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Abstract Understanding the role of anthropogenic activities in the hydrological cycle is critical to support
sustainable water management for the Yangtze River Basin (YRB), which experiences extensive dam operation,
irrigation and water withdrawal. However, this remains challenging due to insufficient accuracies of existing
process-based models for fully depicting anthropogenic activities as part of the hydrological cycle. To this end,
this study enhances a national-scale coupled land surface-hydrologic-hydrodynamic model (CLHMS) with a

dynamic irrigation scheme for distinct crops, an extended reservoir operation scheme incorporating both water
storage anomalies and water demand anomalies, and a cost-function-based approach to link water demands with
reservoir operation. The enhanced model is extensively validated against historical streamflow, water storage of
90 reservoirs, and irrigation water withdrawal in the YRB, and the water level and storage of the Poyang Lake
(PYL). By setting up controlled experiments in the YRB, we show that the streamflow decreases by 2%—6% due
to irrigation and water withdrawal, and manifests an attenuated seasonality due to reservoir operation. At the
basin scale, the increasing trend of extreme flood peaks exhibits a reversal under human activities, with the flood
mitigation effect of irrigation and water withdrawal accounting for up to 50% of that of reservoir operation. The
hydrodynamics of the PYL also exhibits considerable human-induced alterations, with a 1.79 m-decrease in the
water level at the end of flood season. Our study sheds light on quantifying anthropogenic hydrologic impacts at
basin scales, with important implications for understanding the co-evolution between anthropogenic activities
and the hydrological cycle.

1. Introduction

Reservoir operation, irrigation and water withdrawal are main components of anthropogenic activities that play a
major role in the natural-social dualistic water cycle (Abbott et al., 2019; Karesdotter et al., 2022; Qin et al.,
2014). Although global reservoirs have a significantly less total capacity compared to natural lakes, they
constitute one of the most intensive human-induced modifications of the hydrological cycle (Chao et al., 2008; Li
et al., 2023). This modification includes alterations of river flows (Garcia et al., 2020) and impacts on the water
level, storage, and ecosystem of lakes within coupled river-lake systems (Liang et al., 2021; Zhang et al., 2022).
Most reservoirs are designed with objectives including hydropower and flood control (Brunner, 2021; Zhang, Liu,
et al., 2019; Zhang, Wang, & Niu, 2019), and they also serve as vital water sources for irrigation uses (Gonzalez
et al., 2020; Zeng et al., 2017). As reservoirs increasingly support irrigation water supplies, irrigation has evolved
into a critical component of the water cycle (Lo & Famiglietti, 2013; Wang et al., 2023). Globally, approximately
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70% of freshwater withdrawals per capita are used for irrigation purposes (Chen, Han, et al., 2018; Chen, Niu,
et al., 2018). In addition to agricultural irrigation, industrial and domestic water uses also consume substantial
freshwater resources (Florke et al., 2013). Overall, reservoir operation, irrigation and water withdrawal are
considered to have exerted remarkable effects on the global water cycle.

To quantify the impacts of human activities on the water cycle, two approaches are widely used. The first involves
employing long-term streamflow data to analyze the impacts of human activities on the water cycle before and
after a specific time point (Gao et al., 2011; Guo et al., 2012; Zhang et al., 2022). However, this method struggles
to differentiate the effects of human activities from those of climate change and is particularly challenged in
quantifying the relative impacts of various components of human activities. Consequently, hydrological modeling
is increasingly gaining attention for understanding the hydrologic alterations under multiple drivers (Gou
etal., 2021; Lin et al., 2019), especially human impacts. Several state-of-the-art global hydrological models have
explicitly included mechanisms for reservoir operation, surface water, and groundwater processes (Pokhrel
etal., 2021; Zajac et al., 2017), and have exhibited satisfactory performance in simulating observed streamflow in
many regions across the globe (Hanasaki et al., 2018; Miiller Schmied et al., 2021; Sutanudjaja et al., 2018; Wada
et al., 2016). Additionally, irrigation and human water withdrawals are increasingly represented in large-scale
hydrological models (Abeshu et al., 2023; Alcamo et al., 2003; Chen, Han, et al., 2018; Chen, Niu,
et al., 2018; Doll et al., 2012; Haddeland et al., 2006; Wada et al., 2011), and land surface models (Leng
et al., 2014; Nie et al., 2018; Pokhrel et al., 2012).

While above studies have substantially enhanced our understanding of the hydrologic impacts of human activ-
ities, challenges remain at basin scales. Although global hydrological models have been extensively validated and
highly valuable at larger scales, they often exhibit relatively less accuracies at more localized levels due to the
complexity of human activities across different regions (Beck et al., 2017). This underscores the need for further
improvements in representing human activities, especially reservoir operation and irrigation practices. Traditional
hydrological models typically use two types of reservoir operation schemes: the first type, demand-driven
schemes, primarily consider downstream water demands as the main control for reservoir releases, with reser-
voir storage conditions playing a minor role, if any (Voisin et al., 2013; Wisser et al., 2010); the second type,
target storage-based schemes, relate the reservoir releases to the reservoir water storages at different times of the
year (Dong et al., 2022, 2023; Yassin et al., 2019). However, in practice, reservoir operators often consider both
the water storage and the water demand when determining the reservoir releases. Yet, current schemes that
balance water availability and demands are not fully developed. This gap may be due to challenges in accurately
simulating irrigation water demands and coupling them with reservoir operation. For example, many recent
irrigation schemes overlook paddy irrigation, which requires the depiction of a flooded pond, potentially leading
to an underestimation of water demands (Leng et al., 2017; Xu et al., 2019). In addition, large-scale hydrologic
models typically link irrigation water demand to reservoirs based merely on horizontal distance (Hanasaki
et al., 2006), which neglects the factors of vertical distance and water availability. These issues add to the hy-
drological modeling uncertainties under human impacts (Yin et al., 2021).

These difficulties in accurately parameterizing human activities, combined with the lack of localized calibration
of large-scale hydrological models, pose a challenge in accurately identifying the human-induced hydrological
variations. This is particularly the case for the Yangtze River Basin (YRB), which is home to one of the largest
groups of mega-reservoirs globally. Irrigation and other water withdrawals of the basin exceed 200 billion m> per
year, accounting for 30% of the national total water use. With these increasing human activities, its impact on
extreme floods and the wetland ecosystem is of growing concern. For instance, in terms of extreme floods, the
third largest flood over the past 100 years occurred in 2020, with the Three Gorges Reservoir experiencing an
inflow peak of 78,000 m*/s (Wang, Peng, et al., 2021; Wang, Yang, et al., 2021). Besides, the YRB contains
China's largest freshwater lake, the Poyang Lake (PYL), which has an annual maximum area of around 4,000 km?.
The variation of lake water level and storage has a profound impact on the hydro-ecological system (Li
et al., 2022; Liu et al., 2020; Mu et al., 2022). Therefore, accurately identifying the variation of streamflow,
extreme floods, and lake hydrodynamics under human impacts is crucial for sustainable water resource man-
agement and ecological conservation.

