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Abstract: Terrestrial water storage (TWS) is a key variable in global and regional hydrological

cycles. In this study, the TWS changes in the Yangtze River Basin (YRB) were derived using the

Lagrange multiplier method (LMM) from Gravity Recovery and Climate Experiment (GRACE)

data. To assess TWS changes from LMM, different GRACE solutions, different hydrological

models, and in situ data were used for validation. Results show that TWS changes from LMM in

YRB has the best performance with the correlation coefficients of 0.80 and root mean square error

of 1.48 cm in comparison with in situ data. The trend of TWS changes over the YRB increased by

10.39 + 1.27 Gt yr'! during the 2003—2015 period. Moreover, TWS change is disintegrated into

the individual contributions of hydrological components (i.e., glaciers, surface water, soil

moisture, and groundwater) from satellite data, hydrologic models, and in situ data. The estimated

changes in individual TWS components in the YRB show that (1) the contribution of glaciers,

surface water, soil moisture, and groundwater to total TWS changes is 15%, 12%, 25% and 48%,

respectively; (2) Geladandong glacier melt from CryoSat-2/ICESat data has a critical effect on

TWS changes with a correlation coefficients of —0.51; (3) the Three Gorges Reservoir

Impoundment has a minimal effect on surface water changes (mainly lake water storage), but it

has a substantial effect on groundwater storage (GWS), (4) the Poyang and Doting Lake water

storage changes are mainly caused by climate change, (5) soil moisture storage change is mainly

influenced by surface water, (6) human-induced GWS changes accounted for approximately half

of the total GWS. The results of this study can provide valuable information for decision-making

in water resources management.
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1. Introduction

Terrestrial water storage (TWS) has significant ecological, environmental, societal, and

economic impacts (Ramillien et al., 2008). TWS changes can also help to understand how climate

change shapes global water cycles (Long et al., 2014). The Gravity Recovery and Climate

Experiment (GRACE) mission (Tapley et al., 2004) has proven to be a valuable tool for detecting

TWS changes (e.g., Anyah et al., 2018; Scanlon et al., 2018). As the length of GRACE data has

increased over recent years, the processing of inter-satellite range-rate measurements (Watkins et

al., 2015) and the background modeling of gravity change resulting from atmospheric and oceanic

changes has improved significantly (Peltier et al., 2015), thereby making GRACE data more

appropriate for investigating TWS changes.

The Yangtze River Basin (YRB) has a drainage area of ~1.8 million km? (~20% of the area

of mainland China). It originates from the Tuotuo River in the Tanggula Range of Qinghai-Tibet

Plateau (QTP), traverses 11 provinces and cities from west to east and finally discharges into the

East China Sea (Figure 1). YRB has the largest reservoir in China, the Three Gorges Reservoir

(TGR), as well as several large lakes, including the Poyang Lake and Doting Lake, the first and

second largest freshwater lakes in China, respectively (Chen 2020a). YRB also has been the

location of recent multi-billion-dollar water resource projects (e.g., Three Gorges River (TGR)

and the South-North Water Diversion Project). These human activities have significantly changed

river flow regimes as well as water exchanges between land, atmosphere and ocean (Chen 2020b).

YRB now is an important cultural and socioeconomic region in China and plays an important role

in ecological conservation. Therefore, changes in TWS and its individual component (including



glaciers, surface water, soil moisture, and groundwater) over the YRB should be investigated.

Although numerous GRACE studies on YRB can be found in the literature (e.g., Yin and Li,

2001; Ferreira et al., 2013; Huang et al., 2014; Huang et al., 2015; Long et al., 2015; Zhang et al.,

2015; Jiang et al., 2016; Sun et al., 2017; Zhou et al., 2017; Chao et al., 2017a; Sun et al., 2018;

Zhang et al., 2018a, 2018b; Zhang et al., 2019; Ferreira et al., 2020), most of them have focused

on studying the historical flood and drought events that occurred in the YRB. A comprehensive

compilation of previous GRACE studies in the YRB is summarized in Table 1. Only few of

studied have focused on investigating different TWS components and the interactions between

them, as well as associated hydrologic fluxes. Hasan et al. (2020) investigated the spatial drive of

different TWS components to total TWS over the Nile River Basin.

In this study, we analyzed TWS components in the YRB by disintegrating TWS into the

individual contributions of glaciers, surface water, soil moisture, and groundwater, based on the

combination of multiple-sourced datasets collected from satellite remote sensing, large-scale

hydrologic models and in situ measurements. The main contributions of this study are follows:

(1) TWS changes were inferred from (2003-2015) monthly GRACE data using the Lagrange

Multiplier Method (LMM) (Section 3.1) and validated against different GRACE solutions,

different hydrological models, and in situ measurements (Section 3.1 and 4.1).

(2) TWS changes were disintegrated into (i) glacier mass change (GMC) in the Geladandong

(Section 3.2 and 4.2.1), (i) Three Gorges Reservoir impoundment (TGRI) water storage

(Section 4.2.2), (iii) lakes water storage (LWS) (Section 4.2.3), (iv) soil moisture (SM)

(Section 4.2.4), and (v) groundwater storage (GWS) (Section 4.2.4). GWS changes can
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further be disintegrated into human-induced groundwater storage (HGWS) and

climate-driven groundwater storage anomaly (CGWS) (Section 4.2.4).

