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1. INTRODUCTION

Our ability to study and quantify the impact of
cloud-radiation interactions in studying global scale cli-
mate variations strongly relies upon the ability of gener-
al circulation models (GCMs) to simulate the coupling
between the spatial and temporal variations of the mod-
el-generated cloudiness and atmospheric moisture bud-
get components. In particular, the ability of GCMs to
reproduce the geographical distribution of the sources
and sinks of the planetary radiation balance depends
upon their representation of the formation and dissipa-
tion of cloudiness in conjunction with cloud microphys-
ics processes, and the fractional amount and optical
characteristics of cloudiness in conjunction with the
mass of condensate stored in the atmosphere.

A cloud microphysics package which encompass-
es five prognostic variables for the mass of water vapor,
cloud water, cloud ice, rain, and snow has been imple-
mented in the Colorado State University General Circu-
lation Model (CSU GCM) to simulate large-scale
condensation processes. Convection interacts with the
large-scale environment through the detrainment of
cloud water and cloud ice at the top of cumulus towers.
The cloud infrared emissivity and cloud optical depth
of the model-generated cloudiness are interactive and
depend upon the mass of cloud water and cloud ice sus-
pended in the atmosphere.

The global atmospheric moisture budget and plane-
tary radiation budget of the CSU GCM obtained from a
perpetual January simulation are discussed. Geographi-
cal distributions of the atmospheric moisture species
are presented. Global maps of the top-of-atmosphere
outgoing longwave radiation and planetary albedo are
compared against Earth Radiation Budget Experiment
(ERBE) satellite data.

2. CLOUD MICROPHYSICS MODEL

The model structure is largely based upon the bulk
cloud microphysics equations of the mesoscale cloud
models described in Lin et al. (1983), and Rutledge and
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Hobbs (1983; 1984). Five prognostic variables for the
mass of water vapor, cloud water, cloud ice, rain, and
snow are considered. Cloud water and cloud ice are pre-
dicted to form through large-scale condensation and
deposition processes. An important additional source
of cloud water and ice is by detrainment at the top of
cumulus towers. Like these previous studies, we as-
sume that the fallspeed of cloud water and ice particles
is negligible. Rain and snow are assumed to have non-
negligible fall velocities. A detailed description of the
bulk cloud microphysics equations is given in Fowler
and Randall (1993a).

Water vapor is a source of cloud water and clond
ice. Cloud water is predicted to form by condensation
of vapor when the temperature (T) is equal or greater
than T, = 0°C and the air is supersaturated with re-
spect to water. Cloud ice is predicted to form by deposi-
tion of vapor if T<T, and the air is supersaturated
with respect to ice. Supercooled cloud water and cloud
ice may coexist in the temperature range T, ,<T<T,.
T,,is equal to -40°C for consistency with the cumulus
convection scheme, and the saturation vapor pressure at
temperatures between T and T, is obtained by linear
interpolation between the saturation vapor pressures
with respect to water and ice. Water vapor may also be
a source of rain and snow by condensation and deposi-
tion, respectively.

Cloud water is a source for water vapor by evapo-
ration of cloud droplets in a subsaturated layer or a
source of rain if the air remains supersaturated. The
conversion of cloud water to rain occurs through two
different mechanisms: (1) autoconversion of cloud wa-
ter to form rain; and (2) collection of cloud water by ’
rain. Supercooled cloud water is also a source of ice by
instantaneous freezing (T <T,, ), or through the Berg- -
eron process (T,, ST<T,), or a source of snow by
riming.

Similar to cloud water, cloud ice is a source for wa-
ter vapor by sublimation when the air is subsaturated
with respect to ice. Otherwise, cloud ice is a source of
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snow through two different mechanisms: (1) autocon-
version of cloud ice to form snow; and (2) collection of
cloud ice by snow. Instantaneous melting of cloud ice
to form cloud water occurs if T2 T,,.

Rain is a source for water vapor by evaporation.
Rain may also be a source of snow by instantaneous
freezing if T<T,.

Similar to rain, snow is a source for water vapor
by sublimation. Also, snow may be a source of rain by
melting (T 2T, ) .

Fowler and Randall (1993a) extensively describe
the implicit scheme used to compute the change in wa-
ter vapor, cloud water, cloud ice, rain, and snow due to
the combined cloud microphysics processes, as well as
the falling of rain and snow through the model atmo-
sphere.

3. CLOUD-RADIATION INTERACTIONS

The parameterization of the radiation transfer at in-
frared and solar wave lengths is described by Harsh-
vardhan et al. (1987). Modifications to the original
scheme are listed in Harshvardhan et al. (1989). At the
present time, the cloud microphysics and radiation
transfer schemes do not allow fractional cloudiness. No
clouds are allowed to form in the two highest model
layers located between the tropopause level (fixed at
100 mb) and the model upper boundary located at 51.3
mb. The computation of the fractional amount of plane-
tary boundary layer (PBL) clouds follows the formula-
tion of Harshvardhan er al. (1989), and Randall et al.
(1989). The fractional area of clouds predicted to form
above the PBL top is set equal to 1 if the cloud water
or ice paths is greater than 1 g m? in the model layer.

