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The Tibetan Plateau (TP) is the headwater of the Yangtze, Yellow, and the transboundary Yarlung
Tsangpo, Lancang, and Nujiang Rivers, providing essential and pristine freshwater to around 1.6 billion
people in Southeast and South Asia. However, the temperature rise TP has experienced is almost three
times that of the global warming rate. The rising temperature has resulted in glacier retreat, snow cover
reduction, permafrost layer thawing, and so forth. Here we show, based on the longest observed stream-
flow data available for the region so far, that changing climatic conditions in the TP already had signifi-
cant impacts on the streamflow in the headwater basins in the area. Our analysis indicated that the
annual average temperature in the headwater basins of these five major rivers has been rising on a trend
averaging 0.37 �C�decade�1 since 1998, almost triple the rate before 1998, and the change of streamflow
has been predominantly impacted by precipitation in these headwater basins. As a result, streamflow in
the Yangtze, Yarlung Tsangpo, Lancang, and Nujiang River headwater areas is on a decreasing trend with
a reduction of flow ranging from (3.0–5.9) � 109 m3�decade�1 (�9.12% to �16.89% per decade) since
1998. The increased precipitation in the Tangnahai (TNH) and Lanzhou (LZ) Basins contributed to the
increase of their streamflows at 8.04% and 14.29% per decade, respectively. Although the increased
streamflow in the headwater basins of the Yellow River may ease some of the water resources concerns,
the decreasing trend of streamflow in the headwater areas of the southeastern TP region since 1998 could
lead to a water crisis in transboundary river basins for billions of people in Southeast and South Asia.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Tibetan Plateau (TP), also called the Asian Water Tower
(AWT), is the headwater for the largest rivers, including the
Yangtze, Yellow, Yarlung Tsangpo, Lancang/Mekong, Ganges,
Indus, and Nujiang Rivers across China and Southeast Asia [1], pro-
viding a crucial and reliable source of water for billions of people
[2–4]. However, the climate change that the TP has experienced
since the early 1950s is almost three times the global warming rate
[5], with the annual average temperature (AAT) increasing by 0.16 �
C�decade�1 between 1955 and 1996 and as high as 0.25 �C�decade�1

from 1998 to 2013 [6]. The warming rate of AWT was 0.42 �C per
decade during 1980–2018, twice the global average rate [7]. The
rising temperature has adversely impacted the cryosphere of the
TP, resulting in glacier retreat, snow cover reduction, thawing of
permafrost layers, and so on. It has had a far-reaching impact on
the water resources in the TP region and its river basins [8]. As
these changes continue or even accelerate, they will change the
water supply for billions of people [5].

The TP has the third largest group of glaciers on earth, with an
estimated total area of 50 657 km2 and a total glacier reserve of 4
680 km3. Unfortunately, global warming has accelerated the melt-
ing of glaciers in this region. About 82% of the glaciers in the pla-
teau have retreated and shrunk by 15% in volume in the past
half-century. The glacier area in the TP was reduced from 48
800 km2 in the 1970 s to 44 400 km2 in the early 21st century
for a total reduction of 9.05% and an average reduction of about
147 km2 per year. The permafrost in the TP region, which covers
, Engi-
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an estimated area of approximately 1 480 000 km2 [9], has
degraded as well, with the total area shrunk by 16% in the past dec-
ade [5,10], the lower altitudinal limit rose by as much as 80 m [11],
and the burial depth below the land surface increased by up to
0.50 m [12].

Studies showed that snow and glacier melt is an essential
source of water in the upstream part of the headwater river basins
[13], and snow and glacier melt would directly affect the seasonal
distribution characteristics of streamflow [14]. The Intergovern-
mental Panel on Climate Change (IPCC) report [13] showed with
medium confidence that the magnitude and seasonality of runoff
in snow-dominated and glacier-fed river basins have been affected
by snow and glaciers in the high mountain areas; such changes
have had impacts on local water resources and agriculture. It also
showed with high confidence that summer and annual runoff have
increased due to intensified glacier melt in some glacier-fed rivers.