The contributions of individual TWS components to total TWS were quantified (Sections 3.3

and 4.2).

The dynamic relationships between individual TWS components were investigated (Section

4.3).

The remainder of this paper is organized as follows. Section 1 is the Introduction. Section 2

describes the utilized datasets; Section 3 introduces the methodology; Section 4 presents and

discusses the results, and Section 5 summarizes the findings of the individual components

contributions to total TWS over the YRB.

2. Datasets

2.1. GRACE data

To cross-validate TWS change, nine different GRACE TWS datasets were used in this study

as detailed in the following:

()

The GRACE Level-two (L2) products (RLO6 time-variable gravity field model) provided by
the Jet Propulsion Laboratory (JPL) were used to infer TWS changes. The GRACE monthly
gravity field models include a set of spherical harmonic coefficients of the fully normalized
external Earth gravity field (Heiskanen et al., 1967) up to degree (/) and order (m ) 60. The
second-order terms of the GRACE time-variable gravity field model were determined from
the satellite laser-ranging observational data (Cheng et al., 2011). The degree-one harmonic

coefficients (Earth’s geocenter) were estimated from Swenson et al. (2008), and the correction



for the glacial isostatic adjustment (GIA) was made following the procedures of A et al.

(2013).

(2) GRACE TWS data were also obtained from GRGS (Groupe de Recherche de Géodésie

Spatiale, etc.), of which the DDKS filtering technique (Kusche et al., 2009) has been applied

to four GRACE L2 products from the Center for Space Research (CSR),

GeoForschungsZentrum Potsdam (GFZ), JPL, and GRGS.

(3) In addition, GRACE TWS data from the JPL FAN filter (Zhang et al., 2009), JPL Mascon

Release 06 (Wiese et al., 2018), CSR Mascon Release 06 (Save 2020), and Goddard Space

Flight Center mascons (GSFC) (Luthcke et al., 2013) mascons were also used for comparison

purposes.

2.2. Precipitation, Evapotranspiration, and Runoff from different products

Precipitation (P) data were derived from the Level-3 monthly of the Tropical Rainfall

Measuring Mission (TRMM) with a spatial resolution of 0.25°x0.25° (Huffman et al., 2007),

Global Precipitation Climatology Project (GPCP) (Adler et al., 2003) with a monthly and spatial

resolution of 2.5°x2.5°, and China Ground Climate daily observation Data (CGCD)

(http://data.cma.cn) with a total of 224 meteorological stations distributed over the YRB (Figure

1). Evapotranspiration (ET) data were collected from multiple sources, including four GLDAS

models, the MODIS (Moderate Resolution Imaging Spectroradiometer, Mu et al., 2007), and

CGCD. Runoff (R) data were taken from the Datong hydrological station in the YRB, which

contains P, ET and R data.



2.3. Model data

(0))

()
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NCAR-CLM4.0 and WGHM: The simulation data of soil moisture, snow, vegetation

canopy storage, river water storage, and groundwater (2003—-2015) from the NCAR-CLM4.0

(Bonan et al., 2011) were used in this study. The WaterGAP Global Hydrology Model

(WGHM) 2.2 (Doll et al., 2003; Miiller et al., 2014) with a spatial resolution of 0.5°x0.5° and

monthly steps were applied.

GLDAS: The averages of the four monthly land surface model simulations (i.e. CLM,

Mosaic (MOS), VIC (Variable Infiltration Capacity) and NOAH with 1°x1° grid from Global

Land Data Assimilation System (GLDAS) data (Rodell et al., 2004) were used.

CPC: The Climate Prediction Center (CPC) has produced global 0.5°%0.5° modeling datasets

of monthly runoff, evapotranspiration, and soil moisture from 1948 until now, along with the

consistent observation-based forcing datasets of precipitation and temperature (Dool et al.,

2003). Monthly soil moisture data from CPC were used.

2.4. In Situ, HYDROWESB, CryoSat-2, ICESat and SRTM Data

(1)

)

€)

In Situ Data: The Chenlingji and Hukou are the hydrological control stations of Doting and

Poyang Lake, respectively (Figure 1a). The daily data from 2003 to 2016 of the TGR water

level were obtained from http://www.cjw.gov.cn/.

HYDROWERB Data: Crétaux et al. (2011) provided a time series of global lake water levels

by processing the data from the satellite altimetry missions Topex-Poseidon, GFO, ERS-2,

Jason-1, Jason-2, and Envisat (http://hydroweb.theia-land.ft/).

CryoSat-2: Launched by the European Space Agency (ESA) in April 2010, it was the first
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altimetry satellite equipped with a synthetic aperture radar altimeter that had the main task of

monitoring changes in the polar ice sheet and ocean ice thickness to study the feedback

mechanisms of climate and sea ice changes (Jiang et al., 2017). The L2 SARIN data were

used to determine the GMC at the source of YRB-Geladandong. Due to the scarcity of the L2

SARIN data at Geladandong, the CryoSat-2 data were combined with the monthly resolution.

ICESat: The ICESat mission was launched in January 2003 as part of the NASA Earth

Observing System (EOS). The sole instrument onboard ICESat was the Geoscience Laser

Altimeter System (GLAS), which was a laser altimeter and first provided a high-precision

dataset (Cornelis, 2007). The GLA14 (Version 34) data were used (see Brenner et al., 2003;

Surazakov et al., 2006).

