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ABSTRACT

The absorption properties of the water vapor continuum and a number of weak bands for H2O, O2, CO2,
CO, N2O, CH4, and O3 in the solar spectrum are incorporated into the Fu-Liou radiation parameterization
program by using the correlated k-distribution method (CKD) for the sorting of absorption lines. The
overlap absorption of the H2O lines and the H2O continuum (2500–14500 cm−1) are treated by taking
the two gases as a single-mixture gas in transmittance calculations. Furthermore, in order to optimize
the computation efforts, CO2 and CH4 in the spectral region 2850–5250 cm−1 are taken as a new single-
mixture gas as well. For overlap involving other absorption lines in the Fu-Liou spectral bands, the authors
adopt the multiplication rule for transmittance computations under which the absorption spectra for two
gases are assumed to be uncorrelated. Compared to the line-by-line (LBL) computation, it is shown that
the errors in fluxes introduced by these two approaches within the context of the CKD method are small
and less than 0.48% for the H2O line and continuum in the 2500–14500 cm−1 solar spectral region, ∼1%
for H2O (line)+H2O (continuum)+CO2+CH4 in the spectral region 2850–5250 cm−1, and ∼1.5% for H2O
(line)+H2O (continuum)+O2 in the 7700–14500 cm−1 spectral region. Analysis also demonstrates that
the multiplication rule over a spectral interval as wide as 6800 cm−1 can produce acceptable errors with
a maximum percentage value of about 2% in reference to the LBL calculation. Addition of the preceding
gases increases the absorption of solar radiation under all sky conditions. For clear sky, the increase in
instantaneous solar absorption is about 9%–13% (∼12 W m−2) among which the H2O continuum produces
the largest increase, while the contributions from O2 and CO2 rank second and third, respectively. In
cloudy sky, the addition of absorption amounts to about 6–9 W m−2. The new, improved program with
the incorporation of the preceding gases produces a smaller solar absorption in clouds due to the reduced
solar flux reaching the cloud top.
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1. Introduction

The absorption of a number of gases in the earth’s
atmosphere makes an important contribution to the
radiation budget of the Earth-atmosphere system. In
the discussion of solar absorption, Liou (2002) pre-
sented numerous solar absorption bands of gases that
have not been properly accounted for in radiation pa-
rameterizations. These include absorption lines asso-
ciated with H2O, CO2, O3, O2, N2O, CH4, CO, and
NO2. It is noted that only the major absorbers (H2O
near-infrared bands, O2, CO2 near-infrared bands, and

O3 UV and visible bands) have been considered in the
radiative transfer parameterizations in the majority of
current general circulation models (GCMs). A com-
mon feature in most GCMs to date has shown that
the simulated net solar fluxes at the top of the atmo-
sphere (TOA) are smaller than the observed values,
indicating a cold bias in the GCMs (Gu et al., 2003).
Introducing the neglected absorbers in the radiation
model can correct this cold bias and at the same time
improve the performance of the GCMs.

Thus, the objective of the present study is to inves-
tigate the role of the aforementioned absorbing gases

*E-mail: zfsu@mail.iap.ac.cn



546 PARAMETERIZATION OF THE ABSORPTION OF TRACE GASES IN FU-LIOU CODE VOL. 22

within the context of the Fu-Liou radiation param-
eterization program in both clear and cloudy atmo-
spheres (Fu and Liou, 1992, 1993; Charlock and Al-
berta, 1996) for application to climate models (e.g.,
the UCLA (University of Carlifornia, Los Angeles) and
IAP (Institute of Atmospheric Physics) GCMs). To
this end, we have incorporated in this program the fol-
lowing solar absorption bands: H2O continuum (0.69–
4.0 µm); H2O visible band; O2 A band (0.76 µm), B
band (0.69 µm), γ band (0.63 µm), 1.06, 1.27, and
1.58 µm bands; CO2 1.4, 1.6, 2.0 and 2.7 µm bands;
CO 2.34 µm band; N2O 2.87 and 2.97 µm bands; CH4

3.83, 3.53, 3.31, 3.26, 2.37, 2.30, 2.20, and 1.66 µm
bands; and O3 3.3 µm band.

The present paper is organized as follows. In sec-
tion 2, we discuss the incorporation of the absorption
properties of a number of trace gases within the con-
text of the correlated k-distribution method, in which
the data sources used, the treatment of overlap, and
verification are presented. In section 3, we present a
comparison of the flux and heating rate computed from
the new version of the Fu-Liou radiation program to
those from the original version. Conclusions are given
in section 4.

2. Incorporation of new gaseous absorption
based on CKD

2.1 Data description

A continuum model, which includes absorption due
to water vapor, nitrogen, oxygen, carbon dioxide, and
ozone, has been developed by the scientists at the At-
mospheric and Environmental Research (AER) Inc.,
U.S.A. (Clough et al., 1989, 1992; Clough and Jacono,
1995). The water vapor continuum includes the en-
tire self- and foreign-broadened continuum based on
the model originally developed in the 1980s. Both the
self- and foreign-continuum models are based on the
contributions from a collision-induced component and
a line-shape component. These two components were
applied consistently to all water vapor lines from the
microwave to the visible, and the results were summed
to obtain the self- and foreign-continuum coefficients
from 0 to 20000 cm−1. This model should be regarded
as a semi-empirical model with strong constraints pro-
vided by the known physics. The data that have been
used to develop the new continuum model are pri-
marily based on spectral atmospheric measurements.
Only cases for which the characterization of the atmo-
spheric state has been comprehensively checked have
been used.

