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1. INTRODUCTION

The realization in recent years that human endeavors are particularly

wyilnerable to uncertainties in climate, and that human activity may be
causing climatic change even now, lends a special urgency to the need
for deeper understanding of the climate of the Earth and the problems of
assessing and predicting climate change. The human suffering resulting
from the extended drought in the Sahel bears agonizing witness to the
disastrous potential of climatic variability. As it happens, the climate of
the planet is now in a particularly benign stage. Paleoclimatological and
historical records show that the climate has not always been so benev-
olent. The last ice age, of 20,000 years ago, when kilometer-thick glaciers

overed parts of the northern hemisphere as far south as 40° latitude, and

1 Present address: Air Force Global Weather Central, Offutt AFB, Nebraska 68113.
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the “‘little ice age’’ of historical times demonstrate this reality in a manner
most convincing.

The climate of the planet is a complex combination of time-mean states
of a large array of parameters, both internal and external to the Earth-
atmosphere system. Schneider and Dickinson (1974) have reduced to
three the number of fundamental physical factors that determine the
climate. These are the input of solar radiation, the composition of the
atmosphere, and the Earth’s surface characteristics. The primary effect
of these factors is the role they play in determining the radiation balance
of the atmosphere and the Earth. Over a sufficiently long time, the
absorbed solar radiation must be balanced by the outgoing terrestrial
radiation. On the global average and over a long time interval, this
balance seems to be maintained, but on the smaller scale in time and
space this is not generally true. The temporary imbalances in the radiative
budget result in differential heating of the globe which, coupled with the
‘rotation of the Earth, drives the circulation of the atmosphere and the
ocean currents. These circulations in turn reguiate the distributions of
temperature, cloudiness, and precipitation over the globe. Understanding
of climate and the mechanisms of climate change must begin with detailed
understanding of the radiative balance of the atmosphere and Earth and
of the factors which influence that balance sufficiently to cause long-term
changes in the climate.

The most important regulators of the radiation balance are clouds,
" which regularly occupy at least 50% of the sky on a global scale. Clouds
absorb and scatter the incoming solar radiation and emit thermal radiation
according to their temperatures. The climatological horizontal extent of
the cloud cover, the percent of the sky covered by clouds, has a very
strong impact upon the radiation balance of the Earth-atmosphere sys-
tem. Local variations in cloudiness are a natural, regularly occurring
phenomenon, of only transient local importance to the radiation balance.
Such local changes are due to the changing synoptic-scale conditiong
embedded in the general circulation. Long-term, secular changes in clou-
diness are difficult to detect, especially since, until rather recently, ob-
servations have been almost exclusively ground-based and subject to the
attendant errors.

Evidence of changes in global average cloudiness does not exist at
present, but there may exist evidence that more localized cloudiness has
increased. Machta and Carpenter (1971) reported on secular increases in
the amount of high cloud cover in the absence of low or middle clouds.
The authors reported increases in the cirrus cloudiness at a number of
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stations in the United States between 1948 and 1970. It has been sug-%

gested (Study of Man’s Impact on Climate, 1971) that there may be a
link between this increase in cloudiness and the expansion of jet aircraft



2

CLIMATIC EFFECTS OF CIRRUS CLOUDS 233

flights in the upper troposphere and lower stratosphere. If this link does
exist, then the projected increase of jet aircraft traffic in the next two
decades may cause a large increase in cirrus cloudiness, particularly over
North America, the north Atlantic, and Europe, in the latitude range
between 30° and 65° north.

Such an increase in cloudiness may have serious implications for the
radiation balance of the Earth’s atmosphere and consequent impact upon
the planetary climate. A significant increase in cirrus clouds should serve
to raise the Earth’s albedo over the affected regions and thereby reduce
the absorption of solar radiation. More serious results might follow should
the radiation balance be upset sufficiently to allow some feedback process
to amplify the effects. Schneider and Dickinson (1971) identify at least
seven feedback or coupled mechanisms operating in the climatic balance.

The purpose of this article, then, is to report on an investigation of the

"™ radiative balance of the Earth-atmosphere systems, its sensitivity to cloud

‘—and aerosol scattering, and the impact which an increase in cirrus clou-

ok

diness might have upon that balance. The research program was carried
out by constructing a model of the Earth’s atmospheric radiation budget
and then varying the cirrus cloud cover in accordance with hypothetical
projections. The accuracy of the radiation budget was determined by
comparisons with earlier calculations and with satellite observations of
the radiation balance parameters. The radiation budgets of the northern
and southern hemispheres are investigated simultaneously utilizing an
accurate radiative transfer technique. The changes in heating and cooling
rates, zonally averaged albedo, atmospheric absorption, emission and
transmission of the radiation, and the radiative budgets for the top,
bottom, and within the atmosphere were then calculated and analyzed.

The next section presents a critical analysis of previous atmospheric
radiation and heat budget studies, including the comprehensive studies
by London (1957), and Katayama (1967a,b) of the northern hemisphere,
and Sasamori et al. (1972) of the southern hemisphere. The third section
is a discussion of the radiative and pertinent physical properties of the
global atmosphere and the solution of the radiative transfer equation
employed in this work. Section 4 is a discussion and analysis of the
global heat and radiation budgets and comparisons with earlier calcula-
tions and satellite observations. Finally, the fifth section will present
results obtained by including increasing amounts of cirrus cloudiness in
the model.

2. REVIEwW OF PREVIOUS WORK

Present knowledge about the radiation balance of the Earth dates
largely from the work of Simpson (1928) and Baur and Phillips (1934).
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These earliest results were based on a great many simplifying assump-
tions and very sketchy data, especially concerning the emission and
absorption of terrestrial longwave radiation (Houghton, 1954). The work
of these earlier researchers on atmospheric absorption of solar radiation
was based largely on work done by the Smithsonian Institution. Simpson,
for example, used a value of the planetary albedo of 0.43, taken from
results of work at the Smithsonian.

Simpson recognized the importance of the spectral distribution of water
vapor absorption and used a simple model of the atmosphere, based on
rather crude data, to calculate the latitudinal and seasonal distributions
of the radiative balance. However, he chose to consider only water vapor
absorption of longwave radiation, thus ignoring the important contribu-
tions made by CO, and O; in the upper atmosphere. Furthermore, since
he lacked sufficient information about the absorption properties of water
vapor, he attempted to deduce them from attempts to balance the com-
puted upwelling planetary radiation flux with the incoming solar radia-
tion, wherein he used a value for the Earth’s albedo of 0.43 and assumed
no distribution of albedo with latitude. As a result, Simpson obtained a
very flat latitudinal distribution of outgoing infrared flux at the top of the
atmosphere.

Baur and Phillips improved upon Simpson’s work by integrating the
equations of radiative transfer to obtain a more realistic physical model.
Their independent calculations of the global albedo led to a description
of the variation of the albedo with latitude, but their mean global albedo
was computed to be the same value as that used by Simpson.

With more detailed and extensive information about the absorption
spectrum of water vapor and infrared transmission provided by the work
of Elsasser (1938) and Schnaidt (1939), improved versions of atmospheric
radiation charts were produced by Elsasser (1942) and Moller (1943).
Elsasser’s chart, however, did not properly account for the pressure

dependency of absorption. Yamamoto (1950), using later calculations of _

the water vapor absorption spectrum produced an additional radiation
chart.

Houghton (1954) made comprehensive calculations of the annual heat
balance of the northern hemisphere, relying upon the Elsasser chart to
compute the upwelling flux at the top of the atmosphere and upon ob-
servations from a pyrheliometric network to derive the solar radiation
reaching the surface. Absorption by ozone was neglected, but Rayleigh
scattering and absorption and scattering by aerosols were also consid-
ered, although somewhat crudely parameterized. He did perform a useful
computation of zonally averaged surface albedos, which had not been
done at that time, and using the available information about cloud albe-
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dos, computed reasonable values for the mean annual albedo of the
hemisphere and zonally averaged latitude belts. His planetary albedo was
determined to be 0.34. The primary shortcomings of his work were the
lack of calculations of absorption and emission in the upper atmosphere
by ozone and carbon dioxide, the lack of accurate computations for
aerosol and cloud scattering, and the cloud albedos used, which are at
variance with more recent values.

London (1957) developed a radiation balance model for the northern
hemisphere which included results for the vertical, latitudinal, and sea-
sonal distributions of radiative heating and cooling and vertical fluxes of
solar and planetary radiation. The Elsasser diagram was again used to
calculate longwave upward flux, while empirical expressions for the ab-
sorption and scattering of solar radiation were employed. Scattering by
clouds was ignored, and Rayleigh and aerosol scattering treated in a
simple manner. Ozone and CO, effects were not considered. London
used a cloud distribution consisting of heights and thicknesses of six
cloud types, along with their climatological values of fractional cloudiness
at 10° latitude belts (Telegadas and London, 1954). This cloud climatology
is the only one of its kind yet in existence, and was used in the present
study. London calculated the total planetary albedo to be 0.35. The
atmospheric heat budget presented by Davis (1963) included computa-
tions of net latent heat and sensible heat flux from the Earth’s surface to

“the atmosphere for the latitude belt 20°N to 70°N. Infrared cooling was

computed with the use of a number of approximations for intensity and
flux transmittances. Solar heating rates were computed with the use of
empirical expressions for absorption by water vapor, carbon dioxide, and
ozone. Scattering by clouds and aerosols was not considered.

The radiation budget model of Katayama (1966, 1967a,b) for the north-
ern hemisphere troposphere is extremely detailed and complete, including
seasonal, latitudinal, zonal, and hemispheric distributions of the radiation

.and heating and a comprehensive discussion of energy balances. The

tropospheric model did not consider ozone or carbon dioxide absorption,
and graphical methods and the chart of Yamamoto were used to compute
planetary radiation fluxes. In the longwave spectrum, clouds were treated
as blackbodies, with the exception of cirrus, which was considered to be
gray. In the solar spectrum, Katayama relied upon empirical equations
integrated over the whole solar spectral range for absorption by water
vapor, Rayleigh scattering, reflection by clouds, and depletion by dust.
The effects of cloud scattering and aerosol scattering were accounted for
only by simplified approximations. Katayama obtained a planetary albedo
of 0.374, from which he subtracted 2.8% of the incident solar flux to
account for absorption by stratospheric ozone, to obtain a corrected
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value of 0.346, which is very close to the values of 0.34 and 0.35 obtained
by Houghton and London, respectively. Katayama derived useful values
for the latitudinal distribution of zonally averaged albedos for January
and July in the northern hemisphere, which were used in the present
study.

Rodgers (1967) calculated the radiative energy budget for the region
0°-70° north and from 1000 to 10 mb for January, April, July, and Oc-
tober. In this work, parameterized equations were used in both the solar
and infrared spectra. For the thermal spectrum, Rodgers used a Goody
random model, with the Curtis—-Godson approximation for water vapor
absorption. All clouds were assumed black for terrestrial radiation except
cirrus, which he took to be 50% black. In the solar spectrum, Rodgers
used a computer modeled ray-tracing technique, following individual rays
through the atmosphere from the top to the final destination in the at-
mosphere, the surface, or back to space. The heating rates computed in

Rodger’s model roughly approximate the zonal cross sections obtained °

in the present work. Again, the shortcoming in Rodger’s work is the lack
of adequate means of handling the scattering by aerosols and clouds. For
clouds, Rodgers used a single absorption coefficient throughout the entire
solar spectrum.

