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Abstract Hydroclimatic process in the Yarlung Tsangpo River (YTR) basin, a sensitive area to climate
change, is obviously changing during recent years, but there has limited understanding about it. In this
study, we investigated the spatiotemporal variation of precipitation over last four decades in the basin and
the impact thereon of the changing Indian summer monsoon at interannual and decadal time scales. All the
precipitation series have similar scaling behavior, reflecting similar climatic regime throughout the basin.
However, the effect of the Indian monsoon strengthens from the downstream to upstream, causing spatial
variability in the seasonal distribution of precipitation, and on this basis, the YTR basin is roughly divided into
three regions: east, middle, and west. Both the occurrence times and magnitude of precipitation extremes,
ranging 25–50mm/d, are exhibiting downward trends over the last four decades, which bodes well for water
disaster controls in the basin. The Indian summer monsoon index, as an intensity indicator for the Indian
summer monsoon, shows a positive relationship with the summer precipitation in the YTR basin. Periodic
variability of the Indian monsoon determines the interannual nonstationary fluctuations of precipitation.
Especially, the weakening effect of the Indian summer monsoon has caused an obvious decrease in
precipitation over the rainy season after 1998. If the Indian summer monsoon keeps weakening, the
precipitation would decrease and potentially water shortage would become more severe in the basin.
Effective adaptation strategy should therefore be developed proactively to handle the unfavorable water
situation, which is likely to occur in the future.

1. Introduction

Climate change significantly impacts the hydrological cycle [Chen et al., 2005; Sang et al., 2013; Chandrasekar
et al., 2013] and influences socioeconomic developments and people’s lives worldwide. Fundamental to
water resources management is the evaluation of the effect of climate change and the changes in the hydro-
climatic system. Precipitation is critical for understanding the changes in the hydroclimatic system [Brunetti
et al., 2006; Willems et al., 2012; Wang, 2013]. Variability in the duration and intensity of precipitation at the
regional scale is often of concern when investigating climate change. Although China’s average annual pre-
cipitation has not changed significantly [Zhai et al., 1999;Wang et al., 2004], regional precipitation rates now
fluctuate considerably, requiring further investigation of the spatiotemporal variations of regional precipita-
tion under the climate change [Zhang et al., 2009; Xu et al., 2008; Sang et al., 2012].

Located on the south of the Tibetan plateau, the Yarlung Tsangpo River (YTR) basin is one of those regions
that are particularly sensitive to climate change [Xu et al., 2009]. Due to an average altitude above 4000m,
the Tibetan plateau hinders the westerlies and strengthens the Indian monsoon through its dynamical and
thermal impacts [Bothe et al., 2011], which is critical for the advection of heat and moisture, and climate pat-
tern in the Tibetan plateau [An et al., 2012]. The YTR basin has complex topography, geography, and hydro-
climate conditions [Xu et al., 2006; Nie et al., 2012]. As shown by Yao et al. [2012], the stable oxygen isotope
ratio in precipitation and its relationship with temperature and precipitation vary over space, based on which
we know that hydroclimatic condition in the YTR basin, especially in the middle and lower YTR basin (south of
30°N), is mainly controlled by the Indianmonsoon. The water resources in the basin are vital for sustaining the
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health of regional environmental and ecological systems and peoples’ lives [Shen, 1986; Li and Kang, 2006]. In
recent decades hydroclimatic processes have been observed to be changing in the basin, perhaps due to the
impact of climate change [Gao et al., 2011; Li et al., 2014]. The changes directly impact the water safety of
Tibet and threaten its fragile ecosystems and those who rely on them [Klein et al., 2004; Wang et al., 2008].
Further, water-related disasters occurred frequently in many small and medium size basins. The present
hydroinformation systems and water conservancy facilities in the basin are not capable of handling the
increasing impacts of climate change and need urgent improvement. There are many areas in the YTR basin
that have sparse hydroclimatic data, which are inadequate for hydrological forecasting and meeting practical
needs. Hence, people’s lives in the region come under threat, and the losses caused by water-related disas-
ters cannot be mitigated and prevented effectively.

