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ABSTRACT

A method is described for rapidly computing the amount of solar energy absorbed at the earth’s surface
and in the atmosphere as a function of altitude. The method is a parametric treatment, but the form of the
solution and the coefficients involved are based on accurate multiple-scattering computations. In this treat-
ment the absorption varies with the amount and type of clouds, the humidity, the zenith angle of the sun,
and the albedo of the earth’s surface. Within the stratosphere the absorption also depends on the vertical

distribution of ozone.

This parameterization for solar radiation is being used in current versions of the global atmospheric
circulation model developed at the Goddard Institute for Space Studies.

1. Introduction

Solar radiation absorbed at the earth’s surface and
in the atmosphere is the initial source of energy causing
atmospheric motions. A reliable treatment of solar
radiation in numerical models of the atmospheric circu-
lation is required for long-range weather forecasts and
for climatological studies.

In computations of absorption it is important that
the radiatively significant constituents of the atmo-
sphere be treated as variables. This allows the circula-
tion model to be used for investigating the effects of
possible changes in the atmospheric composition, in-
cluding “feedbacks” through the atmospheric dynamics
which may magnify or diminish the initial effect of the
changes.

The major difficulty in computing the absorption of
solar radiation is in correctly incorporating the effects
of multiple scattering. As Goody (1964, Chap. 6)
points out, scattered solar radiation is usually neglected
“for reasons which are rarely stated explicitly, but
which may well represent a desire to avoid a particu-
larly difficult problem.” Although many “exact”
methods are available for solving the monochromatic
equation of transfer, they are not appropriate for
numerical circulation models because 1) the frequency
integration over the solar spectrum would result in a
computational burden exceeding that for the modeling
of the atmospheric circulation, and 2) only approximate
values can be supplied for atmospheric optical proper-

ties,! thus nullifying any potential gain in numerical
precision. What is needed is an approximate treatment
which reliably models the effects of multiple scattering,
takes negligible computer time, and yields an accuracy
consistent with the knowledge of atmospheric composi-
tion and optical properties.

The principal absorbers in the earth’s atmosphere
are water vapor in the troposphere and ozone in the
stratosphere. Water vapor absorbs primarily in the
near-infrared region, 0.7 pm<A<4 um. At shorter
wavelengths the main gaseous absorber is ozone (Os),
which is effective in the ultraviolet (A<0.35 um) and in
the visual (0.5 pm:SAS0.7 um). Fig. 1, taken from Pettit
(1951), is representative of the spectral absorption for
clear sky conditions.

We obtain a parameterization for the major absorp-
tion processes in the stratosphere, in the troposphere,
and at the earth’s surface. In this approach the formulas
and coefficients are based in part on accurate multiple-
scattering computations for specific mode! atmospheres.
The parameterization is a function of the water vapor
distribution, the amount and type of clouds, the zenith
angle of the sun, the albedo of the earth’s surface, and
the ozone distribution. With this treatment of solar
radiation the global atmospheric model at the Goddard

! Such as the cloud optical thickness, the extent to which the
clouds are broken, the water vapor and ozone distributions, the
gaseous absorption coefficients, the reflection function of the
ground, etc,

020z ¥snbny zz uo 3senb £Aq 2:00°0'2<OV.LAdV 81 L0>LE0(1261)69¥0-025L/GLL L 01 /4pd/1op/Bio-o0siewe s|euinol//:dpy wouy pepeojumoq



january 1974

ANDREW A. LACIS AND JAMES E. HANSEN 119

22

— — — — - N
o n D N @® (=4

[e:]

Watts per square meter per 100 A

16 18 20 22 24 26 28 30 32
Ap)

F1c. 1. Spectral energy curve of solar radiation at sea level and extrapolated outside the atmosphere, as given by Pettit (1951).
The darkened areas represent gaseous absorption in the atmosphere.

Institute for Space Studies (Somerville ef al., 1974a) is
being used to study possible effects of changes in the
solar flux and the atmospheric composition.

In Section 2 we describe the multiple-scattering
method which we use for making accurate monochro-
matic computations. In the later sections we present
the results of computations for the major absorbers
along with the parameterizations which we deduce.

2. Multiple-scattering method

We make computations for the absorption of solar
radiation in a plane-parallel model atmosphere. The
atmosphere is allowed to be vertically inhomogeneous
and is divided into a sufficient number- of layers (~50
for the more accurate computations) that each may be
approximated as being homogeneous. The monochro-
matic scattering properties of each homogeneous layer
are determined by its optical thickness 7, albedo for
single scattering &, and phase function p(a), where e
is the scattering angle.

The basic method of computation which we use is
the “‘adding” method; this becomes the ‘“doubling”
method in the case of a homogeneous atmosphere or
layer. The origins of this method date at least to the
work of Peebles and Plesset (1951) in gamma-ray
transfer. A similar approach was contained in the
formalism of Redheffer for transmission-line theory;
this work was done at about the same time as that of
Peebles and Plesset (cf. Redheffer, 1962). van de Hulst

(1963) developed the method in essentially the form
which we use.

Consider a plane-parallel layer of optical thickness
7 illuminated uniformly from above by a parallel beam
of radiation with flux #Fy per unit area perpendicular
to the incident beam. It is convenient to specify the
intensity of radiation diffusively reflected and trans-
mitted by the layer, I, and [,, in terms of reflection
and transmission functions?:

Ir(ﬂ) =M0R(I~t>llo)po

) 1
L4(0) = e (o) Fo W

where o=cos™uo and §=cos7'u are the angles of in-
cidence and emergence, measured from the normal to
the layer (Fig. 2). If the same layer is illuminated from
below, the reflection and transmission functions are in
general different than in the case of illumination from

2 We neglect both the polarization and the azimuth dependence
of the radiation. The omission of polarization is an approximation
which introduces errors in the intensity of X109 for Rayleigh
scattering (Chandrasekhar, 1960) and 19, for scattering by
clouds (Hansen, 1971b). However, the quantity which we want
in this paper is the energy (flux) absorbed in each layer; this
requires integrations of the intensity over the upward and down-
ward hemispheres which reduce the error to £0.1%, as shown by
computations which we have made with and without polarization.
The omission of azimuth dependence does not introduce any error
since the amount of absorbed energy depends only on the first
term in a Fourier expansion of the intensity,
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Fi6. 2. Illustration of the angles of incidence (80) and emergence
(6) for the reflection and transmission of radiation by a plane-
parallel layer.

above and are denoted by R* and T* (Fig. 2):

It(ﬂ) = poR*(u,0)Fo
I T(u) = poT*(u,u) Fol

The adding method provides a prescription for ob-
taining the reflection and transmission functions for a
composite layer formed_by combining two layers one
on top of the other. Let the subscripts a and & refer to
the top and bottom layer respectively. The procedure
is then

@)

01=R.R,
Qn=QlQn—1
S=2 QO

n=1

D=T,4+S exp(—7./u0)+ST,

. r )
U= Rb exp(— Ta//..tg) +R5D

R(ratr5)=Ro-Fexp(—ro/u) U+ Tl
T(ratrs)=exp(—rs/u)D
+ T exp(—7a/10) +ToD)

The physical basis for this prescription can be inferred
from Fig. 3. The exponential terms refer to direct
transmission through layer ¢ or b without scattering;
T is the diffuse transmission. Emerging from the
bottom of the two layers is the diffuse transmission
T(rs+7b) and the unscattered radiation of flux
mFy exp[ — (ro+75)/u0] in the direction 6. We ex-
plicitly divide the transmission into its diffuse and
direct components because the appearance of a delta
function in the total transmission makes it inappro-
priate for precise numerical integrations. The indicated
summation is over the reflections between the two
layers with » indicating the number of times the radia-
tion has crossed the dividing boundary going up.
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In (3) a single upper case letter represents a function
of two angles; thus,

Q1= Q1 (i,10).