The southern hemisphere had been largely ignored until Sasamori et
al. (1972) performed their comprehensive radiation budget calculations.
This study followed the general techniques of Houghton, London, and
Katayama. Calculation of radiation fluxes in the vertical was reduced to
integration of formulas for upward flux at the top of the atmosphere and
downward flux at the bottom, therefore the study does not present ver-
tical distributions of the radiative parameters. The cloud distributions
used were taken from the work of van Loon (1972) for fractional cloud
amount, and from Telegadas and London (1954) for heights of cloud top
and base, since there is little data available for the southern hemisphere.
These data were also used in the present work. Sasamori et al. do
compare their results with computations of other researchers and with
the satellite observations of Vonder Haar and Suomi (1971). The results
of the present work are, in turn, compared with the calculations of
Sasamori et al. and with the satellite observations. The planetary albedo
computed for the southern hemisphere by Sasamori et al. is 0.347.

Dopplick (1972) reported a study of radiative heating of the global
atmosphere, in which were provided monthly and annual zonal mean
global heating rates in the form of latitudinal cross sections. Dopplick
also presented seasonal profiles of the contribution of each atmospheric
constituent. For his calculations in the infrared, Dopplick used a Goody
random model fitted in 20 spectral intervals and combined that with a
continuum absorption and the Curtis—Godson approximation to represent
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water vapor transmission. Empirical fits to measured absorption bands
were used to model solar radiative transfer. Three classes of clouds,
determined largely from satellite observations, were considered. Cloud
scattering and scattering and absorption by aerosols were not considered
at all.

A paper by Hunt (1977) addressed the sensitivity of the various com-
ponents of the radiation balance to changes in cloud properties. Using a
zonally averaged model atmosphere for both the northern and southern
hemispheres, and a simple radiative transfer model of the sort to be used
in a general circulation model, Hunt computed the sensitivity of solar
heating and thermal cooling for various cloud conditions and various
cloud radiative properties. This is a useful study in demonstrating the
effects of various cloud parameterizations. However, the lack of infor-
mation about the vertical structure of global cloud fields hampers his
attempts to model the zonally averaged distribution of atmospheric heat-
ing. This same lack has characterized all attempts to model the global
heat budget in detail, including the present work. Hunt does conclude
that the atmospheric heating is highly sensitive to even small changes in
cloud structure, a conclusion which is supported by the present study.

Satellite observations of the global radiation budget were reported by
Vonder Haar (1968) and Vonder Haar and Suomi (1971) and were used
in the present work as standards for comparison. Three very important
radiation components were reported in these studies. These included the
reflected solar flux, absorbed solar flux, and the upwelling longwave flux
at the top of the atmosphere. Seasonal and annual latitudinal variations
as well as global horizontal distributions of these components are pre-
sented, and provide convenient standards by which the success of the
present radiation budget calculations can be judged. In addition to the
two studies listed, the work of Raschke and Bandeen (1970) for June and
July of 1966 was also used for purposes of comparison.

* The primary shortcomings of the radiation budget models described
above, in addition to the scarcity. of data, a problem shared by all at-
mospheric radiation researchers, are in their handling of clouds and
aerosols. Due to the nature of the methods used, scattering has been
largely ignored and aerosols sometimes neglected entirely. One purpose
of the present work has been to provide a method for considering both
scattering and absorption properties of clouds and aerosols, and to dem-
onstrate the effects that these factors may have on the radiation budget.

3. RADIATIVE TRANSFER IN THE ATMOSPHERE

In order to model the atmospheric radiation balance, the transfer of
radiant energy through the atmospheric medium as described quantita-
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tively by the radiative transfer equation must be computed. Many meth-
ods exist to perform these calculations, but few of these techniques meet
the criteria of accuracy and efficiency, required in any scheme to be used
in the extensive calculations involved in a radiation budget model. In the
case of the solar radiation entering the atmosphere and being absorbed
and scattered by the gas molecules, clouds, and aerosols, a detailed
accounting must be kept for every spectral band and every layer in the
model atmosphere. For thermal infrared radiation, the problem is some-
what simplified in that only flux calculations need to be performed in the
clear atmosphere, since scattering computations are required only in very
thin clouds such as cirrus.

To be useful for the purposes of the present study, a method of carrying
out radiative transfer calculations must be relatively inexpensive in terms
of computation time, since a great many calculations must be performed.
For meteorological applications involving radiative transfer through
clouds and aerosols in the atmosphere, the discrete ordinate method for
radiative transfer, originally introduced by Chandrasekhar (1950) and
further developed by Liou (1973a, 1974a) has been found quite efficient.
The method allows for the solutions of the fundamental monochromatic
radiative transfer equation to be derived explicitly and simplified. Fur-
ther, the discrete ordinate method can easily take into account the dis-
tribution, thickness, and type of clouds and aerosols, making the scheme
well suited to a study of the Earth’s radiation budget.

3.1. Method of Radiative Transfer

The appropriate transfer equations describing the radiation field for the
azimuthal independent diffuse intensity I may be written

dl(r,
’L—_(;}L) )—-——f P(u, w')I(r, u') dp'
©0 FuP (. o) exp (1) - SOL
) _ Mo

(1 - @¢)B,(T) - IR

where 7 represents the optical depth, u and u 4 the cosine of the emergent
and solar zenith angles, respectively, @, the single scattering albedo, F,
the incident solar flux, T the temperature, P the normalized phase func-
tion, and B, the Planck function. Except T, u, and u,, all parameters
are wavelength or wave number dependent.
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Employing the discrete-ordinates method for radiative transfer, the
solutions of the transfer equations as shown by Liou (1973a) are given

by
@ 1w = 3 Lyl exp(—ksr) + {ﬁ% e Cri) — R

where i and j (—n, n) denote the discrete streams (positive upward and
negative downward) used in approximating the basic transfer equation,
¢; and k; represent the eigenfunction and eigenvalue, respectively, the Z
function is associated with Chandrasekhar’s H function, the single scat-
tering albedo and the expanded phase function in forms of Lengendre
polynomials, and L;’s are coefficients to be determined from the bound-
ary conditions.

The solutions of the radiative transfer equations given by Eq. (2) are
applicable to a homogeneous and isothermal layer. Thus, in order to
apply such solutions to inhomogeneous atmospheres, we divide the at-
mosphere into a number of sublayers each of which may be considered
to be homogeneous and isothermal (Liou, 1975). At the top of the at-
mosphere, there is no downward diffuse intensity so that

3) 1'0, —p:) =0

Between the layers, the intensities from all directions must be continuous.
Thus,

) INrY, wy) = IMYY(TY, wy), I1=1,2,...,N—-1

where N is the total number of sublayers and 7 represents the optical

depth from the top of the atmosphere to the layer /. At the bottom of the
atmosphere, the upward intensity is given by

As <
- [2’”2 aipd(7y, — )
T i=1
(5) IN(TN, +I-Li) = + ’TT/J;()F() €Xp (—TN):I el SOL
Mo
B, (T,) - IR

where A, represents the surface albedo and T the surface temperature.

Upon inserting the intensity solution into Egs. (3)-(5), a set of linear
equations is obtained from which the unknown coefficients L; for each
sublayer may be determined by means of a matrix inversion technique.
Once the constants of proportionality have been derived, then the inten-
! sity distribution at any level in the atmosphere may be evaluated. The
next step is then to compute the upward and downward fluxes for each



240 KENNETH P. FREEMAN AND KUO-NAN LIOU

layer. They are given by

Ft(r) =27 E apd(t, u;)
i=1

(6)
Fi(r) = —2= Z aipd(r, —pi) = S(1, —po)
where
™ S(r, — o) = {(’)’ #oFoexp(=r/po) = DL
The net flux for a given layer may be computed from R
(8) Fx(r) = F'(r) + F!(1)

and the heating or cooling rate for a layer of air resulting from the’
absorption by atmospheric gases and cloud and aerosol particles can be
calculated from

©) dT\' _ 1 (dFx\' _ ge Fn(r) = Fx(r + A7)
(6) (%) -e™

where Ar = po.AZ, o, represents the extinction coefficient, p the air
density, and C, is the specific heat of air for constant pressure. Com-
putations of the reflection, absorption, and transmission of solar radiation
and heating and/or cooling rates covering the entire spectral regions
follow the technique described by Liou (1976).

3.2. Solar Radiation

In the solar spectrum, the primary gaseous absorbers considered were
water vapor, ozone, molecular oxygen, and carbon dioxide. Note that
the CO, absorption contribution was overshadowed by water vapor ab-
sorption in the near infrared. In addition, scattering and absorption by
clouds and aerosols were taken into account. Both absorption and scat-
tering are strongly dependent upon wavelength. In the ultraviolet and
visible bands, absorption by ozone in the 0.3 wm and 0.5 xm bands, and
by oxygen in the 0.76 um band is considered.

The range of solar spectrum considered in this research was that from
0.2 to 3.4 um. The particular bands chosen, the fractional solar flux in
each band, and the primary absorber in each band are presented in Fig.
1. The value of the solar constant used in this study was 1353 W m™2
(Thekaekara, 1976). The fractional solar flux in each band was alsom
determined from the work of Thekaekara (1974).
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FiG. 1. Spectral energy curve of solar radiation at the top of the atmosphere. The spectral
bands utilized in the solar radiation program are indicated. The inner curve is the solar
spectrum at the bottom of the atmosphere, and the shaded areas are absorption bands.
(After Thekaekara, 1974.)

3.2.1. Water Vapor and Carbon Dioxide Absorption. Water vapor and
carbon dioxide absorb solar radiation in the vibrational-rotational bands
in the near infrared, most strongly in the 2.7 um band. The 3.2 um and
the overtone and combination bands in the near infrared also provide
significant contributions to the water vapor absorption. A strong absorp-
tion band exists at 6.3 um, but very little solar energy is available in that
spectral region, so it was neglected.

Liou and Sasamori (1975) developed a new formula for the mean
absorptivity of water vapor and carbon dioxide absorption based upon
the empirical formulas derived by Howard et al. (1956). It is given by

(10) A= % [C + Dloge(x + xo)]

where x =uP¥P x,=10"¢P2 C, D, and K are empirical constants, R
is the spectral interval for the absorption band, and u is the path length.
The new formula is now applicable to both strong and weak absorption.

The continuous function for absorption can now be represented by a
series of exponential functions, physically equivalent to spectral subin-
tervals.
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M
(11 A=1-Y w,exp(—kyx)
m=1

where M is the total number of subintervals for each band, w, the
weighting function for each subinterval, k, the equivalent absorption
coefficient for each subinterval, and x has some value between 0 and
300.

