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ABSTRACT

Several observational datasets were used to assess the quality of the radiative characteristics of the Canadian
Climate Centre (CCC) second-generation GCM. The GCM data were obtained from the Atmospheric Model
Intercomparison Project (AMIP) simulation. Data corresponding to the period January 1985 through December
1988 were examined since this period of the AMIP simulation overlaps with the Earth Radiation Budget Ex-
periment (ERBE) and the International Satellite Cloud Climatology Project (ISCCP) datasets. Attention was
given to mean January and July conditions. Optical properties of surfaces, clear skies, and cloudy skies were
examined.

Ocean albedos are too high in the Tropics and too low in the polar regions relative to surface observations
and theoretical estimates. Compared to a satellite-derived dataset, however, they are slightly underestimated.
Throughout much of the Sahara and Saudi Deserts surface albedos are too low, while for much of Western
Australia they are too high. Excessive amounts of snow in Southeast Asia seem to have been sustained by a
localized snow albedo feedback related to inappropriate snow albedo specification and a weak masking effect
by vegetation. Neglect of freshwater lakes in the Canadian Shield leads to negative and positive albedo anomalies
in winter and summer, respectively. .

Like many GCMs, the CCC model has too little atmospheric H,O vapor. This results in too much outgoing
longwave radiation from clear skies, especially in the Tropics. Neglect of all trace gases except for CO; and weak
H,O vapor absorption exacerbate this bias.

Assessment of the radiative properties of clouds was done very generally at this stage due to lack of confidence
in available observational data. Total and high cloud fractions were compared to ISCCP estimates. Warm
tropical oceans appear to have too much high cloud. Evaluation of low cloud fraction is less straightforward
but it is clear that due to lack of a shallow convection scheme and coarse vertical resolution, the GCM is almost
devoid of low clouds over cool oceans.

Cloud radiative forcing CRF from the GCM was compared to CRF obtained from ERBE data. Globally
averaged, net CRF is in excellent accord with observations but shortwave and longwave CRFs ar¢ 100 strong.
Zonal averages, however, reveal biases in which clouds act to cool the Tropics too much and cool the high
latitudes too little during summer, yet they warm polar regions too much during winter. Regional examination
shows that these biases are confined largely to oceans. Tropical oceans have excessive shortwave CRF despite
good total cloud amounts. This may be due to neglect of cloud geometry effects on solar radiative transfer.
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1. Introduction

Earth’s climate is complicated by radiative properties
that fluctuate on many different time and space scales.
These fluctuations are largely because the three phases
of water interact with radiation distinctly. Indeed, some
of the most pressing problems and uncertainties facing
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climate modeling involve ways in which perturbations
to the water cycle alter earth’s optical characteristics
and how the ensuing radiative forcings feed back on
the system (Ramanathan 1987; Stephens and Green-
wald 1991a).

Earth’s overall radiative character is determined
largely by clouds (both liquid and ice). On a global
basis, solar reflection by clouds slightly outweighs their
thermal insulating capacity and so clouds tend to cool
earth (Harrison et al. 1990). Furthermore, the large
spatial and interannual variability of earth’s radiation
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budget is due primarily to changing cloud patterns
(R. D. Cess 1993, personal communication). These
changes reflect changes in moisture and energy trans-
port, which in turn depend on clouds.

It has been shown that general circulation climate
models (GCMs) differ significantly in their treatment
of cloud-radiative dynamics (Cess et al. 1989) and,
therefore, they can be expected to model climate dif-
ferently. Compounding the large-scale climatic prob-
lems associated with clouds is the fact that their char-
acteristic scales are often far below the resolution of
GCMs. Therefore, cloud processes and properties are
highly parameterized (Slingo and Slingo 1991; Kiehl
and Williamson 1991). Hence, in recent years, clouds
have received much attention ranging from analysis of
global distributions of their mean properties (Warren
et al. 1988; Rossow and Schiffer 1991) to theoretical
studies regarding how their small- and mesoscale
structure governs radiative transfer (Welch and Wie-
licki 1984; Stephens and Platt 1987; Barker 1992).

