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Abstract

A number of numerical experiments have been carried out to investigate the climatic
effects of the cirrus cloud thickness and location in various atmospheric conditions on the
thermal equilibrium temperature of the earth’s atmosphere. While the convective adjustment
program utilized follows the procedures outlined previously by Manabe and his associates,
several new endeavors for treating the transfer of solar and infrared radiation through semi-
transparent and nonblack clouds are incorporated into the radiative-convective progarm. The
numerical program is developed in such a manner that the solar and infrared radiative proper-
ties of cirrus can be carefully treated in conjunction with the temperature profile determi-
nation. We show that the presence of a 0.1 km thin cirrus with an infrared emissivity of
0.45 and a solar reflectivity of 0.08 heats the atmosphere by as much as 20°K regardiess
of the cloud location. However, the influence of thick clouds depends strongly on their
atmospheric location. The presence of low thick ice clouds will cool the atmosphere signifi-
cantly, a conclusion shared by several investigators. A composite thermal equilibrium tem-
perature profile is constructed using the climatological water vapor and ozone profiles and
cloud parameters for the tropical atmosphere. Comparison with the climatological tempera-
ture profile in the tropics reveal a close agreement (within 1°K) in the troposphere and about
10°K difference in the stratosphere. Using the tropical data, we show that increasing the
cirrus cloud cover by 10% at the expense of the clear column will warm the surface tem-
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perature by about 0.2°K.

1. Introduction

The most important regulators of the radiation
balance are clouds, which absorb and scatter
the incoming solar radiation while emitting and
absorbing the thermal infrared radiation. Clouds
regularly cover about 50% of the sky over the
globe. It is apparent that the climatological hori-
zontal extent of the cloud cover and the vertical
structure have a very strong impact upon the
radiation balance, weather and climate of the
earth-atmosphere system. While local variations
in cloudiness are a natural and constantly
occurring phenomenon due to the changing
synoptic-scale conditions embedded in the general
circulation, long-term secular changes in cloudi-
ness and vertical structure are difficult to detect.
Even with the current satellite sounding tech-
nology, means of detecting the compositions and
structure of clouds and cloud systems over the

globe has not been developed for routine opera-
tions and observations.

Although evidence of changes in global average
cloudiness does not exist at present, there
appears to be evidence that more localized high
cloudiness has increased, Machta and Carpenter
(1971) reported on secular increases in the amount
of high cloud cover in the absence of low and
middle clouds at a number of stations in the
United States between 1948 and 1970. It has
been suggested that there may be a link between
the increase in cloud cover and the expansion
of jet aircraft flights in the upper troposphere
and lower stratosphere in the latitude range be-
tween 30° and 65° north (Study of Man’s Impact
on Climate, 1971). Moreover, cirrus clouds are
relatively stable and long-lived, residing as they
do in the upper troposphere and lower strato-
sphere where they are mostly associated with
large scale weather disturbances. Thus, the
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cirrus cloud climatology could be fairly well
determined and significant departures detected
once the sounding technique has been developed.
Cirrus clouds are composed exclusively of non-
spherical crystals having predominant hexagonal
structures but with complex shapes also observed.
The fact that we see 22° and 46° halos and
sundogs proves that cirrus must contain a large
portion of oriented hexagonal columns and
plates. :

In order to understand the climatic impac
of high cirrus on the basis of a first order ap-
proximation, we have constructed a  global
radiation budget model with specific emphasis
on the cloud and aerosol radiation coptributions
(Freeman and Liou, 1979). Utilizing the available
climatology on the temperature, water vapor,
ozone and aerosol profiles and cloud distributions,
a zonally averaged radiation balance model was
constructed. Several experiments were carried out
to investigate the increase of cirrus cloudiness
on the heating and cooling in the troposphere
and low stratosphere and on the surface tempera-
ture. By means of a simple one-dimensional
global radiation. balance model, it was shown
that a 10% increase in cirrus cloudiness, at the
expense of clear atmosphere, in the latitude bands
from 30° to 60° north latitude leads to a decrease
on the global surface temperature by about 1°C.

However, the one-dimensional global radiation
model is concerned only with the surface
temperature with no vertical resolution or dyna-
mic factor included. The results derived from
such a model may not be conclusive and physi-
cally reliable. Thus, a second order approxi-
mation to understand the climatic effects of cirrus
clouds would be to construct a one-dimensional
radiative-convective model in which the solar and
infrared radiative properties of cirrus can be
treated comprehensively in such a manner that
the semi-transparent and nonblack characteristics
of cirrus could be incorporated in the numerical
experiment. For this purpose, we adopt the
numerical scheme developed by Manabe and
Strickler (1964) and Manabe and Wetherald
(1967), known as the convective adjustment, in
conjunction with the solar and infrared radiation
programs we have developed over the last few
years (Freeman and Liou, 1979; Liou and Witt-
man, 1979; Liou and Ou, 1981) to investigate
the cirrus cloud thickness and location and other
atmospheric and surface factors on the vertical
temperature profile.

