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ABSTRACT

A parameterization package for cloud-radiation interaction is incorporated into a spectral general circulation
model (GCM). Fractional cloud amount is predicted quasi-empirically; cloud optical depth is specified for
warm clouds and anvil cirrus, but depends on temperature for other subfreezing clouds; the long- and shortwave
cloud optical properties are linked to the cloud optical depth. The model’s time-mean clouds and its radiative,
thermal, and dynamical response to cloud-radiation interaction are investigated for the extended forecast range,
primarily by performing two sets of 30-day integrations from real initial conditions for three Northern Hemisphere
(NH) winter and three NH summer cases: (i) CLDRADI, with cloud-radiation interaction; and (ii) LONDON,
with this GCM’s traditional specification of climatological zonal-mean cloud amount and global-mean cloud
optical properties.

The 30-day mean CLDRADI fields of total and high cloud amount and corresponding outgoing longwave
radiation (OLR) fields are plausible in many respects, especially in the tropics, where the latter exhibit South
Pacific convergence zone (SPCZ)-like and some intertropical convergence zone (ITCZ)-like features, in qualitative
agreement with Nimbus-7 and Earth Radiation Budget Experiment (ERBE) observations. Also, the predicted
monthly mean OLR anomalies (relative to model climatology) respond to interannual variations in sea surface
temperature. Cloud amount and cloud optical depth are apparently underestimated, however, over the higher-
latitude oceans, especially over the Southern Hemisphere (SH) circumpolar low pressure belt and Antarctica.
The zonal mean bias in shortwave and net radiation remains large at high latitudes in the summer hemisphere,
despite the improved longitudinal structure in the tropics.

Cloud-radiation interaction elicits a cirrus warming response, which reduces the tropical upper-tropospheric
cold bias by ~1-2 K. Over Antarctica, the warm bias in SH summer and cold bias in SH winter are both
considerably reduced. During NH winter, the tropical upper troposphere experiences a significant westerly
acceleration, including a sign reversal of the zonal-mean zonal wind. By being more conducive to meridional
propagation, CLDRADT’s tropical westerlies may contribute to the amplification of the quasi-stationary planetary
waves in the SH summer extratropics. Otherwise, the impact of cloud-radiation interaction on extratropical
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geopotential height is generally minimal at extended range.

1. Introduction

During the 1980s, climate modelers became in-
creasingly aware that the simulation of climate by gen-
eral circulation models (GCMs) and their climate’s
sensitivity is affected by the treatment of cloud amount
and cloud radiative properties. For example, in Shukla
and Sud (1981) cloud-radiation feedback influenced
the regional characteristics of their model’s general cir-
culation and the intensity of its energy cycle. Rama-
nathan et al. (1983) obtained favorable zonal-mean
thermal and dynamical responses in their GCM’s upper
troposphere when they permitted high clouds to pen-
etrate higher and to be nonblack in the infrared. Also,
the GCM radiative cooling rates of Randall et al. (1989)
were quite sensitive to modifications in their parame-
terization of cirrus clouds. Simulations of cloudiness
and the earth radiation budget by climate GCMs have
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been discussed by Harshvardhan et al. (1989), Slingo
et al. (1989), and others. Herman et al. (1980) have
compared their model’s radiative responses to cloud
solar and longwave radiative forcing, while Slingo and
Slingo (1988) have investigated their model’s radiative,
latent heating, thermal, and dynamical responses to
cloud longwave radiative forcing.

Not surprisingly, most climate GCMs have switched
from using fixed zonal-mean clouds to predicted cloud
amount in their radiative transfer calculations. Simi-
larly, many centers for numerical weather prediction
(NWP) have been incorporating cloud-prediction
schemes into their models, as part of an ongoing effort
to improve medium- and extended-range weather
forecasting skill. But the assessment of cloud param-
eterizations has probably received less attention for
the extended range than for the climate range. One
of the simplest schemes for predicting cloud amount
is the venerable threshold relative humidity scheme
employed by Wetherald and Manabe (1980). Though
their instantaneous cloud amount is either 0% or
100%, time averaging can produce a full range of in-
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termediate values. The cloud-prediction schemes em-
ployed by Shukla and Sud (1981 ) and by Ramanathan
etal. (1983) are essentially threshold schemes as well.
Unfortunately, biases in a GCM’s water vapor and
relative humidity fields may adversely affect the pre-
dicted cloud amount fields. Tiedke et al. (1988) re-
duced this bias in the tropical lower troposphere of
the European Centre for Medium-Range Weather
Forecasts (ECMWF) GCM by parameterizing shallow
convection. Slingo (1987) partially circumvented it
by developing an empirical, multipredictor cloud-
prediction scheme. Relative humidity is still her pri-
mary predictor, while auxiliary predictors, that is,
vertical motion, static stability, and convective pre-
cipitation, tend to be synoptic-situation specific and
hence cloud-type specific. Her scheme’s ability to pre-
dict fractional cloud amount is obviously desirable
for forecasting applications.

Cloud optical properties are still specified as global-
or zonal-mean values in some GCMSs. But increasingly,
they are being parameterized in terms of cloud-water
path and zenith angle, as proposed by Stephens (1978),
or cloud optical depth and zenith angle, as proposed
by Platt and Harshvardhan (1988). In turn, the cloud-
water content or path itself must be predicted, param-
eterized, or specified. For example, Smith (1990) and
Zheng and Liou (1986 ) calculate the liquid water tem-
perature and the total water content. The cloud water
and cloud fraction of nonconvective clouds are diag-
nosed in terms of those variables. Smith (1990) takes
account of quasi-Gaussian turbulent fluctuations of
cloud water about their mean; his fractional cloud
amount may be expressed as a function of mean rel-
ative humidity whose threshold value is related to the
standard deviation of the fluctuations. A modified ver-
sion of the Sundquist ( 1978) parameterization controls
the rate at which condensed stratiform cloud water is
converted into precipitation. A nice feature of Smith’s
approach is that it attempts to unify the physical de-
scription of clouds used to calculate precipitation, ra-
diation, and cloudy-air turbulence.

Until now, the Experimental Prediction Group at
the Geophysical Fluid Dynamics Laboratory (GFDL)
has specified climatological zornal-mean cloud amount
based upon Telegadas and London (1954) and Sasa-
mori et al. (1972) and global-mean cloud optical prop-
erties based upon London (1957) in their global GCMs.
These models have been used extensively in 30-day
forecast experiments. As discussed by Miyakoda et al.
(1986), systematic error becomes a dominant source
of forecast error over the extended (e.g., days 10-30)
range, and thus easier to detect, while the current level
of forecast skill beyond 10 days is rather marginal. Of
course, it affects longer-term integrations of atmo-
spheric models with specified boundary forcing or
ocean-atmosphere-coupled models. The model’s sys-
tematic error has already been reduced to some extent
by refining its spatial resolution, improving its subgrid-
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scale parameterization of turbulence, and incorporating
gravity-wave drag,

Motivated by the desire to further reduce our GCM’s
systematic error and improve its extended-range (and
ultimately even seasonal-range ) forecast capability, we
recently developed a parameterization package for
cloud amount and cloud optical properties used in the
radiative transfer calculations. Then, we carried out
comparative 30-day integrations from six sets of real
initial conditions to test their impact at extended range.
Cloud amount and earth radiation budget verification
data derived from satellite observations were obtained
for selected cases, along with analyses of conventional
meteorological data for all six cases. Also, we have
briefly analyzed the radiative output from some recent
longer-term integrations of a model similar to
CLDRADI. The present paper documents the new
cloud-parameterization package, examines the model’s
extended-range time-mean cloud prediction, and ex-
amines its corresponding radiative, thermal, and dy-
namical responses.

The attributes of the basic GCM are reviewed in
section 2, while the parameterizations for cloud amount
and cloud optical depth are documented in section 3.
The control run, the basic experimental run, and var-
ious auxiliary runs are defined in terms of their re-
spective distinguishing model characteristics; the cases
and the verification datasets are briefly described in
section 4. The GCM’s 30-day mean predicted cloud
amount fields and cloud optical properties are pre-
sented in section 5. Its time-mean radiative response
to the cloud parameterizations as well as to anomalous
surface boundary forcing are discussed in section 6.
Temperature and zonal wind responses are described
in sections 7 and 8, respectively. The geopotential
height response, especially the amplification of SH
summer extratropical quasi-stationary planetary waves,
is the focus of section 9. Results are summarized in
section 10.

2. GCM characteristics

An R2I1L18-resolution global spectral model is
mainly used in this study. Here, R21 denotes rhom-
boidal truncation at wavenumber 21 and L18 denotes
18 sigma levels in the vertical, 5 of which normally
reside in the boundary layer. An earlier, R21L9 version
of the model was described by Gordon and Stern
(1982) and used by Gordon et al. (1985) to generate
satellite-derived effective low and high cloud amount
fields. We opted for relatively fine vertical resolution,
reasoning that the vertical placement of the clouds,
especially in the upper troposphere and in the atmo-
spheric boundary layer, would be important for vali-
dation purposes in the future, if not now. Though
modest, the current R21 horizontal resolution is some-
what finer than R15, which has been frequently utilized
in GCM climate simulations and sensitivity studies.
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Most of the GFDL parameterizations of subgrid-
scale physical processes found in the Gordon and Stern
(1982) model have been retained, including vertical
turbulent mixing in the planetary boundary layer and
free atmosphere by the Mellor-Yamada turbulence
closure scheme for unsaturated air, and in the surface
boundary layer by the Monin-Obukhov formulation
(Miyakoda and Sirutis 1977); V* horizontal diffusion;
water-bucket hydrology; moist convective adjustment;
large-scale condensation; a surface heat-balance cal-
culation over land and sea ice; and radiation.

The radiation calculation employs the Fels and
Schwarzkopf (1975) simplified exchange method for
water vapor infrared cooling; Fels and Schwarzkopf
(1981) CO;, transmission coefficients; a Bignell (1970)
water vapor continuum; the Lacis and Hansen (1974)
ozone and water vapor absorption; and multiple re-
flection between clouds and the surface. The solar ra-
diation is seasonally varying. Though diurnal variation
is an option, it is currently switched off. As reported
by Schwarzkopf and Fels (1991), clear-sky longwave-
cooling profiles generated by the radiation code, for
five standard temperature and humidity profiles
adapted from McClatchey et al. (1972), compare fa-
vorably with line-by-line calculations. Clouds are either
specified from the traditional climatology (see section
1) or else diagnosed from the newly implemented pa-
rameterizations for cloud amount and cloud optical
properties (see section 3).

The land surface albedo and the treatment of surface
albedo over snow-covered land have been revised from
Gordon and Stern (1982). As described in Gordon
(1986), snow albedo is a function of the albedos for
fresh, deep snow; snow-free land; land surface type;
and surface temperature. The latter variable is a sur-
rogate for snowmelt, following Robock (1980). The
land surface type and the albedos for fresh, deep snow
and snow-free land were obtained from CLIMAP (cli-
mate: long-range investigation, mapping, and predic-
tion) data.

Observed, seasonally varying sea surface tempera-
tures are specified. Last, the basic model utilizes the
mountain gravity-wave-drag scheme of Stern and Pi-
errehumbert (1988). It redistributes all of the base
momentum flux within the vertical column above the
base level.

