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Characteristics of cloud cluster over the steep southern slopes
of the Himalayas observed by CloudSat
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ABSTRACT: A cloud cluster (CC) dataset is presented using CloudSat Cloud Profile Radar (CPR) observations from June to
August, between 2006 and 2010. The CCs were defined by grouping contiguous cloud pixels using a defined criteria, including
reflectivity, ‘cloud mask’, and topographic information. The characteristics of identified CCs were then analysed. Based on the
complex topography of the southern Himalayas, four adjacent regions were selected, including the flat Gangetic Plains (FGP),
the foothills of the Himalayas (FHH), the steep slope of the southern Himalayas (SSSH), and the Himalayan-Tibetan Plateau
(HTPT). The characteristics of the CCs in the four regions were different, and the distribution of the cloud-top height gradually
changed from bimodal (3 and 15 km) over the FGP and FHH, to unimodal (7–9 km) over the HTPT. From the plain to the
Plateau, the average cloud-top height and cloud-base height increased after an initial decrease. The maximum reflectivity
increased from −6 (plain) to 2 dBZ (slope areas), and then decreased to −2 dBZ (Plateau), which suggests that the CCs
may produce precipitation on the slope. Maximum CCs occurred over the FHH. The characteristics of the CCs also showed
semidiurnal variation, which may have been affected by the variation of the monsoon and the circulation over the mountain
valley. According to the physical principles of the cloud-type definitions from ISCCP, high-level cirrus, deep convective CCs,
and mid- to low-level CCs were categorized. As the elevation increased, the cloud-top height of the mid- to low-level CCs also
significantly increased to 8 km, whereas the cloud-top height of the high-level cirrus clouds decreased. Our results suggest that
the different characteristics of CCs may be caused by a strong upward motion interacting with the terrain of the Himalayas.
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1. Introduction

The Tibetan Plateau, known as the Third Pole, is the
highest plateau in the world with an average elevation
above 4 km (Qiu, 2008). The latent and sensible heat
over the Tibetan Plateau play a significant role on the
weather and climate in the Asian monsoon region, even
globally (Wu and Zhang, 1998; Liu and Chen, 2000; Wu
et al., 2007; Xu et al., 2008, 2013; Zhong et al., 2011;
Zhu et al., 2015). As a strong heat source in the summer,
it is thought that the Tibetan Plateau controls the Asian
summer monsoon systems through thermal forcing (Liu
et al., 2007; Wu et al., 2012).

Clouds form precipitation and affect the latent heat over
the Tibetan Plateau, providing significant radiative forc-
ing on the earth-atmosphere system (Liou, 1986; Rossow
and Schiffer, 1999). Different types and spatial distribu-
tions of clouds will produce different degrees of radia-
tive forcing and precipitation (Wetherald and Manabe,
1988; Rosenfeld et al., 2007, 2012). As a ‘heat driving air
pump’ in summer, vigorous mesoscale convection over the
Tibetan Plateau produces a large number of deep convec-
tion clouds, and transports water vapour and energy into
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the upper troposphere (Wu et al., 2007; Yin et al., 2009;
Luo et al., 2011; Qie et al., 2014; Xian and Fu, 2015).
Therefore, further knowledge of the thermal and dynamic
effects of the Tibetan Plateau is dependent on an improved
understanding of the cloud characteristics.

The launch of the CloudSat Cloud Profile Radar
(CPR) provides a unique opportunity to observe
three-dimensional cloud structures to comprehensively
understand cloud characteristics (Stephens et al., 2002;
Im et al., 2005). Sassen and Wang (2008) showed that the
height-resolved CloudSat data can provide significantly
enhanced insight into the global cloud system. Riley
and Mapes (2009) focused on the vertical distribution of
CloudSat echo tops and found that two main peaks at 2
and 14 km were associated with low and high clouds in
the tropics, respectively. Between the main peaks, two
distinct mid-level peaks were located in the 5–6 km and
7–8 km layers. Bacmeister and Stephens (2011) analysed
the spatial characteristics of cloud objects derived using
CloudSat data, and defined some indexes for statistics.