To this end, we develop a dynamic irrigation scheme for distinct crops, an extended reservoir operation scheme
incorporating both water storage anomalies and water demand anomalies, and a cost-function-based approach to
link water demands with reservoir operation, which are then fully integrated into the national-scale coupled land
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Figure 1. (a) Irrigated areas and 133 large reservoirs and (b) hydrologic stations in the Yangtze River Basin, and (c) the river-
lake system of the Yangtze mainstream and the Poyang Lake, where the river-lake flow is bidirectional. Arrows represent the
flow directions.

surface-hydrologic-hydrodynamic model (CLHMS). By applying the model to the YRB, we aim to address the
following scientific question: To what extent have human activities, especially large-scale reservoir operation and
irrigation, altered the streamflow, extreme floods, and the hydrodynamic processes of the Poyang Lake in the
YRB? This study is expected to provide implications for water resources management, particularly in addressing
climate change and promoting ecological balance in the basin.

2. Study Area and Data
2.1. Study Area

The Yangtze River is the third longest river in the world, and drains an area of 1.8 million km?, accounting for about
20% of China's total land area (Gong et al., 2006). The average annual precipitation and annual streamflow are
approximately 1,100 mm and 28,000 m?/s, respectively. Precipitation and streamflow in the basin exhibit strong
seasonality, with 76% of the annual precipitation occurring from April to September (Zhang, Chao, et al., 2015).
The basin is home to China's largest freshwater lake, the PYL, which receives inflow from its catchment (the
Poyang Lake Basin) and then discharges northward into the mainstream of the Yangtze River. There is a mutual
backwater effect between the lake and the mainstream of the Yangtze River (Wang, Peng, etal., 2021; Wang, Yang,
et al., 2021; Xu et al., 2020; Zhang, Chen, et al., 2015), with the river water flowing back into the lake when the
water level of the Yangtze mainstream is higher than the lake water level, and vice versa (Figure 1c).

There are 10 major hydrological stations across the basin, including Pingshan, Gaochang, Zhutuo, Beibei, Cuntan,
Wulong, Yichang, Xiantao, Waizhou, and Datong (Figure 1b). Among these, Pingshan, Gaochang, and Beibei are
the control stations for the Jinsha River Basin, Min River Basin, and Jialing River Basin, respectively; Wulong,
Xiantao, and Waizhou are the control stations for the Wu River Basin, Han River Basin, and the PYL basin.
Yichang is the control station for the upper YRB and is also the downstream hydrological station for the Three
Gorges Dam (TGD). Datong is the outlet control station for the entire YRB.
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The YRB is a major economic, agricultural, and industrial hub of China, currently supporting about one-third of
the population and gross domestic product of the country. Over the past 30 years, a significant number of res-
ervoirs have been constructed in the basin, with the total storage capacity increasing from less than 100 billion m3
in 1991 to about 360 billion m3 in 2022. There are approximately 133 large reservoirs with a strong impact on the
monthly streamflow in the YRB (Figure 1a), with a total storage capacity of 234 billion m3 or approximately two-
thirds of the total storage capacity of the basin. In addition, the YRB accounts for the highest water consumption
of approximately 90 billion m? across the country, and more than 70% is used for irrigation. Irrigation in the YRB
is primarily concentrated in the Min River Basin, Jialing River Basin, and the downstream Dongting Lake Basin,
Han River Basin, and PYL basin (Figure 1a). In recent years, the irrigated area in the YRB has continuously
expanded and increased by over 5,000 thousand hectares during 1991-2022, with a corresponding increase in the
irrigation water withdrawal.

2.2. Data

Streamflow data. To validate the streamflow simulations, we collected monthly streamflow data from 1991 to
2020 for 10 hydrological stations in the YRB, and daily streamflow data of the Yichang and Datong stations for
the period from 2011 to 2022.

Reservoir data. To achieve the reservoir operation simulations, we gathered basic information on 133 large
reservoirs in the YRB, including their capacities and locations. These reservoirs are designed with multiple
objectives and have a storage capacity ranging from 0.1 to 45.07 km> (see Table S1 in Supporting Informa-
tion S1). Additionally, the in-situ daily inflow, release, and water storage of 90 reservoirs were collected to
calibrate and validate the reservoir operation simulations.

Irrigation area and crop data. To depict the spatial distribution of crop areas and their growth stages, we collected
the Global data set of Monthly Irrigated and Rainfed Crop Areas (MIRCA-OS) (Kebede et al., 2024), which is an
updated version of the MIRCA2000 (Portmann et al., 2010). This data set includes irrigation area of 23 crops,
including single-cropping rice and double-cropping rice, at a 5 arc-minute grid resolution for the years 2000,
2005, 2010, and 2015 in a consistent manner. Before use, the irrigation area is corrected with a scaling factor
based on provincial statistics spanning from 1991 to 2022.

Irrigation water data. To validate the modeled irrigation water demand in our simulations, we collected the
annual irrigation water withdrawal statistics for each sub-basin within the YRB published by local water au-
thorities from 2004 to 2022.

Lake water level and storage data. To validate hydrodynamic simulations of the PYL, we collected monthly water
level data of the Xingzi station for the years 2010-2020. Additionally, we gathered the monthly water storage
variations of the PYL from 2017 to 2020, which is derived from Sentinel-1 SAR data and cloud-free Sentinel-2
images combined with lake bathymetry (Song et al., 2021). We consider this data as the reference water storage
for comparison with our storage simulations.

