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ABSTRACT

The disposition of mean July clear-sky solar radiation in the Canadian Climate Centre second-generation
general circulation model (CCC-GCMII) was analyzed by comparing top of the atmosphere (TOA) net fluxes
with earth radiation budget experiment ( ERBE ) data and atmospheric and surface net fluxes with values inferred
from Li’s algorithm using ERBE data and European Centre for Medium-Range Weather Forecasts precipitable
water data. GCMII tended to reflect ~5 W m™2 too much to space. Corresponding atmospheric and surface
absorption, however, tended to be too low and high, respectively, by ~30 W m~2 over much of the Northern
Hemisphere. These results were echoed when GCMII atmospheric absorption was compared to estimated results
from Li’s algorithm driven by GCMII TOA albedo and precipitable water.

The latest version of the CCC-GCM (GCMIII) has numerous upgrades to its clear-sky solar radiative transfer
algorithm, the most important of which involve water vapor transmittances and aerosols that tend to enhance
atmospheric absorptance. GCMIII’s water vapor transmittance functions derive from Geophysical Fluid Dynamics
Laboratory line-by-line results, whereas GCMII’s were based on Air Force Geophysical Laboratory data. GCMIII
includes crude distributions of background tropospheric aerosols, whereas GCMII neglected aerosols.

Li’s algorithm was then driven by GCMIII data, and atmospheric absorption of solar radiation by GCMIII
was assessed. Differences between GCMIII’s and Li’s atmospheric absorption over land were almost always
within 5 W m™2. Over oceans, differences were mostly between —5 W m~2 and —15 W m™2. This apparent
underestimation over GCMIII’s oceans probably stems from the algorithm’s use of a thin, highly absorbing

2213

Improved Simulation of Clear-Sky Shortwave Radiative Transfer in the CCC-GCM

aerosol.

1. Introduction

Earth’s climate is determined mostly by the dispo-
sition of solar radiation within the system. It is, there-
fore, imperative that GCMs, especially those with in-
teractive oceans and sea ice, model properly solar ra-
diative transfer. This, however, is a difficult task for it
requires GCMs to 1) portray proper spatial and tem-
poral distributions of clouds, aerosols, and gases and
parameterize accurately their radiative properties
(Slingo and Slingo 1991; Ramaswamy and Freiden-
reich 1992; Kiehl and Briegleb 1993); 2) take into ac-
count cloud variability over vast ranges of scales ( Bar-
ker and Davies 1992; Cahalan et al. 1994); and 3)
account for variable surface albedos (Li and Garand
1994). Assessing whether GCMs fulfill these require-
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ments is hampered by a paucity of reliable and suitable
observations. Thanks to advances in remote sensing
techniques, however, it is becoming possible to com-
pare the disposition of solar fluxes in GCMs to values
inferred from satellite data (Li and Barker 1995).

Estimation of downwelling solar irradiance at the
surface using satellite data has been taking place for
some time (Gauthier et al. 1980; Pinker and Ewing
1985) and inference of the complete solar budget has
begun (e.g., Cess and Vulis 1989; Li et al. 1993a). Since
a comparison of solar fluxes at the top of the atmo-
sphere (TOA) between the Canadian Climate Centre
second-generation general circulation model (CCC-
CGMII) (McFarlane et al. 1992) and Earth Radiation
Budget Experiment (ERBE) data has been reported
(Barker et al. 1994), this paper focuses on the ability
of two versions of the CCC-GCM to partition absorbed
solar radiation between the surface and atmosphere
for clear-sky conditions. Analyses were restricted to
clear skies because some cloud optical properties are
still being adjusted in the latest version of the GCM,
and also because inference of surface net solar fluxes
from space appears to be hampered by substantially
nonplanar clouds (Li et al. 1995b).
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Barker et al. (1994 ) identified several shortwave ra-
diative characteristics of the CCC-GCMII that needed
improvement. Many of these were crucial for clear
skies; for example, a deficit of precipitable water and
ocean and snow albedo. In addition, this paper shows
the need to include at least background tropospheric
aerosols and to improve water vapor transmittances.
Due to these shortcomings in GCMII, its surface and
atmosphere absorb alarmingly large and small amounts
of solar radiation, respectively. Moreover, this problem
is encountered by many GCMs (Li and Barker 1995).