After evaluating Eq. (10) for total absorption, Eq. (11) is applied to
obtain values for k,, and w,. For the weak bands, the values of x chosen
were 300, 30, 3, 0.3, and 0.03; and for the strong 2.7 um band, x = 100,
10, 1, 0.1, and 0.01. Once the weights and equivalent absorption coeffi-
cients have been determined, water vapor optical depths for each sub-
band and atmospheric layer are computed from

(12) Atk = ky Axy, m=12...,M

where Ax; is calculated for an effective atmospheric pressure at layer [
by

w
(13) Ax = up PR — w,PFP, P, = f P dufu,
0

3.2.1. Ozone Absorption. Absorption by atmospheric ozone occurs
mostly in the ultraviolet portion of the solar spectrum, with weak ab-
sorption in the blue side of the visible. In the model, ozone absorption
was considered in two spectral bands, 0.3 um (0.2-0.4 wm) and 0.5 um
(0.4-0.6 uwm). The O, absorption as a function of altitude is expressed by
the atmospheric ozone absorption coefficient given by Elterman (1968)
as B83(Z, A\)=A,(\)D;(Z), where B is the atmospheric ozone absorption
coefficient (km1), A, is the pure ozone absorption coefficient after Vi-
groux (1953), D, is the ozone equivalent thickness (cm/km), and Z is the
height (km). Values of A, were given as a function of wavelength. These
values were plotted and a representative value of A, selected after weight-
ing over the solar flux in each band with an expression '

Ag = ; Amfm/; Sri

where fg; is the fractional solar flux in each wave number interval. The
values of D; were taken from McClatchey et al. (1972) where values are
tabulated against height for all five atmospheres. Once the values for
B3(Z, \) have been determined, the ozone optical depth can be calculated
from

VA
(14) r4(Z, \) =f0 Bs(Z', ) AZ’
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3.2.3. Absorption by Molecular Oxygen. Absorption by O, is com-
puted rather simply, since its concentration is uniform in the vertical,
given by McClatchey et al. (1972) as 0.236 gm cm~%mb. The oxygen
absorption coefficient was obtained by an exponential fit of its absorption
curve, after Yamamato (1962), using the same fitting routine as for water
vapor. The layer optical depth for oxygen in the 0.76 um oxygen band
was then determined from

(15) Aty = 0.263k, Ap!
where Ap'is the incremental effective pressure for the layer, and &, the
equivalent absorption coefficient for the oxygen.

3.2.4. Rayleigh Scattering. Molecular scattering cannot be disre-
garded in the solar spectrum, particularly in the middle layers of the

"™ atmosphere below the ozone layer and above the top of the water vapor
- layer. The Rayleigh scattering optical depth Ar}' for any layer / of geo-

metrical thickness A Z may be calculated from

(16) ATR(A\) = BE\, Z)dZ = o} NZ)dz
Az AZy

where BF represents the volume scattering cross section for air mole-
cules, N (Z) the number density of molecules at height Z, and o®()\) the
Rayleigh scattering cross section.

In order to consider simultaneously the effects of molecular scattering
and absorption, the single scattering albedo for the layer is defined by

ATR

17 o = —————— =1,2,...,. M
{1n O AR+ ky Ax,
The normalized phase function for Rayleigh scattering is given by the
well-known expression PR(8) = 3(1 + cos?#), where 6 is the scattering
angle. The total optical depth for a Rayleigh layer is given by

(18) AT1=AT?+kmAxl, m=l,2,...,M

In a similar manner, absorption due to ozone and molecular oxygen can
be taken into account.

3.2.5. Aerosol Scattering and Absorption. The atmospheric aerosol
model used in this research was that of a light background concentration
providing about 23-km surface visibility (Elterman, 1968). The particular
W aerosol utilized is a water-soluble particle with refractive indices as given

" by Shettle and Fenn (1975). The size distribution assumed was a modi-
fication of the bimodal log-normal distribution given by Shettle and Fenn
(1975).
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For spherical aerosol particles, the single scattering albedo properties
may be derived from the exact Mie solution with the known information
concerning the size and refractive indices. A Mie scattering program was
run to obtain aerosol phase functions and scattering and absorption cross
sections o2 and o2, by spectral band. The optical depths due to scat-
tering and absorption by aerosols were then computed from

(19) Ard = AZ,J’ o\, r)n(r) dr

Ar
for scattering, and
(20) A7d = AZ,] ox(\, r)n(r) dr

Ar
for absorption, where AZ; is the thickness of the aerosol layer, o3 and
a4 are the scattering and absorption cross sections of aerosol particles
of radius r, and n(r) dr is the number of aerosols per unit volume within
the size range dr.

Using the computed optical depths, and the Mie phase functions com-
puted from the Mie scattering program, the single scattering albedos and
phase functions for a uniformly mixed volume of aerosols and molecules
can be computed, respectively, as follows:

AR + Ard

21 ~ R+A —

@l @O T ATR + Ard) + (ATA + ki Ax)
and

22) PreA(g) = AT2P2(09) + ATRPR(9)

A7d + AR

3.2.6. Cloud Absorption and Scattering. The effects of clouds on the
transfer of solar radiation are determined by the particle phase (liquid
water or ice), concentration, size, and size distribution. These factors
combine to determine the single scattering albedo and phase function.
The cloud thickness is also an important parameter in determining the
absorption, reflection, and transmission of radiation by the individual
cloud. Finally, the spatial and temporal distributions of clouds and the
different cloud types are very important considerations in determining
the effects of the clouds upon the radiation balance of the Earth-atmos-
phere system and consequently upon the general circulation and climate.

For the purposes of this model, clouds were divided into six types with
the cloud parameters given by Liou (1976). Note that cirrus clouds are

assumed to be composed of cylinders 200 pwm in length and 30 um in" __,
radius. The single scattering properties of clouds were determined much
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as described previously for gases and aerosols. The absorption optical
depth for cloud water vapor is determined from Eq. (12).

The scattering programs for spheres and long cylinders (Liou, 1973b)
were also run to obtain values of the phase function and the volume
scattering and absorption cross sections for the different cloud types by
spectral band. Spectral-dependent refractive indices for water and ice are
taken from Hale and Querry (1973) and Schaaf and Williams (1973),
respectively. The phase function and single scattering albedo for an
atmospheric layer containing molecules, aerosols, and clouds are given
by

A7APA(0) + A7EPC(6) + ATRPR(9)
A7 + A7§ + AR
~ (24) GEHALC = ATR + A7 + A7§
M ° (ATR + A72 + Ar§) + (AT2 + A7§ + kp Ax))

(23) PR+A+C(g) =

where superscript C denotes radiative properties of clouds.

The geometrical properties of the cloud that are of interest in the model
include its thickness and horizontal extent. All clouds, for the purposes
of the radiative transfer calculations, are considered to be of infinite
horizontal extent and plane parallel. After the transfer calculations and
heating rate computations have been performed, the fractional cloudiness
of each type by season and latitude is considered. Similarly, cloud thick-
ness is a function of type, season, and latitude. The radiative properties
of the cirrus clouds considered are presented in Table I.

3.2.7. Solar Zenith Angle. The duration of sunlight and the zenith
angle of the Sun are important parameters in determining the radiation
balance of the Earth—atmosphere system. The zenith angle of the Sun is
computed from the equation

(25) sin @ = sin ¢ sin 8 + cos ¢ cos & cos A

where a is the altitude of the Sun (angular elevation above the horizon),
¢ the latitude of the observer, 8 the declination of the Sun, and 4 the
hour angle of the Sun. The solar zenith angle is then given by 6 = 90° —
a, and more commonly, the cosine of the zenith angle, u, = cos 6.

In, general, the solar zenith angle varies significantly each hour during
the day. The one exception is the arctic summer. Sunlight duration varies
with season and latitude.

-, The vertical resolution of the model atmosphere varied according to
(ﬂ\ spectral band and cloud structure. In the solar band, 15 layers were used,
with their thicknesses varied to resolve better the clouds and lower layers
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TABLE 1. SINGLE SCATTERING ALBEDO @4 AND
VoLUME EXTINCTION COEFFICIENT Sy OF ICE
CYLINDERS FOR SOLAR AND INFRARED BANDS

Band ([.Lm) d‘o Bext (km_l)
0.3
0.5 1.0 1.141
0.7
0.94 '
1.1 0.999 1.141
1.37
1.87 0.783 1.280
2.7
32 0.524 1.259
6.3 0.511 2.082
9.6 0.531 1.437
10 0.520 1.387
15 0.527 1.467
20 0.554 1.556

of the troposphere. In the terrestrial infrared band, 100 layers were
utilized. Within the thermal IR bands, layer thicknesses were kept con-
stant.

The computations for the solar radiation portion of the radiation budget
began with execution of a program to establish the profiles of atmospheric
quantities such as water vapor path length, as functions of atmosphere
type and cloud case. Optical depths for gaseous absorption, aerosol
scattering, and cloud scattering and absorption were then computed for
each spectral subinterval and for every layer for the particular atmos-
phere—cloud type case. Phase functions for the Rayleigh atmospheres
and the combination of Rayleigh only, cloud and Rayleigh, aerosol and
Rayleigh, and cloud, aerosol, and Rayleigh were computed. Single scat-
tering albedos were similarly computed for each case and layer. A routine
to expand the phase function in Legendre polynomials was then em-
ployed, and the basic input data for the transfer program were then
available.

The transfer program computed the intensities, fluxes, and heating

'l,

I
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rates for each cloud type—atmosphere case for values of u, = 0.01, 0.2,
0.4, 0.6, 0.8, and 1.0 at each of three surface albedos for each atmosphere.
The surface albedos were chosen to span the range of values of zonally
averaged A, encountered within the particular atmosphere-season case.

3.3. Terrestrial Thermal Radiation

The requirements for terrestrial infrared radiation calculations differ
somewhat from those for solar radiation. For thermal radiation there is
no dependence upon astronomical parameters or upon the Earth’s surface
albedo. Instead, the temperature structure of the atmosphere must be
well described, the calculation of transmittances using the Goody random
model must be thoroughly thought out, and the generation of boundary
conditions within the cirrus clouds must be dealt with in great detail.

3.3.1. Gaseous Absorption in the Infrared. In the terrestrial spectrum,
the primary gaseous absorbers are water vapor, carbon dioxide, and
ozone. Figure 2 (after Roewe and Liou, 1978) shows the terrestrial spec-
trum as obtained by satellite, superimposed on plots of the spectral
distribution of thermal emission for a number of Earth-like temperatures.
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F1G. 2. Terrestrial infrared spectrum and spectral bands. An emission spectrum taken by
the IRIS instrument over the tropics is also shown. (After Roewe and Liou, 1978.)
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The primary absorption bands, the 15 pm CO, band, the 9.6 um O,
band, and the water vapor vibrational-rotational band are labeled on the
plot.

The Goody random band model was used to compute flux transmis-
sions in all infrared spectral bands except the water vapor continuum
band. The Goody model (Goody, 1964) approximates the real spectrum
by assuming that spectral lines are randomly distributed within the band
and that intensities are distributed exponentially. Assuming a Lorentz
line shape, the transmission over a spectral interval R may be given by

—1/2.
26) Tn(u)=exp|:—§6°—u(1+M) ]

where 8 is the mean line spacing, S, is the mean line intensity, « the line
half-width, and  is the absorber amount. For a given «, the transmission
function reduces to an expression involving the two parameters S,/8
and S,/ma (Rodgers and Walshaw, 1966). For ozone, the statistical band
parameters determined by Goldman and Kyle (1968) were used.

For the water vapor continuum empirical model, parameters deter-
mined by Roberts et al. (1976) were employed. The overlap in this band
with the 9.6 wm ozone band was not important, since the ozone absorp-
tion was restricted to the stratosphere while the continuum absorption
was only important below 6-8 km.

The pressure variation over a vertical transmission path through the
atmosphere is accounted for by the Curtis-Godson approximation,
wherein the transmission of an atmospheric path may be approximated
by the transmission of a constant pressure path with absorber amount
and weighted line half-width &. The flux transmission between any two
levels Z, and Z, with a path length « for a spectral interval r is given by
1% (u) =Tz (1.66u).

