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Laboratoire de Météorologie Dynamique du CNRS, Paris, France

K.-M. LAU AND Y. C. SUD

NASA/Goddard Laboratory for Atmospheres, Greenbelt, Maryland

(Manuscript received 24 April 1996, in final form 13 November 1996)

ABSTRACT

Two independent sets of meteorological reanalyses are used to investigate relationships between the tropical
sea surface temperature (SST) and the large-scale vertical motion of the atmosphere for spatial and seasonal
variations, as well as for El Niño/La Niña episodes of 1987–88. Supergreenhouse effect (SGE) situations are
found to be linked to the occurrence of enhanced large-scale rising motion associated with increasing SST. In
regions where the large-scale atmospheric motion is largely decoupled from the local SST due to internal or
remote forcings, the SGE occurrence is weak. On seasonal and interannual timescales, such regions are found
mainly over equatorial regions of the Indian Ocean and western Pacific, especially for SSTs exceeding 29.58C.
In these regions, the activation of feedback processes that regulate the ocean temperature is thus likely to be
more related to the large-scale remote processes, such as those that govern the monsoon circulations and the
low-frequency variability of the atmosphere, than to the local SST change.

The relationships among SST, clouds, and cloud radiative forcing inferred from satellite observations are also
investigated. In large-scale subsidence regimes, regardless of the SST range, the cloudiness, the cloud optical
thickness, and the shortwave cloud forcing decrease with increasing SST. In convective regions maintained by
the large-scale circulation, the strong dependence of both the longwave (LW) and shortwave (SW) cloud forcing
on SST mainly results from changes in the large-scale vertical motion accompanying the SST changes. Indeed,
for a given large-scale rising motion, the cloud optical thickness decreases with SST, and the SW cloud forcing
remains essentially unaffected by SST changes. However, the LW cloud forcing still increases with SST because
the detrainment height of deep convection, and thus the cloud-top altitude, tend to increase with SST. The
dependence of the net cloud radiative forcing on SST may thus provide a larger positive climate feedback when
the ocean warming is associated with weak large-scale circulation changes than during seasonal or El Niño
variations.

1. Introduction

Water vapor and clouds are the main modulators of
the earth radiation budget (Houghton 1990). In case of
a naturally or anthropogenically produced beginning of
climate warming, their dependence on surface temper-
ature and the way they affect radiation fluxes at the top
of the atmosphere can thus be the primary drivers of
huge climate feedbacks. To investigate the sign of these
feedbacks, many observational studies have investigated
relationships between spatial or short-term temporal
variations of the SST and the water vapor greenhouse
effect and cloud radiative forcing. For example, positive
correlations between SST, water vapor, and clear-sky
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greenhouse effect have been interpreted as a manifes-
tation of the positive water vapor feedback (Raval and
Ramanathan 1989; Stephens and Greenwald 1991a).
Subsequently, Stephens and Greenwald (1991b) inves-
tigated the impact of clouds on the greenhouse effect,
and Ramanathan and Collins (1991) analyzed relation-
ships between SST and cloud radiative forcing anom-
alies during the 1987 El Niño to propose a regulatory
mechanism of the tropical SST involving interactions
among SST, deep convection, and highly reflective cir-
rus clouds.

While water vapor and clouds are affected by local
SST changes through the activation of thermodynamical
processes within the atmospheric column, they are sen-
sitive to many other factors that may depend only partly
on the local SST. Among those factors is the large-scale
atmospheric circulation, which transports heat and mois-
ture and affects the thermodynamical stability of the
atmosphere on large spatial scales. On short timescales,
SST variations are very inhomogeneously distributed
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over the tropical ocean and are thus associated with
profound modifications of the large-scale atmospheric
circulation. The dependence of water vapor and clouds
on SST thus partly stems from large-scale dynamical
influences. According to the type of climate variations
and the timescale under consideration, a given SST
change may be accompanied by vastly different changes
of the large-scale circulation. For example, the pertur-
bations of the atmospheric circulation may be smaller
for weak and long-term climate changes than for sea-
sonal or short-term interannual variations. A given SST
change may thus be associated also with vastly different
changes of water vapor and clouds. To determine wheth-
er the relationships inferred from the short-term vari-
ability may be extrapolated to longer-term climate
changes or used to assess model feedbacks operating in
climate change experiments, one has thus to estimate
the dynamical dependence of relationships between the
SST and water vapor, clouds, and radiation. This pro-
vides the main motivation for conducting the present
study.

Though the importance of the large-scale atmospheric
convergence in driving the observed correlations be-
tween SST, atmospheric greenhouse effect, and cloud-
iness has been pointed out by Ramanathan and Collins
(1991), the role of large-scale dynamical influences in
influencing water vapor, clouds, and radiation has drawn
considerable attention during the past few years. For
instance, Hallberg and Inamdar (1993) and Weaver et
al. (1994) show that the occurrence of ‘‘supergreen-
house’’ situations (which correspond to cases where the
increase of the greenhouse effect with surface temper-
ature is larger than that of the surface infrared emission)
cannot be explained by thermodynamical feedback pro-
cesses only. They suggest that large-scale dynamical
processes are involved. The actual contribution of ther-
modynamical processes to water vapor and clear-sky
greenhouse effect changes is investigated by Bony et
al. (1995a): less than 30% for seasonal or El Niño/La
Niña variations against more than 80% for long-term
climate change experiments. The influence of the large-
scale atmospheric dynamics on the cloud radiative forc-
ing has been stressed also by many studies. Fu et al.
(1992) show, by comparing western and eastern regions
of the tropical pacific between El Niño and non–El Niño
April months, that the radiative effects of cirrus clouds
are more controlled by changes in large-scale atmo-
spheric circulation than directly by SSTs. The influence
of large-scale dynamical influences on cloud and radi-
ation fields is also pointed out by Hartmann and Mich-
elsen (1993), who show the strong correspondence be-
tween the spatial distribution of the shortwave cloud
radiative forcing and that of the large-scale vertical mo-
tion for the March–May season during 1987. Waliser et
al. (1993) show that despite their very high SST (higher
than 29.58C), ‘‘hot spots’’ of the tropical ocean are gen-
erally associated with diminished convection. Waliser
(1996) shows the important role that remotely forced

atmospheric variability plays in suppressing deep con-
vection over these regions. Finally, Lau et al. (1994)
show by using a cumulus ensemble model that over the
warm pool, remotely forced vertical motion changes can
have a stronger control on the variation of cloud radi-
ative forcing and greenhouse effect than local SST.
Based on Lindzen and Nigam’s (1987) study, Lau et al.
(1994) argue that the SST gradient is more important
than local SST in determining the large-scale vertical
motion. However, Ramanathan et al. (1994) replies that
SST and large-scale vertical motion are not independent
from each other. They argue in particular that a local
increase in warm ocean SST enhances the SST gradient
and thus promotes the large-scale convergence into the
region of warming. Evidently, there is a considerable
debate on the issue of the relative influence of local SST
versus remote effects on the large-scale vertical motion
of the atmosphere. This reinforces our motivation for
conducting the present study.

By using recent meteorological reanalyses produced
by using frozen state-of-the-art versions of the global
data assimilation system (GDAS), we investigate how
the SST and the large-scale atmospheric vertical motion
are related for spatial, seasonal, and El Niño/La Niña
variations during 1987–88 over tropical ocean (308S–
308N). Then, by using additional satellite data of water
vapor, clouds, and radiation, we investigate and quantify
the influence of large-scale circulation changes on the
occurrence of supergreenhouse effect situations, and on
the dependence of the cloud radiative forcing on SST.

