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The complete available spectral features (line-by-line, or LBL) of the water vapor molecule in the
solar spectrum and a precise treatment of particulate scattering are employed to obtain and analyze the
solar radiative fluxes and heating rates in plane-parallel, vertically inhomogeneous model atmospheres
containing vapor only, water cloud only, and vapor-plus-cloud present simultaneously. These studies
are part of the Intercomparison of Radiation Codes in Climate Models (ICRCCM) project and
constitute useful benchmark computations against which results from simpler radiation algorithms can
be compared. The *‘exact’ solution of the radiative transfer equation for cloudy atmospheres with the
cloud in a single model layer consumes an exorbitant amount of computational resources (~ 100 hours
on a Cyber 205). Two other techniques that are considerably more economical are also investigated.
These techniques, too, are based on the LBL spectral features of the H,0 molecule but consist of an
approximation in either the vapor optical depth or in the multiple-scattering process. The technique
involving the “‘binning’* of the vapor optical depths yields extremely accurate fluxes and heating rates
for both the vapor and vapor-plus-cloud cases; in particular, it is a practical alternative for obtaining
benchmark solutions to the solar radiative transfer in overcast atmospheres (3.8 hours). In contrast,
the multiple-scattering approximation technique does not yield precise results; however, considering
its computational efficiency (0.5 hours), it offers a rapid means to obtain a first-order approximation of
the spectrally integrated quantities. The analyses of the alternate techniques suggest their potential use
for high spectral resolution sensitivity studies of the radiative effects due to various types of clouds.
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: ’ i . Sir i excessive
tigations [Kerschgens et al., 1978; Wiscombe et al., 1984; LBL + DA computations). Since this places an ex ]

Kratz and Cess, 1985] have employed wider intervals.
The condensed phase of H,0, in contrast to the vapor
form, exhibits properties that can be regarded as constant
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demand on the computational resources, investigations in
the past have simplified the problem by employing wider
frequency intervals and, in some instances, approximating
the scattering by the particles [Lacis and Hansen, 1974;
Stephens, 1978; Kerschgens et al., 1978; Liou and Wittman,
1979; Fouquart and Bonnel, 1980; Davies et al., 1984,
Wiscombe et al., 1984).
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Fig. 1. Schematic description of the (a) vapor-only, (&) cloud-only, and i¢) vapor-plus-cloud radiative trunsfer
problems for a plane-parallel, vertically inhomogeneous atmosphere above a Lambertian reflecting surface. The model

structure (section 2) s shown on the left. The cloud is located in the B00- 1o £20-mbar laver.

Despite the complexities, the need for a precise evaluation
of the radiative fluxes and heating rates is paramount for
quantifying the transfer in clear and cloudy atmospheres.
The need is further reinforced by weather and climate model
requirements of accurate parameterizations that have to be
calibrated against the “‘exact” solutions. These are, in fact,
the goals of the International Comparison of Radiation
Codes for Climate Models (ICRCCM) project [Luther et al.,
1988]. Since practical considerations render the LBL + DA
method prohibitive when several different cloudy atmo-
sphere cases have to be considered, it is logical to inquire
whether alternate economical techniques can provide highly
accurate, benchmark quality results.

The main objective of this study is to determine precise
radiative transfer solutions for plane-parallel vertically in-
homogeneous atmospheres containing vapor only, cloud
only, and vapor-plus-cloud present simultaneously (Figure
1). The input parameters adopted for the studies (section 2)
are similar to those prescribed as part of the ICRCCM
project.

To begin with, the calculation of the solar absorption by
water vapor in a clear atmosphere is performed for different
atmospheric profiles, using the LBL spectral features (sec-
tion 3). Next, radiative properties of clouds of two different
optical depths are evaluated (section 4) in an atmosphere
containing no water vapor. This situation is of academic
interest but serves as a useful intermediate study between
the vapor-only and the vapor-plus-cloud cases.

Finally, the radiative transfer problem involving clouds
and water vapor is investigated (section 5). Besides the exact
(LBL + DA) method, more economical techniques, that
approximate either the molecular absorption or the cloud
extinction, are also employed. A summary of the techniques
employed for the vapor-only, cloud-only and vapor-
plus-cloud cases, along with their CPU times on the Cyber
205 computer, is listed in Table 1. Details about the tech-
niques mentioned appear in the subsequent sections of the
text.

2. MODEL AND DATA

Based on the atmospheric reference profiles of Mec-
Clatchey et al. [1972] and the suggestion of a constant water
vapor mixing ratio above the tropopause by the ICRCCM
project, a model of the vertically inhomogeneous atmo-
sphere is developed (Figure 1). The model spans the pres-
sure levels from the top of the atmosphere (0 mbar) to the
surface (~1013 mbar). Between zero and 1000 mbar there
are 50 layers, each 20 mbar thick, while the lowest layer is 13
mbar thick. Properties are assumed to be uniform within
each layer. The vertical resolution of the model is similar to
that employed by Chou [1986]. The Ith layer in the model is
bounded by the /th and the (/ + 1)th levels. The frequency
interval considered in this study is 0-33,333 cm ™!,

2.1.  Molecular Absorption Properties

The water vapor absorption spectra are taken from the line
parameter compilations of the Air Force Geophysics Labo-
ratory (AFGL) [Rothman et al., 1983]. The precision of the
location of the line center in the AFGL catalog is 0.01 cm ~!.
Water vapor absorption lines extend from <! to 17,900
cm™!. The water vapor absorption optical depths are com-
puted [see Drayson, 1973] according to the same algorithms
as have been employed by Schwarzkopf and Fels [this issue)
for developing benchmark calculations in the longwave
spectrum. The procedure consists in dividing the spectrum
into 1 cm ™! intervals, within each of which the absorption
characteristics are represented by considering several dis-
crete frequency points. The number of such monochromatic
frequencies M, required within each wave number v (0 < »
= 17,900 cm ') is described by Drayson [1973].

The computation of absorption at each frequency point
over the 1 cm ™! interval accounts for the fact that the tails of
the lines extend out to 10 cm ™! beyond the line center; thus,
any 1 cm™! interval “‘perceives” the effect of lines whose
centers are located up to 10 cm ™! away. At altitudes below
100 mbar, the absorption is computed based on a Lorentzian
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TABLE 1 Summary of Techniques

CPU Time,

Technique Description Nature of Approximation (If Any) hours
Vapor Only
Exact LBL transfer; ~2.8 x 10° frequencies; 51 —_
layers
Binning Range of vapor optical depth (10 ~'2- 102) in Vapor absorption at each frequency
the atmosphere binned in the atmosphere
Cloud Only (in One Layer)
Exact DA, 32-stream transfer; 107 distinct intervals in — <0.01
single-scattering properties
Two stream DE approximation in each interval Cloud layer properties <0.01
Vapor Plus Cloud (in One Layer)
VCl1 (exact) DA in the cloud layer; 32-stream transfer at —_ 101
~2.8 x 108 frequencies
vC2 DE at each of ~2.8 x 10° frequencies Cloud layer properties 0.50
vC3 Vapor optical depth range binned in cloud layer Vapor absorption in cloud layer 3.80

for each of 97 intervals in cloud properties;

DA, 32-stream

Listed in the table are the main features of each technique and the CPU time (on Cyber 205) required to perform high spectral resolution
computations of the solar radiative transfer in a S1-layer, plane-parallel, vertically inhomogeneous atmosphere containing water vapor only,
cloud only, and water vapor plus cloud; the results of the investigations are discussed in sections 3, 4, and §, respectively. The CL cloud
is located in the 800- to 820-mbar layer, and"the cloud-related cases pertain to an optical depth of 9.7 at a wavelength of 0.55 um.

line profile. Above 100 mbar, a Voigt profile is assumed for
distances less than 3 cm ™' away from the line center; for
larger distances, again a Lorentzian profile is assumed.

According to the above prescription, each | cm ™! interval
requires at least 40 points for representation of the absorp-
tion characteristics over that interval. Because of the use of
a quadrature scheme, each frequency point i in a wave
number interval has a definite weight (w;); the weights are
normalized to unity within each interval.

The greater the number of lines in any 1 cm ™! interval, the
more the number of points needed to represent the absorp-
tion effects in that interval, e.g., in strongly absorbing
spectral regions, more than 200 discrete points are required
to represent the absorption features. The procedure de-
scribed is performed for each wave number in the AFGL
catalog. This ensures a very high spectral resolution for all
the layers in the inhomogeneous atmosphere and thus facil-
itates a precise theoretical calculation, one that has not been
attempted thus far in the literature for the near-infrared
spectral regions.

The above formalism yields absorption optical depths (7, )
at the ith discrete frequency in any wave number interval for
the Ith layer. The layer optical depths, for present purposes,
range from 0 to 100 in the inhomogeneous model atmo-
sphere. The number of monochromatic frequencies is ~2.8
X 10% (average spectral resolution ~6 X 10~ cm™"), so that
in the problem involving only the absorption of the direct
beam by water vapor, about (2.8 X 10951 transmissions
have to be computed (~1.4 x 10% exponential operations).

Cloud Optical Properties

e eeae 3

e ey

the frequency interval from 0 to 33,333 cm™". In -

eontrast to the rapid variation of waler vapor “absorption
with frequency, the properties of droplets are relatively
uniform over broad frequency intervals. The ICRCCM com-
pilations of the single-scatiering properties (extinction coef-
ficient, single-scattering albedo, and asymmetry factor) list

values at 107 distinct frequencies in the entire solar spec-
trum.

Clouds are assumed to be homogeneous and plane paral-
lel, being confined to a single model layer (800-820 mbar;
~2-km altitude) in this study. At any frequency, the compu-
tation of the radiative properties of any layer in which
scatterers are present is performed in two ways. The first is
the multistream, doubling-adding (DA) technique, as de-
scribed by Hunt and Grant [1969], and using the infinitesimal
generator initialization scheme described by Wiscombe
[1976]. We have investigated the results of using different
streams (8128 over the angular range 0—90°) for the radiative
transfer in a layer containing cloud and vapor. Computations
with 32 streams (based on a Gauss quadrature scheme) differ
negligibly from those employing more streams; hence, for
present purposes, 32 streams are deemed to resolve ade-
quately the angular dependence of the radiation fields. The
initial optical depth for the doubling calculations has a
nominal value of 10, The stringent choice of the parameter
values above is dictated by the need to avoid even small
inaccuracies at any monochromatic frequency point which
can jeopardize the overall accuracy of the sum over several
such points (e.g., entire spectrum).

