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Study region: Middle and lower Hanjiang River (MLHR) basin, China.
Study focus: Changes in streamflow are often due to intertwined factors like climatic variability,
land use change, and hydraulic constructions, whose relative impact is however poorly under
stood. In this study, we disentangled these effects by comparing real data and modelled scenarios
of catchment behaviour. Modelled scenarios employ the soil and water assessment tool (SWAT),
whereas the scenario comparison uses the Indicators of Hydrologic Alteration (IHA).
New hydrological insights for the region: Our analyses show that (1) watershed inlet was the major
factor altered the streamflow regime at the watershed outlet, which pointed us to consider only
the relative catchment contribution in further analyses. (2) Climate variability was the main
driver of the net changes in natural hydrological regime, which downplayed the effect of land use
change on streamflow variability. (3) The streamflow regulation associated to the progressive
increase in reservoirs and their operation significantly altered the flow pattern, causing a general
decrease in average streamflow, an attenuation of extreme events indicators, and an alteration of
the pulse pattern with more frequent but shorter pulses. (4) The average water withdrawals at
MLHR were estimated, which were 8.03 × 109 m3/year. Overall, this research provides a path to
assess the hydrologic impact of cascading reservoirs at the basin level under climate variability
and land use change elsewhere.

1. Introduction
The variability of catchment response, for instance, in river flows and hydrological regimes, significantly affects human activities
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and the river ecosystems (Wang, 2016a,b; Wu et al., 2013). This variability is partly natural and partly human-induced, due to changes
in climate, changes in land use (e.g., urbanization), and hydraulic constructions like dams/reservoirs (Tonkin et al., 2018). As one of
the most impacting human activities, dam construction has significantly altered the annual distribution of river runoff (Yaghmaei
et al., 2018; Wang et al., 2019, 2020), enabling water use and flood control but also causing adverse ecological impacts (Zarfl et al.,
2015; Lai and Wang, 2017; Yang et al., 2017a; Nguyen-Tien et al., 2018; Shrestha and Kawasaki, 2020). While cascading reservoirs can
bring many benefits, they can also cause significant changes in natural rivers (Mailhot et al., 2018; Yaghmaei et al., 2018; White et al.,
2005; Shrestha and Kawasaki, 2020; Wang et al., 2017a). With the growing designed watershed, the impact analysis of cascading dams
has become a pressing issue to understand the hydrological and ecological impact of dam construction, as well as to improve watershed
management.
The ability to separate and quantify the individual impacts of hydraulic engineering operation, climatic change, and changes in
land use/cover in river flow, is a key prerequisite to achieve sustainable watershed management, e.g., hydropower exploitation, water
resource management, and environmental protection (Han et al., 2019). For this purpose, it is essential to analyze the characteristics of
the river flow regime and, in particular, its temporal and spatial variability (Wrzesiński and Sobkowiak, 2018). River flow analysis and
prediction are powerful tools for understanding the underlying processes that cause streamflow variability and informing the judicious
management of freshwater resources (Pal and Talukdar, 2020). Indicators of Hydrologic Alteration (IHA) is one of the most used
methods for characterizing river regimes (Richter et al., 1996), with several applications in the context of climate change (Kiesel et al.,
2019; Wang et al., 2017b; Yang et al., 2017b; Mittal et al., 2016), land use change (Shahid et al., 2021; Farinosi et al., 2019;
Gebremicael et al., 2019; Lin et al., 2014) and dam construction (Cui et al., 2020; Ely et al., 2020; Song et al., 2020; Zhou et al., 2020).
Separating the effect of multiple processes on the variability of streamflow regimes is complex because it is difficult to isolate the
causes of the effects, since in reality, changes attributable to multiple sources (e.g., climate, land use, or operation of hydraulic en
gineering) can occur simultaneously, which represents the first limitation in impact analysis of streamflow regime. Moreover, time
series analyses require long data series to obtain reliable statistics, and the IHA method is no exception (Richter et al., 1996). Such
long-term time series is often unavailable, which is another set of limitations in the impact analysis of streamflow regime. To separate
the relative effect of multiple causes on the variability of the streamflow regime, and provide long-term time series data, and time
series analyses (e.g., IHA), it is possible to resort to “virtual experiments”, involving various model scenarios (Zhang et al., 2020; Lu
et al., 2018a; Eum et al., 2017; Jeong et al., 2014).
Hydrological models can produce hydrological simulations for projected past, current, and future scenarios, which can offer suf
ficient information to support an IHA analysis (Brouziyne et al., 2021; Marak et al., 2020; Zhang et al., 2020; Mittal et al., 2016). For
example, Angelina et al. (2015) evaluated hydrological alteration using the soil and water assessment tool (SWAT) and long-term IHA
analysis to understand the impacts of dam construction and climatic change in a mesoscale river basin. The SWAT model was widely
used in hydrological impact analysis (Aghsaei et al., 2020; Haghighi et al., 2020; Sharafati and Pezeshki, 2020; Bhatta et al., 2019;
Chen et al., 2019a). With the land use update and reservoir module, the SWAT model has served as a promising tool to prove long-term
streamflow recording to conduct an IHA analysis in land use change scenarios and dam operation (Bulti, 2021; Shrestha et al., 2020;