Satellite data and meteorological reanalyses are pre-
sented in section 2. In section 3, we show how spati-
otemporal relationships between SST and water vapor
and cloud and radiation parameters depend on the large-
scale vertical motion of the atmosphere. In section 4,
we characterize locally the relationship between the
variability of the SST and that of the vertical motion
during seasonal and El Niño/La Niña variations.
Regions where remote effects are important are outlined.
Then, in section 5, we investigate the dependence of the
supergreenhouse effect and of the cloud radiative forc-
ing on SST and large-scale circulation influences. A
summary and a discussion are reported in section 6.

2. Data and meteorological reanalyses

All satellite data used in this study are monthly means
for the period January 1987 to December 1988 and are
used at the resolution 2.58 3 2.58. Radiative fluxes at
the top of the atmosphere for clear-sky and cloudy con-
ditions are derived from the Earth Radiation Budget
Experiment (ERBE; Barkstrom 1984). Cloud fraction,
cloud water path, and cloud optical thickness data are
derived from the International Satellite Cloud Clima-
tology Project (ISCCP) C2 dataset (Rossow et al. 1991;
Rossow and Schiffer 1991); monthly mean sea surface
temperatures are derived from the improved data anal-
ysis produced at the National Centers for Environmental
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Prediction (NCEP) (Reynolds and Smith 1994). These
data are available from the National Aeronautics and
Space Administration (NASA) on the GEWEX–ISLSCP
CD-ROMs (Meeson et al. 1995; Sellers et al. 1995). We
also used upper relative humidity and cloud fraction data
derived from the Tiros Operational Vertical Sounder
(TOVS) Pathfinder Path A dataset produced at the God-
dard Laboratory for Atmospheres (Susskind et al. 1996).

We used reanalyses of the global atmosphere for the
period 1987–88 produced independently at the Data As-
similation Office (DAO) of the Goddard Laboratory for
Atmospheres (Schubert et al. 1993) and at NCEP (Kal-
nay et al. 1996). These two sets of reanalyses were
produced by assimilating all available recorded obser-
vations into a frozen state-of-the-art global data assim-
ilation system developed independently at the two cen-
ters. In this study, DAO and NCEP–NCAR monthly
mean reanalyses are used at a resolution of 2.58 3 2.58.

The comparison, as well as the assessment vis-à-vis
satellite data, of the atmospheric hydrological and ra-
diative fields derived from the two reanalyses are pre-
sented in a companion paper (Bony et al. 1997). Dy-
namical fields are the only fields of the reanalyses that
are considered in this study. They are used to investigate
the effects of the large-scale atmospheric circulation on
the satellite observed greenhouse effect and cloud ra-
diative forcing. As a first step, it is thus important to
ensure that the large-scale dynamical features described
by the reanalyses are consistent with the satellite ob-
served features of the atmosphere. Prabhakara et al.
(1979), followed by Stephens (1990), proposed to high-
light the effects of large-scale motion on atmospheric
water vapor through the parameter (W 2 W̄)/W, where
W is the regional monthly mean precipitable water and
W̄ the value estimated given the SST and the mean
relationship between the SST and the columnar water.
Regions influenced by moisture convergence are char-
acterized by positive values of this parameter, and
regions influenced by moisture divergence are charac-
terized by negative values (Stephens 1990). This pa-
rameter is also a gross indicator of the depth of the
maritime boundary layer (Prabhakara et al. 1979) and
of the vertical structure of the atmosphere (Bony and
Duvel 1994). This parameter is used here as a way of
quantifying the effects of large-scale circulation on pre-
cipitable water both in the reanalyses and in satellite
observations. A fairly good agreement is found between
Special Sensor Microwave/Imager (SSM/I) data, TOVS
data, NCEP reanalyses, and DAO reanalyses when con-
sidering either the spatial distribution of the frequency
of occurrence of large-scale moisture convergence [pos-
itive (W 2 W̄)/W values] for the period July 1987–
December 1988 (Fig. 1a) or this frequency binned into
SST intervals of 1 K (Fig. 1b). Differences between
reanalyses and satellite data being of the same order as
differences between SSM/I and TOVS data, the large-
scale atmospheric motions depicted by the reanalyses

are consistent with satellite observations. This makes it
possible to use jointly these different datasets.

3. Spatiotemporal relationships

a. Observed relationships between SST, clouds, and
radiation

Spatiotemporal relationships between the SST and
water vapor and cloud or radiation parameters derived
from independent satellite datasets during 1987–88 over
tropical ocean (308S–308N) exhibit common character-
istic features: a large standard deviation around the SST-
binned atmospheric variables and two discontinuities in
the slope of the relationships for SSTs of about 268–
278C and 29.58C (Fig. 2).

For example, the clear-sky outgoing longwave (LW)
flux LWclear globally increases with SST for SSTs small-
er than 268–278C (Fig. 2a). This increase with temper-
ature of the atmospheric infrared emission toward space
constitutes a fundamental thermal regulating process of
the atmosphere–ocean climate system. For 268–278C #
SST # 29.58C, however, LWclear decreases with increas-
ing SST. This behavior is commonly referred to as clear-
sky supergreenhouse effect situations (Ramanathan and
Collins 1991). It corresponds to cases when the increase
with SST of the infrared absorption by water vapor ex-
ceeds the increase of the surface and atmospheric in-
frared emission with temperature. In these situations,
the ocean–atmosphere system loses its fundamental reg-
ulating process associated with the coupling between
temperature and thermal radiation. This strong water
vapor greenhouse effect is closely related to enhanced
tropospheric humidity in the upper troposphere (Fig.
2b), which absorbs and reemits LW radiation at very
low temperatures. For SSTs above about 29.58C, the
sign of the LWclear-SST slope changes and becomes pos-
itive. Consistently, the upper-tropospheric humidity de-
creases slightly.

Similar relationships are found for cloud parameters.
The SW and LW components of the cloud radiative
forcing (CSW and CLW) originally defined by Coakley and
Baldwin (1984) primarily depend, respectively, on the
cloud albedo and on the cloud-top temperature (which
is closely related to the cloud-top altitude). We note,
indeed, a strong coherence between CLW and the
cloud-top pressure (Figs. 2c,d), and between CSW and
the cloud optical thickness (Figs. 2e,f). The slope of the
mean relationship with SST of each of these variables
exhibit clearly the two discontinuities previously no-
ticed at 268–278C and 29.58C.

b. Relationship between the SST and the large-scale
vertical motion

To investigate the role of large-scale dynamical in-
fluences in these discontinuities, we analyze the dynam-
ical fields that are derived from the two independent
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FIG. 1. (a) Spatial distribution and (b) binning
according to SST, of the frequency (expressed
in %) of large-scale moisture convergence dur-
ing July 1987–December 1988, as depicted by
the frequency of occurrence of positive monthly
mean values of the parameter (W 2 W̄)/W. In
this expression, W is the regional monthly mean
precipitable water and W̄ is the value estimated
given the SST and the mean relationship be-
tween the SST and the columnar water vapor.
Results are shown for SSM/I data, TOVS Path-
finder Path A data, NCEP reanalyses, and DAO
reanalyses.
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FIG. 2. Mean relationships between the SST and the (a) clear-sky outgoing LW flux derived from Earth
Radiation Budget Experiment (ERBE) data, (b) upper relative humidity derived from TOVS data, (c)
LW cloud radiative forcing derived from ERBE data, (d) cloud-top pressure derived from ISCCP and
TOVS data, (e) SW cloud radiative forcing derived from ERBE data, and (f) cloud optical thickness
derived from ISCCP data. All relationships are based on 2.58 3 2.58 monthly means data during 1987–88
over tropical ocean (308S–308N). Vertical bars represent 6 the standard deviation around the 1987–88
mean. The three SST regimes discussed in the text are highlighted by dotted vertical lines.

sets of meteorological reanalyses produced at DAO and
at NCEP (section 2).