Understanding the precipitation variability in the YTR basin, and its potential impacts on water management
and control of water disasters, is vital for the sustainable development of Tibet. Many studies have analyzed
precipitation variability in the YTR basin by considering its linear trends [Zhang et al., 2003; Xu et al., 2006; Lu
et al., 2008]. However, they did not evaluate the nonstationary and nonlinear variability of precipitation and
did not clarify the spatial difference in precipitation variability either. More importantly, it is commonly known
that hydroclimatic conditions in the YTR basin are mainly controlled by the Indian monsoon, and some stu-
dies also have suggested that different phases of the Indian monsoon may change the intensity of the South
Asian High and the western North Pacific anticyclone in summer and hence variations of monsoon-induced
rainfall over China [Ding and Chan, 2005], especially the YTR basin [Yao et al., 2013]. However, it remains
unclear as to how precipitation variability in the YTR basin responds to the change in the Indian monsoon
at different time scales. On the whole, present studies did not quantitatively investigate the relationship
between the precipitation variability and the changing Indian monsoon, and the possible mechanisms which
cause precipitation variability in the YTR basin were not clearly expounded.

The objective of this study therefore is to investigate the precipitation variability over the last four decades in
the YTR basin, since this constitutes the first but important step for water resources management in the
region and control of disasters due to mountain torrents. Specifically, three aspects of precipitation variability
are pursued: (1) seasonal distribution of precipitation; (2) interannual variation of precipitation; and (3)
spatiotemporal variation of precipitation extremes. Change in the intensity of the Indian monsoon during
recent decades and its relationship with the nonstationary variability of precipitation are investigated.

2. Data and Methods
2.1. Study Area

The Yarlung Tsangpo River basin lies between 81°42′~ 96°54′E and 27°43′~31°12′N, with an area of
0.24million km2 (Figure 1). As the highest major river in the world, the Yarlung Tsangpo River originates from

Figure 1. Locations of eight weather stations in the east, middle, and west Yarlung Tsangpo River (YTR) basin.
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the Angsi Glacier in western Tibet, flows through the South Tibet Valley, and then passes through the state of
Arunachal Pradesh, India, with a length of approximate 2057 km. The basin is bounded by the Himalayas in
the south and Kang Rinpoche and Nyenchen Tanglha mountains in the north. Along with the decrease in
altitude, the surrounding vegetation in the basin changes from cold desert to arid steppe to deciduous scrub
vegetation and ultimately changes to a conifer and rhododendron forest.

Climatic conditions in the basin vary with regions [Li et al., 2013]. Due to the influence of humid air current
from the Indian Ocean, the south valleys of the river are warm and rainy with an average temperature of
8.6°C, and precipitation mainly occurs in the rainy season. The middle and lower reaches of the basin are
covered with good soil and groves of well irrigated trees. It is home to 50% of the Tibet Autonomous
Region’s population (Shigatse, Lhasa, Lhoka, and Nyingchi Prefectures). Therefore, water resources in the river
are important for the people of Tibet.

2.2. Data

Data on daily precipitation measured at eight weather stations were selected to analyze the precipitation
variability in the YTR basin. The data were obtained from the China Meteorological Data Sharing Service
System. The weather stations were selected by considering the length, consistency, and completeness of
records. All the series have the same measurement years from 1973 to 2011, with no missing segments.
There is no observation station in the upper reach of the river. Many stations are located around the basin
(Shiquanhe, Burang, Gerze, etc.). However, the topographic, geographic, and hydroclimatic conditions have
great differences in and around the YTR basin, so the precipitation measured at those stations around the
basin cannot accurately reflect the precipitation conditions in the YTR basin, and these data cannot be used
for our study. As a result, the precipitation variability in the middle and lower reaches of the river was
analyzed using eight stations in the basin.