3.3.2. Flux Calculations in the Clear Atmosphere. For a clear, non-
scattering, plane parallel atmosphere in local thermodynamic equilibrium,
the following equations (Rodgers and Walshaw, 1966) describe the up-
ward and downward directed spectral fluxes at some arbitrary level Z;

27) Fi(Z) = Ta(Z, 0)[7Bx(g) — mBr(0)] + wBx(Z)

VA
—fo Tz, 2) 5

&

drB(Z') ;)
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(28) Fi(Z) = Tw(Z, ZD)[mBw(Z) — mBx(t)] — mBx(Z)

dWBR(Z’)
daz’

where 7 By (t) denotes the downward flux at the top of the atmosphere,
7By (g) — mBr(0) accounts for the temperature discontinuity at the
ground, and A is the uppermost level to be considered in computing
fluxes. “

The flux transmittances in the atmosphere are computed by dividing
the infrared spectrum into bands sufficiently narrow for the Planck func-
tion to be regarded as constant within the band. The Goody random band
model is then applied to the various bands, with the exception of the -
water vapor continuum. In the continuum, empirically determined trans-
mittances were used.

In the presence of a black cloud layer, Egs. (27) and (28) must be
“modified to account for the emission by the cloud top and bottom. With
the cloud present, the upward flux above the cloud top must be repre-
sented by

A
- f 1z, ') dz'
VA

29 FI; (Z) = le (ZCT)TR(Z’ ZCT) + WBR(Z) - WBR(ZCT)TR(Za Zc'r)
- [ sz, 2" dnBa(z)

if no temperature discontinuity is present at the cloud top. Likewise, if
there is no temperature discontinuity at the cloud bottom, the downward
flux below the cloud base can be expressed by

30) Fi(Z) = FH(Zes)Ta(Z, Zes) — mBw(Z) + 7Ba(Zcs)Ta(Z, Zcs)
Zc
- f Ta(Z, Z') duBR(Z')
VA

In these two equations, Z.r and Z.j are the heights of the cloud top and
base, respectively. Note that the upward fluxes below the cloud and the
downward fluxes above the cloud top are unaffected by the presence of
the cloud.

3.3.3. Radiative Transfer in the Presence of Cirrus. The optically thin
cirrus clouds considered in the present study require the more detailed
computation of radiant intensities from which flux values may be derived.
This is because the scattering by cloud particles must be considered.

“ALikewise, in the aerosol layer, scattering and absorption by the aerosols

require the analytic computations of the radiative transfer. For these
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reasons, the discrete-ordinates method described previously must be
employed in the longwave spectrum. The solution for the radiative trans-
fer for thermal radiation in cloudy atmospheres has been described pre-
viously.

The generation of the boundary conditions in the infrared transfer case
is a slightly different problem from that of developing the boundary
conditions in the solar spectrum (Liou, 1974b). To compute the necessary
boundary conditions, clear atmosphere transmittances above and below
the cloud were generated from the model parameters given earlier. The .
resultant transmission profiles were then approximated with a summation
of exponentials, such that

M
(31 Tp(u)= Y wpe *n
m=1

where the w,, and k,, are weights and equivalent absorption coefficient
and M is the number of terms required to achieve sufficient accuracy.

Thus it can be seen that this procedure very closely resembles the
procedure for approximating water vapor absorption in the solar spec-
trum. In the infrared bands, the w,, and corresponding k,, are assigned
to the spectral subintervals such that the largest %, is assigned to the
region of the band with strongest absorption. The width of the spectral
subband is then equal to w,,.

The transmission for each angle is given by

(32) TRm(u/l"i) = exp(_kmu//"'i)a m= ly LRI} M

where T, is the transmission for the mth subinterval of the spectral
band R at angle u,. Once these transmittances have been calculated, the
upwelling intensities into the cloud base are computed for the spectral
subinterval by

(33) IlIm(Zba I-"i) = Bam(T)Trm(Zy, I"'i)

Zv AT rm(Z’,
+ BR,,,[T(Z’)]M
0

dZ' -«

dz'
and the downwelling intensities into the cloud top from
” w1 T en(Z's —ps) .,
G4 Lin(Zy —p) = | BealT(Z)] =2 —El 4z

2 dz’

With the necessary boundary conditions now available, a set of linear
equations similar to Eqs. (3)-(5) can now be solved for the unknown,..
coefficients L;. It follows that fluxes can be computed for each layer anm
spectral subinterval. When the fluxes are summed over the subintervals



.

CLIMATIC EFFECTS OF CIRRUS CLOUDS 251

of each band and then summed over bands, net fluxes are computed for
each layer, and from these are derived the cooling rates as outlined in
Section (3.1).

Since the spectral subintervals determined from the exponential fitting
within the cloud do not necessarily match the subintervals in the Goody
model, the fluxes from each component cannot be added. Therefore, the
fluxes emerging from the cloud top and bottom are attenuated to each
level in the atmosphere above and below the cloud with the expressions

35 FM(Z) = FL(Zcr) exp(—1.66k,, Au)

(36) F1(Z) = F}(Zp) exp(—1.66k,, Au)

so that at each level in the atmosphere the cloud contribution is thus the
sum of the M subinterval fluxes of Egs. (35) and (36). The total band
sfluxes derived from summation of the Goody subintervals may now be

Yombined with the band fluxes from the cloud to produce the total band

fluxes at each level outside the cloud.

The inclusion of aerosol radiation contribution is similar to that in the
solar spectrum. We found that the light aerosol concentration is signifi-
cant only in the window region.

4. HEAT AND RADIATION BUDGETS OF THE ATMOSPHERE
4.1. Climatology Data

The bulk of the data required for zonally averaged global radiation
computations involving cirrus includes atmospheric profiles, cloud pa-
rameters, and surface albedo (reflectivity). The atmospheric profiles used
were taken from the report by McClatchey et al. (1972) who compiled
the water vapor, ozone, pressure, density and temperature profiles for
tropical (0°-30°), midlatitude (30°-60°), and arctic (60°~90°) atmospheres.
The atmospheric profiles are given for both winter and summer seasons.
The concentrations of the uniformly mixed gases of interest, CO, and O,
were taken to be 5.11 X 10~ and 0.236 gm cm~%*mb, respectively, con-
stant with season and latitude. Values of surface albedo for the northern
hemisphere were taken from the work of Katayama (1967b) and adopted
from Sasamori et al. (1972) for the southern hemisphere.

The atmospheric profiles used may not be truly representative of both

=northern and southern hemispheres, since no accounting is made for

 “interhemispheric differences of water vapor, ozone, and temperatures

arising from the differences in geography between the two hemispheres.
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Also, the use of only three profiles to represent a hemisphere for a given
season causes a lack of latitudinal resolution. However, compact clima-
tological summaries of zonally averaged atmospheric profiles are not
available for both hemispheres. Furthermore, the effects of clouds tend
to dominate the radiation budget, overshadowing the variation due to
atmospheric differences. Thus, the 10° latitudinal resolution of the cloud
climatologies used offsets, at least partially, the lack of resolution in the
model atmospheres.

Clouds were divided into six types, which include (1) high clouds (Ci,
Cs, Cc); (2) middle clouds (As, Ac); (3) low clouds (St, Sc); (4) cumulus
(Cu); (5) cumulonimbus (Cb); and (6) nimbostratus (Ns). The fractional
cloud cover for each cloud type as a function of the latitude will be taken
from Telegadas and London (1954) for the northern hemisphere. In their
report, the cloud base heights for six types were also given as functions
of the latitude, along with the top heights for Cu, Cb, Ns, and middle
clouds. As for low and high clouds, the mean cloud thicknesses provided
by Katayama (1966) were employed. Cloud data for the southern hemi-
sphere were obtained from the table provided by Sasamori ef al. (1972).
Cloud and aerosol parameters used were described in the previous sec-
tion.

4.2. Solar Heating

The broad-scale features of the planetary climate are determined by
the distribution of solar radiation over the globe. The differential heating
of the equatorial and polar regions, in addition to providing the ultimate
energy source for the Earth’s general circulation, is also responsible for
causing the climatic extremes between the tropical and polar latitudes,
although the effects of direct solar insolation are mitigated to a great
degree by the effects of the general circulation.

In previous radiation budget models, the solar radiative flux calcula-
tions have been carried out through the use of parameterized empirical
equations and the details of scattering by clouds and aerosols largely
overlooked. In the present model, calculations of the optical depths and
single scattering parameters were carefully carried out for the full range
of the solar spectrum containing significant amounts of energy. The
discrete-ordinates method was employed to perform the extensive cal-
culations necessary for a full investigation of the solar energy spectrum
and its effects upon the heat balance of the Earth’s atmosphere.

The net effect of solar radiation upon the atmosphere is, of course, to
warm the atmosphere and Earth everywhere. Every portion of the Earth

Ed
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in sunlight receives energy from the Sun and is warmed to a greater or
lesser degree. The primary factors that determine the degree of solar
warming received by a particular region on the average are, most impor-
tantly, the cloud cover of the region and the latitude of the region, which
determines the range of solar zenith angles experienced by the area.
Other factors are the annual range of surface albedos, the presence of
aerosols in greater or lesser concentrations, and the water vapor and
ozone contents of the atmosphere.

The zonally averaged profiles of the solar heating rate at the repre-
sentative latitudes of 15°, 45°, and 75°N are illustrated in Fig. 3 for the
months January and July. In the figure, the maximum solar heating of
about 2.2°C/day is observed in the summer hemisphere tropical and -
subtropical regions. Second maxima occur in the troposphere in the
summer polar regions. These are about 1.5-2.0°C/day and are accounted

mfor by the duration of daylight in these regions as well as by the occur-

rence of a maximum of cloudiness in the subarctic summer. Minima
occur in the upper troposphere and lower stratosphere in both months.
Generally, there is a lack of both clouds and absorbing gases at these
altitudes, leading to heating rates of only about 0.02 to 0.04°C/day. Max-
ima again occur in the upper stratosphere, above 25 km, due almost
exclusively to the presence of ozone. The heating produced is on the
order of 1.5 to 1.8°C/day and is an important source of heating for the
atmosphere. Effects of aerosols appear to increase the heating rate in the
atmosphere. Latitudinal cross sections of zonally averaged solar heating
for January are shown in Fig. 4. These cross sections were constructed
using the climatological cloud and surface conditions applied at 10° lati-
tude intervals and three atmospheric profiles.

4.3. Thermal Cooling

While the radiation from the Sun warms the Earth’s atmosphere ev-
erywhere, the role of terrestrial infrared radiation is more complex. In
the main, the thermal radiation serves to cool the atmosphere, radiating
away to space energy equivalent to the solar input, maintaining the
radiative balance. Under certain conditions, however, thermal radiation
adds to the warming of the atmosphere at particular levels and locations,
essentially acting as another mechanism for converting solar energy to
heat in the atmosphere.

The global distribution of thermal radiation is somewhat easier to

( - Ymodel than the solar radiation, since there is no surface albedo or diurnal,

seasonal, and latitudinal zenith angle dependence to be dealt with. In the
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FIG. 4. Latitudinal cross sections of zonally averaged solar radiative heating (°C/day) of
the atmosphere for January. The symbol A represents the latitudes at which the atmospheric
profiles were used (see text for explanation).

present model, the seasonal and latitudinal variations of the infrared
radiation budget are determined only by the particular atmospheric profile
used and by the seasonal and latitudinal variations of clouds.