The vertical velocity at 500 hPa is a good proxy of
the large-scale vertical motion associated with the large-
scale tropical circulation (the divergence at 200 hPa is
another equivalent proxy, since it is closely related to
the vertical velocity at 500 hPa through the mass balance
requirements). As shown in Fig. 3, the occurrence of
large-scale rising motion situations (negative 2.58 3 2.58

monthly mean vertical velocities v 5 dp/dt; sinking
motions correspond to positive monthly mean values of
v) is a strong function of SST and exhibits the same
discontinuities as those seen in Fig. 2. For tropical SSTs
less than about 268–278C, less than 20% of regional
monthly means are characterized by large-scale rising
motion. Mostly subsiding motions are thus found over
the tropical oceans for this range of SST. This favors
the occurrence of the low-level cloudiness over these
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FIG. 3. (a) For NCEP and DAO reanalyses, percentage of large-
scale rising motion situations (negative monthly mean value of the
500-hPa vertical velocity v 5 dp/dt) for each SST interval of 1 K
over tropical ocean (308S–308N) during 1987–88. The three SST
regimes discussed in the text are highlighted at the bottom of the
figure. (b) Number of 2.58 3 2.58 regions associated with each SST
interval.

TABLE 1. Definition of the large-scale circulation regimes as a
function of the monthly mean vertical velocity v. Also reported is
the occurrence of each regime in DAO and NCEP reanalyses, ex-
pressed as a percentage of the total number of situations (61 645
pixels of 2.58 3 2.58) during 1987–88 over tropical ocean (308S–
308N).

Regime
v range

(hPa day21)

Occurrence

DAO NCEP

1 v , 240 10% 10%
2 240 , v , 220 12% 16%
3 220 , v , 0 22% 22%
4 0 , v , 20 31% 25%
5 20 , v , 30 15% 14%
6 30 , v 10% 13%

FIG. 4. For each SST interval of 1 K, percentage of occurrence of
the different large-scale circulation regimes defined in Table 1 over
tropical ocean during 1987–88 for (a) NCEP reanalyses and (b) DAO
reanalyses.

regions (Fig. 2d). The percentage of large-scale rising
motion increases sharply as the SST reaches 268–278C,
up to reaching about 90% at 29.58C. Above 29.58C, the
percentage of large-scale subsidence situations increas-
es, and the proportion of large-scale rising motions de-
creases accordingly. As suggested by Waliser and Gra-
ham (1993), this large-scale subsidence may be forced
by nearby or remotely generated deep convection. The
remarkable agreement between the two sets of reana-
lyses shows that these results are not dependent on the
global assimilation system used to produce the reana-
lyses [in particular, DAO and NCEP use different gen-
eral circulation models using different convection
schemes (cf. Bony et al. 1997)]. The three SST regimes
found in Fig. 2 thus correspond to three different re-
lationships between the SST and the large-scale vertical
motion of the atmosphere.

We define different regimes of the large-scale at-

mospheric motion (Table 1; Bony et al. 1995b) ranging
from strong rising motion (large negative monthly mean
values of v, so-called regime 1) to strong subsidence
motion (regime 6). We consider regular intervals of 20
hPa day21, except for subsidence regimes where the
range of variation of v is narrower. Again, the per-
centage of occurrence of each of these six regimes is
quite similar for DAO and NCEP reanalyses. Figure 4



AUGUST 1997 2061B O N Y E T A L .

presents the probability of occurrence of these six large-
scale circulation regimes as a function of the SST (the
sum of regimes 1, 2, and 3 gives the percentage of large-
scale rising motions reported on Fig. 3). It shows that
a given value of the SST can be associated with a wide
range of large-scale vertical motions, in particular with-
in the range 268–288C. The thermodynamic local influ-
ence of the SST on the overlaying vertical motion is
thus strongly modulated by other factors. Among those
factors is the influence of remote SST changes on the
large-scale temperature gradients, which are a forcing
of the low-level atmospheric convergence (Lindzen and
Nigam 1987). The definition of these different dynam-
ical regimes, and their binning according to SST, is a
convenient way of unraveling the SST–greenhouse ef-
fect relationships in terms of large-scale circulation in-
fluences. It should be emphasized, however, that these
regimes are somewhat coupled with each other through
the general circulation of the atmosphere as well as
mesoscale circulations. This is especially true over
warm regions of the tropical oceans, where regions of
large-scale subsidence are likely to be forced by nearby
or remotely generated rising motions.

The probability of occurrence of the different large-
scale circulation regimes varies with the SST (Fig. 4).
As expected, we find that the occurrence of strong sub-
sidence (regime 6) strongly decreases as the SST in-
creases. Those situations are found mainly over the east-
ern side of the ocean basins cooled by an oceanic up-
welling (not shown). For SSTs less than about 268C, the
relative occurrence of the different circulation regimes
does not depend much on the SST. For warmer SSTs
on the contrary, both the frequency and the intensity of
large-scale rising motions increase with the SST. The
apparent ‘‘threshold’’ value of the SST above which this
increase starts ranges from 268C for regime 3 to 27.58C
for regime 1. For SSTs above 29.58C, very strong rising
motions are still frequent, but the occurrence of weak
subsidence increases.

The relationships between the large-scale rising mo-
tion and the SST over warm oceans are very consistent
with those inferred between the tropical deep convection
and the SST in previous observational studies. In these
studies, radiative quantities were chosen as proxies for
the convection [usually the outgoing longwave radiation
(OLR), convective cloudiness, or high reflective cirrus
clouds]. For example, Gadgil et al. (1984) and Graham
and Barnett (1987) pointed out the sharp increase of
deep convection for SSTs above 268–278C. Waliser et
al. (1993) showed that regions of SST larger than 29.58C
are generally associated with diminished convection.
Zhang (1993) showed that over the warm pool, deep
convection becomes more frequent and, when it occurs,
tends to be more intense. As suggested by Hartmann
and Michelsen (1993), the 2.58 3 2.58 large-scale rising
motion over warm regions is thus intrinsically related
to the occurrence and the intensity of tropical deep con-
vection over the 2.58 3 2.58 domain. Indeed, the large-

scale atmospheric motions force the tropical convection
through their transports of heat and moisture in the lower
levels of the atmosphere and by influencing the large-
scale stability of the atmosphere (Fu et al. 1996). In
return, the tropical convection contributes to the
large-scale atmospheric motions through its impact on
the latent heat release and the radiation cooling and then
on the atmospheric temperature profile (Emanuel et al.
1994).