Single-scattering properties at each frequency are speci-
fied based on the CL cloud specifications of the ICRCCM.
At frequencies intermediate to those tabulated, the mean
value of the parameter is assumed to be the representative
value in that interval. The asymmetry factor is used to obtain
the Henyey-Greenstein phase function [Hansen and Travis,
1974]. This is a smoothly varying phase function in contrast
to the Mie phase function [King and Harshvardhan, 1986}
for clouds. The Henyey-Greenstein phase function is ex-
panded into a 64-term (an optimum value) Legendre polyno-
mial set to represent the anisotropic scattering by the liquid
drops at each frequency. As has been noted in several earlier
investigations, the cloud single-scattering properties imply
absorption at frequencies below 18,000 cm~'; the single-
scattering albedo increases with increasing frequency, even-
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tually leading to (for pure water drops) scattering only
beyond 18,000 cm™!. The extinction optical depth is rela-
tively uniform for » > 1000 cm™' across the spectrum,
varying within 14% of the value at A = 0.55 um (~18,182
cm™!). The asymmetry factor, too, does not vary by more
than 13% between 1000 and 33,333 cm ™. Results using the

DA technique have been compared with the case studies )

tabulated by Lenoble [1977].

The second method considered for the scattering-
absorbing problem is the delta-Eddington (DE) algorithm
described by Joseph e al. [1976]. This method yields rea-
sonably accurate radiative transfer results for thick clouds
and is beginning to be employed in climate models [Charlock
and Ramanathan, 1985; Harshvardhan et al., 1987). The
wavelength-dependent single-scattering properties em-
ployed are the same as mentioned above.

Itis pointed out that cloud optical depth at a wavelength of
0.55 um is considered to be the reference value; cloud
extinction optical depths are varied in this study by scaling
the variations at all other wavelengths with respect to that at
0.55 um. The current study considers optical depths of 1.0
and 9.7.

2.3.

The solar irradiance for either the study of water vapor
absorption only, or for the cloud extinction, or for the case
of water vapor absorption plus cloud extinction is prescribed
according to the ICRCCM tables and follows Labs and
Neckel [1970].

Solar Irradiance Data

2.4.  Other Details

The input parameters used in the experiments discussed
below are, for the most part, those specified by the ICRCCM
project. Thus the solar zenith angle considered for the
calculations here is either 30° or 75°. Because of the employ-
ment of a quadrature scheme for the DA computations, the
cloud-related results for the larger zenith angle pertain to a
value of 75.7° This has a negligible effect on the discussions
in this paper.

Water vapor absorption only calculations are performed
with a surface albedo of zero (direct beam only) and 0.2
(Lambertian surface, as specified for the ICRCCM cases).
The calculations with water drops assume the surface albedo
to be zero. These assumptions have been made in order to
study simple cases. Effects due to other gases like 0,, 0,4,
and CO;, are also not considered in this study.

The cloud optical depth of 1.0 is a departure . from
ICRCCM specifications. This is in order to provide a con-
trast to the value of 9.7; at the same time, it is not too small
so as to make a negligible difference in the radiative transfer
relative to the vapor-only case.

The computational results are divided into those for the
H,0 absorbing intervals (0~18,000 cm~!) and that for the
nonabsorbing interval (18,000-33,333 c¢cm™!). Within the
absorbing frequency intervals, the results have been subdi-
vided into 10 bands (Table 2). The mean frequency in each
band and the corresponding wavelength are also tabulated.
The limits of each band follow earlier works [e.g., Kratz and
Cess, 1985] and, although arbitrary, are introduced here to
facilitate the analyses. In Figure 2 the solar irradiance
(W/m?) in each of the absorbing bands as well as that in the
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TABLE 2. Frequency Intervals Covered by the Different Bands
Used for the Study of Salar Radiative Transfer 14y

T
Frequency Mean Mean
Band Interval, Frequency, W..'m:1¢ng1h.
Number em™! em ™! jm
l 01,000 500 20.00
2 1,000-2,500 1,750 370
3 25004 400 3450 2.50
4 4 4006, 200 5,300 .89
5 A LR 00 T i e

nonabsorbing interval are illustrated for zenith angles of 30°
and 75°. Note that the flux at the top of the atmosphere is
nearly uniform in each band between 4 and 9 and then
increases in bands 10 and 11.

The results are arranged in two distinct ways as follows:
(1) results from the exact method and (2) comparisons of the
results from the approximate methods with those from the
exact. Departures from the exact values are evaluated either
in terms of the relative error (8re), defined as

(approximate — exact)/(exact)

or in terms of its magnitude.

3. WATER VAPOR ABSORPTION

3.1. Exact Method

The transmission at any frequency point i within any wave
number interval (the notation for the interval is suppressed)
in any layer / is given by

SOLAR IRRADIANCE

AT TOP OF ATMOSPHERE
Y T T T T T T T T T T T 100
] |
3

40
% o
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T 2 3 4 5 6 7 8 9 10 n

FREQUENCY BAND

Fig. 2. Band-by-band (see Table 2) solar irradiance [Labs and
Neckel, 1970] at the top of the atmosphere for solar zenith angles
(8o) of 30° and 75°. Band 11, where vapor and cloud are nonabsorb-
ing, is shown separated from the absorbing bands.
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Tiy = exp [ (7 )/ol = exp [-(gApa;igpol (1) H,0 VAPOR PROFILES
0 AT T T T
where ¢ is the water vapor mixing ratio, Ap the layer L l ]
pressure thickness, o the vapor absorption coefficient, g the u k -
acceleration due to gravity, and pg the cosine of the solar 1 1
zenith angle (6). The downward flux at any level L and at 2 .r -
any frequency point is 1
3 .
L-1
F = Il FoTu @ & 4T 1
1=
where Fy is the incident irradiance at the top of the @
atmosphere at the concerned frequency point. € &7 ]
For a Lambertian reflecting surface with an albedo a, ; F
there is an upward diffuse beam at the surface, ’ i
Fi:rsfc = aFi}sfc 3 s : }
-
The resulting upward flux at level L is °- )}
" 10 . o
1° 107 107 107 10°¢ 107!
Fh=Fle I T @
1= L+1 MIXING RATIO (g/g)

where T* denotes a diffuse transmission. T* is evaluated by
a four-point quadrature. The net flux at level L is

F'=FY-F} ©)
while the heating rate in layer L is

Qir = g(Ff ~ Fif 4 Vc,Ap
where c, is specific heat at constant pressure.

The total flux (downward, upward, or net) in the 1th wi
number interval comprised of M, discrete frequencies is

¥

M,

s 2 Fiw
i=1

with w; being the weight for the ith frequency.
< - The fluxes for the entire spectrum (18,000 wave num
»intervals) are given by

@:r_. 18,000 M,
?;Q* Fi= 2 2 Fuw 1t

yv=l i=]
while the heating rate is given by

18.000 M,

= E E O owi (%)

r=1i=1

The exact calculation for a water vapor-only atmosphere
(Figure 1a) is performed for all five McClatchey er al. [1972]
profiles shown in Figure 3; these include the first six
ICRCCM shortwave cases, The vertical distribution of the
heating rates in the five atmospheres is shown in Figure 4.

 The surface albedo is 0.2 while zenith angles of 30° (Figure
4a) and 75° (Figure 4b) are considered. Note that calcula-
" tions for clear sky have been performed earlier by Chou
* [1986] using a slightly coarser resolution in frequency space.
" Comparisons with M. D. Chou's (personal communication,
1989) results for the mid-latitude summer almosphere indi-

Fig. 3. Vertical profile of the water vapor mixing ratio [Mc-
Clatchey et al., 1972] for five different model atmospheres. TRP,
tropical; MLS, mid-latitude summer; SAS, sub-Arctic summer;
MLW, mid-latitude winter; and SAW, sub-Arctic winter.

cate that the tropospheric solar heating rates from the two
calculations differ by <1%.

The tropics, since they contain more vapor in the tropo-
sphere than any other profile, have the maximum heating in
the middle and lower troposphere with the peak occurring at
~790 mbar. Again, because the tropics have less water
vapor for P < 200 mbar, the absorption there is less. All
profiles indicate a maximum in the heating between 300 and
800 mbar, with the peak shifted to lower pressure levels for
the larger zenith angle. For 8, = 30°, all profiles except the
sub-Arctic winter (SAW) exhibit an increase in the lowest
few layers.

For the upper troposphere in general (P < 300 mbar), the
increase of water vapor with increasing pressure (Figure 3)
results in an obvious increase in the heating rate. In the
lower and middle troposphere the linkages are less evident,
and the increase of the vapor mixing ratio with pressure is
not necessarily accompanied by an increase in the heating; in
fact, there can actually be a decrease (e.g., all profiles at 75%
which is large for the SAW profile. This is due to saturation
effects occurring in some of the absorbing frequencies so
that fewer photons are available for absorption in the lower
layers. The increase in heating seen for the lowermost layers
(30°) is due to the absorption of the beam reflected at the
surface. Yet another reason for the breaks in the heating rate
profile is due to the change in the vertical gradient of the
mixing ratio, e.g., the discontinuity at ~750-790 mbar in the
tropical (TRP) profile (Figure 3) results in a peak in the
heating rate curve (Figure 4).

Figure § illustrates the contribution to the vertical profile
of the heating rate in the mid-latitude summer (MLS) atmo-
sphere by the different bands (Table 2) for 6, = 30°. The
relative contributions to the heating in the 800- to 820-mbar
layer (the choice of this layer is to facilitate comparisons
with cloud-induced heating later on) from the different bands

R X as i B
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(a) 6,=30°
Or7r—T—7r— r T r——r T
100
t
IOOOP

o)
£ -
w -
[- 4
=
[723
w
w
(-4 E
0.
9 |- - . =
L t 4
1000 i [ 3 | Y ) 1
[+} S 1.0
HEATING RATE (K d~')
Fig. 4. Vertical distribution of the exact heating rate for five

atmospheric profiles due to absorption of solar radiation by water
vapor. Surface albedo is 0.2, while zenith angles (6y) of (a) 30° and
(b) 75° are considered. TRP tropical; MLS, mid-latitude summer;
SAS, sub-Arctic summer; MLW, mid-latitude winter; and SAW,

sub-Arctic winter.

are listed in Table 3 for the direct beam. The major contri-
bution to the heating in the upper troposphere (P < 300
mbar) arises from the 2500-8200 cm ™! interval, while bands
between 2500 and 11,500 cm ™! are the major contributors in
the middle and lower troposphere. Bands below 8200 cm ™!
are partially saturated for P < 700 mbar, so that layer
absorption decreases with increasing depth in the atmo-
sphere; the remaining bands are unsaturated, and absorption

increases with pressure.
Figure 6 is a similar illustration for 8, = 75°. The difference
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Fig. 5. Band-by-band contribution to the vertical distribution of
the exact heating rate in the MLS atmosphere (zenith angle 6,=30°
due to absorption of solar radiation by water vapor for frequencies
(@) <8200 cm ™' and (b) >8200 cm ™!.

with respect to Figure 5 is that, for any altitude, there is an
increase in the photon path lengths as measured from the top
of the atmosphere; this causes bands to saturate partially at
altitudes higher than for the 30° case. In fact, for 6, = 75°,
even the 8200-9700 and the 9700-11,500 cm™' bands are
partially saturated in the lower troposphere (~730-750
mbar). Less solar flux is incident at the top of the atmo-
sphere when 6, = 75° this causes the magnitudes of the
heating rates to be smaller than for the 30° incidence. The
relative contribution to the 800- to 820-mbar layer heating at
75° is similar to or smaller than at 30° in bands 1-5 while
being greater in bands 6-10 (Table 3).