The cloud structure also shows regional differences
over the Tibetan Plateau and the adjacent regions. Bar-
ros et al. (2004) found that the clouds and rainfall over
the southern Himalayas are influenced by the topography
at various spatial scales ranging from 1 to 5 km up to
continental-scale. Fu et al. (2006) revealed a ‘tower mast’
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Figure 1. (a) The distributions of elevations and (b) the elevations from south (S) to north (N) in the radial cross-section of the study regions. Regions
I, II, III, and IV represent the flat Gangetic Plains (FGP), the foothills of the Himalayas (FHH), the steep slope of the southern Himalayas (SSSH),

and the Himalayan-Tibetan Plateau tableland (HTPT), respectively.

shape of precipitation over the Tibetan Plateau and found
that there were more isolated rain cells with strong con-
vection over the Plateau than its nearby regions. Houze
et al. (2007) examined the three-dimensional structure
of the summer monsoon convection in the Himalayas,
and found that steep topography enhanced the formation
and longevity of the broad stratiform echoes. Luo et al.
(2011) produced schematics of the convection over the
Tibetan Plateau and the adjacent regions using Cloud-
Sat/CALIPSO data, and revealed that the deep convection
over the Tibetan Plateau is shallower and less frequent.
Fu et al. (2016; personal communication) identified that
the highest rain frequency occurs over the slopes, with the
largest rain rate taking place over the foothills.

A better understanding of the cloud characteristics over
the steep southern slopes of the Himalayas is extremely
important for the energy exchange between the Plateau
and the southern plains. However, we only know some of
the characteristics of cloud clusters (CCs) in this special
terrain, which is not enough to understand the thermal
and dynamic effect of the Tibetan Plateau. In addition,
previous studies have been limited to only the qualitative
analysis. In this study, by using CloudSat data from 2006
to 2010, an event-based method was applied to construct a
CC dataset to address the following points more quantita-
tively. We wanted to understand the relationship between
the cloud characteristics and topography. In particular,
what the distributions of the characteristics of the CCs
over the plain, foothills, slopes, and mountain top were.
How the topography affects the vertical structure of CCs,
and whether criteria can be formulated for the cloud-type
definitions over the Tibetan Plateau and the adjacent
regions using CloudSat data.

2. Data and methods

2.1. CloudSat CPR data

The standard product 2B-GEOPROF derived from CPR
for June–August between 2006 and 2010, was used in

this study. It provides cloud geometric profiles, including
cloud mask and reflectivity (minimum detectable reflectiv-
ity range of −29.9 to −30.9 dBZ), and geolocation infor-
mation (longitude, latitude, and elevation). A CloudSat
profile was generated every 1.1 km along the orbit track,
producing 125 samples in each profile with a resolution
of 240 m (Sassen and Wang, 2008). As a member of the
A-Train constellation, CloudSat uses a sun-synchronous
705-km-altitude orbit with 1330 and 0130 LST (Local
Standard Time = UTC+Longitude/15) crossings of the
equator (Stephens et al., 2002, 2008).

2.2. Methods

Considering the complex terrain over the steepest slopes
of the Himalayas, four regions were selected according
to the topography (Figure 1(a)). Compared with the study
regions chosen by Luo et al. (2011) and Qie et al. (2014),
we selected smaller belts that were almost parallel to the
steepest slope, which will effectively show the impacts
of topography on clouds in the regions. In addition, the
elevation trend in Figure 1(b) shows that the regions
selected by our curved lines match the average topogra-
phy of the Himalayas. Specifically, regions I and II repre-
sent the flat Gangetic Plains (FGP) and the foothills of the
Himalayas (FHH), respectively, with elevations less than
0.5 km and standard deviations less than 0.2 km. Although
the elevations were similar in region I and II, the distance
to the Plateau led to their different circulation patterns.
Region III was located on the steepest slope of the southern
Himalayas (SSSH), with altitude rapidly varying from 0.5
to 5 km. The Himalayan-Tibetan Plateau tableland (HTPT,
region IV) had the elevations greater than 4 km and a gen-
tler slope than region III. Fu et al. (2016; personal commu-
nication) calculated the topography index and surface wind
over these four regions. They suggested that the southwest-
erly flow from the Arabian Sea and the southerly flow from
Bay of Bengal are blocked by the steep Himalayas, and
turn northwest along the FHH with a low speed, forming
a cyclonic gyre over Bangladesh (the eastern section of
FGP and FHH).

