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ARTICLE INFO ABSTRACT

Keywords: Study Region: Lancang River Basin (upper reaches of the Mekong River basin within China).
Climate change Study Focus: Complex terranes and diverse climates are a bottleneck for understanding the hy-
TWS

drology of rivers originating from the Tibetan Plateau. This study deals with the impact of climate
change on water storage in the Lancang River Basin, which is governed by the South Asian
monsoon system. We evaluated the spatiotemporal distribution of multi-source precipitation,
evapotranspiration, and terrestrial water storage (TWS) to understand the hydrological system in
the region. We provide evidence of climate change impacts on TWS and basin discharge over an
upstream region of the transboundary river system.

New Hydrological Insights for the Region: The Five Gravity Recovery and Climate Experiment
(GRACE) products and Global Land Data Assimilation System (GLDAS) TWS display analogous
seasonal distribution, even though the amounts differ between them. The GRACE and GLDAS
TWS exhibited a significant negative trend in the basin from 2002 to 2016. However, the Center
for Space Research (CSR-M) at the University of Texas and the Jet Propulsion Laboratory (JPL-M)
mascon solutions concede more severe and much wider TWS reduction than the three spherical
harmonic (SH) solutions. In addition, a downward trend was observed for basin discharge over 15
years as a response to climate change (decreased precipitation and increased evapotranspiration).
Furthermore, we identified a 2-month time lag between precipitation and TWS, which could be a
response to climatic factors along with aquifer properties in a karst dominated region.

River discharge hydrology
Lancang River Basin

1. Introduction

The Tibetan Plateau, known as “Asia’s freshwater tower”, is a source region for East and Southeast Asian rivers that serve nearly
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half of the world population. The region has shown considerable sensitivity to the impacts of climate change and human intervention,
which affect the headwaters of the rivers that originate therein (Ferreira et al., 2020). Therefore, water resource measurements are
crucial for understanding the hydrological cycle and water resource management in this region. Observation of climatic variables is a
practical approach, as changes in climate variables directly affect the hydrosphere, especially in transboundary rivers where the food,
economy, and ecosystem health mainly rely on hydrological and climatic conditions (Liu et al., 2014). The Lancang River originates
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Fig. 1. Digital Elevation Model (DEM) of Lancang River basin.
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from the Tibetan Plateau, and with a total area of 795,000 kmz, it is the 12th longest river in the world, feeding more than 60 million
people in China, Cambodia, Thailand, Vietnam, Laos, and Myanmar (Jing et al., 2020). The Asian monsoon system, especially the East
Asian monsoon and Indian Ocean monsoon systems, are greatly affected by variability in climatic conditions (Wang et al., 2005).
Previous studies have recorded a substantial decrease in precipitation over the past several decades in this region (see, e.g., Hasson
et al., 2016).
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Fig. 2. ESA (2015) landuse map of Lancang River basin.
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Global warming accelerates the hydrological cycle process, intensifying the variations in river discharge, regional evapotranspi-
ration, and precipitation. Hence, rising temperatures in the headwaters of the Lancang River add further stress and alter the stream
flows and their seasonality, which has affected food production and ecosystem services in the basin (Pokhrel, 2018). The most sig-
nificant increase in temperature has been recorded during the winter months (Pokhrel, 2018). Water level measurements in the up-
stream region of the Lancang River before and after dam construction demonstrate similar patterns, suggesting that temperature
variation is the primary driver of variation in water level in the headwater region (Li and He, 2008).

