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ABSTRACT

The characteristics of seasonal precipitation over the Tibetan Plateau (TP) were investigated using TRMM (Tropical Rain-
fall Measuring Mission) precipitation data (3B43). Sensitive regions of summer precipitation interannual variation anomalies
were investigated using EOF (empirical orthogonal function) analysis. Furthermore, the profiles of cloud water content
(CWC) and precipitable water in different regions and seasons were analyzed using TRMM-3A12 data observed by the
TRMM Microwave Imager. Good agreement was found between hydrometeors and precipitation over the eastern and south-
eastern TP, where water vapor is adequate, while the water vapor amount is not significant over the western and northern TP.
Further analysis showed meridional and zonal anomalies of CWC centers in the ascending branch of the Hadley and Walker
Circulation, especially over the south and east of the TP. The interannual variation of hydrometeors over the past decade
showed a decrease over the southeastern and northwestern TP, along with a corresponding increase over other regions.
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1. Introduction

The unique terrain of the Tibetan Plateau (TP) can lead
to a unique spatial distribution of clouds and precipitation.
The process of transformation between clouds and precipi-
tation plays an important role in manipulating atmospheric
heating profiles and generating plateau-scale uplifting force,
which acts as a major forcing for establishing and maintain-
ing the TP monsoon circulation (Kuo and Qian, 1981; Luo
and Yanai, 1983, Wang et al., 2012). Based on the vertical
extension of deep convective cloud systems(DCSs), for ex-
ample, the convective precipitation induced by a DCS can
heat the entire troposphere, while stratiform precipitation
only heats the middle and upper troposphere (Houze, 1997).
Latent heat flux (LH) serves as a crucial component in dia-
batic heating on the TP during summer precipitation (Flohn,
1960; Wu and Zhang, 1998; Duan and Wu, 2005). Sum-
mer precipitation over the TP accounts for 60%–70% of the
annual total precipitation (Yanai et al., 1992). Liu and Yin
(2001) examined summer precipitation by using data from 66
stations over the TP, and suggested that summer precipitation
accounts for more than 60% of the total annual precipitation
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at most stations. Therefore, cumulus convection dominates
the heating process to the atmosphere in the eastern TP dur-
ing the summer months. The main kind of cloud on the TP
during daytime is convective and, during nighttime is strati-
form (Shimizu et al., 2001; Uyeda et al., 2001; Ueno et al.,
2001). The highly developed cumulus during the summer
months over the TP is typically accompanied with adequate
water vapor (Nitta, 1983; Luo and Yanai, 1984; Yanai and Li,
1994).

Fu et al. (2006) showed precipitation to possess a tower
mast over a 5◦×5◦ box in the center of the TP, in both height–
longitude and height–latitude cross sections, and the number
of isolated rain cells over the center of the TP to be higher
than in surrounding regions. Houze et al. (2007) and Ro-
matschke et al. (2010) showed that convection over the whole
TP is weaker than over its southern slope and in the South
Asia region.

Li et al. (2008) analyzed the cloud water path by using In-
ternational Satellite Cloud Climate Project (ISCCP) data and
concluded that a significant seasonal variation in the cloud
water path over the east of the TP was associated with an
increasing trend from 1984 to 2004. Luo et al. (2009) ana-
lyzed cloud vertical structures by using CloudSat data, and
concluded that the amount of multilayered cloud possesses
very strong seasonal variation; in particular, it increases sig-
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nificantly from winter to summer in the Indian monsoon re-
gion. Bai et al. (2008), using the Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis data,
pointed out significant diurnal variation in summer precipita-
tion over the TP, particularly for convective precipitation over
the central TP.

Previous studies have revealed that both cloud and pre-
cipitation have regional and seasonal variations over the TP;
however, few analyses have focused on the ice/liquid water
content in either cloud or precipitation, due to a lack of ob-
servations. It is also necessary to investigate the latent heat
profiles induced by transformation between phase changes of
cloud and precipitation, as well as the long-term variations
of these cloud and precipitation properties, with the now 13
years of available TRMM data. Section 2 presents the data
and method used for separating the sectors of the TP. Sec-
tion 3 presents the vertical distributions of the ice/liquid water
content of both cloud and precipitation in the different sectors
of the TP, and also compares the distribution of each param-
eter with different areas of the TP. Section 4 illustrates the
interannual variation of hydrometeors over the 13 years from
1998 to 2010. Finally, a brief conclusion and recommenda-
tions for future work are presented in section 5.