Section 2 of this paper compares clear-sky solar
fluxes absorbed by GCMII’s surface and atmosphere
with corresponding values inferred from ERBE data
(Li and Leighton 1993) by the algorithm of Li et al.
(1993a) (heretoafter referred to as Li’s algorithm).
Then, Li’s algorithm was driven by GCMII data, which
isolated differences due to radiation codes only. In sec-
tion 3, modifications to GCMII’s clear-sky solar radia-
tion characteristics are described (CCC-GCMIII). In
section 4, clear-sky solar fluxes obtained with the new
CCC-GCMIII are compared to values from Li’s algo-
rithm. Concluding remarks are made in section 5.

2. Disposition of clear-sky solar radiation in GCMII

McFarlane et al. (1992) and Barker et al. (1994)
have documented and analyzed the radiative charac-
teristics of the CCC-GCMII. GCMII data used in this
section were from its original Atmospheric Model In-
tercomparison Project (AMIP) simulation (Gates
1992). Only mean values for four Julys were presented
(1985-88) and they were compared to corresponding
fluxes from ERBE datasets. The essence of these results
were almost identical to those for four Januarys.

Li et al. (1993a) devised an algorithm (see the ap-
pendix) for inferring net shortwave radiation at the
surface (and in the atmosphere) that uses local plan-
etary albedo, precipitable water, and cosine of the solar
zenith angle. An empirical study (Li et al. 1993b) using
collocated satellite and land surface tower measure-
ments suggested that clear-sky surface flux estimates
have very small mean-bias errors and only moderate
random errors. Li’s algorithm was applied to monthly
mean ERBE and European Centre for Medium-Range
Weather Forecasts (ECMWF) precipitable water da-
tasets to generate a 5-yr climatology of surface and at-
mosphere absorbed solar fluxes (Li and Leighton
1993). This dataset is referred to as ERBE/SRB (sur-
face radiation budget ). Only the clear-sky subset of the
ERBE/SRB dataset was employed in this study. Thus,
clear-sky ERBE/SRB and application of Li’s algorithm
to GCMII clear-sky TOA data defined the standard to
which the GCM’s fluxes were compared.

Figure 1 shows the difference in disposition of clear-
sky solar radiation between GCMII and ERBE data
for July in which the atmospheric and surface com-
ponents are from ERBE /SRB. Many differences at the
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TOA can be attributed to surface albedo differences as
discussed in detail by Barker et al. (1994). For example,
GCMII’s northern ice margin is much too bright, many
of its Northern Hemisphere deserts are too dark (es-
pecially the Sahara), and its northern boreal forests are
too reflective due to exclusion of relatively dark fresh-
water lakes (the opposite is true during winter when
lakes are snow covered). For the most part, GCMII’s
TOA reflectance over oceans is too low (i.e., net solar
at the TOA is too large). This is due to improper surface
albedo specification and lack of maritime aerosols and
will be discussed in section 3.

While some of the extreme differences in TOA flux
are evident in the difference of net surface flux (e.g.,
northern pack-ice margin), GCMII’s surface tends to
absorb substantially more solar radiation than ERBE/
SRB values. In fact, over the Northern Hemisphere,
GCMII ocean surfaces systematically absorb 30 W m™2
too much. For this to be due exclusively to underes-
timated ocean albedo, it would have to be more than
0.15 too low. This is not the case as the albedo for
tropical and midlatitude summer oceans is about 0.06
(Cox and Munk 1956; Payne 1972), while the corre-
sponding value in GCMII is about 0.08 (Barker et al.
1994). This means that the excess absorption is due
to excessive irradiance. While GCMII does neglect
aerosols, typical maritime aerosols almost certainly do
not attenuate surface irradiance by 35 W m™2.