Likewise, terrestrial water storage variations (snow, surface water, vegetation water, groundwater, and soil water) provide critical
information for evaluating water resource deficit at a regional scale (Andrew et al., 2017; Xie et al., 2016; Ferreira et al., 2020).
However, large-scale monitoring of terrestrial water storage (TWS) variations is challenging, as there are limited ground-based
monitoring networks and direct means of measurements (Jing et al., 2019). To unravel the coupled energy, water, and carbon
fluxes between the atmosphere and land surface, land surface models (LSMs) have been developed, providing direct and indirect
measurements in the context of ecological dynamics and human forcing. LSMs are perhaps the most sophisticated tools to estimate
individual components of TWS, especially root zone soil moisture and groundwater assessment, which are far beyond the capacity of
typical microwave and optical sensor-based satellites (JPL, 2018). However, to monitor the temporal gravity field changes on Earth,
the Gravity Recovery and Climate Experiment (GRACE) satellite launched in 2002 provides ease in obtaining unique data (TWS) that
reflects mass transport and redistribution above and beneath the surface of Earth (Landerer and Swenson, 2012b; Seyoum and
Milewski, 2017; Wahr et al., 2004). GRACE provides comprehensive information on vertically integrated water storage changes by
recording gravity field changes on Earth (Jing et al., 2019; Landerer and Swenson, 2012b;Landerer and Swenson, 2012b) and offers
more direct ways of TWS estimations than LSMs (Jing et al., 2019). GRACE provides TWS data in two versions: mascon (M) and
spherical harmonic (SH) solutions calculated by mass concentration blocks (mascons) and standard spherical harmonic approaches
(Scanlon et al., 2016b; Landerer and Swenson, 2012b). These GRACE products have been widely used to investigate TWS variations in
numerous studies, including transboundary river basins (e.g., Lancang-Mekong River Basin) across the globe (Long et al., 2013; Jing
etal., 2020; Bibi et al., 2019). In this study, we used GRACE products, including SH solutions from the Jet Propulsion Laboratory (JPL),
GeoForschungsZentrum (GFZ), and the Center for Space Research at the University of Texas, Austin (CSR) and M solutions from the
JPL (JPL-M) and CSR (CSR-M) to calculate river discharge in the Lancang River Basin using the water balance method. We calculated
river discharge using the GLDAS L and surface models, GLEAM and TWS, and precipitation data from space observations.

This study provides a comprehensive insight into the spatiotemporal distribution of water balance components and TWS in the
Lancang River Basin and how they affect river discharge. We discuss the relative importance of climatic factors and their influence on
TWS variations. The primary objectives of this study were 1) to describe spatiotemporal variations in precipitation, evapotranspira-
tion, temperature, and TWS trends derived from different solutions using the basin-average approach; 2) to estimate the total basin
discharge in the study region based on the water balance method, and 3) to estimate the time lag between precipitation and TWS and
explore the factors that may impact the time lag. These findings could be helpful for water resource management and utilisation in
transboundary river basins.

2. Study area and data resources
2.1. Study area

The Lancang-Mekong River, which originates from the southern Tibetan Plateau, is the 7th largest river in Asia. The Lancang River
Basin (Fig. 1) (21 °N-34 °N; 94 °E-102 °E) is 2354 km long with a drainage area of approximately 165,000 km? and an elevation range
from approximately 486 to 6500 m above sea level (Tang, 2010). The Lancang River Basin covers different climatic zones with diverse
geographic conditions, resulting in a striking difference in water resources and heat distribution in this region. The annual mean
precipitation increases from north to south and ranges from 752 to 1025 mm. Similarly, temperature increases from north to south and
ranges between 12.3 and 14.3 °C.

The Lancang River Basin is located in the tropical monsoon region of Southeast Asia. The seasonal cycle is divided into wet (May to
October), with a peak in August and a dry season (November to April). Most of the area is occupied by forests in the southern part of the
basin, while grassland is the main land-use type in the northern high-altitude region (Fig. 2).

2.2. GRACE-derived TWS

2.2.1. Spherical harmonics solutions (RL06)

The GRACE satellites provide monthly global total water storage anomalies by measuring gravity field changes on Earth. The SH
solution has been the standard for the first decade of GRACE observations (Landerer and Swenson, 2012b; Vishwakarma et al., 2018).
The official GRACE Science Data System has continuously released monthly GRACE solutions from three processing centers: (1) Center
for Space Research, University of Texas (CSR), (2) Jet Propulsion Laboratory (JPL), and (3) GeoForschungsZentrum (GFZ) available at
https://grace.jpl.nasa.gov/data/get-data/monthly-mass-grids-land/. The time series of the TWS anomalies from the three processing
centers were averaged to reduce the uncertainties in the TWS estimate. Different GRACE solutions use different strategies and
parameter choices (Sakumura et al., 2014).