3. Methods
3.1. National-Scale Coupled Land Surface-Hydrologic-Hydrodynamic Model CLHMS

We employ the CLHMS model to analyze the human-induced alterations of the streamflow, extreme floods, and
hydrodynamics of the PYL in the YRB. The CLHMS (version 2.0) is a national-scale, fully coupled modeling
system of the land surface scheme of LSX and the physically-based distributed hydrological model of Hydrologic
Model System (HMS) for China (Dong et al., 2022). Note that the HMS here is different from the HEC-HMS
model developed by the U.S. Army Corps of Engineers. The LSX consists primarily of a six-layer soil
scheme, a two-layer vegetation scheme, a two-layer snow scheme and a glacier/icesheet scheme, and is capable of
solving the water and energy balance in the snow-vegetation-soil continuum and on the glacier areas (Yu
et al., 1999, 2006). The HMS derives the surface runoff routing with the diffusion wave equation, and is fully
coupled with a 2-D groundwater routing model, which allows the model to compute the groundwater dynamics on
a raster grid basis (Wagner et al., 2016). In particular, the HMS is extended to explicitly simulate the area and
storage dynamics of floodplains and natural lakes by solving the two-dimensional diffusion wave equations in the
river-lake-floodplain continuum:
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where V, represents the average depth of surface water; A is the cross-sectional area of the river or lake at the grid

boundary; r is the roughness; D is the depth of the river or lake; R is the surface runoff; P — E represents the net
precipitation minus evaporation over the water body; f,, is the surface water area ratio; the Manning water flow
terms are calculated for the eight directions between grids.

The model has been well calibrated against the natural streamflow for 1961-1980 in our previous study, see Dong
et al. (2022) for the driving data and relevant details.

3.2. A Dynamic Irrigation Scheme for Distinct Crops

To achieve the simulation of irrigation water demands, we develop an irrigation scheme that is suitable for distinct
crops, which is then fully coupled to the CLHMS model. The global data set MIRCA-OS, an updated version of
the widely used MIRCA2000 data set, is employed to obtain specific planting calendars and growth season
lengths for various crops (Kebede et al., 2024). A total of 23 crop species are considered, which we mainly
categorize as paddy and non-paddy crops that are separately parameterized in the model.

For paddy crops, in light of the need to maintain a certain water depth during the rice growth stages, this study
employs the water balance method for paddy fields to estimate irrigation water demand. It is assumed that
irrigation is applied whenever the water depth in the paddy fields falls below 50 mm, until 2 weeks before harvest
(Wisser et al., 2008, 2010). The irrigation water demand for paddy crops, IWR,,, and the water balance equation
for paddy fields are as follows:

IWR,, = max(0, S,qc — (S=1 + Pp)) 2)

S;=8_+P +IWR,—E, —1 3)

where S,,,, indicates the water depth necessary to sustain rice growth, assumed as 50 mm; S,_; represents the
surface water depth at the previous timestep; S, represents the surface water depth at the current timestep; P, is
precipitation; E, represents the water evaporation calculated with the Penman formula; /, indicates the infiltration
from the surface water layer to the first soil layer.

During rice cultivation, farmers first carry out land preparation through tilling and compaction to ensure a low
permeability of the soil. This practice ensures the paddy roots can remain submerged (Devanand et al., 2019;
Janssen et al., 2010; Joseph & Ghosh, 2023). In the CLHMS model, we represent the reduced infiltration caused
by soil compaction with a coefficient f, ranging from 0 to 1:

Ir =fp 'Imax (4)

where I, represents the maximum infiltration rate, which is assumed to be the saturated hydraulic conductivity;
1, varies in different models, typically between 0.001 and 0.1 (Joseph & Ghosh, 2023; Wada et al., 2014). In this
study, we calibrate the parameter to be a uniform value of 0.004 across the basin.

For each of the non-paddy crops, we calculate its irrigation water demand following the Global Crop Water Model
(GCWM, Siebert & Doell, 2008). An advantage of this model is its ability to distinguish between the growth
characteristics and corresponding water requirements of each non-paddy crop. The irrigation water demand,
IWR,,,, can be calculated as:

IWR,, = (1 — k) k.- ET, )

where k. is the crop coefficient that varies across crops at a daily basis. The crop coefficient is calculated from the
crop coefficient curve, derived at the daily scale for each crop during its entire growth period (Allen et al., 1998;
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Xia et al., 2022); ET, is the reference evapotranspiration; & is a dimensionless reduction coefficient to calculate
the actual evapotranspiration under water stress:

S
1 Nco S<(1_p)'Smax
ks = (1 _p)Smax (6)

1 SZ(] _p)'Smax

P = Psta +004(5 - kc'ETO) (7)

where S represents the actual available soil water content; S,,,, is the total available soil water capacity; p is the

max
proportion of S,,,. that a crop can extract from the root zone without suffering from water stress, which depends

on the crop type and the maximum crop evapotranspiration; p,,, is the specific depletion fraction of each crop.

The total irrigation water demand, IWR, is therefore the sum of irrigation water demands for paddy /WR,, and for
non-paddy crops /WR,,,,. In addition to irrigation water, the model considers industrial and domestic water use, see
Dong et al. (2022) for details.

3.3. An Extended Reservoir Operation Scheme With Water Storage/Demand Anomalies

The D22 conceptual reservoir operation scheme, developed in our previous studies, is used to simulate the
reservoir operation in the CLHMS. D22 has two slightly different versions: one for reservoirs with historic inflow,
release, and storage data available for calibration (Dong et al., 2023), and another for reservoirs lacking such data
(Dong et al., 2022). For the 90 reservoirs with historic operation data in this study, the reservoir release, Q,, is
calculated with the former version of the D22 based on the current water level relative to several reservoir pool
storages:

_t
At
max(Qpins":* Qiar) (Vy<V, <V,

V.- V.\!
rt'Qtar+(Qs_rl'Qtar)'(ﬁ) (VC<V1SVf)

\%4
min(Qmin’ ) (Vt < Vd)

®)

Vi=V
fo, 5 o)

where V,, V,;, V. and V are the water storages of reservoirs at the model time step 7, at the dead storage level,
conservation level, and high flood level, respectively; Q,,;, is the minimum release; Q. is the maximum acceptable
release; k (k < 1) is a flood indicator equal to the ratio of Q, to the inflow; Q,,, is the daily target releases that
implicitly represent the multi-year averaged water demands at the different times of the year, calculated as the 10-
day moving average of the multi-year median (mean) of daily releases for within-year (over-year) reservoirs

(Dong et al., 2023).

