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ABSORPTION OF SOLAR RADIATION BY WATER
VAPOR IN THE ATMOSPHERE.
PART I: A COMPARISON BETWEEN SELECTED
PARAMETERIZATIONS AND REFERENCE RESULTS.

A. Plana-Fattori', E. P. de Souza'? & J. C. S. Chagas’

Sclected schemes conceived for providing reliable and computationally clficient estimates of the
absorption ol solar radiation by the atmospheric water vapor are discussed. Special attention is
devoled to the scheme proposed by Lacis & Hansen, which is included in radiative codes of
atmospheric models running at Brazilian centers of rescarch and numerical weather forccasting.
Additional schemes, proposed Irom relatively modern estimales of the clfects due to the water
vapor absorption, are also included in the analysis. In the goal ol'assessing systemalic errors associated
(o these schemes, comparisons are performed with benchmark results available in the literature
which have been obtained through careful line-by-line integration throughout the solar spectrum.
Modern schemes allow more atmospheric absorption, and therelore less downward shortwave
irradiance at the ground, when compared with schemes implicitly adopted at present in Brazilian
centers.,

Key words: Solar radiation; Water vapor; Radiative transfer; Atmospheric modeling; Linc-by-line
! integration; Radiative codes.

ABSORCAO DE RADIACAO SOLAR POR VAPOR D'AGUA NA ATMOSFERA.
PARTE 1: UMA COMPARACAQ ENTRE PARAMETRIZACOES E RESULTADOS
DE REFERENCIA - [iste artigo analisa diversos aspectos relacionados i avaliag¢do dos efeitos
dea absorgdo de radiagdo solar pelo vapor d'agua na atmosfera, particilarmente quando efetuada
através de esquemas (parametrizagdes) que sejam acurados ¢ com bhaixo custo computacional,
Atengéo especial é dedicada ao esquema proposto por Lacis & Hansen, dado que ele encontra-se
incluido enm codigos radiativos de modelos atmosfericos utilizados em diversas institui¢des brasi-
[eiras. As analises incluem ainda outros esquemas, propostos d partir de estimativas relativamente
modernas dos efeitos devidos a absor¢do de radiagdo solar pelo vapor d'dgua. No intuito de se
quantificar crros sistematicos associados a estes esquemas, comparagdes sdo cfetuadas frente a
resultados disponiveis na literatura e obtidos empregando-se cédigos radiativos capazes de levar
em conta o impacto isolado de cada linha de absor¢do. lisquemas de desenvolvimento recenle
proporcionam mais absor¢do atmosférica, ¢ portanto menores valores para a irradidncia solar
incidente a superficie do solo, quando comparados com aqueles esquemas que tém sido adotados
implicitamente em modelos atmosféricos empregados em institui¢des brasileiras.

Palavras-chave: Radiagdo solar; Vapor d'dgua; Transferéncia radiativa: Modelagem atmosféri-
ca; Integragdo linha-a-linha; Codigos radiativos
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INTRODUCTION

General circulation models employed for climate
modeling and numerical weather forecasting require
accurate estimates of the absorption of radiation by
atmospheric water vapor. As the explicit formulation of
the problem is too complicated for general circulation
modeling purposes, these estimates are based upon
computationally efficicnt schemes designed for obtaining
the mean value of the water vapor absorptance over a broad
fraction of the solar spectrum as a function of the water
vapor mass content. The simplicity of such broadband
absorptances schemes is illusory, once they allow only the
combined effects of thousands of absorption lines,
throughout a beam path with inhomogeneous distributions
of water vapor concentration, pressure and temperature,
An overview on the subject may be found in some textbooks
(e.g., Liou, 1992, pp. 26-47),

In this article, the reliability of selected schemes for
obtaining water vapor broadband absorptances in
atmospheric models is assessed by comparison with results
achieved by other authors through reference methods.
Attention is given to the schemes proposed by Lacis &
Hansen (1974) because it is included, sometimes with
modifications, in radiative codes of atmospheric models
running at Brazilian centers of research and numerical
weather forecasting. This is the case of the radiative code
proposed by Davies (1982), fully described by Chagas &
Tarasova (1996), which runs daily at the global model of
the “Centro de Previsio do Tempo e Estudos Climéticos”
(Center for Weather Forecast and Climate Studies, CPTEC/
INPE, Cachoeira Paulista, SP), a version of the general
circulation model of the Center for Ocean-Land-
Atmosphere Studies (COLA/IGES, USA; see Sato et al.,
1989, for an overview). This is also the case of the radiative
code of Chen & Cotton (1983) included in the regional
atmospheric model RAMS (Piclke et al., 1992). The scheme
of Lacis & Hansen (1974) is considered yet in some gene-
ral circulation models for obtaining either climate
projections (see Gates, 1992, for a compilation in the scope
of the program AMIP) or numerical weather forecasts (e.g.:
Black, 1994; Hardiker, 1997). Special attention is given
also in this study to recent schemes which could replace
the one proposed by Lacis & Hansen (1974) in atmospheric
models.

The companion article (Souza et al., 1998, this issue)
deals with the influence of the scheme employed for
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obtaining water vapor broadband absorptances on several
meteorological ficlds. Such an influence is assessed from
numerical simulations made with the CPTEC/COLA’s ge-
neral circulation model. Taken together, these two articles
could indicate (i) the magnitude of systematic errors due
to the water vapor absorption calculations, and (ii) the
possibility of reducing them by replacing current schemes
with more recent ones,

OVERVIEW ON THE SUBJECT

Broadband absorptances «, (due to water vapor, carbon
dioxide, etc.) are defined from respective monochromatic
a(v) values by means of weighted-averages, taking into
account the spectral distribution Eo (v) associated to the
solar constant Eo :

LIS EL(),l.)[u(v).Eu‘_(v).c/V_ (1)

As the contribution of the water vapor to the molecular
scattering is negligible in the terrestrial atmosphere, water
vapor absorptances a(v) can be assumed complementary
of the respective beam transmittances (), allowing:

[
1, =1—— 1(v).Eo, (v).dv
E““j() L)y, @

Water vapor transmittances for a slant downwelling path
between the pressure level p'=p and the top of the

atmosphere (p’~ () can be written in the form:

. "
({(v)=1(v,po, p)= exp[— M _[k [v, Py )].(/(p‘ ).dp‘]
g 0 )
(3

where M(g0) is the optical air mass, 1o is the cosine of the
Sun zenith angle, g is the acceleration due to the gravity,
T(p’) and ¢(p’) are respectively the air temperature and the
specific humidity (kg.kg') at the level p’, and [v,p’, T(p )]
is the mass absorption coefficient (m? kg'). For a
wavenumber v, such coefficient results from the
contribution of ./ absorption lines centered at wavenumbers
¥, (Liou, 1992, p.44):

kv, p T =30 S TS v, P TP, 4)
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being that cach one corresponding (o an integrated line
intensity S [7(p )] and to a line shape factor jj[ ViV,,D TP ).
Recent compilations ol absorption line parameters (e.g.,
Rothman ct al., 1992) contain information about more than
48500 transitions for the water vapor between v=0 and
v=23000cm™,

The accurate integration of the right-hand side of
Eq.(2) for a given atmospheric profilc (the so-called line-
by-linc approach) requires a very fine spectral resolution,
around 0.0 lcm! for the water vapor absorption (Liou, 1992,
p.44). [Lrepresents a formidable time consuming task, cven
with the availability of a supercomputer. This approach is
adopted mainly for obtaining benchmark results, which
have been many times employed for assessing the reliability
of schcmes included in radiative codes conceived to
numerical weather forccasting and climate modeling.

Most schemes running at present in atmospheric
models have been proposed in the context of two mecthods,
the k-distribution and the cxponcntial sum fitting of
transmissions (ESFT). Both approaches cnable a consistent
merge between multiple scattering and molccular
absorption calculations (Stephens, 1984). Following both
methods, broadband absorptances can be oblained through
rclationships like:

N
a,(Uy=1-Y P(k,).exp(—k,.l) (5)

n=|

wherc {/is the path-integrated watcr vapor content. In the
k-distribution method, (k) and & indicatc discrete
probability distribution values and absorption coclTicicnts.
The fundamentals of this method as well as the rationale
for obtaining P(k) and & [rom line-by-linc calculations
may be found in recent textbooks (c.g., Liou, 1992, pp.72-
77). The ESFT method cnables broadband absorptances
also by applying Eq.(5). but (k) and £, arc obtained by
minimizing an crror function to approximate the true valucs
of 1-a_ (c.g., Armbrustcr & Fischer, 1996).

Tab. 1 displays (k) and k corresponding to the
schemes compared in this study (sce Scction 4). As the
accuracy of the Eq.(5) incrcases with N (see Fig. 1 of Chou
& Lee, 1996), these schemes would in principle furnish
different results even to the case where they have been
obtained from a same set of previous computations. The
schemes proposed by Lacis & Hansen (1974) and by Davies
(1982) were developed through the ESFT method from
broadband absorptance calculations performed by
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Yamamoto (1962), who cmiployed overall absorption data
(see Section 3). The scheme proposed by Briegleb (1992)
includes &k values obtained by Lacis & Hansen (1974), and
P(k, ) values adjusted for giving satisfactory agreement with
line-by-line calculations. Ramaswamy & Freidenreich
(1992) also applied the ESFT method, but fitting the
differences between results from line-by-line calculations
and thosc obtained with the Lacis & Hansen scheme. The
scheme of Chou & Lee (1996) was derived through the k-
distribution method from line-by-line calculations.

Realistic atmospheres are characterized by variations
of air temperature, pressure and absorber amount along the
optical path. A classical approach for cvaluating water va-
por absorption in such conditions deals with the so-called
scaling approximation, which involves the adoption of an
cquivalent optical path, at fixed pressure and temperature,
which replaces the real one. In other words, it could be
possible to identify a “reference level” in the atmosphere,
characterized by p'=p, and 7(p")=T  , whose adoption would
allow the same (ransmittance resulting {from the realistic
profile. It is usual to assume in such context that the ratio
between the mass absorption coefficient A[v,p’, T(p )] and
its respective valuc at (p, 7') is a function which does not
exhibil any spectral dependence,

f’(|l-’, pLT(pYl

=[p, T(p"). p,.T.
kvl . 7(p"). p,. 1.}, (©6)

allowing monochromatic transmittances given by:

(v, 1o, p) = exp(— M (u0) k(v, p,. T.)We(p) (7
17

We(p) =—.[O1p' T (0, p,, 1 14(p).dp', @)
0

where We(p) is the equivalent (or pressure-temperature-
weighted) vertically integrated water vapor content.
Different scaling functions ®fp’,7(p"),p,T ] have been
proposed, allowing distinct We(p) values for a given
atmospheric profile. Most schemes were developed by
adopting

o i p' " ’['. "
DI p'T(p ),P,J,]Z{—J (—.J 9
p.) \T(p)) " ®

with p =1013hPa and 7'=273K. According to Lacis &
Hansen (1974), “there is little theoretical justification for

=
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using [our Eq.(9)] for the entire spectrum of water vapor
bands, but it is probably better than applying no pressure
and temperature correction at all”. Typical values of n and
m for the water vapor in the shortwave domain range from
0.9to 1 and from 0.45 to 0.5, respectively (Stephens, 1984).
I'he influence of n on broadband absorptances have been
analyzed by some authors (Lacis & Hansen, 1974; Wang,
1976). According to Stephens (1984), the uncertainties
associated with the application of Eq.(9) and the subsequent

choice of n are smaller than those associated with
uncertainties in both the absorption data and the Eo (v)
spectrum,

Lacis & Hansen (1974), Davies (1982), and
Ramaswamy & [Freidenreich (1992) employed =1 and
m=0.5 in their schemes for obtaining « estimates. In order
to provide morc realistic stratospheric heating rates,
Briegleb (1992) employed a modified pressure-weighted
path based upon the scaling function given by:

Lacis & Hansen Davies Briegleb Ramaswamy & Chou & Lce
(1974) (1982) (1992) Freidenrcich (1992) (1996)
n P(k ) k, P(k ) k, P(k ) k, P(k ) k, P(k ) k,
I 0.6470 | 4710-6 [ 0.107 | 0.0005 |0.266065| 0.0002 | 0.6214 | 4'10-6 | 0.29983 | 0.00010
2 0.0698 | 0.0002 [ 0.104 | 0.0041 |0.110641| 0.0035 | 0.0698 | 0.0002 | 0.05014 | 0.00133
3 0.1443 | 0.0035 | 0.073 | 0.0416 [0.063223| 0.0377 | 0.1558 | 0.0035 | 0.04555 | 0.00422
4 0.0584 | 0.0377 [ 0.044 | 04752 [0.036880| 0.195 | 0.0631 | 0.0377 | 0.03824 | 0.01334
5 0.0335 | 0.195 0.025 | 7.2459 [0.025289| 0.940 | 0.0362 | 0.195 | 0.02965 | 0.04217
6 0.0225 | 0.940 . ‘ 0.015279| 4.46 0.0243 | 0.940 | 0.02280 | 0.1334
7 0.0158 4.46 : . 0.009483|  19.0 0.0158 4.46 | 0.02321 | 0.5623
8 0.0087 19.0 i = s 0.0087 19.0 | 0.01230 | 3.162
9 i . - - . 0.001467| 98.9 | 0.00515| 17.78
10 . - - 8 . 0.002342| 270.60 | 0.00239 | 100.0
1 - . . = - 0.001075| 3901.1 " .
S‘r’;f;a' 1015 - 13514 cor’ | 1015 - 13514 cm | 1000 - 18000 cm! 0 - 18000 cm! 1000 - 14500 cm’!

Table 1 - Discrete probability function values P(k)) and
absorption coefficients &, respective to selected schemes
proposed for obtaining broadband absorptances. k, values
are expressed in (kg/m?)". P(k ) values corresponding to
the scheme of Briegleb (1992) result from the product of
the respective p(H,0) with the factor solfic, traction of solar
irradiance in the interval 0.7-5.0 pm (see Tab.1b of that
author). Last line indicates the spectral range over which
water vapor absorption was taken into account in the
development of every scheme.
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Tabela 1 - Valores du fungdo discreta de probabilidade P(k)
e coeficientes de absor¢do kK, para diferentes esquemas pro-
postos para avaliagdo da absortdancia solar devida ao va-
por d'dgua. Valores de k sdo expressos em (kg/m*). Valo-
res de P(k ) para o esquema de Briegleb (1992) foi obtido
multiplicando-se o respectivo valor p(i H,0) pelo futor solfrc,
Jragdo da irradidncia solar contida no intervalo 0,7-5,0 um
(ver Tab. 1b daquele autor). A iltima linha indica o dominio
ao longo do qual a absor¢ao pelo vapor d’dgua foi levada

em conta no desenvolvimento de cada esquema.
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/2
P [ wo
o[ p . T(p ) p, . T1=| = |+ ——1 .
[P T(P ) Pra ] [/),.] [q(p,)j (10)

being wo the cosine of the Sun zenith angle and 6=0.0017
an empirical factor determined by trial and error. Following
an alternative point of view, Chou & Lee (1996) adopted
the scaling function

P, T(p"), p,:f,]{’—"j .exp(0.00135x(T(p') =~ T)),

’

(1)

with p =300hPa, T =240K, and 7=0.8 . The influence of
somewhat different values for p , T, and n in Eq.(1'1) on
water vapor broadband absorptances was discussed by Chou
(1986). The choice of the reference pressure level in the
upper troposphere instead of at the mean sea level was
justified by Chou & Arking (1981) from a careful analysis
involving (a) the relative importance of line centers and
line wings to the absorption at a given level and (b) the
basic features of the water vapor vertical distribution.

BROADBAND ABSORPTANCES FROM
MEASUREMENTS OF OVERALL
ABSORPTION

Broadband absorptances can also be derived from
measurements of the overall absorption due to the water
vapor throughout a series of well-defined spectral intervals.
Supposing that significative absorption takes place only at

a finite number I of spectral intervals Av , then:

o = E'O IZI J, at)Bo, ()dv. (12)

Assuming that molecular absorptances exhibit more
important spectral dependence than that related to the so-
lar irradiance, it is possible to define an average value

Eo (Av) for each interval Av :

LuUWEqudv:Eq(Auliymmdv:lwAAmyMAm)
(13)

which can be evaluated, in a first-order approximation, by

averaging Eo (v) over the respective interval. Equation (13)
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allows the identification of the integrals A(4v,), which can
be interpreted in terms of the total absorption verified
throughout the spectral interval Av, or, alternatively, in
terms of the equivalent band width of the same interval
(Howard et al., 1956a). Thus, broadband absorptances can
be written in the form:

LI
a“:ZI: (E [ Eol,(v).dvj.J(Av,), (14)

being a(4v ) an “average” absorptance given by:
A= —— j a(V)dv = Ay
DNy, b Y TR RN ({S)

Yamamoto (1962), among others, followed such
rationale to evaluate water vapor broadband absorptances,
taking into account the most important absorption bands
situated in the solar spectrum. He employed previous results
obtained from two experimental programs conducted in the
past, namely: (a) the curves relating average absorptances
a(Av,) with the atmospheric water vapor content, resulting
from the pioneer work of F. E. Fowle in the beginning of
this century (Fowle, 1915), and (b) the analytical
expressions describing total absorptions A(4v,) which re-
sume the measurements performed in laboratory by J. N.
Howard, D. E. Burch and D. Williams in the fifties (Howard
et al., 1956a, 1956b).

Major results from the pioneer work of Fowle (1915)
were summarized by himself in a figure which shows a
family of curves relating water vapor content values with
atmospheric absorptances averaged over narrow intervals
centered around 0.72-, 0.8-, 0.94-, [.1-, 1.38-, and
[.87-pum. Such results were reviewed and applied by
McDonald (1960), who concluded also (a) that Fowle’s
curves indicate average absorptances intrinsically reduced
to sea level pressures, allowing computations of solar
radiation absorption which depends only on the knowledge
of the atmospheric pressure-weighted water vapor content,
and (b) that the contribution of the weak 0.72-and 0.8-um
bands on the broadband value a, cannot be neglected, yet
the respective values of the solar spectral irradiance are
relatively high. The latter point was confirmed by Kratz &
Cess (1985) from more recent molecular line data.