2. Data description

The TRMM 3B43 dataset provides the best estimated
monthly precipitation in the ±50◦ latitude band from all the
following data sources: high-quality microwave, infrared,
and rain gauge measurements. The grid spacing of this prod-
uct is 0.25◦ × 0.25◦ and it provides relatively fine resolution
when used for highly complex terrain, such as that over the
TP. More detailed information on the TRMM products can
be obtained from the Goddard Earth Sciences Data and In-
formation Services Center (http://disc.sci.gsfc.nasa.gov/pre-
cipitation/documentation/TRMM README/TRMM 3B43
readme.shtml). Because the orography of the TP is inho-
mogeneous, the entire TP was divided into five different
regions according to the EOF of precipitation (Wang and
Guo, 2012; Guo and Wang, 2014). Based on the EOF anal-
ysis, the properties of cloud and precipitation in each region
were investigated using the TRMM 3A12 dataset, which
provides monthly TRMM Microwave Imager (TMI) verti-
cal hydrometeor profiles, such as cloud ice content (CIC),
cloud liquid water content (CLWC), precipitation ice content
(PIC), precipitation liquid water content (PLWC), and latent
heat profiles. The TRMM 3A12 data have a spatial resolu-
tion of 0.5◦×0.5◦ and 14 vertical layers ranging from ground
level to 18 km. Because the 3A12 dataset simply comprises
the monthly means of 2A12, all the uncertainties will be
carried from 2A12. The 2A12 dataset, corresponding to the
GRPOF2004 algorithm, used a set of eight cloud-resolving
model simulations to create the a priori databases for the
Bayesian retrieval scheme. Because of the generic proper-
ties of passive remote sensing, the precipitation retrieved by
the TMI can be significantly underestimated over highly re-

flective land surfaces, which can be due to ice/snow cover
during winter, and/or due to sharp changes in the elevation of
the surface. The TMI algorithm may also miss a significant
fraction of lighter, isolated precipitation, or that which forms
from warm rain processes. Finally, the vertical wind data
were used to investigate the relationship between the prop-
erties of hydrometeors and the wind profiles. The wind data
were obtained from the National Centers for Environmental
Prediction reanalysis for the same time periods as the above
two datasets, with a resolution of 2.5◦ ×2.5◦.

3. Distribution of phases of water-vapor hy-

drometeors and LH over the TP

3.1. EOF analysis
Previous studies on precipitation have mostly been based

on ground observations and, as a consequence, the re-
sults from these studies lack adequate spatial representation.
Ground observation stations in this region are located primar-
ily in plain river basins and the eastern TP; there are few ob-
servations in the western TP (Chen et al., 2012). In contrast,
the TRMM data cover the entire TP, possess high temporal
and spatial resolution, and are highly reliable (Shen et al.,
2010). Therefore, the TRMM 3B43 and 3A12 datasets were
used in this study.

The majority of TP rainfall occurs in summer. Figure 1
presents the summer precipitation (June, July and August)
over the TP during 1998–2010. The precipitation amount
was less than 100 mm (rate of 1 mm d−1) over the western
TP, northwestern TP and Qaidam Basin, but was more than
800 mm over the southeastern TP. The precipitation amount
decreased from the southeast to the northwest. The distri-
bution of precipitation based on the TRMM data is basically
consistent with that of ground observations (Fu et al., 2006).
However, it is clear that the TRMM data possess advantages
over ground observations in depicting the spatial distribution
of precipitation (Fujinami et al., 2005; Fu et al., 2006).

The EOF method was used to assess the temporal and
spatial characteristics of summer precipitation. The accumu-

 

Fig. 1. Distributions of summer precipitation (mm d−1) on the
TP (1998–2010).
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lated variance of the first three eigenvectors of precipitation
exceeded 73% (Table 1). Thus, the first three eigenvectors
are analyzed in this paper.