In the original D22 scheme of Equation 8, r, is a parameter to reflect the impact of water storage anomalies (i.e.,
the relative difference between the current storage V, and the target storage V,,,) on the reservoir release:

Vt - Vtar

=l+c
K chd_Vd

©)

where V,,,.is the daily target storage, calculated as the 10-day moving average of the multi-year median (mean) of
daily storages for within-year (over-year) reservoirs; and c is a calibrated parameter. The rationale behind 7, in the
original scheme is to adapt the release only to the storage anomalies relative to the target storage, with the
assumption that the socio-economic water demands of reservoirs can be represented by the target releases that do
not change over different years. However, water demands (especially for irrigation) often fluctuate across years,
and the water demand anomalies can also be a consideration when dam operators determine the release.
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Therefore, in this study, we extend Equation 9 of the original scheme by introducing the water demand anomalies
(i.e., the relative difference between the current water demand W, and the target water demand W,,,) in the
expression of r,:

Vl - Vlar +f' Wl - Wtar

rr=1+4+c-
' Vcd - Vd Wmax - Wmin

(10)

where the terms “;‘J__V;/d and WWf __v&;'i denote the water storage anomalies and the water demand anomalies,

respectively; fis a calibrated parameter which, together with ¢, serves as the weight of release decision prefer-

ences. Here, the water demand includes industrial, domestic, hydropower, and irrigation water demand. Ac-
cording to the monthly electricity generation data (IEA, 2024) and the monthly industrial, irrigation, and domestic
water withdrawal data (Huang, Hejazi, et al., 2018; Huang, Long, et al., 2018) over recent years, the monthly
variability of industrial, domestic, and hydropower water demands across years is minor compared to that of
irrigation. Therefore, the water demand anomalies are simplified as the irrigation water demand anomalies in this
study, and W,, W,,,, W, .. and W, . represent the irrigation water demand of a reservoir at the date ¢, its multiyear
average for that day, and the multiyear average daily maximum and minimum values, respectively. They are all
computed as the moving average of the sum of water demands linked to that reservoir for the previous 30 days.
Take W, for example:

30 .
IWR_141(i, J)
Wi = (_Z Z 30 (1
ij)EA k=1
where IWR(I, j) is the simulated irrigation water demand at the grid point (i, j) (Section 3.2); and A represents all
irrigation water demand grid points linked to the reservoir, and is determined with a cost-function-based approach
described as follows.

In the cost-function-based approach, irrigation water demands are assumed linked to a reservoir if they abstract
water from a river section controlled by that reservoir. Here, a river section is considered controlled by a reservoir
if the reservoir controls over half of its average streamflow, until it reaches the next downstream reservoir. To link
irrigation demand to its abstraction point and hence its controlling reservoir, we introduce a generalized cost
function that implicitly represents the economic costs of transferring water from the abstraction point to the
demand location, following Zhou et al. (2021), that is,

path . ath
log(U+ 1)

where C is the cost along the water transfer path; DP*™ and HP*™ represent the horizontal and vertical distances
along the path, respectively; k is a factor that reflects the higher difficulty (and cost) of lifting water vertically
compared to transferring it horizontally, set to 10,000 following Zhou et al. (2021); U accounts for water
availability, represented by the average simulated streamflow at the abstraction point. To account for the impact
of elevated water height due to reservoir impoundment on the vertical distance, H*™ is calculated as:

HP™ = max(0, a — 30- 3) (13)

where a is the cumulative elevation increments along the path; f is a binary value that equals to 1 if a dam is
present in the abstraction grid cell, and 0 otherwise. f is multiplied by 30 m, which is the average height by which
reservoir impoundment raises the water level from dead level to conservation level in the YRB.

By minimizing the cost function to locate the abstraction point for each water demand grid cell, we can identify all
irrigation water demand grid cells that abstract water from river sections controlled by a reservoir (i.e., A in
Equation 11). This approach offers an alternative for coupling water demands with reservoir operations in large-
scale modeling studies, which typically link water demand to its abstraction point based solely on horizontal
distance.
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To implement the reservoir operation simulations, the four parameters, Q,,,,., O,, ¢ and f, are calibrated for the 90
reservoirs with historic operation data. For the remaining 43 reservoirs that lack operation data, we use the D22
version designed for data-scarce reservoirs, as detailed in our previous research (Dong et al., 2022).

3.4. Experimental Design

To quantify the impact of various human activities on the streamflow, extreme floods, and lake hydrodynamics,
three controlled simulation experiments are designed, namely a natural scenario (NAT) without consideration of
human activities, a reservoir scenario (RES) considering only reservoir operation, and a human activity scenario
(HUM) considering reservoir operation, irrigation and water withdrawal. All of these simulations are performed
from 1991 to 2022. We quantify the human impacts by comparing the simulation results under these scenarios. In
terms of streamflow, the human impact is quantified as a percentage of the natural streamflow (i.e., relative
change of streamflow), which can provide a clear picture of how human interventions alter the water balance
relative to natural flow conditions (Alamos et al., 2024; Dang & Pokhrel, 2024; Dariane & Pouryafar, 2021; Liu
et al., 2019).

In all three experiment simulations (NAT, RES, and HUM), the model runs on a 5-km raster grid basis with daily
resolution. Based on these simulations, the impact of anthropogenic activities on streamflow is analyzed monthly
for 10 major hydrologic stations in the YRB. The effect on extreme floods is assessed daily for the mainstream
Yichang and Datong stations. The impact on the water level at Xingzi station and the water storage of Poyang
Lake is analyzed monthly.

4. Results
4.1. Model Evaluation Against Streamflow Observations

Model simulations under NAT and HUM are performed to evaluate the model performance in reconstructing the
streamflow under human impacts across the YRB. Figure 2 depicts the streamflow simulations of 10 hydrologic
stations for 1991-2022. For the period of 1991-2000, the Nash-Sutcliffe Efficiency (NSE) for NAT simulations
at the mainstream stations of Pingshan, Zhutuo, and Cuntan ranges from 0.85 to 0.94; for Gaochang, Beibei, and
Wulong at upstream tributaries, the NSE ranges from 0.87 to 0.90; for Waizhou at the PYL basin, the NSE is 0.94;
and for the Xiantao station at the Han River Basin, the NSE is —1.27, likely due to the operation of the Dan-
jiangkou Reservoir completed in 1973. Notably, the Yichang station and the Datong station record NSE values of
0.96 and 0.98 under NAT, respectively. Overall, the model is able to well simulate the streamflow of the YRB in
1990s.

With the increasing human activities, the NSE values under NAT show a decreasing trend from 1991 to 2022 at all
hydrological stations. During 2013-2022, for example, Yichang drops from 0.87 to 0.60, and Datong from 0.92 to
0.85 (Figure 2). By incorporating reservoir operation, irrigation and water withdrawal into the model, the
simulation accuracy is significantly improved. In particular, the NSE of Yichang increases from 0.60 to 0.91, and
Datong from 0.85 to 0.96. This indicates that the enhanced model is able to accurately capture the flow dynamics
of the YRB under human activities.