Cloudless-sky optical conditions also determine
earth’s radiation budget. GCMs have notoriously dry
atmospheres (Kiehl and Ramanathan 1990) and the
first-order effect of this is reduced atmospheric opacity,
which leads to excessive cooling of the surface and
lower atmosphere. Furthermore, if cloud parameter-
ization schemes are adjusted to yield better top of the
atmosphere radiation budgets in the face of too dry an
atmosphere, this shifts too much emphasis to clouds.
Also, the direct effect of background aerosols registers
most in clear skies and aerosols are usually neglected
in GCMs.

The third optical component of the climate system
is earth surface: water, snow-free land, and snow and
ice. Earth’s surface is the primary site where solar en-
ergy is converted into other forms of energy that drive
the general circulation. Numerous studies have shown
that local and regional climates can be sensitive to
changes in surface albedo (Charney 1975; Sud and
Fennessey 1982; Laval 1986). Yet still, GCMs do not
use zenith angle-dependent albedos and global archives
of surface albedo are being produced with sizable dif-
ferences for some surface types (Li and Garand 1993).
Even ocean albedo is not agreed upon and this will
become increasingly important as atmospheric GCMs
are coupled with ocean GCMs. Though the magnitude
of the snow/ice albedo feedback is known to be much
less than once thought (cf. Covey et al. 1991; Budyko
1969), the extent of ice and snow can influence regional
climates on account of their relatively large albedo
compared to that of the surfaces they overlay.

The purpose of this paper is to assess the radiative
characteristics of the CCC second-generation GCM,
hereinafter referred to as GCMII. The GCM simulation
is described in the following section and results are
presented subsequently in two major sections. The first
subsection is devoted to analysis of surface optical
properties (shortwave albedo). The second subsection
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is devoted to analysis of both longwave and shortwave
optical properties of the clear and cloudy atmospheres.

2. GCM simulation

A detailed description of GCMII and results of a 10-
yr simulation, which used climatological sea surface
temperatures (SSTs), are summarized by McFarlane
etal. (1992). Analyses of differences between GCMITI’s
1X and 2X [CO,] equilibrium climates are presented
by Boer et al. (1992). Also, results from GCMII have
been presented in several model intercomparison stud-
ies (Cess et al. 1989; Randall et al. 1992; Cess et al.
1993). Briefly, GCMII is a spectral model employing
a triangular truncation at 32 wavenumbers with a
Gaussian grid of ~3.8°. It consists of 10 vertical layers
on hybrid coordinates (Laprise and Girard 1990). Its
time step is 20 minutes and, therefore, the diurnal cycle
1s resolved well. The moist convective adjustment and
large-scale precipitation schemes are as described by
Boer et al. (1984). Solar radiative fluxes are computed
with the two—spectral interval version of Fouquart and
Bonnel’s (1980) algorithm in which the solar spectrum
is split at 0.7 um. This algorithm was validated by Bar-
ker and Davies (1989a) for clear-sky conditions (in-
cluding aerosols). Longwave fluxes are calculated using
a five—spectral interval scheme developed originally by
Morcrette (1984). Both radiation schemes as well as
the diagnostic cloud and surface radiative properties
are documented by McFarlane et al. (1992).

The model data used in this study were taken from
GCMITI’s Atmospheric Model Intercomparison Project
(AMIP) simulation (Gates 1992). Numerous GCMs
partook in this experiment and all used observed
monthly mean SST’s and sea ice extent for the 10-yr
period January 1979 to December 1988. Radiative
fluxes for AMIP were accumulated, averaged and saved
every 6 model hours (i.e., every 18 time steps). All
other variables used here were sampled every 6 model
hours. The majority of results presented here are mean
values for the four Januarys and Julys from 1985 to
1988 inclusive. This is because this period overlaps with
the Earth Radiation Budget Experiment (ERBE) and
the International Satellite Cloud Climatology Project
(ISCCP) datasets.