We have used this continuum model in our study to
create a line-by-line (LBL) dataset to compute the ab-
sorption coefficients for the water vapor continuum. In

this continuum model, the self- and foreign-broadened
continua of water vapor have been treated differently.
However, by using control parameters, the model can
also produce the total optical depth that includes both
the self- and foreign-broadened continua. On the ba-
sis of the total optical depth, we can then obtain the
absorption coefficient through the known water vapor
amount. In this study, we have employed a spectral
resolution of 0.025 cm−1 for the water vapor contin-
uum absorption in consideration of the balance be-
tween accuracy and computational efficiency.

For the H2O, CO2, O2, O3, N2O, CH4, and CO
lines, the 2000 HITRAN (High-resolution Transmis-
sion Molecular Absorption) dataset was used for the
calculation of their absorption coefficients based on the
following equation (Arking and Grossman, 1972; Chou
and Kouvaris, 1986):

k(ν, p, T ) =
∑

i

Si(T )fi(ν, p, T ) , (1)

where ν is the wavenumber, p is the air pressure, T
is the air temperature, Si is the line intensity for the
ith line, and fi is the normalized line shape. The line
intensity Si is given by (Fu and Liou, 1992)

Si(T )≈Si(T0)
(

T0

T

)m

×Qν(T0)
Qν(T )

1− exp(−hcνij/KT )
1− exp(−hcνij/KT0)

× exp
[
−hcEi

K

(
1
T
− 1

T0

)]
, (2)

where T0=296 K, m=1.5 and 1.0 for nonlinear and lin-
ear molecules, respectively, Qν is the vibrational par-
tition function which is close to 1 (McClatchey et al.,
1973), νij is the wavenumber for the line center, Ei is
the energy of the lower state, h is the Planck constant,
K is the Boltzmann constant§and c is the velocity
of light. The parameters Si(T0), Qν(T0), νij , and Ei

were taken from the 2000 HITRAN dataset. Follow-
ing Chou and Kouvaris (1986), the lines have been cut
off at (260αL, 5αD) from the line centers, where αL is
the Lorentz half-width, and αD is the Doppler half-
width. In the computations, we used the three tem-
peratures of 190, 245, and 300 K, along with eleven
pressures with ∆ log p=0.2. Using Eqs. (1) and (2), we
can then obtain the absorption coefficients k(ν, p, T )
for the eleven pressures and three temperatures.

The absorption coefficients k(ν, p, T ) were then em-
ployed to determine the cumulative probability func-
tion, g(k, p, T ), at the eleven pressures and three tem-
peratures. Because g is a monotonically increasing
and smooth function in k space for a given pressure
and temperature, k(g, p, T ) can be readily obtained
at the three temperatures and eleven pressures. Fu
and Liou (1992) pointed out that in the CKD method,
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the cumulative probability function g can replace the
wavenumber ν as an independent variable in trans-
mittance calculations. To facilitate the computation
of k(g, p, T ) for any pressures and temperatures, the
following parameterization developed by Fu and Liou
(1992) was employed:

ln k(g, p, T ) =
2∑

n=0

An(g, p)(T − 250)n . (3)

The coefficients An(g, p) (n = 0, 1, 2) can be deter-
mined by the 3 temperature values. k(g, p, T ) for a
given g and p has been tabulated at eleven pressures.
For other pressures, a linear interpolation in the pres-
sure coordinate can be followed.

2.2 Treatment of the overlap of absorption
bands

The Fu-Liou solar radiation parameterization pro-
gram was divided into six bands in which substantial
absorption overlaps take place. In band six (2500–2850
cm−1), the CH4 3.83 and 3.53 µm bands overlap with
the wing region of the H2O 3.2 µm band. In band five
(2850–4000 cm−1), overlap occurs in the CH4 3.31 and
3.26 µm bands, the O3 3.3 µm band, and the H2O 3.2
µm band, as well as in the CO2 2.7 µm band, the H2O
2.7 µm band, and the N2O 2.97 and 2.87 µm bands.
In band four (4000–5250 cm−1), the CO2 2.0 µm band
overlaps with the H2O 1.87 µm band, while the CH4

2.37, 2.30, and 2.20 µm bands, the CO 2.34 µm band,
and the wing region of the H2O 2.7 µm band overlap
each other. In band three (5250–7700 cm−1), overlap
is seen in the CO2 1.6 µm band, the O2 1.58 µm band,
and the wing regions of the H2O 1.38 and 1.87 µm
bands. The CO2 1.4 µm band also overlaps with the
H2O 1.38 µm band, while the CH4 1.66 µm band over-
laps with the wing region of the H2O 1.87 µm band.
In band two (7700–14500 cm−1), the O2 1.06 µm band
overlaps with the H2O 1.1 µm band, and the O2 B
band overlaps with the H2O 0.72 µm band. In band
one (14500–50000 cm−1), the O3 visible band, the H2O
visible band, and the O2 0.63 µm band overlap each
other.