The morphology of the water vapor profile in an inhomo-
geneous atmosphere affects the manner in which the solar
direct beam is attenuated as it traverses the various layers.
Because of the spectrally varying absorption properties,
there will be a spectrally varying attenuation of the radiation
at any level. In the present model, since each layer is of
equal pressure thickness, three factors determine the heating
in layers. The first is the attenuation at any frequency up to
the layer in question. The second is the layer pressure,
which determines the absorption characteristics of the mol-
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TABLE 3. Total Heating Rate in the Solar Spectrum and the Contribution (in Percent) of Each
Band to Heating in the 800- to 820-mbar Layer of an MLS Profile for Vapor Only, Cloud
(Located in the Concerned Layer) Only, and Vapor and Cloud Together in the Atmosphere

r(cloud) = 1.0 T (cloud) = 9.7
Vapor Plus Vapor Pl
Band, cm Vapor Cloud Cloud Cloud Cloud
00 = 30°

0-1,000 0.2 1.3 13 0.5 0.6
1,000-2,500 1.6 14.3 11.2 71 6.2
2,500-4,400 10.3 47.7 29.1 28.4 20.2
4,400-6,200 12.7 23.4 24.0 329 33.8
6,200-8,200 25.5 11.7 17.8 26.5 28.4
8,200-9.700 19.3 1.3 7.2 34 6.3
9,700-11,500 19.9 0.3 6.2 N 33
11,500-13,000 3.6 0 1.1 0.1 0.5
13,000-14,500 5.4 0 1.6 0 0.6
14,500-18,000 1.5 0 0.5 0 0.2
Solar heating 2.05 11.58 8.38 56.85 37.35

rate, K/d
00 = 75°
0-1,000 0.1 1.0 1.2 0.6 0.7
1,000-2,500 L5 12.5 11.6 7.7 7.3
2,500-4,400 8.2 45.2 26.2 30.8 19.9
4,400-6,200 10. 25.5 29.0 316 35.5
6,200-8,200 18.6 13.7 17.8 249 27.5
8,200-9,700 20.3 1.6 59 3.2 5.6
9,700-11,500 22.8 0.4 4.7 1.0 2.5
11,500-13,000 6.0 0 1.2 0.1 0.4
13,000-14,500 8.8 0 1.7 0 0.5
14,500-18,000 34 0 0.7 0 0.2
Solar heating 0.77 6.76 3.57 13.51 7.15
rate, K/d

Cloud optical depths r(cloud) of 1.0 and 9.7 (at a reference wavelength of 0.55 um) and solar zenith
angles (8y) of 30° and 75° (75.7° for the cloud-related cases) are considered. Surface albedo is zero.

Zeros in column denote values <0.05%.

ecule at the concerned frequency. The third is the absorber
amount in the layer.

To delineate these effects in different portions of the
spectrum in the upper, middle, and lower troposphere, the
contribution of each spectral band to the heating in the 180-
to 200-, 580- to 600-, and 800- to 820-mbar layers is plotted in
Figure 7 for solar zenith angles of 30° (Figure 7a) and 75°
(Figure 7b). The 180- to 200-mbar layer is heated by absorp-
tion in the 1000-11,500 cm ! interval (bands 2-7), while the
other two layers are heated by absorption in bands 2-10.
Figures 5 and 6 have already shown that saturation effects
occur at bands <7. This becomes clearer in Figure 7, where
it is seen that the heating in the 580- to 600-mbar layer
exceeds that in the 800- to 820-mbar layer for the first five
bands, while in the other bands, the situation is reversed.
This feature has implications for the degree of absorption
that can be introduced by water drops at different altitudes in
the atmosphere. Water drop absorption (as will be seen later)
has a frequency dependence similar to that for the molecule,
8o that if any of the bands are saturated due to water vapor
absorption before the irradiance in that band can reach the
cloud level, there will be little absorption by the.cloud
despite a high droplet absorption efficiency {Davies et al.,
I1984]. This is an important issue for clouds located lower in
altitude (e.g., absorption by stratus clouds in an otherwise
clear atmosphere). Heating in the 180- to 200-mbar layer for
any band is smaller than that in the 580- to 600-mbar layer,

emphasizing the absence of saturation effects at P < 190
mbar.

Comparing the absorption resulting from the propagation
of the direct beam and that due to the diffuse beam after
reflection at the relatively low Lambertian surface (albedo
0.2), it is seen that the direct beam absorption contributes in
a predominant manner to the total atmospheric absorption,
being 94% for 6, = 30° and 98% for 8, = 75°. The contribu-
tion by the reflected beam to the heating rate (Figure 8)
becomes apparent only below the middle troposphere for an
albedo of 0.2. While the contribution of the direct beam to
the absorption above 800 mbar exceeds 95%, and is more so
when the path length is longer (75°), the reflected beam’s
contribution assumes significance in the lowest few layers
(up to 25% for 30°).

The downward flux at the surface (Table 4) is comprised
principally of radiation in the nonabsorbing (>30%) and the
weakly absorbing (~20%) bands (11 and 10), together with
roughly similar contributions (~5~10%) from all bands 4-9.
The frequencies in which water vapor exhibits strong ab-
sorption comprise ~65% of the surface solar flux.

Fougquart et al. [this issue] present detailed discussions of
the absorption of solar radiation by water vapor from various
algorithms, including Chou's and the present LBL calcula-
tions. It is important to mention that the present LBL
calculations include three spectral regions that were not
considered by Chou [1986]: 0-1000, 1000-2600, and 14,500~

9139

. ra Y CARdURL

IR

“

Levery AT



RAMASWAMY AND FREIDENREICH: SOLAR RADIATIVE TRANSFER
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Same as Figure 5, execpt for solar zenith angle 6,=75°.

18,000 cm~!. The first two regimes have a small value of
solar irradiance associated with them, while the third is
weakly absorbing (Figures 5 and 6). The transfer of radiation
in these regimes enhances the MLS atmospheric absorption
(mainly in the 1000-2600 cm ! regime) by 7.3 W/m? for 8 =
30° and by 3.3 W/m? for 6, = 75°% correspondingly, the
surface flux decreases by a similar amount. The underesti-
mate in the atmospheric absorption due to neglect of these
regimes is 4.3% and 4.8%, for the two zenith angles, respec-
tively; the corresponding overestimates in the surface flux
are 1.1% and 1.8%, respectively. The total heating in any
layer, however, is not measurably affected by neglecting
these intervals.

3.2,

From the computational viewpoint, a high-resolution cal-
culation, as described above, involves the calculation of a
large number of exponential functions. Although the time
taken to perform the LBL computations is affordable (Table
1), it is worthwhile inquiring whether simplifications of the
problem are possible without a loss of accuracy. For exam-
ple, do the results remain unchanged when the number of the
transmission computations is reduced, either through a

Binning Method

coarsening in spectral interval (as investigated by Chou |
[1986]) or through a *‘binning’* process as described below? |
The binning technique, just like the exact technique, |
considers all the monochromatic frequency points (section
2.1); however, the vapor absorption optical depths are now
partitioned into *‘bins” (or intervals). For practical pur-
poses, it is sufficient to consider a lower limit of 10 ~!2 for the
vapor optical depth; smaller values are assumed to be zero
and are placed in a bin which is denoted as the zeroth bin.
The features of the binning procedure are summarized in
Table 5. The range between 10~'2 and 10? is binned such |
that there are an equal number of intervals (N) within each |
decade in optical depth, i.e., N intervals between 102 and |

BAND-BY-BAND H,0 VAPOR HEATING
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Fig. 7. Band-by-band contribution to the exact heating rate due
to absorption of solar radiation by water vapor in the 180- to 200-,

580- to 600-, and 800- to 820-mbar layers of the MLS atmosphere.
Zenith angle 8, is (a) 30° and (b) 75°.
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107", N more between 10~ and 10~"°, and so on till 102
The midpoint of any individual bin is assumed to be repre-
sentative of all the optical depth values within the range of
Ehat bin. Thus the actual optical depth 7 appearing in (1)<9)
.18 replaced by an appropriate bin value 7.
“* Since the molecular absorption optical depth is assumed to
Span 14 decades in the model atmosphere, there are 14N
intervals over the entire range of the absorption optical
depth; in each of these, the transmission function is precom-
Puted based on the value of #. The total number of 7
fesulting from the binning process, or the transmission
finctions to be computed, is thus 14N, i.e., each frequency
PoInt in any layer is represented by one of the 14N values of
the ransmission functions. Recalling that ~1.4 x 102 trans-

mission calculations are required for the exact transfer, it is
evident that N can be chosen such that the number of the
transmission computations is scaled down substantially.

It is instructive to examine the potential effects of binning
on the absorption and transmission of radiation. Consider
first a homogeneous layer and the discrete frequency points.
The relative error in absorptivity arises due to the difference
in the values of the optical depth between the exact and the
binned values. It is easily seen that the magnitude of the
error attains its maximum value for the first interval in each
decade of the binning process, e.g., it is equal to 50% for
N =9,5% for N = 90, and 0.5% for N = 900 (last column of
Table 5). N is thus an arbitrary parameter governing the
precision with which the specific value of the absorption
optical depth at any frequency point is represented. In an
inhomogeneous atmosphere, the binning process presents
another source of error due to differences in the amount of
radiation transmitted. For a layer well within the atmo-
sphere, the incident radiation at the top of the layer can be in
error, owing to differences in optical depth between the bin
and the exact methods for all or a few of the layers above the
one in question. The maximum relative error due to the
differences in transmission can be large (>100%) for small
absolute values, e.g., due to large optical paths through the
atmosphere. Hence large relative errors could occur in the
heating rate at any frequency point for layers within an
inhomogeneous atmosphere. The absolute error, however,
need not necessarily be large.

We have investigated the effects due to various values of
the accuracy parameter N = 900, 90, and 9 bins per decade,
respectively. This corresponds to 12,600, 1260, and 126
transfer computations, respectively, across the range of
optical depths encountered in the inhomogeneous atmo-
sphere and over the entire spectrum. The magnitude of the
maximum relative errors in the heating rates (|8, Q|) occur-
ring anywhere over any band and over the solar spectrum for
30° and 75° solar incidences are listed in Table 6. The choice
of examining the maximum relative error provides a strin-
gent criterion for investigating the accuracy of the technique.

In general, the magnitude of the relative error becomes
smaller as N is increased. For both zenith angles, there is
more than an order of magnitude decrease in the relative
error over any band and over the entire spectrum, when N
increases from 9 to 90. A further reduction of about an order
of magnitude or more occurs when N is increased to 900.
Errors in any band for N = 90 are <0.1%, while those for
N = 9 are <5%. The errors in heating rate for N = 90 are
<0.04%, and for N = 9 are <2.5%. The magnitude of the
relative error in the fluxes over any band for the N = 90 and
9 cases are less than 0.01% and 1%, respectively (Table 6).
Over the entire spectrum, the errors are less than 0.004%
and ~0.3%, respectively.