The product of two functions implies an integration
over the adjoining angle as follows:

1
* *
R.Ry=2 / Ro(p,u" ) Ro(u o) g’
0

Here D and U are the downward and upward diffuse
intensities at the interface between the two layers. In
practice, the sum in (3) may be terminated after a few
terms (Hansen, 1971a). We perform the integrations
over angle numerically using Gauss quadrature, i.e.,

i=1, Ny+N,

Ng *
O, us) = 22 Raluas,un) Ro(un,pi)rony )
k=1 7=1, N+N.

The wj are twice the Gauss weights for the interval
(0,1). The number of Gauss divisions, N,, is typically
5-25, depending on the anisotropy of the phase function
and on the required accuracy of the results. For a
given accuracy requirement the number of Gauss points
can be reduced by employing a renormalization of the
phase function (Hansen, 1971b). N, is the number of
angles, in addition to the Gauss divisions, for which
results are desired. )

We find R* and T* by using a computational scheme
analogous to (3): '

01=R:R,
Qn= QlQn—l

0

S= ng,.

U= T:+S exp(——' Ly -|-ST>1',t - (4)
D=R exp(—r4/po) +RAU
R¥(rat13) = Ry-+exp(—14/u)D-+ToD
T*(rat1o)=exp(—r1s/W) U
+Th exp(—rb/uo)-i-T:U,

Although the same notation is used for intermediate
results (Q1,0.,5,U,D) in (3) and (4), the numerical
values are not necessarily identical. We do not actu-
ally need to compute the last line in (4) because,
with polarization and azimuth-dependence neglected,
T*(u,i0) =T (uo,»x) [Hovenier, 19697.

The ground is “added” to the atmosphere, as if it
were another layer, with the following specifications:
Tr11=0, since no light is transmitted, and Rru1
= R, (u,u0), the reflection function of the ground in the
absence of an atmosphere. If the ground is approxi-
mated as a Lambert reflector, R, is a constant between
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Fic. 3. Schematic representation of the adding method. The
two layers of the atmosphere, of optical thickness 7, and 73, are
for convenience illustrated as if they were physically separated.
The top layer is uniformly illuminated from above by parallel
radiation of flux «F,. The total radiation reflected by the two-
layer atmosphere is the sum of terms corresponding to radiation
which has crossed the boundary between the two layers # times
going upward (#=0, ); the same is true for the diffusely
transmitted radiation. In the actual computations [Eqs. (3)] it
is only necessary Lo make one summation over #.

0 and 1. The total reflectivity (or albedo), which is the
fraction of the incident energy reflected by the atmo-
sphere and ground, is given by

Ru)=2 [ R po)uds, )

where R(u,uo) is the reflection function of the atmo-
sphere plus ground. The total energy absorbed in the
atmosphere and ground is 4 (uo) =1—FR (uo).

In order to find how the absorbed energy is dis-
tributed among the individual layers of the atmosphere
it Is necessary to evaluate the internal fluxes between
the individual layers. For this purpose we use the
following scheme (cf. Fig. 4):

1) We compute R; and Ty, =1, L, where L is the
total number of atmospheric layers, for each (homo-
geneous) layer of the atmosphere using the doubling
method.? Note that R;=R; and T;=T..

2) Layers are added one at a time, going down, to
obtain Ri,; and Ty, for =2, L4+1 and Rj, and T3,
for [=2, L. For example, Ry ; is the reflection function

3The doubling method consists of adding identical layers
together to geometrically build up a thicker layer. The equations
are the same as for the adding method [ (3)], with 7o=7;, Ra=Ry,
To=T3. The reflection and transmission functions of the initial
layer may be obtained from single scattering equations (e.g.,
Hansen, 1971a), which requires an initial optical thickness
79~27%, from single-plus-second-order scattering (Hovenier,
1971), which requires 7o=~27%, or any other method. In our
computations for an inhomogeneous atmosphere we use the
doubling method for each homogeneous layer and the adding
method to combine the layers. For brevity we sometimes refer to
this as simply the doubling method.
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Fi16. 4. THustration of the terms used in the computation of
absorption. The atmosphere is divided into a sufficient number of
layers so that each may be taken as being homogeneous. The
reflection and transmission properties of each layer are represented
by two functions, R and 7". The absorption in the composite of
layers 1 through / is computed for all values of / as indicated in
the text, and the absorption in the individual layers is then
obtained by differencing.

for the composite of layers 1 through ! with the lower
part of the atmosphere and the ground absent.

3) Layers are added one at a time, going up, to
obtain Rrii1-y741, =1, L—1. The process is started
with the ground layer, for which Ry1 =R, and T'z4+1=0.
After each layer is added, step 4) is performed.

4) The composite layers (1,]) and (I+1, L+1) are
“added” to obtain the upward and downward intensi-
ties, Ui(u,uo) and D;(u,uo), at the boundary between
these two layers. The corresponding values for the
relative flux* are given by

Ui(uo)=2 / U (u, o) udlpe
. ©
Di(uo)=2 / D(u,po)udy

From these the fraction of the incident flux absorbed
in the upper composite layer is obtained:
Ax,1(ue) =1—R(uo) } _

+U(po) —Di(po) —exp(—r1,1/n0), (7)

where 71,; is the optical thickness of the composite layer
€.

5) The absorption in the individual layers is found
by diﬁerencing, c€.g., A2=A1,2—A1, A3=A1,3—A 1,2, etc.
3. Ozone absorption

"Absorption of solar radiation by ozone is the major
source of heating in the stratosphere (see, e.g., Manabe

+To obtain an absolute flux, U; and D; must be multiplied
by porFo.

020z 1snbny zz uo 3senb Aq z:00°0'2<0V.L4dV:8) L0>LE0(¥L61)6970-025 L/SLL L0 /4pd/10p/Bi10-00s}ewesjeulnolj/:dny woy papeojumoq



122 JOURNAL OF THE ATMOSPHERIC SCIENCES'

and Strickler, 1964; Hering et al., 1967). This energy
source should be included in numerical circulation
models which include one or more layers above ~15 km.

