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Abstract: Water budget closure is a method used to study the balance of basin water storage and the dynamics of relevant hydrological
components (e.g., precipitation, evapotranspiration, and runoff). When water budget closure is connected with terrestrial water storage
change (TWSC) estimated from Gravity Recovery and Climate Experiment (GRACE) data, variations in basin runoff can be understood
comprehensively. In this study, total runoff variations in the Yangtze River Basin (YRB) and its sub-basins are examined in detail based on
the water budget closure equation. We compare and combine mainstream precipitation and evapotranspiration models to determine
the best estimate of precipitation minus evapotranspiration. In addition, we consider human water consumption, which has been
neglected in earlier studies, and discuss its impact. To evaluate the effectiveness and accuracy of the combined hydrological models in
estimating subsurface runoff, we collect discharge variations derived from in situ observations in the YRB and its sub-basins and compare
these data with the models’ final estimated runoff variations. The estimated runoff variations suggest that runoff over the YRB has been
increasing, especially in the lower sub-basins and in the post-monsoon season, and is accompanied by apparent terrestrial water loss.
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1. Introduction

The Yangtze River, which is the longest river in China and the
third-longest river in the world, originates on the Tibetan Plateau
and flows approximately 6300 km eastwards to the East China Sea
(Wang GJ et al., 2008). The Yangtze River Basin (YRB) has a drain-
age area of over 1.8 million km2 and directly feeds approximately
one-third of China’s total population with rich terrestrial water re-
sources (Zhu M et al., 2020). River discharge variation has been
measured traditionally by stream gauging. The average discharge
rate between 2003 and 2016 at the Datong station, estimated
from data in the Chinese River Sediment Bulletin, was 27,000 m3/s.
This discharge value represents the volume of water that passes
through a given cross-section per unit time.

Discharge gauging is essential for water resource management,
climate studies, and flood management (Sichangi et al,, 2016).
However, these in situ observations are point measurements and
are not always representative of what is occurring over large spa-
tial domains (Famiglietti et al., 2008). More importantly, total basin
runoff includes surface river discharge and subsurface runoff
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(Syed et al.,, 2005). The YRB discharge flux is not clearly distin-
guished from the basin’s runoff, and the subsurface runoff estim-
ates show large differences from the results of other approaches
(Zhang J et al., 2011; Niu GY et al,, 2011; Lv MZ et al., 2021). Large
differences exist among different hydrological models because no
direct measurements of subsurface runoff have been available.
Therefore, by relying only on hydrological station observational
data and hydrological models, our knowledge of basin runoff has
remained seriously incomplete.

Most recent studies of basin-scale water budget closure (Syed et
al., 2005; Long D et al., 2014; Lv MX et al., 2017; Li Q et al., 2018;
Chen JL et al,, 2020; Fang J et al., 2021; Shen Y et al.,, 2022; Zhang L
and Sun WK, 2022) have benefitted from the Gravity Recovery and
Climate Experiment (GRACE) mission. The GRACE-derived ter-
restrial water storage change (TWSC) captures variations in resid-
ual water storage, including in natural water supply and loss;
TWSC data are thus a perfect fit for water budget studies (Rodell
and Famiglietti, 1999). When the water budget closure method is
combined with TWSC results, it becomes possible to balance the
dynamics of basin runoff and TWSC data in a single equation, be-
cause the main factors in the water budget closure equation are
precipitation, evapotranspiration, runoff, and TWSC. Thus, precise
runoff variation information can be obtained from this water
budget closure equation. However, it remains challenging to


http://www.eppcgs.org/
http://dx.doi.org/10.26464/epp2022021

achieve a balance without considering human water use in estim-
ating other water budget terms (Lv MZ et al,, 2021). In fact, the
contribution of human water consumption (e.g., irrigation and
water diversion projects) has been ignored in this equation (Long
D et al, 2015; Lv MX et al., 2016) and thus neglected in previous
studies (Syed et al., 2009; Xue BL et al., 2013; Ferreira et al.,, 2013;
Chen YT et al,, 2019; Wang HS et al., 2022). Therefore, on the one
hand, neglected human water consumption increases uncertain-
ties in the estimates of basin runoff. On the other hand, estimates
of basin runoff have been limited by uncertainties in the data and
processing algorithms of hydrological models that have de-
pended on various satellite observation. Penatti et al. (2015) quan-
tified the hydrological dynamics of the world’s largest continuous
wetland; however, the estimated runoff was greatly overestim-
ated, due mainly to underestimation of evapotranspiration. Simil-
arly, Oliveira et al. (2014) assessed the water balance of the Brazili-
an Cerrado based on remotely sensed estimates and found that
runoff was overestimated, due mainly to overestimation of rain-
fall. In short, the accuracy of basin runoff, estimated from the wa-
ter budget closure method, is known to have been seriously im-
paired by limitations of hydrological models and their neglect of
human water consumption.