2.2.2. The global mascon
GRACE mascon solutions are produced using mass concentration blocks (mascons) (Scanlon et al., 2016b). It is much easier to
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implement geophysical constraints for mascon solutions, and this approach is much more rigorous than the spherical harmonics of
empirical post-processing filtering (Landerer and Watkins, 2016). CSR-M and JPL-M solutions are available at https://grace.jpl.nasa.
gov/data/get-data/monthly-mass-grids-land/. The latest release (V3) is RLO6 gravity field solutions with a spatial resolution of 0.25 °
x 0.25 °, but the native resolution is 1 ° x 1 ° (Save et al., 2016).

2.3. Evapotranspiration data

The Global Land and Data Assimilation System (GLDAS) uses several offline land-surface models to assimilate enormous obser-
vational data at high resolutions globally. The GLDAS Noah2.1 dataset with 0.25 ° x 0.25 ° resolution (Rodell, 2004) is available at
https://disc.gsfc.nasa.gov/. We used GLDAS_Noah 2.1 evapotranspiration data (kg m~2 s!) in the current study. GLDAS-Noah-2.7.1
land hydrology model data (https://grace.jpl.nasa.gov/data/get-data/land-water-content/) called land water content has been used
for monthly TWS change estimation in the basin. Furthermore, we used the Global Land Evapotranspiration model from Amsterdam
(GLEAM 3.3a). The GLEAM model estimates daily terrestrial evapotranspiration from satellite data at a 0.25 ° spatial resolution and is
available at https://www.gleamproject.org/data.

2.4. Precipitation and temperature data

In the present study, we obtained temperature and precipitation data sets (2001-2015) from the National Meteorological Infor-
mation Centre of the Meteorological Administration of China (CMA). These datasets have a horizontal resolution of 0.5 ° x 0.5 ° and
are available at the CMA data-sharing service system (http://cdc.cma.gov.cn/home.do).

The Tropical Rainfall Measuring Mission (TRMM) is a multi-satellite precipitation product from NASA, available at http://trmm.
gsfc.nasa.gov/data_dir/data.html. TRMM merges data from various satellite sensors and rainfall-gauge observations from the Global
Precipitation Climatology Centre. Therefore, the rainfall data from TRMM were considered to be of good quality for the subsequent
analysis.

3. Methods
3.1. Precipitation and evapotranspiration anomalies

Terrestrial water storage changes from GRACE solutions are available as anomalies and computed by averaging from January 2004
to December 2009 (Ramillien et al., 2006). Therefore, we used the same approach to calculate the precipitation and evapotranspiration
anomalies for the Lancang River Basin. Anomalies were calculated relative to the mean values of precipitation and evapotranspiration
averaging from January 2004 to December 2009.

3.2. Basin discharge calculation

The traditional water balance approach, Eq. (1), is the most widely used method and is an integral part of any conceptual model
based on the principle of mass conservation. The mass balance equation using GRACE data can be arranged as follows:

d(TWS)
dt
In previous studies, the water balance method has been used to calculate monthly basin discharge (Gao et al., 2010; Lv et al., 2017).
We applied the same approach to calculate the basin discharge for the Lancang River Basin in our study by rearranging Eq. (1);
recharge can then be calculated as shown in Eq. (2):

=P—ET-R (€Y

T
R=p_pr— 2" @
dt
Where R is the monthly total basin discharge, ET is evapotranspiration, P is precipitation, and @ is the TWS anomaly from the five

GRACE solutions. The submarine discharge, potential interbasin leakage, and water diversion were not considered in Eq. (2), as
suggested by Ferreira et al. (2013): The average ET was calculated from GLDAS (averaged from Noah, VIC, and CLM), and precipitation
was obtained from TRMM. In the monthly time series of GRACE TWS data, a few months were missing during the study period due to
satellite battery management issues. These missing months were filled using the spline interpolation method.

