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ABSTRACT

This paper presents a review of the various methods used to compute both the fluxes and the rate of heating
and/or cooling due to atmospheric radiation for use in numerical models of atmospheric circulation. The
paper does not follow, step by step, the solution to the relevant radiative transfer problem but rather concentrates
on providing the reader with the physical basis underlying the various methods. The paper discusses, separately,
the various parameterizations for the absorptions by water vapor, carbon dioxide and ozone and for the
scattering and absorption associated with cloud (and hazes) and also provides some indication of their accuracy.
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1. Introduction

The object of any parameterization of atmospheric
radiation for use in an atmospheric circulation model
is to provide a simple, accurate and fast method of
calculating the total radiative flux profile within the
atmosphere. These calculations must supply

i) the total radiative flux at the surface to calculate
the surface energy balance and

i) the vertical and horizontal radiative flux diver-
gence to calculate the radiative heating and cooling
rates of an atmospheric volume.

The parameterization should include the combined
effects of absorption and scattering by the trace gases
of H,0, CO, and O; together with cloud and haze
particles. The main problem is that the atmosphere is
not specified by the model as well as we might wish
and, as a consequence, we are left with the problem
of defining the radiative transfer characteristics in terms
of parameters that are (or will be) readily supplied by
a circulation model. .

The requirement of computational speed implies
that a high level of approximation is necessary and
one is then faced with a trade off between accuracy
and speed. Both the level of approximation and the
associated accuracy criteria determine the type of in-
teractions between radiation and dynamics that will
be ignored. These aspects are therefore central to the
overall design of any parameterization scheme. Yet
accuracy criteria are extremely difficult to define a
priori. Some factors that complicate matters are

i) radiation may simultaneously affect the dynamics
in several different ways and the accuracy required of
the radiation computations depends on which process
is important to the given dynamical problem.

ii) The dynamics respond to the total heating fields
(the sum of the radiative, latent heating and sensible
heating components). These heating components are
not always independent of each other and as a result
radiation may influence the dynamics in a complex
nonlinear manner which is often difficult to assess a
priori.

iii) The heating and cooling by radiation can vary
considerably as do the temperature variations caused

TABLE 1. Observed rates of temperature change A7/At associated
with various dynamical situations (Kondratyev, 1972).

. Frequency of
Synoptic situation

AT/At occurrence

Chinook, foehn 10K h™! Sporadically
Cold wave 20 K day™! Monthly
Cyclone at 850 mb 8-10 K day™! Weekly
Midlatitude summer

cyclone 7-8 K day™! Weekly
Subsiding air in high 23 K day™! Once or twice a week
Equatorial waves 0-3 K day™’ Once or twice a week
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by various dynamical factors. As an example, Table
1 from Kondratyev (1972), summarizes a number of
different temperature changes observed in the atmo-
sphere under different synoptic conditions. These tem-
perature changes vary in magnitude and can be of the
same order or several times larger than those due to
radiation (which, for clear skies, are ~2 K day™'). On
this basis, one might conclude that radiative processes
may be important in certain situations (such as for
the tropical easterly wave) but not in others (such as
for subsidence warming).

These few examples aptly demonstrate that the de-
sign and accuracy requirements of a radiation param-
eterization are highly problem dependent. While this
paper presents an overview of the various approaches
that can be used to parameterize atmospheric radiation
and some idea of the error introduced by the use of
these techniques, it is left to the individual researcher
to establish the accuracy requirements for the given
problem at hand and to establish if these requirements
are compatible with the practical limitations imposed
by the structure of the dynamical model.

The purpose of this paper is to review the various
techniques that are available to calculate the radiative
fluxes and radiative heating rates as applied in general
circulation models. The emphasis throughout is to
provide the reader with the physical basis underlying
a variety of techniques which range in sophistication
and to highlight the practical advantages and disad-
vantages associated with each. The paper does not trace
the various methods through step-by-step since these
details can be found in cited references. The paper
concentrates only on the parameterization of radiative
transfer in the atmosphere and not on the coupled,
and more difficult problem, of defining relevant at-
mospheric properties from insufficient model infor-
mation. In particular, the paper does not address the
problem of defining the presence of clouds in the model
given only broadscale velocity, temperature and mois-
ture information.