The flux and heating rates from the binning method are
remarkably accurate. Although the relative errors are some-
what larger when N = 9, they occur in the upper troposphere
where the absolute values are small. The excellent agree-
ment with the exact values for the bin cases is pleasantly
surprising, particularly when the wide disparity in the accu-
racy with which the absorption values are represented in the
bin cases (Table 5) is considered; this suggests that approx-
imate values of the water vapor absorption optical depth at
the different frequency points may be adequate to compute
the radiative effects due to water vapor absorption.
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TABLE 4. Contribution (in Percent) lfrom Each Band to the Total Downward Solar Flux at the Surface (Fsg.) and the Reflected Flux
at the Top of the Atmosphere (Frp,) in the 0-33,333 cm ™! Spectrum for the Vapor-Only, Cloud-Only, and Vapor-Plus-Cloud Cases

7(cloud) = 1.0 7(cloud) = 9.7
\glplor Cloud Only Vapor Plus Cloud Cloud Only Vapor Plus Cloud
nly
Band, cm ! Fye Fyge Froa Fyge Froa Fye Froa Fyc Frox
00 = 30°

0-1,000 0.1 0 0 0 0 0 0 0 0

1,000-2,500 0.5 0.5 0.3 0.3 0.2 0 0.1 0 0
2,500-4,400 1.6 2.6 1.5 1.2 1.0 0.2 0.5 0.2 0.4
4,400-6,200 5.3 6.4 6.7 49 53 29 4.0 22 33
6,200--8,200 6.8 10.0 10.7 6.6 7.2 7.3 8.6 4.6 5.7
8,200-9,700 6.9 8.1 9.0 6.8 7.6 8.2 9.1 6.4 7.6
9,700-11,500 9.0 10.0 10.6 9.0 9.6 10.6 11.4 9.0 10.1
11,500-13,000 9.1 8.3 8.3 9.2 9.1 9.1 9.3 9.7 9.9
13,000~14,500 8.7 8.1 8.0 8.8 8.6 9.0 9.0 9.2 9.4
14,500-18,000 19.3 17.2 15.8 19.7 18.0 19.4 18.2 21.4 20.1
18,000-33,333 32.8 28.7 29.1 334 334 33.3 29.9 37.1 333
Total flux in solar 995.4 1069.6 66.8 921.8 58.1 556.6 472.5 499.4 424.1

spectrum, W/m?
0 = 75°

0-1,000 0 0 0 0 0 0 0 0 0

1,000-2,500 0.4 0.2 0.3 0.1 0.2 0 0.2 0 0
2,500-4,400 1.3 1.5 1.5 0.7 0.9 0.2 0.9 0.1 0.6
4,400-6,200 5.0 55 6.6 4.1 5.1 2.4 4.9 2.0 3.8
6,200-8,200 6.3 9.3 10.9 5.7 7.0 6.6 9.3 4.0 5.9
8,200-9,700 6.1 7.9 9.2 5.9 7.3 7.9 8.8 5.9 6.9
9,700-11,500 8.1 9.8 11.2 8.0 9.6 10.4 10.9 8.3 9.3
11,500-13,000 9.2 8.2 9.1 9.0 10.2 8.9 9.0 9.4 9.8
13,000-14,500 8.5 8.1 8.9 8.4 9.5 8.8 8.8 8.8 9.2
14,500-18,000 20.2 i7.1 18.3 19.8 21.4 19.0 18.3 21.0 20.8
18,000-33,333 35.0 324 24.0 38.2 28.7 35.9 29.1 40.5 33.7
Total flux in solar 279.6 207.0 108.2 175.2 9.5 88.3 211.0 78.3 182.0

spectrum, W/m?

Cloud ogtical depths 7 of 1.0 and 9.7 and solar zenith angles (8y) of 30° and 75° (75.7° for the cloud-related cases) are considered. The total

flux (W/m

In examining the reasons for the accuracy of this tech-
nique, it is found that while there are several points at which
the bin value of transmission can differ appreciably from the
exact value (for the reasons mentioned earlier), both in the
positive (>100%) as well as in the negative sense (up to
~100%), the sum over a large number of frequency points
yields a small net difference. This is demonstrated by exam-
ining the maximum relative errors that occur when the bin
results across the spectrum for N = 90 are grouped in
frequency intervals of a specified width. The widths consid-
ered range from | cm ™' to a band (~1000 cm ™' or more) and
eventually the total spectrum. The maximum relative errors
are listed for the 180- to 200-, 580- to 600-, and the 800- to
820-mbar layers and for the two zenith angles in Table 7. The
errors decrease with increasing size of the frequency interval
for all cases. The bin resuits, when considered as sums over
500 cm ™! or more, are very accurate (better than 0.5%). It
should be noted that the number of intervals with the
maximum errors listed in Table 7 could be few or their
absolute error could be small; in either case, the compari-
sons with exact values would be even more favorable.

The principal reasons for the accuracy of the binning
method are the existence of a considerable number of
frequency points and the presence of both positive and
negative errors over a distribution of frequency points. In a
sum over several wave number intervals (e.g., band), there
occurs a substantial cancellation of the errors resulting in

) in the 0-33,333 cm ™! regime is also listed. Surface albedo is assumed to be zero. Zeros in columns denote values <0.05%.

extremely precise solutions. These reasons are particularly
important to remember when the number of bins used is
small (say, N = <9) or when a small frequency interval (say,
few wave numbers or individual frequency points) is being
examined. Although the bin concept has been applied to all
layers in this section, it is equally possible to apply it to a
limited number of model layers.

The binning method affords only a marginal improvement
over the exact method in terms of computational expense
(Table 1), and hence there is little need to use the binning
technique for the vapor-only benchmark computations. The
virtue of the bin concept, however, is the substantial reduc-
tion made possible in the radiative transfer operations cou-
pled with a negligible loss in the accuracy. This characteris-
tic of the binning technique acquires considerably more
significance when scatterers are considered in any layer, as
will be seen in section 5.3.

At this stage, it is worthwhile recalling Chou’s [1986])
inferences that there was no change in the heating rates
when a spectral resolution of <0.5 cm™! (down to 0.01
cm ~!) was used in a calculation framework involving equally
spaced frequency points. Although the binning technique
employs a different approach, the underlying reasons for the
accuracy of the binning procedure could apply to Chou’s
monochromatic results as well.

It is important to note that the binning of optical depths is
conceptually similar to the sorting of the absorption coeffi-
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TABLE 5.
First Bin in Decade
N Range Midp
900
90
9

Features of the Binning Procedure Adopted to Compute the Transfer of Radiation in
an Inhomogeneous Atmosphere Containing Water Vapor

Last Bin in Decade Maximum
e — - Relative
ipoin Error,

0.5
5
50

N denotes the number of equally spaced intervals (or bins) per decade (p) in vapor optical depth,
where —12 < p < 2. The range of the first and last bins (1.0”) in each decade and the midpoints
(1.07) of these intervals are listed. The maximum relative error that can be incurred due to binning in

a homogenous layer is also listed for each N.

cients in the k-distribution method. In the latter technique,
the sorting is performed at a reference pressure and temper-
ature in conjunction with a scaling approximation [Chou,
1986]. This removes the dependence of the absorption coef-
ficient on pressure and temperature, and the transmittance
equation is reduced to an integration over the absorption
coefficient. The binning method, in contrast, preserves the
pressure and temperature dependences by considering the
LBL-based values of the absorption coefficient at every
monochromatic frequency in each layer; the approximation
consists of merely an arbitrary degradation in the values of
the absorption coefficients. The transfer equation. as in the
LBL computations, is then solved for each frequency. These
characteristics also distinguish the binning method from
another approximation, the exponential-sum fitting tech-
nique [Wiscombe and Evans, 1977]. The latter method
consists of a mathematical fit to a set of transmission values,
in any spectral interval and for a range of scaled absorber
path lengths, by a sum of exponentials. The individual terms
represent pseudo-monochromatic transmittances which are
then used to compute the transfer in the atmosphere. The
derived terms, however, have no tangible links to the actual
absorption lines (or to the LBL absorption coefficients)
within the spectral interval.

B 4. CLoUD RADIATIVE CHARACTERISTICS

- In this section, the results of the 32-stream DA and DE
calculations performed for the CL cloud (see ICRCCM
specifications), and with no water vapor present (Figure 15),

are discussed. The cloud is assumed to be present in a
20-mbar-thick layer in order to compare with the vapor-only
calculations of the preceding section. This is as if the solar
irradiance at the top of the atmosphere were incident directly
on the cloud. The frequency-dependent cloud single-
scattering properties follow the ICRCCM tables (frequency
notation is suppressed again); these are the extinction optical
depth 7.4, single-scattering albedo w4y, and asymmetry
factor g.q. The cloud-scattering optical depth is given by
wgTod- Surface albedo is assumed to be zero throughout
this section.

The band-by-band contribution to the heating rate for
cloud optical depths of 1.0 and 9.7, respectively, are illus-
trated in Figure 9 (solid line). For either optical depth, solar
zenith angles of 30° and 75.7° are considered. The contribu-
tions in the vapor-only case are also displayed for compari-
son. The relative contributions to the heating rate in the 800-
to 820-mbar layer are tabulated in Table 3. Significant cloud
particle absorption (>5%) occurs in nearly the same inter-
vals (e.g., bands 3-5) as does the water vapor absorption.
For the higher cloud optical depth, there is a dominant
contribution from the 2500-8200 cm™' spectral regions,
while for the lower optical depth case, almost half the
contribution arises from the 25004400 cm ~! interval alone.
For the vapor-only case, contributions >5% occur in bands
3-9(2500-14,500 cm ™). For the cloud-only case, substantial
increases occur in bands 2-5 compared to the vapor-only
case. At » > 11,500 cm™' (bands >7), the cloud drop
absorption is quite small, whereas the vapor absorption

TABLE 6. Magnitudes of the Maximum Relative Errors in Atmospheric Heating Rates (|8, 0|), Downward Flux at the Surface
(|8, Fstc]), and Reflected Flux at the Top of the Atmosphere (|8 Froal)

fx |6reQ| isrerfc! . IsfeFmAI
Maximum Error, % Maximum Error, % Maximum Error, %
N Band Spectrum Band Spectrum Band Spectrum
Oy = 30 s s
900 6.2 x 1073 2.1 x 1073 8.4 x10°° 3.0 x 1073 8.5 % 10 4.0 x 10°3
90 9.8 x 1072 3.8 x 1072 7.7 x 1073 2.4 x 1073 8.5x 103 3.0 x 10_‘
9 4.1 x 1070 1.9x107° 7.3 %107} 22x 107t 8.3 x 107} 2.7 x 10
8 = 75° ) s
900 6.3 x 1073 1.6 x 1073 1.0 x 107* 4.4 % |0'f 1.6 x 107 s.1x 1073
90 9.9 % 10°° LO = 10 9.1 % 10! 3.2 % 1077 1.1 % 1072 17 x 107
9 42 = 1070 2.1 = 10°° 9.0 = 107! 2.9 % 197! 1.oo= 107" 1.3 % 10

