
 

1.    INTRODUCTION

During the last decade or so, little progress has been
made in our understanding of the response of upper-tro-
pospheric cloudiness in climate change experiments
simulated with general circulation models (

 

GCM

 

s), as
concluded by the Intergovernmental Panel on Climate
Change (

 

IPCC)

 

 Third Assessment Report (2001). This
lack of progress results, in part, because 

 

GCM

 

s have dif-
ficulties to simultaneously simulate the global vertical
distributions of cloudiness and its optical properties,
hence producing a wide range of cloud feedback param-
eters in response to sea-surface temperature (

 

SST

 

)
perturbations, as discussed by Cess et al. (1990; 1996).

Earlier 

 

GCM

 

 studies show that, when 

 

SST

 

s increase,
low-level cloudiness decreases and high-level cloudi-
ness increases. The change in the vertical distribution of
clouds yields a positive feedback through the enhanced
greenhouse effect of upper-tropospheric clouds, further
increasing the surface warming (Schlesinger and Mitch-
ell 1987; Wetherald and Manabe 1988). 

 

GCM

 

 sensitivity
analyses also show that the magnitude of this positive
cloud feedback can be dampened, or become negative,
depending on the complexity of parameterized cloud
microphysical processes and precipitation, and cloud
optical properties (Le Treut and Li 1991; Mitchell et al.
1989, Roeckner et al. 1987).

In this study, we repeat the  

 

SST

 

 perturbation
experiment, first proposed by Cess and Potter (1988) as
a surrogate climate change scenario, using the Colorado
State University 

 

(CSU) GCM

 

. We focus our analysis on
the combined variations in the amount and optical prop-
erties of upper-tropospheric clouds when 

 

SST

 

s increase.

2.    THE CSU GCM

In the recent years, parameterized dynamical and
physical processes in the 

 

CSU GCM

 

 have been consider-
ably improved.

The 

 

CSU GCM

 

 uses a new type of dynamical core
which solves the vorticity and divergence equations in
place of the momentum equations (Ringler et al. 2000).
A unique feature of the new dynamical core is that the
model is discretized in the horizontal on a geodesic grid
that is nearly uniform over the entire globe, as discussed
in Heikes and Randall (1995a; 1995b). The vertical dis-
cretization is based on a modified 

 

σ

 

 coordinate system
in which the planetary boundary layer (

 

PBL

 

) is prognos-
tic and fills the bottom layer of the model (Suarez et al.
1983).

Convection is simulated using the parameterization 

of Fowler and Randall (2002), as proposed by Arakawa
and Schubert (1974). Convection is allowed to start at
each model level starting from the top of the 

 

PBL

 

.
Large-scale water vapor, cloud water, and cloud ice are
entrained at the bottom and sides of the convective
updrafts while in-cloud water, cloud ice, and snow are
detrained at cloud-tops. Inside convective clouds, micro-
physical processes are calculated for the water and ice
phase, separately. Cloud water and cloud ice are allowed
to coexist inside a prescribed but easily adjustable tem-
perature range. All convective rain formed by auto con-
version of in-cloud cloud water falls to the surface
instantaneously. All or a fraction of the convective snow
formed by auto conversion of in-cloud cloud ice can be
detrained at cloud-tops while the remaining fraction is
added to the convective rain. The parameterization of
large-scale saturation clouds uses the bulk cloud micro-
physics scheme developed by Fowler et al. (1996), and
is based on the mesoscale cloud models developed by
Lin et al. (1983) for the cold phase, and Rutledge and
Hobbs (1983; 1984) for the warm phase.

The narrow-band parameterization of long and
short wave radiation follows Stephens et al. (2001). The
infrared and solar spectra are divided into 12 and 6 spec-
tral intervals, respectively. In each spectral interval, non-
gray gaseous absorption by H

 

2

 

O, CO

 

2

 

, O

 

3

 

, CH

 

4

 

, and
N

 

2

 

O are calculated using correlated k-distributions fol-
lowing Fu and Liou (1992). Spectral optical properties
of water, ice, and mixed-phase clouds are computed
using the anomalous diffraction theory, as described in
Stephens et al. (1990). Cloudy and cloud-free long and
short wave fluxes are obtained using a delta two-stream
approximation.

3.    SST PERTURBATION EXPERIMENTS

The control (

 

CTRL

 

) experiment, and +2

 

K

 

 (

 

SST

 

p2)
and -2

 

K

 

 (

 

SST

 

m2) perturbation experiments of the sea-
surface temperature (

 

SST

 

) were run for perpetual July
conditions with fixed soil moisture, following the proce-
dure proposed by Cess and Potter (1988). Each simula-
tion was run for 180 days and results are discussed using
the last 30-day mean.

To compare the global distribution of clouds simu-
lated with the 

 

CSU GCM

 

 against 

 

ISCCP

 

 data, we used an
algorithm known as the “

 

ISCCP

 

 simulator”, first pro-
posed by Yu et al. (1986), and further developed and
made widely available to the community by Dr. S. Klein
(Klein and Jakob 1999) and Dr. M. Webb (Webb et al.
2001). In a nutshell, the 

 

ISCCP

 

 simulator emulates the

 

ISCCP

 

 retrieval using the vertical distributions of cloud
amounts and cloud optical properties, and atmospheric
profiles simulated by 

 

GCM

 

s. The 

 

ISCCP

 

 simulator out-
puts the frequencies of occurrence of clouds as func-
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tions of cloud optical thickness (

 

τ

 

) and cloud-top
pressure, as defined by the 

 

ISCCP

 

 radiometric cloud
classification (Rossow and Schiffer 1991).