3. Surface optical properties

In GCMI], all surfaces are assumed to be blackbodies
in the infrared. This is probably sufficient and, there-
fore, only surface albedo is addressed here. Surfaces
are categorized here as oceans, snow-free land, and
snow and ice. The albedo for each category is addressed
individually. All comparisons of surface albedo in the
GCM to those inferred from observations refer to the
energy-weighted average albedo a,. This is defined as
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f Iup(t)dz f ax(t)ldown(t)dz
T T

0‘: = = 3 (1)
f Idown(l)dl f Idown(t)dz
T T

where a,(t), Iiown(t), and I,,(2) are instantaneous al-
bedo, downwelling, and upwelling fluxes at the surface
at time ¢, and T represents one month. Climate models
are, nevertheless, required to correctly model instan-
taneous albedo.

Observed albedos used here are from Li and Garand
(1993). Their dataset was used because they retrieved
broadband albedos from the ERBE clear-sky dataset,
which contains state-of-the-art estimates of monthly
mean, broadband fluxes at the top of the atmosphere
(TOA). Analysis was confined to ~60°N/S on ac-
count of trouble with ERBE’s scene identification at
high latitudes (Li and Leighton 1991).

a. Oceans

The albedo of oceans ageean in GCMII depends on
latitude # and is independent of sky and surface wind
conditions and spectral interval. For both hemispheres,
Qocean 1S prescribed as

0.06 0° <9 <30°
—-0.0225 + 0.002756 30° <6 <70°
0.17 70° < 6 < 90°.

(2)

Qgcean =

Figure | shows zonally averaged ageean for GCMII
(solid line) as a function of monthly mean cosine of
the solar zenith angle ug, which is maximized at
~20°S(N) during January (July). The value of aocean
corresponding to 8 € (30°S,30°N), 0.06, is represented
by the short, horizontal segment. The short, upper
branch of the curves corresponds to regions southward
of 30° for January and northward of 30°N for July.
The longer branch of the curves refers to the remainder
of the globe up to 60°. The dashed curves represent
ocean albedos derived by Li and Garand’s (1993)
method. For the most part, their estimates exceed
GCMII's by ~0.02 in extratropical regions and ~0.04
in equatorial regions. Note, however, that for the short
branches of the curves, the GCM values exceed Li and
Garand’s values. This is due to GCMIT’s ayeean being
due to latitude only whereas Li and Garand’s show
solar zenith angle dependence. For example, during
January, clear-sky agcean at 10°N is expected to be less
than that at 40°S because of a higher frequency of small
solar zenith angles, despite both latitudes having ap-
proximately the same po; GCMII, however, automat-
ically gives the higher albedo to 40°S on account of
simply higher latitude.

Also shown in Fig. | are monthly mean clear-sky
albedos associated with both Payne’s (1972) surface-
based observations curve fit to as a function of solar
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FIG. 1. Zonally averaged ocean albedo for GCMII [Eq. ( 1)] (solid
line) as a function of the monthly mean cosine of the solar zenith
angle for (a) January and (b) July. Results are shown for 60°N/S.
Dashed lines correspond to estimates of Li and Garand (1993 ) based
on inversion of ERBE clear-sky data. Their estimates extend from
60° in the summer hemisphere to about 50° in the winter hemisphere.
Solid line labeled “P” corresponds to Payne’s (1972) surface-based
observations weighted for incident irradiance at the TOA, while solid
line labeled “CM” corresponds to a similarly calculated field using
Cox and Munk’s (1956 ) theoretical albedos given a 5 m s~ surface
wind. All curves except for those applying to GCMII are for clear-
sky conditions.
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zenith angle (Briegleb et al. 1986) and Cox and Munk’s
(1956) theoretical estimates (based on an ergodic
Gaussian waveform) assuming surface wind speed of
5 ms~' (Hansen et al. 1983). The appendix shows
how these values were computed. These curves are very
similar to one another in that they exhibit a wide vari-
ation with latitude and are close to being parallel with
one another. Inclusion of suspended sediment, plank-
ton, and white caps may be sufficient to bring Cox and
Munk’s curve in line with Payne’s curve. The albedos
for these methods are systematically less than (greater
than) those of GCMII and Li and Garand in the sum-
mer (winter) hemisphere. Part of this may be due to
systematic contamination by thin clouds or small cloud
amounts in the tropics and subtropics leading to over-
estimated aycean by L1 and Garand (1993).