Values are computed over bands and over the entire spectrum, obtained by comparing the binning method with the exact for the case of
transmission of solar radiation through an inhomogeneous atmosphere containing only water vapor. Bin parameter N (see section 3.2) is
assumed to be 900, 90, and 9, respectively, for solar zenith angles (6y) of 30° and 75°. Surface albedo is 0.2.
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TABLE 7. Magnitude of the Maximum Relative Error (in Percent) in the Heating Rates Due
Exact Results), for the Vapor-Only MLS Atmosphere

A = 3° 8 — 71¢0
Width Av, -
cm™! 190 mbar 590 mbar 810 mbar 190 mbar 590 mbar 810 mbar
1 © 8.4 x 10! 6.5 x 102 1.8 x 103 8.5 x 10! 1.3 x 10° 1.4 x 105
10 9.6 x 10° 2.7 x 10! 1.0 x 102 9.5 x 10° 7.4 x 10! 1.1 x 103 -
50 31x10°! 64 x 107! 6.8 x 10° 3.0 x 107! 3.9 x 10° 3.1 x 10t -
100 23 x 107! 3.1 x 107! 6.8 x 10° 23x 107! 1.7 x 10° 3.0 x 101
500 1.2 x 107! 3.0 x 107! 1.9 x 107! 1.1 x 107! 3.0 x 107! 1.9 x 10~}
Band 5.2 %1072 2.7 x 1072 4.0 x 1072 4.4 x 1072 22 x 1072 3.8 x 1072
Solar 9.0 x 1073 1.3x 102 1.0 x 1072 1.7 x 1072 1.2 x 1072 7.9 x 19-3

The comparison is viewed in terms of sums over frequency intervals of uniform width Av. Bin parameter N (see section 3.2) is 90 for solar
zenith angles (6) of 30° and 75°. Three layers, 180-200, 580600, and §00-820 mbar, are examined. Widths of bands are listed in Table 2,
while the width of the solar spectrum for heating rate purposes is 18,000 cm ™!,

extends all the way to 18,000 cm ™! (Figure 9). A >3%) from bands with v >4400 cm ™! for both the vapor and
zenith angle, the contribution from the region bey cloud-only cases (Table 4). Bands 10 (weakly absorbing) and
cm~! in the vapor-only case exceeds 15%. 11 (nonabsorbing) contribute substantially (>17%). The ab-

The flux at the surface arises principaily (co sorbing bands together contribute more than 65%, just as in

BAND-BY-BAND HEATING (800--820mb)
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Fig. 9. Band-by-band contribution (0-18,000 cm™!) to the heating rate in the 800- to 820-mbar laye;r of an MLS
atmosphere for solar zenith angles 6y of 30° (upper panels) and 75.7° (lower panels). Three cases are gonsndered in each
panel: water vapor only, cloud only, and vapor plus cloud present in the atmosphere. The CL cl_oud is embedded in the
concerned layer with an optical depth 7 (A=0.55 um) of (a and ¢) 1 and (b and d) 9.7, respectively.
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TABLE 8. Relative Error in the Downward Flux at the Surface (8, Fs), the Reflected Flux at

the Top of the Atmosphere (8, F1ga), and the Cloud Layer Heating Rate (8., Q)

0-18,000 cm ™! 18,000-33,333 cm ™!
00. deg 5,1"-5&, % 8rer % 6rerl'c- % SI'EFTOA’ %
1.0 30 -0.5 -39 -0.6 11.4
1.0 75.7 11.7 -4.7 11.7 -21.3
9.7 30 1.7 -33 13 -1.7
9.7 75.7 11.3 22 11.5 -5.1
1.0 30 -0.6 -5.1 -0.6 11.3
1.0 75.7 1.0 -6.5 11.7 -21.3
9.7 30 0.8 -4.0 1.3 -1.7
9.7 75.7 10.6 2.5 11.5 -5.1

Values were obtained by comparing the results from the DE method with those from the DA (exact)
method for a CL cloud in the 800- to 820-mbar layer of an MLS atmosphere containing no other

component (cloud-only case; section 4) and with vapor (va|

r-plus-cloud case; section 5.2), respec-

tively. The frequency regions considered are 018,000 cm ~' and 18,000-33.333 cm~!. The CL cloud
has an optical depth 7of 1.0 and 9.7 at a wavelength of 0.55 um; for each optical depth, solar incidence

(68p) at 30° and 75.7° is considered.

the vapor-only case. When 6, = 30° and 7 = 1, there is more
flux reaching the surface than in the vapor-only case; when
T = 9.7, there is less flux reaching the surface than in the
vapor-only case. When 6, = 75°, both cloud types have less
flux reaching the surface than in the vapor-only case. The
examples studied here indicate that moderately thick clouds
(1 < r <9.7) in the atmosphere have a significant impact on
the surface solar flux when compared to the effect due to the
entire column of water vapor. Thus both vapor and droplet
effects are equally important for the solar radiative interac-
tions. The band-by-band relative contribution to the re-
flected flux exhibits features similar to those for the surface
flux, with the sum from the absorbing regions exceeding
70%. For both transmission and reflection, these features are
a consequence of a larger single-scattering albedo and a
greater solar incident flux at the higher frequencies (Figure
2).

The comparisons of the errors due to the DE method in
each band (not shown here) for the cloud-only case indicate
that significant errors can arise in some bands. This is an
important factor to be remembered, since the results for the
entire spectrum suggest that the DE method is a good
approximation, as seen by the relative errors listed in Table
8. The DE layer heating rates are within 5% of the exact
values for all four cases; relative errors in fluxes can reach
10% or more (e.g., surface flux for 6; = 75.7°; reflected flux
for 7 = 1). For 7 = 1 (8, = 75.7°), both reflected and surface
fluxes are poorly represented (errors >10%) by the DE
approximation. In the 18,000-33,333 cm ! interval, there is
negligible absorption by pure drops, and so absolute errors
in reflected and transmitted fluxes take on equal and oppo-
site signs. Again, the relative errors for the 6, = 75.7°, 1 =
1 case are the worst among those studied here; this is
consistent with the tests of King and Harshvardhan [1986].

The vertical profile of the total heating rate for the
cloud-only case (r = 1) is shown in Figure 10 and, for
comparison, the vapor-only results are also shown; the
Zenith angles are 30° and 75°, respectively. Even for a cloud
optical depth of 1.0, there is substantial enhancement in the
solar heating of the 800- to 820-mbar layer compared to the
vapor-induced heating. For 7 = 9.7, the enhancements with

respect to vapor are more than for the case when 7= 1 (see
Table 3). The ratio of the enhancement at 7 = 9.7 to that at
r=11is 4.9 (2.0) for a 30° (75.7°) solar incidence.

5. WATER YAPOR ABSORPTION AND
CLoub EXTINCTION

In this section, the radiative transfer due to the CL cloud
embedded in an MLS atmospheric profile is studied (Figure
1c). As in section 4, the cloud is assumed to be located in the
800- to 820-mbar layer. The frequency-dependent cloud
single-scattering properties follow the ICRCCM specifica-
tions for the CL cloud. Solar zenith angles of 30° and 75.7°
and the cloud optical depths of 1.0 and 9.7 are considered in
an MLS atmosphere. Surface albedo is again assumed to be
zero.

The presence of water vapor introduces an important
modification to the single-scattering properties of the layer
containing the cloud [Twomey, 1976]. The vapor absorption
optical depth, since it arises due to the vibrational-rotational
structure and is necessarily finely spaced in frequency,
exhibits a sharp variation across the spectrum. For a layer
containing the cloud, the presence of vapor renders a corre-
spondingly fine structure in the layer radiative properties.
While a calculation for the cloud-only case can be met with
a coarse resolution calculation involving only 107 intervals
(as in section 4), a finer spectral resolution is required when
the vapor too has to be considered. The resolution to be
employed for a precise computation is dictated by the LBL
features of the vapor molecule and thus must be similar to
that employed for the exact computations in section 3.

The total optical depth in the multiple-scattering algo-
rithms for the layer at any frequency point i (in a wave
number interval) is now given by

Tioti = Tad + Ti (10)

while the corresponding layer single-scattering albedo be-
comes

an

w; = WeaTald Trowi
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Fig. 10. Vertical heating rate profile in the MLS atmosphere for
solar zenith angles 6, of (a) 30° and (b) 75.7°. The three cases are the
same as in Figure 9; cloud optical depth = = 1. There is a sharp
increase in the heating at 810 mbar due to the cloud.

The scattering optical depth at any frequency and in the
cloud layer has the same value as for the cloud-only case in
the previous section (w.q7.4); however, the layer absorp-
tion optical depth varies at each frequency point { in any
wave number interval, resulting in a corresponding variation
of the layer extinction and the layer single-scattering albedo.
For all frequency points in a 1 cm™! interval, the cloud
properties are assumed constant. Consideration of the mo-
lecular absorption, however, introduces a weight factor (w;)
to the transfer at the ith frequency point.

Compared to the cloud-only case, in the case of a typical
atmospheric profile, i.e., water vapor present as an inhomo-

RAMASWAMY AND FREIDENREICH: SOLAR RADIATIVE TRANSFER

geneously distributed absorber, there is a differential atten-
uation of the direct beam at the different frequency points
before it is incident at the cloud top. Thus the incident
irradiance and its spectral distribution will be different at the
cloud top (800 mbar) from that at the top of the atmosphere;
the lower the altitude of the cloud location, the more the
difference relative to the irradiance distribution outside the
atmosphere.

We discuss below the results using three different tech-
niques to solve for the radiative transfer in the inhomoge-
neous atmosphere containing cloud and water vapor. The
techniques for computing the vapor-cloud interactions are
designated, for ease of reference, by the letters VC. The first
technique discussed (VC1) represents the most precise cal-
culation of the radiative transfer performed in this study.
Results from the other techniques are compared with the
VC1 solutions in the subsequent subsections.

5.1.  VClI (Exact) Technique

The most precise technique combines the LBL algorithm
(sections 2.1, 3.1) with the 32-stream, DA method (section
2.2). At each of the 2.8 x 10% frequencies, the solutions are
obtained for the reflected (R) and transmitted (7) radiance
matrices in each of the 32 directions (or streams) for the
scattering-absorbing layer.