In the TP region, Zhang et al. [15] showed that snowmelt runoff
had an increasing trend in the upstream region of the Mekong
River but a decreasing trend in the upstream area of the Salween
River. The snowmelt runoff in the Upper Mekong River peaked
one month earlier for the 1990s and 2000s than in the baseline
period of 1964–1990. Zhang et al.’s study [15] indicated that rain-
fall runoff could be responsible for over 84% of the total runoff in
the upstream regions of the Mekong and Salween Rivers. Other
studies also showed that snowmelt is a more dominant contribut-
ing factor to streamflow [16], especially for those headwater basins
with an elevation of 2000 meters above the mean sea level (AMSL)
[17,18]. However, glacier meltwater’s contribution may diminish
as glaciers’ coverage reduces. Zhao et al. [19] indicated that glacier
runoff might have reached a tipping point as early as the 21st cen-
tury, with a greater than 20% loss of the glacier area except for the
upper stream of the Yangtze River, and projected that glacier run-
off might decrease after the 2030s. Observed data has also shown a
decreasing trend of meltwater contribution to the streamflow since
the later part of the twentieth century [10].

The degradation of permafrost in the TP region has also had a sig-
nificant impact on hydrologic processes and streamflow. There has
been a significant increase in the number of lakes and their respec-
tive surface areas in the TP [20]. It was estimated that the contribu-
tion to the annual discharge of the Yellow River at Tangnahai was as
high as 4.9% from permafrost degradation [21]. Hydrological projec-
tions [14,22] suggest that streamflow in most river source regions
would increase along with precipitation and increases in ice/snow
melting, and hydrological extremes such as flooding would occur
more frequently under future climate change scenarios.

In addition to studies on some individual watersheds [15,16],
there has been great interest in studying the streamflow changes
of major river basins in the region. Zhang et al. [12] and Tang
et al. [22] both looked at the changes for the entire time series data
and found that streamflow for some of the headwater basins in the
southeastern part of the TP region has been on an increasing trend.
In contrast, the upper stream headwater basins of the Yellow River
have been on a decreasing trend. There have also been quite a few
publications in Science and Nature addressing the water security
concerns due to the impacts of climate change in the TP region
[1–5,23].

To reveal the change characteristics of headwater streamflow
that might have already happened in the source areas of the
Yangtze, Yellow, and the transboundary Yarlung Tsangpo, Lancang,
and Nujiang Rivers, in response to climatic condition change, this
study intended to identify the change points of air temperature
and precipitation and characterize the change trend and the con-
tributing factors to streamflow change for the corresponding peri-
ods. Hopefully, the findings from this study will help to understand
if the preparedness for water security in these major river basins is
more imminent than the model predictions.
2

2. Material and methods

2.1. Study region

The Tibetan Plateau is known as the ‘‘Roof of theWorld” and the
‘‘Asian Water Tower.” It extends 2800 kilometers from east to west
and 300–1500 kilometers from south to north, covering a total area
of 2.5 million square kilometers, with an average altitude of more
than 4000 meters. TP is the source of many large rivers, including
the Yangtze River, the Yellow River, the Nujiang River, the Lancang
River, the Yarlung Tsangpo River, the Ganges River, the Indus River,
and the Tarim River in the East, Southeast, and South Asia. In this
study, we were trying to analyze the change characteristics of cli-
mate variables of temperature and precipitation and hydrological
variable of streamflow in the headwater basins of these eight
major rivers for a comprehensive understanding of the long-term
historical change and the spatial variation of climatic and hydro-
logical conditions in the region. Unfortunately, the long-term
streamflow data were unavailable for the Ganges, the Indus, and
the Tarim Rivers. Shown in Fig. 1 are the headwater basins of the
Yangtze River, the Yellow River, the Nujiang River, the Lancang
River, and the Yarlung Tsangpo River and their streamflow gaging
stations, and the subbasin characteristics are listed in Table 1. It is
worth noting that the ratios of runoff contribution from the head-
water subbasin areas for the Yangtze, Langcang, Nujiang, and Yar-
lung Tsangpo Rivers were less than 0.6 and were 1.88–2.14 for the
Yellow River.
2.2. Data preparation

