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[1] Codes commonly used in climate and weather
prediction models for calculating the transfer of solar
radiation in the atmosphere show systematic differences
amongst each other, and even the best of codes show
systematic differences with respect to observations. A
1-dimensional radiative-convective equilibrium model is
used to show the effects of such bias on the global
energy balance and on the global response to a doubling
of CO2. We find the main impact is in the energy
exchange terms between the surface and atmosphere and
in the convective transport in the lower troposphere,
where it exceeds 10 W m�2. The impact on model
response to doubling of CO2, on the other hand, is quite
small and in most cases negligible. Citation: Arking, A.

(2005), Effects of bias in solar radiative transfer codes on

global climate model simulations, Geophys. Res. Lett., 32,

L20717, doi:10.1029/2005GL023644.

1. Introduction

[2] The accuracy of the radiation codes used in general
circulation models for calculating the absorption of solar
radiation in the atmosphere is still subject to question. For
climate studies, what is important is not the error in
calculating the radiative fluxes under a given set of con-
ditions, but the systematic error that could occur over
extended time and spatial scales. Systematic as well as
random differences amongst codes of varying levels of
detail have been revealed in organized intercomparisons,
where radiative fluxes are compared for specified atmo-
spheric conditions. Over the past 15 years, there has been
little progress in reducing the differences [Fouquart et al.,
1991; Barker et al., 2003; Halthore et al., 2005].
[3] Of concern in this study are systematic differences,

not only amongst the codes but what appears to be a general
bias between the best of codes and observations. The
principal bias is in the partitioning of absorbed solar
radiation between the atmosphere and surface. We first look
at examples of bias amongst several reanalysis data sets and
between stand alone radiation codes and observations. Then
we use a 1-dimensional radiative-convective equilibrium
model (RCEM) to assess the potential impact on the global
energy budget and on the global response to a doubling of
CO2.

2. Reanalyses Comparison

[4] Five-year global means of atmospheric and surface
absorption are shown in Table 1 for three reanalyses:

Goddard Earth Observing System-1 (GEOS-1), National
Center for Environmental Prediction/National Center for
Atmospheric Research Reanalysis (NCEP/NCAR), and the
European Center for Medium-range Weather Forecasting
(ECMWF) Re-Analysis (ERA-15). Although absorption is a
characteristic of the model, and not the observational data
assimilated into the model, total absorption compares well
with measurements at the top of the atmosphere (TOA) over
the same five-year period, based on the Earth Radiation
Budget Experiment (ERBE), [Barkstrom et al., 1989].
(The anomaly in NCEP is attributed to an unrealistic surface
albedo over land, its effect seen in Table 1.) However,
there are large differences in the partitioning of the
absorbed energy between surface and atmosphere, with
ERA-15 showing 50% greater atmospheric absorption
than GEOS-1. Figure 1 shows that the bias is consistent
across a wide range of latitudes.
[5] Observations of atmospheric absorption are only

available where there are surface measurements. A collec-
tion of such measurements known as the Global Energy
Budget Archive (GEBA) [Ohmura and Gilgen, 1993] has
been used along with ERBE satellite measurements of total
absorption to determine the atmospheric component. The
overall mean and standard deviation determined from
monthly mean values at 114 GEBA sites over the period
Mar 1985–Dec 1988 are compared in Table 2 with collo-
cated values in the reanalyses. Although the GEBA/ERBE
sites are widely distributed, they are mostly on or near
large land masses at mid latitudes in the Northern Hemi-
sphere. The comparison with the GEBA/ERBE observa-
tions shows large underestimates in GEOS-1 and NCEP,
and an overestimate of smaller magnitude in ERA-15. The
standard deviations also differ significantly amongst the
models.