It is assumed throughout that the reader is familiar
with certain of the general definitions and concepts of
atmospheric radiation and radiative transfer (e.g., see
texts on the subject like Kondratyev (1969), Paltridge
and Platt (1976), Coulson (1975), Liou (1980) among
others).

In the following section, the difficulties associated
with the calculation of clear sky longwave fluxes are
described and the well-known parameterization tech-
niques that overcome these difficulties are outlined.
This section is followed by a discussion of the param-
eterization of longwave flux transfer in clouds and the
similarities with the clear sky techniques are high-
lighted. Section 4 presents an overview of the methods
that are used to calculate solar fluxes in a clear sky.
This is followed by the discussion of parameterization
of solar radiation within clouds and in cloudy skies



828

making specific mention of the treatment of partial
cloudiness and overlapping clouds. Section 6 reviews
some of the schemes used in existing GCMs sum-
marizing the radiative processes included in the
schemes, the equations solved and some indication of
computational efficiency. This section can be consid-
ered as a summary since the various schemes described
collectively employ most of the parameterization tech-
niques described throughout the paper. The paper
concludes with an overall summary and a discussion
of various aspects where significant improvements are
required and of certain areas that are unsatisfactorily
tested. A list of all symbols employed in this paper
can be found in Appendix A.

2. The parameterization of longwave fluxes in a cloud
free atmosphere

Examples of the spectral distribution of longwave
flux are well documented in existing literature, and
it is sufficient to say that the general problem of pa-
rameterizing longwave radiative transfer in the clear
atmosphere requires the suitable treatment of absorp-
tion and simultaneous emission by the 9.6 um ozone
band, the rotation and vibration bands of water vapor,
the continuum absorption in the atmospheric window
between 8 um and 14 um and the absorption by the
15 um carbon dioxide band which overlaps a portion
of the rotation band.

a. The longwave radiative flux equations

The parameterization of longwave flux in a cloud
free atmosphere is usually based on the solution of
the radiative transfer equation with some simple pa-
rameterization of the absorption factors contained
within the equation. The equations appropriate for
longwave flux are (e.g., see Liou, 1980, p. 93 for the
complete derivation of these equations).'

FY(z) = fw Bz = 0)r/(z, z = O)dv
0

+f f7rB.,Z
o Jo

® oo f
Fo= [ [ e e, @

'dv,

dr;
dz' 0

where F'(z) and F'(z) are the upward and downward
longwave fluxes through level z, B, is the Planck func-
tion and 7,/ the diffuse transmission function defined
by the hemispheric integral

! Throughout this paper, the term “frequency” is used somewhat
loosely to signify spectral variation. In general, frequency is assumed
to be synonymous with wavenumber, » (cm™") which is given by »
= 10%/\ where X is the wavelength in um. Wavenumber is a measure
" favored by spectroscopists and is usually used for molecular absorption
whereas A is more commonly used in the description of radiative
transfer through scattering atmospheres.
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where k,(p, T) is the absorption coefficient and u is
the concentration of the attenuating gas defined along
the path from z to z'. The transmission function 7,/is
often referred to as the slab transmission function as
it describes the transmission of the hemispheric ra-
diative flux along the path u. There are several ways
of defining the path quantity # and each defines a
specific form of absorption coefficient (or total ex- -
tinction coeflicient when scattering is also involved).
Some of the more popular definitions of 4 (and hence

- k,) and relevant conversion factors are summarized

in Appendix B.

The above flux equations can be combined and dif-
ferentiated directly to obtain an equation of flux di-
vergence and thus of radiative cooling (e.g., Rodgers
and Walshaw, 1966). This has some practical advan-
tages in that a study of the divergence equations reveals
the more important terms which, in some circum-
stances, provide an approximation to the flux equation
itself (the cooling-to-space term is such an example
and this is discussed later). However, for the purposes

" of use in an operational GCM, it is desirable to calculate

the fluxes at each model level and then evaluate the
flux divergence for the layer between two levels in a
finite difference form. This approach automatically
supplies fluxes at those levels where a radiation budget
is required (such as at the surface, the tropopause or
at the top of the model atmosphere).