3.3. Trend analysis

3.3.1. Linear regression
To scrutinise the linear trend of the variables, a simple linear regression equation can be written as:

yx =a-+ bx 3)

Where ‘yx’ symbolises the parameters at time ‘x’; the intercept ‘a’ and slope ‘b’ are regression coefficients obtained by the least square
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method. Student’s t-test was performed to test the statistical significance of the trend.
3.3.2. Mann-Kendall test

The Mann-Kendall test has wide-ranging applications as a statistical test in climatological and hydrological trend analysis (Mav-
romatis, 2011) . Mann-Kendall trend analysis has two main advantages: (1) it is a non-parametric test that does not require data to be
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normally distributed, and (2) it is less sensitive to unexpected interruptions in nonhomogeneous time series (Tabari, 2011). For un-
certainty against time, (Mann, 1945) developed a non-parametric test for precise application of Kendall’s test for correlation which is
commonly known as the ‘Mann-Kendall test’ or ‘Kendall ¢ test’ (Kendall, 1975). He proposed the null hypothesis as ‘HO’, for a pop-
ulation (X1, X2,. . ., Xn) and ‘H1’ as an alternative hypothesis. The Mann-Kendall test statistic under ‘HO’ is given as follows:

n—1 n
S= Z Z sgn(x; —x; ) @

=1 j=itl

Where
sgn(@) =¢ 0...0=0 %)

For independent and randomly distributed random variables, when n > 8, the ‘S’ statistic is approximately normally distributed,
with zero mean and variance, as follows:

, _n(n—1)(2n+5)
TR (6)

Consequently, the standardised ‘Z’ statistics follow a normal standardised distribution:

0
Z= 0ifS=0 ()]

1
iFS>0

1
S%ifs<0

The no trend hypothesis is rejected when ‘Z’ > ‘Za’ (Eq. 7) at a level of significance ‘a’. In the present work, we used Mann-Kendall
analysis for spatial interpolation of the TWS time series as a few months were missing from the GRACE record during the study period.

4. Results
4.1. Precipitation and evapotranspiration trends in Lancang River basin

The Lancang River Basin comprises diverse topography. Fig. 3 shows considerable variation in the spatial distribution of precip-
itation amount, which was low at high elevation and increased with decreasing elevation, ranging between 33-173 mm. Annual
precipitation displayed a decreasing trend, and the rate of decrease was -5.03 mm/year (Fig. 4). Evapotranspiration is a very important
climate variable; hence, careful data selection was crucial for further analysis. Accordingly, we used average evapotranspiration data
from the GLDAS (Noah, VIC, and CLM) models and GLEAM to remove the uncertainty in the results (Andam-Akorful et al., 2015). Both
GLDAS and GLEAM evapotranspiration had an increasing trend of 4 and 4.1 mm/year, respectively, from 2002 to 2020 (Fig. 5(b)).
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Fig. 4. Precipitation from CMA gridded data and TRMM (CMA 2000-2015), (TRMM 1998-2016) mean monthly (a) and yearly (b) precipitation.
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Fig. 6(a) illustrates the spatial patterns of evapotranspiration distribution from the GLDAS (Noah, VIC, and CLM) and GLEAM models.
The amount of evapotranspiration upstream of the Lancang River Basin was observed to be much lower than that of the downstream
region and ranged between 21 and 105 mm/month. The spatial M-K trend analysis of evapotranspiration from the Noah and VIC
models presented an increasing trend (Fig. 6(b)) in downstream and most of the upstream regions of the basin, whereas the CLM model
presented a varying trend of an increase, decrease (in red), and no trend (in green) in the basin. GLEAM also exhibited increasing trends
in evapotranspiration both upstream and downstream of the basin. Fig. 7 shows the scatter matrix map between Noah, VIC, and CLM
evapotranspiration of the Lancang River Basin; Noah and VIC were found to have a stronger correlation than Noah and VIC with CLM.
Therefore, using average evapotranspiration from the three GLDAS models and GLEAM in further analysis minimises the uncertainty in
evapotranspiration estimates in the basin.