3. The package of parameterizations for cloud-
radiation interaction

There are three components of the parameterization
package: (i) the computation of cloud amount; (ii) the
treatment of cloud optical depth; and (iii) the linkage
of shortwave and longwave cloud optical properties to
the cloud optical depth. Fractional cloud amount is
diagnosed using a modified version of the empirically
based scheme of Slingo (1987). Optical depths of
subfreezing low or middle clouds and nonprecipitating
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high clouds vary with temperature, as in Platt and
Harshvardhan (1988); optical depths of other high,
middle, and low clouds are fixed. The short- and long-
wave cloud optical properties have been made more
consistent by linking them to the cloud optical depth.
For this purpose, we adapted a computer code from
V. Ramaswamy (personal communication, 1987).
The modified GCM possesses a cloud-radiation in-
teraction capability in the sense that variations in pre-
dicted cloud amount and optical depth can directly
affect the radiation field, and in turn, the thermodyn-
amical and dynamical fields. Moreover, the predicted
clouds depend on the thermodynamics and/or dy-
namics, but cloud water is not yet a prognostic variable.

a. Cloud amount

Our scheme closely resembles the empirically based
threshold scheme of Slingo (1987). As for differences:
(1) high, middle, and low cloud amount vary linearly,
instead of quadratically, with relative humidity RH
over the range RH, < RH < 1, where RH, is the
threshold relative humidity; (ii) RH, is reduced from
0.80 to 0.70; (iii) anvil cirrus are treated the same as
other high clouds in terms of cloud amount, but have
different cloud optical properties; (iv) predictor vari-
ables for layered cloud amount are time averaged be-
tween radiation time steps; (v) low clouds can be more
than one sigma layer thick; (vi) shallow convective
cloud amount is computed, even in the model version,
which lacks a shallow-convection parameterization for
water vapor transport.

Modification (i) is a somewhat ad hoc simplification,
while (i1) yields a better fit to the observed global-mean
cloud cover. The threshold relative humidity is less
than in most other GCMs. The optimal value may be
height dependent (Xu and Krueger 1991) as well as
GCM dependent. Modification (iii) was made assum-
ing that moist convective adjustment moistens the
GCM’s upper tropical troposphere more effectively
than the Kuo scheme did in the ECMWF model stud-
ied by Slingo (1987). Modification (iv) was imple-
mented to control noise, but had little effect on strat-
iform clouds in practice. Modification (v) recognizes
that some low-cloud systems, such as those associated
with synoptic disturbances, are thicker than others,
such as marine stratocumulus. Modification (vi) is a
crude attempt to represent trade wind cumulus clouds.

The basic cloud-prediction scheme treats five cloud
types: high-, middle-, and low-layer clouds, convective
clouds (cf. Slingo 1987), and trade-wind cumulus or
shallow convective clouds. The distinction between
low, middle, and high ¢ levels for layer clouds is spec-
ified a priori. The low-middle and middle-high
boundaries vary with latitude and season in a similar
manner as the specified climatological zonal-mean
cloud tops and bases (see Fig. 1 of Gordon et al. 1985).
A preliminary calculation of cloud amount, that is, the
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fraction of the grid box containing cloud, is made at
each level beneath the top level (¢ = 0.009), including
the lowest level (¢ = 0.998).

These cloud amounts are diagnosed by a set of 13
equations, which are documented below for complete-
ness. Apart from the differences highlighted in the pre-
ceding, however, the equations resemble the empiri-
cally based formulas of Slingo (1987) in form, and,
unless otherwise noted, the values of the empirical
constants are the same.

High cloud amount #, is given by

0.0
n, = {(RH — RH,)(1.00 - RH,)™",
1.0

RH, <RH =< 1.0,
RH > 1.0

where RH is the relative humidity and RH, is the
threshold value, 0.70.
Similarly, middle cloud amount #,, is given by

RH < RH,
if (1)

0.0
n, = {(RHE - RH,)(1.00 — RH,)"!,
1.0

RH, < RH, < 1.0,
RH,> 1.0

RH, < RH,
if (2)

where RH, is the relative humidity after adjustment
for the convective cloud amount ng,,, that is,

RH, = RH(1.00 — 7cyy). 3)

Low stratiform clouds fall into two classes. Class 1
is associated with large-scale ascent of moist air; class
11 is linked to boundary-layer stratus, and is associated
with a temperature inversion. For class I, the low cloud
amount 7, is expressed as a product of two functions,
that is,

ni = A(RH.) B(w). (4)

The function 4 depends on relative humidity only and
B on the pressure vertical velocity w only,

0.0
A(RH,) = [(RHe — RH,)(1.00 — RH,)},
1.0
RH, < RH,
if {RH.<RH,<1.0, (5)
RH,> 1.0
1 w < wy
B(w)={ w/wy, if {w <w=<0.0, (6)
0 w> 0.0

and wo = —3.6 hPa h™!. Low cloud amount #;, is di-
minished by weak vertical ascent and vanishes in a

GORDON

1247

subsiding environment. Similarly, for class Il, the low
cloud amount ny, is a product of two functions:

A

np = 5(— —)B(RHbase), 7
Ap
1.0
Al Ab
~ =) ={ —6.67= - 0.667,
5'( Ap) 6.67 op 6
0.0
By
Z;<—Q%
if { -025< %% < —0.10, (8)
Al
L'ﬁJO<XE
1
B(RHpase) = { (RHpase — 0.6)/0.2,
0
if 0.6 <RHpee <0.8. (9)
RHp, < 0.6

Here, 6 is the potential temperature, p is the pressure,
A8/ Ap is the lapse rate (K hPa™!) in the most stable
layer below 750 hPa, and RH;,, is the relative humidity
at the base of the inversion.

Neither class of low stratiform cloud is likely to occur
in the trade-wind cumulus region. Class I is inhibited
by the combined effects of subsidence (or weak upward
vertical motion ) and excessive drying, especially above
o = 0.901. Meanwhile, the model-predicted vertical
temperature profiles are nearly moist adiabatic [in
contrast to those of the ECMWF model with Kuo con-
vection but without shallow convection (Tiedke et al.
1988), which reveal an excessive inversion]. Thus, they
are not conducive to class II low clouds. For the reasons
cited, we introduce a trade-wind cumulus or shallow
convective cloud amount g, :

) Agnt = CshlA(RHe)- (10)

We obtain A(RH,) from Eq. (5) and Cg; = 0.2. In the
basic model version, Eq. (10) is evaluated at all levels
below 750 hPa, which are conditionally unstable (36,/
dp = 0, 0, being the equivalent potential temperature)
and simultaneously exhibit large-scale descent or weak
vertical ascent (w < wp). Although this model version
lacks parameterized shallow convection, shallow con-
vective cloud is categorized as another form of low
cloud. Utilizing Egs. (8), (9), and (10), the low cloud
amount is

n = max(n;,, N2, Hgn).

(11)
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Information on cloud-subtype corresponding to the
solution of Eq. (11) is carried along.

After evaluating Egs. (1)-(11) at each sigma level,
high, middle, and low clouds are assigned to those three
distinct sigma levels o, ¢,,, and o, in the upper, middle,
and lower troposphere, respectively, where n,, n,,, and
n; attain their maximum values; and the corresponding
fractional cloud amounts are set to those maximum

values:
ny(oy) n,’s
Nl 6,) | = max| n,’s}. (12)
ni(oy) n’s

High, middle, and low clouds are generally one sigma
layer thick in the 18-level model, though such a con-
straint would be less appropriate if the model’s vertical
resolution were refined. But even in the R21L.18 model,
cloud-type information is used to adjust the thickness
of some clouds. In particular, in an environment with
strong vertical ascent (w < wp), the tops of class I low
clouds are elevated one sigma level to level g,_;, if O
< my(a;) — np(o~y) < 0.25. Likewise, in the basic
model version, shallow convective clouds are elevated
one sigma level.

Shallow convective cloud is treated differently in the
newer model version with parameterized shallow con-
vection, First, it is a distinct cloud type. Second, the
cloud occupies the same layer as the shallow convec-
tion. Thus, its base is at the sigma level nearest to the
lifting condensation level (LCL), while its top is at the

sigma level nearest to the level of zero buoyancy, or ,

750 hPa, whichever is lower in the atmosphere. In
practice, the lid at 750 hPa usually has to be invoked,
even if a more precise formula than 88,/dp = 0 is used
to compute the buoyancy. Third, the maximum value
of ng, between the cloud base and top, as obtained
from Eq. (10), is assigned to all levels within the cloud.
Fourth, ng, is excluded from Eq. (11) and does not
affect Eq. (12) either. But after solving Eq. (12) and
adjusting the thickness of class I low clouds, gy, is fi-
nally compared to #; at low sigma levels. Wherever #,
> ny, the cloud amount is changed to ngy, and the cloud
type to shallow convective.

Meanwhile, convective cloud amount in the lower
troposphere is given by

0.0 P <0.14
New=1tya+blnP, if {0.14<P<850, (13)
0.8 850 <P

where b ~ 0.125 and a ~ —0.125 In(0.14) are em-
pirical constants and P is the model’s convective pre-
cipitation rate in millimeters per day, averaged between
radiation time steps (currently 12 h). However, for
convective towers in the middle and upper troposphere,
Eq. (13) is scaled by 0.25. The cloud top and base are
defined by the block of contiguous sigma levels where
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convection has occurred (not necessarily simulta-
neously) between radiation time steps.

When deep convective and stratiform clouds coexist
at levels oy, 6.4, o1 0y, then ng,, is usually added to n,,
Ny, Or n; assuming random overlap. However, if the
cloud type is shallow convective, that is, if n; = ngy,,
we set 7; Of Ry = O if s1gny = ngy, OF Neny = 0, if Meny
< ngy. Atlevels o4, 0,,, o1 04, the cloud type is classified
as convective only if ficyy = Ay, Heny = My, OF Aegy = Hy,
respectively. Otherwise, the cloud type is high, middle,
low class L, low class II, or low shallow convective. Any
convective cloud that penetrates a high, middle, or low
cloud layer is broken into two discrete, randomly over-
lapping segments, one below and one above that layer.
Similarly, the convective tower (where n,, is scaled
by 0.25) is currently regarded as a distinct, randomly
overlapping cloud segment. This treatment is dictated
by a constraint in the present radiation code, that is,
different clouds in a vertical column (layered and con-
vective alike) are assumed to randomly overlap. The
cloud type of each convective segment between the
cloud base and top is classified as convective. Random
overlap is assumed between all distinct cloud layers
and convective segments to compute the total cloud
amount.

b. Parameterization of cloud optical depth

Visible optical depths of “cold” clouds (T, < —10°C)
other than precipitating high clouds vary quadratically
with the departure of cloud mean temperature 7, from
a very cold reference value 7,o:

7sw = A(T.~ Teo)?, Teo< Teo< —10°C, (14)

where, T,o = —82.5 K. Equation (14) is adapted from
Harshvardhan et al. (1989), who based their formu-
lation on the empirical results of Platt and Harshvar-
dhan (1988). But the coefficient 4 incorporates a
high-, middle-, or low-cloud pressure thickness Ap, and
has been further enhanced. For high clouds, for ex-
ample, Ap. = 31,25 hPa while 4 = 4 X 10™*, or roughly
three times larger than their value. Even so, 7gw < 0.5
for many *‘cold,” nonprecipitating high clouds.

In Harshvardhan et al. (1989), “warm” cloud (T,
> 0°C) optical depths are linearly proportional to the
actual cloud pressure thickness Ap. However, when
this parameterization was applied to our 18-level GCM,
low clouds beneath ¢ = 0.901 tended to have smaller
Ap’s and hence smaller albedos than middle clouds;
consequently, the planetary albedo was too low. Con-
versely, when we relaxed the constraint that there be
no more than one low, middle, and high stratiform
cloud layer, the planetary albedo increased to an un-
acceptably high value of 0.35. To circumvent this
problem, we specify distinct visible optical depths for
warm low, middle, and high stratiform clouds, precip-
itating high clouds, including anvil cirrus, and con-
vective clouds. Anvil cirrus occurs if the rate of con-
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vective precipitation falling from high plus middle lay-
ers beneath a “high” cloud top exceeds 0.5 mm day !,
The fixed visible optical depths for warm low clouds,
warm middle clouds, warm and/or precipitating high
clouds, anvil cirrus, shallow convective clouds, and
precipitating convective clouds are 9.0, 6.0, 2.5, 5.0,
9.0, and 18.0, respectively.

For “cool” clouds with mean temperatures in the
intermediate range —10° < T, < 0°C, the cloud optical
depth is linearly interpolated between the values for
cold clouds with T, = —~10°C and warm clouds. An
adjustment is made for “thin” low clouds, whether
warm or cold, whose tops are below level 15 (¢ = 0.901)
of the 18-level GCM. Namely, their optical depths are
diminished by (1 — 6y0,)(1 — 0.901)7".