This study used the historical temperature, precipitation, and
streamflow data available for the region. As shown in Table 2,
the observed precipitation and temperature data for the TP region
were obtained from the China Meteorological Data Service Center�

of the China Meteorological Administration (CMA) [25], the gauge-
based gridded monthly precipitation data were from the Global Pre-
cipitation Climatology Centre (GPCC)§ [26] of the National Oceanic
and Atmospheric Administration (NOAA), the gridded monthly tem-
perature data**(Global Historical Climatology Network Copernicus
Atmosphere Monitoring Service (GHCN_CAMS)) [24] were down-
loaded from (NOAA) of USA, and the observed streamflow data were
obtained from the Hydrological Yearbook of China published by the
Ministry of Water Resources.

We compared the CMA and GPCC precipitation data for all
headwater basins (Fig. 2). It can be seen there is a systematic dif-
ference between the two. However, both sets of data are well cor-
related with the correlation coefficient all above 0.9, such a
systematic deviation would not affect the statistical analyses for
the change point and changing trend. Since the CMA data were
only available for the China site of the TP, this study had to use
the GPCC data for complete coverage of the entire TP region.
2.3. Statistical analysis methods

This study adopted the non-parametric statistical methods, the
Pettitt test [27] to identify the abrupt change points in time
sequence data and the Mann–Kendall test (M-K) [28] to analyze
the trend of a time series. The M-K method does not require the
data to obey a specific distribution. The test range is wide, which
is suitable for trend testing of random and non-normally dis-
tributed hydro–meteorological data.

https://data.cma.cn
https://psl.noaa.gov/data/gridded/data.gpcc.html
https://psl.noaa.gov/data/gridded/data.ghcncams.html


Fig. 1. Regional map of headwater basins and their streamflow gaging stations for the major rivers originated in the Tibet Plateau. Labeled in the boxes are the magnitudes of
streamflow change trend expressed in m3�decade�1 and %�decade�1 for the 1999–2018 period, with red color for the increasing trend and blue color for the decreasing trend.

Table 1
Characteristics of major river basins and their headwater basins.

River basin Total
basin
area
(km2)

Basin
population
(�103)

Annual
precipitation
(mm)

Annual average
streamflow
(�109 m3�a�1)

Hydrologic gaging
station (with
abbreviation in
parentheses)

Headwater
subbasin
area (km2)

Percentage
of subbasin
area (%)

Subbasin
streamflow
contribution to the
river basin (%)

Period of
observed
data

Yangtze River 1 800
000

450 000 1 050 900 Zhimenda (ZMD) 137 704 7.65 1.48 1957–
2018

Panzhihua (PZH) 246 308 13.68 6.27 1966–
2018

Yellow River 752 443 324 000 450 56 Tangnahai (TNH) 121 972 16.21 36.30 1956–
2018

Lanzhou (LZ) 219 879 29.22 54.82 1950–
2018

Langcang River 795 000 72 000 1 411 475 Changdu (CD) 53 512 6.73 3.28 1960–
2018

Jiuzhou (JZ) 85 701 10.78 6.33 1956–
2018

Nujiang River 325 000 24 000 644 210 Jiayuqiao (JYQ) 73 632 22.66 11.89 1981–
2018

Yarlung Tsangpo River 543 000 118 500 1 086 625 Nuxia (NX) 201 809 37.17 9.56 1956–
2018

Table 2
Sources of data.