Absorption by ozone can be accurately parameterized
because the significant absorption occurs high in the
atmosphere where there is little scattering.’ Most of
the scattering by air molecules (Rayleigh scattering)
takes place below the ozone layer, so that the lower
atmosphere acts mainly as a reflecting layer. Thus, the
absorption of the direct solar beam and of the diffuse
radiation reflected upward by the lower atmosphere
.and ground is primarily exponential attenuation at
each wavelength. This has been recognized in the work
of Craig (1951). However, the importance of including
the effect of Rayleigh scattering in computing ozone
heating rates has been noted by Herman and Yarger
(1966) and by Dave and Furukawa (1967). In this
paper, we provide increased accuracy for calculating
ozone heating rates through simple formulas which
explicitly include the effects of Rayleigh scattering and
ground albedo.

Fig. 5 shows the solar flux outside the atmosphere
according to Labs and Neckel (1968).6 Also shown is
the resulting spectral flux distribution after simple
absorption by. various amounts of ozone.” A typical
amount in a vertical column of the atmosphere is 0.4
c¢m, NTP; at most times and locations on the earth the

-amount is between 0.2 and 0.6 cm (Prabhakara ef al.,
1971). Larger ozone amounts are encountered by the
solar beam as the zenith angle increases.

The variation of absorption with ozone amount is
much different in the weak visual (Chappuis) band
than in the ultraviolet (Hartley and Huggins) bands.
In Fig. 6 the percent of the solar flux absorbed as a
function of ozone amount is explicitly compared for the.
two spectral regions. The ultraviolet bands appear
practically saturated for 0.5 cm of ozone, while the
visual absorption remains nearly proportional to the
ozone amount. Note that the energy absorbed in the
visual exceeds that in the ultraviolet for ozone paths
greater than ~1 cm.

The first step in parameterizing ozone absorption in
the atmosphere is to find analytical expressions for the
frequency-integrated absorption curves of Fig. 6 as a
function of ozone amount. For visual light the fraction
of the incident solar flux that is absorbed by the

% Also, the temperature and pressure dependence of the absorp-
tion coefficient is not very large and can be neglected if the coeffi-
cients are chosen for a temperature representative of the ozone
layer,

6 Integrated over all wavelengths their data yields a solar
constant wFy=0.1365 W cm™ sec™? (1.958 cal cm™2 min™).

7'The absorption coefficients used in the computations were
taken from Howard ef al. (1961), the original sources being Inn
and Tanaka (1953) and Vigroux (1953). In the uitraviolet, where
the absorption has a significant temperature dependence, the
coefficients for 7= —44C were used ; for wavelengths where these
data were not given (A\2>0.34 um) the coefficients for T'=18C
were used after reduction by 25%.
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Chappuis band is given by
0.02118x

140.042x0.000323%%

Aoy (3)= (3)

with a numerical precision of neérly four decimals in
the interval 10~ cm <« < 10 cm (N'TP). The ultraviolet
absorption is more difficult to fit. The expression

" 10820 10.0658
x)=
(14-138.62)0-5% 1+ (103.6x)°

®)

gives the fraction of the solar flux absorbed in the
ultraviolet with a maximum error $0.5% in the interval
10* cm <#<1 cm. It must, of course, be recognized
that the above expressions® were obtained by inte-
grating the solar flux and the ozone transmissivity
over wavelength, so the absolute accuracy of the ab-
sorption is also limited by the imprecision in our
knowledge of the solar flux and ozone absorption coeffi-
cients. Although some applications may require sepa-
rate parameterization for ultraviolet and visual ab-
sorption, we are interested in the total absorption,

Aon(3) = An(2)+ Ao (). (10)

The next step in the parameterization is to obtain a
parametric formula for the absorption of the direct
(unscattered) solar beam and the diffuse radiation re-
flected by the ground and lower atmosphere, with the
coefficients of this formula defined through comparison
with precise results computed with the doubling and
adding method described in Section 2.

The ozone amount traversed by the direct solar beam
in reaching the Ith layer of the atmosphere is

xl=ulM, (]1)

where #; is the ozone amount in a vertical column above
the /th layer, and
35
—_— (12)
(1224u*+1)3
is the magnification factor (Rodgers, 1967) accounting
for the slant path and refraction. The ozone path
traversed by the diffuse radiation illuminating the /th
layer from below is

* __
tr=u M +M (u,—us), (13)
where #, is the total ozone amount in a vertical path

8 The coefficients in the formulas were evaluated by means of
an iterative least-square procedure utilizing the Fibonacci search
technique (Napier, 1970). The coefficients were determined
numerically using ~100 points to fit the results of precise integra-
tion over the specified intervals. In selecting the algebraic form
of the formulas our aim was to find simple expressions giving
satisfactorily high accuracy and having desirable asymptotic
behavior outside the fitting interval.
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F1c. 5. Spectral distribution of solar flux outside the earth’s
atmosphere, and as calculated for transmission through various
ozone amounts without scattering. The solar flux outside the
earth’s atmosphere (0 cm ozone) was taken from Labs and Neckel
(1968) and the ozone absorption coefficients from Howard et al.
(1961).

above the main reflecting layer (the ground for clear
sky conditions, or the cloudtop for cloudy skies) and
M=1.9 is the effective magnification factor for diffuse
upward radiation.®

We model the ozone absorption in the atmosphere in
terms of a purely absorbing region on top of a reflecting
region. The parametric formula giving the fraction of
the total solar flux absorbed in the /th layer of the
atmosphere is then

A loz™ ﬂO{Aoz(xl—{-l) —Aoz (xl)

+ R(u)[Aos(ir) = Aoalirs) ]}, (14)

where R (uo) is the albedo of the reflecting region. & (uo)
includes the effective albedo of the lower atmosphere,
R, (uo), and the ground reflectivity, R, as follows:

R(uo)= Ra(uo)+[1—Ra(uo) JA—R3)R,/(1—RiR,). (15)

In (15) it is implicitly assumed that the lower atmo-
sphere is primarily a scattering region with negligible
absorption. As shown later, this is indeed a good ap-
proximation. This assumption makes it possible to keep
the form of the parameterization simple and to treat

¢ For isotropic radiation passing through a plane-parallel layer
of optical thickness =, M is a known function of r[exp(~Hr)
=21I2;(7), where Ejis the third exponential integral; cf. pp. 18-19
and Fig. 1.3 of Kondratyev (1969)] ranging from M=2 for
2[3=1(r — 0) to M = 1.2 for 2E;3=0 (r — ). The value i ~5/3,
valid for 2/53=3%, is often used if an accurate knowledge of 7 is
lacking. We obtained the value M =1.9 from multiple-scattering
results, as described in this Section.
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the lower atmosphere as a homogeneous layer. Thus,
in (15), R;=R., where

1
Ro=2 / Ruluo)odso (16)
0

is the spherical albedo of the reflecting region, i.e., the
average of B, (uo) over all sun angles. The denominator
in the last term of (15) accounts for multiple reflections
between the atmosphere and ground, with the approxi-
mation of isotropic reflection by the ground.