¢. Shortwave and longwave cloud radiative properties

In the past, shortwave and longwave radiative prop-
erties were specified independently in our GCM. This
remains the case for the control integration with fixed
clouds. However, in the new cloud-radiation interac-
tion package, these properties are specified in a more
self-consistent manner. This approach is desirable in
the long term, as the GCM cloud-radiation code be-
‘comes increasingly interactive. Stephens (1978) pro-
posed a parameterization for GCMs that links the
shortwave and longwave properties through their mu-
tual dependence on the cloud liquid water path; the
approach was extended to ice clouds by Stephens and
Webster (1981). We have adopted a variation of this
approach, suggested by V. Ramaswamy (personal
communication, 1987) that is quite convenient when
cloud water is not a prognostic GCM variable. Namely,
the cloud reflectivities (R.; and Ry;;) and absorptivities
(A.s and Ay;;) for the visible (vis) and near-infrared
(nir) spectral bands are computed as functions of the
shortwave optical depth 75w and zenith angle, and the
longwave emissivity ¢, w as a function of the infrared
absorption optical depth 7, w. Platt and Harshvardhan
(1988) and Harshvardhan et al. (1989) also linked their
shortwave and longwave cloud optical properties to
7sw. Lhe calculation of Ry, Rujr, Avis, and A, is based
on the 6-Eddington approximation, following Joseph
et al. (1976). The radiation is diffuse beneath the first
cloud layer where the cumulative cloud optical depth
exceeds 1. Given 7sw, the liquid water fraction 8, and
the shortwave specific extinction Kgwy and Kgwy for ice
particles and liquid cloud droplets, one can diagnose
the effective cloud ice water path (IWP) and cloud
liquid water path (LWP) from the equation

Tsw = (Kewi) (IWP) + (Kgwi . )(LWP).  (15)

We assume that § = 0 for T' < 258 K (pure ice phase),
g = 1for T'> 268 K (pure liquid phase), and g8 varies
linearly with temperature for 258 < T'< 268 K (mixed
phase). The system is closed by computing the ratio
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IWP/LWP and eliminating the total cloud-water path
CWP from

LWP = g(CWP); IWP = (1 — 8)(CWP). (16)
The emissivity is given by

aw =1 —exp(—brrw), where (17)

7Lw = (Kuwi)(UWP) + (Kiwo )(LWP),  (18)

b is the diffusivity factor (b = 1.66), and Kiw; and
K w1 are the longwave specific absorption for ice par-
ticles and hquid droplets. We adopted the following
values: Kgwi = 74 m? kg !, Kgwe = 130 m? kg ™', Kiwt
= 60 (i.e., 100/b) m? kg™!, and K w. = 84 (i.e., 140/
b) m? kg™!. We were guided by Stephens (1978) for
the value of Ky w; and by Ramaswamy and Ramana-
than (1989) for the value of Kgw;. However, the ratios
7w/ 7sw for pure ice or pure water are somewhat larger
than those calculated by Platt (1983). The asymmetry
parameter = .80, while the single-scattering albedo in
the near IR is given by wy = 0.99420.

4. The setup
a. The integrations

Thirty-day comparative integrations have been per-
formed for three Northern Hemisphere (NH) winter
[Southern Hemisphere (SH) summer ] cases and three
NH summer cases using two model versions, hereafter
referred to as CLDRADI and LONDON. CLDRADI
employs the new package of parameterizations for
cloud-radiation interaction described in section 3. In
contrast, the control model LONDON utilizes the
GCM'’s traditional specification of climatological zonal-
mean cloud amounts and global-mean cloud absorp-
tivities, reflectivities, and blackbody emissivities. The
two GCMs are identical in all other respects and possess
the features summarized in section 2,

Also, the following auxiliary integrations have been
performed to help to clarify the results. LONDON-adj:
the same as LONDON, except that longwave vertical
adjustment, that is, vertical smoothing of the in-cloud
longwave cooling profile, is restored. (This smoothing
is switched off in CLDRADI and LONDON.)
CLDRADI-tau: the same as CLDRADI, except that
the temperature-dependent optical depth formula for
cold clouds is suppressed, and fixed values for warm
clouds are used instead. CLDRADI-scg (R21L18;
R42L18; or T30L18), where R denotes rhomboidal
and 7 triangular spectral truncation: the same as
CLDRADI plus parameterized shallow convection in
the spirit of Tiedke et al. (1988) and reformulated
gravity-wave drag after Pierrehumbert (1987). The
latter scheme deposits momentum only at levels where
wave breaking occurs, mainly above the tropospheric
westerly jet maximum; and some of the base momen-
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tum flux may escape to space. RH100: a binary cloud-
prediction scheme (0% or 100% cloud amount) similar
to that of Wetherald and Manabe ( 1980). Relative hu-
midity is the only predictor; the threshold relative hu-
midity is 100%, a value slightly greater than theirs;
clouds are not allowed in the model’s lowest two sigma
layers; and their optical properties are the same as
LONDON?s.

RH100 was integrated for one NH winter case; and
CLDRADI-tau and LONDON-adj for six cases. The
R21L18 and R42L18 versions of CLDRADI-scg have
recently been integrated for one summer (ISCCP) case
to test the sensitivity of the predicted clouds to GCM
resolution, while the T30L18 version was recently in-
tegrated in climate mode to investigate the model’s
response (especially during the summer drought of
1988) to anomalous surface boundary forcing. For
convenience, the distinguishing characteristics of these
models are summarized in Table 1.

b. The cases

Six cases were selected for the CLDRADI and LON-
DON runs—three NH winter cases and three NH
summer cases. They are identified by the dates of their
initial conditions: 5 January 1979, 15 December 1982,
and 15 December 1986; and 11 June 1979, 10 July
1983, and 15 July 1985. The initial time is 1200 UTC.
These are the same cases that modelers attending the
Workshop on Systematic Errors in Models of the At-
mosphere, held in Toronto in 1988, were requested to
integrate [by the World Meteorological Organization
Commission for Atmospheric Sciences/Joint Scientific
Committee (CAS/JSC) Working Group on Numerical
Experimentation, 1988] to foster model intercompar-
ison of systematic errors. In preparation for this work-
shop, initial conditions were processed for the GFDL
spectral model for all six cases. In addition, we had
previously processed earth radiation budget verification
data for two of the cases. Thus, these six cases seemed

TABLE 1. Model characteristics.

Experiment
name Description

CLDRADI Basic model with new cloud-prediction scheme

LONDON Basic control model with fixed zonal-mean
clouds

LONDON-adj Same as LONDON, except LW-cooling
profiles are smoothed

CLDRADI-tau Same as CLDRADI, except for optical depth

of cold clouds

CLDRADI-scg CLDRADI + shallow convection + modified

R21L18 gravity-wave drag at the designated spectral
R42L18 and vertical resolution
T30L18

RH100 With Wetherald~Manabe type of cloud-

prediction scheme
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convenient for studying the model’s systematic error
response to the incorporation of cloud-radiation in-
teraction. Though the sample size is quite small, the
three-case winter and summer ensembles should in-
dicate the predominant cloud-radiation-induced sys-
tematic differences, especially for zonal meaus.
Hereafter, if no ambiguity arises, the NH winter cases
and NH summer cases will be referred to as winier
cases and summer cases, respectively. However, when
focusing on the Southern Hemisphere, we may refer,
more explicitly, to SH summer or SH winter cases.

¢. Verification data and initial conditions

Verification data for clouds and radiation were ob-
tained from several sources. Monthly mean Nimbus-7
narrow-field-of-view (NFOV ) broadband earth radia-
tion budget (ERB) data at the top of the atmosphere
(TOA) were processed for January, June, and July of
1979, while corresponding deconvolved wide-field-of-
view (WFOV) ERB data were processed for January
1983. Following Slingo et al. (1989), the systematic
bias of the Nimbus-7 NFOV ERB fluxes was essentially
removed by adding 3 W m™? to the outgoing longwave
radiation (OLR ) and reducing the planetary albedo by
9% of its original value. For January 1979, we assumed
that the monthly mean day-night longwave flux dif-
ferences were the same as for January 1980, since
the nighttime fluxes were not available. The above
Nimbus-7 ERB data together with global temperature
and water vapor analyses were input into our GCM to
derive monthly mean high and low (and total) “effec-
tive” cloud amount fields for January, June, and July
1979 and January 1983, using the technique of Gordon
et al. (1985). These “NIMCLD?” effective clouds were
originally generated due to the unavailability of satel-
lite-derived “observed” global cloud data. They may
be thought of as a radiatively constrained, two-layer
approximation to the observed cloud distribution, ex-
cept at high latitudes, where weak (if any) solar inso-
lation and/ or significant snow cover are found in con-
junction with a low-level temperature inversion. Also,
we have processed June 1979 and July 1979 monthly
mean cloud amount fields from the NESDIS (National
Environmental Satellite Data Information Service)
multiyear Nimbus-7 C-matrix dataset (Stowe et al.
1989), hereafter referred to as STOWE; and mcre re-
cently, July 1985 monthly mean ERBE (Earth Radia-
tion Budget Experiment) NFOV scanner data (Bark-
strom et al. 1990). Last, we have obtained STOWE
and ISCCP (International Satellite Cloud Climatology
Project) (Rossow et al. 1989, 1990), zonal-mean,
monthly mean cloud data for July 1983.

Verification data and initial conditions for dynam-
ical and thermodynamical variables were derived from
National Meteorological Center (NMC) analyses for
all six cases. Compared to the cloud and ERB data,
this data is better synchronized in time with our model’s
output.
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d. Verification strategy

For dynamical and thermodynamical variables, 20-
day means are generally computed to minimize spinup
effects. In contrast, for model-predicted clouds or earth
radiation budget data, we focus on 30-day mean pre-
dictions to facilitate comparison with monthly mean
verification data. The latter comparisons will be re-
stricted essentially to individual cases. This strategy was
originally dictated by the lack of verification data for
some cases. Moreover, the intercase diversity of sources
of verification data, coupled with uncertainty as to the
true observed state, especially for clouds, could intro-
duce some artificial intercase variability into the ob-
servations. Even for a particular case, factors such as
unrepresentative temporal satellite sampling or the lack
of perfect synchronization between the forecast period
and the verification period could contribute to apparent
differences between forecast and observation. It is
hoped that the verification of the gross, large-scale
structures will still be meaningful. However, the anal-
ysis of the aforementioned factors is beyond the scope
of the present study.

5. CLDRADI simulation of cloud optical properties
and cloud amount

Cloud optical properties were calculated off-line for
representative values of shortwave optical depth. The
results are summarized in Table 2, along with the
LONDON cloud optical properties. The GCM-pre-
dicted high clouds are slightly less emissive (¢ w = 0.96
vs 1.00) and somewhat more reflective (Ry;s = 0.27 vs
0.21) than the LONDON high clouds. Also, CLDRADI
clouds absorb more near-infrared radiation than
LONDON through most of the troposphere. Figure 1
depicts the CLDRADI 30-day winter ensemble mean
zonal-mean cloud emissivity, nir reflectivity, and nir
absorptivity in the latitude~ ¢ plane. The plotted values
were computed off-line, assuming overcast conditions,
wherever and whenever cloud was present, from the

TaBLE 2. Cloud optical properties.

Cloud type Phase 7sw  Rue  Rur  Awe  aw
LONDON clouds
High — — 0.210 0.210 0.005 1.000
Middle 0450 0450 0.020 1.000
Low 0.590 0.590 0.035 1.000

CLDRADI clouds (calculated off-line for specified 7sw and phase)

Thin cirrus Ice 0.50 0.070 0.056 0.005 0.491
High Ice 2.50 0.273 0.226 0.023 0.966
Middle Water 6.00 0.474 0.351 0.044 0.998
Low Water 9.00 0.574 0438 0.065 1.000
Deep convection Ice* 18.00 0.730 0.605 0.148 1.000

* Cloud top is much above the freezing level.
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values diagnosed by the model’s radiation code at every
model grid point and radiation time step. Above 300
hPa, the zonal-mean emissivity is less than 0.8, even
in the tropics, due to the presence of optically thin
cirrus. However, values of ¢ w > 0.95 are quite com-
mon, locally, in active regions of the tropics. The max-
imum zonal-mean CLDRADI reflectivities for low
clouds are 0.551 and 0.506, respectively, in the vis and
in the nir (not shown) bands. In contrast, according
to Table 2, the LONDON low cloud reflectivities are
fixed at 0.59 in both spectral bands. The maximum
CLDRADI zonal mean nir absorptivity (~0.10) is
larger than the fixed value (0.04) for LONDON low
clouds. The CLDRADI reflectivity and absorptivity
decrease at high latitudes, consistent with the temper-
ature-dependent cloud optical depths; they also de-
crease near the surface, consistent with the optical depth
scaling for “thin” low clouds.