Data type Data obtained Period Interval Spatial resolution Sources

Precipitation Observed 1961–2020 Daily 0.25��0.25� CMA
Reanalyzed 1891–2016 Monthly 0.5� � 0.5� GPCC

Temperature Observed 1961–2020 Daily 0.25��0.25� CMA
Reanalyzed 1948–2018 Monthly 0.5� � 0.5� GHCN_CAMS

Streamflow Observed 1961–2018 Monthly 8 stations China Hydrological Yearbook
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Fig. 2. Comparison of the annual precipitation between reanalyzed data provided by the China Meteorological Administration (CMA) and by the Global Precipitation
Climatology Centre (GPCC) of NOAA for the eight headwater basins, in which P_CMA is for the CMA data and P_GPCC is for the GPCC data. (a) ZMD; (b) PZH; (c) CD; (d) JZ; (e)
NX; (f) JYQ; (g) TNH; (h) LZ.
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2.3.1. Pettitt test for change-point detection
The Pettitt test is a non-parametric statistical method that can

identify the existence of abrupt change points in time sequence
data. For time series data with n samples, the statistical value Ut

is assessed for all random variables from 1 to n, and Vt is a tempo-
rary statistical value. Ut and Vt are calculated as Eqs. (1) and (2) in
the following:

Ut ¼ Ut�1 þ Vt t ¼ 2; :::;n ð1Þ

Vt ¼
Xn

j¼1
sgnðxt � xjÞ ð2Þ

U1 ¼ V1 ð3Þ
in which sgn is the sign function, xt and xj are random variables

with xt following xj in time. Kt, which has the largest absolute value
in Ut, is selected as the most significant change point, and the sta-
tistical value P is expressed as Eq. (4) in the following:

P ¼ 2exp½�6K2
t =ðn3 þ n2Þ� ð4Þ

in which a P value of 0.05 or less is often considered as a signif-
icant change point and 0.01 or less as very significant.

2.3.2. M-K test for change trend
The M-K test is a commonly used non-parametric statistical test

method proven to be reliable for analyzing the trend of a time ser-
ies. This method does not require the data to obey a specific distri-
Table 3
Abrupt change points and their statistical significance.

Station Temperature Pr

CP P-value CP

ZMD 1998 1.13 � 10�7** 19
PZH 1998 8.62 � 10�8** 19
CD 1998 8.62 � 10�8** 20
JZ 1993 7.88 � 10�8** 20
JYQ 1998 1.24 � 10�7** 20
NX 1996 1.77 � 10�7** 19
TNH 1998 1.03 � 10�7** 19
LZ 1998 2.11 � 10�7** 20

CP: change point; * indicates significance level greater than 95% and ** for a significanc

4

bution, and the test range is wide. It is suitable for trend testing of
random and non-normally distributed hydro-meteorological data.

The M-K test examines the significance of the standardized M-K
statistic Z, with a < 0.05 being a significant change and a < 0.01
being a very significant change. Statistic value S for time series is
defined as Eq. (5):

S ¼
Xn�1

i¼1

Xn

j¼iþ1
sgnðxj � xiÞ ð5Þ

in which n is the number of data points, xi and xj are random
variables with xj following xi in time. The positive value of the
statistic S indicates an upward trend of the time series; otherwise,
a negative value means a downward trend. When the data length n
is greater than 8, S can be considered to obey the standard normal
distribution assumption, and its expectation E(S) and variance Var
(S) can be expressed as Eq. (6) and Eq. (7), respectively:

EðSÞ ¼ 0 ð6Þ

VarðSÞ ¼ 1
18

½nðn� 1Þð2nþ 5Þ� ð7Þ

The standardized statistical value ZS is calculated from Eq. (8):

ZS ¼
ðS� 1Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

varðSÞp
S > 0

0 S ¼ 0

ðSþ 1Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðSÞp

S < 0

8><
>:

ð8Þ
ecipitation Streamflow

P-Value CP P-value

80 0.04* 1999 0.03*
98 0.23 1998 0.09
06 0.08 2008 0.13
07 0.48 1987 0.57
07 0.14 1998 0.04*
85 0.72 1998 0.09
85 0.07 1990 0.02*
03 0.09 1987 0.01**

e level greater than 99%.