Howard et al. (1956a, 1956b) studied total absorptions
associated to several water vapor bands from measurements
performed under controlled conditions in laboratory

proposing also first-order analytical descriptions for A(4v).
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Following those authors, the total absorption associated to
a certain water vapor band can be alternately evaluated by
one of two expressions,

AAv)=c U (p,, +p)" and (16)
A(Av,))=C, + D,.log(U) + K,.log(p,, + p.), (7

depending on values assumed by the mass content U (g/
cm?) of the absorbing gas, by its partial pressure p, (mm
Hg), and by the pressure p_ (mm Hg) of the non-absorbing
gaseous mixing. Parameters c,, &, C,, D,, and K are
empirically-derived constants for each band. The two
expressions correspond respectively to the cases A(4 v) <
A (Av) (weak-band fit) and A(A v) > A (Av) (strong-band
fit), where A (4v) denotes transition or critical values. These
latter do not have a physical meaning, as stressed by Howard
et al. (1956b): “... the selection of the transition value is
somewhat arbitrary; in its immediate vicinity neither [our
Eq.(16)] nor [our Eq.(17)] applies and an interpolation
function must be used”. Water vapor effects were
investigated only for the bands centered around 0.94- | 1.1-
, 1.38-, 1.87-,2.7-, 3.2-, and 6.3-um. Those authors
claimed an agreement within 3 % between observed and
estimated total absorptions by using Eqs.(16) and (17), with
the exception of the 0.94-um band. Howard et al. (1956b)
recognized that other expressions besides Eqs.(16) and (17)
may exist, which could be better justified from the
theoretical point of view.

The calculations performed by Yamamoto (1962)
represented one of the first efforts to merge results from
the careful laboratory measurements made by Howard et
al. (1956a, 1956b) concerning the most important water
vapor bands in the solar spectrum, with those derived from
Fowle’s work and associated to the non-negligible 0.72-
and 0.8-pm bands. Unfortunately, Yamamoto (1962) was
somewhat confusing in explaining the framework of his
approach. Results provided by Fowle (1915) were
employed only for calculations corresponding to the 0.72-
and 0.8-pm bands, under water vapor content values below
20 kg/m?; above such limit, estimates were inferred by
analogy with absorptances given by Howard et al. (1956b)
to the 1.1-um band. Results from these latter authors were
directly applied to the other bands. Figure 1 of Yamamoto
(1962) shows a satisfactory agreement between Howard et

al.’s and Fowle’s data, if the latter are applied as indicated
by McDonald (1960).

Lacis & Hansen (1974) proposed a scheme like Eq.(5)
for obtaining water vapor broadband absorptances, with
N=8 (see Tab.1). This expression was obtained by fitting
the broadband absorptances displayed as curve 3 in Fig. |
of Yamamoto (1962). A similar scheme was proposed by
Davies (1982), with N=5 (see Tab.l), from the same
calculations. Both schemes allow a, estimates which
include, intrinsically, limitations of the contributions from
Howard et al. (1956a, 1956b) and from Fowle (1915), as
well as restrictions concerning the assumptions accepted
by Yamamoto (1962).

The reliability of the scheme proposed by Lacis &
Hansen (1974) have been discussed by several authors
(Stephens, 1984; Kratz & Cess, 1985; Chou, 1986;
Ramaswamy & Freidenreich, 1992). Following those
discussions, inaccurate estimates for a, could be obtained
for relatively dry atmospheric layers. This would be related
either to the limits of applicability of the fit proposed by
Lacis & Hansen (1974) or to the unsuitability of the
extrapolation criteria adopted by Yamamoto (1962) to
estimate absorptances beyond experimental conditions.
Nevertheless, two other aspects could in principle contribute
to decrease the reliability of that parameterization.

First of all, the applicability of the results shown by
Fowle (1915) to the evaluation of heating rates is a matter
of controversy. As noted by Roach (1961): “... Fowle’s
experimental methods were sound but the reliability of his
data is limited by the equipment and small theoretical
knowledge then available: for instance, he did not study
the effects of changing pressure and temperature on
absorption, so that while his measurements of total
absorption as a function of water vapour are approximately
correct, they are inadequate for estimating the rate of
change (') of absorption with optical path which is directly
related to the heating rate”. It seems adequate, following
such reasoning, that any contributions resulting from
Fowle’s work should be employed only for total absorption
calculations, and no longer for the computation of radiative
heating rates.

Further, the reliability of the results obtained by Howard
et al. (1956a, 1956b) is also a matter of controversy.
Yamanouchi & Tanaka (1985), after conducting a somewhat
similar experimental program, observed important

! Ttalic from Roach’s article.

Revista Brasileira de Geofisica, Vol. 15(3), 1997



A. Plana-Faltori, E. P, de Souza & 1. C. S, Chagas 281

discrepancies between their own total absorptions A(4v) and
those reported by Howard et al. (1956b) to the bands centered
around 0.94- | I.1-, and 1.38-pum. Yamanouchi & Tanaka
(1985) attributed such discrepancies mainly to an inadequate
treatment of the pressure dependence by those authors in
their empirical relationships and to the influence of systematic
experimental errors. As consequence of such discrepancies,
water vapor broadband absorptances resulting from
Yamamoto’s calculations are smaller than those derived from
Yamanouchi & Tanaka (1985) measurements by about 1 %
in absolute value or 10 % in relative value.

Thus, it seems clear that the accuracy of water vapor
broadband absorptances obtained through schemes based
upon calculations performed by Yamamoto (1962) may be
smaller than that usually accepted. This is the case of water
vapor absorption cstimates made by using the scheme of
Lacis & Hansen (1974) employed in the regional atmospheric
model RAMS, as well as those made through the scheme
proposed by Davies (1982) and incorporated in the general
circulation model running at the CPTEC/INPE.

SOME COMPARISONS

The accuracy of selected schemes conceived for
obtaining water vapor broadband absorptances is discussed

case model atmosphere Sun zenith angle
] Mid- Latitude Summer 30°
2 Mid- Latitude Summer 75°
3 Tropical 30°
4 Tropical 75°
5 Sub- Arctic Winter 30°
6 Sub- Arctic Winter 75°

Table 2 - Summary of the six test cases selected for the
comparisons performed in this study. All the cases
correspond to a ground reflectance equal to 20 %. Model
atmospheres were taken from Ellingson et al. (1991). Tro-
pical, Mid-Latitude Summer, and Sub-Arctic Winter model
atmospheres correspond to vertically-integrated water va-
por contents around 41.4,29.5, and 4.2 kg/m?, respectively.