c. Circulation-stratified relationships

1) RELATIONSHIP BETWEEN SST AND CLEAR-SKY

OLR

To investigate large-scale dynamical influences on the
LWclear–SST relationship presented in Fig. 2, we stratify
these relationships into the different circulation regimes
defined in Table 1. Results obtained by using either
NCEP or DAO reanalyses to classify the tropical regions
into the different dynamical regimes are very similar
(Figs. 5a,b). This gives confidence in using this large-
scale flow classification to analyze the variability of the
satellite-derived LWclear. In large-scale subsidence re-
gimes (regimes 4, 5, 6), LWclear increases with the SST
over the whole range of tropical SSTs and supergreen-
house effect situations do not occur. In these regions,
the low-level humidity increases with the SST (not
shown). However, the increase of the thermal emission
of the surface and the atmosphere with temperature ex-
ceeds that of the water vapor infrared absorption. Note
that for SSTs larger than about 278C, the upper relative
humidity of subsidence regions increases slightly with
SST. This is likely to reflect the moistening effect of
the moist air diverging from the top of the surrounding
convective towers toward the upper troposphere of sub-
siding regions. In large-scale rising motion regimes (re-
gimes 1, 2, 3), LWclear is systematically smaller than in
sinking regimes. This is because the organization of
deep convection in large-scale rising motions is accom-
panied by a moistening of the upper troposphere (Fig.
6), which enhances the greenhouse effect. Note that the
large standard deviation associated with the mean
LWclear–SST relationship (Fig. 2) is well explained by
the large-scale circulation variability for a given range
of SST.

For individual large-scale circulation regimes, the
slopes of LWclear–SST relationships are positive or only
weakly negative, and the two SST discontinuities no-
ticed on the mean LWclear–SST are strongly attenuated
(Fig. 5). This confirms the role of large-scale dynamical
influences in these discontinuities. This shows in par-
ticular that the apparent discontinuity at 268–278C re-
sults from the increase of both the frequency and the
intensity of large-scale rising motions with SST (Fig.
4), which gives a larger statistical weight to regimes 4,
5, 6 as the SST increases. The discontinuity at 29.58C
is due to a larger statistical weight of regime 4.
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FIG. 5. Mean and circulation-stratified relationships between the
clear-sky LW flux at the top of the atmosphere (ERBE data) and the
SST (Reynolds data). The different regimes of large-scale circulation
correspond to different ranges of monthly mean vertical velocity at
500 hPa v derived from (a) NCEP reanalyses and (b) DAO reanalyses.

FIG. 6. Same as Fig. 5 except for the relative humidity at 500 hPa
derived from TOVS data.

2) RELATIONSHIPS BETWEEN SST AND CLOUD

RADIATIVE FORCING

Similar analyses are done for the cloud radiative forc-
ing and associated cloud parameters derived from in-
dependent satellite datasets (Fig. 7). Note that for the
cloud fraction, ISCCP and TOVS data are substantially
different. This is due to different definitions of the cloud
amount (in contrast with ISCCP data, TOVS algorithms
give effective cloud amounts, i.e., the cloud fraction
times the cloud longwave emissivity) and also to dif-
ferent algorithms used to determine whether an ob-
served scene is clear or cloudy (J. Susskind 1995, per-
sonal communication). Since results obtained by using
NCEP and DAO reanalyses for the definition of the
large-scale circulation regimes are very similar (Figs. 5

and 6), we present hereafter results obtained by using
DAO reanalyses only.

The relationships between the LW and SW cloud forc-
ing and the SST highly depend on the large-scale cir-
culation regime under consideration (Fig. 7). In large-
scale subsidence regimes, mainly associated with low-
level stratiform clouds (Fig. 7d), CLW only weakly de-
creases while CSW is strongly negatively correlated with
the SST. This is related in part to the decrease of the
cloud optical thickness with SST (Fig. 7c). Since the
atmospheric temperature is positively correlated to the
SST, this indicates also the decrease of the cloud optical
thickness with cloud temperature in large-scale subsi-
dence regimes. This is in accordance with findings of
Tselioudis et al. (1992). We note also a decrease of the
low-level cloud fraction (Figs. 7e,f) over a very large
range of tropical SSTs. These findings confirm and ex-
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FIG. 7. Mean and circulation-stratified relationships between the SST and the (a) SW cloud
radiative forcing, (b) LW cloud radiative forcing, (c) cloud optical thickness, (d) cloud-top pres-
sure, (e) cloud fraction derived from ISCCP data, and (f) cloud fraction derived from TOVS data.
The different large-scale circulation regimes are defined from DAO reanalyses.

tend observational results of Oreopoulos and Davies
(1993) and Norris and Leovy (1994) derived over cold
ocean regions as well as numerical process studies (Al-
brecht 1981; Betts and Ridgway 1989). It is not clear,
so far, whether this anticorrelation is due mostly to the
cooling of the SST by the solar screening of low-level
clouds or rather to the sensitivity of clouds themselves
to the local SST through a modification in the boundary
layer properties.

In large-scale rising motion regimes of the middle
troposphere, on the contrary, the dependence of CSW on
SST is weak (Fig. 7a). This is consistent with the weak

variation of the cloud amount with SST (Figs. 7e,f) and
the decrease of the cloud optical thickness (Fig. 7c) that
are inferred from independent datasets. The decrease of
the cloud optical thickness with SST is primarily due
to the decrease of the cloud water path (not shown)
despite the higher elevation of clouds (Fig. 7d). The
increase of the precipitation with SST for a given large-
scale circulation regime (not shown) may thus explain
the decrease of the cloud water path. The mean rela-
tionships between SST and CSW and the cloud optical
thickness and the cloud fraction is thus more related to
large-scale vertical motion changes (which give a larger
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TABLE 2. Definition of the three categories (hereafter referred to
as case I, case II, case III) of SST–large-scale vertical motion rela-
tionships for seasonal and El Niño/La Niña variations during
1987–88. The occurrence of each case for DAO and NCEP reanalyses
over the whole tropical ocean is reported and expressed as a per-
centage of the maximum possible occurrence: 61 920 for seasonal
variations, 30 778 for El Niño/La Niña variations.

Seasonal

DAO NCEP

El Niño/
La Niña

DAO NCEP

Case I:
Dv/DSST , 210 hPa day21 K21 40% 40% 44% 47%
Case II:
Dv/DSST . 110 hPa day21 K21 17% 19% 29% 28%
Case III:
|Dv/DSST | # 10 hPa day21 K21 43% 41% 27% 25%

statistical weight to large-scale convergence regimes as
the SST increases) than to thermal SST effects. More-
over, the large dispersion of CSW values for a given SST
(more than 60 W m22 over warm regions) is well ex-
plained by the variability of the large-scale vertical mo-
tion for a given SST (Fig. 7a). Over colder regions, on
the other hand, the large standard deviation appearing
around the mean SST–CSW relationship (Fig. 2a) is not
well explained by the variability of the large-scale cir-
culation. Other factors must then be invoked, such as
the variability of the incoming solar radiation, the sur-
face wind speed, the horizontal gradients of humidity,
and the microphysical properties of stratiform clouds,
including the liquid water distribution within the cloud
layer (e.g., Cahalan et al. 1994; Klein et al. 1995).

Finally, the dependence of CLW on SST for a given
large-scale convective regime is larger than that of CSW

(Fig. 7a). As will be explained later (section 5b), this
may be due to the thermodynamical sensitivity of the
cloud-top height to SST changes (Fig. 7d).