SRTM: The Shuttle Radar Terrestrial Mission (SRTM) used the interferometric synthetic

aperture radar (InSAR) to measure the elevation within the latitudes +£60° (Farr, 2007). The

3-arc-second  gridded  digital elevation model (DEM) of SRTM V4.1

(http://srtm.csi.cgiar.org/srtmdata/) was used as the reference elevation in this study to assist

the GM changes at the Geladandong estimated from CryoSat-2/ICESat.

Detailed information on the datasets used is provided in Table 2.

3. Method

The TWS changes can be disintegrated into climate-driven changes, and human-induced

changes (Reager et al., 2016). The climate-driven change includes the components of surface

water storage (SWS), GMC, SM and GWS, while the human-induced change includes HGWS and

reservoir impoundment (RI) (Syed et al., 2008; Reager et al., 2016). The SWS is the sum of the



LWS and RI, while the GWS is the sum of CGWS and HGWS:

TWS changes=LWS +SM + CGWS + GMC + HGSW + RI

Climate-driven Human-driven

SWS = LWS + RI 2)
TGWS = CGWS + HGWS

The TWS change is inferred from the GRACE data. Precipitation (P), evapotranspiration (ET),

and runoff (R) are used to verify GRACE-based TWS changes based on the water balance closure

(Famiglietti et al., 2011; Long et al., 2014). The simulation data of the National Center for

Atmospheric Research (NCAR) Community Land Model (NCAR-CLM4.0) (Bonan et al., 2011),

WaterGAP Global Hydrology Model (WGHM) (Doll et al., 2003; Miiller et al., 2014), Global

Land Data Assimilation System (GLDAS) data (Rodell et al., 2004), and Climate Prediction

Center (CPC) (Dool et al., 2003), were also used to compare with TWS change from GRACE

data.

(1) LWS (mainly from the Doting and Poyang Lake) (Schmidt et al., 2008) and RI (Three Gorges

Reservoir impoundment (TGRI)) were validated by combing the remotely sensed lake level

data from HYDROWEB (Crétaux et al., 2011), and in situ surface water level data.

(2) SM was inferred from the GLDAS data.

(3) TGWS was estimated by combining GRACE TWS data with simulated GLDAS data. Given

that SWS in lakes, reservoirs, and river channels were not simulated in all the GLDAS models

(Rodell et al., 2004). TGWS is estimated by subtracting the GRACE TWS by the simulated

GLDAS LWS and the observed surface water of the TGRI.

(4) CGSW was estimated from NCAR-CLM4.0 because it is the only model with the

groundwater representation among all used models.

10



(5) The human-induced TWS change in the TGR is estimated from the TWS difference between
GRACE and NCAR-CLM4.0.
(6) The HGWS is estimated from subtracting TGWS from the CGWS.
(7) The CryoSat-2, ICESat and SRTM data were combined to monitor GMC at the Geladandong.
3.1. Lagrange multiplier method to minimize the leakage errors in GRACE data processing
Owing to the insufficient spatial resolution (300400 km) of the GRACE mission, the
determined TWS changes were spatially smoothed grids rather than point measurements. Wahr et
al. (1998) proposed a simple Gaussian smoothing method (Jekeli, 1998), but this method was
unable to isolate TWS changes in a specific region, such as YRB. Additional technology is
required to estimate the basin TWS changes using GRACE data. The Lagrange multiplier method
(LMM) was proposed to isolate the basin TWS changes in Swenson et al. (2002). The LMM is
fixed to one type of error (satellite or leakage errors) to a specific value and minimizes the other
type of error (leakage or satellite errors). This study employed the LMM with minimum signal
leakage error to determine TWS changes in the YRB on the basis of the fixed satellite
measurement error. Note that LMM was used in this study to estimate monthly TWS changes at a
special basin rather than inferring any spatial distribution patterns of TWS changes. For more
details on the Lagrange multiplier method, see Swenson et al. (2002) and Chao et al. (2017a).
In order to verify TWS changes, the time derivative (dS/dt) was determined (Famiglietti et

al., 2011; Long et al., 2014) using the following equations:

dS/di=P—ET - R 3)
dS _dTWS _TWS(t)—TWS(t—1)

dt dt At

4)

11



As dS / dt estimated from GRACE via the central difference scheme in Eq.(4) above
approximates the ‘true’ derivatives, and in order to be temporally consistent with TWS changes
from GRACE data, Landerer et al. (2010) proposed smoothing the time series of the other water
cycle variables according to

1 1 |

F=gFa+oF+F,

5
4 2 4 " ®)

where the F variables are the time series of P, ET, and R. The indices t-1, t, and t+1 refer to the
previous, current, and following month, respectively.

Additionally, the original signal of TWS changes can be represented as the sum of long-term
component, period and remaining residuals (Humphrey et al., 2016). The time series can be fitted
by using the nonlinear least square method, including that the linear trend, interannual and
semiannual cycle, and the remaining residuals. The time interval of TWS change is monthly, so a
13-month window moving average is a reasonable choice for estimating the long-term component
(i.e., interannual and secular) (Humphrey et al., 2016).