Zhang et al., 2020; Liu et al., 2019). Thus, the combination of the SWAT and IHA has been useful in assessing the hydrological impact.
However, the use of model-derived streamflow outputs as opposed to observed data entails several additional sources of uncertainty
associated with model concepts as well as parameterization (Beven and Freer, 2001).
The Hanjiang River has undergone intensive alteration due to various projects in recent decades, including the construction of
dams, reservoirs, and diversions. The basin area of the middle and lower reaches of the Hanjiang River (MLHR) is important for
agricultural production. The operation of the Mid-line of South-to-North Water Diversion Project and the construction of the cascade
dam impacted water use in the MLHR (Kuo et al., 2019; Wang et al., 2016a). Previous studies showed that climate change significantly
impacted the precipitation and water resource over the whole Hanjiang river basin. (Zhou et al., 2022; Cheng et al., 2022; Qi et al.,
2021; Li et al., 2020; Piao et al., 2010). The intensity of land use was high and the patterns of land use were increasingly changing in the
MLHR watershed. (Li et al., 2020; Yu et al., 2010). Thus far, several attempts have been made to quantify the impacts of dam con
struction using statistical models. For example, Wang et al. (2015) assessed the impact of the Danjiangkou reservoir operation on
downstream hydrological alteration and related eco-hydrological conditions. Lu et al. (2018b) presented the changes in the
water-sediment relationship in the MLHR and analysed the driving forces. Li et al. (2020) evaluated the long-term variations in cli
matic variables and human activities and their effects on streamflow variations. Yin et al. (2020) assessed the impact of multi-projects
on changing the flow regime with measured data during 1954–2018. Nevertheless, previous studies did not separate the impact of such
engineering projects from human-induced factors (e.g., cascading reservoir operation) or natural variability (e.g., climate change, land
use change). Therefore, the impacts of cascading reservoir projects on water resources in the MLHR remain poorly understood.
By comparing real data and modelled scenarios, this study evaluates the hydrological impacts on the highly engineered MLHR
watershed, which is affected by cascading reservoir operation, climate variability and land use change. The model scenarios are
simulated using the SWAT hydrological model, while the analysis of streamflow regimes is conducted using the IHA analysis. The main
objectives of this study are: (1) to access and quantify the response of the hydrological regime impacted by climate variability and land
use change in the MLHR watershed; (2) to explore the interactive impact of reservoir operation/dam operation on climate change and
land use change in the MLHR watershed; and (3) to evaluate and estimate water resource variation in the MLHR watershed.
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2. Materials and methods
2.1. Study area
The Hanjiang River, located in central China between 106◦ − 114◦ E and 30◦ − 34◦ N, is the largest branch of the Yangtze River with
a length of 1577 km and a catchment area of 15.9 × 104 km2. The headwater region of the Danjiangkou Reservoir is considered here as
the upper basin. The Danjiangkou Reservoir was built in 1973. Since then, it has been used to regulate the inflow of the MLHR. Fig. 1
shows the MLHR watershed, its mainstream begins at the Danjiangkou reservoir and merges with the Yangtze River in Wuhan, Hubei
province in China. In Fig. 1, the yellow area represents the MLHR study area, hence the lower part of the Hanjiang River basin, with a
watershed inlet at the location of Danjiangkou Reservoir. The pentagons represent the locations of the seven reservoirs (red means the
dam was operational, brown means the dam was under construction); the black quadrats stand for the locations of the 5 selected
hydrological stations; the green triangles stand for the locations of the 15 selected weather stations. The sum of the MLHR is 652 km
long and covers a catchment area of 6.38 × 104 km2, which is about 40% of the total area of the Hanjiang River basin.
A set of seven cascading reservoirs are built or planned at the MLHR. Danjiangkou, Wangfuzhou, Cuijiaying, and Xinglong are
operational, while Yakou, Xinji, and Nianpanshan are still under construction (Fig. 1, Table 1). The MLHR is the main water source to
meet industrial and domestic use in 19 municipalities/cities/districts, as well as an irrigation source for 15 irrigation districts along the
river. Daily outflow data from the Danjiangkou Reservoir was used as input to the watershed inlet. Five mainstream measurement
stations, i.e., Xiangyang, Yujiahu, Huangzhuang, Shayang, and Xiantao, were used in our simulation (Fig. 1).
The landform types in the MLHR watershed are mainly low mountains, hills, valleys, and plains. The MLHR watershed belongs to
the subtropical monsoon region, with abundant rainfall and warm climate. The basin average daily temperature in summer is 26 ◦ C
and 0 ◦ C in winter, the basin average rainfall range in the region is 700–1300 mm/yr. The rainy season is from June to October;
November to May is the dry season. The range of watershed elevation is 5–3002 m (Fig. S1a). The main land use types in the MLHR
watershed are cropland, forest land, and grassland (Fig. S1b). Rice, wheat, and corn are the main crops grown in the MLHR watershed.
2.2. Data sources and pre-processing
In this study, we obtained some meteorological data of the study area during 1978–2020 (a total period of 43 years) from the China
Meteorological Administration. The meteorological data consisted of daily rainfall data, maximum/minimum temperature, solar ra
diation, wind speed, and humidity. These data were used as climatic forcing in the SWAT model. To evaluate the impact of climate
variability, meteorological data were divided into two periods (i.e., 1978–1999 and 1998–2020). The first two years of each period
were used for SWAT model warm up.