Thirty-day mean, zonal-mean cloud amount is plot-
ted versus latitude and o in Fig. 2 for CLDRADI and
the auxiliary RH100 run. The comparison is for a single
winter case, 5 January 1979, although the CLDRADI
results are representative of the three-case ensemble
mean. As noted earlier, RH100 is quite similar to the
cloud prediction scheme of Wetherald and Manabe
(1980), which has been employed for many years in
the GFDL climate model. Meanwhile, CLDRADI may
be thought of as a modified version of the RH100
threshold scheme, with some bells and whistles. Thus,
the sensitivity of the predicted clouds in our GCM to
those bells and whistles is of some interest. CLDRADI
generates more middle cloudiness, but less low cloud-
iness than RH100. The former result reflects a sensi-
tvity to the 30% CLDRADI-RHI100 difference in
threshold relative humidity, which is enhanced by the
model’s midtropospheric dryness. On the other hand,
the vertical motion factor in Eq. (4) tends to inhibit
the formation of low cloud in CLDRADI. At high lat-
itudes, CLDRADI's distinct middle and high cloud
layers may be influenced by the scheme’s restrictions
on the number of low, middle, and high cloud layers
and their vertical placement. In RH100, low clouds
tend to form at the lowest permitted level of the 18-
level GCM, o = 0.947, irrespective of latitude.
CLDRADI low clouds are permitted at the lowest ¢
level, 013 = 0.998, but form over a range of ¢ levels.
The structure of the RH100 cross section in Fig. 2 was
essentially preserved when the threshold humidity was
reduced to 95%, although the global-mean total cloud
amount increased substantially from 0.441 (Table 3)
to (0.626. The main effect of shallow convection (not
shown) was to elevate CLDRADTI’s low cloud tops to
o = 0.777 at subtropical and tropical latitudes.

Latitudinal profiles of CLDRADI and LONDON
30-day time-mean, zonal-mean fotal cloud amount for
the 10 July 1983 case are compared with July 1983
monthly mean ISCCP and STOWE “observations” in
Fig. 3. (The latter two curves were replotted from Fig.
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FiG. 1. Thirty-day (days 0-30) winter ensemble-mean, zonal-mean cloud optical properties.
Cloud emissivity (top); vis reflectivity (middle); nir absorptivity (bottom). Contour interval
= 0.1 (top); 0.05 (middle); 0.02 (bottom).

15 of Stowe et al. 1989.) CLDRADI exhibits consid- CLDRADI lies between ISCCP and STOWE, but tends
erably more zonal-mean cloudiness than LONDON in - to agree more with STOWE, except between 10° and
the tropics, the only region where CLDRADI clearly 25°N and north of 50°N. According to Rossow (per-
verifies better against observation. North of 40°S, sonal communication, 1990), the threshold for de-
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FI1G. 2. Thirty-day (days 0-30) mean, zonal-mean total cloud amount for the 5 January 1979
case. CLDRADI (top); RH100 (bottom). Contour interval = 0.05. Stippling: <0.05, coarse;
>(.20, fine.

tecting low clouds accounts for much of the discrepancy  sults in Fig. 3 to model resolution (cf. CLDRADI-scg
between ISCCP and STOWE. CLDRADI grossly un- R21L18 vs CLDRADI-scg R42L18) and to revised
derpredicts cloudiness over Antarctica. physics (cf. CLDRADI-scg R21L18 vs CLDRADI).

Figure 4 shows the sensitivity of the CLDRADI re- Recall that CLDRADI-scg has the same physics as

TABLE 3. Hemispheric and global-mean total cloud amount.

Dataset NH mean SH mean Global mean
D0030" 5 January 1979 CLDRADI 0.523 0.561 0.542
Winter climatology LONDON 0.488 0.520 0.504
January 1979 MM® NIMCLD 0.583 0.502 0.542
DO0030 5 January 1979 RH100 0.439 0.443 0.441
DO0030 5 January 1979 RH95¢ 0.617 0.635 0.626
DO0030 11 June 1979 CLDRADI 0.556 0.488 0.522
Summer climatology LONDON 0.521 0.486 0.503
June 1979 MM NIMCLD 0.596 0.605 0.601
June 1979 MM STOWE 0.552 0.532 0.542

2D0030 = 30-day mean from day O to 30.
MM = monthly mean.
¢ Same as RH100, except threshold relative humidity is reduced to 95%.
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CLDRADI, plus parameterized shallow convection
and reformulated gravity-wave drag. Total (as well as
low and middle) cloud amount increases moderately
with resolution near the SH circumpolar low pressure
belt and more drastically at polar latitudes, especially
in the SH. This response is probably linked to the spec-
tral truncation of water vapor, which can produce large
changes in relative humidity (the primary cloud pre-
dictor) in cold, high-latitude regions, particularly in
coarser-resolution models. The R42 model produced
a modest decrease (~4%) in high cloud amount (not
shown ) relative to the R21, while the global mean total
cloud cover did not change. In contrast, Kiehl and
Williamson ( 1990) reported a drastic decrease in total
cloud cover in the National Center for Atmospheric
Research (NCAR) Community Climate Model as its
resolution was refined from R15 to T63.

In the subtropical subsidence belt, total (as well as
middle and high) cloud amount displays moderate
sensitivity to the revised physics. There, shallow con-
vection could conceivably reduce the cloud amount,
by evicting water vapor from the boundary layer and
transporting it away from the subtropics. Likewise,
changes in the zonal and meridional circulations, as-
sociated with the reformulated gravity-wave drag,
might affect the water vapor flux. But a detailed analysis
of the physical mechanisms involved is beyond the
scope of this study.

Referring to Table 3, CLDRADI’s global-mean total
cloud amount (0.542 in winter and 0.522 in summer)
agrees quite well with NIMCLD in NH winter and
STOWE in NH summer, but is ~8% lower than ISCCP
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FIG. 3. Zonal-mean total cloud amount vs latitude. CLDRADI
30-day (days 0-30) mean for the 10 July 1983 case; LONDON sum-
mer climatology; ISCCP and STOWE (labeled Nimbus-7 in Fig. 15
of Stowe et al. 1989) July 1983 monthly mean observations.
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F1G. 4. Zonal-mean total cloud amount vs latitude. CLDRADI,
CLDRADI-scg R21L18, and CLDRADI-scg R42L.18 30-day (days
0-30) means for the 10 July 1983 case.

(not shown). CLDRADI’s global means are 2%-4%
higher than LONDON.

Thirty-day mean (days 0~30) CLDRADI total cloud
amount fields are verified for one winter case (5 Jan-
uary 1979) and one summer case (11 June 1979) in
Figs. 5 and 6, respectively. The corresponding
NIMCLD and RH100 January 1979 monthly mean
fields are included in Fig. 5 and the June 1979 monthly
mean STOWE and NIMCLD fields in Fig. 6.

In the 5 January 1979 case, the structure of the
CLDRADI and RH100 total cloud amount fields are
in qualitative agreement, especially over the ITCZ (in-
tertropical convergence zone) and SPCZ (South Pacific
convergence zone) and over the North Atlantic and
North Pacific. But CLDRADI exhibits systematically
more cloud cover than RHI100. Like NIMCLD,
CLDRADI and RH100 display recognizable SPCZs.
Over the Amazon, the predicted maxima are consid-
erably weaker than NIMCLDs. Possible causes are
horizontal resolution, surface hydrology, convective
parameterization, and lack of diurnal variation. The
NIMCLD feature in the southern Atlantic convergence
zone is not well simulated by either prediction. Off the
west coasts of South America and southern Africa,
CLDRADI predicts somewhat more cloud than
RH100.

In the 11 June 1979 case (Fig. 6), fairly good qual-
itative agreement between CLDRADI and STOWE
total cloud amount is found in the tropics and sub-
tropics, and over the North Pacific and North Atlantic
oceans and SH circumpolar low pressure belt.
CLDRADI maxima appear over the Indonesian, At-
lantic ITCZ, and Indian monsoon regions, though the
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FIG. 5. Thirty-day (days 0-30) mean total cloud amount ny, CLDRADI, 5 January 1979 case
(top); RH100, 5 January 1979 case (middle); NIMCLD, January 1979 monthly mean (bottom).
Stippling: none for 0 < ny < 0.20; progressively darker stippling for the (0.20, 0.40), (0.40, 0.60),
(0.60, 0.80), and (0.80, 1.00) cloud fraction intervals.
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FiG. 6. Same as Fig. 5, except for CLDRADI, 11 June 1979 case (top); and June 1979
monthly means for STOWE (middle) and NIMCLD (bottom).

latter two maxima are weaker than STOWE’s, Equa- to the NIMCLD effective total cloud amount data. (At
torward of 45°, the STOWE and NIMCLD large-scale  high latitudes, especially in the polar night region, the
features resemble each other, lending some credence algorithm for NIMCLD effective cloud amount is not
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meaningful.) All three panels indicate a minimum of
total cloudiness off the coast of California during June~
July 1979.

The qualitative agreement between predicted versus
observed total cloud amount extends to high clouds
(not shown), especially at low latitudes. In contrast,
there is less correspondence for low and middle clouds
(not shown), consistent with Slingo (1987), who cited
the use of different definitions of low versus middle
clouds as a contributing factor. CLDRADI middle
clouds stretch across much of the North Atlantic and
Pacific oceans and the 50°-60°S latitude belt; and in
the tropics, middle cloud patterns resemble high cloud
patterns. Considerably more middle cloud is produced
in CLDRADI than in RH100. CLDRADI, NIMCLD,
and STOWE all indicate weak stratus activity off the
California coast during June-July 1979, though
CLDRADI and NIMCLD produce some stratus off
the west coast of South America in January 1979. Our
model’s tendency to generate excessively low relative
humidities in the planetary boundary layer near the
west coasts could reduce the amount of stratus [see
Eq. (9)].

CLDRADI seems to underpredict low and/or mid-
dle cloud amount over the subtropical and extratropical
oceans, including the North Atlantic and Pacific, and
near the SH circumpolar low pressure belt. We spec-
ulate that this behavior is due to multiple causes. First,
Slingo’s scheme is not ““perfect,” nor have its param-
eters been explicitly retuned to our model. Second, our
model, like other models, exhibits substantial system-
atic biases, for example, in the planetary boundary
layer; and it tends to underestimate the transient eddy
energy and intensity of midlatitude synoptic distur-
bances. As already shown in Fig. 4, predicted cloud
amount is quite sensitive to the GCM’s spectral reso-
lution at polar latitudes. The cloud prediction could
be improved by reducing the model’s systematic biases,
as well as optimizing the parameters of the cloud for-
mation algorithm for the GCM. Third, the discrepancy
between different “observations” is not small compared
to that between model and observation (cf. Fig. 3).
This could cause a model’s cloud-verification results
to be misinterpreted in some instances. Also, we suspect
that the optical depths of CLDRADI clouds are too
thin over the aforementioned extratropical regions,
based upon a preliminary comparison with ISCCP C2
data.

6. Radiative response

The TOA ERB response to cloud-radiation inter-
action is verified against observation. Then, the OLR
response to anomalous surface boundary forcing and
the in situ atmospheric radiative response to cloud-
radiation interaction are described. Moderate OLR and
upper-tropospheric cirrus-warming responses occur in
the tropics.
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a. Top-of-the-atmosphere response to cloud-
radiation interaction

Two cases, 5 January 1979 and 11 June 1979, are
highlighted, because their forecast periods should be
better synchronized in time with monthly mean veri-
fication data and/or are centered closer to a solstice,
compared to the other cases. Also, the 15 July case is
briefly discussed, since ERBE verification data were
available. Disregarding some intercase variability as-
sociated with the seasonal trend in incoming solar ra-
diation, anomalous surface boundary forcing, etc., the
predicted ERB fields for the previously cited cases
qualitatively resemble the respective three-case winter
and summer case ensemble means.