To further validate the model in simulating daily streamflow and extreme floods, Yichang and Datong that control
the upper YRB and the entire YRB are selected for analysis, respectively (Figure 3). The NSE of the simulated
daily streamflow at Yichang for 2015-2022 improves from 0.43 to 0.82 by coupling reservoirs, irrigation and
water withdrawal, and daily simulations at Datong sees an improved NSE from 0.83 under NAT to 0.94 under
HUM for 2011-2020. Similarly, the simulated annual maximum flood peaks show a great improvement by
considering human activities, with R* values increasing from —3.62 to 0.79 for Yichang, and from 0.65 to 0.86 for
Datong, respectively. For example, the average observed annual maximum flood peak at Yichang is 37,786 m3/s,
while the average simulated flood peak under NAT (HUM) is 46,812 (37,420) m3/s, with a relative error of 24.9%
(—0.9%). This indicates that the enhanced model can well capture extreme floods under human activities.

4.2. Model Evaluation of Reservoir Operation Simulations

A total of 133 reservoirs are included in the model simulations. To evaluate the effectiveness of the cost-function-
based approach in identifying the irrigation areas covered by each reservoir in the CLHMS model, we compare
the simulated reservoir irrigation areas to their design irrigation areas. Design irrigation areas are difficult to
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Figure 2. The observed monthly streamflow (OBS), the simulated natural streamflow (NAT), and the simulated streamflow considering human activities (HUM) at 10
hydrologic stations in the Yangtze River Basin. NSE: Nash-Sutcliffe Efficiency for each year.

obtain for most reservoirs; however, we managed to obtain the design irrigation areas for three reservoirs:
Tingzikou, Xiangjiaba, and Chencun, from their reservoir design reports approved by water authorities. As shown
in Figure 4, the simulated extent of irrigation areas for these three reservoirs generally matches well with their
designs. This result indicates that the cost-function-based approach is effective for identifying irrigation areas of
reservoirs in large-scale hydrologic models.

In terms of the reservoir operation simulations, the median NSE of simulated daily storages for the 90 reservoirs
with operation data is 0.56, and the median correlation coefficient (R) is 0.79. Note that the reservoir operation
simulations are driven by simulated inflow. Figure 5 shows the daily simulated storages for the 24 relatively large
reservoirs, which account for 77% of the total capacity of the 133 reservoirs, and over 50% of that of all reservoirs
in the YRB. The median NSE for these reservoirs is 0.67, and the median R is 0.85, with over 92% of the res-
ervoirs with an R greater than 0.70, and approximately 88% with an NSE greater than 0.50. Among them, the TGD
and the Danjiangkou Reservoir, China's two largest reservoirs, have an NSE of 0.94 and 0.81, and an R of 0.97
and 0.90, respectively.
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Figure 3. The observed and simulated daily streamflow (left) and annual maximum flood peaks (right) under NAT and HUM at (a) Yichang and (b) Datong in recent

years.

The reservoirs simulated in our study serve varying purposes, including flood control, irrigation, and hydropower,
with varying regulating abilities (annual, multi-year, seasonal). This result shows the enhanced model is generally
able to well reconstruct the operation for a wide range of reservoirs in the YRB.

4.3. Model Evaluation Against Irrigation Water Statistics

Figure 6 shows the simulated annual irrigation demands compared with published statistics in the 11 subbasins for
2004-2022. The simulated irrigation demand shows good spatial consistency with the reported irrigation water

N
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Figure 4. Simulated irrigation area of reservoirs shown in shaded areas with distinct colors for each reservoir, and the design
irrigation area of Tingzikou, Xiangjiaba and Chencun Reservoirs in subplots for comparison.
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Figure 5. Simulated daily water storage variations of 24 largest reservoirs in the Yangtze River Basin under HUM, as compared with observations. The reservoir
operation simulations are driven by simulated inflow and are carried out in an online mode within the CLHMS model.

HAO ET AL.

11 of 23

85U8017 SUOWWOD BRSO 3(edi|dde ayy Aq peusenob afe il YO ‘9SN Jo S9N 10y Akeiq18UIUO AB|IM UO (SUOTHIPUOD-PUE-SWS)LI0D A8 1M A1 1[BUUO//StY) SUORIPUOD PUe S 18U} 88S *[7202/0T/TT] Uo AriqiTauliuo A8|im ‘Bingsbny (qicsiselseAun Aq T8.E04MP202/620T 0T/I0p/W00" Ao (1M Ateiq 1 puljuo'sgndnBe//sdny Wwoly papeo|umod ‘0T ‘¥202 ‘€L6.176T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR037841

[55]
(=3
(=]

(b)

—_
W
(=}

Model (10° m?)

100

mm/y
<10
[ 10-30
B 30-50
B 50-200
I 200-300

50

50 100 150 200 250 300
Obs (10° m*)

Figure 6. (a) The reported annual irrigation water demands in different subbasins of the Yangtze River Basin, (b) the
simulated annual irrigation water demands, and (c) the scatterplot of simulated and reported irrigation water demands for
2004-2022 in different subbasins.

statistics. Yearly scatter plots (Figure 6¢) indicate that the model can effectively reconstruct annual irrigation
demands across different subbasins, with an R? of 0.80 and a relative error of 1%.

The average annual irrigation in the YRB is 57 mm, with the least in the Jinsha River Basin at 4.8 mm, which is
characterized by rigid terrain and sparse population (Zhan et al., 2018), leading to lower irrigation water demands.
The river delta shows the highest average annual irrigation demands of ~200 mm due to the plain terrain and its
status as a major rice-producing area in China (Jiao et al., 2018). Further analysis (Figure 6b) reveals that areas
with annual irrigation demands less than 10 mm cover 0.86 million km? (49% of the basin area), primarily located
in the Jinsha, Wu, and upper Han River Basin. Demands between 10 and 50 mm span 0.32 million km? (17% of
the basin area), primarily in the lower Jinsha Basin and the lower YRB. Areas with demands over 50 mm cover
0.62 million km?* (34% of the basin area), mainly in basins of the Jialing River, Dongting Lake, lower Han River,
PYL, and the lower mainstream.

4.4. Model Evaluation Against Lake Water Level and Storage Variations

To validate the simulation of the hydrodynamic processes of the PYL, the water level at Xingzi and the reference
lake storage variations are analyzed. Note that the simulated water levels are normalized by removing the mean
bias due to DEM imprecisions. The NSE of water level simulations from 2010 to 2020 at Xingzi is 0.81 (0.94),
with an R of 0.93 (0.97) under NAT (HUM) (Figure 7a). The model underestimates the low water levels and
overestimates high water levels under NAT, and performs much better with the inclusion of human activities. For
2017-2020, the simulated lake storage variations also match well with the reference data after considering human
activities in the model, with the NSE increasing from 0.15 to 0.65 (see Figure S3 in Supporting Information S1).