As expected, the difference between GCMII and
ERBE/SRB atmospheric absorption shows that much
of the overestimated flux at the surface stems from an
equally severe underestimation of atmospheric ab-
sorption. Over the Northern Hemisphere, the under-
estimation is generally between 20 and 40 W m™2.
Since there is little distinction between land and ocean,
this bias is independent of surface albedo. Li’s algo-
rithm is known to yield excessive atmospheric absorp-
tances for very low values of precipitable water, es-
pecially for long direct-beam slant paths. At most,
however, the error is ~10 W m™2, and so only partly
explains the large discrepancies (which exceed 35
W m~2) poleward of 60°N as shown in Fig. 1. Fur-
thermore, Li’s algorithm uses a highly absorptive, albeit
thin, Arctic aerosol, and this leads to excessive atmo-
spheric absorption especially over remote oceans.
Hence, the magnitude of some absorption differences
shown in Fig. 1 are probably too large by about 5-10
W m~2. Otherwise, much confidence has to be placed
in Li’s clear-sky algorithm following its excellent
agreement with surface data for land sites (mean-bias
error less than 1 W m™2) (see Li et al. 1993b; Li et al.
1995a). The fact that GCMII appears to underestimate
precipitable water by ~15% (Barker et al. 1994) ac-
counts for at most about 5 W m™2. Thus, the only
remaining conventional hypotheses capable of ad-
dressing systematic anomalies rivaling those in Fig. 1
are neglect of aerosols and faulty broadband transmit-
tance parameterizations of atmospheric gases.
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FIG. 3. Zonal mean surface and atmospheric clear-sky solar absorption by GCMII and Li’s
algorithm using ERBE and ECMWF data and GCMII data.

. conditions. This, however, is not the case: Fig. 1
shows that, in general, GCMII reflects too little,
and when this is used in Li’s algorithm it pre-
dicts more atmospheric and surface absorption
relative to when ERBE fluxes are used. However,
the fact that GCMII’s atmosphere is too dry forces
the algorithm to predict less atmospheric and more
surface absorption relative to ERBE /SRB. Thus, the
two compensating factors affecting Li’s estimates of
atmospheric absorption when driven by GCMII data
tend to cancel out, making those estimates approx-
imately equal to the ERBE/SRB estimates. For the
surface, however, both factors lead to overestimation
of surface absorption relative to ERBE/SRB,
which is clearly the case except for the northern
pack ice margin and ~50°N (boreal forests)
where excessive GCMII reflectances force Li’s esti-
mates of surface absorption down relative to
ERBE/SRB.

One should be aware that in order for GCMII and
Li’s algorithm forced by GCMII data to agree on
clear-sky atmospheric a, and surface a, absorptance,
GCMII is not necessarily required to increase its
globally averaged atmospheric absorption by about
25 W m™2. This is because changes to GCMII’s ra-
diative transfer code and atmosphere lead to changes
in Li’s estimates of a, and a,. Differentiating (A1)
in the appendix leads to changes to Li’s estimates of
a; and a, defined by

Aag = —B(o, W)(Aay, + Aap?

P
+ At 4 AqST) + a—i’; AW, (la)

and
Aa, = —[1 — B(mg, W))(Aa, + Aap®

2
+ Aaf™ + Aafr) ~ 2 A, (1b)

where B(ug, W) is from Li’s algorithm (see the appen-
dix) in which g is monthly mean cosine of the solar
zenith angle, and Aa}”, Aaj"™"™, and Aajs™ represent
changes to GCMII’s TOA albedo «, due to changes in
w, water vapor transmittance function, and aerosol
optical depth 7, respectively. Other changes to «, are
encompassed in Aa, and these might be caused by
changing surface albedo, radiative transfer algorithm,
and other gaseous transmittance functions. The second
term on the rhs of (1a) and ( 1b) represents changes to
Li’s surface absorption due to changes in w and can
be shown to be (see the appendix)

3'1_62(1 — e ).