4. Local relationships between SST and large-scale
vertical motion

The above analysis of spatiotemporal relationships
(section 3) shows that the change of water vapor, clouds,
or radiation with SST strongly depends on large-scale
vertical motion changes that generally accompany SST
variations. It also shows that, on the basis of spatiotem-
poral relationships, both the frequency and the intensity
of large-scale rising motions increase with increasing
SST. We investigate below the space and timescales on
which this behavior holds. We examine in particular the
validity of these statistical relationships at single loca-
tions of the tropical ocean by investigating locally the
relationships between seasonal and El Niño/La Niña
changes of the SST and of the large-scale vertical mo-
tion.

a. Characterization of SST-vertical motion changes

At each grid point, we compute seasonal anomalies
of SST and large-scale vertical motion by subtracting
the 1987 (respectively, 1988) annual average from 1987
(1988) monthly means. El Niño/La Niña anomalies are
computed in each grid point by subtracting 1987 and
1988 monthly means for each month. We classify the
relative changes of the SST and of the large-scale ver-
tical motion into three categories, which characterize
both the relative sign of SST and v changes and the
magnitude of the v change normalized by the SST
change:

21 21Dv/DSST , 210 hPa day Kcase I:
21 21Dv/DSST . 110 hPa day Kcase II:
21 21210 , Dv/DSST , 110 hPa day K .case III:

To avoid infinite values of the ratio Dv/DSST, we

disregard seasonal or interannual changes for which
zDSSTz # 0.01 K. The value of this threshold is not
critical for our results. The first category (case I) cor-
responds to the simultaneous increase (or the simulta-
neous decrease) of the SST and of the large-scale up-
ward motion. Here, v changes can be due to the local
influence of the SST on the moist static energy of the
planetary boundary layer and thus on the occurrence of
deep convection on large spatial scales. They can also
be driven by remote forcings independent on the local
SST change. Case II corresponds to the simultaneous
increase of the SST and of the large-scale subsidence
(or the simultaneous decrease of the SST and increase
of the large-scale rising motion). In that case, the change
in the intensity of the large-scale motion cannot be ex-
plained by any local SST influence and is rather related
to remote forcings. Among examples of remote influ-
ences that may inhibit the large-scale rising motion of
the atmosphere as the SST increases is the occurrence
of a large-scale subsidence induced by surrounding as-
cending regions or the suppression of the onset of deep
convection through the drying of the planetary bound-
ary layer by large-scale moisture transports (Fu et al.
1994). The third category (case III) refers to situations
for which SST changes are accompanied by weak or no
vertical motion changes.

The occurrence of these three categories over the
whole tropical ocean during 1987–88 is reported in Ta-
ble 2 for DAO and NCEP reanalyses. Figure 8 presents
their spatial distribution for NCEP reanalyses (DAO
reanalyses give similar results), and Figure 9 presents
their occurrence binned into SST intervals of 1K. For
seasonal variations, SST intervals are defined from the
annually averaged SST. They are defined from the 1988
monthly mean SST for El Niño/La Niña variations. Re-
sults are very similar for NCEP and DAO assimilation
products, showing that they produce similar seasonal
and interannual changes of the large-scale circulation.
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b. Seasonal variations

For seasonal variations, cases I and III are the most
populated (Table 2), each of them representing about
40% of the total number of regional seasonal variations
(about 61900). Case III dominates over subtropical
ocean regions poleward of about 208 of latitude and on
the eastern side of ocean basins (Fig. 8), for SSTs less
than about 248–258C (Fig. 9). In these regions, where
large-scale subsidence situations prevail, the variability
of the large-scale vertical motion is largely independent
from that of local SST changes.

Regions where the vertical motion changes are the
most correlated to local SST changes (case I) mainly
occur around 108–208 of latitude (Fig. 8). At these lat-
itudes, the seasonal migration of the ascending and de-
scending branches of the Hadley circulation has a large
influence on regional vertical motion changes. More-
over, these regions are mainly located on the 278–288C
isotherm (Fig. 9). Betts and Ridgway (1989) showed
that when the SST exceeds about 278C, the moist en-
thalpy of the planetary boundary layer is sufficient to
give deep convective instability and to promote the de-
velopment of organized deep convection. Large-scale
vertical motion changes in these regions are thus likely
to result from a cooperation of large-scale dynamical
influences associated with the Hadley circulation and
thermodynamical influences related to local SST
changes.

Case II situations occur when the atmospheric vertical
motion is not related to the local SST—that is, when
the subsidence increases as the SST increases, or when
the large-scale rising motion increases as the SST de-
creases. Figure 8a shows that these situations mainly
occur over equatorial ocean regions, particularly over
the warm pool region where the SST exceeds about 288C
(Fig. 9). At the seasonal timescale, the monsoon cir-
culation associated with the thermal contrast between
ocean and landmasses is a powerful source of modu-
lation of the large-scale vertical motion that is inde-
pendent on the local SST. The observed seasonal de-
coupling between the vertical motion and the SST may
stem also from the remote influence of the intraseasonal
variability on the regional monthly averaged vertical
motion. Indeed, the spatial distribution of case II situ-
ations exhibits a maximum over the equatorial Indian
Ocean and the western Pacific. This corresponds to
regions where the convective activity is strongly af-
fected by the Madden–Julian oscillation (Lau and Chan
1985; Weickmann et al. 1985; Madden and Julian 1994).
Note that a maximum occurrence of case II is found for
SSTs of about 29.58C (Fig. 9). This is consistent with
findings of Waliser (1996) that very high SSTs occur in
regions of suppressed convection, in relation with the
Madden–Julian oscillation.

c. El Niño/La Niña variations

For El Niño/La Niña variations, about 40% of month-
ly 1987–88 changes of the large-scale upward motion

and SST fall into case I (Table 2). Figure 8b (top panel)
shows that this occurs over most ocean regions at all
latitudes, with a maximum over the central equatorial
Pacific. Important exceptions are found, however, over
the equatorial Indian Ocean and the western Pacific and,
to a lesser extent, over the southern central Pacific east-
ward of New Guinea. In these regions, category II is
dominant (Fig. 8b, central panel). As for seasonal vari-
ations, the occurrence of case II’s reaches a maximum
for SSTs of about 29.58C (Fig. 9). These remote cases
are related to the eastern shift of the main convergence
zones over the equatorial tropical Pacific and to sub-
sidence motions induced through mass continuity re-
quirements by enhanced large-scale rising motions with
SST. Case III’s mostly occur over the eastern south-
equatorial Pacific (Fig. 8b, bottom panel). In this region,
large-scale vertical motion changes are weak with re-
gard to SST changes.

5. Local relationships between SST, clouds, or
radiation

a. Occurrence of the supergreenhouse effect

Raval and Ramanathan (1989) defined the greenhouse
effect G by the difference between the surface LW emis-
sion and the outgoing LW radiation at the top of the
atmosphere (G 5 sSST4 2 LWTOA). Ramanathan and
Collins (1991) showed that over warm ocean regions
(warmer than about 278C), the increase of the green-
house trapping with spatially increasing SST is faster
than that of the surface emission (i.e., dG/dSST . 4
sSST3) and found similar situations during the 1987 El
Niño over the central and eastern Pacific Ocean. They
referred to these situations as the supergreenhouse effect
(SGE). These observations were subsequently con-
firmed by Hallberg and Inamdar (1993) examining sea-
sonal variations in atmospheric greenhouse trapping and
by Weaver et al. (1994) during the Central Equatorial
Pacific Experiment (CEPEX).