The parameterization of ozone absorption is com-
pleted by specifying the effective magnification factor
M in (13) for the upward diffuse radiation and the
effective albedo R.(uo) of the lower atmosphere. For
the purpose of determining M and R.(us) we have
made computations using the analytic ozone distribu-
tion of Green (1964):

B a+taexp(—b/c)
" 1+texp[(h~0)/c]

where 2 (/) is the ozone amount (cm, NTP) in a vertical
column above the altitude %, ¢ is the total ozone amount
in a vertical column above the ground, b the altitude
at which the ozone concentration (—du/dk) has its
maximum, and a[14exp(—b/c)]/(4c) the maximum
ozone concentration. Fig. 7 illustrates Green’s distribu-

u(h) 17

L ———— Parameferization E
e o e Precise Integration

=
=]
o
8
A 2
2 . 7]
< Ultraviolet
"é L Visible i
Q
(7]
L
<
| —
O ] Je. A1 1 - [ - 1 1 1

0o 2

|
Ozone Amount (cm,NTP)

Fic. 6. Per cent of total solar flux absorbed as a function of
ozone amount, for the spectral distribution of incident solar flux
given by Labs and Neckel (1968) and the ozone absorption
coefficients of Howard ef al. (1961) at —44C. The dotted curves
are the results of integrations over wavelength using the wave-
lengths at which Howard et al. tabulate the absorption coefficient.
The analytic parameterization for the ultraviolet is given by (9)
and that for the visual by (8).
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Fi1c. 7. Vertical ozone distribution. The dots are the distribution
given by McClatchey et al. (1972) as typical for mid-latitude
winter. The solid curve is the distribution (17), in which ¢ is the
total ozone amount in a vertical column and & the altitude of
maximum concentration,

tion with a=0.4 cm, b=20 km and ¢=35 km; this is a
close fit to the mid-latitude winter ozone distribution
tabulated by McClatchey et al. (1972).

The numerical value for M was determined by vary-
ing it to find the best fit in a least-squares sense to

€0

———  Parameterization

e+« Precise Computations

40

30

Altitude (km)

&} 02 04 .06 08 0
Absorption (% Solar Flux/km)

F1c. 8. Absorption of solar radiation by ozone, for the solar
zenith angle 6,=60° and three values of the ground albedo R,.
The distribution of Rayleigh scatterers was taken from the U. S.
Standard Atmosphere (Champion et al., 1962) and the ozone
distribution from (17), for a=0.4 cm, =20 km and ¢=35 km; no
clouds or aerosols are included. The parameterizations were
obtained from (14) and the precise computations as described
in Section 2.
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multiple-scattering results for a clear sky (Rayleigh
atmosphere), both as a function of height and for
different zenith angles. We did this by first setting
R,=1 which removed the dependence of (14) on the
atmospheric albedo [i.e., B(uo)=1in (14)] and left M
as the only adjustable parameter. Comparison between
the parametric formula (14) and the doubling (and
adding) method was made for a 60-layer atmosphere
with 8 different zenith angles used in the computatiorns.
Each layer was taken to be 1 km thick with an addi-
tional single layer included for heights >60 km. In the
fitting process less weight was given to the absorption
curves for zenith angles >60° and heights <10 km. In
Fig. 8 the curve for R,=1 shows the result of the best
fit with M =1.9 for a zenith angle of 60°; the solid line
was computed with (14) and the dots with the doubling
method.

With M determined we put R,=0, so that for clear
skies the albedo of the lower atmosphere was due
entirely to Rayleigh scattering. For each zenith angle
used in_ the computations (u;) an effective albedo
[R(u:)] was obtained by iterative least-square fitting
which gave the best agreement between the vertical
absorption profiles for the parametric formula (14)
and the doubling method. Then, from a least-square
fit to the individual R (u;), we obtained

_ 0.219
Ro(uo) =——— .
14-0.816u0 [ clear skies]. (18)
R,=R,=0.144

In tetms of the reflecting layer model used to parameter-
ize the ozone absorption, Eq. (18) represents the effec-
tive albedo of the lower atmosphere due to Rayleigh
scattering. This should not, however, be confused with
the albedo of the Rayleigh atmosphere given by Eq.
(41) in Section 5. The accuracy of our analytic fit to
the absorption for Rayleigh scattering is shown by the
R,=0 curve in Fig. 8 for a zenith angle of 60°.

For cloudy skies we neglect the effect of Rayleigh
scattering and use the following two-stream approxima-
tion for the cloud albedo:

_ - VBl-gr
Ro(u)=Ry=———
24+V3(1—g)r°
0.137¢

~— [cloudy skies], (19)
1+0.137¢

where 7¢ is the total visual optical thickness of the
clouds and we have used g=0.85 as the asymmetry
factor for the cloud particle phase function (Hansen
and Pollack, 1970). We obtained (19) by taking the
limit &o— 1 in the more general two-stream equation
(31). Since (19) refers to a homogeneous scattering

layer, R;=R,.
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¥16. 9. Heating rate due to absorption of solar radiation by ozone, for three values of the
solar zenith angle o, and two values of the ground albedo R,. The ozone distribution is that
given by (17) with a=0.4 cm, b=20 km and ¢=5 km.

Fig. 8 illustrates that most of the ozone absorption
takes place near the maximum ozone concentration,
where it is primarily due to the visual Chappuis band
and the longer ultraviolet wavelengths of the Huggins
band. Because the visual absorption coefficient is small,
the absorption of the direct solar beam by the Chappuis
band is proportional to the ozone concentration and is
nearly independent of the zenith angle. The visual ab-
sorption is also very sensitive to the ground albedo.
For moderate zenith angles and typical cloud albedos
the absorbed energy due to the diffuse reflected radia-
tion can exceed that of the direct solar beam. The ultra-
violet absorption, however, is practically independent
of ground albedo. Except for the longer wavelengths
of the Huggins band, very little of the direct ultraviolet
solar beam actually penetrates to the ground. Most of
the absorption in the ultraviolet occurs at altitudes
25-50 km, above the region of maximum ozone con-

centration. The ultraviolet absorption depends strongly .

on the zenith angle except for heights 250 km, where
the direct solar beam has not yet become saturated.

For meteorological purposes the heating rate is of
more immediate interest than the absorbed energy. In
the earth’s atmosphere the heating rate is related to
the absorbed energy by

AT WFOgAl

Al c,APAL

where ¢, is the specific heat at constant pressure, g the
acceleration of gravity, AP the pressure difference
between the top and bottom of the /th layer, and 4; the
fraction of the total solar flux absorbed in the /th layer
as given by (14) for ozone.

(20)

Heating rates due to ozone obtained for the mid-
latitude winter ozone distribution (¢=0.4 cm, b=20
km, ¢=35 km) are shown in Fig. 9 for extreme ground
albedos, R,=0 and 1, and three solar zenith angles,
6o=0°, 60° and 80°. The maximum heating rate is at
a much higher altitude than the ozone maximum, as a
result of absorption by the strong ultraviolet band at
altitudes where the density is low. Note that the heat-
ing rate due to absorption by ozone is very small for
altitudes <10 km. The effect of the ground albedo is
significant for altitudes in the range ~10 km to ~35
km, as can also be seen from the calculations of Dave
and Furukawa (1967).