3.2. Estimation of Glacier Mass Change (GMC) of Geladandong from the CryoSat-2/ICEsat
and SRTM Data

The CryoSat-2/ICESat technique of precision spacecraft pointing control is not used over the
rugged terrain such as QTP or in the mid-latitudes (59°S~59°N), so it is difficult to obtain reliable
elevation changes using both the collinear method and the crossover method (Moholdt et al.,
2010). Such difficulty can be mitigated by combining the ICESat elevation measurements with the
SRTM-derived elevations (e.g., Kddb et al., 2012; Gardner et al., 2013; Neckel et al., 2014).

CryoSat-2/ICESat and DEM of SRTM were used to detect GMC at the Geladandong. Since the

12



technical details of this method can be found in Chao et al. (2017b), only a brief description is
given in the following.
(1) Using the Landsat-7 images on July 10, 1999 (path 138 and row 37), and on June 3, 2000 (path
137 and row 37), a preliminary judgment of the ICESat footprints over the Geladandong glaciers
was made by using the ratio of BAND3/BANDS > 2.2. Then, based on the Chinese Glacier
Inventory (CGI) (Guo et al., 2015) and Google Earth images, the final CryoSat-2/ICESat
footprints suitable for studying elevation changes over the Geladandong glaciers were determined.
(2) According to Nuth and Ké&b (2011) and Gardelle et al. (2012), the elevations from the SRTM
DEM cannot be directly used to determine the differenced elevation map with a
CryoSat-2/ICESat-derived elevation. Therefore, corrections are required to determine the
universal co-registration, elevation effect, and radar penetration effect.
(3) The heights from the CryoSat-2/ICESat are converted to the WGS84 system, and edited by
using an empirical procedure to remove the outliers (Chao et al., 2017b).
(4) The median of the differences between the CryoSat-2/ICESat and SRTM elevations and their
trends from the robust fitting are inferred.
3.3 Component contribution ratio

The component contribution ratio (CCR) (Kim et al., 2009) was used to quantify the mean
percentage contribution of individual water storage components to the temporal variability of the

original TWS estimates:

MAD,
TC

CCR, = (©)

s S - S ‘ , which is the mean absolute deviation (MAD) of a storage

1 orages
where MAD; :ﬁz& ¢
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component; 7C = Zimmgm MADy , which is the TWS change (TC), s is the each component of
TWS, such as GMC, SWS, SM and GWS.
3.4 Uncertainty Estimation

In this study, the TWS change from the LMM was used. The other eight TWS changes from
different GRACE solutions were only used to cross-validate TWS change from LMM. Therefore,
the uncertainty of TWS changes from LMM was only estimated as the sum of GRACE
measurement errors and the (bias/leakage) correction errors, which have been provided in
associated products. Uncertainty of P and ET estimates was calculated as the standard deviation
from differences model data (Tiwari et al., 2009; Pan et al., 2017). Uncertainty for GMC from
ICESat, CryoSat-2, and SRTM can be found in Chao et al. (2017b).

The uncertainty in the trend of each component TWS change was determined from GRACE
measurement errors as well as the CLM4.0 and GLDAS model output errors (Joodaki et al.,
2014). Assuming that there is no correlation between monthly GRACE data and their contribution
to the uncertainty was estimated as the 2-sigma formal error of the trend. The trend of hydrology
uncertainty in the YRB was estimated as the absolute value of the difference between CLM4.0 and
GLDAS. Finally, the total uncertainty was obtained by adding in quadrature to the model and
measurement uncertainty, as given in Table 3.

4. Results and Discussion
4.1. TWS changes in the YRB from GRACE data
The TWS changes in the YRB from LMM were verified from in situ data of P, ET, and R

(Figure S1), other eight products of GRACE TWS, and four products of hydrological models

14



TWS (Figure S2). First, the different products of P and ET are compared with the in situ data from

weather stations (Figure S1), and they were used to infer the water balance (P-ET-R) results

(Figure 2).

From Figure S1, P and ET from different products are consistent with the in situ data, where

the correlation coefficients (CC) are both over 0.9. However, the root mean square error (RMSE)

of ET is larger than that of P.

Figures 2a—d show that the observed water balance agrees with the TWS changes observed

from GRACE data, but they are also different, especially the amplitude. The main reasons may be

ET, because ET data are difficult to estimate and have a large uncertainty (Figure 3b) (Long et al.,

2014). The CC and RMSE between the LMM TWS and water balance TWS from Equation (3) are

0.70 and 2.69 cm respectively, but they can be improved to 0.80 and 1.48 cm when Equation (4) is

used.

From Figure S2a—h, the TWS estimates from different GRACE data post-processing methods

are generally consistent. The CC and RMSE of the TWS between the LMM and four DDKS5

products were over 0.8, and approximately 1.80 cm, respectively, but the CC and RMSE of the

Mascon TWS are over 0.9, and about 1.50 cm, respectively. The best TWS agreement with LMM

is the JPL FAN product.

From Figure S2i-1, the CC and RMSE of the TWS between the LMM and four hydrological

model products are nearly 0.74 and 2.24 cm, respectively, which are somewhat low. The GLDAS

TWS exhibited the best performance. Although TWS changes from GRACE data can be seen as

hydrological signals after deducing other signals (such as atmospheric and ocean) from the

15



background model, but they are different from those of the hydrological model. In addition, there

are errors in the background and hydrological models, which can also cause differences. This

indicates that TWS from hydrological models cannot be fully equal to GRACE TWS.