Fig. 1. Study area.
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Table 1
Dam information in the MLHR.
Reservoir Name

Commission Year

Total capacity (billion m3)

Normal water level (m)

Designed flood water level (m)

Function

Danjiangkou

1973
2014

20.97
33.91

157
170

161.4
172.20

Wangfuzhou

2000

0.31

86.23

88.10

Cuijiaying

2010

0.25

62.73

63.15

Xinglong

2014

0.49

36.2

41.75

Yakou

–

0.70

55.22

54.37

Xinji

–

0.44

76.23

76.23

Nianpanshan

–

0.90

50.72

50.72

Flood control
Hydropower
Water supply
Irrigation
Hydropower
Shipping
Shipping
Hydropower
Flood control
Irrigation
Shipping
Hydropower
Hydropower
Shipping
Hydropower
Shipping

The landscape data included the Digital Elevation Model (DEM) (30 m resolution), land use map (30 m resolution), and the soil
map (1:1000,000). The DEM data were derived from the Chinese Academy of Sciences Data Mirror (http://www.resdc.cn/). The land
use data were downloaded from the Resource and Environment Science and Data Centre (https://www.resdc.cn). The soil data were
obtained from the Institute of Soil Science, Chinese Academy of Sciences (http://www.issas.cas.cn/). The landscape data were used to
generate watersheds as well as to the calculate Hydrological Response Units (HRUs) in the SWAT model. For this purpose, the land use
data were classified into 12 types (Table S1). To consider the land use change, six land use images were used at different years (i.e.,
1990, 2000, 2005, 2010, 2015, and 2020) of the study period.
Streamflow data were measured at 4 stations along the main river, namely Xiangyang, Huangzhuang, Shayang, and Xiantao sta
tions (Fig. 1). The period prior to the reservoir construction, i.e., 1980–1999, was used for model calibration and validation. The
Yujiahu station contains the records of streamflow data since 2010, this station was not used for model calibration and validation.
Reservoir operation data consisted of outflow data from Wangfuzhou Reservoir (from 2000 to 2020), Cuijiaying Reservoir (from 2010
to 2020), and Xinglong (from 2014 to 2020). These data recorded the operation of the reservoirs since their commence of operation
and were used as input to the reservoir module in the SWAT model. Both reservoir streamflow and operation data were obtained from
the Hubei Hydrology and Water Resources Centre and the Hydrological Bureau, Yangtze River Water Resources Commission.
2.3. SWAT model
2.3.1. Model setup
Model scenarios in the MLHR watershed were simulated using the SWAT model. The SWAT model is widely used in reservoir
operation studies (Akoko et al., 2021; Marin et al., 2020; Tan et al., 2020, 2019), and here we briefly describe the current application.
The SWAT model was configured with ArcSWAT2012 in the ArcGIS10.2 environment. The MLHR watershed was divided into
sub-basins by applying ArcSWAT2012 with 30 m DEM data, and 562 sub-basins were generated. Each reservoir dam was defined as a
sub-basin outlet of the ArcSWAT project. The location of the Danjiangkou Reservoir was defined as the watershed inlet, with
streamflow data provided as input to the model. The catchment area was discretized into Hydrological Response Units (HRUs) based
on the land use, soil type, and slope (Arnold et al., 2012). In the HRU definition process, the land use percentage, soil class, and slope
class were set as 0 for further assessment of the impact of land use change. Daily meteorological data from 16 weather stations around
the study area were configured as a weather input in the SWAT model.