4.2. GRACE TWS trends

4.2.1. Temporal TWS trends from different GRACE solutions and GLDAS

Fig. 8(a-b) illustrates the monthly mean linear distribution of TWS from the five GRACE solutions (2002-2016), GRACE-FO
(2018-2020), and GLDAS TWS. Fig. 8(b) shows the linear trends of GRACE solutions and GLDAS-TWS, where the dotted lines
represent the linear trends of the five GRACE TWS and GLDAS-TWS. As shown in Fig. 8(b), all five GRACE TWS and GLDAS-TWS show
decreasing trends in the Lancang River Basin. CSR-M and JPL-M trends were more significant than SH solutions from CSR, GFZ, and
JPL because SH products might experience signal leakage in the region, which deserves further investigation as this was not addressed
in the present study. TWS from the five GRACE products exhibited an increasing trend from 2006 to 2008 and then decreased af-
terwards, agreeing with a previous study (Jin et al., 2020). Generally, all five solutions showed a decreasing trend during the entire
study period in the region. The GLDAS TWS trends were in good agreement with GRACE TWS, with a decreasing trend of 4.0 mm/year
in the Lancang River Basin.

Table 1 summarises TWS trends derived from the different GRACE solutions. Trend analysis revealed that both SH (CSR, GFZ, and
JPL) and CSR-M had a significant decreasing trend in TWS during the study period. JPL showed a decreasing trend of -3.3 mm/year,
CSR -3.5 mm/year, GFZ -3.2 mm/year, JPL-M -6.0 mm/year, and CSR-M -5.0 mm/year. However, the JPL-M solution revealed a more
severe and much wider TWS reduction in the study region. The GLDAS-TWS showed a decreasing trend of -4.0 mm/year, which was in
good agreement with CSR, GFZ, and JPL. The five GRACE products and the GLDAS TWS revealed similar seasonal variability,
regardless of the different volumes between them.

4.2.2. Spatial TWS trends from GRACE solutions and GLDAS

Fig. 9 shows the spatial distribution of the GRACE TWS derived from the five solutions. It can be seen that TWS distribution in the
Lancang River Basin opposed the elevation gradient, low at high elevation (upstream) and high at low elevation (downstream; Fig. 9
(a)). A substantial loss in TWS in the high elevation (upstream) river source region during the entire period was observed, and the
declining trend was consistent for all GRACE solutions [(Fig. 9(b)]. Previous studies have reported that a massive decline in TWS in the
Indian monsoon-dominated Tibetan Plateau region is caused by rising temperatures and decreased precipitation in the Himalayas
(Yao, 2012; Jing et al., 2020). Additionally, a previous study reported groundwater depletion upstream, which added stress to TWS in
the headwater region of the Lancang River (Vi et al., 2016). In downstream water, storage was substantially increased, but this increase
could be due to the construction of large reservoirs in lowland areas which appeared to increase water storage downstream (Eyler,
2020). A previous study reported a significant decrease in river flow recorded at the Yungjinghong hydrometric station located
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2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

(b) GLDAS ET s GLEAM = = Linear (GLDAS ET) = = Linear (GLEAM)

Evapotranspiration (mm)

550
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Fig. 5. Monthly average evapotranspiration from GLDAS (Noah, VIC and CLM) and GLEAM (mm/month 2002-2016) (a) and yearly mean (mm/year
2002-2020) (b). The shaded area in (a) is 4= Standard deviation.
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downstream of the basin from 1961 to 2015 (Liu et al., 2020).