CLDRADI 30-day mean (days 0-30) OLR fields
for the 5 January 1979 and 11 June 1979 cases are
verified against Nimbus-7 monthly mean observations
in Figs. 7 and 8, respectively. LONDON is included
in Fig. 7 to dramatize that CLDRADI’s OLR field is
much more zonally asymmetric than LONDON’s in
the tropics and subtropics. OLR variations are con-
trolled mainly by cloud variations in this region, and
the LONDON clouds are zonally symmetric. (LON-
DON’s weak longitudinal variations in OLR are related
to those in water vapor and/or temperature.) In the
NH winter extratropics, where the longitudinal varia-
tion in OLR is controlled more by variations in surface
temperature and less by variations in cloud cover,
CLDRADI and LONDON are comparably asymmet-
ric. Returning to the tropics, CLDRADI's OLR field
bears closer resemblance than LONDON?’s, overall, to
observation, as expected. Low values of CLDRADI
OLR (e.g., in Fig. 7) tend to correspond to large values
of total and high cloud amount. In January, the ob-
served ITCZ and SPCZ are qualitatively simulated by
CLDRADI. But the OLR minimum over the central
Pacific is displaced southeast of the observation and
CLDRADI fails to capture the intensity of the observed
OLR minimum over the Amazon. The CLDRADI
minimum along the Peruvian coast is orographically
induced. In June, CLDRADI is partially successful at
simulating the observed monsoon-related OLR features
over the Indian Ocean, Bay of Bengal, and southeast
Asian regions. However, the simulation is not very good
over the NH subtropical west-central Pacific Ocean.
Also, over the equatorial central Atlantic and equatorial
eastern Pacific oceans, the ITCZ fizzles out in
CLDRADI’s OLR field. The fact that CLDRADI’s to-
tal cloud amount field (Fig. 6) displays a more coherent
ITCZ there is not really contradictory. First of all, in
the tropics, OLR 1s much more sensitive to high cloud
amount (and emissivity) than to low cloud amount.
Second, a fair amount of low cloud but not very much
high cloud forms in the latter two regions, and the high
cloud emissivity is relatively weak there. One specu-
lation is that the model’s penetrative convection is too
weak over the equatorial central Atlantic and equatorial
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FI1G. 8. Same as Fig. 7, except for 11 June 1979 case: CLDRADI (top) and June 1979
monthly mean Nimbus-7 observation (bottom).

eastern Pacific. When the model’s resolution is in-
creased from R21L18 to R42L18, a narrower, more
continuous ITCZ is visually detectable in the low and
total cloud amount fields, but not in the high cloud
amount or OLR fields.

For completeness, the CLDRADI 30-day mean OLR
prediction for the 15 July 1985 ERBE case (15 July-
13 August) is verified against the July 1985 monthly
mean ERBE NFOV OLR in Fig. 9, despite the 15-day
lag between model output and observation. The
CLDRADI OLR is again quite zonally asymmetric;
and as before, it is in gross qualitative agreement with
observation, in the tropics, though less so than in the
11 June 1979 case. CLDRADI’s OLR minimum over
the Indian monsoon region is less intense and less well
organized than is observed, while the CLDRADI min-
ima over the western tropical Pacific and Africa are
located too far east. Also, the Atlantic branch of the
ITCZ is not predicted. CLDRADI’s cloud OLR forcing
field (not shown ) proved to be strongly correlated with
the corresponding total OLR field, in regions of sig-
nificant forcing in the tropics. There, discrepancies be-

tween model and observation seemed to be attributable
more to cloud effects, rather than to clear-sky effects.
Of course, cloud forcing is a very useful concept for
explaining the role of clouds in the earth’s radiation
budget (Ramanathan et al. 1989) and for validating
GCMs (Kiehl and Ramanathan 1990).

The CLDRADI absorbed shortwave radiative flux
field (not shown ), like the OLR, exhibits pronounced
zonal asymmetry in the tropics and especially in the
NH summer extratropics, in the 11 June 1979 case.
Cloud effects dominate there, since the incoming solar
radiation and surface albedo are rather slowly varying
in space; and low clouds tend to have more influence
than high clouds by virtue of their greater albedos. This
may explain why the ITCZ over the central equatorial
Atlantic Ocean is actually somewhat better simulated
in this field than in the OLR, particularly at R42L18
resolution. Meanwhile, the steep meridional gradient
in incoming solar radiation dominates the SH winter
extratropics.

The CLDRADI net radiative flux field (not shown)
is also noticeably zonally asymmetric in the NH sum-
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FIG. 9. OLR fluxes. Predicted 30-day (days 0-30) mean, 15 July‘1985 case: CLDRADI (top);
and July 1985 monthly mean ERBE observations (bottom). Contour interval and stippling as in

Fig. 7.

mer extratropics. Conversely, in the ITCZ, asymmetries
in absorbed shortwave flux and OLR tend to compen-
sate for each other in both the 11 June 1979 and 15
July 1985 cases, but less so than is observed, and
CLDRADIY’s residual cloud net radiative forcing is
larger than ERBE’s. The results are qualitatively similar
in these latter two respects to those reported by Kiehl
and Ramanathan (1990) for the NCAR Community
Climate Model.

Zonal-mean biases in predicted OLR, absorbed
shortwave radiation, and net radiation fluxes are illus-
trated in Fig. 10 (5 January 1979 case) and Fig. 11 (11
June 1979 case). There, latitudinal profiles of the 30-
day mean, zonal-mean radiative flux differences (fore-
cast minus observation ) are plotted for CLDRADI and
'LONDON. In January, the CLDRADI and LONDON

OLR biases are comparable and under 10 W m™2, ex-

cept at high latitudes. The LONDON bias may be even
a few watts per square meter less than CLDRADI’s
between the equator and 30°N. When the temperature
dependence of the cloud optical depth is suppressed
(see the CLDRADI-tau curve), the OLR bias flips sign
in the tropics and subtropics and its amplitude is re-
duced within the 0°-10°S latitude belt. In June 1979,
the positive CLDRADI and LONDON OLR biases in
the ITCZ approach 25 W m™2 and are very prominent
features of Fig. 11. The CLDRADI bias is smaller than
LONDON’s, however, in the tropical belt south of the
equator.

In January 1979, the LONDON, and even more so,
the CLDRADI (or CLDRADI-tau) absorbed short-
wave fluxes, seem much too strong in the SH circum-
polar low pressure belt and too weak in the tropics. A
large high-latitude bias is evident in Harshvardhan et
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al. (1989) as well. CLDRADI-tau has a slightly adverse amplitude for CLDRADI is not so large as in Fig. 10.
effect in the tropics, but little effect at high latitudes. In January as well as June, the shortwave flux bias is
A positive bias also occurs in the middle-to-high lati- the main contributor to the negative net radiation bias
tudes during NH summer (Fig. 11), although the peak in the tropics and positive net radiation bias in the
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high-latitude summer hemisphere. Incidentally, the
shortwave radiation biases over the open ocean would
have more adverse impact in an ocean-atmosphere
coupled GCM than in one such as ours, with specified
SSTs.

The causes of the high-latitude radiative-bias prob-
lem need to be investigated further. However, in prin-
ciple, those biases could be reduced by increasing the
low and middle cloud amount and the cloud optical
depths over the NH and SH extratropical oceans, in-
cluding the SH circumpolar low pressure belt. Such
changes would apparently be justifiable, based upon a
preliminary comparison of CLDRADI versus ISCCP
C2 zonal mean data.

As for the positive OLR and negative shortwave ra-
diation biases in the tropics, CLDRADI clouds may
be too reflective relative to their greenhouse effect. In
the 15 July 1985 case, the CLDRADI clear-sky plan-
etary albedo agrees fairly well with the ERBE data,
though the clear-sky OLR comparison is less straight-
forward. In any case, less low and/or more high cloud
(amount and/or optical thickness) would probably
yield a more realistic tropical radiation budget.

We emphasize that the present cloud-radiation in-
teraction scheme has not reduced our model’s zonal-
mean OLR or absorbed shortwave radiation biases, ei-
ther in the tropics or at high latitudes. But because the
shortwave biases at low and high latitudes are of op-
posite sign, the predicted planetary albedos are still
fairly reasonable. For example, the 30-day means for
CLDRADI are 30.8% (5 January 1979 case) and 29.8%
(11 June 1979 case), and for LONDON, 31.6% (5
January 1979 case) and 31.2% (11 June 1979 case).

b. OLR response to anomalous surface boundary
Jorcing during the 1983 El Nifio event

The monthly mean tropical OLR anomaly response
to globally specified sea surface temperature (SST)
forcing is briefly examined in a model with predicted
clouds, for a month with highly anomalous forcing.
We focus on the month of January 1983, since it co-
incides with an intense El Nifio event. However, the
primary objective is to further evaluate the performance
of the CLDRADI cloud-formation algorithm.

OLR output was analyzed from a recently completed
nine-case ensemble of multiyear climate runs of the
CLDRADI-scg T30L18 model, integrated from real
initial conditions (for a somewhat different purpose).
This model has comparable resolution as the
CLDRADI R211.18 model, though two modifications
have been made to the parameterized physics (see sec-
tion 4). However, the tropical OLR anomaly response
from multiyear runs of either model should be quali-
tatively similar, and more robust than the OLR re-
sponse from the shorter CLDRADI 30-day winter case
runs. In any event, CLDRADI-scg T30L18 monthly
mean anomaly fields were computed as departures of
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the relevant nine-case ensemble mean total field from
the model’s (1981-1988) 8-yr climatology. The nth
member of the nine-case ensemble is identified by the
date of its initial conditions, 1 January 1979 + 3n
months.

The January 1983 monthly mean anomalies of
predicted OLR and precipitation, as well as observed
SST anomalies, derived from an 8-yr (1981-1988)
climatology, are plotted in the lower three panels of
Fig. 12. The OLR anomalies over the tropical Pacific
tend to be negatively correlated with precipitation
anomalies and SST anomalies. The correlations are
strongest over the eastern equatorial Pacific and over
the central Pacific north of the equator. The relation-
ships between tropical OLR, precipitation, and SST
are what one might expect. Warm SST anomalies fa-
vor enhanced penetrative convection, and hence en-
hanced precipitation and total (or high) cloud cover.
In turn, the enhanced cloud cover is consistent with
the reduced OLR.

The predicted OLR anomaly field for January 1983
may be compared to “observation” (top panel of Fig.
12), as plotted on a Mercator map projection, after
Ardanuy and Kyle (1986). The general qualitative
correspondence between prediction and observation
over the tropical Pacific (except over and northwest of
Australia) and Atlantic oceans, Africa, and Brazil is
encouraging. However, the maximum amplitude of the
predicted OLR anomalies is ~30 W m™2 (at least at
T30L18 resolution), as compared to ~70 W m™2 for
the observed. Perhaps 15-20 W m™2 of the apparent
discrepancy can be attributed to differences between
the “observed” climatology (which is based on the three
pre-El Nifio Januarys, 1980, 1981, and 1982), and the
predicted 8-yr climatology (which spans two major El
Nifio events).

The predicted OLR anomaly pattern during the
January 1987 El Nifio (not shown ) resembles that of
January 1983, though the amplitude over the eastern
equatorial Pacific is not as intense. Conversely, the
anomaly pattern during the La Nifia month of January
1984 (not shown) resembles the mirror image of the
January 1983 pattern.

¢. Tropospheric response to cloud-radiation
interaction

The GCM’s in situ atmospheric radiative response
is interesting, though we lack verification data. We fo-
cus on the tropical upper troposphere, and on low
cloud-top levels in the middle to lower troposphere.