Fig. 10 shows heating rates calculated for two addi-
tional ozone distributions: one is representative of
equatorial conditions (¢=0.25 cm, b=25 km, ¢=4 km),
and the other polar winter conditions (a=0.5 cm, =18
km, ¢=4 km). The results are qualitatively similar
for these different distributions. Note, however, that
the tropical distribution has the larger heating rate at
high altitudes. Due to the greater altitude of the ozone
maximum (b=25 km) the tropical distribution has the
larger ozone amount at high altitudes. The heating
rate for the polar distribution is much stronger in the
region of ~20 km where the absorption is due mainly
to the visual Chappuis band and the longer ultraviolet
wavelengths of the Huggins band.

The calculations for the vertical ozone distributions
serve to verify that the parameterization has a general
validity. The distributions used for Fig. 10 cover a
range of ozone amount representative of the real
atmosphere, and the parameterization error remains
practically identical to that for the ozone distribution
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F16. 10. Heating rate due to absorption of solar radiation by ozone, for three values of the
solar zenith angle 6o, and two ozone distributions. The distribution with ¢=0.25 cm has
b=25km, ¢=4 km, and is representative of equatorial conditions; while the distribution with
a=0.5 cm has b=18 km, ¢=4 km, and is representative of polar winter conditions. The

ground albedo is Ry=0.5 in all cases.

used in obtaining M and R.(x). This indicates that i1
and R, (uo) are not very sensitive to the ozone amount.
The ozone absorption in the atmosphere can thus be
accurately described in terms of a purely absorbing and
reflecting model, provided that multiple scattering is
adequately accounted for, as it has been here, for
example, in terms of the effective magnification factor
and the effective Rayleigh albedo.

The accuracy of the ozone parameterization is typi-
cally within ~19%, compared to results obtained with
the doubling and adding method. Errors of ~3%, occur
at a height of 30-40 km due to inaccuracy of the ultra-
violet absorption formula (9) for ozone paths of ~0.02
cm. Below ~15 km the parameterization tends to
overestimate the absorption when the zenith angle
becomes large. For 6,=80° the error is ~109%, at 10
km. This is because for large zenith angles the effect of
scattering is to shorten rather than increase the effec-
tive path length of a light ray through the absorbing
medium. Except for heights < 10 km, the ground albedo
has little influence on the error in the parameterization.

4. Water vapor absorption

Absorption by water is the major source of solar
radiative heating in the atmosphere. The parameteriza-
tion of water vapor absorption is more difficult than
that of ozone absorption because: 1) the ahsorption
coefficient of water vapor is highly frequency-dependent
and accurate monochromatic values are not available
for the entire spectrum; 2) significant scattering and
absorption can occur in the same part of the atmo-

sphere, precluding a simple reflecting model such as
that used for ozone; and 3) the absorption coefficient
has a significant dependence on pressure.

For clear skies the effect of scattering is negligible
and the absorption due to water vapor is obtained
directly from empirical absorption functions. For
cloudy skies multiple scattering is the principal factor
affecting the absorption; in this case,” we base our
parameterization on a discrete probability distribution
for the absorption coefficient derived from measured
absorptivities. In both cases a scaling approximation
is used as a rough correction for the effect of pressure
and temperature on the absorption. This approach
allows realistic modeling of the effects of multiple
scattering. However, because of the absence of mono-
chromatic absorption coefficients and their pressure-
temperature dependence, we have not yet made a full
assessment of the accuracy of this method.

Absorption by major water vapor bands has been
measured at low spectral resolution by Howard el al.
(1956). Yamamoto (1962) weighted these absorptivities
with the solar flux and summed them, including esti-
mates for the weak absorption bands near 0.7 and
0.8 um which were not measured by Howard et al., to
obtain the total absorption as a function of water
vapor amount y (centimeters of precipitable water
vapor). The formula

2.9y

Aua(y)= 21
) (14-141.5)"-6%545.925y @D

fits Yamamoto’s absorption curve within <19 for
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102<y< 10 cm. The water vapor absorptivity given
by (21) is compared in Fig. 11 with the absorptivities
of Fowle (1915) and Korb et al. (1956). The formula
based on Fowle’s old laboratory data,

Ay () =0.094640308, (22)

includes a modification of ~109, introduced by Manabe
and Moller (1961) to account for the bands at 0.7 and
0.8 um; these weak bands contribute significant ab-
sorption because of the large solar flux in that region.
The formula of Korb ef al.,

logi0[ 24 s (y) ]= —0.7440.347 log1ay
—0.056 log1¢®y —0.006 logi®y, (23)

uses the Curtis-Godson approximation and is also based
on the Howard et al. absorption data, but it does not
include the weak near-infrared bands at 0.7 and 0.8 pm.
Although the three curves in Fig. 11 are qualitatively
similar, their differences are significant, particularly
for small water vapor amounts. Moreover, the un-
certainty in their absolute value is as great as the
differences among the three curves.

The absorptivities (21)-(23) apply for standard pres-
sure and temperature (Po=1013 mb and T,=273K).
We make a common approximate correction for the
pressure and temperature dependence of the absorption
by using an effective water vapor amount,

G e

There is little theoretical justification for using (24)

20— —
I A
- I'/

Yamamoto 74

nneeennes - Fowle 7]

) R S Korb, et al. / ﬂ
1

1

log Y (cm)

F1e. 11. Absorptivity vs water vapor amount in precipitable
centimeters, where absorptivity =1— transmission, and refers to
the entire solar spectrum. The three curves are given by (21)-(23),
and all refer to standard pressure and temperature.
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for the entire spectrum of water vapor bands (cf.
Goody, 1964), but it is probably better than applying
no pressure and temperature correction at all.®

a. Clear skies

In the spectral regions of significant water vapor
absorption the optical thickness of the atmosphere due
to Rayleigh scattering is negligible. The absorption by
water in the Ith layer of the clear atmosphere is

A Lwr™= HOWFO{va(yl+1) ‘_Awn(yl)

FR[Au)—Ausyis) . (25)

In the above R, is the ground albedo; y; is the effective
water vapor amount traversed by the direct solar beam
in reaching the /th Jayer,

M Pt s P\"/To\}
g Jo Py T

g 1is the specific humidity; g the acceleration of
gravity; and v, the effective water vapor amount
traversed by the reflected radiation in reaching the
Ith layer from below,

« M Po yP\n/T\?
i) ) (3) @
g Jo Py T
5 Pg P\"/To\?
= [Td=)(F)er @
3¢ ) P \Po T

where P;, Pi1 and P, are the pressures at the top of
the Ith layer, at the bottom of the /th layer and at the
ground. The average magnification factor for the diffuse
radiation is taken to be 5/3.