Ho
(2)

Thus, for example, if w increased by 15% in GCMIL, Li’s
algorithm would predict approximately an additional 4
W m™2 absorbed by the atmosphere on a globally aver-
aged basis. If, on the other hand, GCMII absorptances
are to match ERBE/SRB data, GCMII’s atmosphere
must absorb approximately an additional 25 W m™2,

945 p iy = -—0.0108»17“”2[1 +

ow

3. Improvements to clear-sky solar radiation:
GCMII

Several deficiencies in GCMII related to radiation
were identified both by Barker et al. (1994) and in the
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previous section of this paper. The purpose of this sec-
tion is to explain briefly changes to the clear-sky solar
radiative transfer characteristics of GCMII (the new
version will be referred to as GCMIII). While several
changes involving clouds and longwave radiative
transfer have either been done or are in progress, they
are not reported here.

a. Earth’s orbital parameters

In all versions of the CCC-GCM up until GCMIII,
it was assumed that Earth revolved around the Sun in
a circular orbit with a solar constant of 1370 W m™2.
This has been corrected following Berger and Loutre
(1993). Also, the solar constant used in AMIP and in

GCMIII is 1365 W m™2,

b. Surface albedo
1) OCEAN ALBEDO

As discussed by Barker et al. (1994), the ocean al-
bedo used in GCMII was a function of latitude only.
This produced seasonal albedo changes that were out
of phase as well as being of incorrect magnitude. The
description of direct-beam ocean albedo used in
GCMIII is essentially Hansen et al.’s (1983) parame-
terization of Cox and Munk’s (1956) Fresnel, Gaussian
ergodic wave theory:

a, = 0.036 + 0.0421 x2 + 0.128 x> — 0.04x*

N 3.12 N 0.074x 5
568+v 1.0+300) °

where x = 1 — po and v is wind speed in the lowest
model layer. The leading term in (3) has been increased
from 0.021 in order to match ERBE TOA clear-sky
albedos. A small systematic increase to Cox and
Munk’s theoretical results could be justified, however,
because they did not consider suspended sediment,
plankton, and bubbles from breaking waves.

Figure 4 shows the fractional difference between the
June-July-August (JJA) surface albedo defined in
GCMII and GCMII’s 1 X (CO,) simulation (Mc-
Farlane et al. 1992). The only notable difference over
the oceans is poleward of 30°N where there was a sys-

(3)
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tematic reduction of between 10% and 30% or about
0.015 in absolute albedo terms.

2) LAND ALBEDO

Figure 4. shows that several minor modifications to
land surface albedo (D. Verseghy 1994, personal com-
munication) had little impact. In fact, many of the
differences shown in Fig. 4 arise from differences in
soil moisture. For example, albedo reductions across
southern Sahara and the Saudi peninsula stem from
excessive precipitation. In actuality, the dry, or basal,
albedo for much of these regions was increased from
~0.35 in GCMII to ~0.45 in accordance with satellite-
inferred values (Barker and Davies 1989a; Li and Gar-
and 1994). This illustrates the difficulty in assigning
surface albedo in some regions: albedo depends on soil
moisture and soil moisture in turn depends on albedo.

¢. Aerosol-air two-stream approximation and optical
properties

For computation of solar fluxes for mixtures of
aerosols and air molecules, GCMII uses a two-term
series expansion of Coakley and Chylek’s (1975) two-
stream approximation, in which the direct beam was
represented implicitly (Barker and Davies 1989a).
Also, it was assumed that the direct and diffuse back-
scatter functions were defined as (1 — g)/2, where g
is the effective asymmetry parameter of the air-aerosol
mixture.

For GCMIII, Coakley and Chylek’s (1975) full (not
truncated ) two-stream approximation is used, as well
as the proper backscatter functions, assuming the Hen-
yey-Greenstein (1941) phase function. For upwelling
radiation, the generalized diffuse backscatter function
is used in which the upwelling beam is assumed to be
a linear function of cosine of zenith angle (Barker
1994). For downwelling radiation, the direct-beam
backscatter function B(uo) is used (Wiscombe and
Grams 1976) and evaluated for the effective value of
o (McFarlane et al. 1992). Due to its intractable na-
ture, B(uo) was parameterized (Barker 1994) for the
Henyey-Greenstein phase function as

6(”’0’ g) =

Equation (4) is accurate to 0.1% for g between 0.3 and
0.8 and all u,.