Fig. 3. Time series data and change trends of temperature, precipitation and streamflow in the eight headwater basins. The red line is the linearly fitted line for the 1961–
2018 period, blue dashed lines are linearly fitted lines for the 1961–1998 and 1999–2018 periods, respectively, the magnitudes of change trends are labeled in the respective
red and blue colors.
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For a random sequence, the critical test value Za=2 at the given
significance level can be found in the normal distribution table, a
is the threshold for statistical significance. 1.96 < |ZS| � 2.58 indi-
cates that the sequence has a significant changing trend at the con-
fidence level of 0.05; when |ZS| > 2.58, it indicates that the data
series has a significant changing trend at the confidence level of
0.01.
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3. Results and discussion

3.1. Change points of climate and streamflow

We have conducted the Pettitt test on the temperature, precip-
itation, and streamflow annual time series data to identify the
change points with statistical significance. The years when changes
might have occurred, and their statistical significance are listed in
Table 3. It can be seen that the abrupt change of temperature for
the majority of the headwater basins occurred in 1998 and was
statistically significant; such a change was consistent with the glo-
bal change of temperature reported by IPCC [13]. For the annual
precipitation, only the headwater basin to ZMD had a significant
change in 1980; change points detected for all other headwater
basins were not statistically significant. The streamflow at the
ZMD, PZH, JYQ, and NX gages had a significant change in 1998–
1999; JZ, TNH, and LZ had change points around 1987–1990, and
CD had an abrupt change in 2008 but not statistically significant.

In the subsequent M-K trend analysis, in addition to the long-
term 1961–2018 temperature data, we divided the data into
1961–1998 and 1999–2018 periods based on the change point
around 1998 for temperature with significance. The M-K analysis
for precipitation and streamflow was also for the 1961–2018,
1961–1998, and 1999–2018 periods to be consistent with the
temperature.

3.2. Long-term trends in climate and streamflow

The time series and the linear regression lines of the 1961–2018
(red line), 1961–1998 (blue line), and 1999–2018 (blue dashed
line) periods for the eight headwater basins are plotted in Fig. 3.
The magnitudes of change trend as the slope of the linear regres-
sion lines listed in Table 4 were expressed in the degree of Celsius
per 10-year (�C�decade�1) for temperature, in millimeter per 10-
year (mm�decade�1), and percentage of change per 10-year (%�
decade�1) for precipitation, and billion cubic meters per 10-year
(� 109 m3�decade�1) and the percentage of change per 10-year
(%�decade�1) for streamflow. Fig. 4 compares the magnitudes of
change trends of the annual average temperature, annual precipi-
tation, and annual streamflow for the eight headwater basins.
The M-K trend test was also conducted for the monthly tempera-
ture, precipitation, and streamflow data that can help understand
the changing trend on a monthly base.

3.2.1. Temperature increased at an accelerated pace
For the 1961–2018 period (Table 4), the AAT has consistently

increased in all eight headwater basins, with change rates ranging
from 0.19 in the Nuxia basin to 0.37 in the Panzhihua basin. How-
ever, the change trends for the 1961–1998 and 1999–2018 periods
showed an accelerated increase in temperature since 1998. The
temperature increase since 1998 was on a trend averaged at 0.37 �
C�decade�1 (Fig. 3 and Table 4), higher than the global change [29]
and about three times the increase rate of 0.13 �C�decade�1 from
1961 to 1998 in the eight subbasins. This increasing trend was at
a pace similar to the predicted change trend for the Shared Socioe-
conomic Pathway (SSP) SSP2-4.5 scenario [23]. Alarmingly the
increasing trend in the Yarlung Tsangpo River basin, the dry and
6



Fig. 4. Magnitudes of change trends for the 1961–2018, 1961–1998, and 1999–2018 periods: (a) annual average temperature, (b) annual precipitation, and (c) annual average
streamflow.
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warm valley described by the locals, was as high as 0.63 �
C�decade�1 (NX), which was at a pace above the predicted 0.56 �
C�decade�1 pace for the SSP3-7.0 scenario.

The statistical Z-value of the M-K test for all months of the year
for the 1961–2018 period showed that the average monthly tem-
perature (AMT) had had an apparent rise in all months in all eight
headwater basins (Fig. 5), although the statistical significance
levels are slightly different. The AMT rise was at significant levels
in all months of the year in the headwater basins of the Yangtze,
Lancang, and Nujiang Rivers and at a significant level for all
7

months except for January, Febuary and April in the Yarlung
Tsangpo headwater basin. The AMT in the headwater basins to
TNH and LZ significantly increased in all other months except April
and May.