Figure 3 shows the annual change and seasonal cycle of the TWS, P, ET and R, which show

that (1) the uncertainty of ET is larger than that of P and TWS, (2) the trend and annual variability

of P, ET and R remain stable, but TWS increases, (3) the TWS changes, P, ET, and R in the YRB

have obvious seasonal cycles with maxima in summer and minima in winter.

4.2. Individual components of TWS changes

4.2.1. GMC at the Geladandong

The GMC at the Geladandong was derived using the CryoSat-2, ICESat, and SRTM data

during the period of 2003-2016, showing that GMC and its trends were all negative before and

after the SRTM correction (Figure 4). The trend of the GMC was —0.158+0.066 m-yr~!' during

2003-2009 from the ICESat and SRTM data, —0.043+0.032 m-yr ! during 2010-2016 from the

CryoSat-2 and SRTM data, and —0.025+0.013 m-yr! by fitting the elevation difference between

CryoSat-2/ICESat and SRTM data during 2003-2016. The annual variability of GMC at

Geladandong also declined. These results show that the glaciers in this area were melted. The

cause of the Geladandong glacier melt was investigated by Chao et al. (2017b) from the

surrounding hydroclimatic data, showing that an increase in temperature leads to glacial melt. The

contribution of GMC in Geladandong to the total TWS change (CCR) was 15%.

4.2.2. TGRI and its impacts on the TWS changes

TGR is the most important water control project in the world. The total length, crest height

16



and area are 3,035 m, 185 m, and 1,084 km?, respectively. The initial reservoir level and final

reservoir level are 156 m and 175 m, respectively. The total impoundment capacity is 39.3 billion

m?3, and the flood control capacity is 22.15 billion m?. TGR construction began in 1994 and was

completed in 2009. The first impoundment, up to 136 m, was in 2003. The first test and final

impoundment of up to 175 m were in 2008 and 2010, respectively, and an impoundment of up to

175 m occurred between October and November. TGR impoundment is disintegrated into two

phases, one with an impoundment level less than 175 m, and the other with an impoundment level

of 175 m. More details of the TGRI can be seen in Figure 5a and Liu et al. (2016).

The region of 3°%3° around the TGR is used to infer the effect of water storage after

impoundment. Because the impoundments of TGR are irregular, their influence on TWS changes

cannot be modeled by the existing hydrological models but can be reflected in TWS changes from

GRACE data. Hence, the difference in TWS changes between GRACE data and hydrological

model can be considered human-induced. In the selected hydrological models, GLDAS data do

not include groundwater, and the time span of the WGHM data was only 2002-2012. TWS

changes from GRACE data subtract the sum of soil moisture, snow, canopy, river storage, and

CGWS from CLM4.0 data as the human-induced TWS, which is a TWS change due to TGRI

The human-induced TWS change in TGR (Figure 5c) was obtained by the total TWS change

from GRACE (Figure 5b), subtracting the TWS change from NCAR-CLM4.0. Therefore, the

human-induced TWS change could be obtained for each month with the same resolution of

GRACE. During April 2002 to May 2003, TGR was not impoundment. The human-induced TWS

change in the TGR from April 2002 to May 2003 could be taken as the other human effects (such

17



as irrigation), but during June 2003 to December 2015, there was impoundment in TGR, and the

human-induced TWS change should be the sum of TGRI and other human effects. Therefore, the

difference between the mean of human-induced TWS change from April 2002 to May 2003 and

from June 2003 to December 2015 (Figure 5d) can be seen as the TGRI effect. The results of

Figure 5d show that TGRI caused the water storage to increase around the TGR and decrease in

the lower lakes. From Figures Sb—d, TGRI could lead to TWS changes, and the water storage in

the YRB and TGR increased after impoundment.

Figures 7a and 7b show the annual variability and seasonal cycle in the water level changes

of the TGR during 2003-2013. The results show that the water level change was minima in

summer but maxima in November, and the annual variability increased, indicating that the water

level change of the TGR was human-dominated.

4.2.3. LWS from altimetry and in situ hydrological stations

The Poyang and Doting lake water level changes were obtained from the HYDROWEB

(Crétaux et al., 2011), and the surface water level data were obtained from Chenlingji and Hukou

in situ hydrological stations (Figures 6a and 6b). The CC and RMSE between the surface water

level from altimetry and in situ data in Poyang are 0.88 and 0.59 m, respectively, in Doting Lake

are 0.60 and 0.67 m, respectively.

The LWS is the sum of Poyang Lake, Doting Lake and others lakes in the YRB. The results

of other lakes and reservoirs are from Cai et al. (2016), who investigated the water storage

dynamics of 128 large lakes and 108 reservoirs in the YRB.

From Figure 7a and 7b, the annual variability increased and the maxima in 2010 due to the
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severe flood in the middle and lower YRB. The lake water level change showed a clear seasonal

cycle with maxima in summer and minima in winter.