The SWAT model benefits from a land use update (LUC) module (Pai and Saraswat, 2011) that accounts for changes in land use
during the simulation period. This module uses an input file (lup.dat) that links specific dates to HRU data. The HRU data contains the
updated area fractions corresponding to land use change. When building these input files, land use change is represented by time
variable HRUs. In this study, we used SWAT-LUT tools to update the land use, which is a desktop graphical user interface for SWAT
land use update (Moriasi et al., 2019). Land use is updated annually by selecting the update time step as “Yearly” in “Phase 2′′ of
SWAT-LUT. The number of HRUs with the land use of 1990 was 24,640 and the final number of HRUs with the land use update was 30,
106. Dynamic land use changes were written to the LUC input files by SWAT-LUT.
The SWAT reservoir module has four different methods for calculating the outflow volume of a reservoir. By adjusting the IRESCO
parameter and preparing the input files (.res), SWAT users could activate the reservoir module.
About 65 km below the Shayang station in the MLHR, the Dongjing River discharges the MLHR flood into the Yangtze River (Fig. 1).
The Dongjing River diversion rate is analysed and calculated using the long-term ten-day average flow measured at the Shayang station
and Qianjiang station of the Dongjing River (Fig. S2). We activated the water transfer module in SWAT to reflect the diversion of the
Dongjing River streamflow.
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2.3.2. Model verification
Model calibration and validation were performed using SWAT-CUP (Abbaspour, 2013). For this purpose, twenty-year daily flow
data during 1980–1999 were used at four stations (Xiangyang, Huangzhuang, Shayang, and Xiantao in Fig. 1). The Yujiahu station
does not have streamflow data for this period, therefore it was not used. The SWAT model parameters were calibrated with daily
streamflow data from 1984 to 1993. The Sequential uncertainty adjustment algorithm (SUFI-2) was used for the parameter sensitivity
analysis with SWAT-CUP. In this study, simulated streamflow was used at the watershed outlets of the four hydrological stations to
analyse the parameter sensitivity. With the same set of parameters, the periods 1980–1983 and 1994–1999 were defined for model
validation.
The coefficient of determination (R2 ), Nash-Sutcliffe efficiency (NSE), and percentage bias (PBIAS) were chosen as performance
indicators of the model. The coefficient of determination R2 is:
[
]
)(
) 2
∑(
Qm,i − Qm Qs,i − Qs
R2 = ∑(i
(1)
)2 ∑(
)2
Qm,i − Qm
Qs,i − Qs
i

i

where Q is a variable, m stands for measured and s stands for simulated, i is the measured ith or simulated data. If there is more than one

Fig. 2. Flow diagram of the study(WFZ: Wangfuzhou Reservoir; CJY: Cuijiaying Reservoir; XL: Xinglong Reservoir).
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variable, such as streamflow at multiple stations or multiple hydrological and environmental indices at a station, the objective function
(Abbaspour et al., 2017) is defined as:
∑
gR2 =
wj R2j
(2)
j

where wj is the weight of variable jth .
The Nash-Sutcliffe efficiency is defined as:
∑
(Qm − Qs )2i
i
NS = 1 − ∑(
)2
Qm,i − Qm

(3)

i

where Q is a variable, m stand for measured and s stand for simulated, and the bar stands for average. The objective function with more
than one variable (Abbaspour et al., 2017) is defined as:
∑
gNS =
wj NSj
(4)
j