In Section 2 of this paper we outline the
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method for the computation of solar heating
rates and fluxes in the atmosphere. A parameteri-
zation scheme for computing the infrared fluxes
and cooling rates including the radiation contri-
bution of cirrus is then presented in Section 3.
A brief discussion on the spirit of the convective
adjustment is followed in Section 4. Results and
conclusions on the heating and cooling profiles’
and the thermal equilibrium temperatures due to
the variation of cloud parameters and atmos-
pheric conditions are subsequently given in
Sections 5 and 6, respectively.

2. Computation of solar heating rate

The basic solar radiation scheme used is based
on the plane-parallel model developed by Free-
man -and Liou (1979) for inhomogeneous atmos-
pheres. It covers the entire solar spectrum in
which gaseous absorption is accounted for in
scattering layers. Below we outline the procedures
involved in the computation of solar fluxes and
heating rates. The fundamental transfer equation
governing the homogeneous radiation field for the
azimuthally - independent diffuse monochromatic
intensity may be written

dI(z,
##=Ix(f» )
T

@, (1 ’ ’ ’
5 Py(p, ")z, p)d e

_%FIPA(#, £o) €Xp (—7 /), (1)

where 7 represents the monochromatic .optical
depth at wavelength A, y and po the cosine of
the emergent and solar zenith angles, respectively,
and zF, the incident solar flux. The single-
scattering albedo and the phase function for a
layer consisting of both molecules and cloud
particles are respectively defined by

&= BB+ Bi,s€
BB+ B1,8C+ Br,aC+ B’
BiEPF(0) + a,sCP:C(6)
B+ B¢ ’
where f,.° and )¢ denote the absorption and
scattering coefficients for cloud particles, and
£:¢ and B\F represent the absorption and scatter-
ing coefficients for molecules. All four coefficients
are in units of per length. The superscripts R
and C are abbreviations for Rayleigh molecules
and cloud particles, respectively. For a layer
without cloud particles, 8x,s= praC=Pr¢(6)=0.
Utilizing the discrete-ordinates method for
radiative transfer, the solutions of the transfer

(2)

P1(0)= (3)
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equation as shown by Liou (1973) are given by
Ii(z, p)= 2 Ljps (¢t} exp (—kz,57)
J

+Z(:) exp (—7 /o), (4)

where i and j denote the discrete streams used
in approximating the transfer equations, and
ér; and ky,; represent the eigenfunction and
eigenvalue, respectively. The Z function is as-
sociated with Chandrasekhar’s H function, the
single scattering albedo and the expanded phase
function in terms of Legendre polynomials, and
the Ly’s are coefficients to be determined from
the boundary and continuity conditions described
below. :

To apply Eq. (4) to an inhomogeneous atmos-
phere, we divide the atmosphere into a number
of homogeneous sublayers. At the top of the
atmosphere there is no downward diffuse intensity
so that

L,1(0, —u)=0. (5)
where - p; indicates that the direction of inten-
sity is downward. Between the sublayers, the

intensities from all directions must be continuous
and we have
L7, ) =1 10a(7, p0), 1=1,2, -, N—1,
(6)
where N is the total number of sublayers and
7y is the optical depth from the top of the atmos-
phere to the layer /. At the bottom of the atmos-
phere, the upward intensity is given by the
reflection of the downward diffuse and direct
fluxes as follows: , ‘

14 n
Lin(en, + )= f[er Zl aips (TN, — )
=

+ap F; eXP(—TN//lo):|, (7)

where r; is the surface albedo, a; the weighting
factors, and n the number of discrete streams.
After inserting the intensity solution into the
boundary and continuity equations, we obtain a
set of linear equations from which the unknown
coefficients L; may be determined by means of a
matrix inversion technique. Subsequently, the
intensity distribution at any level in the atmos-
phere may be computed. The monochromatic
upward and downward fluxes are given by

n
FiNz)=2x gl aipidi(z, ),
n
Fil(z)=2x 5 aituli(z, — )
i

+ 7 ptoF; exp (—7/tto). (8)
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Finally, the upward and downward fluxes at a
given height 2z (or pressure p) covering the entire
solar spectrum are

FTl(z)=S;FxN(z)dlg g] Fo, @) Ay (9)

where the solar spectrum is divided into M
discrete spectral intervals. The net flux for a
given layer may be computed from

F(2)=F'(2)—F(2) (10
and the solar heating rate for a layer of air
resulting from the absorption by atmospheric
gases and/or cloud particles may be calculated
from ' .

oT 1 0F(z) i

()e 7075 v
where p is the density and C, the specific heat
at constant pressure,

The primary gaseous absorbers considered in
the solar spectrum ranging from 0.2 to 3.2 ym
are water vapor, ozone, carbon dioxide and
molecular oxygen. The solar spectrum is divided
into nine spectral intervals according to the
location of absorption bands. Incorporation of
water vapor, carbon dioxide and oxygen absorp-
tion in scattering atmospheres is accomplished
by the exponential fitting of band transmissivities
derived by Liou and Sasamori (1975). The
fitting program generates a number of equivalent
absorption coefficients for each spectral band
which are used to evalliate the total optical depth
and single-scattering albedo.