Fig. 12 shows the clear sky heating rate due to
water vapor absorption for a solar zenith angle of
6,=60°. The computations were made using a mid-
latitude winter water vapor distribution tabulated by
McClatchey et al. (1972); the amount of precipitable
water vapor in the atmosphere is 0.86 ¢cm, which cor-
responds to 0.7 ¢cm for the linear (=1) scaling relation.
The structure in the heating rate curves, including the
bulges at altitudes of ~3 and ~6 km, arises primarily
from the inhomogeneous vertical distribution of the
water vapor. Fowle’s absorptivity gives the largest
heating rate in the upper troposphere, Yamamoto’s the
largest in the middle troposphere, and Korb ef al.’s the
largest in the lower troposphere. The relative differences

0 Eq. (24) is an approximation used to compute absorption
along a non-homogeneous path; the true water vapor amount
along the non-homogeneous path is replaced by a scaled amount
at a given pressure and temperature. In the weak-line limit, the
absorption is independent of pressure, i.e., #=0. In the strong-line
limit, #=1. In computing water vapor absorption in the earth’s
atmosphere the usual practice is to take # between 0.5 and 1.
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F1c. 12. Heating rate due to water vapor absorption in a clear
sky with the solar zenith angle 8o=60°. The standard atmosphere
and water vapor distribution of McClatchey ef al. (1972) are
assumed. The heating rates are computed from (20), (24) and (25)
for the three absorptivities given by (21), (22) and (23). The
ground albedo is R,=0.07, which is representative of mean ocean
albedo.

tend to increase with increasing altitude. The ground
albedo for Figs. 12-15 is R,=0.07 which is representa-
tive of the mean ocean albedo.

Fig. 13 illustrates the effect of pressure scaling on the
heating rate due to water vapor absorption. The three

2 200
1ol
8-.
L 400 _
E 3
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3o §
2 @
St :
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(] 05 ) 5

Heating Rate (°C/day)

F1c. 13. The effect of pressure scaling on the heating rate in a
clear sky. The solar zenith angle is 6p=60° and the standard
atmosphere and water vapor distribution of McClatchey ef al.
(1972) are assumed. The computations use Yamamoto’s absorp-
tivity (21). The ground albedo is R,=0.07.
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curves for =0, 0.5 and 1 show that the principal
effect of pressure scaling is to reduce the heating rate
in the upper troposphere. Near the ground the order
of the curves is reversed because the transmitted flux

‘is larger for the stronger pressure scaling, while the

effective water vapor amounts are nearly identical for
all three curves. The difference between the curves for
7=0.5 and n=1 is perhaps a rough measure of the
uncertainty in the water vapor heating rate due to the
scaling approximation. Although this uncertainty is
large at high altitudes, it should be remembered that
the relative contribution of water vapor heating to the
total solar heating decreases with altitude as heating
by other gases, particularly Os, increases (cf. Manabe
and Moller, 1961; Sasamori ef al., 1972).

Recent aircraft measurements of the vertical profile
of the net solar flux made by Paltridge (1973) are in
good agreement with Yamamoto’s absorptivity. Al-
though the measurements refer to altitudes <4 km,
they indicate that a linear pressure scaling for water
vapor amount is significantly better than no scaling at
all. The calculations in the remainder of this paper
employ Yamamoto’s water vapor absorptivity (21)
with linear pressure scaling. The square-root tempera-
ture scaling is also used, as indicated in (26) and (27),
but its effect is small and less than the magnitude of
the other uncertainties.

b. Cloudy skies

To calculate the absorption for cloudy skies we use
approximate multiple-scattering computations in con-
junction with a probability distribution,' p(k), for the
absorption coefficient. The expression p(k)dk is the
fraction of the incident flux that is associated with an
absorption coefficient between % and k--dk, and it is
related to the absorptivity by

Auo(y)=1— / p(k)e*vdk. (28)
[} .

Replacing the integral by a finite sum, i.e.,

/ p(k)evdk~ f pkn)etn, (29)
n=1

Eq. (28) can be numerically inverted to obtain NV values
for the discrete probability distribution p(k,) and N
values for the corresponding absorption coefficient Zq.
Table 1 gives the values of &, and p(k,) for N =8 which
fit the Yamamoto .absorptivity (21) within 0.1%, for
102 em<y<10 cm. The accuracy of the fit for the
derivative d4/dy, which is proportional to the heating
rate, is within ~19%, for the same interval. The nu-
merical inversion was performed by means of an itera-

11 Probability functions for the absorption coefficient have been
used by a number of authors in problems not involving multiple
scattering, e.g., by Kondratyev (1969) and Arking and Grossman
(1972).
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tive least square search similar to that described in
Section 3.

To calculate the absorption by water vapor in a
cloudy atmosphere we use an adaptation of the adding
method described in Section 2. The atmosphere is
divided in L homogeneous layers. The optical proper-
ties of each layer are specified by the total optical
thickness 7 of the layer and by the single scattering
albedo &:

Ti,n=T{+kawy
’ (30)

~ — c
W= Tz/Tl,n

where 7§ is the optical thickness due to cloud particles
in the /th layer and w, the effective water vapor amount
in a vertical path through the Ith layer.

The reflection and transmission functions® for each
cloud layer are approximated with two-stream equa-
tions (Sagan and Pollack, 1967):

B (u+1)(u—1)(et—e?) )
D — (u— 1)
4u
T=
(u+1)2%t— (u—1)%* b @31)

<1—-g631,n)5

1,£= —_—

1—&1,n

1=[3(1—=&1,n) (1 —g@1,n) 11,0}

We use g=0.85 for the asymmetry factor for clouds
(Hansen and Pollack, 1970). Note that for a homo-
geneous cloud layer R/=R; and T}=1T};, where the
asterisk indicates illumination from the bottom side of
the layer.

The reflection and transmission functions for a clear
layer are taken to be

Ri=R, =0, (322)

Tz= Tt=exp(—57'z,n/3), (32b)

except for a clear layer above the highest cloud layer,
for which

Ti=exp(—Mri,n). (32¢)

Thus, all radiation reflected or transmitted by a cloud
is assumed to be diffuse with an average magnification
factor 5/3.

The reflection and transmission functions for a com-
posite layer formed by adding two layers are

Ras=R,+T.RyTh/(1—RuRy) .
, 33
Tuo="TaTs/(1—RoRy)

2 In this Section the transmission function is taken as including
both the diffuse and direct transmission.
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TaBLE 1. Discrete probability distribution of water
vapor absorption coefficients for N=38.

n ka D (ky)

1 4X10-% 0.6470
2 0.002 0.0698
3 0.035 0.1443
4 0.377 0.0584
5 1.95 0.0335
6 9.40 0.0225
7 44.6 0.0158
8 190. 0.0087

where the subscripts ¢ and & refer to the top and
bottom layer, respectively. The denominator accounts
for multiple reflections between the two layers. For
illumination from below

Ruy=Ry+TsRaTs/(1—RoRy)

34

Tay=T5To/(1~R.Ry) .

The energy absorbed in each layer is calculated by a

procedure analogous to that described in Section 2. The

following five steps are carried out for each value of %,

which can yield significant absorption, e.g., n=2—8
for the discrete distribution in Table 1.3

1) Ry and T, 1=1, L are computed for each layer by
means of (31)-(32).