Data on the Indian summermonsoon (ISM) index were used to study the changes of the Indianmonsoon. The
data were obtained for measurement years from 1973 to 2011. The ISM typically lasts from June to
September in a year, with large areas of the India Ocean region receiving more than 60% of their total annual
precipitation during the period, and the largest precipitation values are observed during the heart of the
monsoon season in July and August [Wang and Fan, 1999]. The intensity of ISM can be represented by the
difference of the 850 hPa zonal winds between a southern region (40°E–80°E, 5 N–10N) and a northern region
(70°E–90°E, 20 N–30N), called ISM index (ISMI) [Wang et al., 2001]. The definition reflects both the intensity of
the tropical westerly monsoon and the lower tropospheric vorticity anomalies associated with the ISM
trough. Changes in the ISM would influence the rainy season precipitation in the YTR basin [Yao et al.,
2013], but their relationship has not been clearly understood.

2.3. Methods

Both the seasonal distribution and interannual nonstationary variability of precipitation in the YTR basin were
analyzed, and their spatial differences were also considered. We employed the indices of concentration ratio
(CR) and concentration period (CP) to investigate the seasonal distribution of monthly precipitation, applied
the empirical mode decomposition (EMD) method to investigate the long-term nonstationarity of annual
precipitation, and further used the detrended fluctuation analysis (DFA) method to investigate the scaling
behavior of annual precipitation series in each station. Besides, daily precipitation with a magnitude of 25–
50mm/d (P25) and that bigger than 50mm/d (P50), approximately reflecting storm rain and torrential rain,
respectively, were analyzed to investigate the variation of precipitation extremes. Two indices, occurrence
time and average magnitude, were used to describe the variation of precipitation extremes. Each method
is described in the following, and all analyses were conducted in MathWorks MATLAB R2010a.
2.3.1. Computation of CR and CP
For computation of CR and CP it is assumed that monthly precipitation is a vectorial quantity with both mag-
nitude and direction. One year is considered as a cycle of 360°, and the ith month corresponds to θi= 360°/
12 × i= 30° × i, with i=1, 2,…, 12. The resulting vector of monthly precipitation is expressed as

CR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rx2 þ Ry2

q
=P0; CP ¼ arctan Rx=Ry

� �
(1)

Rx ¼
X12
i¼1

Pi�sin θið Þ ; Ry ¼
X12
i¼1

Pi�cos θið Þ; (2)
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where Pi is the precipitation in the ith month, and P0 is the annual precipitation. With the value ranging
between 0 and 1, a bigger CR value reflects a more concentrated degree of monthly precipitation in a year
and vice versa. A CP value reflects the month in which monthly precipitation of a year mainly occurs.
2.3.2. EMD Method
The EMDmethod decomposes a series into a set of components called intrinsic mode functions (IMFs), being
the basis for representing the series [Huang et al., 1998; Kim and Oh, 2008]. As the basis is adaptive, it usually
offers a physically meaningful representation of the underlying process [Kim and Oh, 2009]. Therefore, EMD is
ideally suitable for analyzing data from nonstationary to nonlinear processes [Huang and Wu, 2006]. EMD is
implemented through an adaptively sifting process that uses only local extrema of a series. A series decom-
posed by EMD can be expressed as

x tð Þ ¼
XN
i¼1

Ci þ RN; (3)

where N is the number of IMFs separated from series x(t), Ci is the ith IMF, and RN is the residual, which has the
lowest frequency and generally corresponds to the series’ trend. More mathematical details of EMD can be
found in [Huang and Wu, 2006].Wu and Huang [2004] established a method to evaluate the statistical signif-
icance of useful information contents for IMFs from any noisy data, and it was used here to evaluate the sta-
tistical significance of series’ periodicities and trend.
2.3.3. DFA Method
The DFA method can explore the long-range correlations of a series [Bashan et al., 2008]. For a series with
length L and the given scale s, it is first divided into segments of equal length s. In each segment of length
s, a least squares line is fitted to the data, representing the trend in that segment. The y coordinate of the
straight line segment is denoted by xs(k). The integrated time series x(k) is detrended by subtracting the local
trend xs(k) in each segment. The root-mean-square fluctuation of the integrated and detrended series is
calculated by

F sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
L

XL
k¼1

x kð Þ � xs kð Þ½ �2
vuut : (4)

The computation is repeated over all time scales to characterize the relationship between F(s) and scale s. A
linear relationship on a log-log plot indicates the presence of power law (fractal) scaling, and the fluctuations
can be characterized by a scaling exponent σ and the slope of the line relating log F(s) to log s, which indi-
cates the scaling behavior of precipitation process of concern in this study. Theoretically, an exponent σ of
0.5 would correspond to uncorrelated white noise, and an exponent σ being smaller (bigger) than 0.5 would
correspond to anticorrelated (correlated) series. When considering the statistical significance at 95%
confidence level [Weron, 2002], the precipitation series analyzed with the exponent σ of 0.46–0.53 is an
uncorrelated white noise, and the precipitation series analyzed with the exponent σ of 0–0.46 (0.53–1) is
an anticorrelated (correlated) series.

3. Results and Discussion
3.1. Seasonal Distribution of Precipitation

Seasonal distributions of precipitation at all eight weather stations were analyzed. Monthly precipitation, with
a CR value range of 0.18–0.92 (Figure 2a), mainly occurred from May to September (Figure 2b). However, the
seasonal distribution of precipitation exhibited remarkable differences over space. Considering the locations
of eight weather stations, the YTR basin can be roughly divided into three regions following the CR results,
called the west YTR (Gyangtse, Dangxung, Tsetang, Shigatse, and Lhasa stations), middle YTR (Nyingchi
and Lhari stations), and east YTR (Bomi station), with the mean CR values of 0.8, 0.6, and 0.4, respectively.
Correspondingly, the mean CP values in the three regions are the mid-June, early June, and May.
Generally, the May to September period was determined as the rainy season in the YTR basin. The ratio
between rainy season and annual precipitation in each year was computed (Figure 2c), which also shows
the differences among the three regions. The rainy season precipitation in the west and middle regions
accounts for more than 90% and 80% of annual precipitation, respectively, while the rainy season precipita-
tion only accounts for 55% of annual precipitation in the east region.
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The monthly mean precipitation during the recent 39 years was analyzed. As shown in Figure 3, the seasonal
distributions of precipitation in the three regions are notably different. The rainy season in the west region
mainly concentrated on two months (July and August) and precipitation in the middle region mainly
confined in 4months (from June to September). In the east region, however, the seasonal timing of precipi-
tation mainly occurred in 8months (March to October). Results clearly reveal the spatial difference in the
seasonal distribution of monthly precipitation in the basin. From downstream to upstream, the rainy season
is delayed and becomes shorter, and the ratio of rainy season precipitation to annual precipitation

increases, but the absolute magnitudes
of rainy season precipitation and annual
precipitation decrease.

3.2. Interannual Variation
of Precipitation

Interannual variations of precipitation
series were analyzed to investigate the
nonstationary characteristics of precipi-
tation. Figure 4a depicts the EMD-based
decadal variability of annual precipita-
tion, which shows similarity in the three
regions. In the east region, the annual
precipitation fluctuated and increased
from 1973 to 1997 and decreased after-
ward. In the middle and west regions,
the annual precipitation decreased dur-
ing 1973–1983 and fluctuated during
1984–1997, during which precipitation
on the whole showed an upward trend.
After 1998, the annual precipitation
manifested a decreasing trend in the

Figure 2. Results of the (a) concentration ratio (CR) and (b) concentration period (CP) of monthly precipitation, and the ratio
between (c) rainy season precipitation to annual precipitation at the eight weather stations in the east (EYTR), middle
(MYTR), and west (WYTR) Yarlung Tsangpo River (YTR) basin.