An alternative and equivalent definition of the SGE
is dLWTOA/dSST , 0. SGE situations thus occur when-
ever the outgoing LW flux decreases as the SST in-
creases. The decrease of LWTOA is due to the strong
absorption and downward reemission of the surface
emitted LW flux (Stephens et al. 1994) and to the ab-
sorption, by upper-tropospheric humidity and high-level
clouds, of the LW radiation emitted by the surface and
the lower troposphere and its reemission toward space
at very cold temperatures. The temperature lapse rate
also affects the LW emission of the atmosphere (Hall-
berg and Inamdar 1993; Bony and Duvel 1994; Inamdar
and Ramanathan 1994), but this effect is comparatively
weaker in the Tropics. Since high-level cirrus clouds
and upper-tropospheric humidity are both closely related
to the occurrence of convection, one may expect to
find SGE situations in regions where the increase of
the SST (and then of the surface LW emission) is as-
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FIG. 8. Spatial distribution of the occurrence of the three cases defined in Table 2 for (a) seasonal
variations and (b) El Niño/La Niña variations. Results are expressed as a percentage of the maximum
possible occurrence (24 months for seasonal variations, 12 months for El Niño/La Niña variations).

sociated with enhanced convection. The occurrence of
the SGE is thus likely to depend on the relationship
between SST and large-scale vertical motion changes.
We investigate below this dependence by analyzing the
spatial distribution of the SGE inferred from seasonal
and El Niño/La Niña variations of LWTOA and SST over
the tropical ocean.

The spatial distribution of the occurrence of dLWTOA/
dSST , 0 situations derived from ERBE data for sea-
sonal variations shows that SGE situations mostly occur
around 108–208C of latitude, both in clear-sky and
cloudy conditions (Fig. 10a). Consistently, this is where
Gutzler and Wood (1990) and Raval et al. (1994) report
the largest negative correlations between SST and LWTOA

variations. Note that as expected, the occurrence of
clear-sky SGE situations over warm (convective)

regions coincides with enhanced upper relative humidity
(not shown). A weaker occurrence of SGE situations is
found over subtropical ocean regions and over the equa-
torial tropical ocean, particularly over the Indian Ocean
west of Sumatra and over the western Pacific. Expressed
as a function of the SST, the occurrence of SGE situ-
ations is maximum for SSTs of about 278C and decreases
at warmer SSTs (Fig. 11a). These results are not specific
to the 1987–88 period since they also appear in the 5-yr
period 1985–89 (Figs. 10b and 11b). A new finding of
this study is thus that on the seasonal timescale, SGE
situations mostly occur on the edges of the warm pool
area (for SSTs less than about 288C) and decreases with-
in the warm pool area (mainly over the tropical Indian
Ocean and western Pacific), which is associated with
warmer SSTs.



AUGUST 1997 2067B O N Y E T A L .

FIG. 8. (Continued)

The striking correspondence between Figs. 8a and 10a
and between Figs. 8b and 12a shows that the seasonal
occurrence of SGE situations is favored in regions where
the ocean warming is associated with an enhanced large-
scale rising motion (case I situations). As discussed in
section 4b, this may occur through a combination of
both thermodynamical and dynamical processes.
Regions where the occurrence of SGE situations is weak
mostly correspond to regions where case II situations
are frequent—that is, over the warm pool regions for
SSTs larger than 288C and particularly for very high
SSTs (Figs. 8a and 9a). This shows that SGE situations
rarely occur in regions where the seasonal variability of
the large-scale atmospheric vertical motion is decorre-
lated from local SST variations. This is particularly true
over the equatorial regions of the eastern Indian Ocean
and of the western Pacific Ocean, where remote pro-
cesses associated with the internal intraseasonal vari-

ability of the atmosphere and the monsoon circulations
contribute to this decorrelation.

Compared with seasonal variations, the SGE is more
uniformly distributed spatially when considering El
Niño/La Niña events of 1987–88 or monthly interannual
variations during 1985–89 (Fig. 12). Nevertheless, a
maximum of SGE occurrence is found over the equa-
torial central Pacific. This is where the ocean warming
is maximum and where Ramanathan and Collins (1991)
focused a large part of their study. This is consistent
with the spatial distribution of case I situations during
1987–88 (Fig. 8b, top panel). ERBE data indicate that
the SGE occurrence is weaker over the equatorial Indian
Ocean and western Pacific during the 1987 El Niño, for
SSTs warmer than about 288–298C (Fig. 13). Indeed,
NCEP reanalyses indicate a larger occurrence of case
II situations over these regions during this period (Figs.
8b and 9b). Over cold subtropical oceans, the occurrence
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FIG. 9. Occurrence (expressed as a percentage of the total number
of points within each SST interval of 1 K) of the different cases
defined in Table 2 from NCEP and DAO reanalyses for (a) seasonal
variations and (b) El Niño/La Niña variations.

of SGE situations is weaker, due to the persistence of
large-scale subsidence (Fig. 8b, bottom panel), which
prevents convection from occurring as the SST increas-
es. Nevertheless, its average probability of occurrence
reaches about 45% for SSTs of 238–248C (Fig. 13). This
occurrence is larger than during seasonal variations (Fig.
11), which are associated with a smaller occurrence of
case I situations over this range of SST (Fig. 9).

In conclusion, the analysis of seasonal and El Niño/La
Niña changes in the SST and in the top of the atmo-
sphere outgoing LW radiation shows that supergreen-
house effect situations occur whenever the regional
ocean warming is associated with a large increase of
the large-scale rising motion of the atmosphere. This
occurs mostly on the edges of the warm pool area for
SSTs less than about 288C. On the other hand, their
occurrence is reduced when large-scale vertical motion
changes are decoupled from SST changes, due to remote
or internal forcings of the atmospheric variability. This
is the case in particular over the equatorial Indian Ocean
and over the western equatorial Pacific, due to the mon-
soon circulations and the internal intraseasonal vari-
ability of the atmosphere.

b. Dependence of the cloud radiative forcing on SST

For a given SST change, the modification of the large-
scale vertical motion may be highly variable according
to the climate forcing and the timescale considered. Dur-
ing a seasonal cycle or an El Niño event, SST variations
are very heterogeneously distributed over the tropical
ocean and are often associated with profound variations
of the large-scale circulation. The mean dependence of
the cloud radiative forcing and other cloud parameters
on SST that are inferred from spatiotemporal relation-
ships (Fig. 2) are then largely influenced by the statis-
tical relationship between the SST and the large-scale
vertical motion (Figs. 3 and 4). However, weaker and
longer-term variations of the tropical SST may be as-
sociated with much weaker changes of the large-scale
circulation. In that case, the cloud–radiative feedbacks
are likely to be more related to the thermodynamical
effect of SST changes on cloud parameters than to large-
scale dynamical influences.

By using a compositing procedure, we investigate
below the sensitivity of the cloud radiative forcing to
local SST changes for weak or no changes of the large-
scale circulation (category III of SST/large-scale ver-
tical motion relationships defined in Table 2). For sea-
sonal or interannual variations, we compute a ‘‘sensi-
tivity index’’ Ix (where x is a generic variable) defined
as the linear regression coefficient of the least squares
fit to Dx 5 Ix DSST; that is,

(Dx DSST)O
I 5 . (1)x 2(DSST)O

When considering seasonal variations, Dx is the differ-
ence between the monthly and annual mean values of
x, and when considering El Niño/La Niña variations, it
is the difference between the monthly mean values of
x in 1987 and 1988 (Duvel and Bréon 1991; Bony et
al. 1995). This coefficient is computed for different SST
intervals of 1 K defined from the annual mean SST for
seasonal variations, and from the 1988 monthly mean
SST for El Niño variations. For each SST interval, we
compute Ix by summing in Eq. (1) over all individual
regions belonging to the SST interval under consider-
ation. In parallel, a composite index Ĩx is computed by
restricting the sum to case III situations (Table 2). These
situations are selected by using either NCEP or DAO
reanalyses. The number of 2.58 3 2.58 regions consid-
ered to compute Ix and Ĩx is reported in Figs. 13 and 14,
respectively.

