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ABSTRACT
Utilizing the synergy of the capabilities of CloudSat and Cloud–Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) and ;4.5 years of their observations, this paper investigates the dependence of the altitude distribution and thickness of tropical clouds on sea surface temperature (SST).
Variations in the altitude distribution of clouds with SST show three distinct regimes: SST , 27.58C, 27.58 ,
SST , 298C, and SST . 298C. At an SST , 27.58C, the convection is rather weak, so that most of the clouds are
limited to ,2-km altitude with peak occurrence at 1–1.5 km. The frequency of occurrence of the low-altitude
clouds as well as the prominence of the peak at ;1.5 km consistently decreases for SST . 248C. Vertical
development of clouds through the 3–12-km-altitude region increases for SST . 27.58C to achieve maximum
cloud occurrence and thickness in the SST range of 298–30.58C. Penetration of the deep convective clouds to
altitudes .15 km and their frequency of occurrence increase with SST until ;308C. These observations reveal
two differences with the SST dependence of total cloudiness observed using passive imager data: (i) the
increase in cloudiness at an SST . 268–278C observed using the imager data is found to be influenced by the
increase in cirrus clouds generated by deep convective outflows and is not directly driven by the local SST, and
(ii) the total cloudiness does not decrease for SST . 29.58C as observed using imagers, but weakly increases
until an SST of ;30.58C. The role of the spatial gradient of SST and atmospheric dynamical parameters in
modulating the observed SST dependence of cloudiness at different SST regimes is investigated.

1. Introduction
Clouds play a paramount role in regulating the radiation budget, energy and moisture transport, hydrological cycle, and climate of the earth–atmosphere system
(e.g., Stephens 2005). Processes and parameters that
control the generation and properties of clouds and
cloud-feedback processes (Cess et al. 1996; Stephens
2005) are among the long-standing poorly resolved issues and are major hindrances in the prediction of future
climate. Investigations into the variations of cloudiness
with SST and large-scale atmospheric circulation and
the underlying physics have been carried out extensively
during the past few decades, which showed that the
development of clouds are governed by a host of processes and parameters, the most prominent among them
being the moist static energy near the surface, water vapor
content in the troposphere, atmospheric thermodynamical
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instability, and circulation systems controlling the atmospheric convergence/divergence and vertical winds
(Gadgil et al. 1984; Graham and Barnett 1987; Zhang
1993; Waliser 1996; Bony et al. 1997; Tompkins 2001;
Rondanelli and Lindzen 2008; Su et al. 2011, 2013;
Zelinka and Hartmann 2011; Meenu et al. 2012; Sabin
et al. 2013). Influence of the tropospheric water vapor
content as a regulator of convection is also well recognized (Bretherton et al. 2004; Derbyshire et al. 2004;
Holloway and Neelin 2009; Del Genio 2012; Su et al.
2013). Over the oceanic regions, most of the abovementioned controlling parameters are substantially influenced by the sea surface temperature (SST) (Lindzen and
Nigam 1987; Gadgil et al. 1984; Cho et al. 2012; Su et al.
2013), while the SST itself is regulated through cloudfeedback processes, especially through modification of net
radiative fluxes at the surface (Ramanathan and Collins
1991; Sud et al. 1999). Larger values of SST generally yield
higher equivalent potential temperature (and hence
higher moist static energy) in the atmospheric boundary
layer, and can trigger local convection through thermodynamical changes within the atmospheric column
(Bony et al. 1997). On the contrary, the spatial gradient
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of SST, rather than the local SST, is important in driving
large-scale circulation, which transports heat and moisture and affects the thermodynamical stability of the
atmosphere over large spatial scales (Lindzen and Nigam
1987; Waliser 1996; Williams et al. 2003) and in turn regulates the convection, cloud occurrence, and the associated radiative forcing (e.g., Yuan et al. 2008).
Earlier studies using the total cloudiness observed
using imager data showed a general pattern of consistent
increase in cloudiness with SST in the range of ;268–
288C and peak cloud occurrence at an SST of ;28.58–
29.58C. Most of them showed a decrease in cloudiness
with further increase in SST above ;29.58C (Gadgil
et al. 1984; Graham and Barnett 1987; Waliser 1996),
while such a reduction was not clearly discernible in all
regions or during all seasons (Lau et al. 1997; Meenu
et al. 2012). The SST threshold for convection corresponds to the minimum SST that can generate large
convective available potential energy (CAPE) through
a deep tropospheric layer (Bhat et al. 1996). Lau et al.
(1997) argued that the critical SST threshold (e.g.,
.278C) required for convection to occur does not have
any fundamental microphysical or thermodynamical
importance, but arises from the fact that this regime
represents a transition between stable and convective
atmospheric conditions. Investigations into the vertical
distribution of cloud water content and cloud faction
observed using CloudSat/Cloud–Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
data and its comparison with the circulation models and
reanalysis data revealed that the high-altitude clouds in
observations as well as models are concentrated in the
regions with large midtropospheric vertical velocity,
warm SST, and low lower-tropospheric stability (LTS)
(Su et al. 2011, 2013). The CloudSat observations also
revealed that the preferential distribution of low-level
clouds occurs in the regions of large-scale subsidence,
relatively cold SST, and high LTS (Su et al. 2011). Significant seasonal and spatial variations occur in the
SST dependence of cloudiness, and the regions of the
warmest SST, maximum surface wind convergence, and
the largest cloudiness are generally not collocated (Fu
et al. 1994; Meenu et al. 2012). The increase in SST associated with global warming (and the potential changes
in convection associated with it) as well as the role of
clouds in decreasing SST through feedback processes
(e.g., Ramanathan and Collins 1991; Pierrehumbert
1996; Fu et al. 2002) have further enhanced the importance of the investigations into the SST–cloudiness relationship (e.g., Sud et al. 2008).
Observations of the SST–cloudiness relationship are
influenced by the methods used to determine cloudiness:
the passive radiometer observations, on which most of

