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Abstract. Six numerical experiments have been performed with a general circulation 
model (GCM) to study the influence of high-level cirrus clouds and global sea surface 
temperature (SST) perturbations on climate and climate sensitivity. The GCM used in this 
investigation is the third-generation ECHAM3 model developed jointly by the Max Planck 
Institute for Meteorology and the University of Hamburg. It is shown that the model is 
able to reproduce many features of the observed cloud radiative forcing with considerable 
skill, such as the annual mean distribution, the response to seasonal forcing, and the 
response to observed SST variations in the equatorial Pacific. In addition to a reference 
experiment where the cirrus emissivity is computed as a function of the cloud water 
content, two sensitivity experiments have been performed in which the cirrus emissivity is 
either set to zero everywhere above 400 hPa ("transparent cirrus") or set to 1 ("black 
cirrus"). These three experiments are repeated identically, except for prescribing a globally 
uniform SST warming of 4 K. Similar to earlier GCM studies, the changed cloud radiative 
heating within the troposphere has a profound impact on the model climate. Since the 
initial radiative forcing introduced by the changed cirrus emissivity is much smaller than 
the convective or dynamical response, we conclude that the tropical circulation, in 
particular, is maintained through a positive feedback loop involving cirrus radiative 
heating, deep cumulus convection, and moisture supply through the large-scale dynamics. 
Since this interaction has been identified in at least two other GCMs employing different 
cumulus parameterizations, it does not crucially depend on the respective closure 
assumption. Moreover, the radiative-convective-dynamical coupling in the tropics is 
relevant also in the global warming experiment through the increase of cloud water and 
hence cirrus radiative heating in the warmer atmosphere. It is shown that the spin-up of 
the Walker circulation in both the global warming and the increased cirrus emissivity 
experiments is a result of a selection process which enhances the diabatic heat source 
through asymmetries of the circulation itself, and the extra differential heating feeds back 
positively on the circulation. It is also shown that cirrus clouds have a significant influence 
on the global climate sensitivity of the model. In the climate change experiment with the 
standard model, the climate sensitivity is 20% higher than in a clear-sky reference 
atmosphere because the increase of cirrus emissivity in the warmer atmosphere 
contributes substantially to the overall positive cloud feedback. In the transparent cirrus 
model the cloud feedback is negative, and the global sensitivity is reduced by 20% as 
compared to a clear-sky reference atmosphere. 

1. Introduction 

There is growing observational and modeling evidence that 
cloud radiative processes play a major role in regulating global 
climate and climate sensitivity. According to analyses of satel- 
lite measurements taken during the Earth Radiation Budget 
Experiment (ERBE), the net radiative effect of clouds is to 
cool the planet by approximately 20 W/m 2 in the global annual 
mean because the cloud albedo effect is larger than the cloud 
greenhouse effect [Hartmann, 1993]. In the tropics both com- 
ponents (often referred to as shortwave and longwave cloud 
radiative forcing, respectively [e.g. Ramanathan et al,, 1989]) 
are large and nearly equal in magnitude, so that the net effect 
is close to zero. Since net cloud radiative cooling prevails in 
higher latitudes, the present cloud distribution enhances the 
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equator-to-pole gradient of net radiative heating relative to a 
clear-sky atmosphere, and this excess heating has to be bal- 
anced by an increase of the atmospheric and/or oceanic me- 
ridional heat transport. 

Observational data of the net cloud radiative forcing within 
the atmosphere or at the surface are not yet available for 
isolating the atmospheric and oceanic contributions to the 
cloud-induced heat transport. Modeling studies indicate, how- 
ever, that the cloud albedo effect is mostly felt at the Earth's 
surface, while the cloud greenhouse effect, at least in the trop- 
ics, is largely confined to the atmosphere [Slingo and Slingo, 
1988; Harshvardhan et al., 1989]. According to these studies the 
sign and the magnitude of the atmospheric longwave cloud 
radiative forcing depends crucially on parameters such as 
cloud top temperature, cloud optical depth, and water vapor 
concentration beneath cloud base. Tropical cirrus, for exam- 
ple, is warming the atmosphere because the absorption of 
infrared radiation emitted from the ground surface is larger 
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than the emission to space from the extremely cold cloud tops. 
The surface warming, on the other hand, is small because most 
of the downwelling infrared radiation is absorbed by water 
vapor between the surface and the cloud base. At higher lati- 
tudes where water vapor is less abundant, a substantial fraction 
of the downwelling radiation emitted from cloud base reaches 
the ground. Moreover, because of the relatively high cloud top 
temperature (relative to the surface temperature) and the 
large optical depth of low-level stratus and stratocumulus pre- 
vailing in middle and high latitudes, the cloud layer is cooled 
radiatively, so that the atmospheric longwave cloud radiative 
forcing outside the tropics is negative. In summary, according 
to these modeling studies the net cloud radiative effect on the 
troposphere is a warming in low latitudes and a cooling in high 
latitudes. In terms of global energetics the cloud-induced in- 
crease of the meridional diabatic heating gradient within the 
troposphere contributes to the generation of zonal available 
potential energy and helps to maintain the general circulation 
against frictional dissipation. The interplay between cloud ra- 
diative processes in the atmosphere, the hydrological cycle and 
the general circulation has been investigated by means of 
GCM experiments with and without the atmospheric compo- 
nent of the longwave cloud radiative forcing, respectively 
[Slingo and Slingo, 1988; Randall et al., 1989; Sherwood et al., 
1994]. The main conclusion from these studies is that the 
infrared cloud radiative warming of the atmosphere, although 
considerably smaller than the latent heat release in convective 
clouds, has a crucial influence on the atmospheric circulation 
through a positive feedback loop involving cloud radiative 
heating of the atmosphere, moisture supply by the large-scale 
circulation, and latent heat release in convective cloud systems. 

In this study we investigate to what extent these interactions 
are relevant for understanding the dynamic response to global 
warming realized by an increase of sea surface temperature 
(SST) by uniformly 4K, in the spirit of the investigation by Cess 
et al. [1990]. In addition to a reference experiment and a global 
warming experiment, we performed two sensitivity experi- 
ments in which the cirrus cloud emissivity was either set to 0 or 
1, and the respective responses are used to interpret the results 
of the global warming experiment. 

In section 2 we discuss the basic features of the model used 

for the present study together with the design of the sensitivity 
experiments. It is shown in section 3 that the model is able to 
faithfully reproduce many aspects of the observed cloud radi- 
ative forcing such as its annual cycle and SST-induced inter- 
annual variations in the tropics. The results of the sensitivity 
experiments are presented in section 4, with emphasis on the 
zonally asymmetric part of the circulation, and the impact of 
cirrus cloud optical properties on climate sensitivity is dis- 
cussed in section 5. A summary of the basic results concludes 
this paper (section 6). 

2. Model and Experiments 
The model used in this investigation is the third-generation 

model ECHAM3 developed jointly at the Max Planck Institute 
for Meteorology and the University of Hamburg [Roeckner et 
al., 1992]. The dynamics and part of the model physics have 
been adopted from the European Center for Medium-Range 
Weather Forecasts model. Prognostic variables are vorticity, 
divergence, temperature, logarithm of surface pressure, and 
the mass mixing ratios of water vapor and cloud water (liquid 
and ice phase together), respectively. The model equations are 

solved on 19 vertical levels in a hybrid pressure-sigma system 
by using the spectral transform method with triangular trun- 
cation at wavenumber 21 (T21). Nonlinear terms and physical 
processes, however, are evaluated at grid points of a "Gaussian 
grid" providing a nominal resolution of 5.625 ø in latitude and 
longitude. Unlike the operational ECHAM3 model, we use a 
semi-Lagrangian technique [Rasch and Williamson, 1990] for 
computing the horizontal and vertical advection of positive 
definite quantities such as water vapor and cloud water. A 
second-order horizontal diffusion scheme is applied to vortic- 
ity, divergence, and temperature. The diffusion is limited, how- 
ever, to the high-wavenumber end of the resolved spectrum, 
and no diffusion is applied to those variables that are treated 
with the semi-Lagrangian technique, namely, water vapor and 
cloud water. Otherwise, the model physics remains unchanged. 

