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Abstract. Although evidence of hydrological responses to climate is abundant, changes in water yield (WY)
in mountainous regions due to climate change and intensified cryospheric melt remain unclear, mainly
because of limited observations and large uncertainties in cryosphere-hydrological modeling. In this study,
we used annual runoff observations and a high-resolution precipitation dataset to examine the long-term
changes in WY in the Upper Brahmaputra River (UBR) basin, as represented by six sub-basins from the
stream head to downstream. We found that WY generally increased during 1982-2013, but regime shifts
were detected in the late 1990s. Moreover, the direction of the changes in WY reversed from increasing to
decreasing in recent years despite the magnitude of the changes continually increasing from less than 10% to
80.5%. Furthermore, we used the double mass curve technique to assess the effects of climate, vegetation,
and the cryosphere on WY. The results showed that the climate and cryosphere together contributed to over
80% of the magnitude increases in WY over the entire UBR basin. However, the combined effects were
either offsetting or additive, further leading to slight or substantial magnitude increases, respectively, in
which the role of vegetation was nearly negligible. Nevertheless, we found that meltwater from the
cryosphere had the potential to alleviate the loss of water availability, which mainly resulted from reduced
effective precipitation in most regions. Therefore, the combined effects of climate and cryosphere changes
should be considered in ecological restoration and water resources management, particularly involving co-

benefits for upstream and downstream regions.
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30 1 Introduction

31 Water yield (WY) in mountains is crucial for sustaining fragile ecosystems in the headwaters, supplying
32 valuable freshwater resources to downstream lowlands, and balancing co-benefits between the upstream
33 and downstream areas, especially for large transboundary river systems (Viviroli et al., 2011). In
34 mountainous regions, changes in WY have been commonly, but separately, attributed to climate changes
35 (Dierauer et al., 2018; Song et al., 2021), vegetation (Goulden and Bales, 2014; Zhou et al., 2021), and the
36 cryosphere (such as glacial snow melt; see Kraaijenbrink et al. 2021). These changes are expected to alter
37 the spatial and temporal distribution of water resources (Tang et al., 2019) and further threaten the water
38 supply and food security downstream (Biemans et al., 2019). Despite some in situ observations and runoff
39  estimates from state-of-the-art remote sensing technology, the total river runoff for the Third Pole, which is
40 also known as the “Asian Water Tower,” has never been reliably quantified, and its responses to climate
41  change remain unclear (Wang L et al., 2021). Therefore, comprehensively assessing the impacts of the
42  climate, vegetation, and cryosphere on long-term changes, particularly in magnitude and direction, in WY
43 in this region is of great importance for the sustainable development of water resources and ecological
44 environment (Yao et al., 2019).

45 The Qinghai-Tibet Plateau (QTP), regarded as the center of the Third Pole, is one of the most
46 sensitive and vulnerable mountainous regions to environmental changes (Kang et al., 2010; Yao et al.,
47 2010, 2019) and supplies water resources for major rivers in Asia, such as Brahmaputra, Salween, Mekong,
48 Yangtze, Yellow, and Indus Rivers. Changes in WY in this region are a crucial factor in the use of water
49 resources, prevention of natural disasters, and protection of aquatic functions for the livelihoods of
50 approximately two billion people in the area (Immerzeel et al., 2010). In recent years, changes in the
51  climate, vegetation, and cryosphere have significantly affected the WY over the QTP (Bibi et al., 2018).
52 For example, Fan and He (2015) highlighted the effects of precipitation on the direction of change in WY
53  over the Salween and Mekong River basins. Li et al. (2020) determined that elevated precipitation and
54 warming-induced changes in glacial snow patterns both contributed to the magnitude of the increase in
55 WY for the Tuotuo River (a headwater of the Yangtze River). Similarly, Lutz et al. (2014) projected that
56 increased precipitation near the Salween and Mekong Rivers and accelerated meltwater near the Indus
57 River caused major changes in WY. Moreover, the role of vegetation in mountain water resources is
58 important. Li et al. (2017) showed that increased evapotranspiration, mostly due to grassland restoration,
59  decreased the WY in the Yangtze River basin, while Li et al. (2021) suggested that vegetation greening
60  was mainly linked to the positive WY trend during the dry season over the Brahmaputra River.