Here, Ix and Ĩx are computed for the cloud radiative
forcing and other cloud parameters on the basis of sea-
sonal variations for the period 1987–88 (Fig. 15). Over
cold ocean regions (SSTs less than about 258–268C), Ix

and Ĩx are quite similar. This is because these regions
are associated with a persistent large-scale subsidence
(Fig. 4), and the seasonal variations of the SST are
mostly associated with no or weak variations of the
large-scale vertical motion (Fig. 9a). As the SST in-
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FIG. 10. Spatial distribution of the occurrence of supergreenhouse effect situations in (top) clear-
sky and (bottom) all-sky conditions for seasonal variations during (a) 1987–88 and (b) 1985–89. The
occurrence is expressed as a percentage of the maximum possible occurrence: (a) 24 months and (b)
60 months.



2070 VOLUME 10J O U R N A L O F C L I M A T E

FIG. 11. Seasonal occurrence of supergreenhouse effect situations
in clear-sky and all-sky conditions (white and black markers) as a
function of the annual mean sea surface temperature for the periods
(a) 1987–88 and (b) 1985–89. The occurrence is expressed as a per-
centage of the total number of points reported on the right side for
all-sky conditions (plain line) and clear-sky conditions (dashed line).

creases, the SW component of the cloud radiative forcing
decreases while the LW component remains constant.
The sensitivity of CSW is explained by the decrease of the
cloud cover with SST (also inferred from Fig. 7) and by
the decrease of the cloud optical thickness. Low-level
clouds emit infrared radiation at a temperature that is
close to that of the surface and of the low-level clear-
sky atmosphere. They have thus a weak impact on the
LW radiation at the top of the atmosphere, and their
decrease with SST affects very little the LW cloud forc-
ing.

Over warmer regions (SSTs larger than about 248–
258C), case III situations represent only a weak fraction
of the total number of situations (Fig. 9a), but Ĩx is
computed nevertheless from at least 3000 points (Fig.
14). In these regions, large discrepancies are found be-
tween Ix and Ĩx (Fig. 15). The thermodynamical sensi-
tivity of the SW cloud forcing and cloud fraction to

local SST changes (Ĩ and Ĩf) represent only 20%–25%CSW

and 0%–20% of I and If, respectively. This shows thatCSW

the seasonal changes of the cloud cover and of CSW over
warm ocean regions are intrinsically related to large-
scale vertical motion changes, and that in the absence
of large-scale vertical motion changes, they are weakly
sensitive to local SST changes.

By comparison with CSW, the thermal effect of SST
changes on CLW is larger: Ĩ is about 40%–50% ofCLW

I . Since the effective cloud cover remains roughlyCLW

constant or decreases slightly with SST (Fig. 15f), CLW

changes are dominated by changes in the cloud-top tem-
perature (Fig. 15d). Indeed, the sensitivity of the cloud-
top pressure to local SST changes is reduced by only
30%–40% when large-scale dynamical effects are re-
moved. The reason for the strong remaining thermal
influence of the SST on the cloud-top pressure can be
explained from simple thermodynamical arguments.
The top of convective clouds occurs where the tem-
perature of the cloud air parcel, which ascents along a
moist adiabat, equals the temperature of the environ-
mental air. When the SST increases, the cloud-base tem-
perature changes to a new moist adiabat that crosses the
environmental temperature profile at a higher altitude.
In other words, the height of penetration of deep con-
vection increases as the SST increases. This may explain
the thermal effect of local SST changes on the observed
cloud-top pressure and the CLW despite the decrease of
the cloud water path (Figs. 15b–d). Similar conclusions
can be drawn when considering cloud and SST varia-
tions during El Niño/La Niña events (Fig. 16), which
reinforce those inferred from the analysis of spatiotem-
poral relationships (Fig. 7).

Over cold ocean regions associated with low-level
stratiform cloudiness, the SW component of the cloud
radiative forcing dominates over the LW component
(Figs. 15 and 16), and the seasonal or El Niño/La Niña
changes of the CNET with SST have the same sign as
dCSW/dSST (Fig. 17). This corresponds to a positive
radiative feedback. Over warm ocean regions, there is
a large compensation between LW and SW cloud forc-
ing changes, but dCNET/dSST is still slightly positive.
This also constitutes a positive feedback. When SST
changes are not associated with large-scale vertical mo-
tion changes (case III), the thermodynamical influence
of SST on the detrainment height of deep convective
clouds amplifies the LW cloud-forcing sensitivity. This
leads to a weaker compensation between dCLW/dSST
and dCSW/dSST, and, therefore, Ĩ is slightly largerCNET

than I (Fig. 17). In the absence of large vertical mo-CNET

tion changes (e.g., as for a uniform warming of the
tropical ocean), dCNET/dSST over tropical ocean is thus
slightly more positive than that actually observed during
seasonal or interannual variations.

6. Summary and discussion
Using NCEP and DAO meteorological reanalyses of

sea surface temperature and large-scale atmospheric dy-
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FIG. 12. Same as Fig. 10 except for (a) El Niño/La Niña variations during 1987–88 and (b) year-
to-year monthly variations during 1985–89. The occurrence is expressed as a percentage of the maximum
possible occurrence: (a) 12 months and (b) 120 months.
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FIG. 13. Same as Fig. 11 except for (a) El Niño/La Niña variations
during 1987–88 and (b) year-to-year monthly variations during 1985–
89. The occurrence is expressed as a percentage of the total number
of points reported on the right side for all-sky conditions (plain line)
and clear-sky conditions (dashed line).

FIG. 14. Number of points from which the composite sensitivity
index associated with case III situations is computed for (a) seasonal
and (b) interannual variations.

namical fields for the period 1987–88 over tropical
ocean (308S–308N), we have investigated the spatial,
seasonal, and interannual relationships between the
large-scale vertical motion of the atmosphere (described
by the 500-hPa vertical velocity of the atmosphere at
the resolution 2.58 3 2.58) and the SST. Then, by using
satellite data of water vapor, cloud, and radiation at the
top of the atmosphere derived from independent datasets
(ERBE, TOVS, ISCCP), we have investigated large-
scale dynamical influences on the occurrence of super-
greenhouse effect situations and on the dependence of
the cloud radiative forcing on SST.

a. Relationships between the SST and the large-scale
vertical motion of the atmosphere