The radiation scheme is based on a two-stream approxima- 
tion of the radiative transfer equations with six spectral inter- 
vals in the terrestrial infrared and four in the solar part of the 
spectrum [Hense et al., 1982]. Gaseous absorption due to water 
vapor, carbon dioxide, and ozone is taken into account as well 
as scattering and absorption due to prescribed aerosol and 
model-generated clouds. The cloud optical properties are pa- 
rameterized in terms of the cloud water content [Stephens, 
1978]. The cloud water content is obtained from the respective 
budget equation, including sources and sinks due to conden- 
sation, evaporation, and precipitation formation by coales- 
cence of cloud droplets and sedimentation of ice crystals 
[Sundqvist, 1978; Roeckner et al., 1991]. The phase separation 
in clouds is parameterized in terms of ambient temperature on 
the basis of empirical data [Matveev, 1984]. Subgrid scale con- 
densation and cloud formation is taken into account by spec- 
ifying appropriate thresholds of relative humidity depending 
on height and convective activity [Xu and Krueger, 1991]. The 
convection scheme comprises the effect of deep, shallow, and 
midlevel convection on the budgets of heat, water vapor, and 
momentum [Tiedtke, 1989]. Cumulus clouds are represented 
by a bulk model including the effect of entrainment and de- 
trainment on the updraft and downdraft convective mass 
fluxes. The turbulent transfer of momentum, heat, water vapor, 
and cloud water is based upon the Monin-Obukhov similarity 
theory for the surface layer and the eddy diffusivity approach 
above the surface layer [Louis, 1979]. The drag and heat trans- 
fer coefficients depend on roughness length and Richardson 
number, and the eddy diffusion coefficients depend on wind 
shear, mixing length, and Richardson number which is formu- 
lated in terms of cloud-conservative variables taking into ac- 
count the effect of condensation on stability [Brinkop, 1991]. 
The soil model comprises the budgets of heat and water in the 
soil, the snow pack over land, and the heat budget of perma- 
nent land ice and sea ice. The heat transfer equation is solved 
in a five-layer model assuming vanishing heat flux at the bot- 
tom. Vegetation effects such as the interception of rain and 
snow in the canopy and the stomatal control of evapotranspi- 
ration are parameterized in a highly idealized way. The runoff 
scheme is based on catchment considerations and takes into 

account subgrid scale variations of field capacity over inhomo- 
geneous terrain [Di•menil and Todini, 1992]. 

To study the impact of cirrus clouds on climate and climate 
sensitivity, two classes of model experiments (XM2, XP2) have 
been performed (Table 1) where "M2" and "P2" denote the 
globally uniform perturbation of the prescribed climatological 
sea surface temperature (SST minus 2 K and plus 2 K, respec- 
tively) and "X" denotes the infrared emissivity of high-level 
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"cirrus" clouds (i.e., all clouds above a height corresponding to 
a pressure level of 400 hPa). In the "standard" simulations 
(X = S), cirrus emissivity (s) is computed as a function of the 
simulated cloud water path (CWP) 

s - 1 - exp (- aCWP), (1) 

with a = 0.144 m2/g [Stephens, 1978], while in the sensitivity 
experiments, the cirrus emissivity is either set to 0 (transparent 
cirrus, X = T) or it is set to 1 (black cirrus, X = B). In all 
experiments the shortwave cloud optical properties are com- 
puted from the simulated cloud water content as explained 
earlier. For economical reasons the model simulations are 

performed in the so-called perpetual mode at a relatively low 
horizontal resolution (T21) with prescribed SST and solar ir- 
radiance representative for the month of July. The diurnal 
variation of the insolation is retained, however. The total sim- 
ulation time is 720 days in each experiment. We allow for an 
initial model spin-up of 90 days, and the last 630 days are used 
for analyzing the respective model climate. 

3. Model Validation 

The design of the model experiments performed in this 
study (perpetual mode, SST perturbation) does not allow a 
comparison with observational data. On the other hand, the 
ECHAM3 model, among many others, has been integrated 
over a period of 10 years within the so-called Atmospheric 
Model Intercomparison Project (AMIP) where monthly ob- 
served SSTs and sea ice limits for the period 1979-1988 are 
prescribed as lower boundary conditions [Gates, 1992]. The 
AMIP period has four years overlapping with the observational 
period of the Earth Radiation Budget Experiment (ERBE) 
(1985-1990), and top-of-atmosphere (TOA) radiative fluxes as 
obtained from ERBE are used to validate the model with 

respect to cloud radiative processes. To take advantage of the 
whole ERBE data set, the AMIP experiment has been ex- 
tended to January 1990, and a few results of this experiment 
are discussed below. To minimize the sampling problem, most 
of the results are presented as zonal averages. The analysis is 
confined to latitudes less than 60 ø because of difficulties in 

distinguishing between clear and overcast regions at high lati- 
tudes [Ramanathan et al., 1989]. The AMIP version of the 
ECHAM3 model is different from that used in this study in two 
numerical aspects, namely, higher horizontal resolution (T42 
instead of T21) and Eulerian advection of water vapor and 
cloud water instead of semi-Lagrangian advection. However, 
the physical package remains unchanged. Test integrations 
with both model versions on the basis of climatological SSTs 

Table 1. List of Experiments 

Perturbation of 

Climatological Cirrus 
Experiment July SST Emissivity Comment 

SM2 -2K variable reference simulation 

TM2 - 2K 0 transparent cirrus 
BM2 - 2K 1 black cirrus 

SP2 +2K variable global warming experiment 
TP2 + 2K 0 global warming plus 

transparent cirrus 
BP2 + 2K 1 global warming plus 

black cirrus 

SST, sea surface temperature. 

? o.o 1 E 

c: -2o.o 

a) SHORTWAVE CLOUD FORCING 1985-1989 

- 80.0 1 -100.0 ' I " I • I • I ' I 
60S 40S 20S 0 20N 40N 60N 

60.0 

30.0 

15.0 -- 

0.0 

• I • I • I • I • I 

b) LONGWAVE CLOUD FORCING 1985-1989 

' I • I i I ' I i I ' 
60S 40S 20S 0 20N 40N 60N 

o.o I 
I c) NET CLOUD FORCING 1985-198/•. 

-45.0 1 ERBE ECHAM -- -- -- 

- 60.0 
60S •S 20S 0 20N •N 

[ 
60N 

Figure 1. Comparison of simulated (ECHAM) and observed 
(Earth Radiation Budget Experiment (ERBE)) 5-year mean, 
zonally averaged cloud forcing as a function of latitude. 

confirm that the large-scale distribution of the TOA radiative 
fluxes is unaffected by the change in the numerical scheme. 

In accordance with the main objectives of this study, it is of 
particular interest to analyze the performance of the model 
with respect to cloud radiative processes. The impact of clouds 
on the TOA radiation balance is most conveniently described 
by the cloud radiative forcing (hereinafter referred to as cloud 
forcing (CF)). Following the conventional notation [e.g., Ra- 
manathan et al., 1989], CF is defined in terms of the emitted 
longwave radiation F, the solar irradiance So, and the albedo 
a according to 

CF = LCF + SCF = (Fcs- F) - So(a - acs) (2) 

where the subscript cs is used for clear-sky quantities and LCF 
and SCF represent the longwave and shortwave components of 
CF, respectively. 

Figure 1 demonstrates that the zonal and annual means of 
SCF, LCF, and CF, respectively, are reproduced remarkably 
well by the model, and in most regions the simulation is within 
the bounds of observational error, typically 5-10 W/m 2 for 
zonal means. In particular, the model is able to reproduce the 
observed minimum of net cloud radiative cooling in the tropics 
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nomical contribution due to the seasonal variation of the solar 

irradiance, so that 

8CF = 8LCF + 8SCF = (8f cs- 8f) + So(8aO•cs- 8aO• ) 

(3) 

where the operator 8, denotes the seasonal perturbation of a 
given quantity about its annual mean value. According to def- 
inition (3) a positive (negative) number indicates seasonal 
cloud radiative warming (cooling) due to seasonal variations of 
cloudiness. 

Figure 2 shows that in the extreme months (January, Figures 
2a and 2b, and July, Figures 2c and 2d, respectively) both 
components of 8CF are reproduced with reasonable skill. 
Since the seasonal variation of S O is neglected, 8CF is gener- 
ated by seasonal changes of radiatively relevant cloud param- 
eters, such as fractional cover, height, depth, and optical prop- 
erties. In the tropics, for example, most of the signal results 
from the seasonal shift of the intertropical convergence zone 
(ITCZ) with a 8SCF cooling and 8LCF warming, respectively, 
in the summer hemisphere and vice versa in the winter hemi- 
sphere. Although the model is able to capture the broad fea- 
tures of the observed response to seasonal forcing, the ampli- 
tude of the longwave component, in particular, is slightly 
underestimated. 