the previous studies were based, have two important
limitations. (i) They cannot discriminate between deep
convective clouds and optically thick cirrus clouds.
While the former could be generated through convection driven by local warm SST, the latter might originate
from the outflows of deep convection and are not affected by the local SST. In principle, this can cause deviations in the observed SST–convection relationship
compared to the actual. (ii) They cannot provide the
actual altitudinal cross section (and distribution) of clouds
(except for inferring the cloud-top altitude based on the
observed cloud-top brightness temperature). The vertical cross sections of clouds observed using the spaceborne radar CloudSat and spaceborne lidar CALIPSO
provide a unique solution to this enigma. The main objectives of this paper are (i) to examine the variations in
the vertical distribution and physical thickness of clouds
with SST, and (ii) to investigate the potential influence
of spatial gradient of SST and parameters that govern
atmospheric stability and circulation in modifying the
observed SST–cloudiness relationship, utilizing about
4.5 years (June 2006–February 2011) of CloudSat and
CALIPSO observations of the vertical distribution of
clouds. This study would contribute to improvements in
the understanding of the SST–convection–cloudiness
relationship, which is especially important for reducing
the sensitivity of cloudiness/precipitation to SST in atmospheric models (e.g., Allan and Soden 2007; Martin
and Schumacher 2012).

2. Data and method of analysis
The vertical distribution of clouds is obtained from
a combined analysis of the data obtained from the
CloudSat and CALIPSO satellites, which are part of
the A-Train constellation that follows the same satellite
orbits with an equatorial crossing time around 1330 local
time (separated by few minutes). The CloudSat has
a Cloud Profiling Radar (CPR) operating at 94 GHz and
provides the altitude profiles of backscattered radar
signal from hydrometeors with a vertical resolution of
240 m (Haynes and Stephens 2007). The Cloud–Aerosol
Lidar with Orthogonal Polarization (CALIOP) on board
CALIPSO provides altitude profiles of lidar backscatter
signals (at 532 and 1064 nm) that can provide the vertical
profiles of clouds and aerosols with a vertical resolution of
30–60 m (Winker et al. 2007). The CPR can detect optically thick cloud layers and is less sensitive to optically
thin clouds such as semitransparent cirrus. In contrast,
CALIPSO can detect even very thin cirrus clouds with
visible band cloud optical depth as low as 0.03 (e.g.,
Meenu et al. 2011), but it cannot probe the cloud layers
located beneath optically thick clouds.
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This study utilizes the CloudSat geometric profile
product (2B GEOPROF)-lidar data (version 003) during the period of June 2006–February 2011, provided by
the CloudSat data processing center, which utilizes the
synergy of the observational capabilities of CloudSat
and CALIPSO (Mace et al. 2009). The 2B-GEOPROFlidar data provide optimally merged analysis of the data
from CloudSat and CALIPSO, and give the best picture
of the vertical distribution of cloud occurrence as has
been compiled so far. Details of the 2B-GEOPROFlidar dataset, methodology for the combined analysis to
derive the cloud mask, the complexities involved while
combining the information derived from instruments
with different observational capabilities and spatial
resolutions, and the uncertainties are extensively discussed in Mace et al. (2009) and the algorithm theoretical
basis document (available online at http://www.cloudsat.
cira.colostate.edu). The 2B-GEOPROF-lidar dataset
provides information for up to five cloud layers (their
altitudes of occurrence) with a vertical resolution of
240 m and along-track resolution of 1 km.
The daily-mean SST data are obtained from the
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), which utilizes the observations at
10.7 GHz, which are nearly transparent to clouds (Reynolds
et al. 2010). The TMI SST provides daily observations
covering the global region extending from 408S to 408N
at a pixel resolution of 0.258, with an expected accuracy
of better than 0.58C (Reynolds et al. 2010). The atmospheric circulation and thermodynamical data (including
the potential temperature and CAPE) are obtained from
the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–
NCAR) reanalysis, which integrates the data from a variety
of observing systems with numerical models to produce
a temporally and spatially consistent synthesis of observations and analyses of variables with a spatial resolution of 2.58 (Kalnay et al. 1996). The surface wind
divergence (SWD) during this period is obtained from
the spaceborne scatterometer observations from the
Quick Scatterometer (QuikSCAT) satellite of the National Aeronautics and Space Administration, which has
a spatial resolution of 0.58.
All the above-mentioned datasets have different
spatial resolutions. Collocation of the above-mentioned
data is done on the spatial resolution of 2B-GEOPROFlidar data (1 km), which is better than that of the TMI
SST (0.258). Thus, there will be ;25 2B-GEOPROF-lidar
data points within a geographical grid of the SST data,
and the spatial variations of SST at scales smaller than
0.258 are neglected. Though the study is made using the
high-resolution profiles obtained from 2B-GEOPROFlidar data on an orbit-by-orbit basis, we focus here only
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FIG. 1. Number of collocated observations of 2B-GEOPROFlidar data as a fraction of TMI SST at an SST interval of 0.38C for
the total period of June 2006–February 2011 and for different
seasons during the period: winter [December–February (DJF)],
premonsoon [March–May (MAM)], summer monsoon [June–
September (JJAS)], and postmonsoon [October–November (ON)].