3. Model Description

[6] To determine the impact of model bias in calculating
atmospheric absorption on the global energy budget and on
model response to external forcing, we conducted numerical
experiments with the RCEM, a 1-dimensional radiative-
convective equilibrium model. The basic physics and func-
tional characteristics of the model are the same as in models
frequently used in this type of study [e.g., Lindzen et al.,
1982]. It differs only in the use of a more up-to-date
radiation code and in the method of achieving an
equilibrium solution. The RCEM uses the radiative transfer
code of Chou [1992] and Chou and Lee [1996] for solar
radiation, and Chou et al. [1991] for terrestrial infrared
radiation. The input to the radiation codes includes vertical
profiles of temperature, water vapor, and aerosol and cloud
optical properties, and surface albedo and solar zenith angle.

GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L20717, doi:10.1029/2005GL023644, 2005

Copyright 2005 by the American Geophysical Union.
0094-8276/05/2005GL023644$05.00

L20717 1 of 5



[7] Calculations of atmospheric absorption with Chou’s
solar radiation code are compared in Figure 2 with the
RRTM code [Clough et al., 2005] and with observations on
13 cloud-free days at the Atmospheric Radiation Measure-
ment (ARM) program’s Southern Great Plains (SGP)
site (manuscript in preparation; for preliminary results see
Arking [1999]). Each point represents the fraction of the
incident solar flux at TOA absorbed by the atmosphere over
the course of a day, based on continuous measurements of
broadband surface flux integrated over one-minute intervals
and TOA reflected flux estimated from narrow-band satel-
lite observations at half-hour intervals. The input to the
radiation code includes total column water vapor measured
from nearby radiosondes, and onsite measurements of
ozone, aerosol optical depth, and surface albedo. The shapes
of the moisture, ozone, and aerosol profiles are prescribed
based on a mid-latitude climatology. The single scattering
albedo was set at 0.95 consistent with monthly mean
statistics at the site [Delene and Ogren, 2002].
[8] Although clouds can have a large effect on atmo-

spheric absorption on a day-to-day basis, the average
effect over extended spatial and temporal scales is small
[Arking, 1996, 1999], so that one would not expect the
inclusion of clouds to significantly impact the thrust of
this investigation.
[9] The logarithmic fit of the calculations and observa-

tions to column water vapor (solid lines in Figure 2)
suggests an additional water vapor-dependent absorption
can be added to the radiation codes that would remove the
bias with respect to the observations. For Chou’s code, we
added an optical thickness in each atmospheric layer,
uniform within the 400–700 nm band, with the following
form:

dt ¼ aþ bqp=poð Þdp=g ð1Þ

where q is specific humidity, p is pressure, g is earth’s
gravity, and a and b are constants. The first term represents
an added absorption that is independent of the variable
gases in the atmosphere, while the second term represents a
pressure-dependent addition to the water vapor absorption
coefficient. The constants determined to give a best fit are
a = 4.3e-5 cm2 g�1 and b = 0.016 cm2 g�1. The two terms
contribute approximately equally for a column water vapor
amount of �3 g cm�2. Figure 2 shows that adding this
enhanced absorption to Chou’s radiation code yields a fairly
good fit to the observations, increasing mean daily
absorption by �0.04 relative to the incident solar flux at
TOA (equivalent to �14 W m–2 daily average). A smaller
enhancement applied to RRTM would have the same effect.
In what follows, ‘enhanced code’ refers to Chou’s code with
the added absorption.

[10] The RCEM is based on a balance of energy at the
surface and each level of the atmosphere, assuming only
two types of energy transport: radiation and convection.
Without convection, the lapse rate would increase with
increasing pressure, at some point exceeding a specified
lapse rate (e.g., dry or moist adiabatic, or a fixed lapse rate)
beyond which the atmosphere would be considered
unstable. We therefore assume that convection takes place,
beginning at the surface and continuing upward to a point
(defined as the tropopause) where the net radiative flux
(solar plus terrestrial components) becomes zero. Below the
tropopause, the temperature is constrained by the specified
lapse rate, resulting in a calculated net upward radiative flux
that is negative. Above the tropopause, the temperature is
determined by requiring the net flux to be zero at all levels.
[11] Numerically, we achieve a solution by choosing a

first guess for the tropopause pressure and a first guess
temperature profile for each layer between the tropopause
and TOA and the layer immediately below the tropopause.
Air temperature in the layers below the top layer of the
troposphere is constrained by the temperature of the top
layer and the specified lapse rate. Surface temperature is
made equal to the air temperature immediately above, based
on the assumption that there are efficient energy exchange
processes at the surface to eliminate any discontinuity. We
then linearize the radiative transfer equation around the
assumed set of temperatures, creating a matrix equation in
which a vector of changes in flux at each level from the
tropopause on up, is a matrix operator times the change in
temperature in each layer from the top of the troposphere to
TOA. Inversion of the operator by standard techniques
yields a new set of temperatures, which is then used as
the reference point for re-computing the matrix operator.
This process is iterated until the magnitude of the net flux,