Finally, we assess the skill of the model in simulating the 
cloud radiative response to interannual SST variations in the 
tropical Pacific. There is ample evidence from both observa- 
tions and models that much of the interannual variability in the 
tropics is related to the warm and cold phases of E1 Nifio 
Southern Oscillation (ENSO). The observational record be- 
tween 1981 and 1988, for example, shows a high degree of 
coherence among the anomalies of SST, zonal wind, and out- 
going longwave radiation [Rasmussen, 1991] and atmospheric 
GCMs when forced with observed SST have shown some skill 

in reproducing various features of the observed atmospheric 
response [Lau, 1985; Barnett et al., 1991; Peterson et al., 1992]. 

In this section we investigate whether the ECHAM3 model 
is able to reproduce the observed (ERBE) cloud forcing anom- 
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Figure 2. Comparison of simulated (ECHAM) and observed 
(ERBE) zonally averaged seasonal cloud forcing as a function 
of latitude for the months of (a and b) January and (c and d) 
July, respectively. 

resulting from a near cancelation of the cloud greenhouse 
effect and the cloud albedo effect [Kiehl, 1994]. 

Furthermore, we ask whether the model is able to simulate 
the observed CF variations associated with the seasonal solar 

forcing. According to Cess et al. [1992] the response 8CF to 
seasonal forcing is obtained from definition (2) by subtracting 
the respective annual mean but neglecting the purely astro- 

SST anomalies [øC] OBS 

c,7, C .'_, 
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Figure 3. Time-longitude (Hovm611er) diagram of sea sur- 
face temperature (SST) anomalies (difference with respect to 
the mean 1985-1989) in the equatorial Pacific averaged over 
the latitude belt 5øN-5øS as obtained from the Atmospheric 
Intercomparison Project (AMIP) SST and sea ice data set. 
Contour spacing is 0.5 K. 
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alies in the equatorial Pacific during the 5-year period of Feb- 
ruary 1985 to January 1990. Figure 3 shows a Hovm611er dia- 1/;0 
gram of SST anomalies with respect to this period, averaged 
over the latitude belt 5øN-5øS. The SST anomaly pattern is 
characterized by a warm event in 1986/1987 with peak values of 1/8; 
about 2øC in mid-1987 and a cold event about a year later with 
a similar amplitude. Figure 4a shows the respective anomalies 
of the longwave cloud forcing as obtained from ERBE data. 1/88 
Positive LCF anomalies start to develop in the West Pacific 
during 1985 and propagate slowly eastward until they cover the 1/87 
whole East Pacific during the mature phase of ENSO in 1987 
with maximum heating of more than 40 W/m 2 between 160 ø 
and 170øW. At the same time a slight LCF cooling is observed 1/86 
in the anomalously cold West Pacific indicative of reduced 
convective activity and cloud cover. The LCF cooling propa- 
gates eastward and reaches its peak value of about -40 W/m 2 
at the date line about one year later during the mature phase 
of the cold event. The ECHAM3 model is able to capture both 
phase and amplitude of the observed LCF response with rea- 
sonable skill (Figure 4b). The peak LCF warming during 1987 
is slightly overestimated, however, while the cooling in 1988 
spreads over a larger area and the maximum cooling is smaller 
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Figure 4. Hovm611er diagram of (a) observed (ERBE) and 
(b) simulated (ECHAM) anomalies of the top-of-atmosphere 
longwave cloud forcing (LCF) in the equatorial Pacific, aver- 
aged over the latitude belt 5øN-5øS. Contour spacing is 10 
W/m 2. 
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Fi•urt 5. As Figure 4 except for the anomalies of the short- 
wave cloud forcin• (SCF). Contour spacin• is •0 W/m •. 

than the observations suggest. The SCF response (Figure 5) is 
roughly the mirror image of the LCF response, and this applies 
to both the observed pattern (Figure 5a) and the simulated one 
(Figure 5b). However, the simulated SCF anomalies are gen- 
erally larger than the observed ones, particularly during the 
evolution of the warm event and also during its mature phase 
in 1987. 

Further evidence for the skill of the ECHAM3 model to 

reproduce the observed characteristics of radiation in the trop- 
ics, such as the super greenhouse effect [Ramanathan and 
Collins, 1991] and the near-cancelation of the longwave and 
shortwave cloud forcing [Kiehl and Ramanathan, 1990], can be 
found in the paper of Sherwood et al. [1994]. 

The physical processes behind the changes documented in 
Figures 4 and 5 have been analyzed in the past by means of 
observations and numerical modeling. Over the tropical 
oceans, convective cloud clusters form predominantly in those 
areas where the SST exceeds a threshold of about 300K [Gra- 
ham and Barnett, 1987]. A second necessary requirement for 
triggering convection is low-level moisture convergence. Both 
conditions are fulfilled, for example, in the West Pacific warm 
pool area where intense convection, large amounts of precip- 
itation, and extended cloudiness is observed during the whole 
year. The radiative effect of convective cloud clusters is dom- 
inated by thick anvils (both geometrically and optically) and 
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thinner stratiform cirrus which warm the troposphere and cool 
the ocean [Ramanathan and Collins, 1991]. During E1 Nifio 
events the warming of the central and eastern equatorial Pa- 
cific sets up a convergence in the atmospheric boundary layer 
(ABL) which determines to first order the position of convec- 
tion and cloud formation. The associated condensational heat- 

ing drives a secondary circulation cell which feeds back posi- 
tively on the ABL structure [Lindzen and Nigam, 1987; Barnett 
et al., 1991]. The results presented in section 4 indicate that 
cloud radiative heating due to the formation of cirrus anvils 
may also play a role in maintaining this feedback loop. 

4. Response Experiments 
In this section the climate response to changes of cirrus 

cloud emissivity and global SST perturbation is analyzed. As 
mentioned earlier, the cirrus emissivity is either calculated 
(SM2, SP2), set to 0 (TM2, TP2) or set to 1 (BM2, BP2). 
Hence the difference (TM2-SM2) or (TP2-SP2) is a measure 
for the impact of the longwave cirrus cloud forcing, while 
(BM2-SM2) or (BP2-SP2) indicates its potential role in a black 
cirrus world. Since the results of the cirrus response experi- 
ments are virtually independent of the choice of the SST per- 
turbation, we restrict ourselves to the discussion of (TM2- 
SM2) and (BM2-SM2). The black cirrus response is of 
particular interest, since previous global warming experiments 
which took into account changes of the cloud optical proper- 
ties [Roeckner et at., 1987; Mitchell et at., 1989; Le Treut and Li, 
1991; Taylor and Ghan, 1992; Senior and Mitchell, 1993] sug- 
gested an increase of cloud water content and hence cirrus 
emissivity in a warmer climate. Statistical significance is not an 
issue in this paper because most of the changes discussed 
below are significant at a high level (>99%). 

4.1. Zonally Averaged Circulation 

Most of the responses discussed below are triggered by a 
prescribed or simulated change in cirrus cloud emissivity. Fig- 
ure 6b shows the zonal mean cloud emissivity as a function of 
latitude and height, as simulated in the reference experiment 
SM2. A comparison with the simulated temperature distribu- 
tion, shown in Figure 6a, suggests a close correspondence 
between cloud emissivity and temperature with clouds being 
almost black on average (e > 99%) in areas where the tem- 
perature is higher than about -20øC. In the other extreme, 
clouds are optically thin (e < 10%) in areas where the tem- 
perature is extremely low, such as the Antarctic vortex in win- 
ter or the tropopause region. 

Consistent with the strong dependency of e on T is the 
increase of cloud emissivity in the global warming experiment 
SP2, as shown in Figure 6c. The largest increase of e (more 
than 25%) is simulated at low latitudes around 200 hPa and 
over Antarctica below about 500 hPa. The change of e in 
experiments TM2 and BM2, respectively, is not shown because 
it can easily be inferred from Figure 6b: According to the 
design of experiment BM2 the change of cirrus emissivity 
(above 400 hPa) is just given by 1 - e(SM2), increasing from 
0 at 400 hPa to nearly 1 at the tropopause level. Conversely, in 
the transparent cirrus experiment TM2, the change of e above 
400 hPa is defined as -e(SM2). 