61 Although a growing body of evidence has shown that WY is affected by climate, vegetation, and
62 cryosphere in the QTP, most studies have focused on individual sub-basins and have not considered these
63 three aspects together throughout this large and understudied region (Dierauer et al., 2018; Goulden and
64 Bales, 2014; Kraaijenbrink et al. 2021; Song et al., 2021; Zhou et al., 2021). Therefore, previous results
65 may not fully reveal the spatial variability in the region. Of specific interest is the Upper Brahmaputra
66 River (UBR) basin, which covers an area of over 198,636 km? (Table S1) and has large gradients in
67  elevation, climate, and vegetation (Li et al., 2019b). Therefore, providing a comprehensive, spatially
68 differentiated study of the WY changes in the UBR basin that considers the joint effects of the climate,

69 vegetation, and cryosphere is imperative. However, studies of WY changes in this region are significantly
3
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hindered by the sparse network of hydrological observation stations (Li et al., 2019b; Wang L et al., 2021,
Yao et al., 2019), which leads to large uncertainties in WY forecasts and, thus, water resources assessments.
In addition, current precipitation estimates are highly uncertain owing to the complex topography of the
region, which limits the ability to accurately model the relationships between precipitation and runoff (Sun
and Su, 2020). Lastly, the present limited understanding of WY responses to the joint interaction of the
climate, vegetation, and cryosphere has become the biggest challenge for developing accurate physically-
based cryosphere-hydrological models (Pellicciotti et al., 2012). Nevertheless, long-term runoff data and
high-resolution satellite records of climate and vegetation cover provide a potential pathway for
determining their relationships using statistical methods.

In this study, we collected annual runoff data for 1982—2013 from six hydrological stations to detect
long-term changes in the WY over the UBR basin. In addition, a modified double mass curve (DMC)
method was implemented to assess the influence of climate, vegetation, and the cryosphere on WY.
Accordingly, the main objectives of this study were to identify the magnitude and direction of changes in
WY based on observed runoff data and quantify the contributions of the climate, vegetation, and
cryosphere to these changes. This study can provide a reference for physical-based cryosphere-
hydrological modeling and important information for water resources and ecosystem management over the

UBR basin and other mountainous regions.

2 Data and Methods
2.1 Study area

The Brahmaputra River (known as the Yarlung Zangbo River, or YZR, in China), a transboundary river in
the southern QTP, originates in the Gyama Langdzom Glacier and flows across China, India, and
Bangladesh, before emptying into the Indian Ocean. The UBR basin is located above the Nuxia
hydrological station (Fig. 1a), and its flow has significant implications for the ecology of the source region
and freshwater resources of South Asia. Here, we divided the UBR basin into the headstream (HYZR),
upstream (UYZR), midstream (MYZR), downstream (LYZR), Nianchu River (NCR), and Lhasa River
(LSR) by hydrological stations (Fig. 1b and Table S1), and analyzed WY changes over these six sub-basins
to reveal spatial differences.

The elevation gradient and the distance to the ocean in the UBR basin together contribute to a large
spatial variability in the climate (Sang et al., 2016; Wang Y et al., 2020, 2021). The annual precipitation in
the HYZR basin is less than 400 mm, while that in the LYZR basin is nearly 1000 mm (Fig. S1). Similarly,
the annual actual evapotranspiration (AET) increases gradually from upstream to downstream areas (Fig.
S1). Meanwhile, water and energy availability modulate the vegetation conditions (Li et al., 2019a);
vegetation cover increases dramatically from the HYZR to the LYZR basin (Fig. S1). Furthermore, glacial
snow meltwater from the cryosphere due to warming conditions has substantially affected the hydrology of
this region (Cuo et al., 2019; Yao et al., 2010; Wang L et al., 2021).
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Figure 1. Location of (a) the Upper Brahmaputra River (UBR) basin over the Qinghai Tibet Plateau; (b) the six sub-
basins delineated by the Lhatse, Nugesha, Shigatse, Yangcun, Lhasa, and Nuxia hydrological stations; and (c) the
distribution of land use types and percentage of area covered by glaciers and snow in 2015, provided by National
Tibetan Plateau Data Center (http://data.tpdc.ac.cn).