Nested within the equations for longwave flux are
four integrals which refer to i) the summation of con-
tributions over all zenith angles [Eq. (3)], ii) the sum-
mation of the contributions to the flux at level z from
all atmospheric layers dz’ (including the ground), iii)
summation over all spectral intervals dv containing
the relevant absorbing bands and iv) the integration
over absorption path u (4). ‘

The first of these integrals is adequately approxi--
mated by

7/(z, 2) « 7.2, 2/, 1/B), &)

where 8 = 1.66 and is the well known diffusivity factor.
This approximation states that the transmission of flux
through a slab between z and z' can be represented
by the transmission of a beam along the direction de-
fined by the representative zenith angle § = cos™'(1/
B). We will see below that this is a very convenient
approximation as it allows the flux to be determined
using the parameterizations of the intensity transmis-
sion function which have a path length adjusted by
the 8 factor.
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The remaining integrals are discussed in more length
below, but it is relevant to comment that the traditional
problem of parameterizing the clear sky longwave flux
revolves around the suitable approximation of both
frequency and path integrals.

b. Integration over optical path

The integration of absorption over optical path is
complicated by the dependence of k, on both pressure
and temperature. This path dependence of absorption
introduces a twofold problem. The first is that at-
mospheric paths along which the fluxes are to be de-
termined generally involve large variations in both
pressure and temperature, and it is not appropriate to
assume constant values of k,. The second is that most
absorption data are collected in the laboratory at fixed
pressures and temperatures, and one is left with the
problem of applying these data to atmospheric ab-
sorption problems. This latter problem is alleviated to
some extent by measuring the absorption data at pres-
sures and temperatures which are not greatly different
than those expected in the atmosphere.

The two commonly used approximations employed
to overcome these problems both assume that the ab-
sorption along a nonhomogeneous path can be ap-
proximated by the absorption along some homoge-
neous path with some appropriately adjusted value of
p and u (we denote these hereafter as p and i1). These
approximations are known as

1) THE SCALING APPROXIMATION

The necessary conditions for the existence of the
scaling approximation is well described by Goody
(1964a, Section 6.1). The approximation assumes that
the absorption coefficient is separable into two factors:
one depending only on » and the other on p and T.
That is the optical path 6, (sce Appendix B for the
definition of 8,) is

¢(p, T)
&(po, To)

where py and Ty are the reference pressure and tem-
perature. Thus only # is required to determine the
optical path and, together with k(py, Tp) all other
absorptive properties. The usual form of # is

. p n TO n
i [ (3) (7) o
Table 2 lists the currently accepted values of nand m
applicable to the major absorption bands of both long-
and short-wave absorption spectra.

The scaling approximation is the most commonly
employed simplification to the path integral problem.
This popularity is based on the overall simplicity of
the method as it is only necessary to replace u with #
in simple one parameter absorption schemes (e.g., as

av ~ ku(p0’ TO) f du ~ kv(p09 TO)iL (6)

(7
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TABLE 2. Generally accepted values of n and m for
various absorbing species.

Gas Spectral region n m
Water vapor 0.9-1 0.45
Carbon dioxide Shortwave 1.75 11-8-
Ozone 0 0
Water vapor Longwave 0.5-0.9 0.45
Carbon dioxide 1.75 11-8
Ozone 0.4 0.2

in the emissivity method or the empirical functions
described later). However, it has long been considered
that there is little justification for the assumptions con-
tained in (6). Chou and Arking (1980) demonstrate
that the factorization of k,(p, T') as in (6) is possible
for Lorentz line absorption provided that the absorp-
tion occurs at some distance from the line center. It
is illustrated in Fig. 2 that most of the radiative cooling
results from the exchange of energy through the wings
of strong lines and, under these conditions, the scaling
method is likely to provide a reasonable approximation
to the problem of absorption along nonhomogeneous
paths. It is, however, difficult to isolate the errors in
IR cooling rate that result from the application of the
scaling method. It suffices to say that the errors at-
tributable to the scaling approximation are likely to
be larger than those of the two parameter approxi-
mation. Qualitatively, the approximation is most un-
satisfactory in the upper atmosphere where absorption
tends to be dominated by the line centers.