The zonally averaged cooling profiles for January and July, at 15°, 45°,
and 75°N, are presented in Fig. 5. The maximum cooling occurs in the
summer stratosphere, due exclusively to ozone and CO,. Indeed, almost
all cooling above the tropopause is due to these two gases, since the
water vapor profiles are cut off at 16 km in the model. Ozone is also
responsible for the obvious region of thermal heating found above the

‘tropopause in tropical and subtropical latitudes for both seasons. This

heating is associated with the large vertical gradients of ozone concen-
tration and the increase of ozone concentration with height, resulting in
a convergence of flux into the region. The heating in this region is
supplemented by a similar region of heating due to CO, at the tropical
tropopause, resulting from the higher temperatures found both above and
below the tropopause. In the stratosphere, cooling occurs in relation to
the seasonal distribution of ozone concentration and the temperature
field and its interaction with the ozone and CO, profiles, producing

= seasonally symmetrical cooling fields.

Water vapor acts to cool the clear atmosphere everywhere since there
is an increase of flux with height as the water vapor concentration drops
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off. A secondary maximum of cooling occurs in tropical latitudes within
the troposphere which is associated with the large vertical gradients of
water vapor and temperature. The effects of clouds are also included in
this region, since clouds tend to increase the cooling above their tops and
decrease the cooling below their bases. In the vicinity of the tropopause,
water vapor exhibits a minimum of cooling in the tropics, again due to
the warmer temperatures above and below the tropopause and the re-
sulting convergence of thermal flux into the area. Above the tropopause,
very little cooling results from water vapor, only on the order of -0.2°C/
day or less, since little water vapor exists there. Near the surface, below
4 km, another maximum of cooling occurs in the tropics and summer
midlatitudes, due again to water vapor and temperature gradients. This
cooling is offset somewhat by the decrease in the cooling below the cloud
bases.

™\ With the cooling rate profiles and fluxes calculated for each atmosphere

" “and cloud type combination, the only tasks left to establish the zonally
averaged meridional cooling profiles similar to those of the solar radiation
were to interpolate the individual cooling profiles to common atmospheric
levels, and then for each latitude, to multiply the i_ndividual cloud-type
profiles for the appropriate atmosphere by the fractional cloudiness at
that latitude. The individual cloud profiles, including the clear column
profiles, were then summed at each latitude, and the two seasonal cooling
rate cross sections were established. Latitudinal cross sections of zonally
averaged infrared cooling for January are shown in Fig. 6.

In summary, the net thermal cooling is dominated by water vapor
below the tropopause with maximum cooling, on the order of —2.0°C/day
occurring in low latitudes near 10 km altitude. Another maximum at the
surface, of about —2.0 to —3.0°C/day, and within the same latitude belt,
is also due to water vapor. At the tropical tropopause there exists a
relatively uniform level of heating, on the order of 0.3°C/day, resulting
from the interactions of CO,, water vapor, and clouds. Above the tro-
popause, the thermal cooling effects are due to ozone and CO,. Above
that region there exists steadily increasing cooling toward the summer
hemisphere in the upper stratosphere, where cooling on the order of
—5.6°C/day is found.

4.4. The Net Heat Budget
The net heat budget was computed by summing the heating and cooling

" Mrates presented earlier for each month at each latitude and atmospheric
layer. The total heating plots for the two months at the representative
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FiG. 6. Latitudinal cross sections of zonally averaged thermal radiative cooling (°C/day)
of the atmosphere for January. The symbol A represents the latitudes at which the atmos-
pheric profiles were used (see text for explanation).

latitudes are presented in Fig. 7. Radiative cooling dominates the solar
heating almost everywhere. In the upper stratosphere, above 25 km,
intense cooling due to O, and CO, is found. The thermal cooling of —4
to —5°C/day completely overshadows the solar heating by ozone to pro-
duce net cooling of —4 to —4.5°C/day. The large cooling is due, in part,
to the effect of clouds. At the tropical tropopause, near 18 km, is found
a maximum of longwave heating of about 0.35°C/day. This occurs in the
region of minimum solar heating, about 0.025°C/day, to produce net
heating. The thermal heating in this region is due to the much higher *
temperatures above and below the tropopause resulting in a strong flux
convergence into the tropopause region. Below this region of heating is
a region of maximum cooling, with values near —2.0°C/day. This region
is associated with large vertical gradients of water vapor and temperature.
It is apparent from the plots of radiative heating presented in Fig. 5
that cooling by longwave radiation outweighs solar heating at every
latitude for both seasons. The cooling is due primarily to water vapor,
and is thus a maximum in the tropics. The presence of clouds tends to
moderate the cooling in the lower levels of the atmosphere, by reducing
the cooling below their bases and producing strong solar heating at their
tops. Their effect varies with latitude and season, as the cloud dlstnbutnom
varies.
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Latitudinal cross sections of zonally averaged net radiative heating for
January are presented in Fig. 8. Note again that although these cross
sections are constructed from the three atmospheric profiles, they do
contain cloud information with a 10°C resolution, and it is the cloud field
that determines the large-scale features of the heat budget. In reference
to Fig. 8, the moderately strong tongue of net heating, extending from
the summer pole into the tropical latitudes of the winter hemisphere, at
a level of about 5 km, is due to strong water vapor absorption in the near
infrared augmented by solar geometry. Heating by clouds also contributes
to this feature. The solar heating at the cloud tops is partially offset by
the increased thermal cooling above the clouds, but below the cloud
bases the heating is supplemented by the reduced thermal cooling. The
maximum heating is found in this region near the summertime pole where
the length of the period of solar heating offsets the low zenith angle of
the Sun. Longwave cooling in this region at a height of 4-5 km is rela
tively small, due to the low temperatures and the cloud effects. In both
hemispheres are found cooling maxima of about —2.0°C/day in the surface
layer of the winter tropics. This cooling is due to the water vapor con-
centration maxima in the surface layer and to a relative minimum of
cloudiness in the wintertime tropics as compared with the summer hem-
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isphere tropics. These plots agree well with earlier work by Dopplick
(1972), London (1957), and others, at least in the gross features.

The effects of light background aerosols upon solar heating are dem-
onstrated in Fig. 9, for January and July at the latitude 45°N. As can be
seen, the aerosol concentration produces slight additional heating in the
lower 10-12 km of the atmosphere. This additional heating is generally
on the order of +0.1°C/day. This very light concentration has only little
effect upon the heat budget. In the case of thermal cooling, the only
detectable effects were in the middle and high latitudes of the summer
hemispheres, where a slight increase in cooling, on the order of —0.1-
0.2°C/day was computed. Aerosol effects were noticeable only in the
window region of the thermal IR spectrum.

4.5. The Radiation Budget

£ The radiation budget of the Earth-atmosphere system, in terms of the

vertical fluxes of solar and longwave radiation, is presented in Tables II
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TABLE II. GLOBAL SOLAR RADIATION BUDGET (IN UNITS OF ly min™!) FOR JANUARY
FOR AN ATMOSPHERE BOTH WITH AND WITHOUT AEROSOL

Latitude
January 75°N 45°N 15°N 15°S 45°S 75°S
Insolation at top of 0 .230 517 691 732 722
atmosphere
Absorption in atmosphere
With aerosol — .059 112 .193 173 .148
Without aerosol —_ .061 .109 A75 . 165 .141 .
Absorption by surface
With aerosol —_ .091 .268 299 .279 .160
Without aerosol — .084 281 .325 .289 .162 .
Total absorption by
atmosphere and Earth
With aerosol — 150 .380 .492 452 310
Without aerosol - 145 391 .500 454 303 .
Reflection at atmospheric
top
With aerosol — .080 137 .201 .282 412
Without aerosol —_ .085 127 .191 272 419
Zonal mean albedo (%)
With aerosol —_ .36 .27 .29 .38 .57
Without aerosol — .37 .25 .28 .37 .58

through IV, for January and July, respectively, for tropical (15°), midla-
titude (45°), and arctic (75°) atmospheres. Basically, the tables are in two
portions, one dealing with solar radiation and the manner in which it is
apportioned in the atmosphere, and the second concerning longwave
radiation and its distribution. For the solar part, the important parameters
are the solar insolation at the top of the atmosphere, the absorption of
solar radiation in the atmosphere, absorption by the surface, and the
reflected flux at the top of the atmosphere. The parameters of interest
for the longwave radiation include the upward flux at the Earth’s surface,
the downward flux from the atmosphere arriving at the surface, the
upward flux at the atmospheric top, and the net loss of thermal radiation
from the atmosphere.

The solar radiation computer model returned values of reflected, trans-
mitted, and absorbed radiation in terms of percentages of the incident
solar flux. These values were interpolated to the appropriate month and
latitude in a manner similar to that for the heating rates. The value of the
reflected radiation fraction was taken as the planetary albedo for the ..,
particular month and latitude, and the absorbed fraction was applied tﬂ
the incident solar flux at each latitude band to determine the flux absorbed
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by the atmosphere. The fractional transmission returned by the model
refers to diffuse radiation and cannot be used to calculate the solar flux
reaching the ground for absorption, since a direct flux must also be
considered. For a nonblack surface, that is for A; # 0, the solar flux
absorbed by the surface is obtained from 7, = 1 — y + «, where y is the
local albedo, and o the absorption of solar radiation within the atmos-
phere. The values for the fractional solar insolation at the top of the
atmosphere for each month and latitude were taken from Sasamori et al.
(1972) for the southern hemisphere and from London (1957) for the
northern hemisphere. Note that the asymmetry in solar flux between the
two hemispheres is accounted for by the difference in the Earth-Sun
distance between January and July and by the different methods used by
the previous investigators. London used the monthly averages for the
seasons, while Sasamori et al. used the daily flux for the 15th day of the

Mnonth under consideration.

From the computer model for the thermal radiation, values for the
upward fluxes at the atmospheric top and the downwelling radiation at
the bottom of the atmosphere were obtained and interpolated in a manner
similar to that for the solar parameters for each month at each latitude.

TaBLE I1I. GLOBAL SOLAR RADIATION BUDGET (IN UNITS OF ly min~') FOR JULY FOR
AN ATMOSPHERE BOTH WITH AND WITHOUT AEROSOL

Latitude
July 75°N 45°N 15°N 15°S 45°S 75°S
Insolation at top of .621 .664 .645 464 .187 —
atmosphere
Absorption in atmosphere
With aerosol .141 .188 197 124 .062 —_
Without aerosol 131 174 .176 .100 .053 —
Absorption by surface
With aerosol 158 251 273 226 .050 —
Without aerosol 154 264 309 253 .068 —
Total absorption by atmosphere
and earth
With aerosol 299 .439 471 .353 12 —
Wihtout aerosol 286 438 485 .353 21 —
Reflection at
atmospheric top
With aerosol .323 225 174 1 075 —
Without aerosol 335 226 .161 109 .065 —_
w, Z0nal mean albedo (%)
“  With aerosol .52 .34 .27 .24 .40 —

Without aerosol .54 .34 25 .23 .35 _
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TABLE IV. GLOBAL LONGWAVE RADIATION BUDGETS (IN UNITS OF ly min~!) FOR
JANUARY AND JULY

Latitude

January 75°N 45°N 15°N 15°S 45°S 75°S

Upward flux at surface .307 .455 .638 .646 .540 .374

Downward flux at surface .239 .384 .532 .563 .481 321

With aerosol .243 .386 .323

Net upward flux at surface .068 .071 .106 .083 .059 053

Upward flux at top of .257 .269 362 .350 341 317
atmosphere

Net loss from atmosphere .189 .198 .256 267 .282 .264
July

Upward flux at surface 475 .586 .667 622 .508 .296

Downward flux at surface 408 S12 571 .533 442 .250

With aerosol 411 .445 .255

Net upward flux at surface 067 .074 .096 .089 .066 .046

Upward flux at top of .299 330 .339 .363 .280 251
atmosphere

Net loss from atmosphere 232 .256 243 .274 214 .205

The upward flux at the surface was computed using the surface temper-
ature in the Stefan-Boltzmann law where F = ¢ T*. In this expression,
F is the total flux of emitted energy, and o is the Stefan-Boltzmann
constant and equals 8.128 x 107! cal cm~2 K~* min~!. The temperature,
T, is the blackbody temperature of the Earth. The net upward flux at the
surface is the difference between the flux emitted by the surface and the
downward flux from the atmosphere reaching the surface. This is always

a positive quantity since the blackbody emission from the Earth is always
greater than the nonblack emission from the cooler atmosphere. The net .
loss from the atmosphere is then the difference between the upward flux
at the atmospheric top and the net upward flux at the surface.