If the effects of clouds on ogeean are taken into ac-
count, this will reduce the range of Payne’s and Cox
and Munk’s estimates shown in Fig. | by making them
closer to ~0.06 and ~0.05, which are their respective
values for isotropic irradiance. This would ameliorate
the difference between their curves and those of
GCMILI. The latest CCC GCM (still under development
as of April 1994) has been equipped with a slight vari-
ant of the Cox and Munk parameterization. This much
improved GCMII’s clear-sky top of the atmosphere al-
bedo (discussed later).

b. Snow-free land

The reasoning behind GCMITI’s land surface albedo
parameterization is as follows: grid cells are assigned a
basal soil albedo for dry conditions «g that depends on
the cell’s dominant soil types. Following the simplistic
rule of thumb that (in many cases) soil albedo in the
near-infrared region of the solar spectrum is approxi-
mately twice the corresponding value in the visible
[Dickinson 1983; note the typing error in McFarlane
et al. (1992) Egs. (2.45) and (2.46)], soil albedos for
GCMII’s first and second spectral intervals (denoted
by the superscript) are defined as

all = (0.17 + 0.15) — 0.07(W/W,)

= ay — 0.07(W/W,), (3a)
and
aéozi{ = 201&{, (3b)

where s is a soil type index ranging from 0 to 1 (cf.
Wilson and Henderson-Sellers 1985), W is soil mois-
ture amount, and W, is soil moisture field capacity.
The overall surface albedo (vegetation plus soil) is
computed for both spectral intervals as
y 4 _

alana = fyatiah + (1 = f)ald), (4)

where a (%), is albedo of a grid cell’s dominant vegetation
in the ith spectral interval, and f; is the fraction of the
cell with exposed soil (presumably given nadir view-
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ing). Both these quantities are assigned and derive from
the same archive as s.

While ay,,q in GCMII depends crudely on soil
moisture and vegetation amount, it does not depend
on solar zenith angle 6y, nor does it depend on the
relative amounts of direct and diffuse surface irra-
diance. Several studies (e.g., Barker and Davies
1989b; Cess and Vulis 1989 ) have shown, however,
that a,,q depends on 6y, particularly in dry climatic
zones. As yet, it is not clear whether climate simu-
lations are sensitive to 8, dependent changes in aang.
If, however, 6, dependencies are to be avoided, it
should be noted that a..q [Eq. (1)]1s governed most
by values of ay,,4 nNear solar noon and also that subtle,
diurnal-based feedbacks, if any, will be completely
eliminated.

Alteration of aj,ng by clouds does occur though
not to the extent expected for oceans. Therefore, ne-
glecting potential shortcomings in comparing all-sky
model albedos to those derived from clear-sky sat-
ellite data, Fig. 2 shows aj.,q differences between
GCMII (all skies) and values inferred by Li and Gar-
and (1993) from ERBE clear-sky data. For January,
most of the discrepancies for North America and
Southeast Asia are due to snow and, therefore, dis-
cussed in the next section. Aside from these regions,
the most severe discrepancies during July are for the
Sahara and Saudi Desert regions and the desert re-
gions of south Africa and Australia. The Sahara/
Saudi regions reflect too little in GCMII with max-
imal underestimations on the order of 0.1. According
to Barker and Davies (1989b ), @ang for the Sahara
1s close to 0.4 which agrees with Li and Garand’s
(1993) estimates. In the latest CCC GCM, sandy soils
have substantially larger albedos than GCMII and
this has helped precipitation anomalies in the horn
of Africa. For the Southern Hemisphere deserts,
GCMII has ay,,4 too large by about 0.05 to 0.1. In
these cases, it is likely that problems arise from aq
being simply too small.