2) TWO PARAMETER APPROXIMATION

With the application of transmission parameteriza-
tions which express absorption as a function of more
than one dependent variable (e.g., band models), it is
possible to employ more sophisticated and accurate
approximations to the path integral. The common
higher order approximation was introduced indepen-
dently by Curtis (1952) and Godson (1954) and earlier
by Van de Hulst (1945). The VCG approximation
relates the absorption along a nonhomogeneous path
to that of a corresponding homogeneous path by ad-
justing the path u and pressure p according to

i = [ pau,

ii= f du. ®

(For those interested see Goody (1964b) and Armstrong
(1968) for a more extensive discussion on this topic.)

The accuracy of the VCG cannot be defined in ab-
solute terms as it depends on the strength of the ab-
sorption and on the distribution of absorber amount
with pressure. Since the definitions in (8) were derived
on the basis of matching the absorption in the strong
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and weak limits, it is to be expected that the VCG is
least satisfactorily in the intermediate absorption range.
‘Walshaw and Rodgers (1963) demonstrated that the
VCG is most satisfactory when applied to the 15 um
CO; band with a maximum percentage error of 2.6%
in radiative cooling. The approximation is tolerable
for water vapor cooling rates but errors in the range
of 20~40% or more are likely in Os cooling above 100
mb since this emission is dominated by intermediate
absorption. A more sophisticated approach (like the
three parameter method described by Goody, 1964b)
seems mandatory for this band.

c. Integration of absorption over frequency

The problem of simplifying the integration over fre-
quency in (1) and (2) is unfortunately more complex
than the rather simple and obvious task of averaging
k, over some broad interval Av. Complications arise
because there are four different, and distinguishable
frequency scales contained within the integral. (These
are schematically illustrated in Fig. 1). The first refers
to the relatively slow variation of the Planck function
B, with frequency (upper panel). The second scale is
that of the unresolved contour of the absorption band
(second panel). For gases other than water vapor, the
Planck function can be treated as a constant with fre-
quency for each band. However, for water vapor it is
necessary to subdivide the absorption bands into
smaller sub-intervals. The next scale is that associated
with the separation of individual lines (exploded scale
in Fig. 2) while the finest frequency scale is that on
which Lambert’s law of absorption applies [i.c., a sub-
line scale on which the exponential transmission func-
tion and hence on which (1) and (2) are valid]. The
total broadband longwave flux then results from the
convolution of the very fine frequency scale of line
absorption with the coarser Planck scale (this flux is
shown schematically as the shaded area in the lower
panel of Fig. 2). There are basically two different ways
of calculating this integrated flux quantity. The first
is to resolve the variation of the Planck function directly
by dividing the spectrum into a number of discrete
intervals and then to define the mean absorption char-
acteristics for each interval. The second method con-
volves the absorption and Planck functions and in-
tegrates this quantity over the entire longwave spec-
trum. Some techniques that employ the first of these
approaches are now described.

1) BAND MODELS

The finest frequency scale of absorption, that of the
individual line, is described by a simple analytic func-
tion given by the Lorentz line absorption profile, at
least for altitudes below about 40 km, (e.g., see details
in Liou, 1980, or any other standard radiation text).
Unfortunately a single absorbing line cannot be con-
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FIG. 1. Schematic of the various frequency scales encountered in
the calculation of atmospheric longwave flux. These scales refer to
(a) the Planck curve, (b) Atmospheric gaseous absorption spectrum
for longwave radiation reaching the ground, (c) higher resolution
spectral absorption highlighting individual lines and line separations
and (d) the convolution of the absorption spectrum and the Planck
function to give atmospheric flux (shaded area).

sidered in isolation from neighboring lines and it is
not meaningful to average k, over a group of lines in
a simple linear manner. This led to the concept of a
band model which enables the averaging of the ab-
sorption properties for bands of lines with properties
(such as line strength, separation, position, etc.) that
are specified by well-defined statistical relationships.
There are numerous ways of defining these relation-
ships (e.g., Elsasser, 1938; Godson, 1954; Malkmus,
1967) each resulting in a specific form of transmission
function expressed as a function of pseudo line pa-
rameters (such as a “mean” line intensity .S, a “mean”
half-width & and a “mean” line spacing d). Perhaps
the most widely used band model in atmospheric flux
calculations is that of Goody (1952) which considers
that all lines are randomly distributed. The resulting
transmission functions for the spectral interval Av is

G, G, -1/2
7/ = exp[— _SuTB (l + _.Slu_ﬁ) ],
d Ta

where the overbar denotes an “average” over Av. A
particular advantage of this form of transmission func-
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