3. Computation of infrared cooling rate

In order to compute infrared cooling rates in
all weather conditions we have developed a
parameterization scheme in which the contribu-
tion of nonblack clouds in terms of the broad-
band radiative parameters is utilized. We con-
sider a cloudy atmosphere containing a semi-
transparent and nonblack cloud with the top and
base heights denoted by z; and z;,, respectively.
We then derive the cloud broadband infrared
emissivity, ¢C, transmissivity, ¢, and refléctivity,
¥¢, according to the parameterization scheme
developed by Liou and Wittman (1979) as fol-
lows:

ROV)= T G, (12)

where C, are the predictor coefficients, W the
vertical water/ice content in units of 102 g m~2,
and R represents ¢, (€, or rC.

In accordance with the geometric configuration

Ve —
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depicted in Fig. 1, we wish to derive the upward
and downward fluxes in the atmosphere including
the contribution of nonblack clouds in terms of
their broadband radiative parameters. For the
atmosphere below the cloud, since the gaseous
atmosphere is considered to be nonscattering and
in local thermodynamic equilibrium, the upward
flux at level u is simply given by
7’
Fl(u)=cTs'+ Su Tu—u’, T(u’)]mdu’,
0 du

13)
where the gaseous path length u is related to
the height 2 depicted in Fig. 1, T, and T are the
surface and atmospheric temperatures, respec-
tively, and the broadband emissivity is given by

e/(u, T)= S: #BAT)[1— T (u)ldv/aT*

=3 7B, [1- T,/ W)]dvm/cTt,  (14)

where v is the wave number, m denotes the num-
ber of spectral intervals dvp,, #B; the spectral
Planck flux, and 7/ the spectral slab (or diffuse)
transmittance. For atmospheric applications, it
suffices to introduce a diffusivity constant 1.66
in the flux -calculation such that 7;/(u)=
T 5(1.66u).

As shown in Fig. 1, the downward flux below
the cloud is generated by (1) the reflected flux
from layers below the cloud, (2) the transmitted
flux from layers above the cloud, (3) the emitted
flux from the cloud base, and (4) the atmospheric
flux between the layer and the cloud base. Thus,
we find

Fl(u)= r”{aTs4[1 —efQup—u, Ts)]
up d
—S oTHw)—eRup—u—u’, T(u’)]du/}
0 du

—t° Sut o‘T“(u’)a%,ef[u’ —ug+up—u, T(u')]

. u
x du’ +ev’aTo![1— e/ (ub—u, Tb)]
u d
——S oT4(uy5=eflu' —u, T(w)Hldu’, (15)
up du
where the temperature and path length notations
are defined in Fig. 1.

For the atmosphere above the cloud, the down-
ward flux at level # may be expressed by

Flwy=0T'e"(u1—u, T)

oT*

u , , d (u’) ’
+Su1 e’ —u, T(u )]—du,—du ) (_16)

where T; denotes the temperature at the top of
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~ 0.Ts

Fig. 1 Configurations of upward and downward
fluxes in cirrus cloudy atmosphere.

the layer, and u; is the total path length for the
specific gas concerned. The upward flux, like the
downward flux below the cloud, is much more
involved due to the cloud radiation contribution.
It is caused by (1) the reflected flux from layers
above the cloud, (2) the transmitted flux from
layers below the cloud, (3) the emitted flux from
the cloud top, and (4) the atmospheric flux be-
tween the layer u and the cloud top. Thus, we
find

Fi(u)= rcS"

u

d
T U)oy T + 1 —2ue, T(u)]du!
' du
+ tc{oTs4[1 —&f(up+u—ut, Ts)]

- Sub aT“(u’)—d—,sf[u —Uui—up—u, T(u’)]du’}
0 du
+et®oTe1 — e (u—us, Tt))

- S o)L eu—u!, T, (17)
ug du
In the no-cloud condition, wp=u;, r¢=¢¢=0,
t€=1. Equations (15) and (17) reduce to the
forms of Egs. (16) and (13), respectively, after
performing integration by parts. On the other
hand, if the cloud is an ideal black cloud, =
et =1, rC=¢=0, Eqgs. (15) and (17) also reduce
to the forms of Egs. (16) and (13), respectively,
except that the top and surface temperatures are
replaced by the cloud bottom and top tempera-
tures, respectively. Once the upward and down-
ward fluxes have been evaluated, the infrared
cooling rate at level z may be computed by
(Z) - Ldre_ g drw g
ot J1r 0Cp dz Cp du’

where ¢ is the mixing ratio and the definition
of the net flux F(z) is denoted in Eq. (10).
The computation of infrared cooling rates
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follows the procedures outlined by Liou and Ou
(1981). 1In that study, five broadband emissivity
values corresponding to HyO rotational, H.O
vibrational-rotational, H,O continuum, CQO; and
O3 bands were derived. In conjunction with
these broadband emissivity values and the COq
and HyO overlap correction, the upward and
downward flux equations, which take into account
all the bands, may be derived from the definition
of the total broadband emissivity. It is the sum
of the emissivity for individual gases minus the
emissivity for overlap bands. Subsequently, the
total infrared cooling rate may be evaluated.