The percent bias is defined as:
n
∑

(Qm − Qs )i
PBIAS = 100 ∗ i=1 ∑
n
Qm,i

(5)

i=1

where Q is a variable, and m and s stand for measured and simulated, respectively. Percent bias measures the average tendency of the
simulated data to be larger or smaller than the observations. The optimal value is zero, where low magnitude values indicate better
simulations. Positive values indicate model underestimation and negative values indicate model overestimation (Yapo et al., 1998).
The objective function with more than one variable (Abbaspour et al., 2017) is defined as:
∑
gPBIAS =
wj PBIASj
(6)
j

In this case, four stations were used for model calibration and validation, as described above. The weights in Eqs. (2), (4), and (6)
were assumed to be the same for all stations.
2.4. Scenario design
In this study, we developed seven real data and modelled scenarios (Fig. 2, Table 2) to distinguish the impacts of cascading reservoir
operation, climate variability, and land use change on the streamflow regime. By comparing scenarios, we can evaluate the multiimpact of reservoir operation, climate variability, and land use changes. The seven scenarios are described below:

Table 2
Scenario design.
Scenario

Climate
data

Dams

Land use

Description & Objective

S0

1990–1999

without dams

land use 1990

S01
S02

2000–2020
2000–2020

without dams
without dams

land use 1990
With land use change
from 2000

A1

2000–2009

Wangfuzhou 2000;

–

A2

2010–2014

Wangfuzhou 2000; Cuijiaying 2010;

–

A3

2015–2020

Wangfuzhou 2000; Cuijiaying 2010;
Xinglong 2014

–

S1

2000–2020

Wangfuzhou 2000; Cuijiaying 2010;
Xinglong 2014

With land use change
from 2000

Baseline simulation; SWAT model calibration and validation
periods.
Climate variability scenario; S01-S0: Impact of climate change.
Climate variability and land use change scenario; baseline for
2000–2020 simulation;
S02-S0: Impact of climate change and land use change.
Measured daily data, compare real flow with S02p1 (2000–2009);
A1-S02: Impact of first reservoir operation, and related ET change,
water withdrawal, etc.
Measured daily data, compare real flow with S02p2 (2010–2014);
A2-S02: Impact of first & second reservoir operation, and related
ET change, water withdrawal, etc.
Measured daily data, compare real flow with S02p3 (2015–2020);
A3-S02: Impact of three dams operation, and related ET change,
water withdrawal, etc.
Reservoir operation simulation with measured daily reservoir
outflow;
ET evaluation and estimation of reservoir operation.
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(1) Baseline scenario (S0). This scenario represents the simulation of unregulated natural flow before the reservoir construction in
MLHR. To model this scenario, we used observed data from 1980 to 1999, and calibrated the SWAT model in the period
1984–1993 and validated it in the rest of the year.
(2) Climate variability scenario (S01). This scenario represents the simulation of unregulated natural flow without reservoir
operation and without land use change in the MLHR from 2000 to 2020. To represent this scenario, we took the model cali
brated in S0 and applied it in the period 2000–2020, without any change other than the climate forcing.
(3) Climate variability and land use change scenario (S02). This scenario refers to the simulation of unregulated natural flow
with land use change, but without reservoir operation in the MLHR from 2000 to 2020. This scenario differs from S01 with land
use change is considered (see description on updating the LUC input files in Section 2.3.1.) in the SWAT model.
(4) Actual flow conditions (A1, A2, and A3). These 3 scenarios refer to the observed streamflow after damming in the MLHR from
2000 to 2020. These scenarios were used to analyse the impact of the cascading reservoir by comparing actual flow data with
simulated data from S02.
(5) Damming scenario (S1). This scenario refers to the simulation of the reservoir regulated flow after damming in MLHR from
2000 to 2020. This scenario differs from S02 in that it activates the reservoir module. The measured daily outflow method was
used in the SWAT reservoir module. The scenario was run by setting IRESCO to 3 and preparing the daily reservoir outflow as an
input file (described in Section 2.3.1).
Scenario S0 was the baseline scenario for the impact of climate and land use variability. Scenario S02 served as a baseline scenario
for the impact of the reservoir operation. A1, A2 and A3 were measured daily flow data from three time periods (2000–2009,
2010–2014, and 2015–2020) and therefore the combined effect of all sources of hydrological change. The impact of the cascading
reservoir operation was evaluated by comparing A1, A2, and A3 with S02 in the same period. Scenario S1 was used to evaluate the
effect of evaporation from watershed.
2.5. Procedure for impact analysis
2.5.1. Climate extreme indices
To describe the characteristics of climate extremes, Climate Change Detection and Indices defined a set of indices to facilitate the
analysis (Zhou et al., 2016). Based on the frequency, intensity, and duration of extreme events, ten indices (details see Table S2) were
adopted to portray the evolution of precipitation and temperature extremes.
2.5.2. Land use change transfer matrix
The land use transfer matrix is a two-dimensional matrix based on the relationship between changes in land cover status at different
time phases of the same area (Zhang et al., 2022; Li et al., 2018). By analysing the obtained transfer matrix, it is possible to get two
temporal phases with different land classes transforming into each other, and it describes the land classes of different types of land use
that change in different years, as well as the area of change.
⎡ A11
⎢ A21
Aij = ⎣
⋮