4.2.4. Results from SWS, SM and GWS

SWS, SM, TGWS, HGWS, and CGWS were derived from the GRACE, GLDAS, and

CLM4.0 data based on Equation (1). SWS is the sum of LWS and TGRI; SM is obtained from

GLDAS; TGWS was obtained by taking the difference of the TWS changes from GRACE and

GLDAS, Poyang Lake, Doting Lake and TGR water level change data. Hereafter, TGWS is

represented by GRACE-GLDAS. The HGWS was obtained by taking the difference between the

TWS changes from GRACE and CLM4.0 data. Hereafter, HGWS was represented by

GRACE-CLM4.0. CGWS was obtained from CLM4.0 data. The trends of SWS, SM, TGWS,

HGWS, and CGWS in YRB during 2003-2015 were 0.56+0.07 Gt yr!, 1.65+0.88 Gt yr!,

10.39+1.27 Gt yr!, 4.87+1.12 Gt yr! and 5.52+1.69 Gt yr!, respectively (Table 3). The

contributions of SWS, SM, and GWS to TWS (CCRs) are 12%, 25% and 48% in the YRB,

respectively.

The fitted from the nonlinear least square method and long-term component from

13-windows method of total TWS changes, HGWS and TGWS are shown in Figure S3. From

Figure S3, the periods of TWS from the GRACE, CLM4.0, and GLDAS data agree with each

other, and they show that changes in TWS and groundwater have increased since 2008. As shown

in Figure 7a, the annual variability of SM was stable, but TGWS and HGWS obviously increased.

In addition, the years 2006, 2010, and 2011 exhibited larger peaks associated with El Nifio—La

Nifia events (Zhang et al., 2015). During El Nifio years, the YRB receives more rainfall than
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normal (Zhang et al., 2015). During la Nifa years, the YRB is drier than that in normal years

(Zhang et al., 2015). The droughts of 2006 and 2011 and the floods of 2010 (Zhang et al., 2015;

Zhou et al., 2017) were also well captured. From Figure 7b, SM, TGWS and HGWS show a

strong seasonal cycle with maxima in summer and minima in winter. The maximum seasonal

cycle of TWS changes, SM, TGWS, and HGWS were 7.3 cm, 2.4cm, 3.8cm, and 3.3cm at July,

respectively.

4.3. Relationship between TWS change and each individual component

From Table 4, the correlation coefficients between P and ET, ET and R, and R and P were

approximately 0.7, with p-value less than 0.001, indicating that they are strongly related to each

other. The maximum correlation between P, ET, R, and TWS was runoff, with a correlation

coefficient of 0.71 with a p-value less than 0.001. The results of the correlation between SM and

P, ET, R, TWS, GMC, TGR, Poyang Lake, Doting Lake, TGWS, and HGWS showed that SM is

mainly influenced by river runoff in the YRB. The correlation coefficient between the GMC at the

Geladandong and TWS shows a moderate correlation, indicating that the glacier melt has a certain

effect on the TWS changes in the YRB.

There is a strong relationship between P, ET, and R, and lakes (Poyang Lake and Doting

Lake). There was no correlation between P, ET, R, and TGR, and TGR and lakes (Poyang Lake

and Doting Lake), indicating that the TGRI does not affect the lake water changes, and the lake

water changes are mainly due to climate change. This result is coincide with that of Wang et al.

(2017), who found that climate variability is the dominant driver of the recent decadal lake decline

across China’s Yangtze Plain.
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The results of the correlation coefficient between TWS and TGWS, HGWS indicate that the

increase in TWS is mainly from GWS. The TGR, TGWS, and HGWS also have a strong

correlation, indicating that the TGRI has a certain contribution to the increase in GWS, but more

data (e.g., well data) are required for further investigation.

The GRACE data over 13 years (2003—2015) showed that the trends of TWS changes and

TGWS were 12.04+1.81 Gt yr'! and 10.39+1.27 Gt yr'!, respectively, accounting for 86% of TWS

changes. Because the well data in the YRB is coarse, hard to obtain, and cannot be found in the

literature, the above conclusions are not verified. The groundwater changes estimation method

used is the same as reported by Joodaki et al. (2014), who verified groundwater changes in the

Middle East by using well data in Iran. Moreover, GRACE and model data can jointly provide

another effective method for understanding hydrological processes in the area of sparse data.

The increase in TWS changes in the YRB mainly from groundwater during 2003-2015 and

the spatial distribution of the sum of TGWS and SWS (TGSW) trend were obtained by subtracting

GLDAS data from GRACE data for 2003—2015 (Figure 8). The method to infer the spatial map of

the TGSW trend can be seen in Joodaki et al. (2014). As shown in Figure 8, TGSW increased

around the TGR and the headwaters of the Yangtze River, but TGWS decreased in the lower

sub-basin, such as Tai Lake. From the spatial distribution of the TGSW trend over the YRB,

TGSW was observed to increase. Due to the limitations of the low temporal-spatial resolution of

GRACE data and the shortage of in situ data, it is difficult to determine the causes of TGSW

increase, such as whether TGR impoundment can increase TGSW in the YRB. To investigate the

cause of this increase, in situ data (such as well data around the TGR) should also be used.
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5.

Conclusions

TWS changes in the YRB were inferred using LMM from 13 years of GRACE data during

the period of 2003-2015. The components of TWS variability were also investigated by

disintegrating TWS changes into individual components (such as glacier, soil moisture, surface

water, and groundwater). The GMC at the Geladandong can be detected by using the CryoSat-2,

ICESat and SRTM data. Groundwater can be effectively monitored using GRACE, altimetry and

hydrological data. The main findings are as follows:

(D

)

€)

(4)

©)

TWS changes in the YRB can be effectively inferred using LMM from GRACE data, and the

trend of TWS change was 12.04+1.81 Gt yr! during 2003-2015.