In accordance with the parameterization
scheme developed by Liou and Ou (1981), the
broadband emissivities for H,O, CO, and Oj lines
and H,O continnum were derived from the
statistical band model and empirical formula,
respectively. Various physical adjustments were
performed to incorporate the effects of pressure
and temperature on absorption into the gaseous
path length. The parameterization scheme involv-
ing nonblack clouds simplified the intricate cloud
interactions with atmospheric infrared fluxes in
terms of the broadband cloud radiative properties.
Consequently, the numerical effort and com-
putational time requirement are equivalent to
those for clear column cases.

4. Temperature profile determination

The local time rate of change of temperature
in the atmosphere is due not only to radiation
transfer but also to the upward and horizontal
heat transport by atmospheric motions and the
latent heat of condensation when clouds are
involved. On the basis of the first law of thermo-
dynamics, the rate of the differential increment
of heat dg/dt added to a system of gases may
be written in the form

dg . dT dP
PTIRE TR T
where P is the pressure, T the temperature, «
the specific volume and C, the specific heat at
constant pressure. In the atmosphere, the rate
of energy change per volume pdg/dt is caused
by the radiation flux divergence in the vertical
direction and the latent heat of condensation.
Considering only the radiation exchange, Eq. (19)
may be rewritten in the form
c dT dP  dq dF
e th_Tt‘_pad.t_—_<E>rad
where the subscript rad denotes the contribution
of both solar and thermal infrared radiation. In

(19)

, (20)

Journal of the Meteorological Society of Japan

Vol. 60, No. 1

one dimensional cases, the heating rate, i.e., the
local time rate of change of temperature, is
given by

oT 1 /dF
) (&) —wle-T
< ot )net pCp< dz >rad w( d )

_<‘7_‘T_> +<i1;>
T\ ot rad 9t Jconv

where p is the density of air, I'a(=g/Cp) the
dry adiabatic lapse rate, I'(=—dT/dz) the
atmospheric lapse rate, and o (=dz/dt) the
vertical velocity. Thus, a time marching pro-
cedure can be devised to obtain the temperature
as a function of height (or pressure) as follows!

@n

oT \ ™
reo@=To@+(5 ) o @)
at net
where n denotes the index for iterations. Given

an initial temperature field, a final steady-state
temperature field may be evaluated numerically.
Even in a very simple one dimensional case, it
is clear that the computation’ of temperatire
fields requires the knowledge of the vertical
velocity which would involve solving the equa-
tions of motion and continuity.

Eq. (21) is derived on the condition that the
atmosphere contains no moisture so that the
adiabatic lapse rate is given by 9.8°C/km. In a
moist atmosphere, the adiabatic lapse depends
on pressure and temperature and varies from
about 4°C/km near the ground in warm moist
air masses to about 7°C/km in the middle tropo-
sphere (Wallance and Hobbs, 1977).

To cope with the complexity of computing the
velocity field, Manabe and Strickler (1966) and
Manabe and Wetherald (1967) proposed a
numerical means, now known as the convective
adjustment, to derive the vertical temperature

. profile. Basically, the atmosphere is divided into

three categories and a critical lapse rate I'; of
6.5°C/km is used from which the atmosphere
layer is judged to be convectively stable or un-
stable. For a non-convective layer we simply
have

oT
_— =0
< ot >conv

and no adjustment is needed. On the other hand,
in a convective layer which is not in.contract
with the surface, the vertical temperature profile
is adjusted to the critical lapse rate [, subject
tc the condition that the total potential energy
is conserved. That is,

z oT
Col — dz=0,
Szb p p< at >CODV

(23)

@4)
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where z; and 2z, denote the top and bottom
heights, respectively, of the unstable layer.
Physically, this implies that convection develops
when the lapse rate exceeds the critical lapse
rate; then the convection transports heat upward
until the- critical lapse rate is established. Con-
sequently, the potential energy is converted to
kinetic energy which is eventually dissipated into
heat resulting in a redistribution of temperature
with total energy conserved. In the event that
a convective layer is in contact with the surface,
the heating flux from the surface needs to be
considered so that

S" o5 ). de=FIO),
[} 0t /conv )

where F1(0) is a result of the net solar and
infrared fluxes.

On the basis of Egs. (23), (24) and (25), an
iterative procedure may be constructed starting
from the surface and scanning the layers above
progressively and repeatedly at each time step
until all layers of super-critical lapse rate have
been eliminated. In accordance with the algorithm
developed by Manabe and Wetherald (1967),
atmospheric temperatures are first constructed
based on the balance of radiative heating and
cooling rates. Then the surface temperature is
derived from the balance of solar and infrared
net fluxes at the surface. Since the solar fluxes
heat up the surface, there will be net upward
fluxes which are to be distributed in the layer
above the surface so that Eq. (25) is applicable.
Adjusting the temperature stepwise upward using
Eq. (24) whenever the layer is convectively un-
stable eliminates all the supercritical lapse rates.