The direct beam interaction with water vapor above the
cloud layer is performed in the same manner as in the
vapor-only case (equations (1) and (2)). Given an incident
beam at the cloud top, the R and T matrices [Coakley et al.,
1983] are obtained for the cloud layer at each frequency
point i within a wave number interval. These provide bound-
ary conditions for the upward radiances (/;}) leaving the
cloud top (level LT) and for the transmitted radiances (1,-},‘)
leaving the cloud base (level LB), where u; is the cosine of
the zenith angle of an emergent stream k from the cloud,

IN=wRiy atLT (12)

Iy=pmTy atlB 13)

Next, transmission matrices in the & direction for each of the
water vapor layers above and below the cloud are obtained
(equation (1) with u, replacing ug), thus yielding the upward
radiances above the cloud top (say, level L1) and the
downward radiances below the cloud base (say, level L2)

LT-1

Ih=uRix T1 [exp(=ri/ul  atLl (14
=1Ll
L2-1

1= wTi Il lexp (=m/up)  atL2  (15)
I=LB

An angular integration of the radiances yields the corre-
sponding up and down fluxes at the concerned frequency:

n
Fl=2 Liwt
k=1

2
Fia= 2 Liwt
k=1
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where w1} is the weight of a particular stream to the flux and
depends on the quadrature scheme.

The net flux at all levels above the cloud consists of the
downward (direct) flux (equation (2)) and the upward diffuse
(reflected) flux (equation 16)). The net flux at levels below
the cloud, under the assumption of a zero surface albedo, is
merely the downward transmitted flux (equation (17)). After
the fluxes have been obtained at each of the frequencies
within a wave number interval, the weight factors w; (con-
tribution from the ith frequency point) are employed to
obtain the fluxes in the wave number interval (equation (7)).
The layer heating rates are evaluated as in section 3.1
(equations (6) and (9)).

A measure of how sharply the absorption in the cloud
layer varies as a function of frequency can be had from the
limited interval results presented in the appendix (Figure
A3c). The rest of this subsection concerns the fluxes and
heating rates in the different bands across the solar spec-
trum. Before discussing the specifics, it is important to state
that the relative spectral effects of water vapor and water
drops obtained here are qualitatively similar to the narrow-
band model results [Davies et al., 1984; Wiscombe et al.,
1984].

The exact vapor-plus-cloud results (VC1) for the band-
by-band contribution to the heating in the 800- to 820-mbar
layer are compared with the corresponding cloud-only and
the vapor-only results in Figure 9 (dashed line) (see Table 3
for the relative contributions). The contribution from each
band is, in general, a superposition of the vapor and cloud
absorption effects discussed in sections 3 and 4, respec-
tively, with the cloud effects being accentuated for the larger
optical depth case.

There is significant enhancement with respect to vapor
contributions even for ¢ = 1, just as in the cloud-only case
(see also Wiscombe et al. [1984]). Bands 2-7 are the most
important contributors; bands 2 and 3 may seem surprising,
since there is very little incident irradiance in these intervals
(Figure 2). This, however, is more than compensated for by
the strong cloud absorption at these intervals.

Compared to the cloud-only case, water vapor in the
present case exercises two distinct effects [Davies et al.,
1984]: (1) it depletes the beam incident on the cloud, partic-
ularly for those bands which absorb strongly at altitudes
above the cloud top, and (2) it contributes additional absorp-
tion in the cloud layer. The comparison of the magnitudes for
the cloud-only and the vapor-plus-cloud cases in any band
represents a combination of the two opposing tendencies.
The manifestation of the effects introduced by the vapor
depends on the cloud optical properties. In particular, the
effect of water vapor absorption in any band is small if the
cloud optical depth is large.

The 25004400 cm ~! region (band 3), which exhibited a
strong absorption for the cloud-only case, has diminished in
importance (Figure 9), owing to strong vapor absorption

“above the cloud layer. For = 1 the absolute contributions
show that the vapor-plus-cloud heating exceeds that in the
cloud-only case (8, = 30°) for bands >4; at 8, = 75.7°, the
vapor-plus-cloud heating exceeds that due to cloud alone for
bands >5. This is due to water vapor absorption in the

.cloudy layer. For 7 = 9.7, this feature occurs for bands >5

(8 = 30°) and 6 (8, = 75.7°), respectively. This shift in band
number for the higher zenith angle, in order for the above-
mentioned transition to occur, is due to the longer path
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Fig. 11. Vertical heating rate profile for the case of an MLS
atmosphere containing water vapor and CL cloud embedded in the
800- to 820-mbar layer. Cloud optical depth 7 is 1 and 9.7, respec-
tively. Solar zenith angle 8 is (a) 30° and () 75.7°. Note the increase
in the heating at 810 mbar caused by an increase in 7.

lengths at 75.7°; this causes the heating due to water vapor in
the 800- to 820-mbar layer to diminish in any band, when
compared to the 30° incidence (Figure 7). Thus at 75.7°, only
the higher numbered bands, which contain a greater solar
irradiance and suffer less attenuation in the atmosphere will
be of significance for the additional heating due to water
vapor in the 800- to 820-mbar layer. Water vapor absorption
contributes more than droplet absorption in bands =8; the
absolute magnitudes, however, in these intervals, contribute
very little to the total heating (Figures 5 and 6).
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For 7 = 9.7 the cloud effects dominate over that of vapor
in the layer, so that there is a much stronger resemblance to
the results from the cloud-only case, although the vapor
attenuation of the direct beam above the cloud reduces the
magnitude of heating in any band (<6) for both zenith angles.
The fact that cloud effects for r = 9.7 dominate over that for
vapor in the heating of the 800- to 820-mbar layer becomes
evident on comparing the vapor only and vapor-plus-cloud
results in Table 3.

The vertical profiles of the total heating for = = 1 and for
the two zenith angles are shown in Figure 10; the results are
compared with those from the vapor-only and the cloud-only
cases. The enhancement in the 800- to 820-mbar layer
heating due to water drop absorption (over the vapor only
case) is prominent again, but there is also a decrease below
the cloud; this represents a reduction below the values for
the vapor-only case (12% for 8, = 30° and 50% for 6, = 75.7°
at ~1000 mbar). Above the cloud, there is little change from
the vapor-only case, owing to the heating there resulting
mainly from the direct beam absorption. The reflected beam
from the cloud top causes a small addition to the heating in
the layers just above the cloud.

Figure 11 illustrates the large heating rates that occur in
cloudy layers due to increases in extinction optical depths.
For 7= 9.7 the increase in the 800- to 820-mbar layer heating
is 4.5 (6 = 30°) and 2.0 (8, = 75°) times, respectively, that
for 7 = 1. The increase is nearly independent of the vapor
attenuation of the direct beam above the cloud, so that the
ratios at the two zenith angles are almost similar to the
corresponding results from the cloud-only case (section 4).

The band-by-band contributions to the vertical heating
rate profile for the 7 = 1 case are displayed in Figures 12 and
13 for zenith angles of 30° and 75.7°, respectively. These may
be directly compared with the corresponding figures S and 6
for the vapor-only case. The bands responsible for the
heating in the cloudy layer (2-7, discussed earlier in the
context of Figure 9) are apparent from the peaks in the
curves at P = 810 mbar. Below the cloud, bands below 8200
cm ™! exhibit a decrease in the heating rate when compared
to the vapor-only case. This is true for both zenith angles.
For bands above 8200 cm ™', too, there is a decrease. In fact,
for 8, = 30° the depletion of the irradiance in the 8200-11,500
cm ! interval below the cloud indicates a partial saturation
effect occurring in the 800- to 820-mbar layer; in contrast, the
vapor-only case (Figure 5) does not exhibit such an effect in
that interval. For 6, = 75.7° (Figure 13) the apparent
saturation effect induced by the cloud layer extends to all
bands; the corresponding vapor-only case (Figure 6) exhibits
such an effect only for bands below 11,500 cm ™!

The band-by-band contributions to the downward flux at
the surface and the upward flux at the top of the atmosphere
are listed for all cases in Table 4. Bands 5-9 (6200-14,500
cm™!) contribute ~4% or more, while bands 10 and 11
(14,500-33,333 cm '), just as in the vapor-only and cloud-
only cases, are dominant contributors. As noted earlier, this
is due to the solar irradiance distribution (Figure 2) and the
increase in cloud single-scattering albedo with frequency.

Comparing with the cloud-only situation, while the total
flux is less, the relative contribution from the nonabsorbing
band (band 11) increases for both the surface and the top of
the atmosphere reflected fluxes; the sum from the absorbing
regimes (bands 1-10) decreases. Comparison of the surface
flux with the vapor-only situation reveals the same features.
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Fig. 12. Same as Figure 5, except in the case of a CL cloud of

optical depth 7 = 1 located in the 800- to 820-mbar layer of an MLS
atmosphere. The peaks in the curves at 810 mbar are due to the
cloud properties in the respective bands.

For any of the situations shown in Figure 1, bands 2-9
contribute more than band 10 to the fluxes at the atmo-
spheric boundaries; further, the 018,000 cm ™! contribution
exceeds that from the 18,000-33,333 ¢cm ™! interval.

In all but one of the cases listed in Table 4, the surface flux
decreases in going from vapor-only to cloud-only to vapor-
plus-cloud situation. The exception is the 7 = 1 (30°) case
which has the largest value for the cloud-only situation. The
sensitivity of the 0-18,000 cm™! fluxes to the spectral
features of vapor, droplet properties, and zenith angle em-
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Fig. 13. Same as Figure 6, except in the case of a CL cloud of
optical depth 7 = 1 located in the 800- to 820-mbar layer of an MLS
atmosphere (zenith angle 8, = 75.7°). The peaks in the curves at 810
mbar are due to the cloud properties in the respective bands.

phasizes the necessity of high-resolution computations to
determine cloud radiative interactions accurately.

"~ 3.2,  VC2 Technique

It has been possible to investigate only a few cases for the
entire spectrum using the LBL + DA method because of the
computational expense involved (Table 1). One of the more

- economical ways to solve the radiation problem is to approx-
imate the scattering processes by a suitable two-stream
method, while maintaining the line-by-line structure of the
transfer algorithm. Here we pursue the DE approximation;

the LBL + DE method is designated as the VC2 technique.
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The treatment of cloud extinction by the DA or DE
method, besides introducing a different approach in the
computation of the cloud layer radiative properties, also
introduces a difference in the computation of the net fluxes in
the layers above and below the cloud. The DA method treats
multiple streams of radiation and, for both the reflected and
transmitted beams leaving the cloud, the angular depen-
dences are explicit in the computation of the fluxes at each
level. The DE approach, in contrast, simplifies the compu-
tational problem (see Joseph et al. [1976] for the cloud
reflectivity and transmissivity equations) of the attenuation
of the reflected and transmitted beams leaving the cloud top
and cloud base. The reflected beam is diffuse, and its
propagation is described by an equation similar to (4), with
the cloud top replacing the surface as the lower boundary.
The transmitted beam consists of both the direct (7) and the
diffuse (T*) beams and is described by an equation similar to
(2). As in section 5.1, the net flux above the cloud consists of
the downward (direct) beam and the upward diffuse (re-
flected) beam, while the net flux below the cloud consists of
only the transmitted beam. The fluxes and heating rates over
1 ecm ™! or larger intervals are obtained as before.