Domoto (1974) and Wang and Ryan (1983) illus-
trated the importance of treating overlap absorption
in radiative transfer calculations and climate studies.
Goody et al. (1989), Lacis and Oinas (1991), Fu and
Liou (1992), and Shi (1998) pointed out that overlap
absorption by several different gases is an important
theoretical and practical problem in CKD, especially
when it is applied to the scattering atmosphere. Lacis
and Oinas (1991) adopted the multiplication rule for
transmittance computations under which the absorp-
tion spectra for two gases are assumed to be uncor-

related. Shi (1998) pointed out that overlap of nu-
merous absorption bands can be accurately treated by
using CKD. Mlawer et al. (1997) developed a method
to treat bands containing gases with overlap absorp-
tion, in which the key absorbers in each spectral band
are treated with high accuracy, whereas a less detailed
procedure is employed to compute absorption due to
minor gases in the band. In Fu and Liou (1992), two
different approaches were employed to treat overlap
absorption in the g space. These approaches have been
proven to be both efficient and accurate for treating
the overlap problem involving atmospheric radiative
transfer. Since this study is based on the Fu-Liou ra-
diation program for flux and heating rate calculations,
we apply these approaches to trace gases that have
not been included in the calculation of solar radiative
transfer. We shall outline these two approaches below
in association with the present study.

The mean transmittance involving the two differ-
ent gases for a given spectral interval Tν̄(1, 2) can be
expressed as follows:

Tν̄(1, 2) =
∫

∆ν

Tν(1)× Tν(2)
dν

∆ν
, (4)

where Tν the transmittance for one gas for a given
wavenumber, the numbers 1 and 2 denote two differ-
ent gases. The first approach is based on the assump-
tion that Tν(1) and Tν(2) are uncorrelated such that
Tν̄(1, 2) can be written as

Tν̄(1, 2) =
∫

∆ν

Tν(1)
dν

∆ν

×
∫

∆ν

Tν(2)
dν

∆ν
= Tν̄(1)× Tν̄(2) . (5)

Using Eq. (5), the mean transmittance in the g space
can be expressed in the form

Tν̄(1, 2) =
∫ 1

0

exp
(
−

∫ z2

z1

k1ρ1dz

)
dg1

×
∫ 1

0

exp
(
−

∫ z2

z1

k2ρ2dz

)
dg2

≈
M∑

m=1

N∑
n=1

exp(−τmn)∆g1m∆g2n , (6)

where

τmn =
∫ z2

z1

(k1mρ1 + k2nρ2)dz , (7)

and ρ1 and ρ2 are the densities for gases 1 and 2, re-
spectively; k1m and k2n are the respective absorption
coefficients; and m and n denote the number of g val-
ues for the two gases. It is clear that Eqs. (6) and (7)
allow us to use the equivalent k functions of individual
gases to resolve the overlap problem.
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The statistical independence for the absorption
lines is an assumption and generally applicable to a
narrow spectral interval. However, it is the essence
of the radiative transfer parameterization to optimize
the computational effort by applying this concept to
spectral bands as wide as possible to make the broad-
band radiation program effective and efficient for use
in climate and weather models. Fu and Liou (1992)
concluded that the multiplication approach for overlap
gases can achieve excellent accuracy in flux and heat-
ing rate calculations over a spectral interval of about
150 cm−1.

In the second approach, a new absorption coeffi-
cient, which can be considered as the absorption co-
efficient for a single-mixture gas, is defined. Using
the multiplication property, which is exact for a given
wavenumber, the total optical depth τ(ν) may be writ-
ten in the form

τ(ν) =
∑

i

τi(ν) =
∫

k(ν, p, T )ρdz , (8)

where we define
k(ν, p, T ) =

∑
i

qiki(ν, p, T ) , (9)

where ρ is the air density, qi is the mixing ratio of gas
i, and ki(ν, p, T ) is the absorption coefficient of gas
i at pressure p, temperature T , and wavenumber ν.
The summation symbol implies the sum for all overlap
gases in one band. The term k(ν, p, T ) is referred to as
the absorption coefficient for a single-mixture gas. Fu
and Liou (1992) pointed out that the CKD method for
a single-mixture gas requires the same correlated as-
sumptions as those for an individual gas. However, if
we consider the overlap absorption of H2O with other
gases, one additional variable, namely the H2O mixing
ratio q, is needed. Moreover, to facilitate the compu-
tation of k(g, p, T, q), the following parameterization
has been developed:

k(g, p, T, q) = exp

[
2∑

n=0

An(g, p)(T − 250)n

]

+ q exp

[
2∑

n=0

Bn(g, p)(T − 250)n

]
,

(10)

where the coefficients An and Bn (n = 0, 1, 2) are de-
termined by three temperatures, two H2O mixing ra-
tios, and eleven pressures in the g-domain. The second
approach does not require the assumption that the two
absorption spectra are uncorrelated, and it is compu-
tationally more efficient.

The H2O lines and H2O continuum have been
treated as two different gases in this study, but we
do not know whether these two absorption spectra are

uncorrelated. Thus, the second approach has been fol-
lowed in which the CKD method for this new single-
mixture gas requires the same correlated assumption
as that for an individual gas, except that one addi-
tional variable, namely the H2O mixing ratio q, has
been added. The absorption coefficient for this new
single-mixture gas is:

k(ν, p, T, q) = qk1(ν, p, T ) + qk2(ν, p, T ) , (11)
where k1(ν, p, T ) and k1(ν, p, T ) are the absorption co-
efficients of H2O (line) and H2O (continuum), respec-
tively, and q is the H2O mixing ratio. On the basis of
Eq. (10), we have developed the following parameteri-
zation:

k(g, p, T, q) = q exp

[
2∑

n=0

Bn(g, p)(T − 2500)n

]
,

(12)

where Bn (n = 0, 1, 2) are determined by three tem-
peratures and one H2O mixing ratio for 11 pressures
in the g-space.