The resulting temperature changes are shown in Figure 7. 
As compared to the reference run, the transparent cirrus as- 
sumption leads to a general tropospheric cooling and to a 
stratospheric warming (Figure 7a). The opposite response is 
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Figure 6. Latitude-pressure distribution of zonally and time- 
averaged (a) temperature, (b) cloud emissivity, both for the 
reference experiment SM2, and (c) emissivity change in the 
global warming experiment SP2, as compared to the reference 
experiment SM2. Contour spacings is 10øC for temperature 
and 0.05, 0.1, 0.25, 0.5, 0.75, 0.90, and 0.99 for emissivity and 
emissivity change. Areas with cloud cover below 2% are left 
blank. 

found in the black cirrus experiment (Figure 7c) with a tropo- 
spheric warming of up to 10 K below the tropical tropopause 
and in the global SST warming experiment SP2 (Figure 7b) 
with a tropical upper tropospheric warming of more than 8 K 
which is more than twice the warming prescribed at the sea 
surface. The main difference between the global warming re- 
sponse (heat source at the ground) and the black cirrus re- 
sponse (heat source in the upper troposphere) is the larger 
vertical gradient of the tropical warming in the latter experi- 
ment. Although the design of the cirrus sensitivity experiments 
is slightly different from that of previous studies conducted 
with the NCAR CCM model [Ramanathan et al., 1983; Slingo 
and Slingo, 1988], the temperature change is broadly similar. It 
differs, however, from that obtained by Randall et al. [1989] 
with the UCLA/GLA model suggesting an upper tropospheric 
warming if all clouds were assumed radiatively inactive and a 
general tropospheric warming when only the cirrus anvils were 
removed in the experiment. On the other hand, Randall et al. 
obtained a response more similar to ours in their "sea world" 
scenario where all land areas had been replaced by ocean, thus 
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Figure 7. Latitude-pressure distribution of zonally and time-averaged temperature differences between 
experiments and reference experiment: (a) TM2-SM2, (b) SP2-SM2, (c) BM2-SM2. Contour spacing is 2 K. 

eliminating all indirect effects by modifications of the land 
surface temperature. 

Consistent with the changed temperature distribution docu- 
mented in Figure 7 is the change of the zonally averaged circu- 
lation such as the zonal wind or the Hadley cell (not shown) 
with the flow and the hydrological cycle, in particular, be- 
coming stronger with increasing cloud emissivity. This re- 
sponse is broadly similar to that obtained by Ramanathan et 
al. [1983], Slingo and Slingo [1988], and also Randall et al. 
[1989] in their sea world scenario. The general conclusion 

which can be drawn from these studies is that the radiative 

heating of the atmosphere by clouds has a substantial impact 
on the strength of the general circulation through interac- 
tions among radiation, the hydrological cycle, and large- 
scale dynamics. In the following subsections we study to 
what extent these interactions are relevant for interpreting 
the dynamic response to a global SST warming. In particu- 
lar, we address the problem of the zonally asymmetric re- 
sponse of the tropical circulation to a globally uniform SST 
warming. 
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Figure 8. Longitude-pressure distribution of time mean (a) 
specific humidity in the reference experiment SM2 and humid- 
ity differences (b) SP2-SM2 and (c) BM2-SM2, averaged over 
the latitude belt 0ø-30øN. Contour spacing, _+0.2, 0.5, 1, 2, 4, 
and 8 g/kg. 

4.2. Zonal Variations in the Tropics 

Because of rapid adjustment processes in the tropics the 
horizontal temperature gradients above the boundary layer are 
relatively small (not shown). It is well known from both obser- 
vations and model simulations that because of rapid adjust- 
ment processes in the tropics the temperature distribution is 
fairly uniform in the west-east direction [Barnett et al., 1991; 
Wallace, 1992]. Larger horizontal gradients build up, however, 
in the humidity field with high values in convectively disturbed 
regions and relatively low values in regions with suppressed 
convection. The moistening of the main troposphere in areas 
with high SST and active convection is the major cause for the 
generation of a so-called super greenhouse effect, as analyzed 
by Ramanathan and Collins [1991] from ERBE data. Figure 8a 
shows the specific humidity averaged between 0 ø and 30øN as a 
function of longitude and height, as simulated in the reference 
experiment SM2. Particularly at high altitudes, there is a 
marked increase of specific humidity across the tropical Pacific 
with a relatively dry eastern Pacific and a relatively moist western 
Pacific and Indian Ocean. The respective changes in the global 
warming experiment SP2 and in the black cirrus experiment BM2 
are shown in Figures 8b and 8c, respectively. As to be expected 

from the substantial tropospheric warming in these experiments 
(cf. Figures 7b and 7c), the moisture increases in both experi- 
ments throughout the troposphere. In both experiments the larg- 
est moistening is simulated in those areas where the moisture is 
already large in the reference run. Hence the east-west moisture 
gradient is enhanced in both experiments, particularly in BM2. 
Because of higher SST in SP2 the moistening is particularly large 
in the lower troposphere, while the moistening is generally 
smaller and vertically more uniform in BM2. 

Similar to specific humidity, the largest cloud amount is 
simulated in the West Pacific warm pool area and in the Indian 
Ocean (including the Asian monsoon area) with the deepest 
clouds in the Indian Ocean and over the Indian subcontinent 

between about 60øE and 100øE, as shown in Figure 9a. A 
secondary high-cloud maximum is found over Central Amer- 
ica, while the cloudiness minima in the surrounding oceans 
indicate areas with large-scale subsidence. 

As apparent from Figures 9b and 9c, the cloud responses to 
global warming and black cirrus, respectively, are similar in struc- 
ture but different in magnitude. In the global warming experiment 
SP2 (Figure 9b) the upper level dipole structure, with cloud in- 
crease around 100 hPa and decrease below, is related to a lifting 
of the tropopause [cf. Mitchell and Ingram, 1992]. In the West 
Pacific warm pool area the increase of midlevel clouds results in 
a deepening of the cloud layer as compared to the reference run 
SM2 (Figure 9a). In the black cirrus experiment (Figure 9c) the 
cloud deepening in the West Pacific is substantially larger with a 
pronounced westward extension into the Indian Ocean. This 
structural change of cloudiness is caused by a strong vertical 
tropospheric heating gradient (cf. Figure 7c) which tends to lower 
the penetration depth of deep convection. Thus provided that the 
convection is not shut down completely, cumulus clouds detrain 
moisture and cloud water already at lower levels and, as a result, 
cloud formation in the midtroposphere is enhanced. The increase 
of West Pacific midlevel clouds in the global warming experiment 
SP2 (Figure 9b) is smaller than in BM2 because the tropical 
heating is more uniform (cf. Figures 7b and 7c). 

The changes of humidity and cloudiness discussed above are 
indicative of a changed Walker circulation and/or monsoon 
circulation. Both are ultimately driven by differential diabatic 
heating resulting from thermal contrasts between different 
ocean areas or between ocean and continent. Figure 10 shows 
the east-west variation of the total diabatic averaged between 
0 ø and 30øN for the reference experiment (Figure 10a), the 
global warming experiment (Figure 10b) and for the black 
cirrus experiment (Figure 10c). The total diabatic heating is 
defined as the sum of radiative heating and phase changes 
(condensation/evaporation) but includes also the contributions 
from subgrid scale transports generated by turbulence and 
convection. Since the atmospheric heat storage vanishes in the 
long-term mean, the total diabatic heating has to be balanced 
by the large-scale dynamics. Because of the weak horizontal 
temperature gradients in the tropics the horizontal heat advec- 
tion is small, and the diabatic heating is balanced predomi- 
nantly by adiabatic expansion/compression resulting from 
large-scale vertical motion. In all experiments, maximum dia- 
batic heating and hence maximum upward motion is simulated 
in the West Pacific/Indian Ocean area. A weaker heating max- 
imum is found over Central America, while diabatic cooling 
and hence adiabatic warming due to downward motion is ev- 
ident over the East Pacific, in particular. The increase of cirrus 
emissivity (Figure 10b) and the increase of the SST by 4 K 
(Figure 10c) result in larger east-west heating gradients which 
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Figure 9. Longitude-pressure distribution of time mean (a) cloud cover in the reference experiment SM2 
and cloud cover differences (b) SP2-SM2 and (c) BM2-SM2, averaged over the latitude belt 0ø-30øN. Contour 
spacing, 5% for cloud cover and _+2, 4, 8, 16, and 32% for the differences. 

can be related to a strengthened Walker circulation. It is in- 
teresting to note that in the black cirrus experiment BM2 
(Figure 10c) a sign reversal of the diabatic heating is simulated 
near cloud tops with cooling above the thick clouds in the West 
Pacific and Indian Ocean area and warming in regions where 
upper level clouds are less abundant, as in the Atlantic region, 
for example. As is shown later, this diabatic heating structure 
is related to cloud radiative processes which trigger a reverse 
Walker cell in the upper troposphere and lower stratosphere 

with sinking air over the convectively active regions and rising 
air over areas where high-level clouds are less abundant. The 
net radiative warming of thin cirrus layers below the tropical 
tropopause has been proposed as one of the mechanisms pro- 
viding a transfer o[water vapor from the troposphere to the 
stratosphere in the real world [Gage et al., 1991]. 