Figure 2 shows that spatial patterns depicted by the first
three eigenvectors are significantly different to each other.
Figure 2a shows that the first eigenvector has an explained
variance of 34.9% and that the summer precipitation annual
anomaly over the south and north of the Tanggula Mountains
changes inversely. This reflects the effects of the terrain on
precipitation processes.

The second eigenvector of summer precipitation has an
explained variance of 23.7% (Fig. 2b). The precipitation
anomaly over the eastern and western areas of the TP changes
inversely, which is consistent with observations (Fujinami et
al., 2005; Fu et al., 2006). Water vapor can barely reach
the western regions, which makes the western TP a dry re-
gion. This indicates that the precipitation annual anomaly
changes inversely between the western TP and the Hengduan
Mountains in the east of the Tanggula Mountains. The vapor
that moves from the Hengduan Mountains onto the TP only
reaches the 90◦E region (the source of three rivers). This pat-
tern reflects the transport border for vapor that comes from
the Bay of Bengal onto the TP through the valleys of Nujiang
River, Lancang River and Jinsha River, the Yangtze River.
The third eigenvector accounts for up to 15% of the total vari-
ance. This pattern illustrates that the annual anomaly of TP
precipitation changes inversely between the central TP (be-
tween Mount Kunlun and Gangdisê Range) and the surround-
ing TP. The central TP is characterized by a dry region that
is rich in permafrost, so the precipitation may come from re-
gional water cycles of ice and snow and the permafrost active
layer (Duan and Wu, 2005; Wang and Guo, 2012). Based on
the above analysis, the TP was divided into five parts (Fig. 3)
to investigate the characteristics of precipitation and hydrom-
eteors.

3.2. Distribution of hydrometeors and the relationship
with precipitation

Figure 4 shows the monthly variation of precipitation in
the different regions, which illustrates that precipitation over
the TP possesses monsoonal features, i.e., rainfall is concen-
trated during summer, and that large differences exist among
the five sub-regions. Region I is far from the influence of the
summer monsoon over the Indian peninsula. The precipita-

Table 1. Eigenvectors and their variance of the EOF of summer pre-
cipitation (1998–2010).

Eigenvector Variance Accumulating variance

1 0.349 0.349
2 0.237 0.586
3 0.145 0.731
4 0.07 0.801
5 0.036 0.837
6 0.024 0.866
7 0.024 0.89
8 0.018 0.908
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Fig. 2. Distribution of the EOF loading vector of TP precipita-
tion in summer from 1998 to 2010: (a) first loading vector; (b)
second loading vector; (c) third loading vector.

70E   75E    80E    85E    90E    95E    100E   105E

45N

40N

35N

30N

25N

Fig. 3. Regions defined by the EOF of summer precipitation in
this study.

tion in Region I is much less compared to the other regions,
showing little seasonal variation, possibly because of its ter-
rain (Guo and Wang, 2014). The precipitation in the other



NOVEMBER 2015 WANG ET AL. 1507

-1

Fig. 4. Distribution of monthly TRMM precipitation in five regions of the TP
(1998–2010).

four regions peaks in summer. Additionally, the amount
of precipitation in Region IV and Region V is significantly
greater than that in the other three regions, which can be
attributed to the water vapor advected by the South Asian
summer monsoon (Goswami, 2005). Specifically, Region V
shows the greatest monthly accumulated precipitation over
the entire TP, due to the abundant vapor transported by the
monsoon. The precipitation amount in Region I and Region
III is much lower than in the other three regions because both
are influenced the least by the South Asian monsoon (Yeh and
Gao, 1979).

The accumulated monthly precipitation is highly un-
evenly distributed over the TP. The following analyses may
explain why the precipitation has such spatial and seasonal
variations. First, we analyzed the seasonal CWC (the sum
of the CIC and CLWC, Fig. 5), then the precipitable water
(PW) (the sum of PLWC and PIC, Fig. 6) and, finally, the
LH profiles (Fig. 7), with the aim to elucidate the possible
transformation among phases of hydrometeors.