Table 1. Global Mean Absorption Relative to the Incident Solar

Flux at TOA, Mar 1985–Feb 1990

Data Set Sfc Albedo

Absorption

Total Sfc Atmos

ERBE 0.703
GEOS-1 0.129 0.716 0.553 0.163
NCEP 0.217 0.662 0.474 0.188
ERA-15 0.155 0.704 0.457 0.247

Figure 1. Mean atmospheric absorption of solar radia-
tion in three reanalyses for the period March 1985–
February 1990.

Table 2. Mean and Standard Deviation of the Ratio of Solar

Energy Absorbed in the Atmosphere to Incident Solar Flux at

TOA, Based on Monthly Mean GEBA/ERBE Observations and

Collocated Grid Points in Three Reanalysis Data Sets, Mar 1985–

Dec 1988

Data Set Mean Std Dev

GEBA/ERBE 0.242 0.048
GEOS-1 0.160 0.019
NCEP 0.190 0.010
ERA-15 0.277 0.031
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terrestrial plus solar, at the tropopause and at each level
above is �0.01 W m�2.
[12] The adjusted temperature, based on the assumed

tropopause height, will not necessarily have a smooth
transition between the tropopause and the layer above. To
remove any substantial discontinuity, we iteratively adjust
the tropopause height until we satisfy a specified smooth-
ness criterion. The final solution is a complete temperature
profile, with the net radiative flux computed at each level
within the troposphere, where it is not zero. Due to the lapse
rate constraint, the net upward flux below the troposphere is
negative. Since convection is assumed to make up the
deficit, the magnitude of the net flux is considered the
convective flux, which is positive upward.
[13] The model allows a solution either for a specified

incoming solar flux or to match a specified net flux at
TOA. The model also has an option for a prescribed
water vapor feedback. The present runs were made both
with fixed specific humidity (i.e., no feedback) and fixed
relative humidity, a feedback similar in performance to
many 3-dimensional models. Although the model also
allows clouds to be specified, we present results only for
cloud-free conditions, since they illustrate the main point
without the additional complication.

4. Results for Current CO2 Level

[14] Equilibrium results showing the effects of enhanced
absorption appear in Figure 3, with key variables from each
run shown in Table 3. The incident solar flux at TOA is
fixed at 342 W m�2 at a zenith angle of 60�, base CO2

concentration is 360 ppm, surface pressure is 1013 hPa, and
humidity (specific humidity for ‘fixed q’, relative humidity
for ’fixed RH’) corresponds to that of a mid latitude summer
climatology. Figure 3 shows model results for fixed q, with
either of two specified lapse rates: a moist adiabatic, and a
fixed lapse rate of 6.8 K km-1 (0.7 times the dry adiabatic).
The main effect of the lapse rate specification is on the
distribution of temperature within the troposphere; in the
moist adiabatic cases the boundary layer is cooler and
the mid troposphere warmer. A more physically-based
parameterization of cumulus convection yields results
between the moist adiabatic and fixed lapse rates [Lindzen
et al., 1982].