In the following section, we focus our results on the
geographical distributions of high-level clouds (defined
as clouds with cloud-top pressures less than 440 hPa) in
terms of cirrus, cirrostratus, and deep convective clouds.
Deep convective clouds are the optically thickest upper-
tropospheric clouds, associated with the coldest cloud-
top temperatures. Cirrostratus are cloud anvils formed
by detrainment at the tops of narrow convective
updrafts. Finally, tropical cirrus are optically thin clouds
that can be thought as convective cloud debris that are
advected away from convective sources by the large-
scale flow.

4.    RESULTS

Comparing the July geographical distributions of
simulated cirrus, cirrostratus, and deep convective
clouds against 

 

ISCCP

 

 data reveals significant differences
between the model and observations. As a whole, the

 

CSU GCM

 

 strongly overestimates the amount of high-
level clouds, and simulated clouds are optically too thin
relative to the observations, especially in the tropics. As
seen in Fig. 1, simulated cirrus are significantly underes-
timated along the Inter-Tropical Convergence Zone
(

 

ITCZ

 

) and the warm pool region over the oceans, as
well over land in the Northern Hemisphere, when com-
pared against 

 

ISCCP

 

 data. As simulated cirrus, cirrostra-
tus are also strongly underestimated in the tropics over
land and oceans, and strongly overestimated at high lati-
tudes (not shown). Figure 2 shows that the 

 

GCM

 

 has dif-
ficulties simulated optically thick upper-tropospheric
clouds. In the tropics, the 

 

GCM

 

 reproduces relatively
well deep convective clouds along the 

 

ITCZ

 

 and the

warm pool regions. At high latitudes, the 

 

GCM

 

 is shown
to simulate a lot of deep convective clouds, as labelled
by the 

 

ISCCP

 

 simulator, especially in the Summer Hemi-
sphere. It is important to note that these optically thick
upper-tropospheric clouds were actually formed through
large-scale condensation processes, and not by convec-
tive detrainment.

Uniformly increasing 

 

SST

 

s leads to enhanced con-
vective activity over the oceans, hence producing more
upper-tropospheric clouds through convective detrain-
ment, a mechanism already discussed in earlier studies
(Le Treut and Li. 1991; Mitchell et al. 1989). However,
the increase in high-level cloudiness is not uniform, and
is modulated by accompanying variations in its optical
properties. Figure 3 displays the July geographical dis-
tributions of the difference in cirrus, cirrostratus, and
deep convective clouds between 

 

SST

 

p2 and 

 

SST

 

m2. The

 

SST

 

p2 minus 

 

SST

 

m2 differences in cirrostratus and deep
convective clouds are very small in the tropics, i.e. over
areas where their mean cloud amounts are simulated to
be too small (refer to Fig. 2). In contrast, differences in
both cloud types are large at high latitudes where their
mean cloud amounts are simulated to be too large rela-
tive to the 

 

ISCCP

 

 data. 

 

SST

 

p2 minus 

 

SST

 

m2 differences
in cirrus are geographically more organized than for
optically thicker high-level clouds. The amount of cirrus
is shown to increase in the eastern Pacific and the mid-
dle latitude storm track regions. Optically thin clouds
are simulated to decrease over the western Pacific and
tropical land masses. Because of the large discrepancies
between the simulated and observed global distributions
of high-level cloud types, it is difficult to relate, at least
at this stage, their 

 

SSTP

 

2 minus 

 

SST

 

m2 differences to
actual cloud feedbacks.
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FIGURE 1.   July geographical distributions of cirrus simulated with the CSU
GCM in the CTRL experiment (top panel), and from ISCCP data (bottom
panel). Units are percent, and dark shading corresponds to cirrus amounts
greater than 16%.

22

2

2

2
2

2

2

6

6

6 6

6

6

6

6

66

6

6

66

6

6

6
6

6

10

10

10

10
10

14

14

14
1414 181822

SP

-60

-30

EQ

30

60

NP

180 120 W 60 W 0 60 E 120 E 180

CTRL d002461: JULY Global Mean = 5.2

2

2
2

2

2

2

22
2

2

2

2
2 2

2
2

6

6

6

6

6 6
6

6 610
10

SP

-60

-30

EQ

30

60

NP

180 120 W 60 W 0 60 E 120 E 180

ISCCP 85-89: JULY Global Mean = 2.7

DEEP CONVECTION (23 < TAU < 379)

FIGURE 2.   July geographical distributions of deep convective clouds simu-
lated with the CSU GCM in the CTRL experiment (top panel), and from
ISCCP data (bottom panel). Units are percent, and dark shading corresponds
to deep convective cloud amounts greater than 6%.



 

5.    SUMMARY AND CONCLUSIONS

In this study, we started to investigate how upper-
tropospheric clouds respond to increasing 

 

SST

 

s. In par-
ticular, we sought to use the 

 

ISCCP

 

 simulator to distin-
guish between the response of optically thin and thicker
clouds, following the 

 

ISCCP

 

 radiometric cloud classifi-
cation. Results from the 

 

CTRL

 

 experiment suggest that
we first need to improve the simulated distributions of
cirrus, cirrostratus, and deep convective clouds. In the
tropics, it is most likely that the limited response of
thick clouds results because of deficiencies in the
parameterized physics, and not because of real physical
processes. However, this issue remains to be investi-
gated as well. Using the 

 

ISCCP

 

 simulator to decipher
cloud feedback mechanisms as functions of cloud types
is a tool that can be successfully use to separate the
cloud feedback due to the change in the vertical distribu-
tion of clouds to that due to the change in the optical
properties of cloudiness.
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FIGURE 3.   July geographical distributions of the difference in cirrus (top
panel), cirrostratus (middle panel), and deep convective clouds (bottom
panel) between the SSTp2 and SSTm2 experiments. Units are percent.
Light shading corresponds to differences less than -2% and dark shading
correspond to differences greater than 2%.
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