2) The layers are added, going down, to obtain Ri,;
and Ty, for /=2, L+1 and Rj, and T, for /=2, L.

3) Layers are added one at a time, going up, to
obtain Rr 17,141, {=1, L—1 starting with the ground
layer, Rry1=R, and Tz, 1=0. After each layer is added,
step 4) is performed.

4) As two composite layers, say 1,7 and /+1, L+1,
are added, the upward and downward fluxes at the
boundary between the two layers are determined:

*
Ur=T1, Ru1,241/(1—R1, 1Ry 1,141)

(35)
D= Tl,l/(l‘—Rt,lRH-l.L-H)

The fraction of the total incident flux absorbed in the
upper composite layer is

A1,(m)=pka)[1—R1,111()+Ui(n)—Di(n)].  (36)

5) The absorption in the individual layers is found
by differencing, e.g.,

As(m)=A1,(n)—4:(n). (37

The total absorption in each layer [ is found by sum-
ming over the values of »# for which &, is significant,

13 To save computer time the absorption of the direct solar beam
above the highest cloud can be computed from the absorptivity
equation (21). Also, for large values of &, the multiple-scattering
computations can be stopped once the associated flux is depleted
below a negligible fraction.
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F16. 14. Heating rates in the troposphere computed for water
vapor absorption. A cloud of optical thickness 7¢=8 is assumed
to uniformly fill layer 7 in which the relative humidity is 100%.
In other layers the standard atmosphere and water vapor distri-
bution of McClatchey ¢t al. (1972) is used. The layer boundaries
are those for the 9-layer atmospheric model used by Somerville
et al. (1974a) with a surface pressure 1013 mb. The solid lines
represent the heating rates obtained with the parameterization
described in the text. The dotted lines show the results obtained
with the doubling and adding method, including accurate integra-
tions over angle. The ground albedo is R,=0.07.

1.e.,

Ay=3 Ai(n). (38)

The solid histograms in Fig. 14 show heating rates
due to water vapor absorption computed by the above
method. For these computations the atmosphere was
divided into nine homogeneous layers corresponding
to the layers in the numerical circulation model de-
scribed by Somerville ef al. (1974a). A single cloud layer
of optical thickness =8 was assumed to fill layer 7,
as indicated in Fig. 14. The mid-latitude winter water
vapor distribution of McClatchey et al. (1972) was
used, except in layer 7 where the relative humidity
was assumed to be 1009,

Fig. 14 also shows the results obtained when the
two-stream approximation is replaced by doubling and
adding computations with accurate integrations over
angle. The comparison serves primarily as a test for
the angle integration aspect of the parameterization.
The only large errors occur in the subcloud region. This
can be traced to the simple two-stream formulas em-
ployed, which yield a cloud albedo independent of the
solar zenith angle. A closer correspondence could be
obtained if a more accurate treatment was used for
the cloud albedo and transmission. However, for most
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applications this is not necessary since the error tends
to be averaged out with time as the zenith angle of the
sun varies.

Fig. 15 shows the heating rates with clouds in dif-
ferent layers. The optical thickness 7¢ for layers 5 and 7
is taken to be 8, corresponding approximately to alto-
stratus and cumulus type clouds with visual albedos
of ~50%,. The cloud in layer 3 with +=2 and a
corresponding visual albedo of ~209, is typical of
cirrus clouds. In the computations for this figure the
atmosphere was divided into 45 layers to provide
greater detail for the heating rate curves. The major
effect of the clouds is to increase the heating within
the clouds and to decrease the heating rate beneath
the clouds. The increased heating within the cloud
arises primarily from the greater photon path due to
multiple scattering and in part from the 1009 relative
humidity. As shown in Fig. 15, most of the heating
within clouds occurs near the top of the cloud where
the downward and upward fluxes are largest. The de-
creased heating in the lower layers is a consequence of
the reduced solar flux beneath the cloud. There is also
a somewhat increased heating above the clouds due to
absorption of reflected radiation.

Absorption by cloud drops was not included in the
computations for Figs. 14 and 15. We estimated the
error due to this omission by computing the absorption
due to cloud droplets for a cloud of optical thickness
7°=8 with no water vapor included. The single scatter-
ing albedo for water droplets was computed from Mie
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Fic. 15. Heating rates in the troposphere computed for water
vapor absorption. The results are computed with the parameter-
ization described in the text, but the doubling and adding methods
are used and the atmosphere is divided into 45 layers. The
standard atmosphere and water vapor distribution of McClatchey
et al. (1972) is used, except that the relative humidity is 100% in
the layer containing a cloud. The solar zenith angle is §o=60° and
the ground albedo R,=0.07.
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theory at all wavelengths <4 pm for which Irvine and
Pollack (1968) tabulate the optical constants of water.
The particle size distribution used was that given by
Eq. (1) of Hansen (1971b) with a mean effective radius
¢=10 um and an effective variance 5=0.2. The ab-
sorption by the cloud droplets, integrated over wave-
length and zenith angle, was found to be ~359, of the
total solar flux.

The same amount of absorption, 5%, would occur if
the cloud particles were non-absorbing and the cloud
contained 0.08 cm of water vapor. Since absorption by
liquid water takes place in roughly the same. spectral
interval as for the gas, it is perhaps a good approxima-
tion to include the effect of the cloud drops as an
effective water vapor amount in computing &;,,. For a
cloud containing 0.20 cm of water vapor, typical of
middle level clouds, the addition of 0.08 cm increases
the total absorption in the cloud from 79, to 7.79.
The relative effect of cloud particle absorption would
be greater for cirrus clouds, which have larger particles
and less water vapor. However, we have not completed
the parameterization of cloud particle absorption as a
function of cloud type, nor have we tested the error in
such an approximation.

5. Surface absorption

Solar radiation transmitted by the atmosphere is
subject to possible absorption at the earth’s surface.
The amount of absorption by the surface is large,
approximately twice the total absorption in the atmo-
sphere (Sasamori ef al., 1972). The parameterization
of the surface absorption is straightforward, following
almost immediately once the transmission of the atmo-
sphere has been obtained.

We divide the surface absorption into two parts, one
(4,,1) for those wavelength regions where the absorp-
tion coefficient of water is significant and one (4,,2)
for the remaining wavelengths. Approximately 35% of
the solar flux is contained in the regions of significant
water vapor absorption, as indicated by the probability
distribution (Table 1); the same percentage is obtained
from the assumption that water vapor absorption is
significant only for wavelengths >0.9 um (Joseph,
1971).

a. Clear skies

For clear skies, in the spectral regions associated with
significant water vapor absorption, the fraction of the
total solar flux absorbed at the ground is given by

Ay =p[0.353— Aue (Mw)](1—R,),  (39)

where w, is the effective water vapor amount in a
vertical column above the ground.