Figure 3. Average monthly precipitation processes in the east (EYTR),
middle (MYTR), and west (WYTR) Yarlung Tsangpo River (YTR) basin.
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middle and west regions. Additionally, results of the Mann-Kendal (MK) test identify the turning year of
around 1980 and 1998 (Figures 4b–4d). Considering that the period 1973–1980 is too short to get reliable
results, here we mainly consider the turning year of 1998, when three annual precipitation series have the
biggest magnitudes in the whole period. As a result, the annual precipitation showed a downward trend after
1998 throughout the basin. Results in Figure 2c indicate that the ratio of rainy season precipitation to annual
precipitation also decreased after 1998. Therefore, it is concluded here that the decrease of annual precipita-
tion in the basin is mainly attributed to the decrease of rainy season precipitation. Besides, recent studies sug-
gested that runoff process in the YTR basin is mainly controlled by the precipitation process, and the runoff
process exhibited a downward trend since the late 1990s [Liu et al., 2007; Yang et al., 2014]. It indicates here
that the precipitation decrease, especially the decrease in rainy season precipitation, causes a streamflow
decrease in the Yarlung Tsangpo River after 1998.

The scaling behaviors of the precipitation seriesmeasured at eight stationswere analyzed by theDFAmethod.
The values of the scaling exponent σ of the eight series are similar (Figure 5). The precipitation seriesmeasured
at the Lhari station owns the smallest scaling exponent value of 0.111, while the counterpart at the Gyangtse
station has the biggest scaling exponent value of 0.222. Because all the scaling exponents are far smaller than
0.46, theprecipitationprocesses in theYTRbasinperformobvious long-memory characteristics but showantic-
orrelations at 95% confidence level. Besides, all the eight precipitation series have similar scaling behaviors, so
it is thought that themiddle and lower reaches of the YTR basin are controlled by the same climatic condition.

3.3. Spatiotemporal Variation of Precipitation Extremes

Spatiotemporal variations of the P25 and P50 precipitation extremes were analyzed to provide a potential
guide for the control of disasters due to mountain torrents in the basin and Tibet. The P50 precipitation

Figure 4. (a) The empirical mode decomposition (EMD) based nonlinear trends of annual precipitation and (b-d) the turning years of annual precipitation (PCP)
identified by the Mann-Kendal (MK) test in the Yarlung Tsangpo River (YTR) basin.
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extremes just occurred 6 times at the Bomi station, with an average magnitude of 66.9mm/d, and occurred
only once at the Dangxung station, with a magnitude of 50.4mm/d. Two stations are both located in the
lower YTR basin. The P50 precipitation extremes did not occur at the other six stations. Due to the limited
occurrence times of the P50 extremes, a trend could not be accurately estimated. Here the P25 precipitation
extremes were of main concern.

The occurrence times and average magnitudes of the P25 extremes are also different in the three regions
(Table 1). For the whole period, the P25 precipitation extremes occurredmuchmore times at the Bomi station
(i.e., east region) than at other stations (middle and east regions). From downstream to upstream, the occur-
rence times of P25 precipitation extremes reduced, except for the Shigatse station wheremore than 1.5 times
the P25 precipitation extreme occurred per year. However, the average magnitudes of the P25 precipitation
were similar at all eight stations, with the value ranging from 28.98 to 32.52mm/d, and the average value of
30.77mm/d. The t test results indicate that both the occurrence times and average magnitudes of the P25
precipitation extremes do not change between the two periods 1973–1997 and 1998–2011, except that
the occurrence times of the P25 extremes significantly decrease at the Nyingchi station.

In order to further investigate the variability of the P25 precipitation extremes, the time series describing its
occurrence times and average magnitudes were analyzed by the MK test to identify trends. Results in Table 2
indicate that both the occurrence times and average magnitude of the P25 extremes show downward trends

Table 1. Occurrence Times and Average Magnitudes of the P25 Precipitation Extremes During 1973–2011 in the Yarlung
Tsangpo River Basina

Station

Occurrence times (times per year) Average magnitude (mm)

1973–1997 1998–2011 t test 1973–1997 1998–2011 t test

Bomi 4.41 2.92 � 32.52 31.51 �
Nyingchi 2.74 1.25 + 29.58 30.39 �
Lhari 1.59 1.75 � 30.51 29.81 �
Lhasa 1.07 1.08 � 31.08 32.37 �
Dangxung 0.81 1.08 � 31.70 29.80 �
Tsetang 1.04 1.17 � 29.52 28.98 �
Gyangtse 0.52 0.67 � 30.84 29.27 �
Shigaze 1.93 1.5 � 30.92 29.84 �

aFor the t test results, the “+” means the significant difference of the value between the 1973–1997 and 1998–2011,
and the “�” means no significant difference of the value between the 1973–1997 and 1998–2011.