In addition, the JRC global surface water data set is employed to depict the water occurrence in the PYL, which
provides the rasterized monthly water extents at a global scale with a spatial resolution of approximately 30 m
(JRC, 2016; Pekel et al., 2016). Figure 7b compares the GSW-based and model-simulated water occurrence for
1991-2020 under HUM, which shows that the model is generally able to well simulate the area dynamics of
the PYL.

4.5. Human-Induced Streamflow Alterations

The human-induced streamflow alterations are quantified over three periods, namely 1991-2000, 2001-2012, and
2013-2022. Figure 8 illustrates the monthly streamflow and its alterations under human impacts for 2013-2022,
with the results for the other two periods shown in the Supporting Information S1.
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Figure 7. (a) The observed water level and the simulated water level under NAT and HUM at Xingzi, and (b) the remotely
sensed and the simulated lake water occurrence.

With respect to the reservoir impact, for 2013-2022, the streamflow at Yichang (Datong) decreases by 12.4%
(6.8%) in the flood season (June to October), increases by 29.1% (11.4%) in the dry season (November to May),
and increases by 0.8% (0.5%) annually. For the other 8 hydrologic stations, the streamflow decreases by 0.6%—
16.7% in the flood season, and increases by 2.9%-36.7% in the dry season, with minor changes at annual scales. In
general, the impact of reservoir operation on the annual streamflow is minor but tends to increase the dry-season
streamflow and decrease the flood-season streamflow, with the reservoir impacts gradually intensifying over the
periods 1991-2000, 2001-2012, and 2013-2022.

With respect to the impact of irrigation and water withdrawal (in Figure 8), for 2013-2022, the streamflow at
Yichang (Datong) decreases by 3.6% (4.6%) in the flood season, decreases by 6% (2.8%) in the dry season, and
decreases by 4.3% (3.8%) annually. For the other 8 stations, the streamflow decreases by 1.7%—5.7% in the flood
season, by 3.7%-9.3% in the dry season, and by 2.4%—6% annually. Generally, irrigation and water withdrawal
reduce streamflow during both the dry and flood seasons.

4.6. Human-Induced Alterations of Extreme Floods

Figure 9 shows the maximum annual flood peaks at Yichang under NAT, RES, and HUM for 1991-2022, and the
human-induced alterations of flood peaks for 2013-2022. The maximum annual flood peak at Yichang shows an
increasing trend by 159 m?%/s per year under NAT, but changes to a decreasing trend by ~250 m3s per year under
both RES and HUM, respectively (Figure 9a). With the construction of reservoirs in the YRB over the last de-
cades, reservoirs attenuate the flood peak at Yichang to an increasing extent, by 4.3% for 1991-2012 to 18% for
2013-2022 (Figure 9c). Reservoir operation is also found able to delay the annual maximum flood peak, with
details shown in Text S2 in Supporting Information S1. By further incorporating irrigation and water withdrawal,
the maximum annual flood peak is decreased by another 2.4% and 2.8% averaged over 1991-2012 and 2013—
2022, respectively.
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Figure 8. The simulated monthly streamflow and its relative difference due to human activities at 10 hydrologic stations during 2013-2022. Error bars represent 10-90
percentile interval of reservoir and human impacts.

For 2013-2022, the average reduction of the annual maximum flood peak due to reservoir operation accounts for
about 89% of that due to the total human activities. This is especially the case for extreme floods, for example,
during the record-breaking flood on 20 August 2020, reservoir operation reduces the flood peak at Yichang from
78,220 m3/s to 50,676 m?3/s by 35.2%, accounting for over 99% of the total impact of human activities. Note that
the observed and simulated flood peak discharges are 50,831 m%s and 50,551 m?/s, respectively, with a relative
error is —0.5%, indicating that the model is able to well reconstruct this extreme flood.

Figure 10 shows the maximum annual flood peak at Datong and its difference under the three scenarios for 2013—
2022. Similarly, reservoirs reverse the increasing trend of maximum annual flood peaks (from 336 m*/s to
—830 m*/s per 10 years), with the median flood peak decreasing from 63,806 m?/s to 58,635 m%s for 2013-2022.
By further considering irrigation and water withdrawal, the flood peak can be reduced by another 2323 m?/s, to
56,312 m3s (Figures 10a and 10b).
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Figure 9. (a) The simulated annual maximum flood peak under three scenarios for 1991-2022 and (b) its variability for 2013-2022; (c) the relative difference of the
annual maximum flood peak due to human activities for 1991-2022 and (d) its variability for 2013-2022 at Yichang.
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Figure 10. As in Figure 9 but for Datong.
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Figure 11. The simulated monthly water level during 2013-2022 (left) and its difference due to human activities (right). Error
bars represent 10-90 percentile interval of reservoir and human impacts.

For 2013-2022, the reservoir-induced reduction of maximum flood peaks at Datong is about 5.5%, whereas the
reduction by irrigation and water withdrawal is of a similar magnitude, standing at 2.7%. This suggests that
irrigation and water withdrawal have a non-negligible impact on the flood peak at Datong (Figures 10c and 10d).
A more detailed analysis on the impact of human activities on the flood volume, peak and duration is provided in
Text S3 in Supporting Information S1.

4.7. Human-Induced Water Level and Storage Variations of the Poyang Lake

The human-induced lake water level and storage variations are quantified over three periods, namely 1991-2000,
2001-2012, and 2013-2022. Figure 11 illustrates the impact of human activities on the lake water level during
2013-2022, with the impacts for the other two periods in Text S4 in Supporting Information S1.

With respect to the reservoir impact, for 2013-2022, the water level at Xingzi decreases by 0.71 m in the flood
season (June to October), whereas it increases by 0.71 m in the dry season (November to May) and by 0.12 m
annually. Similarly, the flood-season water storage decreases by 1.26 billion m®, whereas the dry-season and
annual storage increases by 1.19 billion m® and 0.17 billion m>, respectively (Figure S8 in Supporting Infor-
mation S1). In general, the reservoir impacts gradually strengthen over the periods of 1991-2000, 2001-2012, and
2013-2022.

With respect to the impact of irrigation and water withdrawal, for 2013-2022, the water level at Xingzi decreases
by 0.49 m in the flood season, decreases by 0.28 m in the dry season, and decreases by 0.37 m annually. Similarly,
the flood-season water storage decreases by 1.03 billion m?, and the dry-season and annual water storage decrease
by 0.39 billion m* and 0.66 billion m® on average (Figure S8 in Supporting Information S1), respectively. In
general, the irrigation and water withdrawal reduce water level and storage during both the dry and flood seasons.