Differences in aq,nq for deserts during July (Fig.
2b) show many of the same biases seen during Jan-
uary: Sahara/Saudi too dark; Southern Hemisphere
deserts too bright. For July, much of Asia and cen-
tral North America have fairly good estimates of
aang With only isolated patches of excessive reflec-
tance, most notably where large bodies of inland
waters are not accounted for by the GCM (e.g.,
Great Lakes and Lake Bakyal). Likewise, because
all freshwater lakes are ignored by the GCM, the
lake-infested boreal forests of North America are
also too reflective during July: GCMII designates
them as relatively bright peat beneath coniferous
forest.

It is anticipated that the coarse spectral resolution
of GCMITI’s solar radiative transfer scheme will remain
for some time due to computation limitations. Thus,
the very least recommendations are that simulations
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aldy 0.7 T
in which 0.9 and 0.7 represent approximately the upper
limits of spectrally averaged albedo for new deep snow
(Wiscombe and Warren 1980) and A, is an age factor
defined as
ot
T s

where R is a weighting factor (0 if no snow during the
previous time step and up to 1 if recent snowfall is
heavy), 6t is time step (20 min), and 7 is 40 days; A,
is supposed to represent a host of aging processes that
reduce albedo, such as increased grain size (which en-
hances forward scatter and absorption by snow grains);
contamination due to soil and vegetation debris (Wis-
combe and Warren 1980); and sastrugi formations.
Note that in this formulation, snow depth and under-
lying ay.,q do not influence ognow. This is important,
however, when snow depth is small. Thus, if snow is
present on land, spectral surface albedo from (4) is
reassigned as

(1) ()

psDm o psDm
where M, is mass of snowpack per unit area, p; is
average snow density, which depends on M, and D,,
is the so-called snow-masking depth of vegetation
[ note the typing error in McFarlane et al. (1992) Eq.
(2.50)1.

The concept of D,, derives from the fact that snow
on the ground effectively reduces vegetation height and
this will modify overall albedo ( canopy interception of
snow is ignored in GCMII). Embodied in (7) is the
ad hoc assumption that snow masking of land/vege-
tation albedo is a linear function of snow depth. The
correct functional form, however, depends primarily
on how a reduction of vegetation height from the
ground up governs the probability of photons getting
through the canopy to the snow and the probability of
photons escaping from the canopy once reflected by
snow. Preliminary results from a modified version of
Otterman’s (1984) albedo model (see Barker and
Davies 1989b) suggests that an exponential description
of snow masking is more appropriate than the linear
description for spatially uncorrelated stands of vege-
tation such as open boreal forest. The functional form
for grasses and agricultural lands, on the other hand,
is probably more logarithmic-like as a result of vege-
tation slumping due to snow burdening.

Note that in (7), the fraction of ground in a grid
box covered by snow is not estimated explicitly.!

At + 8t)y = (1 —R)[As(t)+ (6)

(i)

sSnow s

(7)

! This fraction is estimated, however, for sea ice and depends on
the square root of the grid-averaged snow mass up to a certain mass
beyond which the ice is assumed to be snow covered.
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Fractional snow coverage within a grid box illustrates
one of the problems associated with parameterization
of subgrid processes. For example, assume that half
a cell is covered by snow with albedo 0.7 and the
other half is exposed land with albedo 0.2. Since sur-
face heating would be calculated for the grid using
the mean albedo of 0.45, the snow-covered region
has too much heat input while the snow-free region
gets too little heat.

Figure 2a shows that east-central North America and
south and southeast Central Asia exhibit surface al-
bedos that are much too large. These biases are certainly
due to snow but there can be several different avenues
by which they might arise. The simplest explanation
is that in these regions too much snow has accumulated.
This hypothesis is supported partly by Fig. 3a, which
shows the difference between mean January snow depth

(a) January Mean Snow Depth Anomaly (GCM - OBS) (cm)
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FIG. 3. (a) Difference between January mean snow depths (cm)
over the Northern Hemisphere as modeled by GCMII and obtained
from the Rand Corporation’s observational dataset. Contour interval
is 10 cm. (b) Difference between January mean screen temperatures
(°C) as predicted by GCMII and as observed (Brankovic and Van
Maanen 1985). Contour interval is 5°C.