The water budget closure equation used in this study of runoff
variations in the YRB and its sub-basins therefore adds previously-
neglected human water consumption data to data from GRACE,
from in-situ observations, and from improved hydrological mod-
elsin hopes of achieving a more detailed and accurate under-
standing of total regional water inputs and outputs. Figure 1
shows the distribution of hydrological stations and the division of
sub-basins of the YRB. River discharge measurements from hydro-
logical stations were used as references for estimating runoff.
Statistical analysis between four sets of P and ET models allows us
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to have a specific confidence interval of precipitation-evapotran-
spiration (P minus ET). Spatial and seasonal variations in the en-
tire basin and its sub-basins were researched. In addition, dis-
charge is distinguished from runoff to understand the contribu-
tion of subsurface runoff.

The rest of this paper is structured as follows. Section 2 describes
the datasets and methods used in the study. Section 3 presents
the variations of all components in the water budget closure
equation and estimations of runoff and subsurface runoff. Discus-
sion and conclusions appear in Section 4.

2. Data and Methods

To estimate runoff variation in the YRB based on the water budget
closure method, the required inputs include precipitation, evapo-
transpiration, and water storage. This study uses data from evapo-
transpiration models and GRACE observations, as have previous
investigations, but adds in situ precipitation data, river discharge
measurements, human water consumption data, and extreme cli-
mate indices.

2.1 Hydrological Models and In-situ Data

Currently, many global precipitation (P) data and evapotranspira-
tion (ET) models are available (gauge-based, satellite-related, and
reanalysis datasets) from different organizations (Sun QH et al.,
2018). The mainstream land surface models (Zhang D et al., 2016;
LiQetal, 2018; Jing WL et al., 2019; Chen JL et al., 2020; Martin et
al., 2020; Rao WL and Sun WK, 2021, 2022; Xing LL et al., 2021) in-
clude the Global Land Data Assimilation System (GLDAS), Global
Precipitation Climatology Project (GPCP), GLEAM (Global Land
Evaporation Amsterdam Model), and ERA5 models. One reason
these models have been popular is that they merge various satel-
lite-based estimates over both ocean and land with gauge meas-
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Figure 1. The geographic location of the YRB in China and the division of its sub-basins. The orange dots represent hydrological observatory
stations. Abbreviations: XJB: Xiangjiaba; PS: Pingshan; GC: Gaochang; BB: Beibei; WL: Wulong; YC: Yichang; HZ: Huangzhuang; CLJ: Chenglingji;

HK: Hankou; HUK: Hukou; and DT: Datong.
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urements. For instance, the GPCP monthly precipitation analysis,
one of the most popular products used in climate studies, merges
gauge observations with low-orbit satellite microwave data and
geosynchronous orbit satellite infrared data (Adler et al., 2003).
The other reason is that these models provide users with high-res-
olution globally gridded data under different time resolutions.
The application effect of these models in YRB can be evaluated
after being compared with independent in situ data and also can
be analyzed based on the water budget closure study.

In this study, we have used four sets of monthly P data from the
CLM, NOAH, ERA5, and GPCP, collected during the period from
January 2003 to December 2016. CLM and NOAH are two widely
used sub-models in the second version of GLDAS (Huang Y et al.,
2013; Anderson et al., 2015; Xu XF et al., 2020); the other two sub-
models are the variable infiltration capacity model and the mosa-
ic model (Rodell et al., 2004). ERAS5 is the latest generation (5th) of
the ECMWEF reanalysis system developed through the Copernicus
Climate Change Service; the native spatial resolution of the ERA5
reanalysis dataset is 9 km (Hersbach et al., 2020). The new version
2.3 of the GPCP precipitation model includes corrections and im-
provements for years after 2002 (Adler et al., 2018). Monthly P
data from the above models were applied in this study after as-
sessing the consistency between the models and the in situ data.
The gridded products of these models at spatial resolutions of
1°% 1% 1°x 1°,0.1° x 0.1°, and 2.5° x 2.5° for CLM, NOAH, ERA5,
and GPCP, respectively were resampled to 0.1° x 0.1° using the
arithmetic mean method. In addition, the high-resolution meteor-
ological forcing dataset CMFD (He J et al., 2020) was applied to as-
sess the accuracy of the hydrological models.

Similarly, we used four sets of ET data from CLM, NOAH, ERA5, and
GLEAM. GLEAM v3.5a is a global dataset spanning 41 years, from
1980 to 2020, based on satellite and reanalysis data (Martens et
al., 2017). ET gridded products’ time and spatial resolutions are
the same as the corresponding P products; GLEAM ET data were
thus chosen to have a spatial resolution of 0.25°.

In situ observations of annual discharge amounts collected at
11 hydrological observatory stations (Xiangjiaba, Pingshan,
Gaochang, Beibei, Wulong, Yichang, Huangzhuang, Chenglingji,
Hankou, Hukou, and Datong) and reported to the Ministry of Wa-
ter Resources of China, were obtained for this study from the an-
nual Chinese River Sediment Bulletin (Chinese edition). These 11
hydrological stations are the main control stations of the sub-
basins of the YRB. The spatial distribution of the hydrological sta-
tions in the YRB is shown in Figure 1.

Statistical data describing annual water use and consumption of
all provinces in China are reported in the Water Resources Bullet-
in of each province. We collected total annual water use and con-
sumption amounts and the ratios of agriculture, industry, and do-
mestic consumption to total water consumption from 2003 to
2016 in 13 provinces (Jiangsu, Zhejiang, Anhui, Henan, Hubei, Ji-
angxi, Hunan, Guizhou, Chonggqing, Shanxi, Gansu, Qinghai and
Sichuan) from each province’s annual Water Resources Bulletin.