The glaciers at the Geladandong were melted during 2003-2016 from CryoSat-2, ICESat, and

SRTM data.

The trend of TGRI accounts for ~3% of the trend in TWS variability in the YRB during the

period 2003-2015, indicating that TGRI has a moderate effect on the TWS changes in the

YRB, leading to an TWS increase in TWS in the YRB.

The trend of surface water storage anomalies (including GMC at the Geladandong, Three

Gorges Reservoir impoundment, and storage change in the Lakes Doting and Poyang)

account for only ~6% of the trend in TWS variability over the YRB.

TWS changes, soil moisture storage anomalies, lake water changes and GWS anomalies show

a clear seasonal cycle with maxima in summer and minima in winter, but the water changes of

TGR are minima in summer and maxima in November due to impoundment. The annual

variability of the TWS components is increasing except for Geladandong glaciers.
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(6) The increased groundwater storage in the YRB has a large effect on TWS changes.

In this study, we investigate the component contributions to the spatiotemporal variability of

total TWS in the YRB, which provides new valuable insights for understanding the distribution of

water resources. The method discussed in this paper can be applied to other river basins all over

the world. Therefore, the water resource distribution of each river basin in the world will be

derived, which can provide information for the basis of constructive suggestions for water

resource management.

With the development of satellite technology, such as ICESat-2 (Abdalati et al., 2010, it was

launched on 15 September 2018) and GRACE Follow-On mission (Flechtner et al., 2014, it was

launched on 22 May 2018), satellite observations will be better utilized to investigate water

storages and their contribution to global sea level rise. Quantitative estimation of the hydrological

elements for each of the global river basins using multisource satellite observations is crucial to

understand global sea level rise.
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Figure 1. Study area. Major rivers, glacier distribution of the Geladandong area from the Chinese

Glacier Inventory (Guo et al., 2015), weather stations and hydrological stations.
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Figure 2. Comparison between TWS changes from LMM-GRACE and in situ data (a) basing on

the Eq. (2) and (3), (b) basing on the Eq. (4). Scatterplots comparing (c) in situ data (P-ET-R) with

LMM d(TWS)/dt and (d) in situ filter (P-ET-R) with LMM filter (d(TWS)/dt). CC is correlation

coefficient, and RMSE is root mean square error.
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Figure 4. Glacier elevation changes are determined by using all median values of the elevation

differences between (a) ICESat, (b) CryoSat-2 and SRTM data during 2003-2016. The shaded

envelopes represent the corresponding uncertainties (see Chao et al. (2017b) for details).
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human-induced TWS changes in the TGR from the GRACE-CLM4.0. (d) The differences in TWS
changes between the mean of June 2003-Dec 2015 and Apr 2002-May 2003 after
GRACE-CLMA4.0. The shaded envelopes in (b) and (c) represent the corresponding uncertainties

(see Section 3.4 for details).
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Figure 6. Scatterplots comparing surface water level change from altimetry with in situ data at (a)

Poyang Lake from the Chenlingji station, and (b) Doting Lake from the Hukou station.
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Figure 8. Spatial distribution trend with the sum of total groundwater storage anomaly (TGWS)

and surface water storage anomaly (SWS) in the YRB during 2003-2015 from GRACE-GLDAS.

Table 1

Review of recent studies on the Yangtze River basin using GRACE data.

Referenc
Focused Source data Main contributions
es
He et al., GRACE, Tropical Rainfall Reconstruction and prediction
Water level
2018 Measuring Mission (TRMM) water level
GRACE, Palmer's Drought Reconstruction water level
Fok, et
Water level Severity Index (PDSI), and El
al., 2018

Nino  Southern  Oscillation
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Lv et al.,
2017

Li et al.,
2018

Ferreira et
al., 2013

Chen et
al., 2019

Zhang et
al., 2015

Zhang et
al., 2016

Zhou et
al., 2017

Sun et al.,
2018

Zhang et
al., 2019

Chao et

Evapotranspiration

Evapotranspiration

Discharge

Discharge

Drought

Drought

Drought and flood

Drought

Drought

Flood

(ENSO) indices

GRACE, Global Land Data

Assimilation System (GLDAS)

GRACE, in situ data

GRACE; TRMM; GLDAS

GRACE, TRMM, Moderate

Resolution Imaging

Spectroradiometer (MODIS)

GRACE

GRACE

GRACE, MODIS

GRACE

GRACE, and in-situ data

GRACE, hydrological model,

Reconstruction

evapotranspiration

Estimation evapotranspiration

Estimation total discharge

Estimation total basin
discharge and its seasonal
error characterization
Detection droughts and
connections with ENSO
Evaluation hydrological
drought

Characterizing drought and

flood events

Evaluation drought

Assessment

of hydrological

drought and its recovery time

Characterized flood potential
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al., 2017b