A further indication of the cirrus radiative impact on the 
strength of the Walker circulation is shown in Figure 11. The 
quadrupole structure of the velocity potential with upper level 
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Figure 10. Longitude-pressure distribution of time mean diabatic heating in the experiments (a) SM2, (b) 
SP2, and (c) BM2, averaged over the latitude belt 0ø-30øN. Contour spacing, _+.5, 1, 2, 4, and 8 K/d. 

divergence and low-level convergence in the convectively active 
regions, and vice versa in regions with suppressed convec- 
tion, is progressively intensified from top to bottom of Fig- 
ure 11 with the weakest gradients both horizontally and 
vertically in the transparent-cirrus experiment (Figure 11a) 
and the largest gradients in the other extreme of black cirrus 
above 400 hPa (Figure 11d). As compared to the reference 
run (Figure 11b), the global warming results in an intensi- 

fication of the Walker cell (Figure 11c), but the increase is 
smaller than in the black cirrus case. 

4.3. Atmospheric Heating Profiles in the Tropical West 
Pacific 

To study the contribution of individual terms of the thermo- 
dynamic equation to the changed Walker circulation, we se- 
lected an area which comprises the West Pacific warm pool, 
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Figure 11. Longitude-pressure distribution of time mean ve- 
locity potential in the experiments (a) TM2, (b) SM2, (c) SP2, 
and (d) BM2, averaged over the latitude belt 0ø-30øN. Contour 
spacing is 5 km2/s. 

the Indian Ocean including the Arabian Sea, the Bay of Ben- 
gal, the Indian subcontinent, and South East Asia (0 ø to 30øN; 
60øE to 150øE). During boreal summer this area is marked by 
organized deep convection, nonconvective mesoscale cirrus 
and cirrus anvils between about 200 and 500 hPa [Fu et al., 
1990]. The vertical cloud structure in the reference experiment 
can be inferred for that area from Figure 9a. It is also the area 
where the responses to cirrus cloud and SST changes are larg- 
est (cf. Figures 9b, 9c, and Figure 10). 

Figure 12 shows vertical distributions of the shortwave and 
longwave cloud forcing (SCF and LCF, respectively), averaged 
over the area mentioned above for the transparent cirrus run 
(Figure 12a), the reference run (Figure 12b), the global warm- 
ing experiment (Figure 12c), and the black cirrus experiment 

(Figure 12d). In all experiments the upper troposphere above 
about 600 hPa is heated by absorption of solar radiation in 
clouds (SCF > 0), while the lower troposphere is cooled as 
compared to a cloud-free reference atmosphere (SCF < 0) 
because less solar radiation is available for heating the atmo- 
sphere below cloud base. Conversely, LCF is positive through- 
out the troposphere except at cloud tops just below the tropo- 
pause level where net infrared cooling is simulated as a result 
of cloud top emission (LCF < 0). However, because of the 
design of the transparent cirrus experiment (Figure 12a), LCF 
is zero in the upper troposphere, while LCF cooling is shifted 
to the middle troposphere. As compared to the reference run 
(Figure 12b), the global warming experiment (Figure 12c) 
shows an enhancement of both SCF in the upper levels and 
LCF in the lower levels resulting from an increase of cloud 
cover, cloud water content (not shown), and hence cloud emis- 
sivity (cf. Figure 6c). Similarly but even more pronounced, both 
SCF and LCF increase in the black cirrus run, partly due to the 
design of the experiment and partly as a result of the increased 
cloudiness (cf. Figure 9c). In the other extreme the transparent 
cirrus experiment (Figure 12a) shows a reduction of both SCF 
and LCF throughout the troposphere, indicative of a weaken- 
ing of convective activity and cloud generation processes in this 
area. It is interesting to note further that the month-to-month 
variability (expressed in terms of standard deviation) increases 
with increasing cirrus emissivity. 

The major components of the atmospheric heat budget in 
the area mentioned above are shown in Figure 13. In the 
reference run SM2 (Figure 13b) the free troposphere is heated 
by convection with a maximum of nearly 3 K/d between about 
500 and 600 hPa. The convective heating is balanced by radi- 
ative and adiabatic cooling in the rising branches of the Walker 
circulation and the Asian summer monsoon circulation. Heat- 

ing by turbulent diffusion is essentially confined to the bound- 
ary layer, while heating through condensation in stratiform 
(large scale) clouds becomes important only in the upper tro- 
posphere above about 500 hPa. 

In the global warming experiment (Figure 13c) this balance 
remains essentially unchanged except that nearly all terms be- 
come larger. The increased diabatic warming by enhanced 
convection and large-scale condensation is balanced by a larger 
adiabatic cooling. In the black cirrus experiment BM2 (Figure 
13d) the dynamic response is slightly larger than in SP2, par- 
ticularly in the lower troposphere, but the compensation is 
achieved in a different way. The strong upper tropospheric 
warming in BM2 results in a reduction of convective activity, 
while at the same time the heating by the release of latent heat 
in large-scale clouds becomes the dominant term in the upper 
troposphere. Furthermore, the large cloud radiative heating 
(cf. Figure 12d) is able to almost offset the clear-sky radiative 
cooling, so that the net radiative cooling becomes very small. 
Because of the black cirrus assumption the upper part of the 
cloud layer between about 200 hPa and 75 hPa is cooled ra- 
diatively, and the heat balance is achieved by a corresponding 
dynamical warming resulting from sinking motion. In the trans- 
parent cirrus case TM2 (Figure 13a) the convection is substan- 
tially weakened, the radiative cooling is slightly increased be- 
cause the cloud radiative forcing is small (cf. Figure 12a), and 
the reduced convective heating is balanced essentially by a 
smaller adiabatic cooling which is diminished to roughly 50% 
of that simulated in the reference run SM2. 

Similar results were obtained by Slingo and Slingo [1988] 
with the NCAR CCM, Randall et al. [1989] with the UCLA/ 
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Figure 12. Vertical profiles of SCF and LCF averaged between 0ø-30øN and 60øE-150øE for the experiments 
(a) TM2, (b) SM2, (c) SP2, and (d) BM2. Units, K/d. Shading indicates standard deviations of monthly means. 

GLA model, and Sherwood et al. [1994] with the ECHAM3 
model. Obviously, this radiative-convective-dynamic feedback 
mechanism is rather insensitive to cumulus closure assump- 
tions which are very different in the three GCMs. While the 
NCAR model employs a simple moist convective adjustment 
scheme and the UCLA/GLA model the sophisticated Ara- 
kawa/Schubert scheme, the ECHAM3 model uses a bulk mass 
flux approach with a moisture convergence closure assumption 
for deep convection. Similar conclusions can be drawn for all 
other parameterizations such as radiation, cloud formation, 
and turbulent transfer which are very different as well. 

4.4. Surface Heat and Water Budget 

The changes of the tropical circulation and those of humidity 
and cloudiness, in particular, documented in Figures 8 to 11, 
are related to changes of the surface heat and water budget. 
Figure 14 shows the east-west variation of the respective com- 
ponents averaged over all ocean areas between the equator 
and 30øN. The change of cloudiness in the West Pacific and 

Indian Ocean (cf. Figure 9) has a substantial impact on the 
amount of solar radiation absorbed at the surface (Figure 14a). 
Almost everywhere in this area, the largest amount of solar 
radiation is absorbed in the transparent cirrus case TM2, while 
a dramatic decrease from about 250 W/m 2 in SM2 to about 100 
Wm 2 is simulated in the black cirrus case BM2 in the West 

Pacific. In the global warming experiment SP2 the response is 
similar in sign but smaller in magnitude, as compared to BM2. 
The longwave radiation budget (Figure 14b) changes in the 
opposite way as a result of atmospheric humidity and cloudiness 
changes, but the differences are generally smaller than those ob- 
tained for the shortwave budget. The sensible heat fluxes (Figure 
14c) change in the same sense as the longwave radiation providing 
a surface heating relative to SM2 in the black cirrus case BM2 and 
a surface cooling through enhanced fluxes in TM2, largely as a 
result of the changed temperature in the boundary layer. As for 
the shortwave radiation budget, the longwave radiation and sen- 
sible heat flux responses to global warming are similar in sign but 
smaller in magnitude than those obtained in BM2. 
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Figure 13. As Figure 12 except for various components of the heat budget equation. 