Tabela 2 - Sumdrio dos seis casos-teste selecionados para
as comparagdes cfetuadas neste estudo. A refletincia da
superficie do solo foi assumida igual a 20 %, ¢ os perfis
atmosféricos foram extraidos de Ellingson et al. (1991).
Perfis atmosféricos indicados como Tropical, de Médias-
Latitudes no Verdo ¢ Sub-Artico no Inverno correspondem
avalores em torno de 41,4, 29,5 ¢ 4,2 kg/m’ respectiva-

mente para o contetido integrado em vapor d’dgua.

source speetral range (em') Iinceo[;?[:::::;sm ABS (W/n?)
Fouquart et al. (1991) - LBLI 2600 - 14500 AFGL 1982 172.4
Fouquart et al. (1991) - LBL2 0 - 18000 AFGL 1982 178.2
Chou (1992) 2600 - 14500 HITRAN 1986 170.7
Ramaswamy & Freidenreich (1992) 0 - 18000 AFGL 1982 178.1
Fomin et al. (1993) 2600 - 14500 HITRAN 1986 [71.4
Chou & Lee (1996) 1000 - 14500 HITRAN 1992 174.0

Table 3 - Total atmospheric absorption ABS due to the
water vapor for [CRCCM shortwave case | (see Tab.2),
obtained through different line-by-line radiative codes.
Compilations AFGL 1982, HITRAN 1986 and HITRAN
1992 have been described successively by Rothman et al,
(1983, 1987, 1992).
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Tabela 3 - Absorgdo atmosférica total ABS devida ao va-
por d’dgua para o caso | do programa ICRCCM (ver
Tab.2), obtida aplicando-se diferentes cédigos radiativos
capazes de levar em conta o impacto isolado de cada linha
de absorgdo. As bases de dudos espectroscépicos AFGL
1982, HITRAN 1986 ¢ HITRAN 1992 foram descritas por
Rothman et al. (1983, 1987, 1992).
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below after some comparisons with benchmark results.
These latter have been obtained through careful line-by-
line integration throughout a large fraction of the solar
spectrum, following procedures described in some
textbooks (e.g.: Liou, 1992, pp.26-47). Such benchmark
results have been provided by ditferent authors in the scope
of a series of efforts devoted since the mid-eighties to com-
pare radiative codes (program ICRCCM - Ellingson &
Fouquart (1991)).

All comparisons discussed here are performed under
defined conditions for atmospheric profiles, Sun position
and ground reflection (see Tab.2). These conditions
represent the first six purely absorbing test cases employed
for the shortwave computations of the ICRCCM program
(Fouquart et al., 1991). For these six cases, shortwave
radiative transfer is assumed to depend only on Sun
position, on water vapor absorption, and on ground
reflection of the direct beam.

Tab. 3 compares benchmark results published in recent
years for a same ICRCCM shortwave case, displaying the
respective spectral range over which the absorption by water
vapor was taken into account, as well as the compilation
which was adopted for absorption line parameters. The to-
tal atmospheric absorption is defined as (Fouquart et al.,
1991):

Absorption ol Solar Radiation by Water Vapor in the Atmosphere - Part |

ABS = (£}, — E),)—(E (18)

7
srf - E\m"/ ) d
where £ and £ denote downward and upward irradiances,
whereas £, and E,\,,,~/
atmosphere (TOA) and at the surface, respectively. In
Tab.3, results labeled LBLI and LBL2 correspond to

previous versions of Chou (1992) and Ramaswamy &

indicate irradiances at the top of the

Freidenreich (1992) calculations; the diflerences between
their respective ABS cstimates were attributed by
Ramaswamy & Freidenreich (1991) to the neglect of water
vapor absorption in three spectral intervals (0-1000, 1000-
2600, and 14500-18000 cm™') when LBLI results were
obtained. Thus, the influence of the spectral range may
reach 6 W/m?, although a fraction of this discrepancy could
be associated to intrinsic differences between the line-by-
line radiative codes. The influence of the line parameters
compilation (around 1.7 W/m?*) may be assessed by
comparing the results labeled LBL1 and Chou (1992). On
the other hand, the difference between results labeled Chou
(1992) and Fomin ct al. (1993) indicates the influence of
the radiative code, around 0.7 W/m?, once the same line
parameters compilation and the same spectral range were
adopted. Discrepancies between ABS estimates provided
by different sources would depend on Sun zenith angle as

case | case 2 case 3 case 4 case 5 case 6
(a)
Fouquart et al. (1991) - LBL! 1014.2 286.2 999.3 281.0 1089.5 313.7
Fouquart et al. (1991) - LBL2 1009.7 283.9 993.1 277.9 1085.0 312.0
(b)
Lacis & Hansen (1974) + 18.8 + 7.1 +20.4 + 7.8 + 10.1 + 3.6
Davies (1982) +19.4 +72 +19.8 + 8.4 +9.3 +4.2
Briegleb (1992) +78 +4.7 +9.4 +5.8 + 2.6 + 1.0
Ramaswamy & Freidenreich (1992) +29 + 1.1 +33 +1.3 - O.S_ - 0.5
Chou & Lee (1996) & f.1 + 3.8 + 8.6 +4.5 +4.2 + 1.5

Table 4 - (a) Downward shortwave irradiance at the surface
values for ICRCCM cases | to 6 (see Tab.2), obtained
through two line-by-line radiative codes. (b) Absolute
deviations with respect to the LBL2 results, due to the
selected schemes for obtaining water vapor broadband
absorptances. Values are expressed in W/m?,
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Tabela 4 - (a) Valores da irradiancia solar descendente a
superficie pura os casos | a 6 do programa [CRCCM (ver
Tab.2), obtidos aplicando-se dois cadigos radiativos ca-
pazes de levar em conta o impacto isolado de cada linha
de absor¢do. (b) Desvios absolutos em relagdo aos resul-
tados obtidos com o codigo LBL2, referentes a outros es-
quemas para avaliagdo da absortdncia solar devida ao

vapor d’dagua. Valores expressos em Winr',
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well as on atmospheric water vapor content. A more
comprehensive discussion about these influences on
benchmark results could be possible only after a comparison
among estimates obtained under other conditions. Anyway,
the influence of the spectral range seems to be more
important than those associated to the line parameters
compilation or to the line-by-line radiative code.