2.2 GRACE Data and Data Processing
Monthly GRACE spherical harmonic coefficients from the RL06

time-variable gravity model are provided by the University of
Texas Center for Space Research (CSR), the Jet Propulsion Laborat-
ory (JPL), and the German Research Center for Geosciences (GFZ).
The mean solution of these three models was used in this study to
cover the 2003-2017 period. Due to the inaccuracy of the GRACE
satellite's low degree term coefficients and the lack of a geocen-
ter term coefficient, it is necessary to supplement or replace the
GRACE SHs with data from satellite laser-ranging (SLR) (Swenson
et al,, 2008; Sun Y et al., 2016; Cheng M and Ries, 2017). The de-
gree-1 coefficients were added back, and the degree-2 terms were
replaced with satellite laser-ranging observations. The Glacier Iso-
static Adjustment (GIA) effect on the global gravity field should
not be neglected and is corrected by the ICE-6G-D model (Peltier
etal., 2018).

The terrestrial water storage anomaly (TWSA) derived from GRACE
exhibits signal leakage due to data processing filtering and trun-
cation. The forward modeling method (Chen JL et al,, 2014) has
proven to be effective in reducing the known leakage bias in
GRACE estimates of regional mass changes (Chen JL et al., 2016;
Chang L and Sun WK, 2021). The major advantage of the forward
modeling method is that it is dependent on GRACE data and re-
quires no a priori information (Chen JL et al., 2016). In the forward
modeling method, iterative numerical simulations are used to re-
construct a “true” mass change field that best matches the
GRACE-observed mass change, after repeating the same data-pro-
cessing procedures applied to GRACE data (Chen JL et al., 2016). In
order to recover the real mass change series of the YRB, monthly
“true” mass change reconstruction will be realized. The coeffi-
cient relation between the monthly reconstructed “true” mass
change value and the corresponding GRACE-observed one can be
represented by their ratio, which is called the “factor” in this study.

GRACE-derived TWSA is monthly average information, and time
gaps between two released monthly TWSAs are not uniform.
Some researchers have tried to fill the gaps using the dynamic in-
terpolation method, redefining the epoch of each month as the
exact middle of the month (Chen JL et al., 2020). However, the dy-
namic interpolation method contains strong constraint informa-
tion (time series only include seasonal and trend variations). The
estimated TWSC was directly determined by fitted results rather
than actual TWSA because the anomaly and long-period variation
are not considered. Typically, the mid-points of the monthly
GRACE observed period are about the middle of the month.
Therefore, the more direct and simple method was applied in our
study, and the monthly TWSC was estimated from the difference
between two consecutive terrestrial water storage totals.

2.3 Methods

When the water budget closure equation is used to estimate run-
off for the YRB, the equation is usually given (Chen YT et al., 2019;
Chen JL et al., 2020) as:

R=P—ET-ds/dt (1)

where R, P, and ET are the monthly runoff, precipitation, and
evapotranspiration, respectively, and dS/dt represents the
monthly terrestrial water storage change (Long D et al., 2014; Lv
MX et al., 2017), which can be expressed as:

Rao WL and Sun WK et al.: Runoff variations in the Yangtze River Basin and sub-basins
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in which S; is the terrestrial water storage anomaly (TWSA) for
month i. In this study, the uniform unit is cm/month.

Human interventions (e.g., irrigation and water diversion projects)
affect the terrestrial hydrological cycle and have received little at-
tention in water budget closure analysis (Lv MX et al., 2019).
Strictly speaking, the runoff estimation equation should be ex-
pressed as:

R=P-ET-C-dS/dt (3)

in which, C represents the human interventions. Therefore, based
on the above equations, the runoff variation in the YRB can be es-
timated based on P, ET, GRACE and water consumption data.

Before we estimate the runoff variation, a statistical analysis of the
P and ET models should be conducted. The coefficient of determ-
ination (R?) is a statistical measurement that examines differences
in two variables to assess how strong the linear relationship
between those variables is. The coefficient of determination can
be expressed as Equation (4):

R=1-&" " (4)

where y; and y; are two comparative variable values, and y is the
mean of the reference variable values. In addition, the root means
square error (RMSE) is the standard deviation of the residuals and
is applied in the assessment of P and ET models. In this study, the
mean monthly P and ET series of the YRB from different models
and in situ data were estimated. The coefficients of determination
between two different P series were calculated. Similarly, the coef-
ficients of determination between two different ET series were cal-
culated. After the statistical analysis of the P and ET models, we
determine how to select and combine these hydrological models
and then estimate runoff.

In order to estimate the trend and seasonal variation of TWSA and
runoff, trend and seasonal fitted method was considered, given
here as Equation (5):

2n
LA

2n

S=a+b><t+c1><cos(
T

t+<p1)+c2 xcos( t+(p2)+5, (5)
where S is the time series; a and b are the constant and trend
terms, respectively; ¢; and ¢, are amplitude of annual and semi-an-
nual periods, respectively; T, T, are annual and semi-annual peri-
ods; tis the time in years; ¢,, ¢, are annual and semi-annual phase;
and g is the residual.