on the seasonal and long-term-mean SST–cloudiness
relationship. The above-mentioned daily data over the
tropical Indian Ocean, the Bay of Bengal, and the
Arabian Sea encompassed between 258S and 258N and
308 and 1108E are used in this study. This region covers
a wide range of SST (;248–328C) and convective conditions required for the study within a limited geographical box of 808 in longitude and 508 in latitude in
the tropics.

3. Results
Depending on the season and location, SST values
over the study region (258S–258N, 308–1108E) vary in the
range of about 248–328C [e.g., Fig. 2 of Meenu et al.
(2012)]. On average, the SSTs are higher (.288C) at the
equatorial Indian Ocean and lower (248–288C) in the
Southern Hemisphere Indian Ocean throughout the year.
The warmest temperatures are observed at in southern
Arabian Sea and the equatorial Indian Ocean from April
to May with values exceeding 308C over a wide region,
including the areas covered by the Arabian Sea warm
pool (Sijikumar and Rajeev 2012). The lowest SSTs (248–
268C) are observed in the northern Arabian Sea (during December–March) and the southern Indian Ocean
(south of ;108S during July–September). Figure 1 depicts
histograms of the number of collocated 2B-GEOPROFlidar data points as a function of SST during different
seasons and the entire period (2006–11). Maxima in all
of the histograms occur in the range of 288–298C, where
the total number of observations over the entire period
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FIG. 2. Altitude distribution of the FOC (%) as a function of SST
during 2006–11.

exceeds 1 million (per 0.38C SST interval). Though the
number of collocated points decreases considerably for
SST . 298C, their number for the long-term analysis is
more than 0.25 million (per 0.38C SST interval) for all
SSTs in range of 248–30.58C. We mainly focus here on
the variations in cloudiness in this SST range, where the
total number of observations is quite large.

a. Variation of cloud vertical distribution with SST
Figure 2 shows the contour map of the long-term-mean
frequency of occurrence of clouds (FOC) as a function of
altitude and SST, obtained by combining the whole data
(2006–11) over the study region. Based on the altitude
variation of cloud occurrence, three distinct regimes of
SSTs are discernible in Fig. 2—namely, SST , 27.58,
27.58 , SST , 298, and SST . 298C. (i) At an SST , 27.58C,
the convection is rather weak that most of the total
cloudiness is limited to ,2-km altitude with a peak occurrence at 1–1.5 km. This feature is akin to the cloud
distribution in the high pressure areas because of trapping of air mass in the lower troposphere by subsidence
from above (e.g., Su et al. 2011). In this regime, the
frequency of occurrence of the low-altitude marine clouds
consistently decreases at larger SSTs. At the altitude of
their peak occurrence (;1–1.5 km), the cloudiness decreases typically from ;40% at 248C to ;25% at 27.58C.
Occurrence of clouds above these low-level clouds is rare,
though a building up of upper-level clouds in the altitude
band of ;10–15 km is observed with an increase in SST.
(ii) In the SST range of 27.58 , SST , 298C, the FOC in the
altitude band of ;3–10 km increases with SST, presumably
indicating an increase in the convective activity. However,
a significant increase in these clouds is seen only above an
SST of ;288C. Though the occurrence of low-altitude
clouds decreases with SST in this regime as well, it is less
significant compared to that for SST , 27.58C. (iii) FOC
in the altitude region of about 3–12 km attains its peak