CLDRADI and LONDON winter ensemble 20-day
mean (days 10-30), zonal-mean longwave radiative
heating rates are plotted in the latitude~- ¢ plane in Fig.
13. A blob of CLDRADI longwave heating in the trop-
ical stratosphere penetrates downward into the upper
troposphere. A modestly greater amount of high cloud
amount (compared to LONDON) and the tendency



1264

MONTHLY WEATHER REVIEW

VOLUME 120

NIMBUS —7 ERB OLR ANOMALY JAN 1983
...... VRHE
30N-1i1 ..... :
u S AHERE Y GRAIP @ 8512~ [ [ (A N NP B I AN 13 0 S5 £33 G S iy et
[=]
S o
-
< AT o\ (400N L\ e A\ Ny
> .
305
T T T AR T T .:.l. T T S -
0 30E 60 90 120 150 180 150 120 90 60 3ow 0
JAN 1983
w
[a]
2
=
-
<
]
T T
180 150
PRECIP ANOMALY JAN 1983
w
a b
E ‘_""_ o)
— "_‘-"‘eq-\:\'
2 SRIG
]
T ©
T T T Y T T T L 1 T T
[v] 30E 60 90 120 150 180 150 120 90 60 30w O
SST ANOMALY
003
W
Q
>
=
-
<«
-l

T
120

{5
150

oS
180 120 90

—
150

LONGITUDE
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Negative anomalies are stippled.

of CLDRADI high clouds to form over a range of o
levels are controlling factors. In LONDON, the positive
heating is confined to the lower stratosphere, two sigma
levels above the high cloud layer at ¢ = 0.223, and is
thus not cloud related. A maximum (CLDRADI

— LONDON) differential zonal-mean response of
~0.5 K day ™! occurs in the tropics near 5 = 0.156.
The longitudinal response (not shown) is somewhat
more dramatic. CLDRADI “hot spots” are negatively
correlated with longitudinal variations in OLR and
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coarse, < —2 K day™!; fine, >0 K day™'.

span a few sigma levels. Over the western and central
Pacific, its longwave heating-rate maxima approach 2.5
K day~! at ¢ = 0.156; and CLDRADI-tau exhibits
even stronger longwave heating. LONDON’s heating
of ~1.5 K day™! at ¢ = 0.223, near the Andes, is due
to locally colder (cloud-top) temperatures on this sigma
surface. Meanwhile, CLDRADI’s shortwave heating
rates are only O(20%-25%) of the longwave values,
and longwave heating is the dominant contributor to
the net radiative heating.

In the middle-to-lower troposphere, LONDON ex-
hibits more intense longwave cooling than CLDRADI,
and its sharp meridional gradient coincides with the
gradient in the vertical placement of LONDON’s fixed
cloud tops. LONDON’s zonal-mean OLR bias may be
reduced slightly by this cooling. In the extratropics,
longwave cooling rates of >4-5 K day™' occur at
LONDON low cloud tops versus 1-2 K day! at
CLDRADI’s. Also, at higher latitudes, the respective
vertical profiles are quite different. Meanwhile, in the

tropics, LONDON exhibits ~5 K day™' cooling at
~600-700 hPa versus ~4 K day~! for CLDRADI near
900 hPa. But the CLDRADI low cloud-top longwave
cooling overlaps with the water vapor longwave cool-
ing. The latter is of O(2 K day™!) below 900 hPa, as
one may infer from the bottom panel of Fig. 13. Thus,
even in the tropics, the contribution of the CLDRADI
low clouds to longwave cooling is only ~2 K day™'.
With parameterized shallow convection, the predicted
low cloud tops and their associated longwave cooling
shift upwards to ~750 hPa in the tropics, and the water
vapor longwave cooling is weaker at this level.

The CLDRADI-LONDON lower-tropospheric long-
wave radiative response is quite large. Yet only ~25%
of it is directly related to differences in low cloud
amount and properties. The rest is an artifact of a pre-
vious code revision, whereby explicit vertical smooth-
ing of the in-cloud longwave cooling profiles was elim-
inated from the radiation code for being ad hoc. Such
smoothing reduces the longwave cooling at the tops of
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thick low clouds, that is, clouds straddling two or more
layers. LONDON?’s low clouds are more sensitive than
CLDRADI’s to the explicit vertical smoothing. First,
LONDON’s are always two layers thick, whereas
CLDRADI’s are frequently only one layer thick.
Moreover, CLDRADI time-zonal-mean longwave
cooling profiles are implicitly smoothed in the vertical
anyway (cf. Fig. 2), since the vertical placement of its
clouds is time and longitude dependent.

When the in-cloud vertical smoothing was restored
in LONDON-adj (not shown), the maximum cooling
decreased from ~5.5 K day ™! (in LONDON) to ~2.5
K day~' equatorward of latitude 60°. Actually, the
LONDON longwave cooling at low cloud-top level is
unrealistically intense, given the GCM’s vertical res-
olution. Longwave cooling of ~20 K day™' may be
quite reasonable, if confined to the top 30 m of a cloud.
Extrapolating to coarser resolution, one might expect
~5 K day ™! cooling for a ¢ layer ~120 m thick, but
only ~1 K day™ for a ¢ layer ~600 m thick, that is,
the resolution of our 18-level GCM near 700 hPa. Ex-
plicit vertical smoothing will be restored as the default
in future 18-level versions of the model.

Despite the rather large nir absorptivity of
CLDRADI low clouds (Fig. 1 and Table 2), the
CLDRADI-LONDON differential zonal-mean short-
wave radiative heating response was quite weak in the
lower troposphere, attaining a maximum of ~0.25 K
day~! in the tropics near 950 hPa.

7. Thermal response

The CLDRADI-LONDON day 10-30 ensemble-
mean, zonal-mean temperature differences are exam-
ined first. Encouragingly, their extremes tend to be sta-
tistically significant, despite the small number of cases.
Cloud-radiation interaction appears to have favorable
impact on the zonal-mean systematic temperature error
in the tropics and over Antarctica.

a. Zonal-mean differences

As mentioned in section 4, 20-day means for days
10-30 are taken for zonal mean differences as well as
errors, to minimize spinup effects. Three sets of 20-
day ensemble-mean zonal-mean temperature differ-
ences A { Ty for NH winter are plotted in the latitude-
¢ plane in Fig. 14: CLDRADI — LONDON (top
panel), and to help interpret the results, LONDON-
adj — LONDON (middle panel) and CLDRADI-tau
— LONDON (bottom panel). Recall that CLDRADI-
tau is the same as CLDRADI, except that the Harsh-
vardhan et al. (1989) temperature-dependent formula
for the optical depth of cold clouds is suppressed; fixed
values for warm high, middle, or low clouds are used
instead. The effect is to increase the optical depth of
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high clouds. Zonal means are denoted by angle brack-
ets. The 95% confidence level for nonzero mean dif-
ferences, as estimated from Student’s t-test, for N = 3
cases, is exceeded in finely stippled regions of positive
differences and in crosshatched regions of negative dif-
ferences. Coarse stippling delineates negative A{T")
values that fail the above significance test.

Two prominent features of the CLDRADI-LON-
DON differential response are the upper-tropospheric
(anvil) cirrus warming in the tropics, which extends
into the lower middle latitudes, and a lower tropo-
spheric warming, It is instructive to compare the NH
winter temperature differences to the atmospheric
zonal-mean radiative heating and cooling rates, shown
in Fig. 13. The regions of warming in Fig. 14 corre-
spond closely to the regions of positive longwave ra-
diative heating differences implied by Fig. 13. In the
tropical upper troposphere, the maximum warming is
centered near ¢ = 0.156 and is statistically significant
at the 95% confidence level. The warming exceeds 2 K
over quite a wide latitude belt, and values greater than
3 K are found between 15° and 30°S. The A(T) re-
sponse is consistent with a modestly positive
CLDRADI-LONDON difference in zonal-mean high
cloud amount as well as higher penetration by some
of CLDRADY’s high cloud tops to ¢ = 0.156 (vs ¢
= 0.223 for LONDON). The warming response near
the tropical tropopause increases by ~2 K, attaining
a maximum of ~5 K, when the Platt-Harshvardhan
temperature-dependent parameterization of cloud op-
tical thickness is switched off. The CLDRADI and
CLDRADI-tau responses are reminiscent of those re-
ported by Ramanathan et al. (1983) for variable non-
black cirrus and for variable black cirrus, respectively.
The CLDRADI-LONDON response is qualitatively
similar in NH summer (not shown), with the following
caveats. The response is somewhat weaker, the statis-
tically significant regions are somewhat smaller, and
the latitude belt of maximum warming shifts north-
ward.

Lower in the troposphere, Fig. 14 (top panel ) reveals
arather intense CLDRADI-LONDON warm band re-
sponse centered at the o level of the LONDON low
cloud tops, and extending from pole to pole. Local
maxima exceed 4 K in the tropics and midlatitudes
and 8 K near the North Pole. The response seems to
be statistically significant at most latitudes in NH win-
ter, and at tropical and NH latitudes in NH summer.
However, equatorward of latitude 60°, it is mainly an
artifact of the vertical smoothing of the in-cloud long-
wave cooling profile (discussed in section 6), as can
be inferred from a comparison of the top and middle
panels of Fig. 14.

Focusing next on Antarctica, we see that a statisti-
cally significant CLDRADI-LONDON cooling re-
sponse in A( Ty occurs in the lower troposphere during
SH summer. Comparison with the CLDRADI versus
LONDON longwave-cooling rates over Antarctica (in
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Fig. 13) confirms that this response is radiatively
driven. Three cloud-related factors play a role here: (i)
CLDRADI features less low cloud amount than LON-
DON over Antarctica; (ii) its low clouds are located
in the warmer near-surface layer (cf. Fig. 2), more than
100 hPa beneath LONDON?s; (iii) they are optically
thinner. Both CLDRADI and LONDON generate
positive lapse rates (not shown) in the Antarctic lower
troposphere, though CLDRADT’s is closer to isother-
mal. Curiously, CLDRADI and LONDON low clouds
radiate at nearly the same temperature, despite the
aforementioned differences in their low clouds and
vertical temperature profiles. Relatively weaker cooling
responses are centered at CLDRADI middle (o
= (.703) and high (o = 0.542) cloud levels, whereas
a strong warming response is centered at the LONDON
high cloud level (¢ = 0.376).

The zonal-mean temperature difference A(T") re-
verses sign in the Antarctic lower troposphere in SH
winter {not shown), now being strongly positive (with
A{T) as large as 8 K), and CLDRADTI’s near-surface
inversion is more intense than LONDON’s. The A( T
maxima are centered at the levels of the LONDON
low, middle, and high cloud tops. Little if any
CLDRADI cloudiness is found at these levels or any
others (cf. Fig. 3) over Antarctica during austral winter.
Thus, to a first approximation, CLDRADI may cor-
respond to the clear-sky solution there and the
CLDRADI-LONDON temperature difference to the
LONDON longwave cloud forcing response (with sign
reversed).

The Antarctic SH winter response may occur par-
tially for the wrong reason, since CLDRADI predicts
much less total cloud cover over Antarctica than ISCCP
does (cf. Fig. 3). There, spectral truncation errors in
the water vapor field may cause cloud amount to be
underpredicted. The situation could be exacerbated by
the colder conditions of SH winter and by coarser
model resolution (cf. Fig. 4). But even if there were
more cloud cover, the vertical placement of the
CLDRADI clouds and their optical thickness might
significantly affect the temperature response in the
Antarctic lower troposphere. The CLDRADI low
clouds form very close to the surface, and optically
thin “clouds” have been detected with lidar by Smiley
et al. (1980) near the Antarctic surface on frequent
occasions between March and November.

b. Zonal-mean systematic error

Systematic temperature errors of GCMs become
‘quite well established over the 10-30-day forecast
range, as has been well documented in CAS/JSC
(1988) and elsewhere. The CLDRADI and LONDON
integrations are no exception. We have plotted the
CLDRADI and LONDON 20-day (days 10-30) winter
ensemble-mean, zonal-mean temperature errors versus
latitude and pressure in Fig. 15. Regions of negative

MONTHLY WEATHER REVIEW

VOLUME 120

temperature error are stippled. In the upper tropical
troposphere, especially near the tropopause, the zoral-
mean temperature error is typically only —1 to -2 K
with cloud-radiation interaction as compared to —3
to —4 K without it, in winter (Fig. 15) as well as sum-
mer (not shown). Descending beneath 200 hPa into
the middle troposphere, CLDRADI’s systematic error
still tends to be slightly less than LONDON’s in the
tropics (north of latitude 20°S), during NH winter.
But the reduction in systematic temperature error in
CLDRADIs tropical troposphere near 700 hPa, in both
seasons, is more striking. As noted earlier, the in-cloud
vertical profiles of longwave cooling were not vertically
smoothed; and LONDON clouds are more sensitive
than CLDRADI clouds to this feature of the radiation
code. This explains ~75% of the error reduction. Be-
neath 850 hPa, where CLDRADI low clouds prefer to
form, the cold bias increases from ~1 K in LONDON
to 2 K in CLDRADI. But overall, with cloud-radiation
interaction, the cold bias is reduced over most of the
tropical troposphere.