3. Results

3.1 Precipitation and Evapotranspiration Variations

Based on the spatial area mean method, we obtained four time
series of P over the YRB, derived from four hydrological models
(CLM, NOAH, GPCP and ERA5). Then, the g? and RMSE between
each two different hydrological models were determined to eval-
uate the consistency and deviation between those two models.
The comparisons are shown in Figure 2a with red dots, and the
corresponding R? of the six sets of compared models humbered

Earth and Planetary Physics  doi: 10.26464/epp2022021 231

from one to six are 0.87, 0.88, 0.64, 0.99, 0.73 and 0.72. Similarly,
the six corresponding RMSEs are 0.08, 0.07, 0.21, 0.06, 0.18 and
0.17. The results show that the g? calculated between CLM, NOAH
and GPCP was not lower than 0.87 and the RMSE did not exceed
0.08. Conversely, the R? calculated using ERA5 and one other
model was relatively low, and the RMSEs were larger than 0.17.
This means that three models (CLM, NOAH, GPCP) are quite con-
sistent with each other, and that ERA5 does not exhibit good
agreement with the other three models. In addition, we found
that the monthly P amounts in ERA5 were larger than those in the
other models, as shown in Figure 2b. The average monthly P
amount estimated from the ERA5 P model in the YRB over the
period of 2003 to 2017 is 11.16 cm. The average value derived
from the other three models is 8.97 cm, and the mean monthly P
calculated using CMFD in-situ data is 9.35 cm. That perhaps
means that ERA5 overestimates the P amount, and/or that the P
amount from the other three consistent models is underestim-
ated. Therefore, the difference between the P amount estimated
by ERA5 compared to the amount from the other three (com-
bined) models provides a large uncertainty interval, which can be
considered the more reliable confidence interval.

Similarly, we conducted a statistical analysis of ET data, shown in
Figure 2a with blue dots. The corresponding g? of the six sets of
compared models numbered from one to six are 0.78, 0.74, 0.69,
0.94, 0.88, and 0.93. Similarly, the six corresponding RMSEs are
0.08, 0.10, 0.11, 0.04, 0.05, and 0.04. This indicates that the g
between the CLM ET data and the other three ET data were lower
than 0.78, and the RMSEs were larger than 0.08. By comparison,
the g? values between the other three models (NOAH, GLEAM,
and ERAS5) were higher than 0.88, and the RMSEs were lower than
0.05. Therefore, the mean monthly ET derived from NOAH,
GLEAM, and ERA5 were compared with the monthly ET derived
from CLM; see Figure 2c. The mean monthly ET amount of the YRB
derived from NOAH/GLEAM/ERAS5 is 6.17 cm, and the relative un-
derestimated mean ET amount is 5.10 cm. However, from a previ-
ous study, the CLM ET data showed the best match with the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satellite ET
data when compared with other models in this study region
(Chen YT et al., 2019), and the other models in their study, includ-
ing the NOAH model. Therefore, it is not easy to determine which
model is best for representing the real ET in the YRB. Some stud-
ies (Gao HL et al., 2010; Penatti et al., 2015) have emphasized that
ET models tend to overestimate or underestimate the real ET in
different study areas. Long D et al. (2015) suggest that ET data are
particularly uncertain, making evapotranspiration the variable
that may most often cause failures in water budget estimates.

Because the differences between the different models were very
large, the accuracy of these models could not be well-assessed.
We conclude that real P and ET information are difficult to de-
termine by relying only on model results. For these reasons, in this
study, we did not select one optimal model to represent the real P
or E in the YRB. Conversely, these models provide a broader un-
certainty interval, and the upper and lower limits of precipitation-
evapotranspiration can be determined by running and compar-
ing all the models. The precipitation-evapotranspiration is abbre-
viated as P-ET in this study; the upper and lower limits of this dif-
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Figure 2. Statistical analysis of the P and ET models. (a) Taylor diagram showing the consistency and deviation of P and ET derived from different
models; (b) the deviation between annual P derived from the ERA5 model and the other three combined models; and (c) the deviation between
annual ET derived from the CLM model and the other three combined models.

ference between precipitation and evapotranspiration were de-
termined as follows:

Upper limit: P (ERA5) minus ET (CLM).

Lower limit: P (CLM/NOAH/GPCP) minus ET (NOAH/GLEAM/ERA5).
Expected values: means of the upper limit and lower limit.

For the lower limit, P (CLM/NOAH/GPCP) is relatively underestim-
ated (compared with the in situ P and ERA5 models) and ET
(NOAH/GLEAM/ERADS) is relatively overestimated (compared with
the CLM and MODIS results), so the natural water supply derived
from P (CLM/NOAH/GPCP) and E (NOAH/GLEAM/ERA5) must be
underestimated, which can be considered the lower limit of the
natural water supply. For the upper limit, P (ERA5) is relatively
overestimated (compared with the in situ P and the other three P
models), and ET (CLM) is relatively underestimated (compared
with the other three models). Therefore, in this study we use these
hydrological and in situ data as the basis for the confidence inter-
val of the natural water supply data. The median values of the
confidence interval were considered the expected values for the
estimation of runoff, and the confidence interval was the corres-
ponding uncertainty of the expected values.