The formulation of the cloud radiative properties
as a function of the cloud water and ice paths simply
follows the formulation of Stephens (1978). The cloud
optical depth (t) and cloud infrared emissivity () are
computed following the relations:

_3W

Te

and &= 1-exp(—xW) (1)

where W is the cloud water or ice path (in g m2). The
effective radius (r,; in pm) is set equal to 10 pm and 30
pm for cloud water and cloud ice, respectively. The ab-
sorption coefficient (x; in m? g'l) is set equal to 0.13
and 0.08 for cloud water and cloud ice, respectively.
The single scattering albedo (@,) and the asymmetry
factor (g) are assumed to be the same for cloud water
and cloud ice. In this simulation, ©, is equal to 0.99
and g is set to 0.85.

4. MODEL RESULTS

The model was run for 60 days under perpetual
January conditions, with initial amounts of cloud wa-
ter, cloud ice, rain, and snow set to zero. The model
physics is computed every hour while the model dy-
namics is run using a time-step of six minutes. The
cloud microphysics package is embedded in the dynam-
ics package and is run every two minutes to properly
describe the falling of rain and snow through the model
atmosphere. Results correspond to 30-day means ob-
tained from the last 30 days of the model simulation.

Figure 1 shows the geographical distributions of
the vertically-integrated cloud water (CW), cloud ice
(CI), rain (RW), and snow (RI) amounts obtained with
the cloud microphysics scheme. Maxima of CW, CI,
and then RW and Rl, are located over the major storm
track regions over the oceans in conjunction with mid-
latimde cyclogenetic activity, and over the chief tropi-
cal convective activity regions in conjunction with max-
imum detrainment of cloud water and cloud ice from
cumulus detrainment. In January, these maxima may be
observed above the North Pacific and North Atlantic
Oceans, and above South America, Southern Africa in
the middle latitudes, and the winter monsoon region
over Malaysia and Northern Australia at equatorial lati-
tudes. In contrast to Fig.1, the latitude versus height
cross sections of the zonally-averaged fields (refer to
Fowler and Randall, 1993a) shows that CI is actually
the largest above the deep convective regions, below
the tropopause level, and gradually decreases pole-
ward. Areas of maximum amounts of CI and RI appear
to be more widely spread than those of CW and RW, re-
spectively. The relative magnitude of CW versus CI is
shown to be strongly dependent upon the Bergeron pro-
cess. In Fig. 1, supercooled cloud water is accounted
for as CW. Also the relative magnitude of CW versus
RW, and more importantly CI versus RI, is strongly de-
pendent upon the threshold values used for autoconver-
sion of cloud water to rain, and cloud ice to snow.
These threshold values were chosen so that reasonable
cloud optical properties may be obtained. Sensitivity
tests have been done to estimate the impact of the auto-
conversion processes upon the magnitude of CW, RW,
CI, and RI, and then the planetary radiation balance
components (Fowler and Randall, 1993b). ’

Figure 2 shows the geographical distributions of
the top-of-atmosphere outgoing longwave radiation
(R) and planetary albedo (o) obtained with the CSU
GCM for January perpetual conditions versus ERBE
observations. The satellite data is a January ensemble
average between 1985 and 1988, interpolated over the
GCM grid. The GCM reproduces very successfully the
global distribution and intensity of IR, especially above
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the deep tropical convective regions. On a global aver-
age, the model-simulated IR is equal to 227 W m2 ver-
sus 232 W m from ERBE. Areas of low IR above
South America, Southern Africa, and the winter mon-
soon region coincide very well with satellite observa-
tions. However, the IR is too cold by as much as 15 W
m™? at high latitudes, especially in the winter hemi-
sphere. The GCM underestimates the extent of the belt
of high IR across Africa and India. Also it has to be
pointed out that the inability of the GCM to realistical-
ly simulate the planetary boundary layer clouds along
the western coasts of the continents causes the oceanic
belts of high IR to be positioned too close to the shore.
The model-generated o does not agree as well as the
IR when compared against satellite observations, and is
generally too low. The GCM systematically underesti-
mates the magnitude of o over both cloudy and cloud-
free regions over land. In particular, o is about 5%
smaller than actually observed over the deep tropical

. convective activity regions. The increase in o at high
latitudes is very poorly simulated, especially in the win-
ter hemisphere,

5. CONCLUSIONS

Results of a 60-day perpetual January simulation
obtained with the CSU General Circulation which in-
cludes a new cloud microphysics scheme and interac-
tive cloud optical properties are very encouraging.The
model produces geographical distributions of the cloud
water, cloud ice, rain, and snow that appear to be very
reasonable. Validation of the cloud water against SSMI
satellite observations is being undertaken. Quantitative-
ly, it remains quite impossible to validate the magni-
tude of the model-generated cloud ice amount, except
at very limited regional scales or in terms of the result-
ing outgoing longwave radiation and planetary albedo.
The sensitivity of the planetary radiation balance com-
ponents to the cloud optical properties is being ana-
lyzed with the aim to improve the distribution of the
outgoing longwave radiation at polar latitudes, and the
planetary albedo over cloudy areas. Rain and snow
amounts may be validated in terms of the surface pre-
cipitation rates that they produce.

In view of our results, several important questions
may be addressed:

1. As shown in Fig. 1, the model produces large
amounts of snow falling slowly to the model surface. It
is very likely that this snow would have a strong radia-
tive impact. What would be the impact of including the
radiative effect of snow upon the planetary radiation
balance, especially at short wave lengths?

2. The fractional cloud cover is set to 1, except for
the PBL clouds. How would the atmospheric moisture

budget components, and then the cloud optical proper-
ties, be modified if the model allowed for some kind of
fractional cloud amount?
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