In Tables IT and III for the solar radiation budget, values are presented
both for an atmosphere with and without aerosols. In every case, at least
small differences can be detected between the budget parameters for the
two models. The aerosols have two effects upon solar radiation, scatter-
ing and absorption; and these two effects have competing impacts upon
the heating of the atmosphere. The role of scattering is to increase that
portion of the incident radiation which is reflected back to space, thus
adding to the local albedo and reducing the energy available for heating.
Absorption by aerosols acts to increase the warming of the atmosphere.
Both effects act to deny a small portion of the solar insolation to the *
surface, thus reducing the amount of energy available to warm the Earth’s
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surface. The surface albedo plays an important role in determining
whether or not an increase in aerosol loading will act to increase or
decrease the local planetary albedo (Liou and Sasamori, 1975), and the
effects of absorption seem to overshadow the scattering effects and thus
lead to a decrease in local albedo in the higher latitudes. i

These effects of aerosols are reproduced, generally, in the present
calculations, wherein it can be seen from Tables II and III that the total
absorption by the Earth and atmosphere is increased in the aerosol case.
The zonally averaged albedos computed here also show the effects of
aerosols, which increase the local albedo in the tropical and subtropical
regions while reducing the albedos in the higher latitudes. The individual
absorption by the atmosphere and the Earth also bear out the expected
results, with increased atmospheric absorption due to aerosols leading to
a loss of total energy available for absorption at the surface. Minor
departures from this general case occur near the poles and are accounted
for by the complex interaction of high surface albedo and low zenith
angle.

The average absorption of solar radiation by the atmosphere amounts
to about 25% for the aerosol atmosphere and about 23% for the nonaero-
sol case. The absorption decreases toward the poles, in the annual av-
erage, faster than the solar insolation decreases, because of the increasing
reflection from clouds at lower zenith angles. Surface absorption drops
off toward the poles in a similar manner, but at an even faster rate, due
mostly to the increasing surface albedos with latitude, and also due to
the decrease of energy available for absorption at the surface. The re-
flected solar flux increases with latitude despite the large variation of
insolation at the top of the atmosphere. This is due to the increase of
cloudiness with latitude and to the strongly increasing surface albedo
from equator toward the poles.

Using the information in Tables II-IV the net monthly radiation bal-
ances for the top of the atmosphere, the surface, and the atmosphere as
a whole can be computed, as shown in Table V. The radiation budget for
the top of the atmosphere is determined by subtracting the upwelling
longwave flux at the top of the atmosphere from the solar radiation
absorbed by the Earth and atmosphere. The result, shown in Table V,
indicates a net gain of energy at the top of the atmosphere in the tropics
and summer hemisphere midlatitudes for both January and July. In the
annual case, the gain occurs between 35°N and 35°S with losses poleward
of that region. The annual global average is a net loss of 0.023 langleys
min~t.

At the Earth’s surface, the radiation budget is calculated by subtracting
the net upward terrestrial radiation from the solar radiation absorbed by
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TABLE V. NET RADIATION BUDGETS (IN UNITS OF ly min~!) FOR THE ToP AND BoTTOM
OF THE ATMOSPHERE AND NET RADIATION LOSS FOR THE ATMOSPHERE

Latitude
January 75 45 15 15 45 75
Net radiation budget for top —.257 -.119 .018 .142 111 -.007
of atmosphere
Net radiation budget for —.680 020 .162 216 220 107
surface
Net radiation loss for —.189 -.139 —.144 -.074 -.109 -.116
atmosphere
July
Net radiation budget for top .000 109 132 —-.010 —.168 -.251
of atmosphere
Net radiation budget for .091 177 177 137 -.016 —.046
surface
Net radiation loss for —-.091 -.068 —-.059 —.150 —.152 —.205
atmosphere
Annual
Net radiation budget for top —.128 —.005 076 .066 -.028 -.129
of atmosphere
Net radiation budget for 012 .098 .169 176 .102 030
surface
Net radiation loss for —.140 —.104 —.095 -.112 —.130 —.160
atmosphere

the surface. This quantity is positive in all of the summer hemisphere and
through about 35° latitude in the winter hemisphere in both months.
Annually, there is net gain in the tropics and midlatitudes and net loss
from the subarctic regions of the northern hemisphere. In the southern
hemisphere, the net gain in the antarctic region is very small and may be
within the expected error of these calculations. Globally, the annual mean
shows a net gain of 0.094 ly min—!. The negative results in the polar
regions are due to high surface albedos and low water vapor contents in
the subarctic atmospheres.

By combining the solar radiation absorbed by the atmosphere with the
divergence of terrestrial radiation, the net loss in Table IV, the net
radiation loss for the atmosphere was computed. In the annual case,
there results a net global loss of 0.120 ly min~'. This quantity represents
a radiative deficit which must be made up by the transfer of latent and
sensible heat to the atmosphere from the Earth’s surface if the atmos-
phere as a whole is considered to be in a steady state energetically, and

e



CLIMATIC EFFECTS OF CIRRUS CLOUDS 267

if no heat transfer across the equator is considered. Sasamori et al. (1972)
suggest that about 77% of this deficit is made up by the release of latent
heat of condensation in the southern hemisphere, and about 70% in the
northern hemisphere. The remainder of the deficit must then be compen-
sated by the transport of sensible heat into the lower layers of the
atmosphere from the surface.

The global albedos of the Earth for the months January and July and
the annual mean were computed by multiplying the zonally averaged
albedos for each latitude by the fraction of the Earth’s surface contained
within the latitude belt represented by the latitude values tabulated. Five
atmospheric profiles and the climatological cloud and surface conditions
at 10° latitude intervals were used in the calculations. The global albedo
for January was computed to be 0.348 and 0.327 for July. These values
were determined for the aerosol case and for the aerosol-free atmosphere;
the corresponding values were 0.338 and 0.317 for January and July,
respectively. The annual mean global albedo was then 0.338 for the
aerosol case and 0.328 for the aerosol-free case. As for the two hemi-
spheres, the southern hemisphere possesses a fractionally higher albedo
than does the northern hemisphere, both for winter and summer for the
aerosol-laden atmosphere. The situation is reversed in the nonaerosol
case, however, where the southern hemisphere albedos are marginally
higher than the northern in both seasons. This effect is due both to the
nonsymmetric cloud distributions and to the higher surface albedos for
the polar regions in the southern hemisphere. The planetary albedo re-
sults are summarized in Table VI. The annual global albedo for the
aerosol case, 0.338, compares favorably with the results of Vonder Haar
and Suomi (1971); where the global albedo was determined to be 0.30,
Sasamori et al. obtained a value of 0.347 for the southern hemisphere
and London computed an albedo value of 0.352, for the northern hemi-

TABLE VI. GLOBAL AND HEMISPHERIC MEAN ALBEDOS

January July Annual

Northern hemisphere

With aerosol .346 317 332

Without aerosol .340 .308 324
Southern hemisphere

With aerosol .349 337 343

Without aerosol .335 .326 330
Global

With aerosol .348 327 .338

Without aerosol 338 317 328




268 KENNETH P. FREEMAN AND KUO-NAN LIOU

sphere. Raschke and Bandeen (1970) measured an albedo of 0.29 to 0.31
for June and July of 1966 from Nimbus II satellite observations.

4.6. Comparison with Previous Models

In Figs. 10-12 comparisons between the present work and previous
models and satellite observations are presented for the solar radiation
absorbed by the Earth—-atmosphere system, the total upwelling longwave
radiation at the atmospheric top, and for the zonal mean albedos. The
dots denote the latitudes at which the atmospheric profiles were used. In
Fig. 10 the total absorption of solar radiation is plotted for January and
July and the annual mean. Comparisons with the work of London (1957)
and Sasamori et al. (1972) show very good agreement in Januaty and fair
agreement in July. Generally, the absorption computed in the present
work exceeds the absorption computed by the previous investigators.
This can be accounted for by the increased absorption due to aerosols
and the effects of scattering by aerosols and clouds, which increase the
amount of energy available for absorption, in effect, by increasing the
optical path lengths through the atmosphere. The earlier investigators
used empirical parameterized expressions for the scattering by clouds
and aerosols and not the direct computations from Mie and multiple
scattering used in the present work.

On the whole, very good agreement for the annual mean of absorption
is obtained between the present calculations and the satellite observations
presented by Vonder Haar and Suomi (1971) in which five years of
satellite data are analyzed. The largest differences occur in the polar
regions, particularly in the northern hemisphere, and most of the differ-
ence is accounted for by the departures from reality of the cloud and
aerosol distributions used in the model. Differences between the present
calculations of absorption and the earlier results of London and Sasamori
ef al. may be accounted for, in part, by the more accurate method of
accounting for scattering and absorption by aerosols and clouds. Some
portion of the differences may also be due to different ozone models
used, which would change the total absorption in the 0.3 and 0.5 um
solar bands.

In Fig. 11 the latitudinal distributions of upwelling longwave flux at the
top of the atmosphere are compared. Differences between the calcula-
tions performed here and previous work can be accounted for primarily
by the different water vapor and temperature distributions used. Addi-
tionally, in the case of the northern hemisphere, London gave little

s
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employed.

consideration to the role played by ozone in the thermal radiative transfer
problem.

On the whole, the present work does an adequate job of reproducing
the satellite-observed upwelling longwave flux, except at the poles, where
overestimation of the upward flux occurs. The distribution of clouds used
in the model may play a significant role in determining the differences

“" between calculated and observed values.
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employed. .

Finally, the comparisons of planetary albedos are presented in Fig. 12. ‘

In the tropics and midlatitudes especially, the present calculations do a
better job of reproducing the satellite albedos. In some instances, in the
higher latitudes, the present model yields albedos that exceed those of
the older works. On the average, all the computed values, both present
and past, are larger than the satellite-observed values. In some cases the
computed results may exceed the satellite values by as much as 15-20%.
Probably the most important reason for the differences is the overesti-

mation of cloudiness, particularly in the tropics. Another factor is the n

underestimation of absorption in the atmosphere, due to uncertainties
and inaccuracies in the treatment of aerosols.
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The most comprehensive recent study of atmospheric heating available
for comparison with the present work is that of Dopplick (1972). Many
of the grosser features of the heating profile are observed in both studies,
at least below the tropopause. The areas of net cooling in the tropical
and midlatitude troposphere are very similar and, indeed, demonstrate
close agreement on the values of the cooling. Dopplick also depicts a
tongue of net warming extending from the antarctic toward the equator,

PRESENT WORK (WITH AEROSOL)
~——— PRESENT WORK (NO AEROSOL) — —— LONDON (1957)
—— RASCHKE & BANDEEN (I1970) SASAMORI et al (1972)
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FiG. 12. Zonally averaged planetary albedos: (a) January, (b) July, (c) annual. The dots
- denote the latitude at which the atmospheric profiles were employed.
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although the feature is longer and more pronounced in the present work.
Values of surface cooling are in good agreement. The region of heating
found at the tropical tropopause is much more distinct in the present
work, and the strong cooling of the atmosphere near 30 km in these
calculations is much more apparent and stronger than in Dopplick’s work.