Figure 3 shows the time series of the natural water supply and an-
nual accumulations. The black and blue dashed lines represent
the upper limit and lower limit of the natural water supply, re-

spectively. The solid red line marked with red circles is the time
series of P-E derived from the expected values, and the red back-
ground shadow shows the uncertainty and the confidence inter-
val based on the hydrological models. Below the monthly series,
the annual accumulated natural water supply is expressed with
the blue bars, and the annual uncertainty was calculated using
the root of the sum of the squared monthly uncertainties. The
multiple-year averaged P-ET is 53.38 + 19.80 cm, and the linear
trend of the expected P-ET series is nearly zero.

Furthermore, the spatial distribution of the mean annual P-ET and
corresponding uncertainty are shown in Figures 4a and 4b, re-
spectively. By comparison, the lower sub-basins of the YRB have
larger P-ET numbers: the annual P-ET amount of the Poyang Lake
sub-basin is 86.98 cm, and the value in the Hanjiang Basin is 31.44
cm. The model deviation is reflected mainly in the upper basins
(Jinshajiang and Minjiang sub-basins). In addition, Figure 4c
shows the long-term trend of the sub-basins: the maximum posit-
ive trend rate is 0.29 cm/yr in the Poyang Lake sub-basin, the
Hanjiang Basin has an average negative trend rate of —0.07 cm/yr.
The seasonal P-ET variation (Figure 4d) shows that the maximum
precipitation and evapotranspiration months are June and July,
respectfully; minimum precipitation and evapotranspiration oc-
cur in January and December, respectively. For the seasonal P-ET,
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Figure 4. Spatial distribution of P-ET and seasonal P and ET variation. (a) Multiyear average P-ET amount; (b) uncertainty of annual P-ET amount;

(c) long-term trend of P-ET; and (d) seasonal P, ET, and P-ET.

maximum water accumulation occurs in June; minimum accumu-
lation occurs in December.

3.2 Human Water Use and Consumption

Human interventions are usually neglected in water budget clos-
ure. One source of human intervention is a water diversion project
(e.g., the South-to-North Water Diversion (SNWD)). The water-
source region of the middle reach of the SNWD project is the
Hanjiang Basin (Danjiangkou Reservoir), and the water supply re-
gions are Beijing and Tianjin (Liu H et al., 2018). The route line is
plotted with the red line in Figure 5a, and the inset map shows
the water diversion amounts from the water source. The reported
water diversion amounts in 2014, 2015, and 2016 were 0.17 X
10° m3, 2.36 x 10° m3, and 3.77 X 10° m3, respectively. Inter-basin
water transfer changed the water storage state of the YRB. As this
example demonstrates, human water transfer should be included
separately as an individual component in water budget closure.

In addition, the exploitation and utilization of water resources has

changed terrestrial water storage conditions. For instance, the ex-
traction of groundwater adjusts the amounts of surface and un-
derground water. According to the Water Resources Bulletin of
each province, the annual average amounts of water use and
consumption from 2003 to 2016 are 150.13 x 10° m3 and 70.56 X
10° m3, respectively. These two values correspond to a water con-
sumption rate of 47%. Water consumption was divided into three
sectors: agricultural (agriculture, forestry, animal husbandry, and
fishing), industrial (mining, manufacturing, and power), and do-
mestic (service industry, information technology, education, and
living) (Wang ZM et al., 2019). The annual average water con-
sumption for the agriculture, industry, and domestic sectors ac-
counts roughly for 69%, 21%, and 10%, respectively, of total wa-
ter consumption. Figure 5a presents the annual mean agricultural
water consumption and the industrial/municipal water consump-
tion of each province.

More than 99.9% of the water used in agriculture is lost by crops
as evapotranspiration, defined as the water loss to the air, in va-
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water diversion amounts of the SNWD over the period of 2014 to 2016; (b) the plant water cycle (revised from https://byjus.com/biology/

transpiration/).

por form, by a vegetative unsaturated surface, by evaporation
from soil and transpiration from plants (Rana and Katerji, 2000).
Figure 5b shows the plant water cycle. Only a small amount of wa-
ter taken up by plants is actually used to produce plant tissue. The
water use efficiency can be defined as the ratio of total biomass or
grain yield to plant water consumption (Sinclair et al., 1984). The
average water use efficiency of grain crops in irrigated farmland in
China was 1.1 kg/m3 (Duan AW and Zhang JY, 2000), and this
value indicates that the mass transfer ratio of grain yield to water
consumption is 0.11%. Therefore, nearly all the supplied water in
an irrigated area is lost via evapotranspiration. In addition, evapor-
ation of water in industrial processing and cooling is the main
form of industrial water consumption (Pham et al., 2016); domest-
ic water disappears via direct and indirect evaporation.

Therefore, apart from inter-basin water diversion, human inter-
ventions do not affect the basin’s water balance; they merely ad-
just the existence and condition of terrestrial water components.
If a smaller spatial and time scale is considered, the effect of all hu-
man interventions can reflect small amounts of regional water
transfer. In summary, water diversion realizes mass migration
from the YRB to other basins, but the other modes of water con-
sumption are restricted within the YRB. Therefore, water diversion
is considered in the water budget closure equation.