Figure 5. Results of scaling exponent of annual precipitation series at the eight weather stations in east (EYTR), middle
(MYTR), and west (WYTR) Yarlung Tsangpo River (YTR) basin. The results are gotten by the detrended fluctuation analysis
(DFA) method.
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during 1973–2011. Particularly, the occurrence times of the P25 precipitation extremes at the Nyingchi, Lhari,
Dangxung, Gyangtse, and Shigaze stations show obviously downward trends at 95% significance level, and
the average magnitudes of the P25 precipitation extremes at the Gyangtse station show obviously a down-
ward trend at 95% significance level. Moreover, the results during 1973–1997 and 1998–2011 also indicate
downward trends of the occurrence times of the P25 precipitation extremes, except the Bomi station in
1998–2011, although the downward trends at some stations are insignificant. The average magnitudes
of the P25 precipitation extremes show downward trends at seven stations, with the exception of the
Nyingchi station during 1973–1997, and at four stations (Dangxung, Tsetang, Gyangtse, and Gyangtse
stations) during 1998–2011. On the whole, because the middle and lower reaches of the YTR basin have been
encountering less P25 precipitation extremes along with years, it is favorable for the control of disasters due
to mountain torrents.

4. Potential Influence of Climate Change on Precipitation Variation

The annual water vapor fluxes at the 500 hPa and 850 hPa levels show that air currents in the study area come
from the south and west, respectively (Figure S1), reflecting the combined effects of westerlies and Indian
monsoon at the annual scale. Because the influence of the Indian monsoon mainly occurs in summer
[Wang et al., 2001], during which time more than 60% of the annual precipitation occurs, the water vapor
fluxes from June to August are mainly considered. The water vapor fluxes both at the 500 hPa and 850 hPa
levels in Figure 6 clearly display that the ISM brings significant amounts of warm and wet air currents from
the Indian Ocean and comes to southeast Tibet and the YTR basin through the Bay of Bengal, so the climatic
conditions and precipitation process in summer in the YTR basin are mainly controlled by the ISM. Presently,
there have been limited studies about the quantitative relationship between the ISM and the precipitation
variability in the basin. Our results show the differences in seasonal distribution and interannual nonstation-
ary variation of precipitation in the three regions of the YTR basin, and the CR and CP values in these regions
also vary over space. Here we attempt to explain the nonstationary variability of precipitation in the basin
according to the changes of the ISM.

We choose the 1978, 1980, and 1994 as three typically strong ISM years, with the ISMI values being bigger
than 1.5, and choose the 1974, 1987, and 2009 as three typically weak ISM years, with the ISMI values being
smaller than�1.2. The difference of the water vapor fluxes between the strong andweak ISM years shows the
decrease in water vapor fluxes at the weak ISM years (Figures 6c and 6f). The magnitudes of precipitation in
the east, middle, and west YTR basin are 891.3mm, 672.9mm, and 365.7mm in strong ISM years, correspond-
ing to 888.9mm, 651.7mm, and 329.9mm in weak ISM years, and the decrease ratio is 0.26%, 3.15%, and
9.79%, respectively. It suggests that the magnitudes of precipitation become smaller in weak ISM years
due to the decrease in water vapor fluxes, especially in the middle and west YTR basin. Moreover, it can be
found that the effect of the ISM strengthens from downstream to upstream, causing more decrease in
precipitation upstream compared with downstream in the weak ISM years, and further leading to different
seasonal distributions of precipitation in the three regions: the concentration degree of precipitation
increases, the ratio of rainy season precipitation to annual precipitation increases, and the onset time of rainy
season is delayed and the rainy season becomes shorter upward to the upstream.