Tabs. 4 and 5 compare benchmark results compiled
by Fouquart et al. (1991) with respective figures resulting
from the application of selected schemes for obtaining water
vapor broadband absorptances. Downward and upward
shortwave irradiances were obtained by running modified
versions of the radiative code developed by Davies (1982),
every one corresponding to a selected scheme. In these
versions, ozone absorption and molecular scattering were
discarded in order to provide results consistent with the
ICRCCM shortwave cases | to 6, whereas direct beam
reflection at the ground level was retained as in the origi-
nal version, that is, following a non-Lambertian behavior
(see Chagas & Tarasova, 1996, for a detailed description).
The solar constant Eo was assumed equal to 1367 W/m?, a
very close value to those provided by recent spacecraft
observations (e.g.: Mecherikunnel, 1996). In both tables,
discrepancics between results labeled LBL | and LBL2 are
consistently positive, being associated mainly to the

differences existing in the spectral range taken into account
for water vapor absorption (Ramaswamy & Freidenreich,
1991). Results labeled LBL2 are adopted as reference in
these tables because they correspond to a larger spectral
range (see Tab.3).

Tab. 4 displays downward shortwave irradiance at the
ground values which depend on Sun position and on water
vapor absorption only. Absolute deviations due to the
scheme of Ramaswamy & Freidenreich (1992) with respect
to the LBL2 results are very low because this one was
developed from calculations performed essentially with the
same line-by-line radiative code which provided LBL2
results. Absolute deviations due to the schemes of Briegleb
(1992) and of Chou & Lee (1996) have very similar mag-
nitude (discrepancies below 1.5 W/m?), despite of a number
of differences existing between these schemes. Such
differences involve not only the spectral range covered and
the own line-by-line radiative code employed, but also the
scaling approach adopted. Absolute deviations due to the
schemes of Lacis & Hansen (1974) and of Davies (1982)
have also similar magnitude (discrepancies below 1.0 W/
m’ between them), once both schemes were developed from
the set of calculations provided by Yamamoto (1962). The
discrepancies between LBL2 results and those furnished
by the latter schemes are around two times more important

case 1 case 2 case 3 case 4 case 5 case 6
()
Fouquart et al. (1991) - LBLI 172.4 67.1 187.8 72.3 94.5 39.3
Fouquart et al. (1991) - LBL2 178.2 69.6 195.4 75.7 99.7 41.1
(b)
Lacis & Hansen (1974) -16.4 -4.8 - 183 -53 -64 -14
Davies (1982) - 16.8 - 5.1 -17.9 -6.2 -6.0 -20
Briegleb (1992) -57 -26 -7 -3.6 + 1.4 +1.2
Ramaswamy & Freidenreich (1992) 0 + 1.4 - 0.7 +1.3 +4.5 +2.8
Chou & Lee (1996) -53 - 1.6 -6.6 -23 -04 +0.7

(zero denote absolute deviation whose magnitude is lower than 0.05 W/m?)

Table 5 - (a) Total atmospheric absorption values for
ICRCCM cases 1 to 6 (see Tab.2), obtained through two
line-by-line radiative codes. (b) Absolute deviations with
respect to the LBL2 results, due to the selected schemes
for obtaining water vapor broadband absorptances. Values
are expressed in W/m2,
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Tabela 5 - (a) Valores da absor¢do atmosférica total para os
casos | a 6 do programa ICRCCM (ver Tab.2), obtidos apli-
cando-se dois cédigos radiativos capazes de levar em conta o
impacto isolado de cada linha de absorgéo. (b) Desvios ab-
solutos em relagdo aos resultados obtidos com o codigo LBL2,
referentes a outros esquemas para avaliacdo da absortdncia
solar devida ao vapor d’dgua. Valores expressos em W/m?.
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than those associated to relatively modern schemes
(Briegleb, 1992; and Chou & Lee, 1996). This fact seems
to indicate that atmospheric water vapor absorption
estimates can be wrong if entirely based upon old absorption
data. According to the results shown in Tab.4, such
systematic deviations would increase with the water vapor
content and would decrease with the Sun zenith angle.
Moreover, these deviations are beyond the accuracy level
required for flux calculations in the scope of some climate
programs, = 10 W/m® (Ellingson & Fouquart, 1991).
Tab. 5 displays total atmospheric absorption values
which depend not only on Sun position and water vapor
absorption but also on ground reflection. If ground
reflection had been assumed to be null, the absolute
deviations shown in this table would have the same magni-
tude of those presented in Tab.4 . The signals of respective
figures in these tables are generally opposite, because a
decrease in downward irradiances (e.g., from a given
scheme to another) means an increase in water vapor
absorption which most times is followed by an increase in
total atmospheric absorption values, measured in W/m?and
obtained through Eq.(18). Respective figures resulting from
some schemes can assume same signal and low magnitude

in both schemes under very particular conditions of Sun
position and water vapor content. Results displayed in Tab.5
would emphasize some preliminary conclusions reached
above from Tab.4, namely: (a) the occurrence of important
systematic crrors resulting from the application of the
schemes of Lacis & Hansen (1974) and of Davies (1982),
and (b) the close agreement between the schemes proposed
by Briegleb (1992) and by Chou & Lee (1996). Further, it
is somewhat surprising to note that these latter schemes
enable, under relatively dry conditions (cases 5 and 6), to-
tal atmospheric absorption estimates which are in better
agreement with LBL2 results than those obtained by
applying the own scheme of Ramaswamy & Freidenreich
(1992). Such a result could in principle be explained by a
certain counterbalance between departures respective to
downward and upward irradiances, once the fact is not
observed for downward irradiances at the surface (see
Tab.4).

The relative accuracy of selected schemes for
obtaining water vapor broadband absorptances was
discussed above from the analysis of radiative quantities
respective to the entire atmosphere, namely the downward
irradiance at the bottom of the column and the total absorbed
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irradiance in the column. The vertical distribution of such
absorption may be presented in terms of radiative heating
rates, defined as (Liou, 1992, p.108):

dt ¢ dp

1

dT(p) __ g dE,(p) :~%.%(E¢(m_E.(p))’(|9)
where dT(p)/dt would be the time variation of the air
temperature at the pressure level p if only radiative proces-
ses were present, ¢ indicates the specific heat at constant
pressure and £ (p) denotes the net shortwave irradiance.