Although the reduction in the tropical cold bias is
encouraging, the results need to be interpreted with
caution. Schemes similar to Slingo (1987), such as
ours, produce one-layer-thick cirrus and hence long-
wave radiative warming near 200 hPa, whereas param-
eterizations of thick anvil cirrus (e.g., Randall et al.
1989) are associated with longwave radiative cooling
near this level. On the other hand, with LONDON
clouds, Sirutis and Miyakoda (1990) obtained a 2 K
monthly mean warm bias at 200 hPa with the Ara-
kawa-Schubert cumulus parameterization, versus
a 5-K cold bias with moist convective adjustment.
Thus, a warm, radiative bias could compensate for a
cold, convective bias or reinforce it, or vice versa, de-
pending how cloud-radiation and cumulus convection
parameterizations were paired. Clearly, more validation
of tropical cirrus and cumulus convection parameter-
izations is needed. Observed vertical profiles of radia-
tion fluxes and/or cloud amount and cloud optical
depth would be useful for verifying cloud-prediction
schemes in the tropics, as well as over Antarctica and
elsewhere.

Speaking of Antarctica, beneath ~500 hPa, the
model’s long-standing SH summer warm bias (Fig. 15)
is reduced from ~4-6 to ~2-4 K, that is, by ~2 K
by cloud-radiation interaction; and the SH winter cold
bias (not shown) is reduced even more drastically, from
~9 to 2 K poleward of 75°S. Differences in cloud
amount (CLDRADI has very little during SH winter),
its vertical placement, and cloud optical depth are the
controlling factors through their effects on the IR
emission.

8. Zonal-wind response

CLDRADI and LONDON ensemble mean latitude—
height cross sections of zonal wind (for NH winter)
are compared against NMC observations in Fig. 16.
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Like observation, CLDRADI exhibits zonal-mean
westerlies in the upper tropical troposphere, which are
stronger than observed, whereas LONDON exhibits
casterlies. This contrasting feature may have some sig-
nificance for the SH summer midlatitude geopotential
height response, discussed in section 10. Second, the
latitudinal position and especially the amplitude of the
CLDRADI SH summer westerly jet verifies better than
LONDON against observation. On the other hand,
CLDRADI’s NH midlatitude westerlies extend too far
equatorward.

CLDRADI-LONDON zonal-wind differences A1)
are shown in Fig. 17 for NH winter. A statistically sig-
nificant westerly acceleration occurs in the tropical up-
per troposphere, where the maximum A{u) exceeds
10 ms™'. But CLDRADTIs systematic zonal-wind error
(not shown) is comparable to LONDON’s in magni-
tude, though of opposite sign. Some statistically sig-
nificant decelerations are found in the SH summer
midlatitude mid-to-upper troposphere and in the NH
winter 50°-60°N belt. The meridional structure of the

tropical-SH extratropical responses resembles that ob-
tained in the anomaly forcing experiments of Ting and
Held (1990) and may represent some kind of normal
mode. The tropical and SH extratropical wind re-
sponses are in approximate geostrophic balance with
the meridional temperature gradients, induced by
cloud-radiation interaction, which flank the negative
temperature differences in the SH tropical middle tro-
posphere (cf. top panel of Fig. 14). In NH summer
(not shown), the tropical acceleration is weaker, con-
sistent with its northward displacement and the geo-
strophic thermal wind relation. The amplitude of the
LONDON-adj~-LONDON differential equatorial ac-
celeration (not shown) is only half as large as
CLDRADI-LONDON’s and there is virtually no SH
summer midlatitude deceleration. Thus, half of the
CLDRADI-LONDON differential equatorial westerly
acceleration and nearly all of the SH midlatitude de-
celeration responses seem to be radiatively driven by
cirrus heating in the tropical upper troposphere. The
remainder may be linked to the weaker radiative cool-
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FiG. 16. Twenty-day (days 10-30) NH winter ensemble-mean, zonal-mean zonal wind.
CLDRADI (top), LONDON (middle), NMC observations (bottom). Contour interval = 5 ms™'.
Easterlies are stippled.

ing at LONDON low cloud-top level in the LONDON-  hPa, zsg9 and z;000, Were compared with NMC obser-
adj and CLDRADI integrations. vation for winter and summer. In the NH (not shown),
the CLDRADI and LONDON forecasts are both dom-
inated by large-amplitude, mainly positive errors at
high latitudes; at 1000 hPa, these errors are associated

Twenty-day ensemble-mean CLDRADI and LON-  with excessive damping of the surface westerlies by the
DON forecasts of geopotential height at 500 and 1000 /inear gravity-wave-drag scheme.

9. Geopotential height response
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FiG. 17. Same as top panel of Fig. 14, except for zonal-mean zonal-wind differences.
Contour interval = 2 m s™!,

Perhaps the most interesting result is that the am-
plitude of the predicted SH quasi-stationary planetary
waves is visibly enhanced in CLDRADI during austral
summer, especially for zonal wavenumbers 1 and 3.
This may be seen by comparing the CLDRADI, LON-
DON, and observed 10-30-day ensemble mean zsy
maps in Fig. 18; a similar response was detected at
1000 hPa. Also, the minimum in zonal-mean sea level
pressure associated with the circumpolar low near 60°S
intensified by 5 hPa, from 998 hPa in LONDON to
993 hPa in CLDRADI. The strengthening of the zonal
circulation is somewhat reminiscent of the SH summer
extratropical response obtained by Meehl and Albrecht
(1988), when the tropical diabatic heating in their
GCM was enhanced by a new parameterization of
tropical convection. Nonetheless, the CLDRADI fore-
cast, like LONDON, still suffers from large, positive
height errors poleward of 60°S, which are flanked on
the north by negative errors, especially near 40°-45°S.

Meanwhile, during austral winter, LONDON’s SH
quasi-stationary planetary wave activity at 500 hPa (not
shown) is considerably more intense than during SH
summer, especially at wavenumbers 1 and 4. Although
CLDRADI’s wave activity is now somewhat less in-
tense than LONDON?’s and projects more onto wave-
number 3 than 4, these characteristics are actually more
consistent with observation according to Karoly (per-
sonal communication, 1990).

Ensemble-mean correlation coefficients between the
10-, 20-, and 30-day mean predicted versus observed
Zs00 and z;090 anomalies have been computed for the
25°~90°N and 25°-90°S extratropical belts. Cloud-
radiation interaction had a marginally favorable impact
on the first 10-day mean (days 0-10), as well as on
the 20- and 30-day means in NH winter and SH sum-
mer. While its statistical significance is not assured, the
10-day mean anomaly correlation response is at least

consistent with the ECMWF model’s medium-range
forecast response obtained by Slingo (1987). Perhaps
the impact of cloud-radiation interaction is masked
by stronger longitudinally asymmetric forcings, es-
pecially in the NH and/or by other sources of forecast
error. Eventually the latter would cause even a good
cloud-prediction scheme to generate clouds at the
wrong location and/or time, with further adverse con-
sequences. Moreover, deficiencies in the cloud-predic-
tion scheme itself could interact by amplifying biases
in the GCM’s radiative budget.

a. Further analysis of the SH summer extratropical
quasi-stationary eddy response

CLDRADI, LONDON, and observed Fourier spec-
tra of the eddy geopotential height at 200 hPa, z3qg,
are plotted in Fig. 19, for the 41°-68°S extratropical
latitude belt and austral summer. As usual, eddy refers
here to the departure from the zonal mean. The results
confirm the amplification of the quasi-stationary waves
in the SH summer extratropical upper troposphere of
CLDRADI. Indeed, CLDRADI nicely reproduces the
observed spectrum of z54, including the peaks at zonal
wavenumbers m = 1 and m = 3. In contrast, LON-
DON’s peaks at m = 1 and m = 3 are much weaker,
and the spectrum is flatter. Descending lower into the
atmosphere (not shown ), CLDRADI continues to ex-
hibit a more distinct peak at m = 3 than LONDON,
though below 400 hPa, the LONDON spectrum con-
tains slightly more variance at m = 3 than CLDRADI.

Spectra of predicted tropical eddy diabatic heating
Q’ for austral summer and two latitude domains, 2°N-
9°S and 12°-28°S, are displayed in Fig. 20. At levels
o5 = 0.156 and o¢ = 0.223, where the CLDRADI and
LONDON longwave radiative heating each attain their
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Fi1G. 18. Twenty-day (days 10-30) SH summer ensemble-mean
geopotential height at S00 hPa. CLDRADI (top) and LONDON
(middle); NMC observations (bottom). Contour interval = 6 dam.
Reference contour = 0 dam.

MONTHLY WEATHER REVIEW

VOLUME 120

Z500 SPECTRA (41S—68S) SH SUMMER

o CLDRADI
o LONDOM
x NMC 0ES

Zz(m) m2

F1G. 19. Twenty-day (days 1(4—30) ensemble-mean z5y eddy geo-
potential height spectra vs zonal wavenumber for the 41°S$-68°S SH
summer extratropical latitude belt. CLDRADI, LONDON, and NMC
observed spectra.

relative maximum, the eddy diabatic heating rates are
guite modest, though CLDRADDP’s is somewhat stron-
ger of the two. Its most prominent Q5 peaks in the
2°N-9°S and 12°-28°S domains occur at wavenum-
bers 1 and 3, respectively, with amplitudes of ~0.45
and ~0.30 K day ! compared with ~0.28 and ~0.18
K day~! for LONDON’s Q¢ peak. Thus, eddy diabatic
heating may be capable of forcing weak wavenumber
1 and 3 disturbances in either model. If so, another
factor is still needed to explain the amplitude of the z’
spectral response in Fig. 19.

The zonal-mean wind conditions in the SH sumrmer
tropics and subtropics are a plausible candidate. Re-
ferring again to Fig. 16, in the tropical upper tropo-
sphere, CLDRADI exhibits rather strong zonal-mean
westerlies whereas LONDON exhibits zonal mean
easterlies. CLDRADI’s westerlies there should tend to
favor the meridional propagation of quasi-stationary
wave activity to the SH extratropics, whereas the
LONDON easterlies should tend to inhibit it. Eddy
diabatic heating is more intense in the tropical middle
troposphere, where latent heating (not shown) domi-
nates, than in the upper troposphere, and LONDON’s
is somewhat stronger than CLDRADI’s. But the zonal-
mean westerlies are weaker, and LONDON’s are
weaker than CLDRADI’s. Zonal-mean tropical east-
erlies are found below 600 hPa in both predictions.
Thus, the tropical middle troposphere and especially
the lower troposphere would not be favorable regions
for meridional propagation to the SH extratropics.