Gao et al.,
2017

Sun et al.,
2017

Huang et
al., 2015

Long et
al., 2015

Yang et
al., 2018

Li et al.,
2019

Zhang et
al., 2019

Jiang et
al., 2016

This
Study

Flood

TWS and Flood

TWS changes

TWS changes

TWS changes

TWS changes

TWS changes

Groundwater

change

Spatiotemporal

variability of each

and in-situ data

GRACE, precipitation

GRACE, TRMM

GRACE, hydrological model

GRACE, hydrological model

GRACE, GLDAS, TRMM

GRACE

GRACE, and in-situ data

GLDAS; GRACE; satellite

altimetry
GRACE, hydrological model,
satellite

altimetry  (ICESat,

Estimation for flood frequency

Assessing TWS and flood

potential

Estimation of human induced

changes in TWS

Deriving scaling factors using a

global hydrological model to

restore TWS

Analysis of the spatiotemporal

changes in TWS

effects of

Evaluation the

leakage error on TWS changes

Evaluation of GRACE mascon

solutions for small spatial
scales TWS changes
Monitoring groundwater
changes

Characterization each

component of TWS changes
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component TWS CryoSat-2), MODIS,

precipitation (P),

evapotranspiration (ET), and in

situ of P, ET, runoff, surface

water level data

Table 2

Basic information of data sources used in this study. Note: TWS, terrestrial water storage; SH,

spherical harmonic; ET, evapotranspiration; P, precipitation; R, runoff; SMS, soil moisture

storage.
Compo  Descriptio  Resolution Time Sources
nent n Temporal/lS span

patial

Satellite Remote Sensing

TWS GRACE SH Monthly [/ 2002-2 http://icgem.gfz-potsdam.de/ICGEM/shms/monthly
and Mascon 1°x1° 015 /
solutions ftp://[podaac.jpl.nasa.gov/allData/tellus/L3/mascon/
P Monthly /' 2002-2 https://disc2.gesdisc.eosdis.nasa.gov/data/TRMM
TRMM
1°%x1° 016 _L3/TRMM_3B43.7/
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Monthly [ 2002-2

GPCP
2.5°%2.5° 016
ET Monthly [/ 2003-2
MODIS
2.5°%2.5° 013
Glacier CryoSat-2 2010-2
/
elevation 016
change ICESat 2003-2
/ 91 day
009
SRTM /
2000
3-arc-second
Lake Topex/Pose
water idon,
level Jason-1/2, 2003-2
change GFO, 015
ERS-2 and
Envisat

Land surface models

P,ET,R, GLDAS-1(C
Monthly [ 2002-2

SMS, LM, MOS,
1°x1° 016
TWS NOAH, VIC)
CLM4.0 Monthly ! 2003-2

http://www.esrl.noaa.gov/psd/data/gridded/data.gp

cp.html

https://modis.gsfc.nasa.gov/data/

https://science-pds.cryosat.esa.int/#

https://n5eil01u.ecs.nsidc.org/GLAS/

http://srtm.csi.cgiar.org/srtmdata/

http://hydroweb.theia-land.fr/hydroweb

http://disc.sci.gsfc.nasa.gov/services/grads-gds/gld

as

https://www.earthsystemgrid.org/
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0.9°x1.25° 015

Monthly /' 2002-2 https://www.uni-frankfurt.de/45218063/WaterGAP
WGHM
0.5°x0.5° 012

Ground-based observation

Hydrolog 2003-2  http://'www.cjw.gov.cn/
Datong Monthly
ical 015
stations 2003-2
Hukou Monthly
(P, ET, 013
R, and 2003-2
Chenlingji Monthly
water 013
level) 2003-2
TGR Daily
016
Weather China http://data.cma.cn
stations  Ground
(P and Climate 2003-2
Daily
ET) daily 013
observation
Data
Table 3
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Trends of TWS changes and its individual components during 2003-2015.

D P (o)
(0]
oting oyan thers
thers
GRI L g Lake T
R G RI S T H C
ake Lake s WS
chan
esults MC Total RI Total LWS M GWS GWS GWS
ge
SWS
T
WS
chang
e and
its
-0.06 0.37+ 0.03t 0.12+ 0.06x -0.02 1.65+ 10.39 4.87+ 554+ 12.04
individ
+0.04 0.15 0.01 0.04 0.05 +0.01 0.88 .27 1.2 1.02 +1.81
ual
compo
nents
(Gt
yr-1)
Table 4

Correlation coefficients between the P, ET, R, TWS, GMC, TGR, Poyang Lake, Doting Lake,

SM, TGWS, and HGWS with p-value < 0.001 from the monthly time series during 2003-2013.

Note: TGR refers to the water level change in the TGR.
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Correla

Po D
E T G T S T H
yang oting
tion
La L
T WS MC GR M GWS GWS
ke ake
coefficients
-0.2
P 1 0.73 069 0.38 -0.41 0.75 0.63 0.44 0.24 0.09
3
-0.2
ET 1 0.74 044 -0.33 0.68 0.50 0.35 0.35 0.16
3
-0.1
R 1 0.71 -0.28 0.86 0.71 0.70 0.52 0.22
9
TWS 1 -0.51 0.37 0.62 0.58 0.65 0.90 0.66
-0.0
GMC 1 0.03 -0.11 -0.21 -0.07 -0.01
3
-0.1
TGR 1 -0.17 -0.01 0.55 0.65
6
Poyang 1 0.69 0.65 0.42 0.18
Doting 1 0.54 0.41 0.16
SM 1 0.28 -0.01
TGWS 1 0.84
HGWS 1
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TWS change in the YRB is derived using LMM and validated using in situ data.
Each components contribution to TWS change in the YRB is quantified.
The relationship between each component of TWS change is investigated.

The CryoSat-2/ICESat are combined to monitor the glacier mass change.
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