2.2 Dataset
2.2.1 Runoff data

Annual runoff data between 1982 and 2013 from six hydrological stations along the mainstream and major
branches, which were provided by the Hydrology and Water Resources Survey Bureau of the Tibet
Autonomous Region, were used in the study. The WY in the HYZR was determined by the runoff
observed at the Lhatse hydrological station, while the WY in other sub-basins was determined by the
difference between runoff observed from gauging stations located at the downstream station and that at the
upstream and branch stations. For example, WY in the MYZR basin was equal to the difference between

the observed annual runoff in the Yangcun hydrological station and that in the Lhasa and Nugesha stations
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119  (Fig. 1b).

120 2.2.2 Climate data

121 The most recent 10 km gridded daily precipitation dataset was obtained from Sun and Su (2020), which
122 combined topographic and linear correction approaches based on 262 rain-gauge observations, and was
123 applied to estimate regional annual precipitation (P) in this study. Regional annual AET was acquired from
124  the Global Land Evaporation Amsterdam Model (GLEAM) products with a spatial resolution of 0.25°
125 (Martens et al., 2017). The effective precipitation (eP) was regarded as a proxy for climate in this study and

126 was calculated as the difference between P and AET, as shown in Section 2.3.2.

127 2.2.3 Vegetation data

128  The leaf area index (LAI) data used in this study were obtained from the Global Inventory Monitoring and
129 Modelling System (GIMMS) (https://ecocast.arc.nasa.gov/data/pub/gimms), and spanned 1982 to 2015
130  with a spatial resolution of 8 km %8 km. GIMMS LAI3g (Zhu et al., 2013) was generated using an
131  artificial neural network trained on the Collection Terra Moderate Resolution Imaging Spectroradiometer
132 (MODIS) LAl product and the latest version of GIMMS NDVI3g (normalized difference vegetation index)
133  data for the same period, which has been proven to have an improved multi-sensor record harmonization
134 scheme compared to other global LAI products (Forzieri et al., 2020; Gonsamo et al., 2021). Note that all
135  gridded data were aggregated to regional values over each sub-basin on an annual time scale from 1982 to

136 2013, considering area-weighted effects.

137 2.3 Methodology
138  2.3.1 Trend and abruption analysis

139 In this study, we used the non-parametric Mann—Kendall test (Kendall, 1938; Mann, 1945) to identify the
140  trends in WY, and the non-parametric Pettitt abrupt detection method (Pettitt, 1979) to identify the turning
141 points (TP) in WY. The level of significance was set at 0.05. We compared the average WY before and
142  after each TP to reflect the magnitude of WY changes, and compared the trends before and after each TP to
143 reflect the direction of the changes.

144 2.3.2 Double mass curve

145 In a large and pristine mountainous river basin with diverse vegetation, climatic variability, cryospheric
146 melt, and vegetation dynamics are the three primary drivers of hydrological variation. Climatic variability
147 is typically more dominant and can often obscure the effects of other changes on hydrology (Cong et al.,
148  2009). The climatic effects on the annual WY must be excluded to enable quantification of the relative
149 contributions of the cryosphere and vegetation. According to the river basin water balance, the WY is
150  determined by the difference between precipitation, evapotranspiration, and changes in soil water storage.
151 Annual changes in soil water storage can generally be assumed to be constant and minor terms in the water
152 balance equation (Wei et al., 2009; Zhang et al., 2001); therefore, WY is mainly affected by precipitation
153 and evapotranspiration. Furthermore, precipitation has been proven to be the dominant factor for runoff

154  variation in the UBR basin (Li et al., 2019b; Wang Y et a., 2021; Xin et al., 2021). Hence, we defined the
6
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155  difference between precipitation and evapotranspiration as eP for WY, which was used as an integrated
156 index for climatic variability in this study.

157 Unlike the traditional DMC method, where the accumulated WY from the disturbed watershed is
158 plotted against the accumulated WY from an undisturbed watershed, the modified DMC plots accumulated
159 annual WY versus accumulated annual eP in the URB basin. Specifically, the modified DMC used in this
160 study is a plot of the cumulative data of one variable versus the cumulative data of another related variable
161 in a concurrent period. It has previously been used to assess the effects of climate (Gao et al., 2011), forest
162  disturbance (Wei and Zhang, 2010), wildfire (Hallema et al., 2018), and the cryosphere (Brahney et al.,
163 2017) on water resources. Here, we built two types of DMC plots to assess the effects of climate (eP),
164  vegetation (LAI), and the cryosphere on WY changes over the entire UBR basin (which are shown in Fig.