Figure 5 illustrates the seasonal variations of the CWC
profiles in the five regions. It is important to note that each
diagram in Figs. 5, 6 and 7 has its own starting height, to
reflect the average elevation of the region. Region I (Fig. 5a)
shows double peaks of CWC in all seasons except winter.
The first peak occurs near the lowest plotting height at 4 km,
which reflects evaporation from the surface, and the second
peak occurs at ∼9 km, which represents pure ice water con-
tent (Gao et al., 2003). Apparently, the CWC in winter is the
lowest among the seasons, and this is either due to a lack of
advection toward this region or large retrieval uncertainties
over ice/snow-covered surfaces.

Region II (Fig. 5b) has the lowest CWC over the entire
year compared to the surrounding regions. Region III (Fig.
5c) also has very low CWC, but we can see the LWC has a
peak at around 3 km (near-surface). Region IV and V (Figs.
5d and e) have very similar vertical profiles to each other,
and the CWCs in both regions show double peaks, with much
higher CWC in Region V than Region IV.

From Fig. 5, it is clear that the maximum CWC hap-
pened in different seasons in different regions; specifically,
spring in Regions I and V, and autumn in Regions II, III and
IV. In Region I, summer shows a very similar CWC vertical
distribution as spring, except for lower values at 4 km. Winter
shows the lowest CWC in all regions except Region IV, and
summer shows the lowest CWC in Region IV. Compared to
the lower peaks in all five regions, Region V has the largest
CWC and Region II has the lowest CWC. Region I shows a
high peak in three seasons and Regions IV and V show very
clear high peaks in all four seasons, with the highest in au-
tumn in Region V.

Figure 6 shows the corresponding PW profiles, which
is the sum of the PLWC and PIC. The PW decreases with
height, which is the same as CWC and changes with height.
However, the maximum PW shows different seasonal varia-
tions in different regions. In Regions I and II, PW is largest
in spring and summer and lowest in winter. In Regions III
and IV, PW in spring and autumn is larger than that in sum-
mer and winter, and the PW minimum occurs in summer in
region IV. In Region V, PW is largest in spring and is lowest
in winter, which is similar to the seasonal trend of CLWC. In
total, PW in Region V is the largest over the entire TP.

To further analyze the vertical distribution and relation-
ship of CWC and PW, Fig. 7 illustrates the profiles of LH.
Similar to CWC and PW, LH decreases with height. The LH
is high at near-surface heights; however, unlike the CWC,
there is a peak at 9 km in Regions IV and V. It reflects the
LH release during the induced condensation of water vapor,
and also reveals that the condensation process is more intense
than the former. As a result, LH strengthens the convection
and, thereby, the LH can reach a greater height, at which the
CLWC is smaller .At this height, the liquid water condenses,
almost turning into ice crystals. In ice-phase cloud, the LH
becomes smaller. In Regions II and III, CWC and PW are at
a minimum, which also corresponds to a minimum LH.

Figure 7 shows that LH is relatively large below 8 km.
This suggests that water vapor condensation over the TP
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Fig. 5. Seasonal Vertical profile of CWC (summation of CLWC and CIC) in five regions (10−3 g m−3) of the
TP from 1998 to 2010: (a) Region I; (b) Region II; (c) Region III; (d) Region IV; (e) Region V.

mainly occurs near the surface, which partly explains the
strong convection over the TP caused by diabatic heat near
the surface. This is wholly in agreement with Fu et al. (2007).
The LH profile of the TP reaches a maximum at around 6–7
km. The LH in Region V is largest over the TP, and is seven

to eight times larger than that in Regions II and III. The LH
in Regions I and II is nearly the same. The LH maximum is
in autumn in Regions III and IV, but in summer in Region V.
In all regions except Region IV, the LH in winter is the lowest
of the year.



NOVEMBER 2015 WANG ET AL. 1509

Fig. 6. Seasonal vertical profile of PW (summation of PLWC and PIC) (10−3 g m−3) in five regions of the TP
from 1998 to 2010: (a) Region I; (b)Region II; (c) Region III; (d) Region IV; (e) Region V.