Furthermore, in order to economize the computa-
tion effort, in the 2850–5250 cm−1 spectral region, CO2

and CH4 have been taken as a new single-mixture gas.
The absorption coefficient for this new gas is given by

k(ν, p, T ) = q1k1(ν, p, T ) + q2k2(ν, p, T ) , (13)
where k1(ν, p, T ) and k2(ν, p, T ) are the absorption co-
efficients of CH4 and CO2, respectively; and q1 and
q2 are the mixing ratios for these two gases, which
have been taken as constants in this study. The CKD
method for this new single-mixture gas requires the
same correlated assumption as that for an individual
gas.

In this study, we have used an LBL model to ver-
ify the accuracy of the parameterization. The “exact”
LBL calculation for fluxes covering the entire solar
spectrum (∼0.2–5 µm) would be a formidable compu-
tational task. Moreover, many LBL models even with
the same input line parameters and atmospheric pro-
files have shown to provide diverse accuracy in compar-
ison to ground-based spectral radiance observations.
In conjunction with the present broadband study and
after trial-and-error, we have used a 0.025 cm−1 spec-
tral interval to perform the LBL calculations. The
selection of this interval is also in line with that sug-
gested by Chou and Kouvaris (1986) for flux calcula-
tions.

Tables 2 and 3 show the LBL results for the over-
lap absorption of H2O lines with CO2 and CH4 lines in
the 2850–5250 cm−1 spectral region, and with O2 lines
in the 7700–14500 cm−1 region, respectively. From Ta-
ble 2, we see that the maximum effects of the CO2

and CH4 lines on flux calculations are 2.20 and 1.22
W m−2, respectively. If the second approach is used,
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Table 1. The optimum number of g values in the correlated k-distribution method.

Spectral region Number of quadrature points

(0.2–4.0 µm) H2O O2 O3 CO2 CO N2O CH4 H2O (continuum)

0.2–0.69 10 1 10

0.69–1.3 12 12 12

1.3–1.9 12 1 12 1 12

1.9–2.5 20 20 1 20 20

2.5–3.5 20 1 20 1 20 20

3.5–4.0 20 1 20

Table 2. The LBL calculation of the absorption of solar radiation by H2O, CO2, and CH4 in the solar band 2850–
5250 cm−1. The solar zenith angle used is 60◦ and the surface albedo is set to zero. The units are in W m−2.

Atmospheric profiles CO2 H2O H2O+CO2 H2O+CO2+CH4 CO2 CH4

MLS 6.36 22.41 24.04 24.94 1.63 0.90

SAW 6.14 15.72 17.92 19.14 2.20 1.22

TRO 6.39 23.52 25.03 25.86 1.51 0.83

USS 6.29 20.00 21.85 22.89 1.85 1.04

Table 3. The LBL calculation of the absorption of solar radiation by H2O and O2 in the solar band 7700–14500 cm−1.
The solar zenith angle used is 60◦ and the surface albedo is set to zero. The units are in W m−2.

Atmospheric profiles O2 H2O H2O+O2 O2

MLS 3.41 45.95 49.35 3.40

SAW 3.40 17.12 20.52 3.40

TRO 3.41 52.81 56.20 3.39

USS 3.41 33.02 36.42 3.40

we find that the absorption contribution of these CO2

and CH4 bands has been significantly suppressed by
that of H2O. For this reason, the first approach has
been used to calculate the mean transmittance in the
gspace for the overlap absorption between H2O and
CO2+CH4. Based on the comparison to the LBL re-
sult, we will show that the first approach has produced
acceptable error for overlap absorption of CO2 and
CH4 with other gases in the spectral region 2850–5250
cm−1. Moreover, in the spectral regions 5250–7700
cm−1 and 2500–2850 cm−1, the first approach with
only one quadrature point has been used to deal with
the overlap absorption of CH4 due to its small effects.

The overlap absorption by H2O and O2 in the
7700–14500 cm−1 spectral region is small because the
O2 0.76 and 0.69 µm bands are located in the windows
between the H2O bands (Table 3). The absorption
spectra for H2O and O2 appear to be uncorrelated,
so it is reasonable to use the first approach to treat
their overlap absorption. The LBL calculation shows
that the effect of the O2 1.58 µm band is very small,
that the solar absorption by the O2 γ band contributes
about 0.56 W m−2, and that the maximum overlap ef-

fects of the CO 2.34 µm band, N2O 2.87 and 2.97 µm
bands, and O3 3.3 µm band are about 0.01, 0.05,
and 0.02 W m−2, respectively (not shown in the ta-
bles). It is clear that the overlap effects of the O2 1.58
µm and γ bands, CO, O3, and N2O bands are largely
overshadowed by the H2O (including continuum) ab-
sorption. To optimize the computation efforts, we have
followed the first approach using only one quadrature
point (seen Table 1) for the overlap problem of the
O2 1.58 µm and γ bands, and the CO, O3, and N2O
bands.