It is clear from Fig. 9(b) that the spatial distribution of TWS solutions showed some discrepancies; JPL-M exhibited a slightly
deviating trend from the other four GRACE solutions. Previous studies have reported that the decreasing and increasing trends of the
JPL-M TWS are comparatively larger than those of other CSR-M and SH solutions (Scanlon et al., 2018; Jin et al., 2020). The three
processing centers (JPL, GFZ, and CSR) use different mathematical approaches and background models for the GRACE TWS calcu-
lation. For instance, JPL-M uses the glacial isostatic adjustment (GIA) correction model, which has not been considered for other
GRACE solutions (Purcell et al., 2016). Additionally, JPL and CSR centers use dissimilar data processing techniques for global mascon
solutions; JPL-M calculations employ spherical cap mascons (3 ° equal-area), whereas CSR-M uses hexagonal tiles (1 ° equatorial
longitudinal distance) (Watkins et al., 2015; Scanlon et al., 2016b; Purcell et al., 2016). The correlation and scatter matrix maps in
Fig. 10 indicate that the temporal distribution of the five GRACE solutions is highly consistent; however, CSR-M and JPL-M are more
consistent with each other than with the SH solution. In contrast, JPL-M and CSR-M correlated significantly (r = 0.98), reaching
minimum and maximum values almost simultaneously.

4.3. Total basin discharge

Fig. 11 illustrates the temporal trends of the total basin discharge in the Lancang River Basin from 2002 to 2015. The time series of
the total basin discharge were calculated as a residual of the water balance (Eq. 2) using precipitation (TRMM and CMA), evapo-
transpiration (averaged from GLDAS Noah, VIC, and CLM models), and TWS time-series estimates. The total basin discharge calculated
from JPL-M and CSR-M using both CMA and TRMM precipitation revealed a continuous decreasing trend in the basin. Basin discharge
from CMA precipitation revealed decreasing trends of -56 and -70 mm/year for the JPL-M and CSR-M TWS, respectively. Likewise, the
discharge calculated using TRMM was -70 mm/year for JPL-M and -63 mm/year for CSR-M. Similarly, the total basin discharge
calculated using GLEAM evapotranspiration for JPL-M and CSR-M using CMA and TRMM precipitation showed an incessant decreasing
trend. Basin discharge from CMA precipitation revealed decreasing trends of -56 and -74 mm/year for the JPL-M and CSR-M TWS,
respectively. Likewise, the discharge calculated using TRMM was -57 mm/year for CSR-M and -71 mm/year for JPL-M. The basin
discharge trend was similar to that of precipitation (Fig. 4) and TWS (Fig. 8). Increased evapotranspiration (Fig. 5) with decreasing
precipitation resulted in decreased basin discharge during the study period.
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Table 1
Terrestrial water storage trends from different GRACE solutions and GLDAS in Lancang River Basin.
Solutions Trends mm/year R? Standard Deviation
1 JPL -3.3 0.60 +19
2 GFZ -3.2 0.70 +17
3 CSR —4.0 0.66 +20
4 CSR-M -5.0 0.87 +25
5 JPL-M -5.9 0.72 +31
6 GLDAS-TWS —4.0 0.40 +24

>z

GFZ_RL06

o
4l

>z

£ JPL_RLO06 .| CSR_RLO6

£ o

Fig. 9. The spatial distribution of five GRACE-TWS and GLDAS-TWS (a) and M — K trends of GRCAE-TWS and GLDAS-TWS (b) in Lancang basin
(2002-2016).

4.4. Warming trends in Lancang River Basin

The mean temperature distribution in the Lancang River Basin, M-K trend analysis, and temporal distribution and seasonality are
shown in Fig. 12(a-d). Spatially, the mean temperature was low (-8.3 °C) in the high-altitude mountainous region upstream of the
basin and decreased towards the south downstream (23 °C) [Fig. 12(a)]. However, the temperature exhibited a significant increasing
trend over the study period in both the upstream and downstream parts of the basin (Fig. 12(b)). It can also be seen in Fig. 12(c) that,
temporally, the temperature rose at a rate of 0.05 °C from 2002 to 2015 in the study region. Hence, the spatiotemporal trends of mean
temperature depict massive warming in the Lancang River Basin. This increase in warming rate is alarming given that the Lancang
River Basin comprises the upper part of the Mekong River Basin, feeding more than 60 million people worldwide, including China and
the countries located downstream (Cambodia, Thailand, Vietnam, Laos, and Myanmar) (Jing et al., 2020). Increased warming is
responsible for increased evapotranspiration in the study region, which negatively impacts the available water resources in this region.