value in the SST range of 298–30.58C, where the SST
dependence of the FOC is negligible at all altitudes.
Figure 2 shows that the FOC rapidly increases above
the altitude of ;8 km and maximizes in the altitude band
of 13–16 km. The occurrence of high-altitude clouds
increases with SST right from ;258C and the largest
occurrence is observed at 14–15-km altitude in the SST
range of 29.58–30.58C. In addition to the deep convective
clouds that originate right from the lower troposphere,
the increase in cloudiness at higher altitudes might have
been contributed by an increase in cirrus clouds also,
as they can be produced from the anvils or remnants of
deep convective clouds and have longer lifetime compared to the deep convective clouds. The cirrus production also may be expected to be more at higher SSTs
(SST . 298C), where deep convection is more prominent. In the altitude band of 16–17 km, the frequency
of occurrence of clouds is ;25%–40% at an SST of
;30.58C. The seasonal-mean altitude variations in the
FOC with SST during winter (December–February),
premonsoon (March–May), summer monsoon (June–
September), and postmonsoon (October–November)
seasons are shown in Fig. 3. Overall, the SST–cloudiness
relationships observed during different seasons are
consistent and similar to that observed using the longterm-mean variations illustrated in Fig. 2. However,
significant variations are observed in the absolute
values of the FOC, which indicate the influence of
factors other than SST (such as large-scale atmospheric
circulation) in regulating the vertical distribution of
clouds.

b. Variation of cloud thickness with SST
The SST dependence of cloud thickness is shown in
Fig. 4a, which depicts the long-term-mean (2006–11: all
seasons) probability distribution of cloud thickness
normalized with respect to the total frequency of occurrence of clouds for each SST. The objective here is to
investigate the vertical development of clouds that are
directly influenced by the local SST and to avoid any
influence of cirrus clouds originating from deep convective outflows. Hence, only those clouds having their
base altitude occurring below 4 km are included in this
analysis. Figure 4a shows that, at an SST , 268C, most of
the clouds have a thickness of ,4 km and that the
probability of occurrence of clouds with a thickness of
.5 km is quite small. The probability of occurrence of
thicker clouds significantly increases at an SST . 27.58C,
which is also associated with a systematic reduction in
the normalized probability of occurrence of thin clouds,
especially those having a thickness of ,3 km. The average frequency of occurrence of clouds having a thickness of .4, .6, and .10 km is depicted in Fig. 4b. Only

Unauthenticated | Downloaded 01/09/23 06:20 AM UTC

676

JOURNAL OF CLIMATE

VOLUME 27

FIG. 3. As in Fig. 2, but for different seasons (a) DJF, (b) MAM, (c) JJAS, and (d) ON.

,5% of the total clouds that occur at an SST , 268C
have a thickness of .4 km. However, the probability of
occurrence of clouds with a thickness of .4 km increases
considerably in the SST range of 27.58–298C. Similar is
the case with the clouds having a thickness of .6 and
.10 km. At an SST . 298C, the probabilities of occurrence of clouds having a thickness of .4, .6, and
.10 km are ;30%, ;20%, and ;10%, respectively.
Figure 4c shows the average frequency of occurrence of
clouds as a function of cloud thickness for different SST
ranges: ,27.58, 27.58–298, and .298C. Figures 4a and 4c
indicate that, in all SSTs, the probability of occurrence is
largest for thin clouds and the occurrence frequency
decreases with the increase in cloud thickness up to
;10–11 km. The rate of this decrease is rapid for lower
SST (SST , 27.58C) and smaller for warmer SST. One of
the most striking features seen in Figs. 4a and 4c is the
increase in the probability of occurrence of clouds with
thickness greater than ;10–11 km. The magnitude of
this secondary peak increases significantly with SST
and is prominent even up to an SST of ;30.58C. However, this secondary peak is very weak at an SST , 258C.
The average frequency of occurrence of clouds with
thickness .12 km is ;1%, 4%, and 7% for SST , 27.58,
27.58 , SST , 298, and SST . 298C, respectively.
Furthermore, the value of cloud thickness at which
this secondary maximum occurs increases with SST
from ;15 km for SST , 27.58C to ;16 km for SST . 298C.