To help us understand the seasonal change in temperature, pre-
cipitation, and streamflow, we have compared the percent change
of the monthly averages between the 1999–2018 and 1961–1998
periods (Fig. 6). Figs. 6(a-i) and (a-ii) showed a consistent increase
of AMT for the 1999–2018 period over the 1961–1998 period, and
consistent change patterns geographically. In all headwater basins



Fig. 5. Z-value of M-K analysis to evaluate the change trend of the monthly temperature, precipitation, and streamflow for the 1961–2018 period, in which the dashed lines
are for the Z-value of ±2.49, indicating a significant changing trend at the confidence level of 0.01.
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on the east and northeast sides of the TP, including the Yangtze,
Yarlung Tsangpo, Langcang, and Nujiang Rivers, AMT has had a
moderate increase in the summer months and a significant
increase in the winter months since 1998. On the north side of
the TP for the Yellow River, although the moderate temperature
increase was in the summer and a significant increase was in the
winter, the largest increase was delayed to February. The substan-
tial rise in December, January, and February could imply less snow-
freezing and reduced ice accumulation [17]. The moderate increase
in temperature may magnify the thawing of snow, glacier, and per-
mafrost. The combined effect of temperature increases in the sum-
mer and winter with paces between the SSP3-4.5 and SSP3-7.0
predictions could accelerate the retreat and even disappearance
of glaciers in the TP.

3.2.2. Temporal and spatial changes of precipitation
Unsurprisingly, the change points for precipitation were

insignificant except for ZMD. For consistency with the tempera-
ture, this study divided the time series data for precipitation into
the 1961–1998 and 1999–2018 periods.

Our analysis indicated the annual average precipitation (AAP)
was on an increasing trend from 1961 to 2018 in all headwater
basins, with change rates ranging from 0.24 to 10.83 mm�decade�1.
AAP was also on the increasing trend in all headwater basins for the
1961–1998 period, with change rates of 0.36–8.52 mm�decade�1.
However, the change trend of AAP has had major shifts since
1998. The AAP on the east part of the TP, including the headwater
basins of the Yangtze, Yarlung Tsangpo, Langcang, and Nujiang Riv-
8

ers, turned to be on decreasing trends with change rates from �7.2
to �72.72 mm�decade�1. On the contrary, in the headwater basins
for the Yellow River, the AAP for the 1999–2018 period was higher
than the 1961–1998 period and on an increasing trend as high as
89.87–101.26 mm�decade�1 (Table 4).

Climate change in the TP region has also resulted in an apparent
interannual variation of precipitation (Fig. 6). The average monthly
precipitation (AMP) in the headwater basins for the Yangtze, Yar-
lung Tsangpo, Langcang, and Nujiang Rivers was reduced in
November and December but had increased in all other months.
In the Yellow River headwater basin, AMP had increased for all
months except for July and August.

3.2.3. Change of headwater streamflow and contributing factors
Changes in precipitation had direct impacts on the streamflow

and glacier retreat, snow melting, permafrost degradation, and
change of land surface conditions subsequently had indirect
impacts on streamflow through altered hydrological processes.
Statistically, there has been an overall increase of streamflow for
all headwater basins on the east part of the TP region except for
JZ for the 1961–2018 period, among which the change rate at
ZMD, PZH, CD, and JYQ was greater than 2%�decade�1. However,
the streamflow of the TNH and LZ headwater basins of the Yellow
River had a decreasing trend for the 1961–2018 period with a per-
cent change greater than �2%�decade�1. Such a conclusion is con-
sistent with the findings of Zhang et al. [12]. However,
understandably the change characteristics from statistical analysis
would be different if we analyze the time series data for different



Fig. 6. Change of the monthly (a) temperature in the degree of Celsius, (b) precipitation, and (c) streamflow in percent changes (%) between the1999–2018 and 1961–1998
periods. (i) ZMD, PZH, CD, JZ, JYQ, and NX; (ii) TNH and LZ.