5. Discussion
5.1. Divergent Role of Reservoirs and Irrigation in Flood Mitigation

It is well recognized that both reservoir operation and human water withdrawals can reduce streamflow and also
the flood peak, but their respective contributions remain under debate. Results in Section 4.6 indicate that, during
2013-2022, the average reduction of the annual maximum flood peak due to reservoir operation in Yichang
accounts for about 89% of that due to the total human activities, far greater than the 11% due to irrigation and
water withdrawal. The small contribution to flood peak reduction of irrigation and water withdrawal can be
explained by the fact that significant precipitation during extreme floods reduce the irrigation water demand
(Zhang, Liu, et al., 2019; Zhang, Wang, & Niu, 2019), thus diminishing the impact of irrigation on floods.

On the other hand, the irrigation plays a much stronger role in mitigating the floods at Datong compared to
Yichang. The multi-year average peak flow reduction due to reservoir operation at Datong is only slightly greater
than that due to irrigation and water withdrawal, with a ratio of about 6.5:3.5, far lower than the 9:1 at Yichang.
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This finding indicates that, whereas the overall mitigating impact of reservoirs on extreme floods exceeds that of
irrigation and water withdrawal, their relative contribution is case-dependent. The irrigation and water withdrawal
have a more prominent flood mitigating impact at Datong, and the possible reason is the spatial mismatch between
the flood origination and the intensive irrigation water demand. The annual maximum flood at Datong often
originates from the upper basin (above Yichang) during July and August, whereas during the same period the
main flood season in the lower basin (between Yichang and Datong) either has ended or has not started (Figure 8).
Therefore, the relatively less precipitation in the lower basin, plus one-third of the annual irrigation water de-
mands occurring during July and August, leads to a significant amount of irrigation water withdrawal and thus a
much stronger role in mitigating annual maximum floods. This finding underscores the interacting effects of
reservoir operation and irrigation water withdrawal in alleviating the downstream flood damage.

5.2. Altered Lake Hydrodynamics Under Human Activities and Its Ecological Implications

Water level and its fluctuation are crucial to the wetland ecosystem, and have a strong impact on the productivity,
species diversity and wetland aquatic plant communities. Our results in Figure 11 indicate that both reservoir
operation and irrigation and water withdrawal can reduce the water level at Xingzi at the end of the flood season
(September and October) for 2013-2022. Human activities lower the water level by 1.79 m at Xingzi (~16% of
the natural annual amplitude of lake water level), with 1.28 m reduction by reservoir operation and 0.51 m
reduction by irrigation and water withdrawal. Our findings are generally consistent with the data analysis studies
of Chen et al. (2020) and Liu et al. (2017). They reported that the average water level at Xingzi at the end of the
flood season decreased by 1.28—1.58 m after the operation of the TGD, which is slightly lower than our finding of
1.79 m. This discrepancy can be explained by the fact that, in our study, 132 reservoirs in addition to the TGD are
included to calculate the impacts. Besides, their analyses are based on observed data before and after the operation
of the TGD, which may not fully distinguish the impacts of climate change and various human activities, such as
the increasing water withdrawal.

The PYL serves as the wintering ground for 95% of the white cranes (Luo, 2014), and is home to the largest
migratory goose populations around the globe. The primary aquatic plant in the wetlands of the PYL, Vallisneria
natans (VN), plays a crucial role in feeding waterbirds, oxygenating the water, reducing nutrients, and main-
taining ecological balance (Gu et al., 2017; Jiao et al., 2021; Zhu et al., 2016). Chen et al. (2020) found that there is
a non-linear relationship between the water level at the end of flood season and the habitat area of VN (Chen
et al., 2020), and on the basis of this relationship, we analyze the human-induced impacts on the habitat area of
VN. As can be seen in Table S3 in Supporting Information S1, reservoir operation significantly increases the
minimum habitat area by 84.4%, while irrigation and water withdrawal decrease it by 9.2%. This suggests that
reservoir operation help maintain the VN habitats during the extreme dry years. Furthermore, reservoir operation
and human water withdrawal can stabilize the annual variability in the habitat area for VN by 26.8%. This finding
clarifies how reservoir operation and human water withdrawal jointly affect the water level at the PYL,
emphasizing the importance of water resources management on the lake water level and the wetland ecosystem.

It should be noted that human activities may also impact the hydrodynamics of the PYL in two other ways. First,
the construction of upstream reservoirs in the YRB can reduce the sediment loads, leading to clearer water flow
that may cause riverbed incision and alter the water level (Gao et al., 2014). Second, there were frequent sand
mining activities in the PYL before 2020, which could lower the lakebed elevation and also alter the water level
(Yaoetal., 2019). The above two aspects are not considered in the model. However, these impacts are considered
relatively minor, as the model shows good simulation performance for water level at Xingzi (with the NSE of
0.94). Therefore, subsequent findings can provide implications for understanding the lake hydrodynamics under
human impacts.

5.3. Possible Hydrological Impacts of Future Expansion of Irrigated Cropland

According to local water authorities, the irrigated cropland area in the YRB is likely to expand further in the
future, making it important to identify potential future hydrologic variations in the basin. In general, future
expansion of irrigated cropland can be related to either (a) cropland expanding to areas that are currently not
cropland or (b) irrigated cropland expanding to current rain-fed croplands. Due to the fact that the cropland area in
the YRB did not increase over recent decades and that most of the land suitable for crop cultivation has been used
as cropland (Yuan et al., 2023), we assume that expanding irrigated cropland to current rain-fed cropland is a more
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possible future scenario of irrigation area expansion in the YRB. In fact, expanding irrigation area to rainfed crops
is also a common practice in previous studies to project possible irrigation area expansion in the future
(Rosa, 2022; Rosa et al., 2020; Schmitt et al., 2022).

Based on the above consideration, we set up two new simulation experiments for the study period of 1991-2022 to
analyze the hydrologic impacts of future possible irrigation area expansion: (a) the irrigation area remains
constant at the current level of 33.38 million hectares (EXP1); and (b) the irrigation area expands to include all
current rainfed cropland, increasing to 63.45 million hectares (EXP2). Despite the remarkable increase (~90%) in
the irrigation area, the simulated irrigation water demand sees a relatively small increase of ~10%. This is
possibly because regions where rain-fed crops are grown generally receive substantial precipitation, which can
largely satisty the water requirement of current rain-fed crops without irrigation.