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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Previous studies generally summarize the orbital obser-
vations into horizontal grids to count their spatial dis-
tributions. However, gridded averaged data loses origi-
nal information, and cannot be used to study individual
events. Furthermore, it is difficult to quickly search infor-
mation for individual events from original data because of
the large amount of information. Therefore, it was neces-
sary to eliminate unnecessary data and establish a new CC
dataset. The cloud-event-based method groups ‘cloud’ pix-
els and then assumes that these pixels form an individual
CC (Zhang et al., 2010, 2014; Bacmeister and Stephens,
2011; Luo et al., 2011; Igel et al., 2014).

CCs are defined by grouping ‘cloud’ pixels with reflec-
tivity not less than −29 dBZ and cloud mask greater than
or equal to 20. The ‘cloud mask’ contains values between
0 and 40, and increasing values indicate a reduced prob-
ability of a false detection. For example, 5% false detec-
tion was estimated via a CALIPSO comparison with a
cloud mask of 20 (Marchand et al., 2008). Only ‘cloud’
pixels greater than elevations of 1 km or more were used
to avoid the influence caused by strong reflection from
the land surface. The number of continuous ‘cloud’ pix-
els should be greater than or equal to 10 to diminish the
partial-filling effect of small CCs. The geometric center of
the CC was defined as its location. Based on these con-
straints, a CC dataset with topographic information was
generated. Figure 2 shows the process of CloudSat detec-
tion and the CC identified by our criteria. The scanning
orbit is shown in Figure 2(a), which scans over the four
study regions continuously. Figure 2(b) shows the reflec-
tivity provided by CPR 2B-GEOPROF. The reflectivity
was greater than 10 dBZ at the surface. There should be
a convective cloud above the surface with a strong echo
that connects with the surface echo. An anvil accompanied
by convection occurred at 29.5 N at 9–12 km height. The
CCs identified by our criteria are shown in Figure 2(c) after
eliminating the surface and no-cloud echoes. It is clear that
a deep convective CC was located at the slopes and there
were also some small CCs to the north.

Based on the criteria to identify CCs, some parame-
ters were defined and calculated based on Bacmeister and
Stephens (2011). Taking the largest CC in Figure 2(c) as
an example, the definitions of the parameters are shown
in Figure 3. Ht and Hb were the highest and lowest pix-
els in the CC, which were considered as the cloud-top
and cloud-base heights, respectively. D was the maximum
thickness of the CC; D=Ht−Hb. The maximum hori-
zontal length Lmax was determined using the distance
between the first and last pixels in each CC. In addition,
some other parameters were defined based on reflectiv-
ity: Zmax (maximum reflectivity of the CC), Zav (aver-
age reflectivity of the CC) and S (cross-sectional area of
the CC). Based on the physical properties of the CC, the
average reflectivity profile was calculated by averaging the
reflectivity layer-by-layer.

Before performing statistical analysis, the number of
valid samples was calculated. Table 1 shows the popula-
tions of CCs both in the daytime and nighttime over the
four study regions (total profiles detected by CloudSat are
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Figure 2. An example of identifying CCs. (a) An orbit scanned over the
study regions on 23 June 2006 (Orbit 00802). (b) Radar reflectivity data
with a latitude range from 28 to 30 N. (c) CCs identified by our criteria.