Table 2. Statistical Significance of the Trend of the P25 Precipitation Extremes During 1973–2011 in the Yarlung Tsangpo River Basina

Station

1973–2011 1973–1997 1998–2011

Occurrence times
(times per year)

Average magnitude
(mm)

Occurrence times
(times per year)

Average magnitude
(mm)

Occurrence times
(times per year)

Average magnitude
(mm)

Bomi �1.34 �0.64 0.61 �0.14 0.49 0.27
Nyingchi �3.86 �0.16 �1.82 0.89 �1.48 0.16
Lhari �2.89 �0.30 �2.62 �1.87 �2.14 0.71
Lhasa �1.00 �0.71 �0.19 �0.51 �0.60 0.05
Dangxung �3.06 �1.42 �2.80 �2.01 �1.04 �1.15
Tsetang �1.88 �1.10 �2.06 �1.68 �1.81 �1.48
Gyangtse �3.57 �4.66 �3.83 �2.74 �2.46 �1.81
Shigaze �2.07 �1.25 �1.07 �1.35 �2.03 �0.38

aThe bold numbers highlight those statistically significant trends at 95% significance level.
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When considering the interannual variability of precipitation, periodicities of the ISMI series and summer pre-
cipitation are identified by spectral analysis. Results show the differences among the east, middle, and west
YTR basin (Figure 7). The ISMI series exhibits 3–4, 7, and 11 year periodic variations. Correspondingly, all pre-
cipitation series in the east, middle, and west YTR basin show the 3–4 and 11 year periodic variations. The
summer precipitation series in both the east and middle YTR basin show a 7 year periodic variation.
However, the 7 year periodicity is not identified in the summer precipitation series in the west YTR basin. It
can be due to the weak amplitude of the 7 year periodicity of ISMI, as the weakest one among the four
periodicities, so the periodicity cannot affect the precipitation process in the west YTR basin, which is far from

the Bay of Bengal. On the whole, from
Figure 7 we can find that the interann-
ual periodic variations of precipitation
process in the YTR basin are basically
controlled by the ISM.

When considering the impact of climate
change, recent studies have indicated
the weakening Indian monsoon [Wu,
2005; Thompson et al., 2006]. The weak-
ening effects of the ISM can directly
influence the precipitation variability in
the YTR basin [Naidu et al., 2009]. In
order to confirm this observation of
the weakening ISM and to investigate
the relationship between the ISM and
precipitation variability in the YTR basin,
we used the EMD method to identify
those useful information and describe
the deterministic variability in the preci-
pitation series and ISMI series (Figure 8).
When considering 95% confidence level

Figure 7. Spectra of the Indian summer monsoon index (ISMI) series and
the summer precipitation (PCP) series during the period 1973–2011 in the
Yarlung Tsangpo River (YTR) basin.

Figure 6. Water vapor fluxes in summer (June to August) composited from (a, d) three strong Indian summer monsoon (ISM) years: 1978, 1980, and 1994 and (b, e)
three weak ISM years: 1974, 1987, and 2009 at the 500 hPa and 850 hPa levels. (c, f) The difference between the Figures 6b and 6e and 6a and 6d. The black box shows
the region where the Yarlung Tsangpo River (YTR) basin is located in.
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(CL), all intrinsic mode functions (IFMs) of the precipitation series in the east YTR basin, with the energies
being smaller than 95% CL, mainly show stochastic characteristics, and the decadal variability is not signifi-
cant at 95% CL either. The fourth and fifth IMFs of the precipitation series in the middle YTR basin, with
the energies being bigger than 95% CL, reflect the significantly decadal variability of the precipitation pro-
cess, but the remaining IMFs mainly show stochastic characteristics. The fourth and fifth IMFs of the precipi-
tation series in the west YTR basin, with the energies being bigger than 95% CL, reflect the significantly
decadal variability of the precipitation process, and the second and third IMFs, with the energies being bigger
than 95% CL, reflect the obviously periodic variability of the precipitation process, but the first IMF mainly
shows stochastic characteristics. As for the ISMI series, its third and fifth IFMs reflect the periodic and trend
pattern of the Indian summer monsoon, respectively, but other IMFs mainly show stochastic characteristics.