25)

5. Results

a. Solar heating and infrared cooling rate

profiles

In this subsection we first present the broad-
band infrared and solar radiative properties of
clouds. Thicknesses of 0.1, 1, and 3 are used
in the calculation and results are depicted in
Table 1. A 0.1 km cloud, which contains a
vertical ice content of 5.18gm~2, has an
emissivity of about 0.45. While such a cloud
may be thought of as a half black cloud, its
reflectivity in this case is less than 1% and for
all practical purposes its effect may be neglected
in the infrared transfer calculation. However,
for a 3 km cloud while its emissivity approaches
unity, the reflectivity due to effects of multiple
scattering has a value of 0.24. Clearly, the high
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Table 1 Infrared and solar radiative properties of
cirrus clouds
Az (km) 0.1 1 3
Adw(gm-?) 5.18 51.8 156.8
ef 0.449 0.933 0.988
IR rg 0.068 0.188 0.240
t 0.559 0.042 0
r 0.088 0.237 0.393
SOL ¢ (u=0.5) 0.898 0.653 0.425
o 0.014 0.110 0.182

cloud reflectivity will have a considerable influ-
ence on the production of warming between the
cloud base and the surface. The solar reflection
for a 0.1 km thin cirrus when yo=0.5 is only
about 8.8% with more than 90% of the solar
energy transmitting through the cloud. On the
other hand, for a 3km cloud consisting of
156.8 g m~2 vertical ice content, the solar reflec-
tion increases to about 39%. It should be noted
that although the solar reflection (albedo) is only
about 9% for the 0.1 km cloud case, such a
cloud is already half black in the thermal infrared
region. With the large transmitted solar energy
coupled with the greenhouse effect produced by
the half black cloud, it is conceivable that atmos-
pheric temperatures under the steady-state con-
dition may be increased due to the presence of
a thin high cloud. The influence of thin clouds
on the atmospheric equilibrium temperature will
be discussed in detail in the next subsection. For
the intermediatz 1 km cloud thickness case, we
note that its infrared radiative properties are
fairly close to those for the thick 3 km cloud
case. But the radiative properties differ greatly
in the two cloud cases. The solar albedo, *for
example, has differences on the order of 15%.

In Fig. 2 we show the solar heating rate for
tropical atmospheres containing 0.1, 1 and 3 km
cirrus having a base height of 8 km. The solar
heating rate for a clear tropical atmosphere whose
humidity and ozone profiles (after McClatchey
et al., 1971) are depicted in Fig. 3 is denoted
by the solid line. The cosine of the zenith angle
pe is taken to be 0.5, representing an approximate
average value for a solar day, and the length of
the duration of sunlight is assumed to be 12 hrs.
For a clear atmosphere the solar heating is ~1°C
per solar day in atmospheres below about 10 km
due to the absorption of water vapor, whereas
in the stratosphere it is produced exclusively by
the ozone absorption. Since the heating rate is
inversely proportional to the air density, it
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Fig. 2 Solar heating rates in units of °C per solar
day for clear and cirrus cloudy atmospheres.
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Fig. 3 Water vapor and ozone density profiles for
tropical, subarctic summer and subarctic winter
atmospheres.

increases drastically in layers above 25 km.

A 0.1km cirrus generates a heating rate of
about 8°C per solar day due to a large difference
in the net flux at the cloud top and bottom
coupled with a small cloud thickness. Heating
rates reduce to 6 and 3°C per solar day for 1
and 3 km thick cirrus, respectively. The reduc-
tion of solar heating as the cloud thickness
increases is due in part to the finite difference
scheme used in the calculation in which the heat-
ing rate is inversely proportional to the cloud
thickness. The atmospheric heating rates below
the cloud decrease as the cloud thickness in-
creases because more solar fluxes are depleted.
A 1°C/day reduction is seen for the 3 km cloud
case when it is compared with the clear case.

" In order to investigate the effects of cloud
location on the solar heating rate, additional
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calculations not presented here were also carried
out -by lowering the cirrus in the atmosphere.
More reduction of the solar heating rate for
atmospheres between the cloud and the surface
was observed. This is owing to the fact that the
solar flux suffers greater attenuation through
additional water vapor above the lower cloud.
Moreover, the higher the cloud, the greater is
the solar heating rate within the cloud layer
itself. For the three cloud thicknesses illustrated
in this study, a reduction of about 0.5 to 1°C