165  S2).
166 First, the inter-annual total WY deviation (AWY(t), black diamond in Fig. S2) can be calculated as the
IO
167 difference between WY after a TP (WY(t)) and the average WY before that TP (% ), as follows:
p
> TPWY (1)
168 AWY (t) :WY(t)—%,t=tp+1,tp+2,...,32 (1)
p
169 Second, the regression equation between the cumulative eP (ZeP) and cumulative WY (ZWY)
170  before the TP can be constructed as follows:
171 D WY =a, > eP+b )
172 Similarly, the regression equation between the cumulative LAI (Z LAl ) and cumulative WY (ZWY )
173 before the TP can be constructed as follows:
174 D WY =a,) LAl +b, (3)
175 Third, WY changes caused by climate change (WY, (t)) can be calculated by inputting the cumulative

176  eP after the TP into Eq. 2. Therefore, the WY deviation caused by climate change ( AWY, (t), blue bar in

177 Fig. S2) can be calculated as follows:

> WY (1)
178 AWY, (t) :WYC(t)—"t—,t=tp+1,tp+2,...,32 (4)
p
179 Similarly, the WY changes caused by vegetation (WY, (t)) were calculated using Eq. 3, and the WY

180  deviation caused by vegetation (WYy, tan bar in Fig. S2) can be calculated as follows:

> WY (1)
181 AWY, (1) :WYV(t)—+,t:tp+l,tp+2,...,32 (5)
p
182 Finally, the WY deviation caused by the cryosphere ( AWY,, red bar in Fig. S2) can be calculated as:
183 AWY, (t) = AWY (t) — AWY, (t) — AWY, (t) (6)
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184  2.3.3 Attribution analysis on changes in water yield

185 The average effects of climate, vegetation, and cryosphere on the magnitude of the changes in WY were

186 calculated as follows:

t=32
WY,_(t)
AWY. = t=t+1 c
187 c —32_ tp
T = a0
188 v 2-1p (7)
t=32
_ WY, (1)
189 AWY, = 20
32—-tp
190 The relative contribution (RC), ranging from 0 to 100, of climate, vegetation, and cryosphere changes
191 on the magnitude can be calculated as follows:
AWY
192 RC, = =
|AWY, |+ [AWY, | +|awY,
AWY,
193 RC, = = (8)
[AWY, -+ [AWY, |+ [aWY,
AWY,
194 RC, = =
|AWY,|+[AWY, |+ [awy,|
195 In addition, we used the Pearson correlation coefficient (r) to quantify the relationships between the

196  total WY deviation (AWY (t)) and its components, which were the WY deviation caused by climate

197  (AWY,(t)), vegetation (AWY,(t)), and cryosphere (AWY, (t)). The Student’s t-test was used to detect

198 statistical significance for the Pearson’s correlation coefficient at a level of 0.05.

199  3Results
200 3.1 Long-term changes in historical water yield

201 The detection of long-term changes in WY from 1982 to 2013 over the entire UBR basin is illustrated in
202 Fig. 2. We found that there was great spatial variability in the annual WY (Fig. 2a). The mean annual WY
203  was highest in the LYZR basin (over 600 mm), followed by that over the LSR basin (nearly 400 mm).
204 However, the mean annual WY in the HYZR and NCR basins was less than 100 mm. The spatial
205  variability in annual WY was consistent with that of precipitation (Fig. S3), which was mainly determined
206 by elevation and distance to the ocean (Sang et al., 2016). WY generally increased during the study period,
207  as shown by the positive slope in Fig. 2b, which is in agreement with previous studies on a single basin (Li
208  etal., 2021; Lin et al., 2020; Zhang et al., 2011). However, a significant trend was only detected in the
209  UYZR and MYZR basins (hatched areas in Fig. 2b) in this study.



https://doi.org/10.5194/hess-2022-60

Preprint. Discussion started: 17 February 2022

(© Author(s) 2022. CC BY 4.0 License.