The effects of water vapor on the radiative properties of a
cloudy layer and the differences introduced by the DE
approximation are discussed in the appendix. Depending on
the vapor optical depth, substantial departures from the
exact results can occur at discrete frequencies due to the DE
approximation. Further, relative errors for the sums over
any interval (say, S cm ™) in the cloudy layer of an inhomo-
geneous atmosphere follow approximately the errors pre-
dicted by a homogeneous layer computation that considers
an identical range of vapor optical depth values occurring in
that interval.

We compare the results from the VC2 technique with
those from the VCI technique for the entire spectrum below.

The vertical profile of the relative error in heating for the
VC2 results is shown in Figures 14a and 14b for the two
cloud optical depths and the two solar zenith angles, respec-
tively. There is an underestimate of cloud layer heating in all
the cases, except at 7 = 9.7 (75.7° incidence). For 30° there
is an overestimate both above and below the cloud at 7 =
9.7. For 75.7°, there is still an overestimate below but an
underestimate above at both 7. The relative errors are largest
in the layers directly beneath the cloudy layer (up to 32% at
7=97).

The magnitude of the relative error in heating (|6, Q|) for
each band in the 800- to 820-mbar layer (both optical depths
and both zenith angles) is illustrated in Figure 15. Errors for
7 =1 attain large values (up to 16%) at the higher frequency
bands. Considering the first nine bands, errors are <13%.
The large error in band 10 is not significant for the error in
total heating owing to its small absolute value (Figures 12
and 13). For 7 = 9.7 the results are in better agreement with
the VCI1 results; again, band 10 has the largest relative error,
while the rest of the bands have errors of <10%.

The solar heating rate errors for the cloud layer from the
VC2 method are within 7% for both zenith angles (Table 8)
and are slightly worse than in the corresponding cloud-only
case. Since most of the heating in the layers well above the
cloud (P < 600 mbar) is due to direct beam absorption, there
is little difference (<2%) there between the VCI1 and the VC2
methods (Figure 14).

The magnitudes of the relative error in the fluxes at the
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Fig. 14. Vertical profile of the relative error in the heating rate,
as obtained by comparing the VC2 method results with the VCi1
(exact) results for a CL cloud of optical depth r = 1 and 9.7,
respectively, located in the 800- to 820-mbar layer of an MLS
atmosphere containing water vapor. Solar zenith angle 6, is (a) 30°
and (b) 75.7°.

surface (|8.F|) and at the top of the atmosphere
(|8.Froal) in each band are illustrated in Figure 16 for the
two optical depths and for the two zenith angles. At the
surface (Figure 16, lower panels) the errors are <12%,
except in bands 1 and 2 (0-2500 cm “Yfor = 9.7 (8, = 30°;
these bands, however, contribute little to the total flux
(Table 4). At the top of the atmosphere (Figure 16, upper
panels), errors can exceed 10% in all the bands for 7= 1. For

7= 9.7, errors are <10%, except in bands that contribute
negligibly.

The relative errors in the total flux for both the water
vapor absorbing spectral intervals (0-18,000 cm ') and the
rest of the spectrum (18,000-33,333 cm ™) are listed in Table
8. The flux at the surface differs by up to 12% between the
two methods for the 75.7° incidence; smaller (<2%) relative
errors occur for the 30° incidence. The reflected flux at the
top of the atmosphere is in error by ~20% (7 = 1); smaller
errors (~5%) occur for r = 9.7.

The above results suggest that, even for the limited
number of cases examined here (with respect to zenith angle
and/or cloud optical depth), it is not possible to regard the
LBL + DE (VC2) technique as a substitute for the exact
method. It does, however, yield a reasonable first-order
approximation of the spectrally integrated quantities. Owing
to its efficiency (CPU time ~0.5 hours; Table 1), it is useful
for gaining insights into the distribution of fluxes and heating
rates for various types of cloudy atmospheres.

5.3.  VC3 Technique

The computational burden of the VCI technique can be
reduced by decreasing the number of frequency points at
which the radiative transfer equation is being solved. This

be accomplished by employing the bin concept de-
sed in section 3.2 and the binning method can be
ciated with the DA algorithm. This technique also
lves the LBL features of the vapor and is designated
ras VC3. Again, the binning is performed with respect to
vapor optical depth. There are, however, some differ-
:s between the way the binning concept is applied here
the manner in which it was applied to the vapor-only

he DA algorithm in the present technique considers the
| optical depth at any frequency as the sum of the cloud
nction optical depth and the bin value of the vapor optical
. For a given set of cloud single-scattering properties, the
ing is performed over the range of vapor optical depth
es in the model atmosphere. Equations (10) and (11) are
lified in the VC3 technique by replacing the value of by 7,
as in section 3.2. Thus the equations for the total layer
cal depth and the layer single-scattering albedo become for
squency point in a 1 cm ™! interval

Tt'ol.i =Tad t+ T::.i (18)
and
] = WcaTeld/ Teord 19

The scattering optical depth and the phase function at each
frequency remain the same as for the VC1 technique.
Section 3.2, in contrast to the present application, consid-
ered the bin value of the vapor optical depth to be the only
entity needed for the calculation of the radiative (viz.,
transmission) properties of the entire atmosphere. In the
present vapor-plus-cloud case, layers not containing the
cloud undergo an exact calculation, as in section 5.1; only
the cloud layer undergoes the binning process. At each
frequency point, just as in the vapor-only case, radiative
properties (i.e., reflection and transmission matrices for the
primed quantities) corresponding to the bin value of the
vapor optical depth are computed for the cloudy layer. For
the noncloudy layers above and below the cloud, only the
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Fig. 15. Histogram of the relative errors in the 800- to 820-mbar layer heating rate (|8, Q|%) for each band, as
obtained by comparing the VC2 and the VC1 (exact) techniques. Cloud optical depth 7 is (a) 1 and (b) 9.7 for zenith

angles 8, of 30° and 75.7°.

transmission function need be computed for each of the 32
reflected and transmitted streams, respectively. The equa-
tions for the radiances and the procedure for the evaluation
of the fluxes follow those described for the VCI1 technique
(see equations (12)—(17)).

For the present purpose, the lower limit chosen for the
binning technique is 10~ (the results are negligibly altered
by a value less than 1075); the upper limit remains at 102,
Again, a zeroth bin is designated, this time for all 7 < 1078,
There is now variation of eight orders of magnitude in the
vapor optical depth to be accounted for by the bins, so that
the number of bins required to perform the transfer in the
0-18,000 cm ! regime is 8N.

The binning procedure is performed separately for each
set of cloud single-scattering properties. There are 97 dif-
ferent wavelengths in the 0~18,000 cm ~! regime at which the
cloud properties are tabulated, so that the binning process is
undertaken 97 different times. Recall that in the vapor-only
case (section 3.2), only one set of binning operations was
necessary for the entire 0-18,000 cm ™! interval. For exam-
ple, if N, the binning parameter (or number of points per
decade in optical depth; see Table 5) is set at 90, the vapor-only
case would require consideration of only ~720 different inter-
vals (to account for 8 orders of magnitude variation in optical
depth), whereas to do the vapor-plus-cloud problem would
require, in general, 720 X 97 or ~70,000 different intervals. In
comparison to the exact (VC1) calculation, however, there still
results about a factor of 40 fewer calculations.

* The accuracy of the binning method is investigated by
considering first the magnitude of the maximum relative
errors in the heating rates occurring anywhere in any band
and across the spectrum. These are listed in Table 9 for N =
%0 and 9 (the cloud optical depth is unity). The maximum
band errors occur for the cloud layer. The relative errors for
the 30° incidence are small in all bands (<0.6% for N = 90

and <4% for N = 9); maximum relative errors occur for
bands (e.g., band 10) whose contributions to the total heating
(Figure 12) are small. For the larger zenith angle, the errors
tend to be even smaller. The relative errors in the total
heating rate for both zenith angles anywhere are extremely
small: <0.02% for N = 90 and <1.0% for N = 9. The vertical
profile of the relative error in the total heating is illustrated in
Figure 17 for N = 90 and 9 and indicates that peak errors
occur in the cloud layer.

As in the vapor-only case, we inquire into the magnitudes
of the relative error in the heating rate when the bin results
for N = 90 are grouped in frequency intervals of specified
widths. Table 10 lists, for each width chosen, the number of
intervals (as a fraction of the total) with relative errors in
three ranges: <0.1%, 0.1-1%, and =1%. The number of
intervals with errors =1% decreases with increasing fre-
quency width (i.e., increasing number of frequency points);
for a Av of 500 cm ™!, only 6% (or two) of the intervals have
=1% error, while band and spectrum results are below 1% in
error. Errors for a cloud optical depth of 9.7 (not shown
here) are smaller than those for 1.0.

The relative error in the fluxes at the top of the atmosphere
and that at the surface for each band are listed in Table 9.
The errors for N = 9 are less than 0.06% for both zenith
angles and with respect to both sets of fluxes. The N = 90
case exhibits even smaller errors.

The above results demonstrate that the bin method is
capable of yielding extremely accurate results at a consider-
ably (~25 times) less computational expense (Table 1) than
the exact (VCI1) technique. The discussions given for the
binning technique in the case of the vapor-only atmosphere
(section 3.2) hold true even here. Although large relative
errors can result at any specific frequency, the summation
over bands, together with a judicious selection of the bin
resolution can provide extremely accurate benchmark re-
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RELATIVE ERROR IN FLUXES (VC2 TECHNIQUE)
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Fig. 16. Histogram of the relative errors in the reflected flux at the top of the atmosphere (|8, F1oa|%) (upper
panels) and the downward flux at the surface (|5, F|%) (lower panels) for each band, as obtained by comparing the
VC2 and VC1 (exact) techniques. Cloud optical depth ris (a) 1 and (b) 9.7 for zenith angles 6, of 30° and 75.7°.

sults for the fluxes and heating rates in cloudy inhomoge- 6. CONCLUSIONS
neous atmospheres. This is very encouraging inasmuch as it
becomes possible to substitute this method for the compu- A major new initiative has been undertaken at the Geo-

tationally burdensome VCl1 in future benchmark calculations.  physical Fluid Dynamics Laboratory (GFDL) to prepare

TABLE 9. Magnitudes of the Maximum Relative Errors in the Atmospheric Heating Rates (/8,.Q|), the Downward Flux at the Surface
(8¢ Fsic)). and the Reflected Flux at the Top of the Atmosphere (|8, Froal)

Iaregl wrerfc' .lareFTOAI
Maximum Error, % Maximum Error, % Maximum Error, %

N Band Spectrum Band Spectrum Band Spectrum
90 = 30°

90 5.3x 107! 1.6 x 1072 7.4 x 1073 26 x 1074 2.4 x 1072 6.4 x 1074

9 3.5x107° 8.6 x 107! 3.1 x 1072 9.1 x 1073 5.6 x 1072 2.0 x 1072
00 = 75.7°

90 2.2 x 107! 1.0 x 1072 1.9 x 102 3.6 x 1074 2.1 x 1072 43 x 1073

9 3.1 x10°° 4.3 x 107! 3.0 x 1072 1.2 x 1072 3.4 x 1072 1.5 x 1072

Values were computed over any band and over the entire spectrum, obtained by comparing the binning method with the exact for the
vapor-plus-cloud (optical depth = 1) case (section 5.3). Bin parameter N is assumed to be 90 and 9, for solar zenith angles (6;) of 30° and
75.7°.
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RELATIVE ERROR IN HEATING (VC3 TECHNIQUE)
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Fig. 17. Vertical profile of the relative error in the total heating
rate, as obtained by comparing the results from the VC3 (bin) and
the VC1 (exact) techniques. Bin parameter N is (a) 90 and (b) 9.
Solar zenith angles 6, of 30° and 75.7° are considered for cloud
optical depth 7 of 1.
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benchmark solutions for the solar radiative transfer in scat-
tering-absorbing atmospheres containing water vapor and
plane-parallel clouds with specific optical properties. Con-
siderations of the very fine structure of the spectral absorp-
tion of the water vapor molecule and the large CPU time
required for precise solutions to the scattering problem had
hitherto posed a formidable obstacle to such investigations.
Despite the enormity of the problem, it is abundantly clear
that a significant step in understanding the role of clouds in
the general circulation of the atmosphere and climate lies in
determining their radiative properties (at least for those
clouds whose microphysics is known) on a theoretically
precise basis through high-resolution spectral computations.
Futher, climate models need to have rigorously trustworthy
parameterizations of cloud radiative effects that are cali-
brated against these benchmark results.