.per solar day is obtained when the cloud base

is lowered from 8 to 5 km. ,
The infrared cooling rate profiles for a num-
ber of clear and cloudy tropical atmospheres are
shown in Fig. 4. The base heights of the clouds
are set at 8km. In a clear tropical atmosphere
the infrared cooling profile shows several maxima
and minima, in addition to the strong cooling in
the upper atmosphere due to carbon dioxide and
ozone. The maximum at about 17 km is known
as a basic result of the temperature inversion at
the tropopause. The maximum at about 10km
and the minimum at about 3 km are associated
with the nonlinear interaction of temperature and
emissivity slopes. The latter slope is further
associated with the water vapor concentration
profile. For the case of a 0.1 km cirrus whose
emissivity is about 0.45 (see Table 1), more cool-
ing at heights between 16 and 25 km is generated.
Below the cloud, the cooling rate is reduced by
as much as 1°C/day because of the addition of
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INFRARED COOLING RATE (°Csday)

Fig. 4 Infrared cooling rates for clear and cirrus
cloudy atmospheres. ‘
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the downward flux from cloud emission. The
suppression of cooling due to the presence of a
half black cloud is indeed significant. In reference
to Table 1, we see a significant component of
reflected flux from an almost black cloud due
to the scattering of infrared radiation by cloud
particles. The contribution of reflection and
cloud bottom emission produces heating instead
of cooling for atmospheres between the cloud
bottom and about 5 km height.  The reflection
component attributes to almost 20% of heating
in this case. Atmospheric cooling rates between
20 and 30 km, on the other hand, are enhanced
as much as 1 to 2°C/day. Above 30 km, no
significant variation of cooling rates is found
when a 3 km cirrus is present in the atmosphere.
As for the 1km cirrus case, the cooling rate
profile is similar to that for the 3 km cirrus case
since the broadband emissivity and reflectivity
values for the two cases are about the same as
shown in Table 1. The average cooling rate for
the 3 km cirrus is about —7.2°C/day.

When the cloud base of a 3 km thick cloud is
lowered to 5 km, the atmospheric cooling be-
tween the cloud base and the surface is sup-
pressed by about 0.5°C/day. Meanwhile, the
average cooling rate for the cloud increases to
—8.1°C/day. The physical reason for the cool-
ing suppression is that the lower cloud has a
warmer temperature at the cloud base which
increases the downward flux from the cloud and
consequently heats up the atmosphere below.
The larger cooling rate for the lower cloud is
an obvious result of the greater net flux difference
between the cloud top and base. But it is difficult
to pinpoint the exact downward or upward flux
component which is responsible for the larger
cooling within the cloud. The general trend of
lowering the cloud is the reduction of -cooling
between the cloud and the surface and the
increase of average cooling within the cloud.

b. Thermal equilibrium temperatures

Utilizing the radiative-convective program we
first carry out a numerical experiment to investi-
gate thermal equilibrium temperatures in clear
atmospheres. Three different atmospheric hu-
midity and ozone profiles depicted in Fig. 3 were
employed in the calculations. Generally, tempera-
tures below about 15 km are determined by the
amount of water vapor. Larger water vapor

concentration generates warmer temperatures as

illustrated in Fig. 5. This is basically due to the
absorption of solar radiation and trapping of
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thermal infrared radiation by water vapor. Above
about 15km the radiative equilibrium tempera-
tures are produced by the balance of the solar
heating rate of ozone and infrared cooling of
carbon dioxide, ozone and water vapor. Because
of the non-systematic distribution of water vapor
and ozone profiles used in this study, it is
difficult to assess the effects of varying ozone
amounts on the equilibrium temperature in the
stratosphere.

We next study the influence of the cloud
thickness (or ice content) on the temperature
profile. Fig. 6 shows the thermal equilibrium
temperatures for clear and various cloudy atmos-
pheres using a tropical humidity profile and a
surface albedo of 0.15. The cloud base in this
graph is placed at 8 km and three cloud thick-
nesses of 0.1, 1 and 3 km whose radiative prop-
erties have been previously described are used
in the numerical calculation. Temperatures in-
crease significantly below the tropopause (at
~20km) when a 0.1 km thin cirrus is inserted
in the atmosphere. This is caused by a combi-
nation of the large solar energy transmission
and the thermal infrared greenhouse effect. The
result of the thin high cloud effect on equilibrium
temperatures derived in this study is in qualita-
tive agreement with that presented earlier by
Manabe . and Strickler (1964) and recently by
Stephens and Webster (1981). As cloud thick-
ness . increases, the atmospheric temperature
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Fig. 6 Effects of the cirrus cloud thickness (or ice
content) on the thermal equilibrium temperature.
The cloud base is set at 8 km.

reduces due to the significant decrease of solar
flux. For clouds approaching black bodies, we
see colder temperatures above about 15 km. This
is because of colder cloud top temperatures
acting as surface emitters. Although the dif-
ference between the infrared radiative properties
for 1 and 3 km cloud cases are rather small, the
temperature differences in the two cases are on
the order of 10°K below about 15 km due to the
difference in the solar radiation properties de-
picted in Table 1. .