210

211
212
213
214
215

216
217
218
219
220
221

222

223
224
225
226
227
228
229
230
231
232
233
234
235
236

Hydrology and
Earth System

Sciences
Discussions
(a) (c)
600
31 1998 °
= 500 ]
=30 1997 i [ . °
v 400 . H y ! i '
2 E g f !
E 1996 | ®
%2 300 :
5
S 200 19951 @
“ 82 84 86 88 90 92 9 100 1994 5 3 3 &
(b) (d)
31 200
F3 6 = 0
%’30 s g—zon
2 4E £
gzg E 5—400
S 2 -600
s -800
82 84 86 88 90 92 94 S oS TSI
Latitude (°E) L LIS F P IR

Figure 2. Long-term water yield changes over the six sub-basins, covering the entire UBR basin. (a) The mean annual
values by averaging water yield from 1982 to 2013. (b) The temporal variation trends detected by the Mann-Kendall
Sen’s slope. The black hatching represents statistically significant (p < 0.05) trends. (c) The turning points (TP) as
detected by the Pettitt method. (d) The cumulative water yield anomaly (CA) curve. The solid green line represents the
ensemble expectation of the cumulative water yield anomaly curves for the entire UBR basin (green shading).

We used the Pettitt method to identify the TPs in the WY over the entire UBR basin. The TPs mainly
occurred during the late 1990s; however, the abrupt change detected in some sub-basins was not
statistically significant (Fig. 2c and Table. S2). Similarly, the cumulative anomaly curve (Fig. 2d) showed
that WY decreased prior to the late 1990s and then increased over the entire UBR basin, which further
complemented the results obtained from the Pettitt method. Our results agree with lake area changes in the
Tibetan Plateau (Zhang et al., 2017) and climate shifts in the UBR basin (Li et al., 2019b).

3.2 Regime shifts in historical water yield

Based on the TPs, we divided the study period from 1982 to 2013 into before and after TP periods, and
analyzed the magnitude and direction of the WY changes over the entire UBR basin. Figure 3 shows that
the WY increased from 9.5 to 130.9 mm, with high spatial variability. The slight increase observed in the
HYZR and LYZR basins accounted for less than 10% of the mean annual water yield before the TP.
Nevertheless, a substantial increase in WY of 61.6% and 80.5% was found in the UYZR and MYZR
basins, respectively. In addition, higher standard deviations were detected for WY after TP, suggesting
more dramatic variability in the entire UBR basin in later years.

For the direction of the WY changes, we found that the change in WY was positive before the TP but
became negative afterward in most sub-basins. A significant decreasing trend was detected after the TP in
the UYZR, NCR, and LSR basins. In contrast, although the WY in the MYZR basin increased during two
periods, the rate of increase had slowed, as the positive trend after the TP (3.64 mm yr, p > 0.05) was less
than that before the TP (8.95 mm yr %, p < 0.05). Overall, we found that regime shifts in the WY occurred
in the late 1990s over the entire UBR basin; the magnitude of the WY changes generally increased, while

the direction of the changes reversed or slowed.
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238 Figure 3. Water yield regime shifts over the entire UBR basin. (a) Magnitude of the water yield changes. The error bars
239 represent the standard deviation of the water yield before (light green) and after turning point (TP) (green). (b)
240 Direction of the water yield changes. The black hatching represents a statistically significant (p < 0.05) trend.

241 3.3 Attribution analysis on magnitude increases in water yield

242 As shown in Fig. 4, we quantified the contributions from climate (eP), vegetation (LAI), and the
243  cryosphere on the WY magnitude increases over the entire UBR basin. We found that the changes in the
244 cryosphere contributed to over half of the magnitude increases in the HYZR, UYZR, NCR, and MYZR
245  basins. However, climate played a more important role in the magnitude increase in the LSR and LYZR
246 basins, with relative contributions of 55.4% and 46.0%, respectively. In contrast to the dominant roles of
247  the climate and cryosphere, vegetation had a consistently positive contribution to the magnitude increases
248 in WY over the entire UBR basin, although the relative contributions of 5.6% in the HYZR basin and 19.9%
249 in the LYZR basin were much less than those from the changes in the climate and cryosphere.

250 The climate and cryosphere — two important factors influencing the magnitude change in WY —
251  together contributed over 80% to the magnitude increases over the entire UBR basin; however, they played
252 both additive or offsetting roles (Fig. 4), resulting in slight or substantial WY increases (Fig. 3). For
253 example, although the cryosphere change resulted in increases of 28.3 mm and 30.3 mm in the HYZR and
254 NCR basins, the negative contributions from climate offset a considerable part of these increases resulting
255 in the slight increase after the TP in these regions. Additionally, the positive contribution from climate
256  offset the negative contribution from the cryosphere in the LSR and LYZR basins, which resulted in a
257 similar slight increase in WY. However, the additive effects from the climate and cryosphere change lead
258  to substantial increases in WY from 162.6 mm to 293.5 mm in the MYZR basin and from 164.9 mm or
259  266.5 mmin the UYZR basin.