In summary, for overlap of the H2O lines and H2O
continuum in the 2500–14500 cm−1 spectral region,
we follow the approach of a single-mixture gas (the
second approach) for the transmittance calculations,
which requires the same correlated assumptions as
those for an individual gas except that one more vari-
able, namely the H2O mixing ratio q, is needed, to op-
timize the computation effort. However, we adopt the
multiplication rule (the first approach) for the com-
putation of spectral transmittances under which the
gaseous absorption spectra are assumed to be uncor-
related to deal with the following overlap absorption:
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H2O (including continuum) and CH4 in band six; H2O
(including continuum), O3, N2O, and (CO2+CH4)
in band five; H2O (including continuum), CO, and
(CO2+CH4) in band four; H2O (including continuum),
CO2, CH4, and O2 in band three; H2O (including con-
tinuum) and O2 in band two; and the H2O visible
band, the O3 visible band, and the O2 0.63 µm band
in band one. It should be noted that in order to opti-
mize the computation efforts, in band four and band
five (2850–5250 cm−1), CO2 and CH4 have been taken
as a new single-mixture gas requiring the same corre-
lated assumption as that for an individual gas. More-
over, to economize the computation effort and at the
same time to achieve acceptable accuracy, we have em-
ployed one quadrature point for the O3 3.3 µm band,
CO 2.34 µm band, and N2O bands, the CH4 3.83, 3.53,
and 1.66 µm bands, and the O2 1.58 µm and γ bands.
The optimum numbers of g values are displayed in Ta-
ble 1.

It should be pointed out that, for the overlap prob-
lem between strong and weak absorptions, the second
approach, which introduces a new single-mixture gas,
is unsuitable since the contribution of weak absorption
will be greatly suppressed by that of the strong one.
Moreover, it would be unreasonable to assume that
the water vapor line and continuum are uncorrelated.
Thus, the first method (i.e. multiplication rule) is not
applicable to the overlap problem involving water va-
por line and continuum absorption.

2.3 Verification of the accuracy of the parame-
terization of the new trace gases

Our main objective is to investigate the optimum

number of g values that would produce the flux re-
sults within ∼ ±1% below ∼30 km for all these new
gases mentioned before. In flux and heating rate cal-
culations, the same formulas in Fu and Liou (1992)
[Eqs. (4.4)–(4.8)] have been used. And in the cal-
culations, the mixing ratios for CO2, CH4, N2O,
O2, and CO were assumed to be uniform through-
out the atmosphere with concentrations of 330, 1.6,
0.28, 2.0948×105, 0.16 ppmv, respectively. The wa-
ter vapor and O3 mixing ratios were assumed to be
linear in the height coordinate in terms of the loga-
rithmic scale. Four atmospheric profiles, including the
midlatitude summer (MLS), subarctic winter (SAW),
tropical (TRO) and U.S. Standard atmospheres (USS)
(McClatchey et al., 1971) have been used in flux and
heating rate calculations.

There are two sets of errors used in determining
the accuracy of CKD. First, for the downward flux at
the surface, the outgoing flux at the top of the at-
mosphere, and the flux absorbed by gases, the differ-
ence between the exact (FLBL) and approximate re-
sult (F ) is expressed as a percentage error, defined
by EF =100(F − FLBL)/FLBL. Second, for the heat-
ing/cooling rates throughout the atmosphere, the dif-
ference between the exact (HLBL) and approximate
result (H) is expressed as the absolute error, defined
by EH(z) = H(z)−HLBL(z).

Tables 4, 5, and 6 illustrate comparisons of the
downward flux at the surface F ↓(0) and the absorbed
fluxes Fa between the CKD and LBL methods for the
overlap absorption of the H2O lines and H2O conti-

Table 4. Comparison of the LBL and CKD methods for the surface and absorbed fluxes due to overlap absorption
bands of H2O lines and H2O continuum in the solar spectral region 2500–14500 cm−1. The surface albedo is set to
zero. The percentage error is shown in parentheses. The units are in W m−2.

F ↓(0) Fa

Atmospheric profile LBL CKD LBL CKD

θ0 = 30◦ MLS 455.19 455.40 (0.05) 168.61 168.40 (−0.13)

SAW 531.89 532.21 (0.06) 91.91 91.59 (−0.36)

TRO 438.83 439.09 (0.06) 184.97 184.71 (−0.14)

USS 487.30 487.70 (0.08) 136.50 136.10 (−0.29)

θ0 = 60◦ MLS 247.80 248.08 (0.11) 112.36 112.07 (−0.25)

SAW 296.88 297.07 (0.06) 63.27 63.09 (−0.29)

TRO 237.71 238.19 (0.20) 122.44 121.97 (−0.39)

USS 268.04 268.23 (0.07) 92.11 91.93 (−0.20)

θ0 = 75◦ MLS 118.31 118.63 (0.28) 68.12 67.80 (−0.48)

SAW 146.45 146.56 (0.08) 39.98 39.87 (−0.28)

TRO 112.78 113.04 (0.23) 73.65 73.39 (−0.35)

USS 129.62 129.77 (0.07) 56.81 56.66 (−0.26)



NO. 4 ZHANG ET AL. 551

Table 5. Comparison of the LBL and CKD methods for the surface and absorbed fluxed due to overlap absorption
bands of H2O (line)+H2O (continuum)+O2 in the solar spectral region 7700–14500 cm−1. The solar zenith angle used
is 60◦, while the surface albedo is set to zero. The percentage error is shown in parentheses. The units are in W m−2.