5. Discussion

The Lancang River is situated in a complex environmental setting with roughly two diverse topographies that gradually transform
from grassland-dominated plateaus to tropical rainforest zones in the south. Topographic gradients and diverse climates control the
distribution of water resources across basins. The downward trend in precipitation and a higher evapotranspiration rate have
significantly contributed to the reduction of TWS and total basin discharge in the Lancang River Basin. Previous studies detected severe
drought in southwest China in 2009 and 2010 (Yang, 2012), which agrees well with our results. Fig. 12(c) demonstrates that the
highest annual mean temperature was recorded in 2009, while the mean annual precipitation was below average during the same year
(Fig. 4(b)). The Lancang River Basin is located in a karst region, where shallow soils have high permeability, leading to water stress
during the dry season. (Yang et al., 2019).

The Lancang River Basin is located in a typical South Asian monsoon-dominated region, the most prominent monsoon system
globally (Song, 2012). Fig. 13(c) reveals that precipitation has a clear seasonal cycle due to the South Asian monsoon effect. During
July and August (wet monsoon season), the basin receives 70-80 % of its annual total precipitation. Climate change in this region not
only drives the precipitation cycle but also influences TWS. Under increased warming and decreased precipitation, CSR, JPL, GFZ,

11
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Fig. 10. Correlation map between CSRM,JPLM,GFZ,CSR,and JPLT WS solutions (a)and scatter matrix between GRACE TWS solutions (b) in Lan-
cang River basin (red lines are linear fit and the red shaded area is density distribution). (For interpretation of the references to colour in the Figure,
the reader is referred to the web version of this article).

CSR-M, and JPLM from GRACE and GLDAS-TWS showed decreasing trends in TWS during the study period. The impact of climate
change on TWS is evident from the 2009-2010 drought, as shown in the TWS anomalies of the five GRACE solutions (Fig. 8(b)),
indicating that climatic factors are the main driving forces behind TWS variations in this region. Furthermore, Fig. 8(b) indicates that
the CSR-M and JPL-M solutions are more sensitive to climate variations than the three spherical harmonic solutions, as the 2009-2010
drought is more evident in both mascon solutions. Drought does not appear in GLDAS-TWS because the GLDAS land water content does
not include groundwater and surface water, i.e., lakes and rivers, as separate water components in its calculation. In agreement with
our results, downward trends in precipitation and increased temperature has been reported as the main contributors to TWS variations
in the river source region (Tibetan Plateau) (Yao, 2012; Jing et al., 2020; Yang et al., 2019; Qiao et al., 2015; Bibi et al., 2018).
Moreover, Yi et al. (2016) reported that groundwater depletion in the upstream region of the Lancang River Basin in the Tibetan
Plateau added more stress to TWS, and it is evident in Fig. 9(b) that all the GRACE solutions and GLDAS TWS showed a significant
decreasing trend upstream of the basin during the study period.

The basin discharge for the Lancang River was calculated as a residual from TWS, precipitation, and evapotranspiration using the
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Fig. 11. Total basin discharge from JPL-M and CSR-M by GLDAS ET and CMA and TRMM precipitation (a-b) and total basin discharge from JPL-M
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basin average approach. Discharge showed a significant decreasing trend in the basin, using both CMA and TRMM precipitation, as
opposed to the two GRACE mascon solutions (Fig. 11(a-b)). Given that the Lancang is a transboundary river, the observation data is
under government control, and access to observations requires multi-party government permission and cooperation. To support our
findings, we compared our results with the river flow recorded at the Yungjinghong hydrometric station located on the Lancang River,
which showed a significant decreasing trend in river flow from 1961 to 2015 (Liu et al., 2020).