260

261

10
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Figure 4. Attribution analysis of the magnitude increase in the water yield due to climate (blue bar), vegetation (tan
bar), and the cryosphere (red bar), and their relative contributions (the bar on the top) in each basin. The error bars
represent the standard deviation of the water yield changes caused by the various drivers (see Fig. S2).

3.4 Attribution analysis on direction shifts in water yield

In this study, Pearson’s correlation coefficient was applied to determine the role of the climate, vegetation,
and cryosphere in the reversed or slowed WY trend after the TPs, as shown in Fig. 3b. The climate played
a dominant positive role in influencing the direction of the WY changes after the TP in most sub-basins
(Fig. 5), which was supported by correlations ranging from 0.41 (LYZR basin) to 0.93 (LSR basin).
However, the changes in WY induced by the cryosphere instead determined the decreasing trend in WY
over the HYZR basin (r = 0.76, p < 0.05). Compared to the significantly positive role of climate, however,
cryosphere-induced changes in WY in the UYZR, NCR, and LSR basins exhibited a negative correlation
with the decreased WY after the TP. This suggests that meltwater from the cryosphere alleviated the loss of
water resources in these regions. In addition, this effect was also detected in the MYZR basin, and together
with that of climate, contributed to the increasing trend in the WY in this sub-basin. Despite the weak
contribution from vegetation compared to that of the other two drivers (Fig. 4), its positive role in WY
decline after the TPs was more apparent in the drier sub-basins (such as HYZR, UYZR, and NCR),

whereas the correlation was negative in the humid LYZR basin.
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Figure 5. The relationship between the time-series of the total water yield deviation (AWY(t), x-axis) and its
components (y-axis) induced by climate (AWYc(t), blue point), vegetation (AWY.(t), tan point), and cryosphere (AWYs(t),
red point), respectively. The shading area indicates the 95% confidence interval of the fitting. n indicates the number of
years after the TP, which was determined by the Pettitt method (See Fig. 2c and Table S2).

4 Discussion

The changes in water yield can primarily be attributed to climate change and the cryosphere; nevertheless,
they are affected by a complex variety of factors (Harris et al., 2018; Liu et al., 2020; Peng et al. 2017),
such as vegetation, snow cover, permafrost, hydrology, and soil properties. Accurate monitoring of
cryospheric processes is essential for understanding the changing composite interactions in alpine regions
and predicting regional responses to climate warming (Yao et al., 2019). Although some in situ
observations have included more physical variables, such as soil moisture and temperature monitoring
networks in Naqu and Pali (Chen et al. 2017) and observations of snow and glacial melt runoff in glacier-
fed basins (Zhang et al. 2016), there remain large unassessed areas in the UBR basin. The harsh climate
and environmental conditions in these regions remain quite challenging to accurate cryosphere-
hydrological modeling. In this study, with the support of the Hydrology and Water Resources Survey
Bureau of the Tibet Autonomous Region, we collected long-term runoff-gauge data throughout the UBR,
examined historical water yield changes, and provided a useful alternative statistical method to physical
modeling approaches that can be applied to large-scale alpine river basins to quickly partition the effects of
climatic and cryospheric changes on the hydrological regime. Nevertheless, further numerical modeling
tools with coupled cryospheric and hydrospheric processes and comprehensive observational data (e.g.,
Wang et al. 2017) should be developed to better physically and comprehensively understand the
mechanisms of the runoff variations in the UBR basin.

Previous studies have demonstrated an increasing trend in WY over the LSR (Lin et al., 2020), LYZR
(Zhang et al., 2011), and UBR basins (Li et al., 2021). In this study, we provided further evidence of the
long-term trends in WY changes in the above regions, and, furthermore, conducted trend analysis for other
regions that have received less attention in the existing literature. Our results comprehensively indicated a

general increase in WY (Fig. 2a) over the entire UBR basin. Furthermore, we extended the duration of the
12
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runoff observations to 2013 and found that regime shifts in WY occurred during the late 1990s over the
entire UBR basin. Moreover, the magnitude of WY increased (Fig. 3a), but the direction of WY reversed
or slowed after the TPs (Fig. 3b). To the best of our knowledge, these regime shifts in the WY have not
been reported in previous studies.