This comparison is typical of the comparisons for July and January,
and for the individual elements of solar heating and longwave cooling.
Generally, there is good agreement in the broad-scale features. The dif-
ferences are quite small in many cases and occur mainly in the smaller
features. Such differences as exist are accounted for by differences in
the distributions of atmospheric parameters used in the two models,
particularly clouds and aerosols, and to a certain extent in the method of
calculation used. Dopplick used satellite-derived distributions of cloudi-
ness, but had them classified only as low, middle, or high. He makes no
mention of aerosols, so it must be concluded that he did not consider
their effect on the heat budget.

5. EFFECTS OF INCREASED CIRRUS CLOUDINESS

The climate of the Earth can be modified to some extent by changes
in three basic parameters involved in the radiation balance: changes in
the Earth’s surface albedo, changes in the chemical and particulate con-
stitution of the atmosphere, and changes in the albedo of the atmosphere
(Singer, 1975). A number of mechanisms, both natural and man-induced,
are at work presently, causing alterations in these three quantities. The
effect of differing surface albedos has been demonstrated in a previous
paper (Liou et al., 1978) where the changes in atmospheric heating rates
for different surface albedos were computed. The only change in the
composition of the atmosphere which has been considered here is the
addition of a light background aerosol to a clean atmosphere. These
effects were demonstrated in the previous section. The fundamental mo-
tivation behind the present work, however, has been to test the response
of the atmospheric global heat and radiation budget to an increase in the
global albedo and other effects produced by an increase in cirrus clou-
diness. Since clouds regularly cover about 50% of the Earth’s surface,
and since clouds are very good reflectors of solar radiation and good
absorbers and emitters of thermal radiation, potential impact of such an
increase in cloudiness may be quite large.

Cirrus clouds were chosen for this study because they are found in all
latitudes at all seasons, and because their variability on the climatic time
scale may be easier to detect than other clouds. Cirrus clouds are rela-

v
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tively stable and long-lived, residing as they do in the upper troposphere
and lower stratosphere where they are mostly associated with the large-
scale features of the circulation. Other cloud types, lower in the tropo-
sphere, are more generally associated with smaller scale circulation fea-
tures. Thus the cirrus cloud climatology should be fairly well determined,
and significant departures from the mean should be easier to detect than
for other cloud types.

As described in the Introduction, there is evidence that cirrus cloudi-
ness may well be increasing over North America, the North Atlantic,
and Europe. Machta and Carpenter (1971) report secular increases in
cirrus clouds over North America during the 22-year period from 1948 to
1970, with most of the increase reported occurring between 1962 and
1966. One suggested reason for the cirrus increase is the steady increase
in jet aircraft traffic over the northern hemisphere of the Earth, with

71 these aircraft flying mostly in the upper troposphere and lower strato-

sphere.

It is well known that jet aircraft deposit large quantities of water in the
upper troposphere and stratosphere, mostly in the form of water vapor.
One estimate (Study of Man’s Impact on Climate, 1971) is that jet aircraft
may deposit 2.5 x 10 gm/yr of H,O in the vicinity of the tropopause.
With residence times for water vapor in the upper troposphere of about
30 days and in the lower stratosphere of 120 days (Landsberg, 1975), the
net annual increase in water vapor mixing ratio in the upper troposphere
will be about 10~* gm/kg of air and four times that value in the strato-
sphere. While this additional water vapor content is about two orders of
magnitude less than the naturally occurring water vapor in these regions,
and thus probably will not be enough to alter the radiative properties of
the upper atmosphere, the problem arises because much of the water is
emitted in the form of condensation trails. Bryson and Wendland (1975)
estimate that the condensation trails may cover as much as 5-10% of the
sky in the North America-Atlantic-Europe area, or about 0.8% of the
sky globally. Since commercial aircraft flight is estimated to increase by
a factor of as much as 3 to 6 in the years 1985 to 1990 (Study of Man’s
Impact on Climate, 1971), the possibility thus exists for significant in-
creases in cloudiness during the decades to come.

The approach to increasing cloudiness in this study was to assume
three models of increasing cirrus amounts. The first model, CIRRUS 1,
assumes a 5% increase in cirrus cloudiness, at the expense of clear
atmosphere, in the latitude bands from 30 to 60° north latitude. The
CIRRUS II model assumes an increase of 10% in the same latitude belt,

7 which corresponds generally to the latitudes where cirrus increases have

been detected by Machta and Carpenter. Finally, the extreme case,
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CIRRUS III, assumes a 20% net increase from 20 to 70° north. These
three hypothetical cases could correspond, generally, to possible changes
in cirrus cloudiness over the next few years, second, to a more extreme
case over the next decade, and finally, CIRRUS III may represent a
more serious increase, perhaps augmented by some feedback mechanism.

The basic changes to the heat and radiation budgets expected to result
from the increased cirrus cloudiness were increased planetary albedo;
reduced solar heating below the cloud and increased cooling above;
decreased upwelling longwave flux at the top of the atmosphere, since
cirrus clouds are cooler than the ground and are not considered to radiate
as blackbodies; and increased downwelling thermal flux at the surface of
the Earth, since cirrus clouds are more nearly blackbody radiators than
the clear atmosphere. All of these parameters can be deduced from
physical reasoning, but the real questions concern the magnitudes of the
changes experienced and their net influence upon the radiative budget.
Note that since the present model is a steady-state approximation to the
atmosphere, no horizontal transports of energy are considered; therefore,
any effects due to a change in cirrus cloudiness within a latitude band
will be restricted to that band.

The increases in cirrus cloudiness were incorporated into the model
through the computer program used to interpolate the solar and terrestrial
radiative model results to the appropriate latitudes and seasons. The
program was rerun to allow the three cirrus models to be successively
implemented while all other parameters were held constant, thereby
producing for both the solar and longwave radiation models three new
calculations of the radiation field for each month and at each latitude.
The results then obtained were compared to the ‘‘standard’’ results pre-
sented in the previous section to determine the influence of the three new
cloud distributions.

Manabe (1975) estimated that 1% sky coverage of contrails, with as-
sumed cirrus optical properties, would have negligible impact upon the
equilibrium temperature of the Earth’s surface, but that, if contrails are
blackbodies for the terrestrial radiation, an increase of 1% would raise
the equilibrium temperature by as much as 0.3°C. In this study, the
clouds under consideration were considered to be cirrus and to possess
typical cirrus cloud optical properties as described by Liou (1973b,
1974b). They were not, then, considered to be blackbodies for the
thermal radiation, but their impact upon the heating of the atmosphere
could be detected, nevertheless.

Figures 13 through 15 depict the changes in the heat budget brought
about by the three cloud cases. In Fig. 13 for the change in solar heating,
it is obvious that the effects of the cirrus clouds are restricted to the level
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FiG. 13. Changes in the solar heating for January and July conditions due to the increased
cirrus cloudiness.

of the cloud and below. Such changes as are indicated above the clouds
are very small and are probably due to roundoff in the computation.
Within the clouds, or more properly, at the cloud tops, small increases
in solar heating are observed, ranging from +0.01°C/day in the CIRRUS
I case to +0.04°C/day in the CIRRUS III case in July. Below the cirrus
clouds the resulting changes are uniformly in the direction of decreased
heating, again ranging in value from —0.01°C/day in the CIRRUS I case
to —0.20°C/day in the CIRRUS III calculation.

The reasons for the resulting changes in the solar heating are fairly
obvious, since the increased cirrus cloudiness must increase the local
albedo (see later) by a small amount, thus reducing the energy available
below the cloud for heating the lower atmosphere. The increased heating
within the cloud layer is due simply to the fact that solar heating in the
cloud is greater than that in the clear atmosphere surrounding the cloud;
therefore, increasing the cloud increases the heating relative to the
“‘standard”’ case. A relatively large increase in albedo produces only
very small heating effects in the upper atmosphere. Thus, it is not sur-
prising that the comparatively small changes in albedo produced by the
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increasing cirrus clouds produce little or no noticeable effect in the
heating above the cloud.

Figure 14 presents comparable results for the longwave cooling budget
for January and July. Here, however, it can be seen that the effects of
the clouds extend throughout the atmosphere, with drastically different
results above and below the cloud layer. Moderate reductions in heating
(increased cooling) are observed above the cloud, and rather larger de-
creases in cooling (increased warming) below the cloud. In the upper
troposphere and lower stratosphere, above the clouds, the cooling is
intensified by —0.01 to —0.20°C/day while below the cloud the opposite
effect; relative warming, is experienced, with magnitudes ranging from
+0.02 to +0.36°C/day. In this case the relative warming in the lower ’
atmosphere is accomplished because the flux divergence in the region is
diminished between the blackbody ground surface and the near black
cloud base. Above the cloud, cooling is intensified because the flux
upward from the warm ground is partially cut off by the increased cloud
which has a lower emission temperature. Recall that the cloud is in-
creased at the expense of the clear sky.

The effects upon the net heating of the atmosphere are demonstrated
in Fig. 15. Here the increased warming in the longwave band is partially
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FiG. 15. Net radiative heating changes for January and July conditions due to the cirrus
cloudiness.

offset by the cooling in the solar band below the cloud. The small increase

of heating by solar radiation within the cloud is supplemented by the

longwave warming, and above the cloud the cooling effect is due entirely

to the increased cooling by the longwave radiation. The net effects on

the heating, averaged over the entire latitude band and height of the

atmosphere are very small, only about +0.01°C/day even for the CIRRUS

»  III case. Considering the lower troposphere separately from the upper

troposphere and lower stratosphere, however, it is apparent that in the

two regions fairly significant effects may be felt. In the lower troposphere

v the absolute magnitude of the warming effect given by the CIRRUS III

model may be as much as 60% of the net annual heating calculated in the

“‘standard’’ model. In the upper reaches of the troposphere and lower

stratosphere, the effect is smaller, but may still be significant, with the

absolute value of the cooling increase amounting to as much as 10-15%

of the magritude of the cooling previously calculated. The effects of the

CIRRUS I and CIRRUS II models are less, but may still be important,
especially in the troposphere.

The heating effects of cirrus clouds on the surface temperature were

" investigated by Cox (1971) and were determined to be positive (i.e.,

warming) in the tropical atmosphere and negative (cooling) in the mid-




278 KENNETH P. FREEMAN AND KUO-NAN LIOU

latitudes. These conclusions were drawn from comparisons of measured
cirrus cloud emissivities with a curve of **critical blackness,’” which was
a plot of emissivity against height. The present calculations do not en-
tirely bear out these general conclusions, since the effect of cirrus in
every case was to increase the warming in the lower levels of the trop-
osphere below the cloud. There is some similarity, however, since the
heating is generally stronger in the tropical atmosphere than at similar
levels in the midlatitude and subarctic atmospheres.