As shown in Figs. 5, 6 and 7, the seasonal variations of
PW and CWC are almost the same in all regions over the TP,
which means that PW and CWC are closely related to each
other. The hydrometeors over the eastern and southeastern
TP are more abundant, while they are less over the central and
northwestern TP. In seasonal terms, the CWC maximum oc-
curs in summer in the western and central TP. Over the east-

ern TP, the CWC in summer is smaller than that in spring and
autumn, especially over the northeastern TP; hydrometeors in
summer are less than in winter. This can be attributed to the
differences in moisture transportation and weather systems in
different seasons. In Region III, where westerly winds pre-
vail, water vapor mainly comes from the westward stream
which originated from southern China flows. Considering
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Fig. 7. Seasonal vertical profile of LH (10−3 ◦C h−1) in five regions of the TP from 1998 to 2010: (a) Region
I; (b) Region II; (c) Region III; (d) Region IV; (e) Region V.

that the Qaidam Basin lacks abundant moisture, little precip-
itation in Region III can be expected.

The 2A12 algorithm cannot provide accurate CLWC and
CIC in the mixed-phase region of cloud and precipitation;
therefore, the boundary of the CLWC and CIC is unclear.
However, regarding the LH profiles in Fig. 7, the LH is larger

in Regions IV and V than in the other regions. During the
summer half of the year, compared to the winter half, uplift
in Regions IV and V is stronger than in the other regions.
Therefore, the profile distribution of PW and CWC may be
rational, except for some disparity in values.

In general, the CLWC and PW should not equal precipi-
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tation. To discuss the relationship between hydrometeors and
precipitation, the correlation coefficients between precipita-
tion and a selection of variables—CIC, CLWC, CWC, PIC,
PLWC and PW—were calculated. The hydrometeor content
was defined as the summation of all hydrometeors in a unit
area:

p =
14

∑
i=1

wiHi . (1)

Here, p is the hydrometeor path (g m−2), wi is the content of
each hydrometeor in a specific level (g m−3), and Hi is the
thickness of each level.

There is a complex link between summer hydrometeor
and precipitation values (Table 2). Precipitation is rare in Re-
gions I and III. In Region I in particular, the precipitation
amount is small, and monthly precipitation changes are small
within a year, i.e., monsoonal characteristicsare less obvi-
ous.Thus, the correlation between hydrometeors and precip-
itation is poor. Region III is located in the northeastern TP
and is controlled by westerly winds rather than the monsoon,
meaning that the correlation here is also weak. This could
be attributed to the fact that there is little water vapor ad-
vected in Regions I and III, where precipitation mainly comes
from the regional recycling of vapor (Wang and Guo, 2012).
In addition, the satellite data resolutions are low, meaning
they are unable to capture showery precipitation. In the other
three regions, the correlation between CIC and precipitation
is significant; however, the CLWC is only significantly cor-
related with precipitation in Regions II and V. In the eastern
TP, the PWC and PIC are both correlated with precipitation
significantly. A key feature is that, south of the Three Rivers
(Yangtze River, Yellow River and Lantsang River) Source,
precipitation is closely related to the CIC and PW, and the ef-
fect of orographic lift is notable. In Region IV (the Tanggula
Mountains), no significant correlation exists between precip-
itation and CLWC or CWC. The cloud type over this region
is mainly high cloud, in which ice prevails. As a result, the
correlation between precipitation and CIC is significant. In
the western and northeastern TP, where vapor is not readily
available, the precipitation amount is small and related poorly
to hydrometeors. This may be caused by two reasons: (1) the
accuracy of the retrieving algorithm is limited and (2) precip-
itation is mainly derived from regional water recycling.

Additionally, not all CWC results in precipitation, and
different types of cloud have various water amounts. It should

be noted that the formation of precipitation from clouds is a
dynamic process, so hydrometeors can only partly reflect pre-
cipitation, which results in a poor correlation between precip-
itation and hydrometeors.

3.3. Spatial and temporal distribution characteristics of
different hydrometeors

To further discuss the spatial and temporal distributions
of each hydrometeor type and the corresponding influencing
factors, the zonal and meridional distributions of hydromete-
ors are presented in Figs. 8 and 9.