F ↓(0) Fa

Atmospheric profile LBL CKD LBL CKD

MLS 190.12 190.91 (0.42) 52.02 51.22 (−1.54)

SAW 220.59 221.00 (0.19) 21.55 21.14 (−1.90)

TRO 183.04 183.96 (0.50) 59.10 58.18 (−1.56)

USS 203.67 204.25 (0.28) 38.47 37.89 (−1.51)

Table 6. Comparison of the LBL and CKD methods for the surface and absorbed fluxed due to overlap absorption
bands of H2O (line)+H2O (continuum)+CO2+CH4 in the solar spectral region 2850–5250 cm−1. The solar zenith
angle used is 60◦, while the surface albedo is set to zero. The percentage error is in parentheses. The units are in
W m−2.

F ↓(0) Fa

Atmospheric profile LBL CKD LBL CKD

MLS 14.37 14.18 (−1.32) 25.82 26.01 (0.74)

SAW 20.17 19.90 (−1.34) 20.02 20.29 (1.35)

TRO 13.46 13.32 (−1.04) 26.74 26.87 (0.49)

USS 16.42 16.25 (−1.04) 23.77 23.94 (0.72)

nuum, H2O (including continuum) and O2, and H2O
(including continuum), CO2, and CH4, respectively.
From Table 4, it is clear that by using the second ap-
proach, the CKD has achieved very high accuracy for
the overlap absorption of the H2O lines and H2O con-
tinuum. For the absorbed solar flux, errors are less
than −0.36% (−0.32 W m−2) for the solar zenith an-
gle of 30◦, while for the solar zenith angles of 60◦ and
75◦, the maximum errors for absorption are −0.39%
(−0.47 W m−2) and −0.48% (−0.32 W m−2), respec-
tively.

Using the first approach, Ackerman (1979) demon-
strated that the error introduced by multiplying the
two transmittances is not likely to be of significance
for a 5 cm−1 spectral width. Furthermore, Fu and
Liou (1992) pointed out that using Eq. (2.3) for over-
lap gases over a spectral interval of ∼150 cm−1 can
achieve excellent accuracy in flux and heating rate cal-
culations (within ∼1.0%). In this study, we have used
the first approach for spectral intervals as large as 2400
cm−1 for CO2 and 6800 cm−1 for O2 for speedy com-
putations. From Table 5, it is seen that the maximum
absolute percentage errors for the fluxes are less than
1.9%. However, these errors are greatly suppressed by
strong overlap absorption with the H2O lines and H2O
continuum over these spectral bands. From Table 6, it
is clear that the first approach has produced excellent
results with a percentage error ∼1% for the overlap
absorption bands of H2O (including continuum) and
CO2 and CH4 in the 2850–5250 cm−1 spectral region.

Figures 1, 2a–b, and 2c–d show the heating rate
profiles computed from LBL and the error profiles pro-
duced by CKD for the overlap absorption bands of the
H2O continuum and H2O lines in the 2500–14500 cm−1

spectral region, H2O (including continuum) and CO2

and CH4 in 2850–5250 cm−1, and H2O (including con-
tinuum) and O2 in 7700–14500 cm−1. For the spectral
region 2500–14500 cm−1, the heating rate errors below
40 km are less than 0.05 K d−1 in reference to the LBL
results, while those above 40 km are less than 0.09
K d−1. For the 2850–5250 cm−1 spectral region, the
heating rate results agree with those from LBL within
∼0.05 K d−1 up to 50 km. The heating rate errors for
the spectral region 7700–14500 cm−1 are less than 0.05
K d−1 below about 40 km but slightly larger above this
height. The maximum difference of ∼0.3 K d−1 that
occurs at about 50 km is probably due to the multipli-
cation approximation. The aforementioned compari-
son demonstrates that CKD is a reliable approach for
flux and heating rate calculations for these bands. The
present radiation parameterization program has been
applied to the IAP AGCM 9L whose top level is set
to about 30 km, and would also be suitable for appli-
cation to GCMs with a top model level of about 50
km. Results not shown here also reveal excellent ac-
curacies for the H2O visible, CO, CH4, N2O, O2, and
O3 bands.

In summary, using the parameterization developed
above, we have incorporated the preceding absorption
bands not previously accounted for into the Fu-Liou
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Fig.1 

Heating rate (K d-1) Heating rate error (K d-1) 

θ0 =30o 

H2O (with continuum) 
  2500-14500 cm-1 

θ0 =60o 

θ0 =75o 

Fig. 1. The heating rate profiles computed from LBL (left panels) and the error profiles
produced by CKD (right panels) for overlap absorption bands of H2O continuum and H2O
lines in the solar spectrum 2500–14500 cm−1 in the midlatitude summer (MLS, solid), sub-
arctic winter (SAW, double-dot dashed), tropical (TRO, dashed), and U.S. Standard (USS,
dot-dashed) atmospheres. θ0 is the solar zenith angle. (a, b) θ0 = 30◦; (c, d) θ0 = 60◦; (e,
f) θ0 = 75◦. The surface albedo is set to zero. The units are in K d−1.
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Fig.2 