Southern Hemisphere maps of days 10-30 summer
ensemble mean z3qg, that is, eddy geopotential height
at 200 hPa (Fig. 21), are suggestive of enhanced me-
ridional propagation in CLDRADTI’s upper troposphere
from the SH 12°-28°S latitude belt to the extratropics.
Ignoring phase discrepancies, CLDRADI’s quasi-sta-
tionary z’ eddies are comparable in amplitude to the
observed, whereas LONDON’s are much weaker. Also,
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F1G. 20. Twenty-day (days 10-30) SH summer ensemble-mean,
upper-tropospheric eddy total diabatic heating spectra vs zonal wave-
number for tropical latitude belts 2°N-9°S (top) and 12°-28°S
(bottom). CLDRADI Qs and LONDON (¢ spectra are plotted.

the orientation of the CLDRADI disturbances in the
eastern Pacific and near Africa seems consistent with
southward meridional propagation (Karoly, personal
communication, 1989). This is not necessarily true of
the LONDON and observed wave trains in the east-
central Pacific, however, as they are oriented somewhat
differently; and the observed wave train is more con-
fined to the extratropics.

b. Proposed mechanism for the SH summer
amplification

We speculate that in our GCM, the amplification of
SH quasi-stationary planetary wave activity during
austral summer may correspond to the excitation of a
midlatitude Rossby wave train by eddy diabatic heating
in the SH tropical upper troposphere. The following
scenario is envisioned. Weak planetary-scale distur-
bances are forced in the SH tropical-subtropical upper
troposphere by eddy diabatic heating. This occurs in
both sets of integrations, although the eddy forcing is
somewhat stronger in CLDRADI. But only CLDRA-
DI’s upper-level mean wind conditions in the tropics,
induced by cloud-radiation interaction, are favorable
for meridional energy propagation between the tropics
and the SH summer extratropics. This factor may be
the more critical one.

SH SUMMER

FIG. 21. Twenty-day (days 10-30) SH summer ensemble-mean
Z00 €ddy geopotential height. CLDRADI (top), LONDON (middie),
NMC observations (bottom). Contour interval = 3 dam. Negative
values are stippled.
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Berbery and Nogués-Paegle (1992) have inferred a
link between observed SH midlatitude eddy distur-
bances and OLR forcing in the 10°N-10°S equatorial
belt during austral summer and have demonstrated that
the mean wind conditions are more favorable for me-
ridional propagation in the SH at that time. Intuitively,
weaker in situ asymmetric forcing (land-sea thermal
contrast and orography) in SH summer, as compared
to the NH winter extratropics, may make the response
easier to detect in the SH. Also, as suggested by Berbery
and Nogués-Paegle (1992), the mechanism is probably
less viable during SH winter for two reasons. First, the
tropical diabatic forcing moves northward into the NH.
Second, a vertical wall of zonal-mean easterlies exists
in the tropics south of the ITCZ in CLDRADI, as well
as LONDON and observation, thereby inhibiting me-
ridional propagation. In addition, baroclinic growth
rates of SH mid- to high-latitude disturbances might
be larger during austral winter.

Among alternative mechanisms for the intensi-
fication of the SH summer extratropical quasi-sta-
tionary waves is baroclinic instability associated with
CLDRADI’s enhanced meridional temperature gra-
dient at ~700 hPa and 50°S (Fig. 15)and/or at ~150
hPa and 40°S (Fig. 14). The upper-level gradient may
itself be supported by CLDRADI’s zonal-mean diabatic
heating rate (~0.75 K day ') and the CLDRADI-
LONDON differential diabatic heating rate (~0.5 K
day ") in the 2°N-9°S tropical domain between ~ 156
and 223 hPa. The latter heating rates are considerably
stronger than the corresponding eddy diabatic heating
rates. But by itself, the baroclinic hypothesis may not
explain the selective amplification of wavenumbers 1
and 3 or the essentially barotropic character of the
CLDRADI quasi-stationary response.

Incidentally, LONDON-adj’s SH summer z 5o field
and z’ spectra resemble LONDON’s more than
CLDRADIY’s. Curiously, its zonal-mean meridional
temperature profile between the equator and 50°S at
700 hPa resembles CLDRADI’s. Yet LONDON-adj
lacks CLDRADI’s stronger tropical zonal-mean and
eddy diabatic heating, zonal-mean westerlies, and
stronger meridional temperature gradient at ~ 150 hPa.
Thus, whatever the precise mechanism may be, the
tropical upper troposphere seems to play a role in the
wave-amplification process.

10. Summary of results

A parameterization package for cloud-radiation in-
teraction has been incorporated into a spectral GCM
used for extended-range prediction studies. It consists
of three basic elements: (i) cloud amount is predicted
for low, middle, and high stratiform clouds as well as
convective and shallow convective clouds, based on a
modified version of Slingo’s (1987) empirical scheme;
(ii) optical depths of warm low, middle, and high
clouds and precipitating high clouds, including anvil
cirrus, are specified, whereas the optical depth of other
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subfreezing clouds varies with temperature, based upon
the formulation of Harshvardhan et al. (1989); (iii)
long- and shortwave cloud optical properties are linked
to the cloud optical depth, following Joseph et al.
(1976), as suggested by V. Ramaswamy. Also, we ver-
ified the predicted clouds and we examined the GCM’s
extended-range, radiative, thermal, zonal wind, and
geopotential height responses by performing two sets
of 30-day integrations from rea/ initial conditions for
three NH winter and three NH summer cases: (i)
CLDRADI, with cloud-radiation interaction; and (ii)
LONDON, with specified climatological zonal-mean
cloud amount and global-mean cloud optical properties
as the control. A few auxiliary integrations were per-
formed, mainly to clarify some points. For some of the
cases, we could compare predicted radiative fluxes di-
rectly with observed ERB data from Nimbus-7 and
ERBE satellites, or total cloud amount with observed
STOWE or ISCCP data.

The geographical and zonal-mean distributions of
CLDRADI total and high cloud amount bore quali-
tative resemblance to observation, especially in the
tropics. The global-mean total cloud amount was
within respectable limits, but perhaps 5% or 6% too
low. The CLDRADI scheme was partially successful
in detecting marine stratocumulus off the west coast
of South America during SH summer, but did not pre-
dict stratocumulus off the California coast during NH
summer. Also, CLDRADI predicted less total cloud
cover than ISCCP over the SH circumpolar low pres-
sure belt and Antarctica, and, to a lesser extent, over
the North Pacific and North Atlantic. The cloudiness
increased in the extratropics when the model’s speciral
resolution was refined to R42.

Among the more favorable time-mean radiative re-
sponses, the 30-day mean CLDRADI OLR fields
tended to capture the gross longitudinal structure of
the observed SPCZ and the ITCZ over the Pacific, de-
spite some discrepancies in amplitude and phase. In
contrast, the LONDON OLR was much more zonally
symmetric in the tropics. But even the CLDRADI
ITCZ fizzled out over the equatorial central Atlantic.
Also, the cloud-radiation interaction scheme did not
reduce the zonal-mean bias in OLR, absorbed short-
wave, or net radiation fluxes. At ITCZ latitudes, the
OLR biases were of O(+10 W m~?) in winter and of
O(+25 W m~?) in summer. Negative biases in tropical
absorbed shortwave flux suggest that CLDRADI as well
as LONDON clouds are too reflective in the tropics.
Conversely, both CLDRADI and LONDON exhibited
a large positive bias in absorbed shortwave radiation
at high latitudes of the summer hemisphere.

In the model with cloud-radiation interaction, the
tropical OLR anomaly response to strong surface
boundary forcing, that is, SST anomalies during the
1983 El Niiio event, agreed qualitatively with obser-
vation. However, the amplitude of the response was
too weak at T30L 18 resolution.
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A differential zonal-mean longwave radiative heating
response of ~0.5 K day ™!, associated with cirrus-level
clouds, was found in the tropical upper troposphere;
and CLDRADI’s exhibited a prominent eddy structure.
Longwave heating was the dominant contributor to
the net radiative heating. Approximately 75% of the
radiative response in the middle-to-lower troposphere
was attributed to a greater sensitivity of LONDON
clouds to the radiation code’s lack of explicit vertical
smoothing of in-cloud longwave cooling.

The cloud optical depth increased in the tropical
upper troposphere when the temperature-dependent
formulation for cold (nonanvil) cirrus, based on
Harshvardhan et al. (1989), was switched off. Then,
the zonal-mean tropical OLR bias reversed sign and
its magnitude decreased slightly, whereas the negative
shortwave bias in the tropics increased. Cold and/or
thin low clouds at high latitudes have insufficient op-
tical depths.

In the tropics, the zonal-mean temperature-differ-
ence response and the acceleration of the equatorial
zonal mean westerlies during NH winter seemed quite
robust. The cold bias in the tropical upper troposphere
decreased by ~1-2 K, as a consequence of (anvil) cir-
rus warming, though we cannot say whether the vertical
profile of the radiative warming was correct. The ther-
mal response near the LONDON low cloud tops was
even stronger, mainly because CLDRADI-predicted
clouds were less sensitive than the LONDON fixed
clouds to the suppression of vertical smoothing of in-
cloud longwave cooling profiles in the radiation code.
Over Antarctica, the lower-tropospheric zonal-mean
temperature bias decreased in CLDRADI in both SH
summer and winter because of the reduced cloud
amount, the proximity of CLDRADI low clouds to the
surface, and/or thinner low cloud optical depths. Ob-
servations of the vertical distributions of cloud amount
and cloud optical depth, or of radiative cooling/heating
rates, could confirm whether the reduction in zonal-
mean temperature biases in the tropics and over Ant-
arctica occurred for the right reasons.

The westerly acceleration in the equatorial belt, the
deceleration of the midlatitude SH westerlies, and the
equatorward expansion of the NH westerly jet were
prominent features of the zonal-mean zonal-wind re-
sponse to cloud-radiation interaction during NH win-
ter. Also, the minimum zonal-mean sea level pressure
of the circumpolar low near latitude 60°S decreased
from 998 hPa in LONDON to 993 hPa in CLDRADI,
or ~ by 5 hPa during SH summer. Though there were
some signs of marginal improvement in the geopoten-
tial anomaly correlations in the extratropics, the very
low background values of forecast skill in combination
with the small sample size failed to inspire much con-
fidence in those results.

The amplification of the quasi-stationary planetary
waves in the SH summer extratropics was a rather in-
triguing dynamical response to cloud-radiation inter-
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action. It resulted, perhaps, from the simultaneous ex-
istence in CLDRADI of (i) eddy diabatic forcing of
planetary-scale disturbances in the SH tropical upper
troposphere; and (ii) favorable mean flow conditions
for meridional energy propagation to higher latitudes.
LONDON also met condition (i), though CLDRADI’s
eddy diabatic forcing was somewhat stronger. But more
crucially, only CLDRADI met condition (ii) (cf.
CLDRADYI’s zonal mean westerlies vs LONDON’s
easterlies). While the response was modestly robust,
more cases would be needed to establish statistical sig-
nificance.

Strictly speaking, our CLDRADI-LONDON re-
sponses were obtained primarily for a particular GCM
and model resolution. However, we also briefly indi-
cated the sensitivity of the clouds to some recent im-
provements to the model. For example, we did not
find a sharp decrease in global-mean total cloud
amount in the higher resolution CLDRADI-scg
R42L18 model prediction, in apparent contrast to
Kiehl and Williamson (1990). In fact, in the R42
model, the predicted total cloud amount increased at
high latitudes, especially over Antarctica, whereas the
zonal-mean high cloudiness decreased moderately, that
is, by ~4% in the ITCZ, and the zonal-mean outgoing
longwave radiation correspondingly increased by only
a few watts per square meter. Also, the total cloudiness
decreased moderately in the subtropics, in response to
improved physics. Finally, the zonal mean temperature
and zonal wind responses in the tropical upper tro-
posphere essentially held up in the CLDRADI-scg
model, while the CLDRADI-scg forecast of zg90 im-
proved somewhat in the extratropics due to the refor-
mulated gravity-wave drag.

Model improvements. Parameters such as the
threshold vertical motion and threshold relative hu-
midity will be reexamined and perhaps retuned for the
higher-resolution model. The optical depth of cold and/
or thin low clouds at high latitudes will be increased.
Also, the current assumption, that convective and
stratiform clouds randomly overlap, may be modified
in the radiative transfer code to treat deep convective
clouds as vertically contiguous bodies. Finally, we plan
to improve the model’s physical description of clouds
and to enhance its network of cloud-radiation inter-
actions by incorporating cloud liquid water as a prog-
nostic variable.
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