c. Variations in the layer-averaged cloud
occurrence with SST
The SST dependences of the average FOC in the altitude bands of ,2, 2–8, 8–16, and 16–17 km are depicted
in Fig. 5. The average FOC in the 2–8-km-altitude band
increases significantly only above ;27.58C and maximizes in the SST range of 298–30.58C, where it remains
steady with an average occurrence of ;20%. The occurrence of high-altitude clouds (8–16- and 16–17-kmaltitude bands) consistently increases for SST . 258C
(Figs. 5a,b). The magnitude of this increase is also larger
than that of clouds in the 2–8-km-altitude band. Figure
5e depicts the ratio of the average FOC at different altitude bands (0–4, 4–8, and 8–16 km). Note that the ratio
of the average FOC at 4–8 km to that at 0–4 km is ,0.5 at
an SST , 278C, indicating a considerable decrease in
cloudiness with altitude in this SST range. This ratio
(which can be considered as a proxy to the vertical development of clouds) increases with SST only above
;278C. In contrast, the ratio of the average FOC at 8–
16-km altitude to that at 4–8 km shows a significant increase from a value of ;1.1 at an SST of ;248C to ;2.2
at an SST of ;26.58C, followed by a decrease to ;1.7 at
an SST . 288C. As seen in Fig. 2, at an SST , 27.58C, the
occurrence of high-altitude clouds does not appear to be
closely associated with the clouds originating in the
lower altitudes, while the continuity in their occurrence
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FIG. 4. (a) Normalized probability distribution function (PDF) of
cloud thickness as a function of SST for clouds having a base altitude of ,4 km. (b) Normalized probability of the FOC having
a thickness of .4, .6, and .10 km, as a function of SST. (c) FOC as
a function of cloud thickness (for clouds with a base altitude of
,4 km) for four regimes of SST: 248 , SST , 258, 258 , SST ,
27.58, 27.58 , SST , 298, and 298 , SST , 30.58C.

at the lower, middle, and upper levels are quite evident
for SST . 288C. As seen from Fig. 4, more than 90% of
the clouds occurring at an SST , 278C have a thickness
of ,4 km. These observations indicate that most of the
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FIG. 5. Average FOC for different altitude bands: (a) 16–17,
(b) 8–16, (c) 2–8, and (d) 0–2 km, as a function of SST. Standard
deviations are represented by vertical bars. (e) SST dependence of
the ratio of the average FOC in (i) 4–8-km-altitude band to that
0–4-km-altitude band and (ii) 8–16-km-altitude band to that at
4–8-km-altitude band.
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FIG. 6. (a) SST dependence of the FOC derived from 2BGEOPROF-lidar data for the period of study (2006–11) and for
different seasons. Standard deviations are represented by vertical
bars. Standard deviations for all individual seasons are comparable
to that for the whole period. (b) As in (a), but for the total FOC
derived from MODIS data (average for all seasons) collocated with
the 2B-GEOPROF-lidar data.