Guided by the ICRCCM precepts and the availability of
resources, we have investigated the radiative transfer in an
inhomogeneous atmosphere containing water vapor only,
cloud only, and vapor plus cloud present simutaneously. The
principal characteristic of this study has been the determi-
nation of the transfer in an atmosphere containing water
vapor and water drops (confined to the 800- to 820-mbar
layer) through a rigorous technique that consists of a high
spectral resolution (line-by-line) and a multistream, multiple-
scattering scheme. All the spectral details of the H,0
molecule (0-17,900 cm~!), as specified in the AFGL data
[Rothman et al., 1983], have been taken into account.
Although it has been possible to perform the benchmark
computations only for two sets of cloud properties owing to
the large CPU time involved (Table 1), useful comparisons
have been made with the corresponding vapor-only and
cloud-only cases. The results confirm the relative radiative
effects of water drop vis-a-vis water vapor in the atmosphere
that have been pointed out by narrow-band model studies
[Davies et al., 1984; Wiscombe et al., 1984]. In particular,
the attenuation of solar irradiance in some of the near-
infrared frequencies by water vapor above clouds has a
substantial impact on the heating rates in the cloud layers.

Our objective of deriving benchmark results for the radi-
ative fluxes and heating rates has also led to the examination
of two other numerical techniques that approximate either

TABLE 10. Fraction of Intervals With the Magnitude of the Relative Error in the 800- to 820-
mbar Layer Heating Rates (|8, Q|) Over the Ranges <0.1%, 0.1-1%, and =1% Due
to the Binning (VC3) Method (Relative to the VC1 or Exact Method)

6 = 30° 6o = 75.7°
Fraction of Intervals With |5, Q| Fraction of Intervals With [8,.Q|
Width
Av,cm™ <0.1% 0.1-1% =1% <0.1% 0.1-1% =1%
0.60 0.29 0.11 0.67 0.29 0.04
10 0.7t 0.18 0.11 0.78 0.18 0.04
50 0.79 0.11 0.10 0.86 0.11 0.03
100 0.79 0.12 0.09 0.87 0.11 0.02
s 500 0.83 0.11 0.06 0.92 0.08 0
b Band 0.90 0.10 0 1.00 0 0
Solar 1.00 0 0 1.00 0 0

The comparisons are analyzed in terms of sums over frequency intervals of uniform width Avfor the
vapor-plus-cloud case. Widths of bands are listed in Table 2, while the width for solar spectrum
absorption is 0-18,000 cm™!. Bin parameter N is assumed to be 90 for solar zenith angles (6p) of 30°

and 75.7°. See section 5.3 for details.
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the vapor absorption or the multiple-scattering process.
Their accuracy, limitations, and computational resource
consumption have been assessed. These nonexact tech-
niques also employ a high spectral (line-by-line) resolution
but consume far (at least 25 times) less CPU time than the
exact technique. Within the scope of this study, the tech-
nique involving the DE approximation is computationally
the most efficient method. Over the vapor absorption spec-
trum (0-18,000 cm™'), it yields a reasonable first-order
approximation for the heating rates in the cloud layer when
compared to the exact results. However, for the heating

rates over smaller frequency intervals (say, hundreds of
wave numbers) and for the fluxes in any frequency regime,
large errors can occur (>10%).

The method of binning the gas optical depth yields ex-
tremely accurate solutions both for the vapor-only and for
the vapor-plus-cloud cases. The reasons for the high preci-
sion have been investigated in detail for both cases. This
method is fast compared to the exact, since it reduces the
number of the radiative transfer computations to be per-
formed across the spectrum (the amount of reduction is an
arbitrary choice). The findings strongly suggest that this

(a) DOUBLING-ADDING METHOD
5

REFLECTIVITY

(b} ERRORS IN DELTA-EDDINGTON

(l-w)

bR (/)

ot

103 1072

_—

107} 10°
(1-w)

Fig. Al. (a) Reflectivity of a cloudy, homogeneous layer with fixed scattering opt‘ical depth as a func.tion of layer
absorption optical depth (expressed by the single-scattering coalbedo). The computations erpploy the DA rqethod for
cloud scattering optical depths = of 0.3, 1.0, 5.0, and 9.7, respectively; solar zenilh.angle is 30°. (b) Relative errors
obtained by comparing the DE and the DA results as a function of the single-scattering coalbedo.
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method can be used to prepare benchmarks for cloudy
atmospheres in lieu of the exact technique.

The study of the alternate techniques provides a compu-
tationally feasible but still high-spectral resolution basis for
the analyses of a large number of cloud cases (e.g., different
optical properties, various altitudes). In the future, clouds
occurring in more than one model layer will be considered.
This is an even more computationally taxing problem than
clouds in a single layer. The CPU time for the exact method
increases linearly with the number of layers containing scatter-
ers, so that only the two economical methods discussed here
may be feasible at present to investigate the multiple-layer
cloud radiative transfer problem in inhomogeneous atmo-
spheres.

APPENDIX: EFFECT OF WATER VAPOR

We examine here the effect of water vapor on the radiative
properties of a layer containing cloud drops as computed by
the DA and DE methods. The accuracy of the approximation
depends on the extinction optical depth and the single-
scattering albedo [King and Harshvardhan, 1986] of the
layer. Given the fine structure in the properties of the H,O
molecule, the radiative properties of a cloudy layer, as
computed by approximate methods, can be expected to vary
in accuracy over the different monochromatic frequencies.
This is demonstrated by considering the refiection and
transmission of a homogeneous layer, as obtained by the DA
and DE methods, for a wide range of vapor absorption
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lo—l 00
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Fig. A2. (a) Same as Figure Ala, except for the layer transmissivity. (b)) Same as Figure Alb, except for the layer
transmissivity.
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atmosphere with water vapor. (d) Relative error in absorptivity due to the DE approximation over the same frequency

regime as shown in Figure A3c.

optical depths. The cloud-scattering optical depth is as-
sumed constant. Because vapor optical properties vary on a
much finer scale in frequency than do the cloud drop
properties, this situation is typical of broad spectral regions
in the near infrared. The single-scattering coalbedo (1 — w)
is selected as a proxy for the vapor absorption optical depth.
Cloud drops are assumed to be conservative scatterers
whose phase function is represented by the Henyey-
Greenstein function (asymmetry parameter is 0.834).

The DA reflectivity (R) of the cloudy layer (CS cloud) is
shown as a function of the coalbedo for four different scattering
optical depths in Figure Ala (solar zenith angle is 30°). Increase
in (1 — w) denotes an increase in the vapor absorption optical
depth, while cloud optical properties are held fixed. The curves
thus mimic the influence of spectral variation in the vapor
absorption optical depth. The relative error due to the DE
approximation (8,.R), as compared with the corresponding DA
values in Figure Ala for each value of (1 — w), is illustrated in
Figure Alb. Figures A2a) and A2b are the corresponding

illustrations for the transmissivity of the layer (T and §,. 7).

Large errors in R occur for smaller scattering optical
depths [Joseph et al., 1976; King and Harshvardhan, 1986].
Significant relative errors in R and T occur with increasing
vapor absorption; however, in this same range the absolute
values are small.

The results from Figures Al and A2 indicate that the
radiative properties at any frequency point for any layer
where a scatterer is present can suffer considerably in
accuracy due to the DE approximation. Further, the relative
error of the DE results depends on the optical depth of water
vapor. In view of the sharp variation of water vapor optical
properties in the near-infrared spectrum, we examine the
behavior of the relative error in the radiative properties
when considered over several frequency points.

We compare the relative error expected for individual
discrete frequency points in a specific interval (‘‘off-line”
calculations) with those obtained by averaging the results
over a group of such points in the context of a cloud embedded
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calculations) with those obtained by averaging the results
over a group of such points in the context of a cloud embedded
in a layer of the MLS atmosphere model (Figure 1¢) described
in section 2. The results described below constituted a portion
of the ICRCCM comparison of exact algorithms for scattering-
absorbing inhomogeneous atmospheres. Intercomparisons
were made with the results obtained by investigators at NASA-
Goddard (Harshvardhan, personal communication, 1989) and
excellent agreement was obtained.

The frequency interval considered is 10,500-11,000 cm !,
comprised of ~100,000 frequency points. The cloud is lo-
cated between 800 and 820 mbar, its optical depth is 9.7, the
single-scattering albedo is 0.999718, and the asymmetry factor
is 0.834. The cloud single-scattering values are assumed con-
stant in the interval and are approximately similar to those for
the ICRCCM CS cloud at the appropriate frequencies.

Figure A3a depicts the absorptivity of the layer computed
by the DA method in the off-line mode as a funtion of water
vapor optical depth. The relative error due to the DE method
is shown in Figure A3b. In the considered interval, the
maximun vapor optical depth is 13, and the relative errors
range from —10% to 0%.

The line-by-line results obtained from the DA method for
the complete atmosphere are shown in Figure A3c with the
results being averaged over every S cm ~'. The absorption in
Figure A3c is expressed as a fraction of the solar irradiance
at the top of the atmosphere (considered to be unity). Figure
A3d shows the relative errors due to the DE approximation;
the errors are confined to between —7% and —10%. This
implies that the averaging process has damped out the
contributions that' may be expected from large gas optical
depths and has skewed the values toward the smaller end of
the scale, where the off-line results suggest the largest
errors. Figure A3c also demonstrates the enhancement in the
absorption due to the cloud over that by the vapor through-
out the frequency interval.

Note: The results discussed in the study have been

_archived and formatted as sums over 10 cm™'. They will be
" made available to interested users upon request.
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