3.3 Terrestrial Water Storage Change Derived from GRACE
As introduced in Section 2.2, the forward modeling method can
effectively reduce signal leakage. In this study, to distinguish the
reconstructed “real” mass change value from the GRACE-ob-
served mass change value, the ratio of the first term and the last
term was calculated. Since the secular trend is not our primary fo-
cus, the monthly TWSC is more important, so the forward model-
ing method was applied to each monthly TWSA field observed
from GRACE. The monthly optimal scale factors will be obtained
when the inverted mass change field (the ‘real’ mass change after
filtering and truncation) and the mass changes observed directly
from GRACE data have the minimum relative bias. The light blue

points in Figure 6a represent the factors in each published month
of GRACE data. The optimal factors range from 0.91 to 1.63 (the
initial range of the factors was set from 0.50 to 3.00, and the itera-
tion step was 0.01). The blue line with blue dots in Figure 6b is the
series of GRACE-observed TWSAs over the YRB, and the red dots
on the red line represent the ‘real’ monthly TWSA after the mass
recovery.

The secular GIA trend effect (0.17 £ 0.03 cm/yr, shown with the
red line in Figure 6¢) on mass change in the YRB was removed us-
ing the GIA model of Peltier et al. (2018). After the GIA correction,
the TWSA series (blue line in Figure 6¢) had a secular trend of
0.60 + 0.05 cm/yr. In fact, of the 168 months of our study period,
only 151 months of GRACE SHs data could be used due to unfa-
vorable operation status of the GRACE satellite and to poor data
quality. Therefore, monthly TWSCs directly estimated from the
GIA-free TWSA are shown in Figure 6d with light blue circles.

As GRACE monthly gravity models are often nonconsecutive,
missing monthly data were interpolated from time series solu-
tions. The first interpolated method is the series-fitted method, in
which we estimated the seasonal (annual and semiannual) and
linear trend terms of the GRACE TWSC series using the least-
squares fit. Therefore, the TWSC values in the missing months can
be calculated using the fitted equation. The second method is the
mean value method, and the missing TWSC value is replaced by
the mean value of the same-month TWSC values in each year.

As introduced in Section 2.3, the series-fitted method can help us
obtain from a raw series a simulated series that includes seasonal
variations and trend information. Therefore, the missing month
values in the raw TWSC series were replaced by those in the simu-
lated series; the tomato-red circles in Figure 6d represent the ad-
ded TWSC values. In addition, the other method takes the aver-
age value of that month in other years; we show the added values
with gold circles in Figure 6d. Based on these two methods, the
annual total TWSC was calculated (as shown in Figures 6e and 6f);
the multiyear average TWSC for the first and second methods, re-
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and recovered ‘real’ TWSA; (c) GIA correction; (d) estimated TWSC and interpolated TWSC; (e) annual accumulated TWSC based on the mean value

method; and (f) based on the series-fitted method.

spectively, are 0.05 + 0.33 cm and 0.02 + 0.29 cm. The mean TWSC
series of these two methods are used to estimate runoff variation
over the YRB in the next section.

The spatial distribution of the multiyear average TWSC is shown in
Figure 7a. The maximum positive mean yearly TWSC is in the
Hanjiang Basin, with a value of 2.04 cm; the minimum value is
—1.70 cm, corresponding to the Poyang Lake basin. We may find
that the multiyear average spatial distribution TWSC is not equal
to the distribution of the TWSA trend, because the former corres-
ponds to the mean of TWSC accumulations, while the latter is

strongly related to the change mode of monthly TWSA. Based on
the trend and seasonal fitted method, the seasonal and trend
terms were obtained; the seasonal variation of TWSC for the en-
tire YRB is shown in Figure 7b. The seasonal amplitude peak and
valley appeared in June and October.

3.4 Estimated Runoff Variation

The runoff variation is obtained by deducting the TWSC and hu-
man water consumption from the P-ET, as shown in Figure 8a with
the blue dashed line marked with the blue circles. We obtained a
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Figure 7. Multiyear average TWSC and seasonal TWSC. (a) The spatial distribution of the multiyear average TWSC over the YRB; and (b) the

seasonal TWSC derived from the two methods.
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multiyear average runoff rate of 53.34 + 22.51 cm for the YRB; the
runoff series for the YRB was accompanied by a slightly increasing
trend of 0.05 + 0.04 cm/yr (black dashed line). In addition, the red
line in Figure 8a is the seasonal and trend variation runoff. For the
entire YRB, we estimate the correlation coefficient between P-E
and runoff to be 0.72, and the correlation coefficient between
TWSC and runoff to be 0.50.