A fundamental difference between SP2 and BM2 can be 

identified in Figure 14d which shows the latent heat flux dis- 
tributions for the four experiments. The increase of the latent 
heat flux throughout the area in SP2 relative to all other ex- 
periments is a direct result of the SST warming. On the other 
hand, the smallest fluxes are simulated in BM2 because the 
black cirrus warming creates a warmer and moister tropo- 
sphere. Oppositely, the latent heat flux is generally increased in 
TM2, due to the colder and dryer troposphere simulated in 
that experiment. Obviously, an increase of cirrus emissivity 
favors cloud formation in convectively disturbed regions, while 
the evaporation at the surface is reduced which immediately 
raises the question: Where is the moisture source which main- 
tains the enhanced convection or large-scale condensation in 
the West Pacific warm pool area in the experiments SM2 and 
BM2 relative to TM2? As the surface evaporation is reduced 
with increased cirrus emissivity, the only mechanism to provide 
the required additional moisture convergence is the large-scale 

circulation. Since a long-term storage of water in the atmo- 
sphere can be excluded, the vertically integrated atmospheric 
moisture convergence is just the difference between precipita- 
tion P and evaporation E at the surface, and this difference is 
actually shown in Figure 14e. All model experiments indicate 
positive (P-E) in the convectively active regions provided by 
the excess evaporation (i.e., E > P) in the relatively dry 
regions upstream of the convection areas. In the West Pacific 
warm pool area the largest moisture convergence is simulated 
in the black cirrus experiment, supplying that region with ad- 
ditional moisture and clouds although the surface evaporation 
is reduced nearly everywhere. Consequently, the chief mecha- 
nisms providing the additional moisture is the acceleration of 
the circulation (cf. Figure 11). In the global warming experi- 
ment, on the other hand, the additional moisture in the West 
Pacific is provided by both local enhancement of surface evap- 
oration (approximately 0.5 mm/d in the warm pool area) and 
moisture import from remote areas through the trade wind 
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Figure 14. Zonal variation of individual components of the surface heat and water budget, averaged over 
the latitude belt 0ø-30øN (oceans only): (a) net shortwave radiation, (b) net longwave radiation, (c) sensible 
heat flux, (d) latent heat flux, and (e) precipitation-evaporation. Upward fluxes are denoted with a negative 
sign. Units, W/m 2 for energy fluxes and mm/d for the water budget. 

systems predominantly (roughly 2 mm/d in the warm pool 
area). In the transparent cirrus case TM2 the moisture con- 
vergence is very small despite the comparatively large surface 
evaporation. This result is consistent with the weak tropical 
circulation simulated in that experiment resulting in small 
zonal asymmetries of humidity and cloudiness. 

The modifications of the surface heat and water budget are 

not confined to the tropics, however. Table 2 shows global 
averages of the respective components, the TOA radiation 
budget, and a few atmospheric parameters in addition, such as 
total cloud cover (CC), precipitable water (PW), and columnar 
cloud water (CW). Similar to the changes obtained for the 
tropical oceans, the magnitude of all surface heat flux compo- 
nents decreases with increasing cirrus emissivity, while the 
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most obvious change in the global warming experiment SP2 is 
an increase of the latent heat flux by about 13 W/m 2. The TOA 
radiation fluxes change in a similar way as those at the surface, 
and the response of the longwave flux significantly exceeds the 
magnitude of the respective shortwave response. Hence, as to 
be expected, the increase of cirrus emissivity leads to a warm- 
ing of the atmosphere-surface system. Moreover, increasing 
the cirrus emissivity from experiments TM2 to SM2 and fur- 
ther to BM2 results in a substantial increase of total cloud 

cover, precipitable water, and cloud water as well. On the other 
hand, the global mean precipitation is reduced as is the surface 
evaporation or latent heat flux, opposite to the change obtained 
by Randall et al. [1989] who simulated a precipitation decrease of 
0.11 mm/d in a perpetual January experiment where the longwave 
cloud radiative forcing was completely removed. In the global 
warming experiment SP2, on the other hand, the precipitation 
rate is substantially higher than in SM2, consistent with the in- 
creased latent heat flux at the warmer ocean surface, and the 

outgoing longwave radiation is increased due to the larger infra- 
red emission from the warmer surface. In this respect, the re- 
sponse is fundamentally different from that of the black cirrus 
experiment. As a result of the atmospheric warming, both com- 
ponents of the atmospheric water content are increased, similar 
to BM2, while the total cloud cover is slightly reduced, different 
from BM2 but consistent with the model responses obtained by 
Cess et al. [1990] for a suite of GCMs using an identical experi- 
mental design (cf. section 5). 

It is of interest to discuss the global distribution of the 
precipitation response (Figure 15). The precipitation simu- 
lated in the reference run SM2 is shown in the top panel 
(Figure 15a), and the differences between the experiments and 
SM2 are shown in Figures 15b-15d. The response obtained in 
the TM2 experiment (Figure 15b) is characterized by a spa- 
tially coherent precipitation decrease of up to 7 mm/d in most 
of the areas where the tropical precipitation is high in the 
reference experiment (West Pacific, Arabian Sea, Indian sub- 
continent, ITCZ over Africa). Precipitation increases in the 
surrounding ocean areas (southern Indian Ocean and most of 
the Pacific Ocean) and also to the north and south of the 
Atlantic ITCZ. This change is similar to that obtained by Slingo 
and Slingo [1988] and Randall et al. [1989] in perpetual January 
experiments. The black cirrus response (Figure 15d) is broadly 
the mirror image of Figure 15b with an increase between the 
Bay of Bengal and the tropical West Pacific of up to 10 mm/d 
and a decrease in the surrounding ocean areas, most notably in 
the Indian Ocean, in the South Pacific convergence zone 
(SPCZ), and in the ITCZ. The precipitation response in BM2 
is consistent with the respective (P-E) response (cf. Figure 
14e), indicating an atmospheric moistening of the convectively 
most active regions and a drying with respect to the reference 
run SM2 in all other regions. 

The response pattern obtained in the SST warming experi- 
ment (Figure 15c) bears some resemblance to that of the black 
cirrus experiment (Figure 15d) with the largest increase in 
those areas where the precipitation is large already in the 
reference run. On the other hand, the precipitation decrease in 
the surrounding areas is either smaller than in BM2 or com- 
pletely missing, as for example in convectively active regions 
such as the ITCZ or the SPCZ where the precipitation actually 
increases as a result of local evaporation enhancement. In this 
respect, the response of the global warming experiment is 
different from that of the black cirrus experiment. 
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Figure 15. Geographical distribution of (a) precipitation in 
the reference experiment SM2 and precipitation differences 
(b) TM2-SM2, (c) SP2-SM2, and (d) BM2-SM2. Contour spac- 
ing, 2 mm/d for SM2 and +_ 1, 2, 4, 8, and 16 mm/d for the 
differences. 

5. Global Climate Sensitivity 
The response of the climate system to a radiative perturba- 

tion resulting from an instantaneous doubling of the atmo- 
spheric CO2 concentration, for example, depends on a variety 
of poorly understood feedback mechanisms [International 
Panel on Climate Change (IPCC), 1990]. One of the most 
complex and uncertain processes is the cloud-radiation- 
temperature feedback which involves large but partly compen- 
sating changes of the radiative fluxes, so that even the sign of 
the feedback is uncertain [Cess et al., 1990]. 