Fig. 1 compares heating rates for the ICRCCM
shortwave cases 3 and 4, resulting from downward and
upward shortwave irradiances provided by modified
versions of the radiative code developed by Davies (1982),
every one corresponding to a selected scheme for obtaining
water vapor broadband absorptances. Profiles obtained by
applying the schemes proposed by Ramaswamy &
IFreidenreich (1992), by Briegleb (1992) and by Chou &
Lee (1996) agree relatively well (deviations of around or
less than 0.1 K/day) with the respective line-by-line
calculations performed by those authors. Heating rates
decrease as the Sun moves away from the zenith mainly
because the downward shortwave irradiance available to
the atmospheric absorption reduces by a factor equal to the
cosine of the Sun zenith angle.

Fig. | shows that the scheme proposed by Briegleb
secems to be the unique one which enables realistic,
unvanishing heating rates above 50 hPa when compared
against benchmark results (sce Fig.3 of Ramaswamy &
Freidenreich (1992), Fig.4 of Briegleb (1992) or yet Fig.3
of Chou & Lee (1996)). This fact is associated to the scaling
approach adopted. The modified pressure-weighted path
proposed by Briegleb (1992) (see Eq.(10)) was conceived
specifically for retrieving the basic features exhibited by
benchmark results in the stratosphere; in contrast, scaling
functions like those given by Eqs.(9) and (11) vanish when
the pressure vanishes. The scheme proposed by
Ramaswamy & Freidenrecich (1992) provides radiative
heatings which in the lower troposphere are somewhat
greater than those obtained by applying the schemes of
Briegleb (1992) and of Chou & Lee (1996), because
different spectral ranges for water vapor absorption were
assumed in the development of these schemes from line-
by-line calculations (see Tab.1). The schemes proposed by
Lacis & Hansen (1974) and by Davies (1982) allow very
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Figure 1 - Radiative heating rates for ICRCCM cases 3
and 4 (see Tab.2), resulting from the application of selected
schemes for obtaining water vapor broadband absorptances
(LH: Lacis & Hansen, 1974; D: Davies, 1982; RF:
Ramaswamy & Freidenreich, 1992; Briegleb, 1992; and
CL: Chou & Lee, 1996).

similar heating rate profiles above 300 hPa, although
exhibiting some bias when compared with respective figu-
res provided by the three other schemes. The agreement
between the results labeled Lacis & Hansen (1974) and
Davies (1982) above 300 hPa can be explained by the
common origin of both schemes (Yamamoto, 1962). Below
300 hPa, results labeled Davies show an oscillating feature
similar to that reported by Chou & Lee (1996), associated
to a low value for N in Eq.(5).

The scheme proposed by Chou & Lee (1996) is
hereafter adopted as reference for assessing the relative
accuracy associated to the other schemes here compared.
The choice of this scheme is motivated by its development
from a recent compilation of absorption line parameters
(HITRAN 1992 — Rothman et al., 1992), together with the
adoption of a scaling approach which present some
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Figura | - Taxas de aguecimento radiativo para os casos
3 ed doprograma ICRCCM (ver Tab.2), obtidas aplican-
do-se diferentes esquemas para avaliagdo da absortdncia
solar devida aovapor d’dgua (LH: Lacis & Hansen, 1974,
D: Davies, 1982, RF: Ramaswamy & Freidenreich, 1992,
Briegleb, 1992, ¢ CL: Chou & Lee, 1996).

conceptual advantages with respect to other schemes (Chou
& Arking, 1981). Such a choice is somewhat arbitrary yet
either the scheme of Briegleb (1992) or that of Ramaswamy
& Freidenreich (1992) could in principle be chosen, the
first by its reliability throughout the stratosphere, the latter
by its wider spectral range for water vapor absorption.

Fig. 2 displays absolute deviations in heating rates with
respect to the results provided by the scheme of Chou &
Lee (19906), corresponding to the four other schemes
compared here. ICRCCM shortwave cases I, 3 and 5
correspond to a Sun zenith angle of 30°, whereas the cases
2,4 and 6 correspond to an angle of 75°, In a similar way
to the behavior exhibited by the own heating rates (see
Fig.1), absolute deviations decrease for an increase in Sun
zenith angle.

Absolute deviations associated to the scheme proposed
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Figure 2 - Absolute deviations in heating rates with respect to
the results provided by the scheme of Chou & Lee (1996), for
ICRCCM cases | to 6 (see Tab.2), due to the other schemes
for obtaining water vapor broadband absorptances. Labels LH,
D, RF, and B are the same ones employed in Fig.| .

Figura 2 - Desvios absolutos, em taxas de aquecimento,
medidos a partir dos resultados obtidos aplicando-se o es-
quema de Chou & Lee (1996) e referentes a outros esque-
mas para avaliagdo da absortdncia solar devida ao vapor
d’agua, para os casos 1 a 6 do programa I[CRCCM (ver
Tab.2). Siglas LH, D, RF" ¢ B empregadas como na Fig. 1.

by Ramaswamy & Freidenreich (1992) can reach +0.15
K/day in the lower troposphere under relatively moist
conditions (case 3), being such a bias could be at least
partially explained by the spectral ranges considered for
the development of this scheme and that of Chou & Lee
(1996) (see Tab.l). Absolute deviations associated to the
scheme proposed by Briegleb (1992) can reach -0.2 K/day
in upper troposphere (case 1) and +0.1 K/day in stratosphere
(cases 1, 3, and 5), mainly due to the differences between
the scaling approaches adopted together with this scheme
and that of Chou & Lee (1996). Absolute deviations
associated to the schemes proposed by Lacis & Hansen
(1974) and by Davies (1982) are negative above 300 hPa,
reaching -0.5 K/day under relatively moist conditions (ca-
ses | and 3). Below that level, both schemes (and mainly
that proposed by Davies) allow absolute deviations in
heating rates which exhibit an oscillating feature around a
negative value falling between -0.05 and -0.1 K/day. This
feature is artificially produced by the subtraction between
two heating rate profiles, one of them presenting its own
oscillating feature. Sensitivity tests have shown that the
amplitude of the oscillations superimposed on heating rate
profiles decreases when the value of N employed in Eq.(5)
is increased (Chou & Lee, 1996). Absolute deviations
associated to the schemes proposed by Ramaswamy &
Freidenreich (1992) and by Briegleb (1992) present also
vertical profiles somewhat oscillating, but they are not so
well-defined.