Figure 8 illustrates the anomalies of the zonal verti-
cal distribution of hydrometeors, LH and vertical circula-
tions along 30◦–37.5◦N and 5◦S–5◦N. In the northern mid-
latitudes, there is a large-value region of hydrometeors (posi-
tive anomaly) within 120◦–160◦E (Fig. 8a). In this area, there
also exists a maximum center of CIC, and the center corre-
sponds to the upward branch of vertical circulation over the
western Pacific. To the east and west of the TP, the heights of
CWC are apparently different to that over the TP. In the equa-
torial region, two maximum centers exist within 60◦–100◦E
and 120◦–160◦E, respectively, which both correspond to the
upward branch of Walker Circulation (Fig. 8d). There is a
minimum center within 160◦–80◦W, and this corresponds to
the downward branch of Walker Circulation. It can also be
seen that there is Walker-like circulation in the midlatitudes
of the Northern Hemisphere.

In Figures 8b and e, over the midlatitudes in the North-
ern Hemisphere, PW in the Western Hemisphere is notably
larger than that in the Eastern Hemisphere. There is a posi-
tive anomaly center of PW over the western Pacific, and PW
over the TP is larger than that of other regions within the
same latitude. Over the west of the TP, there is a weak neg-
ative anomaly center. Similarly, a positive anomaly center of
PW is found on the upward branch of the Walker circulation.
Comparatively, in the equatorial region, the zonal negative
anomaly center of the PW and CWC is also found in the east
of the Pacific.

Studies show that, during the summer, the TP can also be
a heat source (Flohn, 1957; Yeh et al., 1957), which creates
convection and a large amount of cloud due to large-scale
upward motion. There is a positive anomaly of LH in the
upper troposphere over the central Pacific. The center of the
positive anomaly is at the top of the upward motion. At the
same levels, there are negative anomalies of LH centers in

Table 2. Correlation between hydrometeors and precipitation in summer over the TP (1998–2010). A single asterisk (*) indicates statistical
significance at the 90% confidence level; a double asterisk (**), 95%.

Region
Cloud ice
content

Cloud liquid water
content

Cloud water (cloudiness
+ cloud liquid)

Precipitable ice
content

Precipitable liquid
water content

Precipitable
water

I 0.0812 0.0768 0.0825 0.0707 0.0883 0.0775
II 0.4900* 0.6210** 0.6463** 0.3432 0.5260* 0.4048
III 0.2715 0.3723 0.3450 0.2993 0.0412 0.2202
IV 0.4418* 0.1830 0.2835 0.7942** 0.6682** 0.7644**
V 0.7630** 0.7429** 0.7570** 0.5399* 0.6478** 0.5972**

QXP 0.3816 0.3696 0.4053 0.2744 0.3715 0.3127
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Fig. 8. Longitude–altitude cross section and distribution of hydrometeor anomalies, LH and circulation (ω ×1000). Shading is
the hydrometeor longitude anomalies (10−3 g m−3) and LH (10−3 ◦C h−1) (30◦–37.5◦N) in summer: (a) CWC; (b) PW; (c)
LH (5◦S–5◦N); (d) CWC; (e) PW; (f) LH.

other regions. However, in the lower level over the TP, there
is a negative anomaly center of LH; the temperature is lower
compared to that in other regions in the same latitude. In
the upper troposphere over the TP, there is a large positive
anomaly center of LH, which corresponds to the PW posi-
tive anomaly center, as well as to the upward motion. The
negative and positive anomaly of LH separates at the bound-
ary between CIC and the CLWC, which is with the drag of
vertical motion. The ascending vapor condenses and heats
the atmosphere. In the anomaly centers of PW, CLWC and
CIC are consistent in two latitude cross profiles. However,
these are different from the situation over the TP and its ad-
jacent regions. Over the western Pacific, PW is mainly from
the CLWC, but over the eastern Pacific, it is mainly from the
higher CLWC transforming into CIC.