Figure 3. Close-up of the largest CC in Figure 2(c).

in brackets). In general, the total profiles of the daytime
and nighttime were similar, with a difference of less than
10%. The populations of CCs at 1330 LST were greater
than those at 0130 LST, with a difference of 40% over the
HTPT. The populations of CCs in the daytime and night-
time were all greater than 500 over each region. Therefore,
the sample size was large enough for the following statis-
tical analysis.

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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Table 1. The populations of CCs and total profiles detected by
CloudSat.

Time I II III IV

1330
LST

835
(48 528)

814
(51 871)

1234
(43 812)

2078
(96 386)

0130
LST

707
(51 389)

693
(53 006)

994
(39 535)

1469
(101 224)

3. Results

The probability distribution functions (PDFs) of four CCs’
parameters are shown in Figure 4. Ht is distributed in
two main peaks at 3 and 15 km over the FGP and FHH,
respectively (Figure 4(a)). This is consistent with Riley and
Mapes (2009), who used CloudSat CPR data and found
that the two main peaks in the tropics associated with
the low and high clouds were due to the trade inversion
and tropopause. The cloud-top height increased to 7 and
9 km over SSSH and HTPT respectively as a result of
the lifting of airflow by elevation rise. The peak at the
tropopause gradually weakened, or even disappeared, with
the proportion decreasing from 20 to 10%. The PDFs
decreased significantly as the S increased over the SSSH
and HTPT. A peak occurred over the FGP and FHH when S
ranged from 10 to 30 km2. The distributions of Zmax were
similar over the SSSH and HTPT with two peaks. One peak
was explained as cirrus (stratus) with weak convection, and
the other as a CC with strong convection. Compared with
the HTPT, the proportion of convective CC over the SSSH
was a little higher. This is consistent with the findings of Fu
et al. (2016; personal communication) using the TRMM
PR data, who found that the highest rain frequency over
the steep slopes of the Himalayas was located at the SSSH.
Over the FGP and FHH, the Zmax peak was negative,
and a weaker peak was observed between 10 to 20 dBZ.
There was no significant difference of Zav among the four
regions, and all were presented as a single peak at −25 to
−20 dBZ.

Figure 5 shows the PDFs of four CC parameters in
the nighttime. Although the overall distribution of these
parameters was similar to that of the daytime, there were
some differences. Compared with the daytime, the height
of the CCs near the tropopause decreases slightly over FGP
and FHH, whereas their proportion increased by about
10%. S and Zav also decreased to a certain extent. Fur-
thermore, the peak of Zmax at 10 to 20 dBZ almost dis-
appeared with only a single peak located at −20 dBZ.
The above results indicate that nighttime CCs over FGP
and FHH were smaller but higher and with more cirrus
than daytime CCs. Compared with daytime CCs, S and
Zav were also smaller and weaker over SSSH and HTPT,
whereas Zmax increased slightly. These semidiurnal vari-
ations may have been affected by the variability of the
monsoon and mountain-valley circulations. Furthermore,
it is more difficult to form a deep convective CC in the
nighttime because of higher stability and weaker heating
compared with daytime.

The contoured frequency by altitude diagram (CFAD)
is a statistical method to display the vertical distribution
of storm properties within two-dimensional coordinate
(property vs height). This method has been widely used
in previous studies to analyse the vertical structure over
different regions (Yuter and Houze, 1995; Houze et al.,
2007). Fu et al. (2003) successfully designed an improved
method (CRAD, Contoured Rainrate by Altitude Diagram)
to reveal the averaged vertical structure of precipitation. In
the present study, the average reflectivity profile was first
calculated in terms of CC. The CFAD method was then
used to understand the vertical structure of the reflectivity
and clouds inclusive of all four study regions (Figure 6). To
minimize noise, only CFAD bins with at least four samples
were used in the calculation of CFADs in Figure 6.