[15] As seen in Table 3, enhanced absorption increases
surface temperatures by less than 1 K in all cases. Within
the troposphere (LHS of Figure 3), the increases are less
than 1 K for fixed lapse rate, and less than 1.3 K for the
moist adiabatic. This relatively small effect is a consequence
of the enhanced absorption of solar radiation causing mostly
a redistribution of the absorption between surface and
atmosphere, with a relatively small impact on the net
radiative flux at the tropopause (�1.5 W m�2). In the
stratosphere, where the net radiative effect (net flux at
TOA minus that at the tropopause) is larger (�3 W m�2,
due primarily to the a term in Equation 1), the increase in
temperature is correspondingly larger (3–6 K between
100 and 200 hPa). For the entire column, the planetary
albedo decreases by 0.013, corresponding to a net forcing at
TOA of �4.5 W m�2.
[16] The impact of enhanced absorption on the convec-

tive flux at the surface is shown on the RHS of Figure 3. At
the surface, the convective flux (Table 3, 5th column) is
decreased in all cases by 15–17 W m�2. The bulk of that
change is due to a shift of absorbed solar energy from the
surface to the atmosphere, in addition to a small increase in
total column absorption. Three-dimensional model studies
with Version 3 of the NCAR Climate Community Model
shows that the latent heat effect reduction is �10% globally,
implying a �10% reduction in global evaporation and
precipitation (F. Liu, PhD dissertation, Johns Hopkins
University, 2002).

5. Results for 2 ��� CO2

[17] The effects of enhanced absorption on model
response to a doubling of CO2 are shown in Table 3, and
plotted data are shown in Figure 4 for the fixed lapse rate
cases, with (fixed RH) and without (fixed q) a prescribed
water vapor feedback. The moist adiabatic cases have an
additional feedback associated with the response of the
lapse rate to changes in temperature, which is negative
(unlike water vapor feedback, which is positive). As pointed
out by Lindzen et al. [1982], the moist adiabat forces the
response to occur at a higher level in the troposphere,
allowing a more efficient terrestrial emission to space. Note

Figure 2. Mean daily absorption of solar radiation in the
atmosphere on 13 clear days at the ARM/SGP site in
Oklahoma, based on observations (blue) and two radiation
models (green and red). Open circles are based on the Chou
model with enhanced absorption according to Equation 1.

Figure 3. Equilibrium temperature (LHS) and convective
flux (RHS) profiles from a 1-d radiative-convective model
with fixed lapse rate (solid lines) and moist adiabatic lapse
rate (dashed lines), showing the effects of enhanced
absorption (red) added to Chou’s radiation code (blue).
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that whenever RH is fixed for the run with the standard
radiation code, the RH for the run with the enhanced code is
specified (denoted by an ’s’ in column 1 of Table 3) to be
the same as that obtained for the corresponding standard
run.
[18] These results show that the effect of enhanced

absorption on the tropospheric temperature response to a
doubling of CO2 is negligible for all cases. The effect on the
convective flux is appreciable only in the presence of water
vapor feedback; with our feedback (fixed RH) the convec-
tive flux is reduced by �1 W m�2.

6. Discussion and Conclusion

[19] The radiative properties of the clear atmosphere are
such that about half the solar radiation incident at TOA is
absorbed by the surface, and only �25% is absorbed by the
atmosphere. Hence, it is the surface that is the primary
source of heat for the troposphere, most of which is in the

form of emitted (infrared) radiation, but some of it is in the
form of a thermodynamic heat exchange at the surface
(comprising sensible and latent heat) that is carried upward
by convection. Enhancing atmospheric absorption of solar
radiation would transfer to the atmosphere some of the solar
energy that would otherwise heat the surface.
[20] As one might expect from a change in the radiation

code which increases the absorption of solar radiation in
the atmosphere, energy that is otherwise primarily
absorbed by the surface is captured by the atmosphere.
Hence, as we see in Figure 3, the convective flux
necessarily decreases. The magnitude of the change seen,
15–17 W m�2 at the surface, probably exaggerates the
effect because the simulations were done under clear sky
conditions. There is also a small increase in tropospheric
temperatures, related to a small increase in column
absorption below the tropopause, and a larger increase
in stratospheric temperatures due to the increase of
absorption above the tropopause.
[21] In examining the response of the atmosphere to a

doubling of CO2, we find the effects of enhanced absorption
are much smaller because we are now looking at differences
of differences. The effect on the tropospheric temperature is
negligible, and the effect on the convective flux response is
non-negligible only near the surface when we allow water
vapor feedback.
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