In this section we analyze the impact of high-level cirrus 
clouds on global climate sensitivity. The experimental setup 
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Table 2. Global Means of Surface (sfc) Heat Budget Components (W/m 2) 

Experiment SWsfc LWsfc SH LH SWto a LWto a P PW CW CC 
, , , 

TM2 177.7 -84.4 -22.5 -74.6 240.1 -249.0 2.57 18.1 38.9 50.8 
SM2 169.0 -72.8 -18.9 -71.8 234.0 -233.2 2.47 21.9 55.6 53.4 
SP2 165.7 -65.4 -17.3 -84.7 232.2 -239.1 2.91 31.0 66.5 52.2 
BM2 156.3 -62.0 - 16.7 -56.8 225.6 -208.2 1.95 27.0 84.2 55.1 

SW, net shortwave radiation; LW, net longwave radiation; SH, sensible heat flux; LH, latent heat flux; 
top-of-atmosphere (toa) net shortwave and longwave radiation (W/m2); precipitation P (mm/d); precip- 
itable water PW (kg/m2); column-integrated cloud water content CW (g/m2); and total cloud cover CC 
(%). A negative sign indicates upward fluxes. 

and the analysis method is identical to that used by Cess et al. 
[1990]. Climate sensitivity is defined here as the TOA radiative 
response to a global SST forcing which can be regarded as a 
surrogate climate change. In the reference experiment the 
climatological July SST is cooled everywhere by 2 K, while it is 
heated by 2 K in the climate warming experiment. Three pairs 
of experiments are performed with variable (i.e., computed) 
cirrus emissivity, transparent cirrus, and black cirrus, respec- 
tively (Table 1). As mentioned earlier, the simulation time is 
720 days in each experiment, but the initial spin-up period of 
90 days is not considered in the analysis. Following Cess et al., 
the climate sensitivity parameter is defined as 

it = (AF/ATs- AQ/ATs) -• (4) 

where A Ts is the global mean surface warming and AF and 
AQ are the changes of the global mean TOA longwave emis- 
sion F and net solar radiation Q, respectively. The so-called 
method II [Cess and Potter, 1987] is used to compute the 
radiative fluxes at every model time step in a clear-sky refer- 
ence atmosphere, while all other parameters such as temper- 
ature, humidity, etc., remain unchanged. Accordingly, a clear- 
sky sensitivity parameter itcs can be defined which has the 
same form as it with the radiative responses AF and AQ 
replaced by the respective clear-sky values, 

itcs = (AFc•/AT•- AQcs/AT•) -• (5) 

Thus it/itc• can be regarded as a measure of cloud feedback 
with it/itc• > 1 denoting a positive cloud feedback and it/itc• 
< 1 a negative one. It was further shown by Cess et al. [1990] 
that the cloud feedback parameter it/itc• is proportional to the 
change of cloud forcing ACF, 

it/itc• = 1 + ACF(AF- AQ) -• (6) 

with the cloud forcing CF as defined by (2). 
The results are summarized in Table 3. Although the water 

vapor content in the three control experiments (TM2, SM2, 
BM2) is remarkably different (Table 2), with global mean PW 
differences of up to 50%, the clear-sky sensitivity itcs which is 
largely a measure of the water vapor feedback, is very similar 
in the three model versions. All of the itc• fall into the com- 
paratively narrow range of model sensitivities analyzed by Cess 
et al. [1990]. This applies also to the global sensitivity it for 
which the simulated range is much larger, however, because 
the models do not agree on magnitude and sign of cloud 
feedback. Actually, the intermodel it variations analyzed by 
Cess et al., are much larger than those obtained in this study 
with different versions of the ECHAM3 model. 

In the T model, it is reduced with respect to its clear-sky 
value by 20%. This negative cloud feedback is caused by a 
systematic increase of the cloud water content and cloud op- 

tical depth in the warmer atmosphere resulting in a higher- 
cloud albedo so that ASCF is negative (-1.65 W/m2), despite 
the fact that the total cloud cover is reduced by nearly 3%. 
Since, in this experiment, high clouds above 400 hPa are trans- 
parent in the infrared, the change of cloud emissivity is con- 
fined to the lower layers where most clouds (except at high 
latitudes) are already black in the reference experiment. 
Therefore the change of cloud emissivity contributes very little 
to the total cloud feedback, and the negative ALCF which even 
enhances the negative cloud feedback is simply caused by the 
diminished cloud cover. 

In the standard model (S) where the cirrus emissivity is 
computed as a function of the cloud water content, clouds 
enhance the global sensitivity by nearly 20%, so that the cloud 
feedback is positive. The it value of 0.56 K/(Wm -2) falls in the 
middle range of simulated sensitivities [Cess et al., 1990]. It is 
close to that obtained for the AMIP version of the ECHAM3 

model (0.53 K/Wm-2), suggesting that neither the horizontal 
resolution nor the advection scheme used for the water com- 

ponents have a decisive impact on global sensitivity (cf. section 
3). In the S model, the shortwave cloud radiative cooling is 
even larger than in the T model, probably as a result of the 
different cloud cover decrease in the warmer climate, which in 
the S model is 1.5% smaller than in the T model (Table 3, 
column 8). The most remarkable difference between the T 
model and the S model is the changed sign of ALCF which is 
large and positive in the S model, so that even the net cloud 
feedback is positive. The large ALCF has to be related to the 
substantial increase of the total cloud water content in the 

warmer atmosphere by about 20% (cf. Table 2), which is par- 
ticularly relevant for nonblack cirrus clouds, so that the cirrus 
emissivity in the tropical upper troposphere increases actually 
by more than 25% (cf. Figure 6c). The positive correlation 
between temperature and cloud water content is supported by 
observations [Feigelson, 1978; HeymsfieM, 1993], thermody- 
namic theory [Betts and Harshvardhan, 1987; Platt and Harsh- 
vardhan, 1988], and previous GCM studies [Roeckner et al., 
1987; Mitchell et al., 1989; Le Treut and Li, 1991; Taylor and 
Ghan, 1992; Senior and Mitchell, 1993]. These studies also 
indicate that the percentage change of cloud water with tem- 
perature is a function of the temperature itself, and the largest 
change is to be expected for cold high-level cirrus clouds. The 
liquid water content in warm low-level clouds, on the other 
hand, is less sensitive to temperature changes, and Interna- 
tional Satellite Cloud Climatology Project measurements even 
indicate a negative correlation between temperature and cloud 
optical depth for warm continental clouds and almost all mar- 
itime clouds [Tselioudis et al., 1992]. One has to note, however, 
that the optical properties of clouds in the real atmosphere are 
not only a function of the total cloud water content but depend 
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Table 3. Global Mean Sensitivity Parameters (K/(W m -2) for the Total Atmosphere- 
Surface System, Including Cloud Effects (•), and for Clear-Sky Reference Atmosphere 
(Xcs) 

Model Xcs X X/Xcs ACF ASCF ALCF ACC 

TP2-TM2 0.50 0.40 0.79 - 2.17 - 1.65 -0.52 - 2.69 
SP2-SM2 0.47 0.56 1.18 1.32 - 1.93 3.25 - 1.19 
BP2-BM2 0.50 0.61 1.21 1.27 0.35 0.91 -2.01 

Cess et al. [1990] 
GCM mean 0.47 0.65 1.38 1.6 2.1 -0.5 -2.1 
Minimum 0.40 0.39 0.70 - 2.9 - 5.9 - 4.2 - 4.4 
Maximum 0.57 1.23 2.47 5.1 7.4 3.0 -0.2 

The )tl)tcs and ACF (W/m 2) are measures of cloud feedback. ASCF and ALCF denote the shortwave and 
longwave components of ACF, and ACC is the change of total cloud cover (%). The respective parameters 
obtained in a GCM intercomparison study by Cess et al. [1990] are shown in addition. 

also on microphysical parameters such as droplet concentra- 
tion, size spectrum or shape, and orientation of the ice crystals. 
Analyses of ground-based lidar/radiometer and in situ aircraft 
measurements of cloud properties [Platt, 1989] suggest that the 
cirrus emissivity is actually less sensitive to a change of tem- 
perature than the cloud water content, because the particle 
mode radius is positively correlated with temperature as well. 
To summarize, the theoretical and observational analyses men- 
tioned above indicate that the temperature dependence of 
cloud water is adequately captured by those GCMs which 
simulate the cloud water content on the basis of a prognostic 
equation. The radiative impact, however, is probably overesti- 
mated because the temperature dependence of cloud micro- 
physical parameters is presently not considered in GCMs. 