The effects of the cloud location in the atmos-
phere on the thermal equilibrium temperature
are shown in Figs. 7 and 8 where the cloud bases
are placed at 5 and 2 km, respectively. When
the half black thin cloud is lowered from 8 km
to 5 and 2km, equilibrium temperatures vary
only slightly. However, when the thick cloud
is moved to the lower atmosphere, equilibrium
temperatures decrease drastically. For the cloud
base in the 5 km case, the presence of a 1km
thick cloud shows small warming with respect
to the clear atmosphere. The presence of a 3 km
thick cloud, on the other hand, produces cooling
everywhere in the atmosphere. When the cloud
base is at 2 km, strong cooling takes place in the
atmosphere. Below about 15 km, the reduction
of the temperatures for a 3 km low cloud is on
the order of 20°K. It should be noted that a
thick cirrus behaves just like water clouds in the
thermal infrared region. However, a thick cirrus
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Fig. 8 Same as Fig. 6, except the cloud base is
at 2 km. i

has a much lower solar reflection (albedo) than

a comparable water cloud having the same thick-

ness. Consequently, we would expect a pro-
nounced reduction of the equilibrium temperature
when low water clouds are present in the atmos-
phere.

In Figs. 9 and 10, we illustrate the effects of
the surface albedo on the equilibrium temperature
in clear and cloudy atmospheres. We use a sub-
arctic summer water vapor profile and two sur-
face albedos of 0.15 and 0.6 in the numerical

[ 2%

"
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Fig. 9 Thermal equilibrium temperature in a sub-
arctic summer atmosphere using a surface albedo
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Fig. 10 Same as Fig. 9, except the surface al-
bedo is 0.6. Effects of the surface albedo on
the thermal equilibrium temperature.

experiments. The cloud base is fixed at 5 km.
For all the cases presented in these two figures,
a surface albedo of 0.6 reduces the equilibrium
temperature below about 10 km by as much as
20°K. The reason for the colder tropospheric
temperature in the case of a higher surface
albedo of 0.6 is due to the fact that solar fluxes
are reflected back to the atmosphere resulting in
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a colder surface temperature. And by virtue of
the convective adjustment, the colder surface
temperature in turn affects the temperature pro-
file with a fixed lapse rate of 6.5°C/km.. How-
ever, the results presented here correspond to a
specific water vapor profile with two surface
albedo . values and limited cloud thicknesses.
Thus, comprehensive and  definitive effects of
surface albedo on the temperature field in rela-
tion to the cloud thickness, cloud height, and
cloud type require additional numerical experi-
ments.

Moreover, we wish to investigate the quantita-
tive influence of cloud thickness and location on
the surface temperature. As illustrated in Table
2, introduction of a half black high thin cirrus
cloud causes the surface temperature to increase
significantly. This is basically caused by the
additional emission from the cloud. As the
cloud thickness increases, the surface temperature
decreases but it is warmer than that in the clear
case. As the cloud moves to the lower atmos-
phere, thick clouds produce cooling effects rela-
tive to the clear case. Basically, this is due to
the fact that only limited water vapor is available
for the greenhouse effect to be effective between
the cloud base and surface, which in turn affects
the surface temperature. For a thin cloud of
0.1 km, when' the cloud base moves from 8 km
to 2km the surface temperature first increases
then decreases. There appears to be an optimal
location in the atmosphere where the half black
thin cloud will produce a maximum temperature.
For thick clouds, it is rather clear that the sur-
face temperature reduces as the cloud base
approaches the surface.

The final experiment is designed to test
whether the - radiative-convective program pre-
sented in the previous sections could accurately
reproduce climatological temperature profiles if
average conditions of cloudiness are simulated.
For this purpose we select a tropical atmosphere
and consider six cloud types consisting of low,
middle, cirrus, nimbostratus, cumulonimbus and

Table 2. Effects of the cirrus cloud thickness and
height on the surface temperature (°K).
(Tropical Hy0, u,=0.5, r,=0.15, =12 hr).’

dz (km) .
\ 0.1 13
2 (km)

8 303.6 321.4 313.3 1 305.2

5: 303.6 324.6 305.0 .297.3

2 303.6 3186 289.7 282.5
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Table 3. Cloud base and top heights and fractional
cloudiness for each cloud type in a tropical

atmosphere :
Cloud Cloud Base Cloud Top Fractional
Type (km) (km) Cloudiness
low 1.80 2.75 0.129
middle 4.10 5.15 0.061
Ci 10.20 11.90 0.150
Ns 1.48 4.21 0.051
Cb 1.80 6.12 0.035
St 1.48 . L58 0.072
clear — — 0.502

stratus. The cloud top and base. heights were
based on values given by Telegadas and London
(1954). The fractional cloudiness for each cloud
type was based on the results presented by
London (1957) for northern hemisphere and by
Sasamori, et al. (1972) for southern hemisphere.
The mean -climatological values of fractional
cloudiness, solar zenith angle and surface albedo
as presented by Freeman and Liou (1979) were
computed by averaging the latitudinal values for
30°S to 30°N taking into account the appropriate
surface area. . The final averaging was done for
the January and July values to obtain the annual
condition. The final surface albedo and solar
zenith angle used are 0.15 and 0.5, respectively.
The cloud height and fractional cloudiness values
derived are listed in Table 3.