upper-tropospheric clouds occurring at an SST , 278C
do not arise from the local vertical development from
the lower/middle troposphere, but might have originated
from the outflows of deep convective systems occurring in
the nearby warmer oceanic regions.
The SST dependences of the seasonal- and long-termmean total frequency of occurrence of clouds derived
from the 2B-GEOPROF-lidar data at all altitudes are
shown in Fig. 6a. In this analysis, a pixel is considered to
be cloudy if a cloud appears at any altitude. In principle,
this is similar to the frequency of occurrence of clouds
that would be observed using the imager data [e.g.,
Moderate Resolution Imaging Spectroradiometer
(MODIS) and National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution
Radiometer (AVHRR)], which are reported in the literature (e.g., Meenu et al. 2012). Figure 6a shows that
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the long-term-mean occurrence of total cloudiness
has a consistent increase with SST for SST . 268C.
During the summer monsoon season, this increase in
cloudiness is more rapid and tends to saturate at an
SST . 28.58C. In contrast, during the winter and premonsoon seasons, the increase in cloudiness occurs only
over warmer regions with SST . 278C. The threshold
SST of ;268–278C, above which the total cloudiness increases with SST, is distinctly smaller than the threshold
SST of ;27.58–288C observed in Fig. 4 for the vertically
developing clouds. This difference might be mainly associated with the increase in thick cirrus clouds generated
from deep convective outflows, which significantly contribute to the total cloudiness at an SST , 27.58C.
Figure 6b shows the corresponding variations of FOC
derived from MODIS data (provided along with 2BGEOPROF-lidar data) that are spatially and temporally
collocated with the CloudSat and CALIPSO observations. Overall, the absolute magnitudes of FOC derived
from MODIS data are ;12%–17% smaller than that
from 2B-GEOPROF-lidar data (Fig. 6a). Part of this
difference might be because CALIPSO can observe
even semitransparent clouds, while such clouds may not
be observable using MODIS (differences in pixel shape/
spatial resolutions of the two observations would also
contribute to this difference). Notwithstanding the differences in absolute magnitude, the overall variations
in the SST dependences of the FOC observed using
MODIS and 2B-GEOPROF-lidar data are somewhat
similar, with the largest increase in the FOC observed in
the SST range of 268–28.58C. However, MODIS data
show a plateau in the SST dependence of the FOC at
28.58 , SST , 308C, which is followed by a decrease in
the FOC at an SST . 308C. The above-mentioned variations in the FOC observed using MODIS data are
similar to the SST dependence of total cloudiness reported in the literature using other imager data as well
(e.g., Meenu et al. 2012). In contrast, the total FOC
derived from the 2B-GEOPROF-lidar data shows
a weak but systematic increase with SST in the range of
28.58–30.58C. This result differs from those obtained
from the imager data, where the total cloudiness is generally found to decrease with an increase in SST above
;29.58C (e.g., Gadgil et al. 1984; Graham and Barnett
1987; Lau et al. 1997; Bony et al. 1997). This difference
might be due to the underestimation of semitransparent
clouds by MODIS and other imagers (which work based
on the detection of thermal-IR radiation emitted from
the clouds) (e.g., Rajeev et al. 2008). On the other hand,
these thin clouds will be detectable using CALIPSO, and
a combination of CloudSat and CALIPSO would detect
clouds of all opacity. Note that, in contrast to the nearly
steady values of the FOC in the 2–8- and 8–16-km-altitude
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FIG. 7. PDF of (a) SST gradient, (b) surface wind divergence, and
(c) wind divergence at 150 hPa as a function of SST.

bands at an SST . 28.58C (Figs. 5b,c), the FOC in the
16–17-km-altitude region rapidly increases with SST in
the SST range from ;28.58 to ;30.58C. This indicates
that the occurrence of thin cirrus clouds in the 16–17-kmaltitude band significantly increases with SST even up to
;30.58C. CALIPSO observations of the large occurrence
of semitransparent cirrus below the cold point tropical
tropopause were also reported by Meenu et al. (2011).
This further supports the above-mentioned inferences on
the potential cause for the difference between the SST
dependence of cloud occurrence at an SST . 298C observed using 2B-GEOPROF-lidar and MODIS (or other
imager) data.

d. Variations in spatial gradient of SST and
atmospheric dynamical parameters with SST
In addition to SST, the convection and cloudiness over
a given region are significantly regulated by the spatial
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gradient of SST (which has a significant influence on the
large-scale atmospheric circulation) and atmospheric
dynamical factors such as surface wind convergence,
lower-tropospheric stability, upper-tropospheric divergence, and CAPE—all of which are crucial in determining the vertical wind velocity and formation of
convective clouds (e.g., Wood and Bretherton 2006; Su
et al. 2011, 2013; Meenu et al. 2012; Webb et al. 2013).
Figure 7a shows the probability distribution function for
the magnitude of the spatial gradient of SST as a function of SST, derived from the TMI SST dataset over the
study region during 2006–11. The mean SST gradient is
largest in the SST range of 26.58–27.58C, where the
gradient values are generally in the range of 0.18–0.58C
per degree of latitude/longitude. On the contrary, the
SST gradients are remarkably smaller for higher values
of SST, especially at an SST . 28.58C, where the gradients are mostly ,0.18C per degree of latitude/longitude.
As seen in Figs. 2 and 4, the occurrence of convective
clouds significantly increases with SST above ;27.58C,
where the SST gradient is largest. However, maximum
cloudiness occurs at an SST of ;298–30.58C, where the
SST gradients are substantially smaller. Figure 7a together
with Figs. 2 and 4 clearly shows that both SST and its
spatial gradient are important in determining the vertical
development of clouds. However, their prominence differs
at different ranges of SST. The decrease in the magnitude
of SST gradient might have slowed down the rate of increase in convection with SST, especially for SST . 298C.
The probability distribution function of SWD (observed using scatterometer data) as a function of TMI
SST is depicted in Fig. 7b. The surface winds are mostly
diverging (positive values of SWD) at an SST , 268C,
which will inhibit large-scale convection in the lower
troposphere and vertical development of clouds. On
average, the surface winds have a high probability for
convergence at an SST of ;288–298C, while at still
higher SSTs the probability for convergence is again
comparable to that for divergence. Thus, the occurrence
of convective clouds caused by the surface wind convergence will be largest at an SST of ;288–298C, which is
also the SST range at which the occurrence of convective
clouds shows a rapid increase with SST (Figs. 2, 4).
The probability distribution function of the uppertropospheric wind divergence at the 150-hPa level (derived from NCEP reanalysis data) as a function of TMI
SST is depicted in Fig. 7c, which shows that the upperlevel winds are strongly converging at an SST , 27.58C.
This might cause subsidence of upper-tropospheric
air mass and inhibit convection at the lower levels. The
150-hPa-level winds are mostly diverging at an SST .
288C, and the average wind divergence increases up to
an SST ;298C, above which the average magnitude of
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which is strikingly similar to the SST dependence of the
vertical distribution of cloud occurrence observed in
Figs. 2–5. Figure 8b is derived from the monthly-mean
values of CAPE and SST, which had resulted in the
relatively smaller magnitude of CAPE. The average
CAPE remains almost steady for SST , 278C and
thereafter steadily increases with SST until ;29.58C to
attain the peak value. The further increase of CAPE
with SST is negligible. The increase in CAPE would
increase convection and frequency of occurrence of
clouds in the middle and upper troposphere. As the CAPE
does not significantly increase with SST at an SST .
29.58C, the occurrence of deep convective cloudiness
would be frequent but almost steady at an SST . 29.58C.