Table 5
Correlation between annual precipitation and streamflow in 1961–2018, 1961–1998,
and 1999–2018 periods.

Basin 1961–1998 1999–2018 1961–2018

ZMD 0.66 0.60 0.68
PZH 0.85 0.71 0.79
CD 0.72 0.74 0.74
JZ 0.85 0.73 0.81
JYQ 0.80 0.76 0.78
NX 0.79 0.74 0.74
TNH �0.13 �0.41 �0.24
LZ 0.68 0.18 0.41
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periods. In this study, we were particularly interested in the impact
of abrupt temperature since 1998 on streamflow.We found notice-
able shifts of change trends of precipitation and streamflow for the
periods before and after 1998.

As seen in Table 4, precipitation for all eight subbasins was on
an increasing trend for the 1961–1998 period but turned to a
decreasing trend on the east part of the TP region and an acceler-
ated increase trend for the Yellow River headwater subbasins from
1999 to 2018. As the results of combined effects of precipitation,
glacier and snow melting, and permafrost thawing, streamflow
shifted from negative change rates of �4.60%�decade�1 and
�5.87%�decade�1 before 1998 to positive rates of 13.03%�decade�1

or 1.740� 109 m3�decade�1 and 17.25%�decade�1 or 2.69� 109 m3-
�decade�1 after 1998 at ZMD and CD, although the precipitation
was on a decreasing trend after 1998. Such changes in the headwa-
ter basins may have been due to the increased snow and glacier
melting that compensated for the loss of recharge from
precipitation.
9

However, at PZH, downstream of ZMD, and at JZ, downstream of
CD, streamflow had an accelerated pace of reduction with negative
rates of �5.88 � 109 m3�decade�1 (�10.43%�decade�1) and �5.08
� 109 m3�decade�1 (�16.89%�decade�1), respectively for the



Table 6
Contributions of rainfall (R), snow melt (S), and glacier melt (G) to streamflow of the headwater basins and the river basins.

River basin Headwater basin area
(km2)

Subbasin area
(%)

Land surface cover Contribution to the
headwater basin
streamflow [33]

Contribution to
the river basin
streamflow [33]

Glaciated area
(%)

Snow cover area
(%)

Permafrost area
(%)

R
(%)

S
(%)

G
(%)

R
(%)

S
(%)

G
(%)

Yangtze River 137 704 7.65 0.93 99.07 97.84 71.30 22.20 6.50 5.45 0.33 0.06
Yellow River 121 972 16.21 0.10 99.90 52.27 76.80 22.40 0.80 12.45 8.13 0
Langcang 53 512 6.73 0.43 99.57 38.35 77.70 20.90 1.40 5.23 0.69 0.01
Nujiang River 73 632 22.66 1.28 98.72 42.87 74.80 20.40 4.80 16.95 2.43 0.06
Yarlung

Tsangpo
201 809 37.17 10.18 89.82 33.26 65.40 23.00 11.60 24.31 2.20 1.18
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1999–2018 period, which was more coincide with the changing
trend of precipitation in the area. Streamflows at JYQ and NX were
also on a decreasing trend with change rates of �3.03 � 109 m3-
�decade�1 (�12.11%�decade�1) and �5.45 � 109 m3�decade�1

(�9.12%�decade�1) from 1999 to 2018, which were quite
significant.

For the Yellow River, the streamflow change trends at the TNH
and LZ stations were reversed from decreasing for the 1961–1998
period to increasing since 1998. The increasing rates at both gaging
locations were as high as 2.47 � 109 m3�decade�1 (8.04%�decade�1)
and 4.39 � 109 m3�decade�1 (14.29%�decade�1), respectively,
which positively responded to the increased precipitation of as
much as 101.26 and 89.87 mm�decade�1 in the TNH and LZ
subbasins.