For the spectral regions of negligible water vapor
absorption the effect of Rayleigh scattering is included
along with a correction for ozone absorption. In this
clear sky case the fraction of the total solar flux ab-
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sorbed by the ground is
Aa.2=#o[0-647—Rr(ﬂo)
~A(Mu)J1—R)/(1—R/R,), (40)

where #, is the ozone amount in a vertical path above
the ground, R,(uo) the gtmospheric albedo due to
Rayleigh scattering, and R} is the spherical albedo of
the Rayleigh atmosphere for illumination from below;
R, is given by**

0.28

1+6.43u,

Rr(ﬂo) = (4'1)

which is a least-square fit (accurate to within ~19)
to the results of numerical computations with the
doubling and adding method; the computations for
Rayleigh scattering were made with the U. S, Standard
Atmosphere (Champion ef al., 1962), using the molecu-
lar scattering coefficients given by Penndorf (1957) and
the ozone distribution (17) with ¢=0.4 cm, b=20 km
and ¢=5 km. (We used 17 Gauss points and 21 layers,
with ~200 wavelengths for the spectral integration;
the results were practically identical to those obtained
for 60 layers in Section 2.) The=numerical value for

R¥=0.0685 which is larger than R,. This is a result of
the fact that most of the ozone absorption occurs near
the top of the atmosphere.

b. Cloudy skies

For cloudy skies 4,,; is obtained by multiplying the
total transmission at the ground for each value of &,
by the factor (1—R,)p(k,) and summing over the
values of # for the region of significant water vapor
absorption (#=2—8 for the discrete distribution of
absorption coefficients in Table 1).

In computing 4, for cloudy skies we neglect Ray-
leigh scattering. Thus, the fraction of the solar constant
absorbed at the ground is

A 7,2= /.to[O.647 —AOZ(M%O]
X[1—Ro(u) J1—R,)/(1—RiR,), (42)

where #, is the ozone amount in a vertical path above

the highest cloud layer, and R, (uo) and E: refer to the
visual cloud albedo given by (19).

1 The average of B, (1) over all sun angles is 6.0%, for the entire
solar spectrum. This albedo depends on the solar flux distribution
and to a lesser extent on the ozone amount. With the solar flux of
Labs and Neckel (1968) replaced by that of Johnson (1954)-the
albedo becomes 6.469,. For the more recent solar flux of
Thekaekara (1973) the spherical albedo for Rayleigh scattering
is 6.22%. Computations with ozone amounts of 0.25 and 0.50 cm
(with the solar flux of Labs and Neckel) yield albedos of 6.15%
and 5.93%, respectively, and show that (41) is nearly independent
of ozone amount. Coulson (1959) obtained a Rayleigh albedo for
the earth of 6.99,, apparently due to an underestimate of ozone
absorption,
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6. Discussion

The parameterizations derived for the absorption of
solar radiation by ozone, water vapor and the earth’s
surface are being used in current versions of the GISS
model of the global atmosphere (Somerville e al.,
1974a). The computation time required for these pa-
rameterizations is small; the total time used by the
numerical circulation model is increased by only ~0.39,
as compared to the case of no solar radiation
calculations.

With these parameterizations the concentrations and
distributions of the major absorbers and scatterers of
solar radiation are permitted to be variables. This is
useful for investigating the effects of possible changes
in the atmospheric composition, including ‘“feedbacks”
through the atmospheric dynamics. With this treat-
ment of solar radiation the GISS numerical circulation
model is being used to study the possible effects of
changes in the solar energy spectrum and changes in the
stratospheric ozone distribution (Somerville et al.,
1974b). '

The impact of solar radiation on weather forecasting
has yet to be fully assessed. Rodgers (1972) argues that
systematic errors in the radiation 20.2C day™! will
significantly degrade the quality of a two-week fore-
cast. This suggests that for such an application it is
worthwhile to aim at keeping systematic errors in the
radiation from exceeding the order of 109,. In any
case, the task of establishing the impact of solar radia-
tion on the atmospheric motions provides one reason
for developing reliable methods for computing that
energy input.

The parameterization for ozone absorption has a
high accuracy, exceeding the accuracy with which the
ozone concentration is likely to be known in most
applications. There is thus little incentive to seek a
more accurate approach.

In the case of water vapor absorption we do not have
satisfactory checks on the accuracy of the parameteriza-
tion. Inaccuracies arise from errors in the laboratory
transmission functions, from the scaling approximation,
from the use of a single k-distribution for the entire
spectrum, from the two-stream approximation for cloud
albedos, and from the neglect of absorption by cloud
drops. The absorption by cloud drops could probably
be accounted for in terms of an effective water vapor
amount as mentioned in the text. The simple two-
stream equation for cloud albedos could be replaced
by equations accounting for the zenith angle depen-
dence or by any other rapid method for multiple-
scattering computations. It would also be possible to
use a number of k-distributions, say for each of the
significant absorption bands; the scaling could then be
different for each band. However, the usefulness of
such meodifications depends on the accuracy and com-
pleteness of laboratory data.
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A test of the parameterization for water vapor could
be made with realistic model spectral absorption co-
efficients, monochromatic multiple scattering compu-
tations, and integrations over wavelength. It would also
be interesting to have comparisons of the parameteriza-
tion to measurements of the solar flux in the atmo-
sphere. But even with accurate observations it may be
difficult to assign any discrepancies with the theory to
particular approximations in the parameterization or
to other causes. On the other hand, it will be possible
to obtain an important check on the reliability of the
computations by means of satellite measurements of
the local albedo simultaneously with measurements of
the cloud cover and cloud type. Such measurements do
not directly yield the vertical distribution of absorbed
solar energy, but for different local conditions (e.g.,
of cloud cover, sun angle, surface condition) the ab-
sorption is concentrated in different parts of the atmo-
sphere. Thus, by comparison with many such mea-
surements it will be feasible to obtain a diagnostic
analysis of the methods of computation. Present satel-
lite measurements of the global albedo have been used
for a very crude check: the global albedo of ~299,
measured by Raschke et al. (1973) is in satisfactory
agreement with the value of ~319, obtained in the
GISS model with 509 cloud cover (Somerville ef al.,
1974a).

We have not included here parameterizations for
absorption by Op and CO,. These are minor absorbers
compared to Oz and H,0, but their contribution is
significant for some applications. According to Sasamori
et al. (1972) Op and CO; together are responsible for
~8% of the absorption in the atmosphere, correspond-
ing to ~23% of the absorption by the atmosphere plus
surface. Oz absorption is easy to handle since most of
it occurs in a narrow region free of other gaseous ab-
sorption (cf. Fig. 1 and Houghton, 1963). CO; abscrp-
tion overlaps H,O and requires greater care -(cf.,
Houghton, 1963; Howard et al., 1956). Formulas for
absorption by O; and CO; are also given by Sasamori
et al. (1972). The effect of scattering is not important
for either O, or COq, except in the case of cloudy skies.

We have also excluded the effect of aerosols on ab-
sorption. Although aerosols also belong in the class of
minor absorbers, their effect is variable and not well
known; quite a number of computations of aerosol
absorption have been initiated in the last few years
(e.g., Yamamoto and Tanaka, 1972; Braslau and Dave,
1973). A reliable parameterization of aerosol absorp-
tion is needed, but will require a major study in itself.
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