In the black cirrus case (B model), the cloud-induced in- 
crease of climate sensitivity is nearly the same as in the S 
model. The contributions from ASCF and ALCF are different, 
however. Since a change of cirrus emissivity is excluded by the 
experimental design, analogous to the T model, the positive 
LCF response is caused by a cloud water increase in semitrans- 
parent tropical midlevel clouds which are much more abun- 
dant in the B model than in the T model. The change from a 
large negative SCF response in the S model to a positive one 
in the B model cannot be understood from the change of 
global mean climate variables alone. We can only conclude 
that the positive SCF response resulting from the 2% decrease 
of total cloud cover is larger than the negative contribution due 
to the increased cloud optical depth. 

A more detailed feedback analysis with the aid of the mod- 
el's radiation code [Wetheraid and Manabe, 1980; Roeckner et 
al., 1987] or using an energy balance model [Schlesinger, 1986] 
is beyond the scope of this paper. Nevertheless, this simple 
analysis already indicates a potentially crucial role of cirrus 
clouds in regulating the sensitivity of the real climate system. In 
particular, this study shows that the cloud optical depth feed- 
back [Somerville and Remer, 1984] is possibly large and should 
be included in climate models, although its net effect is still 
under discussion [Schlesinger and Roeckner, 1988; Platt, 1989; 
Mitchell et al., 1989; Le Treut and Li, 1991; Taylor and Ghan, 
1992; Senior and Mitchell, 1993]. 

6. Summary and Conclusions 
Two main objectives have been addressed in this paper, 

namely, the impact of high-level cirrus clouds and global SST 
warming on the climate of the ECHAM model, with emphasis 
on the tropics, and the dependence of global climate sensitivity on 

the cirrus cloud radiative properties in the reference climate. As 
a prerequisite for the sensitivity study, we investigate the skill of 
the model in simulating the observed distribution of the cloud 
radiative forcing as analyzed from ERBE data. It is shown that 
the model realistically reproduces the observed large-scale fea- 
tures, such as the annual cycle and the response to observed 
interannual SST variations in the equatorial Pacific. 

Despite the fact that the SST is prescribed in the experi- 
ments and hence cannot respond to a changed model param- 
eter, the radiative impact of changed cirrus cloud emissivity on 
the atmospheric temperature distribution is substantial. In a 
sensitivity experiment where all "cirrus" clouds (i.e., all clouds 
above the 400-hPa level) are assumed transparent in the infra- 
red, the whole troposphere cools by several degrees with max- 
ima of 8 K at about 600 hPa over the summer pole and 6 K 
below the tropical tropopause. The whole stratosphere, on the 
other hand, is warmed by several degrees. Moreover, the sub- 
tropical jet on the winter hemisphere is weakened and the mass 
transport of the Hadley cell is decreased. These results are 
broadly similar to those obtained by Slingo and Slingo [1988], 
Randall et al. [1989], and Sherwood et al. [1994]. 

If, in the other extreme, all cirrus clouds are treated as 
blackbodies, the temperature changes in the opposite sense. 
The whole troposphere warms by several degrees with a max- 
imum of more than 10 K below the tropical tropopause, and 
the stratosphere cools by up to 16 K. The subtropical jet on the 
winter hemisphere increases, while the Hadley cell is slightly 
weaker than in the reference experiment but poleward ex- 
panded. Most of these changes are identified also in a global 
warming experiment with the SST increased by 4 K. Again, the 
largest warming is simulated in the tropical upper troposphere 
(more than 8 K), the stratosphere is cooled by several degrees 
(although less than in the black cirrus experiment), the sub- 
tropical jet on the winter hemisphere is increased, and the 
Hadley cell is slightly weaker but poleward expanded as in the 
black cirrus experiment. The apparent similarity of both re- 
sponses is partly related to the fact that the cirrus emissivity is 
enhanced also in the global warming experiment with the larg- 
est increase of more than 25% in the tropical upper tropo- 
sphere and in the lower troposphere over Antarctica. 

Even more consistent is the response of the Walker circu- 
lation and the Asian summer monsoon. Although in convec- 
tively disturbed tropical regions, the radiative heating through 
cirrus clouds is nearly an order of magnitude smaller than the 
latent heat release, it has a significant impact on the convective 
activity and the large-scale dynamics. If its relatively small 
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direct contribution to the total diabatic heating is removed, as 
in the transparent cirrus experiment, the total diabatic heating 
in the convectively active regions, such as the West Pacific 
warm pool or the Indian subcontinent, is reduced by a much 
larger amount, the adiabatic cooling is reduced to about 50% 
of its vhlue in the reference experiment, and the divergent part 
of the Walker circulation is about 50% weaker than in the 

reference experiment. 
On the other hand, the Walker circulation is increased by 

roughly 50% relative to the reference experiment when cirrus 
clouds are treated as blackbodies, and a reverse Walker cell 
forms in the upper troposphere and lower stratosphere. The 
fuel for the enhanced convection in the disturbed regions is 
provided by additional moisture convergence through the en- 
hanced Hadley and Walker circulations, while the evaporation 
over the tropical oceans actually decreases with increasing 
cirrus emissivity as a result of the warmer and moister boundary 
layer. The longwave radiative forcing generated by cirrus clouds 
has a substantial effect also on the tropical precipitation pattern, 
being relatively widespread in the transparent cirrus case and 
more concentrated over the area of warmest SST in the other 

extreme when cirrus clouds are treated as blackbodies. 

These results support conclusions from previous studies 
[Slingo and Slingo, 1988; Randall et al., 1989; Sherwood et al., 
1994] that the thermodynamically direct tropical circulation 
systems such as the Hadley and Walker circulations or the 
monsoons are maintained through a positive feedback loop 
involving cloud radiative heating, latent heat release in con- 
vective clouds, and moisture supply by the large-scale dynam- 
ics. Since these models use different parameterizations for 
radiation, cloud formation, cumulus transport, and turbulent 
transfer, it seems fair to conclude that the respective closure 
assumptions do not play a decisive role in generating these 
interactions. 

Although the thermodynamic response to global warming in 
the tropics is in many aspects similar to that of increasing cirrus 
emissivity, such as the spin-up of the Walker circulation to- 
gether with more pronounced zonal asymmetries in the distri- 
bution of water vapor and clouds, the mechanisms causing 
these responses are not identical. In the cirrus response exper- 
iments the increase of cirrus emissivity generates a differential 
heat source as a result of a selection process which favors cloud 
radiative forcing primarily in those areas where clouds are 
abundant, as in the West Pacific warm pool, for example. In the 
global warming experiment, on the other hand, the primary 
heat source is latent heat release as a result of additional 

evaporation from the warmer ocean surface. Analogous to the 
cirrus experiments, the extra water vapor is not condensed 
locally but converging in convectively active regions with large- 
scale lifting where the additional release of latent heat con- 
tributes to the differential heating which drives the Hadley and 
Walker circulations. Additionally, as in the cirrus response 
experiments, the increase of cloud water and ice and hence 
cirrus emissivity contributes to a further enhancement of the 
total differential heating. In conclusion, the spin-up of the 
Walker circulation in both the global warming and the in- 
creased cirrus emissivity experiments is a result of a selection 
process which enhances the diabatic heat source through asym- 
metries of the circulation itself, and this extra differential heat- 
ing feeds back positively on the circulation, as mentioned 
above. All of the results discussed in this study have been 
obtained with an atmospheric GCM. If the feedbacks analyzed 
above would be relevant also for a coupled atmosphere-ocean 

model or the real climate system, a CO2-induced warming, for 
example, would initiate a sequence of events which could have 
an impact on ENSO dynamics through an increase of the 
equatorial surface currents in the Pacific Ocean. 

Finally, three sets of global warming experiments with dif- 
ferent cirrus emissivities indicate that cirrus clouds are likely to 
play a crucial role in regulating global climate sensitivity. In the 
climate change experiment with the standard model, the cli- 
mate sensitivity is 20% higher than in a clear-sky reference 
atmosphere because the increased water content in cirrus 
clouds in the warmer atmosphere contributes substantially to 
the overall positive cloud feedback. In the transparent cirrus 
model the cloud feedback is negative, and the global sensitivity 
is reduced by 20%, as compared to a clear-sky reference at- 
mosphere. Theoretical and observational analyses [Betts and 
Harshvardhan, 1987; Platt and Harshvardhan, 1988; Platt, 1989] 
suggest that the model-simulated cloud water increase in cirrus 
clouds is realistic. On the other hand, the model does not 
include a temperature dependence of the particle mode radius 
which is likely to reduce the radiative impact of cirrus in a 
warmer atmosphere [Platt, 1989]. Hence more work has to be 
done to improve the parameterizations of cloud microphysical 
and optical properties in GCMs. 
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