Heating rate (K d-1) Heating rate error (K d-1) 

H2O (with continuum) 
＋ CO2 ＋ CH4 
  2850 - 5250 cm-1 

H2O (with continuum) 
＋ O2  
  7700 - 14500 cm-1 

Fig. 2. The heating rate profiles computed from LBL and the error profiles produced by CKD
for (a, b) overlap absorption of H2O continuum, H2O lines, and CO2 in the solar spectrum 2850–
5250 cm−1, and (c, d) H2O continuum, H2O lines, and O2 in the solar spectrum 7700–14500
cm−1 in the midlatitude summer (MLS, solid), subarctic winter (SAW, dashed double–dotted),
tropical (TRO, dashed), and U.S. Standard (USS, dot-dashed) atmospheres. The solar zenith
angle used is 60◦ and the surface albedo is set to zero. The units are in K d−1.

radiation program, which is referred to as the new ver-
sion. In the next section, we present some illustrative
results regarding the effect of these gases on flux and
heating rate calculations.

3. Results and discussions

In clear sky, results of the contribution of solar ab-
sorption produced by the new absorption bands have

shown that for different solar zenith angles the relative
increases are more than 9% for all four atmospheric
profiles. The individual effects on the clear sky flux in
the new version are given in Table 7. We see that the
H2O continuum generates the largest solar absorption,
followed by the absorption of O2, CO2, H2O visible
band, and CH4. The contributions of N2O, O3 3.3 µm
band and CO on solar absorption are quite small and
can be neglected for most practical applications. It
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Table 7. The individual contribution of the new absorption bands to the solar absorption flux in clear sky calculated
by the Fu-Liou code. The solar zenith angle is set to 60◦ and the surface albedo is set to 0.1. The units are in W m−2.

MLS SAW TRO USS

H2O (continuum) 5.04 3.81 5.29 4.48

CO2 2.30 2.39 2.14 2.67

O2 2.72 3.15 2.62 2.91

H2O visible band 1.87 0.30 2.55 0.97

CH4 0.57 0.84 0.53 0.66

Table 8. Comparison of F ↓(0), F ↑(TOA) and Fa between the new and old versions of the Fu-Liou code. The solar
zenith angle used is 60◦ and the surface albedo is 0.1. The difference (new version – old version) is shown in parentheses.
The units are in W m−2.

F ↓(0) F ↑(TOA) Fa

Atmospheric profiles Old New Old New Old New

Clear sky MLS 491.7 479.6 (−12.1) 89.27 87.64 (−1.63) 132.21 144.71 (12.50)

SAW 535.0 523.8 (−11.2) 92.97 91.56 (−1.41) 89.53 101.02 (11.49)

Low cloud MLS 50.42 49.54 (−0.88) 461.3 452.1 (−9.2) 157.33 167.30 (9.97)

SAW 52.10 51.60 (−0.50) 481.7 473.5 (−8.2) 135.41 144.02 (8.61)

Middle cloud MLS 43.22 42.60 (−0.62) 498.3 492.1 (−6.2) 126.78 133.55 (6.77)

SAW 44.20 43.81 (−0.39) 496.7 489.9 (−6.8) 127.53 134.72 (7.19)

High cloud MLS 417.9 408.1 (−9.8) 160.5 158.9 (−1.6) 127.31 137.80 (10.49)

SAW 452.6 443.9 (−8.7) 161.5 159.8 (−1.7) 95.17 104.66 (9.49)

Three cloud layers MLS 21.37 20.85 (−0.52) 510.7 505.1 (−5.6) 134.05 140.13 (6.08)

SAW 21.92 21.69 (−0.23) 507.8 501.7 (−6.1) 136.52 142.83 (6.31)

has been noted that the solar absorption due to the
H2O visible band largely depends on temperature. In
colder (warmer) conditions, the H2O visible band ab-
sorbs less (more) solar radiation.

In the following, we present the heating rate pro-
file, the upward flux F ↑(TOA), and the downward flux
F ↓(0) for five different conditions: clear sky; a single-
layer low cloud (LWC=0.22 g m−3, re=5.89 µm); a
single-layer middle cloud (LWC=0.28 g m−3, re= 6.2
µm); a single-layer high cloud (IWC=0.0048 g m−3,
De=41.5 µm); and a three-layer cloud, where LWC/
IWC denotes liquid/ice water content, and re/De rep-
resents mean effective radius/width. The low cloud is
positioned from 1 to 2 km in MLS and from 0.5 to 1.5
km in SAW, while the middle cloud extends from 4 to
5 km in MLS and from 2 to 3 km in SAW. The high
cloud is located between 10 and 12 km in MLS and
between 6 and 8 km in SAW.