There were significant differences among the CFAD
of the four regions (Figure 6). Three statistically distinct
regimes are shown over the FGP and FHH, i.e. a low
level, a high level with frequency greater than 0.12%, and
a mid-level near the freezing layer. The high level was
located within Z values of −25 to −15 dBZ, whereas Z
in the low level was spread evenly from −25 dBZ to 0
dBZ. The mid-layer had lower Z values ranging from −25
to −20 dBZ, which may have been produced by shallow
CCs. The greatest reflectivity (10 dBZ) in the middle level
resulted from the combination of large reflectivity from
liquid cloud particles and overlying precipitating particles,
which implies a deep convective cloud. This is consis-
tent with the results of Bacmeister and Stephens (2011)
where deep convective clouds formed similar curved out-
lines. Over the SSSH, two high-frequency levels were still
observed. However, frequency in the high level clearly
decreased, and the curved outline in the mid-level was
wider than that over the FGP and FHH. This shows the
various patterns and degrees of convective CCs over the
SSSH. The high-frequency regime at the high level disap-
peared, while the low level frequency was at its greatest
and reached up to 0.2% over the HTPT. The mid-level
appeared absent over the HTPT; however, the height of the
low level over the HTPT was in fact similar to the mid-level
of FGP. This phenomenon indicates that the CCs in the low
and freezing levels were combined by the lifting topogra-
phy of the Tibetan Plateau. This characteristic may result in
the possible misidentification of the rain type by TRMM
PR over the Tibetan Plateau as suggested by Fu and Liu
(2007).

Moreover, there was a slight difference between the day-
time and nighttime CFADs, mainly in the increasing fre-
quency at high level; about 0.2% over the FGP and 0.16%
over the HTPT. Compared with the daytime CFADs, the
frequency in the low level decreased significantly, and
the frequency of the curved outline similarly decreased
and even disappeared. This is consistent with Figures 4
and 5 where more cirrus CCs and weaker convective CCs
appeared in the nighttime than daytime.

Understanding the relationship between the cloud char-
acteristics and topography was one of the main objectives
of this study. To examine the impact of topography on the

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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(a) (b)

(c) (d)

Figure 4. Probability distribution functions (PDFs) of the CC parameters at (a) 1330 LST Ht, (b) S, (c) Zmax, and (d) Zav.

variations of CC parameters, these parameters and eleva-
tions were averaged in the cross-section from the southern
border of the FGP (Figure 7). Ht and Hb both showed a
tendency to first decrease and then increase. In particu-
lar, Ht decreased from 9 km over the plains to less than
8 km over the SSSH, and then increased to 10 km over the
HTPT. Hb ranged from 4.5 km over the SSSH to 7 km over
the HTPT. Figure 7(a) also shows that the CC thickness
was reduced by approximately 0.5 km from the plains to
HTPT. Zmax increased from −6 dBZ over the FGP and
FHH to 2dBZ over SSSH, and then decreased to −2 dBZ
over the HTPT (Figure 7(b)). These changes were related
to the flow of moist air masses, which was blocked by
the steep Himalayas and then formed a low-level conver-
gence zone with rain frequency peaks over the SSSH as
suggested by Fu et al. (2016; personal communication). S
peaked at FHH (180 km2) and decreased rapidly to 90 km2

over the SSSH. This may have resulted from the moisture
content, which reduced as the elevation increased.

Figure 8 shows the impact of topography on the CC
parameters in the nighttime. There were some consistent
characteristics between daytime and nighttime, such as
the Ht and Hb trends, reduced thinner thickness over the
HTPT, and the Zmax peak over the SSSH. However, due

to the thermal contrast, Ht in the nighttime was a little
higher than that in the daytime over the FGP. Conversely,
nighttime Ht was lower than daytime Ht over the HTPT.
In the nighttime, the mountain-valley breezes reduced the
uphill vapour transport, and the strong cooling over the
Tibetan Plateau contributed to the weaker convection than
that during daytime. This caused the drop in cloud-top
height. The nighttime mid-level cold advection originated
from the Plateau and the long-wave radiative cooling from
the top of the cloud, and instability may have been trig-
gered producing precipitation. The greatest Zmax in the
nighttime over the SSSH may have been related to the
late-night rainfall peak over the periphery of the Tibetan
Plateau, as suggested by Yu et al. (2010).