By comparing EXP1 and EXP2, the impact of future irrigation area expansion on streamflow and dam storage in
the YRB can be quantified. Results indicate that future irrigation expansion can slightly decrease the streamflow
of Yichang station, with an average annual decrease of 0.5% (see Figure S9 in Supporting Information S1) and a
maximum monthly decrease of ~2% in July. This is similar for Datong station but with a slightly less impact. This
finding is consistent with several previous studies on humid regions, for example, Haddeland et al. (2006) re-
ported a 2.3% decrease in streamflow of the Mekong River Basin due to irrigation. In terms of the reservoir water
storage (Figure S10 in Supporting Information S1), future irrigation expansion can lead to a minor decrease
(~0.7%) in the annual water storage of all reservoirs combined in the YRB. This is likely due to the increased
water demand leading to increased reservoir releases, which in turn reduces the storage volume (Equations 8 and
10 in Section 3.3).

Overall, the above analysis indicates that the hydrologic impact of future irrigation expansion is relatively minor
in the YRB. This suggests that future expansion of irrigated cropland to rainfed cropland in the YRB, if managed
well, is unlikely to cause unsustainable consequences to the hydrological balance at the basin scale. This is
consistent with several global quantitative assessments of sustainable irrigation (Rosa et al., 2018; Schmitt
et al., 2022), which show that current and future irrigation practices are mostly sustainable across the YRB. A
quantitative analysis on the sustainability of irrigation expansion, however, is out of the scope of this study.

5.4. Source of Uncertainties and Future Improvements

In this study, the model exhibits a satisfactory accuracy in reconstructing observed streamflow, extreme floods
and water level of the PYL, and our results are generally in good agreement with the findings of existing literature.
However, our simulation is subject to a few sources of uncertainties that should be taken care of.

Firstly, while the reservoir operation parameters for 90 reservoirs are calibrated against observed data, the
reservoir inflow is simulated by the model and is prone to model errors, which can impact the accuracy of
reservoir operation simulations. To enhance these inflow simulations, it is advisable to apply more sophisticated
techniques such as parameter optimization and regionalization approaches (Gou et al., 2020). Another source of
error stems from the simplification of the reservoir operation scheme in our models. Real-time decision-making
on dam releases typically takes into account hydrological forecasts, expert experience, and other frequently
updated information, all of which can introduce uncertainties into the reservoir operation simulations (Huang,
Hejazi, et al., 2018; Huang, Long, et al., 2018; Li et al., 2019; Wu et al., 2018; Yang et al., 2019).

Secondly, the crop growth statuses in the irrigation scheme are based on static data; however, crop growth statuses
may vary across years, which could introduce uncertainties in the simulation of irrigation water withdrawals. For
example, the time-varying observations such as the greenness vegetation fraction (Nie et al., 2018) can be
employed to describe the temporal variability of growth statuses for improved simulation accuracy. This will be
one of our future research directions.

Thirdly, to ensure the model computational efficiency, this study employs the 5 km grid resolution and terrain
information, which may differ from the actual high-resolution terrain and introduce uncertainties in the simulated
hydrodynamics between the mainstream of the Yangtze River and the PYL. To balance the computational speed
and the hydrodynamic modeling accuracy, the state-of-the-art global river routing model CaMa-Flood introduced
subgrid river and floodplain topography parameters to represent floodplain inundation as a subgrid-scale process
(Chaudhari & Pokhrel, 2022; Yamazaki et al., 2011). This could be applied to the CLHMS and other models to
achieve higher-resolution hydrodynamic modeling results with relatively coarse native model resolution.
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Regardless of these uncertainties, the model validation results suggest that the enhanced model can generally
serve as a useful tool to reproduce the observed streamflow, extreme floods and hydrodynamics of the PYL, and
subsequent findings can provide insights into the interaction between the human society and the natural hy-
drological system of the YRB.

6. Conclusions

In this study, we enhance the national-scale coupled land surface-hydrologic-hydrodynamic model (CLHMS) by
developing a dynamic irrigation scheme for distinct crops, an extended reservoir operation scheme incorporating
both water storage anomalies and water demand anomalies, and a cost-function-based approach to link water
demands with reservoir operation. Three controlled simulation experiments are set up to quantify the impacts of
anthropogenic activities and their respective components on the hydrological and hydrodynamical variations of
the YRB. Major conclusions are highlighted as follows:

1. The enhanced model performs well in simulating the reservoir storage and the irrigation water demand. For the
largest 24 reservoirs that account for half of the total capacity of all reservoirs in the YRB, the median NSE of
simulated daily water storage stands at 0.67, with a median correlation coefficient of 0.85. The annual irri-
gation water demands reach an R? of 0.8 with published statistics, with a relative error of 1%.

2. The hydrological and hydrodynamical simulations are improved by coupling reservoir operation, irrigation
and water withdrawal. The NSE of streamflow at 10 hydrological stations increases from —1.78-0.91 to 0.0—
0.96 for 2013-2022. Flood and lake water level simulations also show a satisfactory accuracy.

3. Reservoir operation, irrigation and water withdrawal have temporally and spatially varying impacts on the
streamflow. During 2013-2022, reservoirs increase the flow by 2.9%-36.7% in the dry season, and decrease
the flow by 0.6%—16.7% in the flood season, while irrigation and water withdrawal decrease the flow by 2.8%—
9.3% in the dry season, and by 1.7%-5.7% in the flood season. The annual flow experiences minor variations
under reservoir operation, but reduces by 2.4%—6% under irrigation and water withdrawal.

4. Reservoir operation, irrigation and water withdrawal all reduce flood peak flows, volumes, and duration, but
their relative contributions are case-dependent. At the basin scale, the increasing trend of extreme flood peaks
exhibits a reversal under human activities, with the flood mitigation effect of irrigation and water withdrawal
accounting for up to 50% of that of reservoir operation.

5. Reservoir operation, irrigation and water withdrawal significantly lower the water level and storage of the PYL
at the end of the flood season, impacting the aquatic ecological environment. Human activities lower the water
level by 1.79 m at Xingzi, with 1.28 m reduction by reservoir operation and 0.51 m reduction by irrigation and
water withdrawal.

This study performs a coupled land surface-hydrologic-hydrodynamic modeling analysis, with anthropogenic
activities being taken into account. Future work will further couple this model with atmospheric models to explore
the human-induced variations in the atmospheric-terrestrial hydrological cycle.

Data Availability Statement

The modeling data and codes used to generate the analyses and the figures are provided in Hao and Dong (2024),
deposited at https://doi.org/10.5281/zenodo.11064829.
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