To discuss seasonal runoff variation in the YRB, the year was di-
vided into pre-monsoon, post-monsoon, monsoon, summer, and
winter seasons; their corresponding months are summarized in
Table 1. During the monsoon season, the mean monthly runoff
amount is 6.51 £ 1.46 cm/month, the monsoon season showing a
slight upward trend of 0.04 cm/month/year over the study period.
In addition, the mean TWSC in this season is 0.65 + 0.29
cm/month, accounting for only 10% of runoff. This means that the
rate of terrestrial water accumulation in the monsoon season is
small compared with P-ET and runoff. In addition, Table 1 sum-
marizes the monthly mean runoff, runoff variation, and monthly
mean TWSC. The maximum monthly mean runoff takes place in
summer, when the rate of 6.52 cm/month is slightly larger than

Table 1. Seasonal runoff variations and trends.

that in the monsoon season. The minimum monthly mean runoff
takes place in winter, not more than one-third of the runoff
amount in summer; during winter, the monthly runoff shows an
upward trend of 0.07 cm/month/yr. In addition, a significant in-
crease in runoff appears in the pre-monsoon and post-monsoon
seasons, when the runoff variation is determined nearly com-
pletely by P-ET. By comparison, runoff has the opposite variation
as P-ET in the summer and winter seasons because TWSC has a
consistent variation with P-ET, and a more intense TWSC variation
adjusted the runoff state. Furthermore, on the one hand, the pos-
itive and negative values (1.40 + 0.30 cm/month and —0.48 + 0.33
cm/month) of TWSC reflect seasonal terrestrial water accumula-
tion and loss characteristics. On the other hand, the variation in
TWSC shows that the terrestrial water accumulation in the sum-
mer and the water loss in the winter were both accelerating.

The spatial distribution of multiyear runoff of the YRB is shown in
Figure 8b. The mean annual runoff amounts of the Jinshajiang,
Minjiang, Jialingjiang, Hanjiang, Upstream, Wujiang, Dongting
Lake, Midstream, Downstream, Poyang Lake, and Delta Plain sub-
basins, respectively, are 39.57 £ 9.34 cm, 50.07 + 10.25 cm, 40.54 +

Season Months Mean R (cm) R variation (cm/yr) P-ET variation (cm/yr) TWSC (cm) TWSC variation (cm/yr)
Pre-Monsoon 3-5 409 + 114 1(0.08) 1(0.07) 0.99 + 0.27 0.00
Post-Monsoon 10-12 3.86 + 0.77 1(0.09) 1(0.10) -189+0.31 1(0.01)

Monsoon 6-9 6.51 + 1.46 1(0.04) 1(0.09) 0.65 + 0.29 1(0.05)
Summer 6-8 6.52 + 1.56 1(-0.01) 1(0.03) 140 + 0.30 1(0.04)
Winter 12-2 1.98 + 0.88 1(0.07) 1(-0.09) -048 + 0.33 1(-0.11)

2003-2017 1-12 445 + 1.87 1(0.05) 1(0.06) 0.00 + 0.31 0.00

Note: the unit of cm means the average monthly amount, and cm/yr represents the trend.
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10.00 cm, 29.37 = 8.96 cm, 54.57 = 11.18 cm, 64.07 £ 12.65 cm,
7343 £ 13.25 cm, 54.27 £ 1292 cm, 65.90 = 12.15 cm, 88.38 *
14.68 cm, and 61.26 + 9.97 cm. The Poyang Lake basin experi-
enced the highest mean monthly runoff amount; the runoff trend
at that location was positive: 7.37 cm and 0.34 cm/yr, respectfully.
In contrast, the lowest mean monthly runoff amount and a clear
negative trend (2.12 cm and —0.08 cm/yr, respectfully) were ob-
served at Hanjiang Basin. Among the remaining stations, the
lower sub-basins (Dongting Lake, Downstream, and Delta Plain)
recorded relatively large runoff amounts and more significant run-
off increases.

When runoff was used to estimate the total water flux in the
sub-basins and compared with the hydrological observed dis-
charge flux volume, we found that the total water flux of most
sub-basins was very close to the observed discharge volume at
the corresponding hydrological control station. The orange
column in Figure 9a represents the estimated mean annual runoff
amount in each sub-basin and the confluence amount; the blue
column represents the in situ river discharge measured at the cor-
responding station. The river flux measured at mainstream sta-
tions was the total flux of all upstream sub-basins; the discharge
amount at the Chenglingji station represents the net water out-
put amount of the Dongting Lake basin because we deducted the
water amount of the four input tributaries of that basin. Figure 9b
shows the annual discharge series at each hydrological station;
the orange dot with an error bar represents the estimated yearly
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runoff amount, and blue dots are the in situ measured surface
runoff amounts. During the uncertainty intervals, the estimated
mean annual runoff amounts for most of the hydrological sta-
tions were very close to the observations at the hydrological sta-
tions. For the Hanjiang Basin, the effect of the SNWD has been re-
flected in the basin runoff since 2014. In fact, human water re-
source diversion can be considered one example of runoff. This
was included in the hydrological station measurements of this
study, as shown with the red dots. The contribution of human wa-
ter diversion accounts for only only 8% of the observed runoff at
the Huangzhuang station.

4, Discussion and Conclusions

For the entire YRB, the mean annual runoff amount is 53.34 +
22.51 cm, and the mean annual surface discharge amount from
the hydrological station is 858 x 10° m3, equivalent to annual sur-
face runoff of 47.65 cm. On the one hand, because the subsurface
runoff is not clearly distinguished from surface river discharge, we
can estimate the subsurface runoff based on the estimates and
observations. On the other hand, when in situ data are con-
sidered, we will be able to assess the effects of applying the hy-
drological model.