In order to analyze the special characteristics of hydrom-
eteors in temporal and spatial distributions over the TP, Fig.
9 illustrates the meridional distribution anomalies and verti-
cal circulations of hydrometeors and LH between 40◦S and

40◦N. In Fig. 9a, the TP causes an extension of the upward
branch of the Hadley Circulation stretching to the south of
the TP. In the upward branch of the Hadley Circulation, the
meridional positive anomaly center of CLWC and CIC is
within 10◦–20◦N. Similarly, negative anomalies of hydrom-
eteor centers are found in the downward motion area of the
Hadley Circulation in the Southern Hemisphere. Over the
southern slope of the TP, there is an upward motion area of
monsoon circulation, and there is another maximum center of
CWC. It should be noted that this center is mainly vapor con-
densation caused by the orographic lifting effect; hence, it is
not the CIC center anomaly. In a similar way, there is a nega-
tive anomaly center of hydrometeors over the northern slope
of the TP—an arid atmosphere center in north slope of the TP,
which is caused by the water vapor condensing and dropping
in south slope because of terrain lifting. This is consistent
with the spatial structure of the CLWC and CIC over Regions
IV and V. Figure 9b presents the PW spatial structure. Ap-
parently, positive and negative anomalies of hydrometeors are
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Fig. 9. Latitude–altitude crosssection and distribution of hy-
drometeor anomalies, LH and circulation (ω ×1000). Shading
is hydrometeor latitude anomalies (10−3 g m−3) and LH (10−3

◦C h−1) in summer (90◦–100◦E): (a) CWC; (b) PW; (c) LH.

centered in the upward and downward motion areas of the
Hadley Circulation, respectively. Because of the existence of
the TP, the positive anomaly center of hydrometeors in the
Northern Hemisphere is found to be mainly located over the
southern TP, while the negative anomaly center is over the
northern TP. The positive anomaly center of hydrometeorsis
consistent with the CWC values in Fig. 8a. The LH has the
same spatial structure as the hydrometeors. In the hydrom-
eteor profiles within 10◦–20◦N, a positive anomaly of LH is
centered on 400 hPa, where the boundary between CLWC
and CIC is located. The LH over the southern TP reflects
the lifting force that condenses water vapor. The negative
anomaly center of LH over the northernTP is related to sur-
face evaporation.

By analyzing Figs. 8 and 9, it can be seen that the lift-
ing and condensation effect makes the southern and eastern
TP two positive anomaly centers of hydrometeors. On the
one hand, the hydrometeor center is located on the ascending

branch of the Hadley and Walker Circulation, because there is
abundant vapor in the monsoon trough in the Bay of Bengal,
which is located south of the TP, and the hydrometeors are the
product of water vapor and upward motion; while on the other
hand, the vapor condenses, releasing LH to reinforce the up-
ward motion of the Hadley and Walker Circulation, which is
more significant over the southern and southeastern TP. Ad-
ditionally, the regional water cycling induced by evaporation
is also an important process in the formation of cloud and
precipitation.

4. Interannual variation of hydrometeors in

the past decade

In the past decade, the globe has steadily been warming.
The warming of the TP is notable, especially in the sense
that the minimum air temperature is increasing faster than the
maximum air temperature (Karl et al., 1991; Easterling et al.,
1997). Meanwhile, the precipitation is changing in different
ways in different regions over the TP (Wang and Guo, 2012).
The rising temperature and the changes in precipitation will
inevitably change the evaporation and regional water cycles.
In order to illustrate the changes in hydrometeors, variations
of standardized values of summer hydrometeors and precip-
itation during 1998 to 2010 are presented in Fig. 10. These
change patterns of different hydrometeors are in general the
same in all analyzed regions, probably caused by the retrieval
algorithm of the satellite data. Hydrometeors over Regions I,
II, and IV increased in the past decade and decreased over
Regions III and V, while precipitation increased in all regions
except Region V. The change patterns of precipitation and hy-
drometeors are not consistent, even being of opposite phase
in Regions II and III (Figs. 10b and c), which are the ex-
tremely arid regions. With the increase in regional precipita-
tion, this relevance between precipitation and hydrometeors
becomes better, especially in Region V. Precipitation in Re-
gion V of the TP was most abundant. The analysis in section
3.2 (of the results in Table 2) can also explain the poor cor-
relation of the interannual variability between hydrometeors
and precipitation in extremely arid regions. This variation
in Fig. 10 is consistent with the change in water vapor over
the whole TP. A possible explanation of such consistency is
the regression of the South Asian Monsoon in the last decade
(Wang, 2001). The regression of the South Asian Monsoon
would lead to a decrease in the amount of water vapor that
could be transported onto the TP. The precipitation and hy-
drometeors would first decrease over Region V. A change in
hydrometeors would also happenin Region III, which would
also be affected by the monsoon. The amount of water vapor
advecting into Regions I and II was small, which is mainly
regionally recycled and would thus not have been affected by
the monsoon regression. There are several lakes and river
basins in Region IV and, as a result, hydrometeors over this
region mainly derived from increased evaporation accompa-
nying the temperature increase. However, this result needs
further investigation.
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Fig. 10. Interannual variability of summer hydrometeors and precipitation over the TP
from 1998 to 2010: (a) Region I; (b) Region II; (c) Region III; (d) Region IV; (e) Region
V.
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Fig. 10. (Continued.)