Rossow and Schiffer (1999) produced cloud-type def-
initions using cloud top pressure and optical thickness
for daytime, and cloud top pressure only for nighttime.
However, due to the complex topography over the Tibetan
Plateau and unavailable cloud optical thickness at night, it
is difficult to compare the cloud characteristics between
plains and mountains both in the daytime and night-
time. Based on the physical principles of the cloud-type
definitions by Rossow and Schiffer (1999), CCs over the
steep southern slopes of the Himalayas were categorized

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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(a) (b)

(c) (d)

Figure 5. Similar to Figure 4, but for nighttime (0130 LST).

by the parameters defined in this study to investigate the
change in CC parameters over the four study regions. Ht
effectively represents the cloud-top information; Zmax is
related to the cloud optical thickness to a certain extent;
and S contains vertical and horizontal information. These
three parameters were used to compare the CC character-
istics over the different regions (Figure 9).

The three sections in Figure 9 were divided by the dashed
black lines: high-level cirrus with Zmax less than 0 dBZ
and Ht higher than 10 km; deep convective CCs with Zmax
greater than 0 dBZ and Ht higher than 10 km; and mid
to low-level CCs with Ht less than 10 km. The high-level
cirrus were generally small and thin; the deep convective
CCs were large and thick, and were likely able to penetrate
the tropopause; and the mid- to low-level CCs contained
nimbostratus with precipitation and strong Zmax, and
small-scale cumulus. Figure 9 shows that the Ht of the mid-
to low-level CCs clearly increased and reached 8 km as the
elevation increased further up to HTPT. Conversely, the
Ht of the high-level cirrus decreased by about 1 km and its
proportions also reduced. The Ht of the mid- to low-level
CCs increased as Zmax increased. At Zmax greater than
10 dBZ, the CCs showed significant vertical development
where Ht increased markedly, and deep convective CCs

formed and even penetrated the tropopause (17 km) (Xian
and Fu, 2015). The differences between daytime and night-
time presented in Figure 9 were consistent with the above
results.

4. Discussion and conclusion

Using observations of the CloudSat CPR for June–August,
2006–2010, a CC dataset was constructed and collocated
with topographic information. Based on criteria to identify
CCs, specific parameters were defined and calculated.
This greatly increased the speed for search information
of individual events, and specific types of CCs could be
selected based on given regions or features.

Based on the dataset, the characteristics of the CCs over
the steep southern slopes of the Himalayas and the adjacent
regions in the daytime and nighttime were investigated to
understand the topographic and thermodynamic effects on
the characteristics of CCs during the monsoon season. The
main results are summarized as follows.

The characteristics of the CCs in the FGP, FHH, SSSH,
and HTPT were quite different. The distribution of
cloud-top height gradually changed from bimodal (3 and
15 km) over the FGP and FHH, to unimodal (7–9 km) over

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 6. The Contoured Frequency by Altitude Diagrams (CFADs) of CCs over the four study regions. (a–d) 1330 LST, and (e–h) 0130 LST.

(a) (b)

Figure 7. Variation of CCs’ parameters with elevation from the south (S) to the north (N) in the cross-section of the study regions at 1330 (LST).
(a) Ht and Hb, (b) Zmax and S.

the HTPT. There were two peaks of Zmax over the SSSH
and HTPT; one for cirrus (stratus), and the other for strong
convection, whereas only a single peak occured for cirrus
(stratus) over the FGP and FHH. Two high-frequency
regimes were shown in the CFADs over the FGP, FHH,
and SSSH, whereas only a low-level regime existed
over the HTPT, but with the highest frequency. In the
cross-section from the southern plains to the Plateau, the
average cloud-top and cloud-base heights both increased
after an initial decrease as a result of mechanical lifting by
the terrain in cloud production. Zmax increased from −6
(plain) to 2 dBZ (slope), and then decreased to −2 dBZ
(Plateau), which suggests that the highest precipitation
frequency occurred on the slopes. S peaked over the
plains, and decreased rapidly over the SSSH.