Comparisons of F ↓(0),F ↑(TOA), and Fa (solar ab-
sorption) between the new version and the original Fu-
Liou code for the solar zenith angle of 60◦ are given
in Table 8. Under clear and cloudy conditions, the
new version produces a smaller downward flux at the
surface, a smaller upward flux at the top of the atmo-
sphere and a larger solar absorption than the original
Fu-Liou code. Inclusion of the preceding new absorp-

tion bandsincreases solar absorption by12.50–11.49 W
m−2 in clear sky,and by 9.97–8.61 W m−2,6.77–7.19 W
m−2, 10.49–9.49 W m−2, and 6.08–6.31 W m−2 in the
low-, middle-, high-, and three-cloud conditions, re-
spectively. The first and second numbers are for MLS
and SAW, respectively. The total absorption contri-
bution of the new bands in cloudy skies is smaller
than that in clear sky. Furthermore, more solar ra-
diation is reflected by a low or a middle cloud than by
a high cloud because of the respective optical depths.
In the midlatitude summer atmosphere containing a
high cloud, due to more solar radiation reaching the
ground, F ↓(0) decreases by about 9.8 W m−2, which is
larger than the decrease in F ↑(TOA) (∼1.6 W m−2).
For a low cloud or a middle cloud, due to more solar
radiation being reflected, the decrease in F ↓(0) is only
about 0.88 or 0.62 W m−2, while for F ↑(TOA) it is
about 9.2 or 6.2 W m−2, respectively.

Figure 3 shows the heating rate calculated from
the new version of the Fu-Liou code and the difference
between this and the old version under the five sky
conditions mentioned above. We see that compared to
the original version, the new version has a larger heat-
ing rate in clear sky throughout the whole column,
whereas in cloudy sky, the new version has generated



NO. 4 ZHANG ET AL. 555

 
Fig.3a 

Heating rate (K d-1) Heating rate error (K d-1) 

Fig. 3. The heating rate calculated from the new version of the Fu-Liou code (left panels)
and the difference of heating rates between the new and old versions (new–old) (right panels).
(a, b) clear sky; (c, d) low cloud; (e, f) middle cloud; (g, h) high cloud; and (i, j) three layer
clouds. The solar zenith angle used is 60◦ and the surface albedo is set at 0.1. The solid line
is for MLS, while the dashed is for SAW. The units are in K d−1.
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Fig. 3b 

Heating rate (K d-1) Heating rate error (K d-1) 

Fig. 3. (Continued).

a smaller solar absorption in clouds and a larger value
above and below the clouds. The increase in solar ab-
sorption above the cloud in the new version due to
inclusion of the new absorption bands is clearly de-
pendent on the position of the cloud and its reflecting
power. This increase reduces solar flux reaching the
cloud top, resulting in relatively smaller cloud absorp-
tion.

Cess et al. (1996) pointed out that compared to
observations, the Fu-Liou radiation program overesti-
mates transmittances by an average of 5% in clear-sky
while 11% under cloudy conditions. After introducing
additional gaseous absorption into the Fu-Liou code,
it is shown that F ↓(0) decreases in all atmospheric
conditions (Table 8), revealing a decrease in the atmo-
spheric transmittance in the modified Fu-Liou Code.
Therefore, introducing more gaseous absorption has
improved the performance of the Fu-Liou program and
hence will enhance the accuracy of radiation field cal-
culations in GCMs. Since only one quadrature point

has been used for most of the minor absorbing gases
in weak bands to optimize the computational efforts
in the parameterization, the computing time has not
been significantly increased (less than 10% compared
to the old version) and the radiation parameterization
scheme developed in this paper is very suitable for di-
rect application to GCMs and climate models.

4. Conclusions

In this paper, we have incorporated the absorption
properties of a number of trace gases, including the
water vapor continuum (0.69–4.0 µm); the H2O visi-
ble band; the O2 A (0.76 µm), B (0.69 µm), γ (0.63
µm), 1.06, 1.27, and 1.58 µm bands; the CO2 1.4, 1.6,
2.0, and 2.7 µm bands; the CO 2.34 µm band; the N2O
2.87 and 2.97 µm bands; the CH4 3.83, 3.53, 3.31, 3.26,
2.37, 2.30, 2.20 and 1.66 µm bands; and the O3 3.3 µm
band in the Fu-Liou radiation parameterization pro-
gram for the computation of fluxes and heating rates
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in clear and cloudy atmospheres.
For overlap absorption of H2O lines and H2O con-

tinuum, we follow the approach of a single mixed gas
for transmittance calculations. In order to optimize
the computation efforts, in band four and band five
(2850–5250 cm−1), CO2 and CH4 have been taken as
a new single-mixture gas also. The multiplication rule
for the computation of spectral transmittance under
which the absorption spectra for two gases are assumed
to be uncorrelated is employed to treat a number of
overlaps within the framework of the Fu-Liou solar ra-
diation parameterization program. We show that the
errors introduced by these two approaches within the
context of the CKD method, as compared to the LBL
method, are small and acceptable. Analysis also shows
that the multiplication rule over spectral intervals as
large as 6800 cm−1 produces a small maximum error
of about 1.90%.

Under all sky conditions, the new version of the Fu-
Liou radiation parameterization has produced larger
solar absorption than the original one. Contribution
from the absorption of the H2O continuum is most im-
portant, followed by O2, CO2, the H2O visible band,
and CH4. The contributions of N2O, the O3 3.3 µm
band and CO on solar absorption are quite small and
can be neglected for most practical applications. In
cloudy sky, the new version has generated a smaller so-
lar absorption in the cloud due to less solar flux reach-
ing the cloud top. Finally, it is our intent to integrate
the new version of the Fu-Liou radiation program into
the IAP AGCM II to determine the contributions of
the preceding absorption bands to the heating of the
Earth-atmosphere system for climate study.
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