It has been shown in several observational studies
that the slope of the mean spatiotemporal relationships

between the SST and water vapor and clouds or radi-
ation is characterized by two discontinuities: one for
SSTs of about 268–278C, and another around 29.58C
(Gadgil et al. 1984; Graham and Barnett 1987; Inoue
1990; Ramanathan and Collins 1991; Waliser et al.
1993; Zhang 1993). We show that these discontinuities
are related to three different types of relationships be-
tween the large-scale atmospheric vertical motion and
the SST. For SSTs less than about 268–278C, mostly
(80%) large-scale subsiding motions are found over 2.58
3 2.58 ocean regions. Except for strongest subsidence
motions located on the eastern part of cold subtropical
ocean basins, the intensity of the large-scale subsidence
is largely independent on the local SST. For SSTs warm-
er than about 268–27.58C, we note on the average a sharp
increase with SST of both the frequency and the inten-
sity of large-scale rising motions of the atmosphere. For
SSTs warmer than about 29.58C, strong rising motions
still occur but the occurrence of weak subsiding motions
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FIG. 15. Sensitivity index computed for the period 1987–88 on the basis of seasonal variations
for the (a) SW cloud radiative forcing, (b) LW cloud radiative forcing, (c) cloud optical thickness,
(d) cloud-top pressure, (e) cloud fraction derived from ISCCP data, and (f) cloud fraction derived
from TOVS data. For each variable and each SST interval, an index is computed from the total
number of points contained in the SST interval (referred to as actual). The composite case III
indices are restricted to case III situations (as defined from NCEP or DAO reanalyses).

increases. Waliser and Graham (1993) explain this fea-
ture as follows: in regions of active convection, SST is
limited to 29.58C due to the shading effect of convective
clouds; it is only when convection is suppressed by
externally forced subsidence that the SST can exceed
29.58C. This latter case should thus be interpreted as
the forcing of the SST by the subsidence and not the
other way around. The role of large-scale dynamical
influences in the persistence of the two discontinuities
at 268–278C and 29.58C is confirmed by the almost dis-
appearance of these discontinuities when considering

individual large-scale circulation regimes (defined from
the 500-hPa monthly mean vertical velocity).

The relationships between the SST and the large-scale
vertical motion presented in this study are very consis-
tent with those found in previous observational studies
by using the outgoing LW radiation or highly reflective
clouds as indices for tropical deep convection (Waliser
et al. 1993; Zhang 1993). This shows that the occurrence
of large-scale rising motions is intrinsically related to
the occurrence of deep convection within the 2.58 3
2.58 area. This is consistent with the fact that in the
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FIG. 16. Same as Fig. 15 except for El Niño/La Niña variations during 1987–88.

Tropics, and for a large range of timescales, moist con-
vection is the primary mitigator of the adiabatic cooling
produced by large-scale rising motion (Sud and Walker
1993).

b. Large-scale dynamical influences on the
supergreenhouse effect

Ramanathan and Collins (1991) referred to situations
where the increase of the greenhouse trapping with tem-
perature is faster that of the surface emission as super-
greenhouse effect (SGE). We examined the spatial dis-
tribution of the SGE occurrence by considering seasonal
and interannual variations over the whole tropical ocean
(including the western Pacific and the Indian Ocean)

and investigated their dependence on the large-scale at-
mospheric circulation.

For both seasonal and interannual variations, we show
that whatever the temperature of the surface ocean, the
occurrence of SGE situations is intrinsically linked to
the occurrence of enhanced large-scale atmospheric ris-
ing motion with increasing SST, which is itself intrin-
sically linked to the occurrence of deep convection. On
the seasonal timescale, this occurs mostly around
108–208 of latitude, in relation with the seasonal mi-
gration of the ascending and descending branches of the
Hadley circulation. During an El Niño event, this occurs
mostly over the equatorial central Pacific. On the other
hand, the occurrence of SGE situations is weak in
regions where the variability of the large-scale rising
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FIG. 17. Same as Fig. 15 and 16 except for the NET cloud radiative
forcing for (a) seasonal variations and (b) El Niño/La Niña variations.

motion is largely decoupled (or decorrelated) from the
local SST. When considering seasonal or El Niño/La
Niña variations, these regions mostly occur over the
warm pool area (for SSTs warmer than 288C, and par-
ticularly for SSTs higher than 29.58C), over the equa-
torial Indian Ocean and over the western equatorial Pa-
cific. In these regions, indeed, the seasonal monsoon
circulations and the intraseasonal variability of the at-
mosphere over the Indonesian region both constitute
important sources of modulation of the large-scale ver-
tical motion that are largely uncoupled to local SST
variations. Over the equatorial Indian and western Pa-
cific Oceans, the activation of feedback processes that
regulate the sea surface temperature is thus likely to be
more strongly related to the large-scale remote processes
that govern the large-scale atmospheric circulation in
this region than to the absolute value of the SST. Note,

however, that this statement, which concerns warm
regions of the equatorial Indian and western Pacific
Oceans, may not hold for other regions of the tropical
ocean.

c. Large-scale dynamical influences on the cloud
radiative forcing

Considering either spatiotemporal, seasonal, or El
Niño/La Niña variations, we find that whatever the range
of SST considered, the cloudiness, the cloud optical
thickness, and the SW cloud radiative forcing decrease
with increasing SST in large-scale subsidence regimes.
This confirms and extends previous observational re-
sults of Tselioudis et al. (1992), Oreopoulos and Davies
(1993), and Norris and Leovy (1994) relative to cold
subtropical ocean regions. The LW cloud forcing of low-
level stratiform clouds being much weaker than the SW
cloud forcing, the change of the net cloud forcing is
strongly dominated by SW changes in these regimes.

Over warm oceans (SSTs warmer than 268–278C),
both the LW and SW cloud forcing increase with in-
creasing large-scale rising motion of the atmosphere.
Nevertheless, the compensation between the LW and
SW components is not complete and the net cloud ra-
diative forcing increases slightly with SST (by 1 to 3
W m22 K21). For a given value of the large-scale rising
motion, the dependence of the SW cloud forcing on SST
is weak. This shows that the large apparent sensitivity
of the SW cloud forcing to SST changes deduced from
the analysis of spatial, seasonal, or interannual vari-
ability, is mainly related to large-scale vertical motion
changes that accompany SST changes (not necessarily
through cause and effect relationships). In the absence
of large-scale vertical motion changes, the rate of
change of CSWwith SST is reduced to 20%–25% of its
nominal value. By comparison, the reduction of the sen-
sitivity of CLW to SST changes is lesser. This is explained
by the thermodynamical influence of the SST on the
penetration height of deep convection and then on the
cloud-top height. As a result, the increase of the net
cloud forcing with SST is slightly more positive in the
absence of large-scale vertical motion changes than in
the presence of vertical motion changes. Since large-
scale circulation changes mainly occur in association
with modifications of the spatial distribution of SST
(Lindzen and Nigam 1987), they are likely to be small
in case of a uniform warming of the tropical ocean.
With regard to the tropical radiation balance at the top
of the atmosphere, the dependence of the cloud radiative
forcing on SST may thus provide a positive climate
feedback slightly larger in case of a uniform ocean
warming than during seasonal or interannual variations.

Intercomparison experiments show that for a uniform
62 K perturbation of the SST, the sign and the amplitude
of the cloud radiative feedback produced by the different
general circulation models are highly variable (Cess et
al. 1989, 1990). The ability of the different models to
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reproduce the LW and SW cloud-forcing sensitivities
Ĩ and Ĩ of this study would certainly help to putC CLW SW

strong constraints on the validity of the cloud–climate
feedback simulated by these models. Also, the response
of the greenhouse effect and the SW cloud radiative
forcing to SST and large-scale circulation changes is
known to be crucial for the simulation of climate by
coupled ocean–atmosphere models (e.g., Meehl and
Washington 1995). This study offers numerous diag-
nostic tools for assessing the coupling among the SST,
the large-scale atmospheric circulation, the atmospheric
hydrology, and the earth radiation budget in these mod-
els. Such stringent tests are required to improve current
models and get confidence in the predictions of the
earth’s future climate.
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