To demonstrate the effects of the three cirrus models upon the vertical
fluxes of solar and terrestrial radiation, Figs. 16 and 17 show, respec-
tively, the effects upon zonal albedos, absorption of solar radiation by
the Earth and atmosphere, upwelling flux at the top of the atmosphere,
and downwelling infrared flux at'the surface. Only the northern hemi-
sphere data are plotted, since the increased cirrus is restricted to latitude
belts in that hemisphere.

As might be expected, the three models show increasing albedos with
increases in cirrus cloudiness. This is due to the fact that the reflected
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Fi16. 16. Zonal albedo (a) and absorption by the Earth-atmosphere system (b) due to the

cirrus cloudiness increase for January and July conditions.
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FiG. 17. Upwelling flux at the top of the atmosphere (a) and downwelling flux at the
surface (b) due to various cirrus models.

solar flux at the top of the atmosphere containing cirrus clouds was
determined to be 18-25% in midlatitudes, while reflection from a clear
atmosphere was found to be only 8-13% (both figures are for an overhead
Sun, u, = 1.0). The maximum increase for albedo was 6% for the
CIRRUS III model in January at a latitude of 45°N. Generally, the
increases from the CIRRUS I model were about 1%, and for the CIRRUS
II model about 2%. The average increase associated with the CIRRUS
III case was 4%.

The major effect of this increase was a reduction in solar flux reaching
the lower atmosphere where most of the absorption by gases, clouds,
and aerosols takes place. The consequences of this reduced flux are
presented in Fig. 16, where the total absorption of solar flux by the
atmosphere and Earth is seen to diminish with increasing cloudiness. The
decrease was usually less than 1.5% for the CIRRUS I and II cases,
while for CIRRUS III the absorption is reduced by as much as 2.6%.
The result of this decreased absorption will be felt mainly in the solar
heating rates below the cloud, as previously established.
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For the longwave portion of the spectrum, the results correspond to
those expected previously, where the upwelling flux at the atmospheric
top was reduced and the downwelling flux at the ground increased. The
alteration in the upwelling flux was large in absolute value than the
corresponding change in the downwelling flux. Reductions in the up-
welling flux averaged about 2.5% for the CIRRUS I case and about 5%
and 10%, respectively, for CIRRUS II and III, while the increases in
downwelling flux amounted to only about 0.7%, 1.5%, and 2.9% for the
three instances of cirrus increase. This difference can be readily ex-
plained, since the cirrus blocks the radiation upward from the warm
blackbody surface and reemits radiation from its nonblack top at a much
colder temperature. In the case of downward flux, the cirrus clouds
essentially block only the emission by ozone and CO, in the upper
atmosphere. Most of the flux reaching the ground is emitted by water

vapor below the cloud, therefore the contribution by the cloud is small. '

The combination of changes to these individual elements resulted in
alterations to the net radiation budgets for the atmospheric top, the
ground, and the net radiation loss for the atmosphere as a whole, as
shown in Fig. 18. The net budget at the top of the atmosphere was
affected by changes to both the upwelling terrestrial flux and the absorbed
solar radiation. Since the fractional decrease in the upward radiation was
greater than the decrease in absorption of solar energy, the overall effect
was a net increase in the value for the budget at the top of the atmosphere.
In other words, the losses in the polar regions were smaller and the gains
in the tropics and midlatitudes larger.
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FiG. 18. Changes to the annual radiation budget due to the increase in cirrus cloudiness. g
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for the atmosphere.
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At the surface the insolation was reduced by the increased reflection
due to the clouds, even though absorption decreased, since the percent
change in albedo was larger than the fractional change in absorption. In
effect, the energy transmitted to the surface for absorption was lessened.
The transmission loss amounted to about 0.7% in CIRRUS I case and to
as much as 3% in the CIRRUS III case. In all cases the increase in
downwelling flux was slightly larger than the change in surface absorption
of solar flux. This lead to a smaller value for the net upward flux at the
surface, and consequently, a very small decrease in the surface radiation
budget. This implies a small gain in energy for the surface, depending in
some measure on the surface albedo, and consequent surface warming.

The net radiation loss by the atmosphere was reduced slightly by the
combination of changes resulting from the increased cirrus cloudiness.
This loss was a function of the radiation absorbed by the atmosphere,
hich was reduced by the cloud increase; the upward flux at the top of

e atmosphere, which was reduced significantly; and the net upward

flux at the surface, which was itself a function of the increased downward
flux at the surface and the upward flux at the surface, which remained
unchanged. The dominant parameter was the upwelling flux at the top of
the atmosphere, which was reduced enough to overcome the decrease in
solar absorption, thus leading to a reduction in net radiation loss. These
computed changes to the various radiation budget parameters lead to the
conclusion that increased cirrus cloudiness may produce some changes
in the climatological distributions of heating and energy.

The net effect upon the global radiation balance of an increase in
cloudiness is thus the result of two competing fundamental factors. The
first factor is the increase in global albedo which causes a decrease in
solar energy available to the lower atmosphere. The second factor is a
decrease in the loss of infrared radiation to space. The effects of these
two factors upon atmospheric heating may be seen in Figs. 13 and 14
where the decreased absorption of solar energy leads to reduced heating
in the lower troposphere, while the decreased loss of infrared radiation
serves to warm the lower troposphere and cool the upper troposphere
and stratosphere. These effects are offsetting to some degree, since this
steady state model is not in balance. Over the long term, however, there
must be a balance between the absorption of the solar energy and the
loss of terrestrial radiation to space. This balance is manifested by the
equilibrium blackbody temperature of the Earth-atmosphere system. T,
and the global average temperature near the surface, 7.

With changes in the planetary albedo and the Earth’s emission of

“ Mongwave radiation, resulting from the increased cirrus cloudiness, it is

reasonable to assume that changes to T, and T, will result, and these
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parameters are important components of the climate of the Earth. In
order to determine the climatic impact of the cirrus models, the changes
in T, and T, are computed for the new distributions of cirrus cloudiness.

The equivalent blackbody temperature T. of the Earth—atmosphere
system can be determined from [see, e.g., Yamamoto and Tanaka (1972)]

7R2S(1 — A,) = 4wR2cT}

where R, is the Earth’s radius, S the solar constant, A, the global albedo,
and o the Stefan-Boltzmann constant. With the values of global albedo
computed from the cirrus models, the equation may be solved for T, for
each case. These results are tabulated in Table VII.

Budyko (1969) gives an empirical expression for the outgoing longwave
radiation, I,, as a function of near-surface temperature, T, and global
cloud amount, n.

I, =a+ bT, - (a, + b; T )n . .

where a = —.319, b = 0.00319, a, = 0.0684, and b, = 0.00228. I, is in
units of ly min~! and T, in degrees C. Using the values of I, computed
as a result of the cirrus cloudiness increase, the expression may be solved
for T,. The results of this computation are also given in Table VII.

From Table VII, it may be seen that the effect of increased planetary
albedo and reduced longwave flux to space is a reduction in the equivalent
blackbody temperature of the Earth—atmosphere system and a reduction
in the temperature near the surface of the Earth. This is due to the fact
that the increase in albedo is the dominant parameter in determining the
net effect. This may not always be so, especially in the case of very thin
cirrus, or over areas of very high surface albedo, where the expansion of
cirrus coverage may actually lead to a reduction in the planetary albedo,
since cirrus clouds reflect solar radiation less strongly than do ice- and
snow-covered surfaces.

The temperature reduction is generally quite small in the cases of the
CIRRUS I and CIRRUS II models, but becomes significant with the
CIRRUS III model, especially for T, which is reduced by almost —4°C.

TABLE VII. EFFECTS OF INCREASED PLANETARY ALBEDO AND DECREASED
LoNGWAVE FLUX ON T, AND T,

Standard CIRRUSIT CIRRUSII CIRRUSIII

[

I

A, 0.335 0.337 0.339 0.350
T. (K) 250.7 250.5 250.3 249.2
I, (Iy min™Y) 0.323 0.322 0.321 0315 e ' 5/

T, (K) 291.6 290.95 290.65 287.73

—
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The strong decrease in T, accompanied by only a moderate decrease
(—1.5°C) in T, implies that the atmosphere may be relatively warmed,
while the surface is cooled; and indeed, this has been observed above,
with a small net warming of the atmosphere occurring in the region
affected by the CIRRUS III model.

The area of the globe affected by the CIRRUS III model amounts to
about 30% of the Earth’s surface, and, while the CIRRUS III model is
an extreme case, the implications of an increase in cirrus cloudiness over
only a fraction of the globe are serious indeed. Such a large decrease in
T, might, if uncompensated by some negative feedback mechanism, ini-
tiate a return to ice age conditions.

Many of the effects of such an increase in cirrus cloudiness must be
pure speculation, based as they are upon a steady-state model with many
assumptions. Schneider (1972) has computed that while an increase in

Yow and middle level cloudiness would produce cooling on the order of

that calculated here, the effect of an increase in globally averaged effec-
tive cloud top height would be just the opposite, leading to an increase
in surface temperature. Many such coupled mechanisms are at work in
the atmosphere, greatly complicating the task of evaluating the results
outlined here. The computed changes to the radiation budget parameters
lead to the conclusion, however, that increased cirrus cloudiness could
produce some changes in the distribution of heating and energy transport
in the atmosphere. The ultimate climatological effect of such changes
must await evaluation by detailed climate models.

6. CONCLUDING REMARKS

In this work the attempt has been made to model the radiation budget
of the atmosphere in a more comprehensive manner than previously
accomplished and, in addition, to investigate the impact upon that budget
of increasing cirrus cloudiness. It is felt that both of these aims have
been successfully accomplished.

The radiation budget model has provided, within the limitations of the
available data, a useful extension of the work of London, Sasamori, and
others. This was accomplished by a more detailed analysis of the effects
of aerosol and clouds, particularly their scattering properties. Also, the
use of a full radiative transfer model has avoided the employment of
parameterizations and empirical formulas which, useful as they are, do

m, N0t provide the accuracy and flexibility of the present model in describing
" Yand quantifying the complex radiation field of the atmosphere.

The radiation model presently employed has allowed a very full ex-
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amination of the complex of interactive processes which are going on
simultaneously in the atmosphere to produce the radiation budget and
atmospheric heating. One process which has been inadequately modeled
in the past studies of the radiative balance is scattering. The radiative
transfer model used in this work makes use of explicit solutions for
Rayleigh and Mie scattering, thus allowing detailed analysis of the con-
tributions of scattering to the atmospheric radiation field with a minimum
of simplifying assumptions.

Clouds are the most important atmospheric elements involved in mod-
erating and altering the radiation field, and their effects have been care-
fully reproduced insofar as possible, although the cloud climatology used
was based upon data primarily from the 1940s and before. Cirrus clouds,
for reasons described previously, were chosen for particular examination
in this work. The variation of cirrus cloudiness was chosen as an inde-
pendent variable in the computations and the effects of increasing cirru
cloudiness in some near-realistic manner were studied in detail. There
are, of course, a number of interactions, particularly interactions of the
radiation field with the dynamics of the atmosphere, which have received
no attention in this study. The intent of the work, however, was to
examine a steady-state model of the radiation field and to test this field
by admitting changes in only a single variable.

The effects of cirrus clouds upon the radiation field and heat budget
have been demonstrated here, but the climatic impact of such changes
has not been modeled. This work has calculated the changes in radiation
quantities that would result from the cirrus cloud models employed, but
the measure of the influence of these changes upon the climatic distri-
butions of energy and weather has yet to be determined. Such an ex-
amination is beyond the scope of the present work, and these long-term
influences can best be evaluated by the use of a comprehensive climate
model.
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