CloudSat as a sun-synchronized orbit satellite, can
obverse the semidiurnal variation of CCs. Nighttime CCs
over FGP and FHH were smaller, higher and with more
cirrus than daytime CCs. Nevertheless, Zmax increases
slightly with the lower Ht over the SSSH compared with
daytime. CFADs also showed that more cirrus CCs and
less strong convective CCs appeared in the nighttime com-
pared with daytime. This was related to the variation of
the monsoon and the mountain-valley circulation. Higher
stability and weaker heating than daytime also contributed
to these results.

According to the physical principles of the cloud-type
definitions from ISCCP, high-level cirrus, deep convective
CCs, and mid- to low-level CCs were categorized by the
characteristics of CCs. The Ht of the mid- to low-level

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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(a) (b)

Figure 8. Same as Figure 7, but for nighttime (0130 LST).

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9. Relationship among the cloud-top height (Ht), maximum reflectivity (Zmax), and the cross-section (S) of the CC over the four study
regions. (a–d) 1330 LST, and (e–h) 0130 LST.

CCs increased and reached 8 km as the elevation increased
further, while the Ht and proportion of the high-level cirrus
decreased.

Previous studies have illustrated convection over
the Tibetan Plateau and the adjacent regions using
schematic diagrams (Houze et al., 2007; Luo et al., 2011).
A schematic diagram was developed (Figure 10) to visual-
ize the structure of the CCs and their associated circulation
in the four study areas. The South Asian monsoon brings
southwesterly low-level air from the Arabian Sea and the
Bay of Bengal to the Tibetan Plateau. Over the FGP and
FHH, the cloud top of CCs was mainly distributed into
two levels. After encountering the steep Himalayas, the
low-level airflow with abundant moisture produced the

highest rain frequency and Zmax over the SSSH due to
the strong upward motion caused by topographic forcing
and the ‘heat driving air pump’. However, according to the
moisture content, which reduced as elevation and the high
rain frequency increased, the average cloud-top height
appeared lower than that for the FHH, FGP, and HTPT.
Owing to the lowest tropopause and highest elevation over
the HTPT, the cloud top of the CCs displayed one peak,
that is, the CCs were condensed by the topography. The
South Asian High controls the high level of the Tibetan
Plateau in boreal summer, and appears as convergence at
the lower level and divergence at the higher level. The
precipitation CCs dissipated to form cirrus CCs at the
higher level, where the cloud top mainly depended on

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4043–4052 (2017)
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Figure 10. Schematic diagram of the distribution of CCs and the circu-
lation along the radial direction from south to north in the study regions.

the height of the tropopause. As a result, the height of the
cirrus CCs increased when the cirrus CCs moved to the
FHH from the HTPT.

In this study, we suggested possible interaction mecha-
nisms between the clouds and the terrain. These results are
important to understand how the high mountain area of
the Himalayas impacts regional and global climate. Clouds
are an important indicator of the thermal and dynamic
effects of the atmosphere and the land surface. This study
provides observations of CC characteristics that have been
changed by the terrain for cloud parameterization in future
studies.

Some of the uncertainties and limitations of this study
include the following. Because of the strong reflection
from the land surface, the clouds close to the surface,
in particular, may not have been identified by our cri-
teria. Therefore, the average cloud-top height may have
been lower than what was estimated in this paper. In
addition, because Cloudsat is as a sun-synchronous satel-
lite that crosses the equator at 1330 and 0130 LST,
a full sample of the diurnal cycle was not available.
Future use of the multi-satellite combination will reduce
the bias of cloud identification, and further work using
geostationary satellite data will be able to confirm the
diurnal cycle.
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