A12

⋯

A22

⋯

⋮

⋱

A1n ⎤
A2n ⎥
⎦
…

An1

An2

⋯

Ann

(7)

where Aij is the percentage of land use area type i converting from type j (%) over a period of time. n is the total number of land use
types and was equal to six in this study.
2.5.3. IHA
The IHA toolkit was developed to facilitate the evaluation of changes in flow regime (Richter et al., 1996). In this study, we
developed seven scenarios/conditions and adopted these data for IHA analysis (Fig. 2). The IHA parameters used in this study are
described in Table S3. The IHA analysis was performed using the IHA7 software package (Version 7.1) (The Nature Conservancy,
2009).
To quantify the changes in an IHA parameter corresponding to different scenarios, we used the degree of deviation, which is
expressed by the following equation (Xue et al., 2017):
P

=

Me − Mo
Mo

(8)

where Mo is the median value for the pre-impacted period and Me is the median values for the post-impacted period. A positive value of
P indicates an increase in the median value between the two scenarios while a negative value represents decrease.
The degree of alteration of the IHA parameters was classified into three categories: (1) high alteration, represented by absolute
values in the range of 67–100%; (2) moderate alteration, with absolute values in the range of 33–67%; and (3) low alteration, with
absolute values of 0–33% (Richter et al., 1998).
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2.5.4. Water resource and water withdrawal estimation
The annual water withdrawal in MLHR, QWW , (m3/year) was estimated using the following long-term water balance equation:
QWW = Qwaterhsed

inlet

(9)

+ Qyield − QAWR − ET

where Qwaterhsed inlet is the annual streamflow at the watershed inlet (outflow of Danjiangkou Reservoir), Qyield is the annual production
of water from the basin, QAWR is the annual streamflow at the outlet, which is measured, and ET is the evaporation of MLHR. The
simulated data from scenario S2 was used to calculate QWW ..
Potential evapotranspiration was calculated using the Hargreaves method in the SWAT model. To simulate the dam operation, the
reservoir module should be activated. Details of the water yield module, evapotranspiration module, and reservoir module can be
found in the SWAT2009 Theoretical Documentation (Neitsch et al., 2011).
3. Results
3.1. Model performance
3.1.1. Parameter sensitivity analysis
In total, 11 parameters that were considered sensitive to the hydrological process in previous studies (Chen et al., 2019b; Shi et al.,
2017) were used to calibrate the model. The sensitivity classification is listed in Table 3. The results show that the most sensitive
parameters are SURLAG (Surface runoff lag time), GWQMN (shallow aquifer required for return flow to occur), ESCO (Soil evaporation
compensation factor), GW_DELAY (Groundwater delay), SOL_AWC (available soil moisture content), and CN2 (Moisture condition
curve number II). SURLAG is between 7.9 and 23.8, indicating that the delay in releasing surface runoff to the main channel is
relatively high in the MLHR watershed. The GWQMN ranges from 0.66 to 1.98 in the MLHR watershed. ESCO is related to soil
evapotranspiration, whose value in the MLHR watershed is between 0 and 0.58. GW_DELAY fluctuates within the range of 136–348,
suggesting that groundwater delay is high in the MLHR watershed. SOL_AWC represent soil water saturation ranging from 0.22 to 0.74
in the MLHR watershed. The CN2 value varies from 35 to 88 in the MLHR watershed. In Fig. S3, the dotted graphs show the posterior
likelihood of the sensitive parameters. The selected parameter presented high likelihood aggregation, except for ALPHA_BF.
3.1.2. Model performance
First, we report the results of the model scenario S0, where the SWAT model was calibrated using the period 1984–1993 and
validated using the periods 1980–1983 and 1994–1999 with daily streamflow in four flow measuring stations (Section 2.4). In the
calibration period, R2, NS and PBIAS values ranged 0.86–0.88, 0.85–0.86 and 0.9–11.1, respectively (Fig. 3). During the validation
period, R2, NS and PBIAS values ranged 0.81–0.84, 0.81–0.83 and 2.1–5.4, respectively (Fig. 3).
For watershed evapotranspiration, we compared monthly watershed evapotranspiration with the terrestrial evapotranspiration
dataset in China (1982–2017) (Ma and Szilagyi, 2019; Ma et al., 2019a, 2019b). During the calibration period, R2, NS and PBIAS were
0.83, 0.77, and 5.38, respectively (see Fig. S4). In the validation period, the R2, NS and PBIAS values were 0.80, 0.65 and 1.78,
respectively (see Fig. S4). The results of streamflow and watershed evapotranspiration indicate the satisfactory model performance.
3.1.3. Uncertainty analysis
Model uncertainty can result from model input such as climate, soil, and land use data, model parameters, model structure (Wang
et al., 2018; Yang et al., 2008) and the Danjiangkou Reservoir management and water consumption along the MLHR. In SWAT-CUP,
the forecast uncertainty of 95% (95PPU) is used to express the model uncertainty (Abbaspour et al., 2017). When comparing the
95PPU band, two statistics referred to as p-factor and r-factor were created (Abbaspour et al., 2015). The p-factor represents the
measured data well simulated by the model and r-factor is an amount of the thickness of the 95PPU band. During the calibration
period, the p-factor and r-factor ranged 0.85–0.99 and 0.63–1.89, respectively (Fig. 3). In the validation period, the p-factor and
r-factor values ranged 0.88–0.96 and 0.43–1.44, respectively (Fig. 3).