No aerosols were included in GCMIL Barker and
Davies (1989b) used surface pyranometer and satellite
data to demonstrate that GCMID’s solar code required
background tropospheric aerosols (neglecting aerosols,

32.312e774%9¢ + 1(4.347 732488 + pg)

(4)

it overestimated surface irradiances by about 40 W m™2
at sites in Australia and Canada). In GCMIII, however,
crude static distributions of background tropospheric
aerosols are specified. The aerosols are assumed to be
well mixed within the GCM’s boundary layer, which
rarely extends above about 800 mb (M. Lazare 1994,
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TABLE 2. Diurnal-mean atmospheric and surface solar absorption
for GCMII, GCMIIl, and LBL calculations (Ramaswamy and
Freidenreich 1992) for the midlatitude winter (MLW) and tropical
(TRO) atmospheres of McClatchey et al. (1972) with just water vapor
and surface albedo of 0. Two solar zenith angles were considered:
30° and 75° (30° value/75° value). Units in watts per square meter.

Atmosphere Surface
MLW
GCMII 111.9/46.9 1065.6/305.0
GCMIII 117.8/50.4 1059.5/301.4
LBL 116.2/48.9 1061.6/303.1
TRO
GCMII 172.9/68.6 1004.7/283.3
GCMIII 186.6/75.8 990.8/276.1
LBL 185.1/74.2 992.7/277.8
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TABLE 3. Coefficients for the two spectral interval water vapor
transmittance parameterizations. Coefficients are for the Padé
approximants in (6).

0.25-0.68 pm 0.68-4 um

a; 0.3317135643657E~01 0.2483072744470E—04
a 666.431509309246735 0.19160832757432552

as 48424.0238037360250 43.2532957143248993

as 192701.219426828029 710.241597307866 186

as 77004.7340385666175 973.017590222333297

as 3033.06472352620904 107.515616933906955

by 0.3317135421822E~-01 0.2483886109422E—04
b, 666.432550670978117 0.19244025713877852

b; 48425.9782574785131 44.5459218767629537

b, 192810.508779007272 784.679818650440438

bs 77339.2094893395260 1245.55941324355490
bg 3118.19655304067965 184.489708785625453

b, 1.0 1.0

by 10-30 W m™2. That was puzzling at the time, for
water vapor transmittance was assumed to be ade-
quate since GCMII’s fluxes compared very well with
the broad- and narrowband models in the Inter-
Comparison of Radiation Codes for Climate Models
(ICRCCM ) study (Fouquart et al. 1991). Table 2 lists
net fluxes calculated by GCMII’s radiation model for
the midlatitude winter and tropical atmospheres in
which only water vapor was present. Also listed are
results from the latest Geophysical Fluid Dynamics
Laboratory (GFDL) line-by-line (LBL) calculations
(Ramaswamy and Freidenreich 1992). Thus, while
GCMIT’s fluxes agree with ICRCCM mean values, they
clearly do not agree with the GFDL LBL values. This
is because the transmittance parameterization in
GCMII derived from Air Force Geophysical Labora-
tory line absorption data (Rothman 1981).

A new set of broadband water vapor parameteriza-
tions were derived from the GFDL LBL data for use

in GCMIII and the net fluxes are also listed in Table °

2. GCMIII’s estimates agree quite well with the GFDL
values. The transmittance functions were parameter-
ized as a function of effective photon pathlength u
(g m~2) using Padé approximants as

(6)

bu"

~
il
Tt ~litge

where the coefficients a, and b, are listed in Table 3.
Figure 5 shows vertical distributions of solar heating
rates for the midlatitude standard summer atmosphere
as computed by the radiation codes used in GCMII
and GCMIIL. These are clear-sky, diurnal averages ap-
plicable to 15 July with surface albedo 0.2 and no aero-
sol. For much of the troposphere, GCMIII’s heating
rates exceed GCMII’s by more than 10%.

4. Disposition of clear-sky solar radiation in
GCMIII

In this section, the disposition of clear-sky solar ra-
diation in GCMIII is compared only to values from
Li’s algorithm obtained by driving it with GCMIII data.
Comparisons of GCMIII fluxes with ERBE and ERBE/
SRB fluxes are in abeyance since appropriate simula-
tions have yet to begin. GCMIII results presented in
this section are from a 5-yr test run of present climate
involving an almost final version of GCMIII (M. La-
zare 1994, personal communication ). Since only clear-
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FIG. §. Diurnal average, vertical distribution of shortwave heating
rates predicted by GCMIII and GCMII for the cloudless, midlatitude
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