Within the uncertainty of estimated runoff variations, the an-
nual mean subsurface runoff interval is between —16.82 cm and
28.20 ¢cm, and the ratios of subsurface runoff to surface runoff
range from —55% to 37%. For the Yangtze tributary sub-basins,
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Figure 9. Comparison between annual river discharge and estimated basin runoff volume. (a) Estimated mean annual runoff amount and in situ
discharge volume; and (b) annual runoff and discharge series of the sub-basins.
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the subsurface R was calculated directly, by deducting the subsur-
face R from the estimated total R. The yearly subsurface R
amounts in these sub-basins ranged from —-5.69 cm to 12.60 cm,
and the ratios of subsurface R to total R ranged from —37% to
41%. For the mainstream Yangtze River, the subsurface R meas-
ured at a station represents the merged amount of all upper tribu-
taries. Therefore, the net surface R amount of the mainstream
basin was calculated by deducting all upper tributaries’ contribu-
tions from the mainstream station measurements. Naturally, cor-
responding uncertainties were considered in estimating subsur-
face R of the mainstream basin. Finally, the estimated ratios of
subsurface R to total R range from —145% to 73% for the main-
stream sub-basins. Despite the very large uncertainty intervals
of the subsurface runoff estimates, these intervals restrict the
range of possible results under this wide range of actual subsur-
face runoff.

The uncertainties of the estimates in this study come mainly from
limitations of the hydrological model. ET has been deemed “one
of the most uncertain variables that may cause failures of water
budget estimates of TWSC” (Long D et al., 2015). As shown in Sec-
tion 3.1, P-ET was divided mainly into two parts, relative underes-
timation and overestimation. Typically, consistency between
models can be used as a reference for selecting an optimum mod-
el. That is, the CLM/NOAH/GPCP P model and the NOAH/GLEAM/
ERA5 ET model may be most suitable for representing the real P
and ET in the YRB. However, this combined model corresponds to
the lower limits of P-ET, and the estimated total runoff accounts
for only 65% of the surface station observations. The best inter-
pretation is that the hydrological models have strongly underes-
timated the runoff. Therefore, we have applied a more conservat-
ive approach to determining the uncertainty interval or the
broader confidence interval in this study. Based on the CMFD
data, the estimated monthly mean precipitation amount is 9.35
cm, which is closer to the value given by the CLM/NOAH/GPCP P
model than by the ERA5 P model, suggesting that the ERA5 P
model almost certainly overestimates real P, and, further, that the
ET also is considerably overestimated.

The Datong station is at the tidal limit of the estuary (Ferreira et
al., 2013); due to the tidal effect, it is not possible to measure the
discharge from a station at the mouth of the YRB. In this study, the
Datong station, whose actual control area is 94% of the total area
of the YRB, was considered the control station for the whole YRB.
In fact, the net discharge variation in the delta plain is difficult to
measure due to the limit of water storage capacity and the effect
of seawater recharging. Therefore, the discharge variation meas-
ured at the Datong station is typically considered the total dis-
charge of the YRB. In this study, in situ measured data were used
as the reference for surface runoff. Actually, the uncertainty of the
in situ data should be considered further.

From the above results, a precise value of how much subsurface R
contributes to the total R of the YRB is still difficult to determine
due to the large uncertainty interval. However, the large ratio
between the subsurface runoff and total runoff inferred indirectly
from related results suggests that the real subsurface runoff is
closer to the upper limit of the estimated subsurface runoff. In
other words, the estimated subsurface runoff from the P-ET mod-

el has been underestimated. In fact, we suggest that the runoff
balance method is the best method to estimate subsurface runoff
if the surface hydrological data are sufficiently accurate.

In this study, monthly and annual runoff variations in the YRB and
sub-basins were estimated based on the water closure equation.
The broader confidence interval of the estimated runoff was de-
termined in this study. Within this confidence interval, the total
runoff, surface runoff, and subsurface discharge were well bal-
anced.

The main conclusions in this study are summarized as follows:

(1) The annual average runoff, surface discharge, and subsurface
runoff of the YRB are 53.34 + 22.51 cm, 47.65 cm, and 5.69 + 22.51
cm, respectively, and the contribution of subsurface runoff estim-
ated from the water budget balance to total runoff ranges from
—55% to ~37%.

(2) Runoff increases exist in the YRB and most sub-basins, espe-
cially in the pre- and post-monsoon seasons and in the lower sub-
basins; terrestrial water storage accumulation occurs primarily in
the pre-monsoon and summer seasons, and terrestrial water stor-
age loss occurs mainly in the post-monsoon and winter seasons.

(3) The contribution of human water consumption is finally reflec-
ted in evapotranspiration, and the effect of the SNWD on the sub-
basin of the YRB accounts for 8% of runoff.

(4) The mainstream hydrological models still almost certainly un-
derestimate or overestimate precipitation and evapotranspiration
in the YRB; in particular, our analysis suggests overestimation by
the evapotranspiration models.
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