To quantify the relationship between the ISM and precipitation processes in the three regions of the YTR
basin, we analyzed the partial correlations of the ISMI series and precipitation series in the whole period.
The results gotten from original series, with the partial correlation coefficients of 0.18, �0.02, and �0.04 in
the east, middle, and west YTR basin, are very small, and it can be due to the big influence of stochastic
factors. We remove the stochastic components of each series and quantify the correlation of the ISMI and
precipitation series again. They show significant correlations at 95% CL, with the partial correlation coeffi-
cients of 0.36, 0.56, and 0.81 in the east, middle, and west YTR basin. The relationship between the ISM
and precipitation process becomes better from downstream to upstream, confirming again the strengthen-
ing effect of Indian monsoon upward to the upstream in the YTR basin.

Besides, from Figure 6 we know that if the Indian summer monsoon gets to be weakening, the ISMI value
should decrease. Therefore, the ISMI and precipitation should have a positive relationship. Visually, the ISMI
series has the biggest value at 1994 and then obviously decreases (Figure 8b), indicating the weakening effect
of the ISM since themiddle of 1990s. Following the trend pattern of the ISMI series (Figure 8b), herewe roughly
divide the ISMI series into two periods as those of precipitation. During the period 1973–1997, the ISMI series
shows an upward trend, correspondingly, the precipitation series in the east and middle YTR show upward
trends, with the increase rate of 2.8mm/yr and 1.0mm/yr, and the precipitation in the west YTR has no trend.
The ISMI series indicates an obviously downward trend during the period 1998–2011. The precipitation in the
east, middle, and west YTR basin also decreases during 1998–2011, with the decrease rate of �11.0mm/yr,
�13.0mm/yr, and�11.0mm/yr respectively. It is concluded here that precipitation decrease in the YTR basin
is mainly caused by the weakening effect of the Indian summer monsoon during the recent two decades.

5. Conclusions

In the paper, the spatiotemporal variations of precipitation and precipitation extremes in the YTR basin are
analyzed. The differences in precipitation over space are compared, and their relationships with the changing

Figure 8. Significance test results of the Indian summer monsoon index (ISMI) series and the summer precipitation (PCP)
series using the (a) EMD method and the periodicity and trend pattern identified in the (b) ISMI series.
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Indian summer monsoon (ISM) are discussed. Results reflect that the seasonal distribution of precipitation
varies spatially in the basin. From downstream to upstream, the rainy season is delayed and becomes shorter,
and the ratio of rainy season precipitation to annual precipitation increases, but the absolute magnitudes of
rainy season precipitation and annual precipitation decrease. It reflects the strengthening effect of the ISM
upward to the upstream, based on which the basin can be roughly divided into east, middle, and west
regions. Precipitation shows a downward trend after 1998. The decrease in annual precipitation is mainly
caused by the decrease in the rainy season precipitation, which causes the river runoff to decrease in the
basin. Both the occurrence times and average magnitudes of the P25 precipitation extremes exhibit down-
ward trends, which is favorable for the control of disasters due to mountain torrents in the region.

Future changes in river streamflow and watershed hydrology caused by climate change are increasingly
important for water resources management in Tibet [Li et al., 2014]. For the YTR basin, if the ISM keeps the
presently weakening effect, water-related disasters in the region would more likely be reduced, but precipi-
tation would keep a downward trend in the basin, the streamflow decrease in the river would continue, and
potential water shortage situation in the region would become more severe. Therefore, proactive and effec-
tive adaptation strategies should be developed and implemented to cope with the unfavorable situation. In
order to understand and evaluate the future precipitation variability in the YTR basin, more studies should
focus on the mechanisms which cause the weakening Indian summer monsoon during recent decades;
besides, the stochastic characteristics of the ISM and its potential influence on the precipitation variability
in the YTR basin should also be further studied.
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