4. Discussion and conclusions

FIG. 8. PDF of (a) LTS and (b) CAPE as a function of SST.

the wind divergence does not significantly vary with
SST. The variations in the upper-level divergence with
SST are in tandem with the corresponding variations in
the vertical distribution of clouds in the middle and
upper troposphere. However, the occurrence of convective clouds cannot further increase through this process at
an SST . 298C and might have contributed to the observed weakening of the rate of increase in the frequency
of occurrence of convective clouds for SST . 298C.
The potential temperature at the 700- minus that at
the 1000-hPa level provides an index of the stability of
the lower troposphere. Figure 8a shows the probability
distribution function of the LTS as a function of SST—
the larger the value of LTS, the more likely the lower
troposphere is stable. Figure 8a shows that the LTS is
quite high and rather steady (mean value of ;15 K) at an
SST , 26.58C and systematically decreases with a further increase in SST. The LTS is distinctly smaller and
remains almost steady (mean value ;12 K) for 298 ,
SST , 30.58C. The decrease in LTS would trigger convection in the lower troposphere and this effect systematically increases with SST. Thus, the convection
arising from the reduction in lower-tropospheric stability might contribute to the observed rapid increase in
convective clouds in the SST range of 27.58–298C and
weaken further an increase in their occurrence at an
SST . 298C. Figure 8b shows the probability distribution
function for CAPE as a function of SST, the pattern of