It is apparent that there were significant differences in the
change characteristics of precipitation and streamflow for analysis
based on the 1961–2018 period and when the data were divided
into the 1961–1998 and 1999–2018 according to the abrupt
change point for temperature. The comparative analysis in this
study showed dividing the time series data based on the change
point would be more informative and also imperative for trend
analysis.

We have also conducted the correlation analysis between pre-
cipitation and streamflow to understand how significantly the pre-
cipitation would have impacted the streamflow for the 1961–2018,
1961–1998, and 1999–2018 periods (Table 5). Correlation coeffi-
cients indicated that streamflow in the headwater basins of the
Yangtze, Yarlung Tsangpo, Langcang, and Nujiang Rivers correlated
well with precipitation (Table 5), with correlation coefficients
ranging from 0.66–0.85 for the 1961–1998 period and 0.60–0.76
for the 1999–2018 period. The slightly reduced correlation with
precipitation could imply that snow and glacier melting played
an increasing role in the streamflow due to accelerated warming
in the region. For the Yellow River, streamflow at TNH was nega-
tively correlated with precipitation. In contrast, at Lanzhou, the
correlation coefficient for the 1961–1998 period was 0.68 but
dropped to 0.18 for 1999–2018 due to human activities such as
water withdrawal and damming for hydropower. Although the
melting glaciers in the TP are predicted to cause a reduced water
supply in the coming decades [4,17,30,31], in the headwater basins
for the Yangtze, Yarlung Tsangpo, Langcang, and Nujiang Rivers,
rainfall and snowmelt contribute to more than 89% of the stream-
flow, less than 11.60% of the streamflow was from glacier melt
(Table 6) [32].
4. Conclusions

In conclusion, our analysis indicated that the AAT in the head-
water basins of these five major rivers has been increasing on a
trend averaging 0.37 �C�decade�1 since 1998, more than triple
10
the increasing rate for the 1961–1998 period; such a change is at
a pace similar to the SSP2-4.5 scenario. The increase in the Yarlung
Tsangpo River Basin was alarmingly as high as 0.63 �C�decade�1,
even above the predicted 0.557 �C�decade�1 for the SSP3-7.0
scenario.

Precipitation in the headwater basins for the Yangtze, Yarlung
Tsangpo, Langcang, and Nujiang Rivers had an apparent reduction
since 1998, with a change rate of �7.2 to �72.7 mm�decade�1. In
contrast, precipitation in the headwater basins of the Yellow River
had a significant increase since 1998, with a trend as high as 89.
87–101.26 mm�decade�1.

Although glacier retreat has had and will have a profound
impact on river runoff, the change in precipitation has had a signif-
icant impact on the change in streamflow characteristics. The
increased precipitation in the TNH and LZ basins contributed to
the increase of streamflow at rates of 2.47 � 109 m3�decade�1

(8.04%�decade�1) and 4.39 � 109 m3�decade�1 (14.29%�decade�1),
respectively. On the other hand, as a result of the reduced precip-
itation, streamflow in the headwater basins for the Yangtze, Yar-
lung Tsangpo, Lancang, and Nujiang River basins has been
dropping, with flow reduction rates ranging from �9.12%�decade�1

to �16.89%�decade�1. Such change trends caused by climate
change in the TP region may lead to a water crisis in China and
Southeast and South Asia.

Seasonally, the significant increase in temperature in the winter
and moderate growth in the summer could change the freezing
condition of snow and glacier and the thawing of permafrost in
the region. The AMP in the southeastern TP areas was reduced in
November and December, possibly due to reduced snowfall, but
increased from April to June. In the Yellow River headwater basin,
AMP was reduced in July and August but increased for all other
months. The streamflow had an apparent increase from November
to March of next year but a decrease in streamflow around the
summer, particularly in August, in all headwater basins.

Such changes reflected the altered seasonal hydrological char-
acteristics in these river basins due to the impact of global warm-
ing on temperature and the subsequent glacier retreat, reduction of
snow cover and depth, degradation of permafrost, changes in pre-
cipitation, etc. The comparative analysis in this study showed
dividing the time series data based on the change point would be
more informative and also imperative for trend analysis.
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