SUMMARY AND CONCLUSIONS

[n order to infer the accuracy of water vapor broadband
absorptances estimates as made at present in Brazilian
centers of research and numerical weather forecasting, the
schemes proposed by Lacis & Hansen (1974) and by Davies
(1982) were submitted to a series of comparisons performed
under standard conditions, more specifically the first six
shortwave cases of the program ICRCCM (Ellingson &
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Fouquart, 1991). Their structure and common origin were
discussed, enabling a more complete analysis of their
limitations. Such a discussion as well as our results can in
principle be of interest to everyone involved with climatic
projections based upon general circulation models which
employ these same schemes. That is the case of models
running at the Bureau of Meteorology Research Centre
(Melbourne, Australia), at the Geophysical Fluid Dynamics
Laboratory (Princeton, New Jersey, USA), at the Goddard
Institute for Space Sciences (New York, USA), at the Japan
Meteorological Agency (Tokyo), and at the National
Meteorological Center (Washington, USA), among other
institutions (Gates, 1992).

The reliability of the scheme proposed by Lacis &
Hansen (1974) can be considered low, as shown in this
study from different comparisons with benchmark results
(line-by-line calculations) as well as with respective
evaluations provided by relatively modern schemes
(Ramaswamy & Freidenreich, 1992; Briegleb, 1992; and
Chou & Lee, 1996). Such low reliability has been related
by several authors (Stephens, 1984; Kratz & Cess, 1985;
Chou, 1986; Ramaswamy & Freidenreich, 1992) to the
Jimits of applicability of the fit proposed by Lacis & Hansen
(1974), or to the unsuitability of the extrapolation criteria
adopted by Yamamoto (1962) to estimate absorptances
beyond experimental conditions. In our opinion, the low
reliability of that scheme can at least partially be associated
to the unsuitability of the contributions resulting from Fowle
(1915) for the computation of radiative heating rates
(Roach, 1961), and to the questionable reliability of the
measurements performed by Howard et al. (Yamanouchi
& Tanaka, 1985). The same remarks apply also to the
scheme proposed by Davies (1982), being that this one can
provide radiative heating rate profiles associated to an
oscillating, non-physical feature throughout the
troposphere. Under relatively moist conditions (atmosphere
models: Tropical and Mid-Latitude Summer), the deviations
associated to both schemes aftecting downward irradiances
at the surface and total atmospheric absorption values can
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assume {igurcs beyond the accuracy level required (or [lux
calculations in the scope of some climate programs, £ 10
W/m? (Ellingson & Fouquart, 1991). Further, radiative
heating ratcs obtained through these schemes arc
significatively underestimated in the upper (roposphere and
throughout the stratosphere with respect (o more reliable
cstimates.

The schemes proposed by Lacis & Hansen (1974) and
by Davies (1982) enable underestimales for the waler va-
por absorption ol solar radiation in the atmosphere, and
overestimales for the available shortwave radiation at the
surlace. The cnergy budget at neighbouring levels may be
alfected, allowing at least a certain impact on boundary-
layer processes as well as on thermodynamic stabilily
features of the lower troposphere. The overall influence on
scveral meteorological fields is discussed in the companion
article (Souza cl al., 1998, this issuc).
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ABSORCAO DE RADIACAO SOLAR POR VAPOR D'AGUA NA ATMOSFERA.
PARTE I: UMA COMPARACAO ENTRE PARAMETRIZACOES E
RESULTADOS DE REFERENCIA

Este artigo analisa diversos aspectos relaciona-
dos a avaliagiio dos efeitos da absorgido de radiacio
solar pelo vapor d’agua na atmosfera, particularmente
quando efetuada através de esquemas (parame-
trizagdes) que sejam acurados ¢ com baixo custo
computacional. Estes Gltimos dois aspectos sdo per-
tinentes no contexto do emprego de modelos atmos-
féricos para a obtengio de previsdes do (empo ¢ de
projecoes climaticas. Atengdo especial ¢ dedicada ao
esquema proposto por Lacis & Hansen (1974), dado
que ele encontra-se incluido em codigos radiativos
de modelos atmostéricos empregados em diterentes
institui¢des brasileiras. A analise das diversas etapas
do desenvolvimento daquele esquema permite a iden-
tificagdo de aspectos que tém sido até aqui menos-
prezados na literatura quanto a origem de sua limita-
da confiabilidade. No intuito de se quantificar crros
sistematicos, comparagdes sdo cfetuadas frente a re-
sultados disponiveis na literatura ¢ obtidos empre-
gando-se codigos radiativos capazes de levar em conta
o0 impacto isolado de cada linha de absorgdo, dai sua

denominagdo “codigos linha-a-linha”. Estas compa-

ragoes consideram apenas condi¢bes atmostéricas
hipotéticas estabelecidas no dmbito do programa
ICRCCM (Intercomparison of Radiation Codes used
in Climate Models), e incluem esquemas de desen-
volvimento mais recente - Briegleb (1992),
Ramaswamy & Freidenreich (1992) ¢ Chou & Lee
(1996). A dispersdo cntre resultados obtidos com
estes trés esquemas tem a mesma ordem de grandeza
que a diferenga em relagdio a resultados fornecidos
por codigos “linha-a-linha”. O mesmo ja ndo ocorre
com os csquemas propostos por Lacis & Hansen
(1974) ¢ por Davies (1982), incluidos respectivamen-
te no modelo atmosférico regional RAMS (Piclke et
al., 1992), ¢ no modelo de circulagiio geral CPTEC/
COLA; cstes dois esquemas proporcionam menos
absorg¢iio atmosférica, ¢ portanto maiores valores para
a irradidncia solar incidente a superticie do solo,
quando comparados aos resultados fornecidos por
codigos “linha-a-linha”. A ordem de grandeza de tais
erros sistematicos (em alguns casos em torno de 20
W/m’) motiva estudos de sensibilidade como aque-
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