The main focus of this study is to investigate (i) the
SST dependence of the vertical distribution and thickness of tropical clouds and (ii) the potential influence of
the SST gradient and other atmospheric dynamical parameters in governing the observed SST dependence of
cloudiness. It is clearly shown that the frequency of occurrence of clouds in the middle and upper troposphere,
apparently produced by deep convection, increases significantly only for SST . 27.58C and attains the maximum cloudiness at an SST of ;298–30.58C. The frequency
of occurrence of clouds does not decrease with an increase in SST, at least until ;30.58C. Some of these results differ from the SST dependence of total cloudiness
derived using imager data that are reported in the literature, in which the total cloudiness is found to increase
with SST . ;268–278C to attain a peak value at ;29.58C
and to decrease with a further increase in SST. One of
the potential causes for these differences between the
results based on imager data and derived from the vertical distribution of clouds observed using CloudSat and
CALIPSO might stem from the fact that the imager
observations may not fully discriminate the thick cirrus
clouds generated by the outflows from deep convection.
Cirrus clouds generated by convective outflows can be
transported even hundreds of kilometers away from
their deep convective source regions (e.g., Nair et al.
2011) and are not generated through convection caused
by the local SST. This causes biases in the SST–cloudiness
relationship derived from the imager data, especially
when the deep convection is generated in a region
having large spatial gradient of SST. Furthermore, the
semitransparent clouds may be underestimated in the
imager observations (e.g., Rajeev et al. 2008). A combination of the vertical cross sections of clouds observed
using CloudSat and CALIPSO can determine both thick
and thin clouds, and provide an excellent opportunity to
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investigate the SST dependence of the vertical distribution of clouds. This also provides an opportunity to
relook at the well-studied SST dependence of total
cloudiness reported in the literature.
The present study also shows that the frequency of
occurrence of lower-tropospheric clouds decreases with
an increase in SST, especially in the SST range of 248–
278C. This is in agreement with the observations of Bony
et al. (1997) showing a decrease in cloud fraction and
optical depth with an increase in SST for SST , 278C.
These regions of smaller SST in the tropics are generally
characterized by large-scale subsidence driven by the
remotely generated convection at warmer oceanic regions (e.g., Waliser and Graham 1993) and favor the
occurrence of low-level clouds (e.g., Su et al. 2011). In
the study region, the cold SSTs generally occur over the
southwestern Indian Ocean during the Asian summer
monsoon season and the northern Arabian Sea during
winter and are manifested by the descending limb of
Hadley or Walker circulation cells. Both of these conditions are associated with the divergence of the lowertropospheric winds, which causes the trapping of air
(and moisture) in the atmospheric boundary layer or
lower troposphere and would prevent vertical development of clouds. The observed decrease in the lowertropospheric cloudiness with an increase in SST might be
because of the increase in the upward transport of moisture
from the lower troposphere by convection to the middle
and upper troposphere, where they cause cloud formation.
While SST controls the moist static energy available at
the surface, which is crucial for local convection, the
updraft in the atmosphere is also influenced by remote
forcing of tropospheric circulation driven by the largescale spatial gradient of SST and atmospheric thermodynamical variables. The observed variations in the SST
dependence of the vertical distribution of cloudiness are
explainable based on variations in the above-mentioned
parameters. Among them, the variations of CAPE and
upper-level divergence with SST are strikingly similar to
the corresponding variations in the vertical distribution
of clouds with SST, especially the rapid development of
convection above 288C and little variations in the vertical
distribution of clouds in the SST band of 298–30.58C. One of
the striking features observed in Figs. 2–5 is the increase in
the cloud-top altitude up to which significant convection
takes place, even for SST . 29.58C, where the spatial
gradient of SST as well as the increase in upper-level divergence is negligible. This might have been primarily
caused by (i) an increase in CAPE, though weak, in the SST
range of 298–308C; and (ii) an increase in the moist static
energy available at the surface through an increase in SST.
The frequency of occurrence of upper-level clouds,
especially above ;10-km altitude, is found to increase
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substantially with altitude (Figs. 2, 3). This increase is
most prominent in the SST range of 29.58–30.58C. It is
primarily due to the increase in cirrus clouds, which have
longer lifetime compared to the deep convective clouds
in the middle and upper troposphere. Another important feature observed in the present study is the increase
in the probability of occurrence of deep convective
clouds having a thickness of .12 km. Prominence of this
secondary peak increases with SST. The probability of
occurrence of clouds as a function of cloud thickness in
this secondary peak can be explained based on the potential temperature lapse rate. Altitude variation of
potential temperature shows that, on average, the lapse
rate of potential temperature (LRPT 5 du/dz) is minimum near the convective tropopause altitude, which
is the base of the tropical tropopause layer (TTL;
Gettelman and Forster 2002). The magnitude of LRPT is
generally largest in the lower and middle troposphere and
decreases above ;10-km altitude to attain a minimum
value in the convective tropopause around 12–15 km (e.g.,
Meenu et al. 2010). Under highly convective conditions,
the LRPT can be very close to zero or sometimes even
negative (e.g., Mehta et al. 2008). This means that, if an
updraft has sufficient energy to reach in the vicinity of the
convective tropopause, then it requires only a little more
energy to be pushed up by another couple of kilometers or
to be naturally pushed up because of the instability
(LRPT , 08C km21) in the vicinity of the convective
tropopause. Hartmann (2002) proposed that the most
active convection will be limited to the altitude range
where radiative cooling is efficient: this occurs only below
the ;200-hPa level, as the water vapor amount is considerably smaller in the colder regions above. Based on
this, they argued that the tropical convective clouds might
detrain preferentially near the 200-hPa level. The abovementioned mechanisms might be mainly responsible for
the secondary peak observed in the probability of occurrence of clouds as a function of cloud thickness.
This study refines the extensively investigated SST
dependence of cloudiness reported in the literature and
identifies the potential causes for the observed differences. However, the variations in cloudiness with SST
for SST . 30.58C and the factors that limit the maximum
SST to less than ;328C are not addressed here. The
CALIPSO and CloudSat data have the potential to address this fundamental science question. The tropospheric humidity might be responsible for some of the
observed variability in the convective cloudiness (and
vice versa), which needs to be investigated.
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