in

absorption. Of the water vapor absorption bands, 3.2 um
band is the most nighly saturated band, and ¥ band makes the

highest contribution to total amount of energy absorbed by

cloud,

For an increase in cloud top height, cloud and liquid
water absorption increase significantly, while water vapor
absorption decreases slightly. The c¢loud absorption does_‘

not show a significant difference for seasonal and zonal '

atmospheric models.

As the physicél ﬁhickness of the cloud increases Sop . -
fixed scattering optical thickness, fractional cloud

absorption increases slightly while fracticnal cloud.

reflection and transmission show a slight decrease in their

values,

The amount of liquid water in a cloud does not greatly
influence fractional absorption of cloud. However,
fractional transmission and reflection of cloud are highly.
dependent upon the liquid water content. For an increase of 

solar zenith angle, fractional cloud absorption and
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transmission decreases steadily while e¢loud reflection
increases. 1In the case of a stratus cloud whose thickness.
is 1 km, the range of fractional absorption decrease from

10.7 % to 5.7 2. for a change of solar zenith angle from

zero to 750,

Thg applicatiop of model results to global average liquid
water content and thickness of cloud indicates that liquid
wvater clouds absorb about 8 to 9 % of the incident solar
radiation at the top of cloud under overhead sun. There are
no strong zonal effects on fractional cloud absorption. The
global mean fractional cloud absorption is about 7 g of the
globally averazed solar irradiance at the top 6? atmosphere.
However, this is an approximate estimation based on the data

of liquid water c¢louds in the Northern Hemisphere.

Finally, the Present results suggeét that the amount of
energy absorbed by a . clbud is mainly determined by thev.
liquid water content“of the cloud, the atmospheriec water:‘
vapor profile above thg cloud top,and solar zenith angle.
The liquid water absorétion is primarily responsible for the
cloud absorption, and increases with the increase of cloud
top altitude. Tbe cloud water vapor absorption is nearly
constant for the change of cloud top altitude. As the cloud

top altitude increases, the relative contribution of c¢loud
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water vapor decreases while the liquid water absorption

absorption increases.

Since the present work is limited to plane-parallel

homogeneous clouds, future studies on this problem should

include the effects of finite'énd inhomogeneous clouds, and

should account for the global distribution of clouds. In

addition, the effect of surface albedo in the presence of

broken clouds has to be considered.
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