Our results indicated that the climate and cryosphere were important factors for magnitude increases
in WY throughout the UBR basin, but their relative contribution varies across regions. Climate explained a
greater increase in WY in downstream regions, while cryospheric changes were more important in
upstream regions (Fig. 4); this matches the relative importance of meltwater from the cryosphere to
streamflow (Fig. S4). According to Biemans et al. (2019), meltwater from the cryosphere is the most
important water source in the upper regions of the Indo-Gangetic Plain, supplying over 40% of the total
WY upstream but less than 30% downstream. The effect of vegetation on changes on WY was much less
than that of the climate and cryosphere (Fig. 4 and Fig. S2). Additionally, offsetting or additive effects
from climate and cryosphere changes were detected in this study (Fig. 4), which led to either slight or
substantial increase in WY in each region of the UBR basin (Fig. 3a). The additive effect is beneficial for
mitigating drought, but it could exacerbate the flood risks due to increased precipitation and accelerated
melting of the cryosphere in the future (Immerzeel et al., 2013). More importantly, the combined effects
often hinder the roles of each driver in hydrological changes, which should be considered when designing
water management strategies and ecological restoration engineering (Wei et al., 2018; Zhang and Wei,
2021).

Although climate and cryosphere together contributed to the magnitude increases in WY throughout
the UBR basin, climate remained the most important factor controlling the declining WY in most regions
(Fig. 5). Simultaneously, significant cryosphere changes due to global warming influenced the direction of
the WY changes, which is supported by glacier retractation (Yao et al., 2010) and several modeling studies
(Lutz et al., 2014; Zhang et al., 2020; Wang Y et al., 2021). Similarly, our study indicated that meltwater
from cryospheric changes has the potential to alleviate reduced water resources in most regions (Fig. 3b).
However, in the HYZR basin, the decline in cryosphere-induced WY became a more important driver of
the decreasing WY trend after the TP, which was inferred from the strong positive correlation (r = 0.76, p
< 0.05, Fig. 5). The meltwater from snow and glaciers in the cryosphere accounted for over 60% of the
streamflow in the HYZR basin (Biemans et al., 2019) and was critical for regional ecology; however, our
statistical results suggested a decreasing supply from the cryosphere after the TP in the HYZR basin, which
could be important for ecological restoration in river sources and emphasizes more explicit physical-based
cryosphere—hydrology modeling.

Effective precipitation, an integrated climatic index that was generated by subtracting the actual
evapotranspiration from the precipitation, was used in the DMC method. As shown in Fig. S3, the mean
annual WY of all six sub-basins showed a consistently linear relationship with the corresponding mean
annual precipitation, further proving the dominant role of precipitation in the spatial and temporal
characteristics of the WY throughout the UBR basin. In addition, Wei et al. (2010, 2018) and Zheng et al.
(2009) conducted attribution analyses of the streamflow caused by climate and land surface changes in
large-scale river basins with mountains and diverse vegetation; they indicated that streamflow variation and

climate variability show a linear relationship, which provides solid evidence for the assumption of a linear
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relationship between the WY variation and effective precipitation in the present study. Furthermore, the
results prove that the effects of climate variability could be successfully separated to present a clearer
picture of the cumulative and annual effects of the cryosphere and vegetation changes on the WY in the
UBR basin.

5 Conclusions

In this study, regime shifts in WY were detected during the late 1990s over the UBR basin. The magnitude
of the WY generally increased, but its direction reversed or slowed. We used the DMC method to assess
the effects of the climate, vegetation, and cryosphere on the WY and found that the changes in the climate
and cryosphere had either an offsetting or additive effect, which caused either a slight or substantial
increase in the WY, whereas the role of vegetation was much smaller. Furthermore, the declining or
slowing WY after the TPs was mainly driven by climate in most regions, and notably, meltwater from the
cryosphere had the potential to alleviate reduced water resources. These findings suggest that the combined
effects of the climate and cryosphere should be considered in the sustainable development of water

resources and ecosystems, especially the co-benefits in upstream and downstream regions.
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