Except cirrus, all clouds were considered to be
black in the infrared radiative transfer calcu-
lation. The radiative-convective program was run
for each cloud type to obtain the corresponding
temperature profile. The composite temperature
was then obtained by summing the temperature
profile for each cloud type multiplied by the
appropriate fractional cloudiness.

Fig. 11 shows the comparison of the computed
temperature profile with the climatological tropi-
cal temperature profile. From the surface up to
14 km, the difference between the climatological
and the simulated temperature is no greater than
slightly over 1% for any layer. The surface
temperature derived from the numerical experi-
ment is 299.8°K which is only two tenths of a
degree different from the climatological value of
300°K. From about 15 km and higher, however,
the discrepancy is much larger. The differences
near the tropopause can be partially attributed
to the convective adjustment program which
linearly interpolates temperature between discrete
levels. Using the simulated temperature profile
as a base we then increase the cirrus cloud cover
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Fig. 11 A simulated thermal equilibrium tempera-
ture profile using the cloud climatological data
depicted in Table 3. Also shown is the climato-
logical temperature profile for the tropics given
by McClatchey, et al. (1971).

by 5, 10 and 20% at the expense of the clear
atmosphere and compute the equilibrium surface
temperature. Subject to the cirrus height and
thickness depicted in Table 3, it is found that
the surface temperature increases by about 0.1,
0.2 and 0.4°K, respectively.

Additional numerical experiments also have
been carried out to derive the vertical tempera-
ture profile using the climatological data of water
vapor, ozone and cloud parameters for mid-
latitude and subarctic atmospheres. Comparisons
of the computed and climatological temperature
profiles not presented here reveéal less satisfactory
results as compared with the tropical case. For
example, the surface temperature computed for
the subarctic summer atmosphere is 4°K colder
than the climatological value of 287°K. Dif-
ferences between the computed and climatological
temperatures are generally within about 4-5°K
in the troposphere, while in the stratosphere a
consistent difference of about 10°K prevails as
in the case of the tropical atmosphere. Clouds
undoubtedly are the most prominent features
which regulate the atmospheric temperature field
as clearly illustrated in foregoing experiments.
While the cloud data cited herein are the only
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source that has been available, their reliability
and accuracy are certainly in question. Moreover,
even the cloud parameters are representative of
the climatological state, it is simply not possible
to derive the climatological temperature field
utilizing mechanisms involving only the vertical
transport. Obviously, the large scale horizontal
transport must also be considered in order to
determine reliably the meridional temperature
structure. )

6. Conclusions

In this paper we have utilized an one-dimen-
sional radiative-convective model to investigate
the climatic effects of the cirrus cloud thickness
and location embedded in various atmospheric
conditions on the thermal equilibrium tempera-
ture of the earth’s atmosphere. Computations
of solar and infrared fluxes and heating and
cooling rates are based on the programs de-
veloped by Freeman and Liou (1979), Liou and
Wittman (1979), and recently by Liou and Ou
(1981). These programs carefully take into
account the radiative properties of cirrus in the
flux calculation. To incorporate the vertical heat
transport component in fthe temperature profile
determination, thé convective adjustment pro-
cedure using a lapse rate of 6.5°C/km outlined

by Manabe and Wetherald (1967) is used in con-

junction with our cloud-radiation program.

We first find that increasing the water vapor
content of the lower atmosphere will increase the
temperature of the troposphere and the earth’s
surface. Numerical experiments were then suc-
cessively carried out for cirrus clouds of 0.1, 1
and 3 km thickness with bases at 2.5 and 8 km
in a tropical atmosphere to study the cloud thick-
ness (or ice content) and location effects on the
thermal equilibrium temperature profile. Results
show that high clouds (clouds with bases of 8 km)
and thin clouds (clouds that are 0.1 km thick)
will cause the atmosphere and surface tempera-
tures to be warmer than in the clear case. The
degree to which warming occurs in the thin
cloud case is on the order of 20°K which is a
significant departure from the clear case. On the
contrary, cirrus clouds which are both low (cloud
bases 2-5km) and thick (1-3 km thick) will
generate cooling effects in the atmosphere and
on the surface. The effects of increasing the
surface albedo under restricted atmospheric con-
ditions was also studied for clear and cloudy
conditions. Results illustrate that higher surface
albedos lead to colder temperatures throughout
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the troposphere. Whether the presence of a cloud
will tend to intensify or reduce the cooling below
the cloud could not be determined from the
limited experiments carried out in this study.

Finally, we have constructed a composite
thermal equilibrium temperature profile using
the climatological water vapor and ozone profiles
and cloud parameters for the tropical atmosphere.
Comparison with the climatological temperature
profile in the tropics shows differences within
about 1°K in the troposphere and of about 10°K
in the stratosphere. Additional experiments em-
ploying midlatitude and subarctic climatological
data are also performed and results indicate that
simulated tropospheric temperatures deviate from
climatological values by about 5°K. Lastly, using
the tropical data, we show that increasing the
cirrus cloud cover by 10% will increase the
surface temperature by about 0.2°K.
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