5. Conclusion

The temporal and spatial characteristics of hydrometeors
over the TP, as well as the interactions between cloud and pre-
cipitation, were analyzed. Clearly, TRMM precipitation data
can shed light on the temporal and spatial structure of sum-
mer precipitation over the TP. Specifically, it was found that
the amount of precipitation decreases from the southeastern
to the northwestern TP. The annual precipitation anomalies
over the southern and northern Tanggula Mountains change
inversely, as do the annual precipitation anomalies over the
east and west of 85◦E, as determined by EOF analysis. The
climate diversity over the TP is notable, and such diversity is
mainly caused by the mountainous terrain. The western TP
rarely receives water vapor from the southeast. Thus, any pre-
cipitation observed in this area is a result of non-monsoonal
processes.

The seasonal variation of hydrometeors is significant over
TP. Hydrometeors in atmosphere are adequate over the south-
eastern TP and inadequate over the central TP and northeast-
ern TP. Over the western TP and central TP, the annual hy-
drometeors peak during the summer. However, over the three
regions in the eastern TP (Regions III, IV and V), hydrome-
teors in summer are less abundant than in spring and autumn.
All hydrometeor types are closely related to the upward mo-
tion of the atmospheric circulation. The vertical motion takes
considerable responsibility for the formation of hydromete-
ors.

CWC at 6–8 km is the lowest. This height is also the tran-
sition height of cloud liquid water to cloud ice water; theoret-
ically, this height should be the maximum of LH. It is worth
pointing out that the TMI sounding error must be considered.
In addition, the 3A12 precipitation retrievals are based on ice
scattering signatures aloft; this paper focuses on the relation-
ship of precipitation and CWC. Also, in general, in the lower
level, the major CWC is liquid. The analysis of the annual
cycle of precipitation will be affected by the sensitivity of
rainfall retrievals in cold-season precipitation. However, the
precipitation over the TP mainly occurs in summer, which
can partly avoid this shortcoming. It is also the best way for
a deep understanding of the distribution and relationship of
precipitation and hydrometeors. Liu and Fu (2007a) com-
pared the differences between precipitation datasets of TMI

and Global Precipitation Climatology Project data.They pro-
posed that the increased ice particles in upper deep convec-
tion systems may lead to an overestimation of precipitation
overthe TP, which is attributable to the TMI terrestrial algo-
rithm relying on the scattering signal from ice particles (Fu
and Liu, 2007; Fu et al., 2007); plus, TMI signals contains
radiation information from both precipitation and the land
surface (Fu et al., 2007; Liu and Fu, 2007b).

In the past decade, hydrometeors have decreased over the
southeastern and northeastern TP. The decreasing trend over
the southeastern TP may have been affected by the regression
of the South Asian Monsoon. Hydrometeors over the western
TP and the north of the Tanggula Mountains have generally
increased. Such changes are consistent with the change in
precipitation where water vapor is adequate, reflecting a re-
gional reaction to global warming.
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