Fig. 13(a-b) shows a time lag of 2 months between TWS anomalies derived from the JPL-M and CSR-M and precipitation. The
highest precipitation was recorded in July, while the highest TWS was recorded in September. In a hydrosphere, when precipitation is
converted to TWS during the water distribution process, there is the possibility of a theoretical delayed response between TWS and
precipitation (Xu et al., 2018). Assessing the precise time lag between precipitation and TWS as lag variations is decisive in under-
standing the interactions between climate variables and the hydrosphere. A study conducted by Syed et al. (2008) demonstrated that
GLDAS-TWS strongly correlates with precipitation in low-latitude regions. In the Tibetan Plateau, a 2-month lag has been identified
between GRACE-TWS and precipitation in the three river source regions (Xu et al., 2018). Thus, precipitation is a key driver of the
water budget and has immense control over the hydrological cycle and water balance in this region. Furthermore, numerous studies
have been conducted to reveal and understand the phenomenon behind the time lag between TWS and precipitation. There is a delay in
the TWS response when water enters the system as precipitation and distributes into the surface and subsurface water; empirically, lag
can be defined as the total precipitation in hydrological balance (Thompson et al., 2011). In the present study, GRACE-TWS anomalies
from CSR and JPL mascon solutions were highly correlated with precipitation over a 2-month time lag. These findings suggested that
precipitation is a regulatory factor for TWS variations that are controlled by the amount of precipitation occurring 2 months prior in
the Lancang River Basin (Fig. 12a,b). Along with climatic factors, aquifer properties, such as permeability of sediments are the main
driving force behind the delayed response of TWS and precipitation. For example, in Ethiopia, a 0-month delay was recorded in karst
dominated aquifers, whereas a delay of up to 6 months was observed for aquifers dominated by unconsolidated sediments (Awange
et al., 2014). Similarly, the Lancang River is also dominated by karst topography with highly permeable soils; therefore, a 2-month
time lag in the karst-dominated region might be a response to climate variations.

6. Conclusions

Understanding the trends in climatic variables is a practical approach for monitoring climatic changes and their impact on the
hydrological cycle. A rate of decrease in precipitation of -5.03 mm/year was observed from 1998 to 2016. GLDAS and GLEAM
evapotranspiration displayed an increasing trend of 4.0-4.1 mm/year from 2002 to 2020. The GRACE-TWS from JPL, GFZ, CSR-M, and
JPL-M exhibited a decreasing trend from 2002 to 2016. JPL indicated a decreasing trend of -3.3 mm ", CSR -4.0 mm/year, GFZ -3.2
mm/year, CSR-M -5.0 mm/year, and JPL-M -5.9 mm/year. However, the CSR-M and JPL-M solutions revealed a more severe and
much wider TWS reduction in the study region than the three SH solutions. Correspondingly, GLDAS-TWS presented a decreasing trend
of -4.0 mm/year, consistent with CSR, GFZ, and JPL solutions, unlike the two mascon products. The total basin discharge calculated by
the water balance method showed a significant decreasing trend from 2002 to 2015. Spatial and temporal temperature trends indi-
cated intense warming in the basin, with mean temperature increasing by 0.05 °C from 2002 to 2015. Additionally, a 2-month lag
between the GRACE-derived TWS and precipitation was recorded. In addition to the aquifer properties, climatic factors could be the
key drivers behind this phenomenon. However, further investigations are needed to evaluate the direct relationship involved in the
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Fig. 12. Spatial distribution of temperature (a), M-K trends (b), temporal linear trend (c), and seasonality (d) across Lancang basin.

delayed response between precipitation and TWS climatology.

The present study identified multiple spatial and temporal trends for climate variables and multi-source TWS variations in the
Lancang River Basin. These results could help understand climate change response in the transboundary river system and provide
baseline information for water resource management for future socioeconomic development in this region.
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