Table 3
Details of the main calibrated parameters.
Parameter

File

Definition

Sensitivity Rank

Method

Calibrated Value

SURLAG
GWQMN
ESCO
GW_DELAY
SOL_AWC
CN2
SOL_K
SOL_BD
CH_N2
CH_K2
ALPHA_BF

.bsn
.gw
.bsn
.gw
.sol
.mgt
.sol
.sol
.rte
.rte
.gw

Surface runoff lag time, (days)
Threshold depth of water in the shallow aquifer required for return flow to occur
Soil evaporation compensation factor
Groundwater delay, (days)
Soil’s available moisture content
Moisture condition II curve number
Soil-saturated infiltration coefficient
Soil moisture bulk density, (mm)
Manning’s value for main channel
Effective hydraulic conductivity, (mm/h)
Baseflow alpha factor, (days)

1
2
3
4
5
6
7
8
9
10
11

Replace
Replace
Replace
Replace
Replace
Relative
Replace
Replace
Replace
Replace
Replace

7.9–23.8
0.66–1.98
0–0.58
136–348
0.22–0.74
35–88
233–1411
0.9–1.66
0–0.54
0–321
0.38–1.06
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Fig. 3. Model calibration and validation (a, b, c, and d was the calibration and validation at Xiangyang, Huangzhuang, Shayang, and Xiantao,
respectively).

3.2. Impact of climate variability and land use change
3.2.1. The climate variability and land use change in MLHR
3.2.1.1. The climate variability. Fig. 4 presents the annual, seasonal, and monthly changes in precipitation and temperature over two
periods. Compared to 1980–1999, climate change manifested itself in increased precipitation and warmer temperatures between 2000
and 2020. The intra-annual distribution of precipitation in the MLHR watershed became increasingly uneven, with greater concen
tration of precipitation in the summer (June, July, and August). Apart from the monthly maximum temperature in December, the
average temperature, minimum temperature, and maximum temperature in the MLHR watershed increased on annual, seasonal, and
monthly scales.
Time series of annual climate extreme indices is shown in Fig. S5. In all ten indices, RX5day, R95pTOT, and FD showed a decreasing
trend, while R20mm, CWD, CDD, TXX, TNN, FD, and SU tended to increase. The annual change rates of RX5day, R95pTOT and FD
were − 0.1414, − 0.0061 and − 0.5749, respectively. Among the increasing trend indices, the highest annual change rate in the TR
was 0.4317. We can observe the declining duration of extreme precipitation, the increasing amount of precipitation from extreme
rainfall events, and the rising duration of extreme temperatures.
3.2.1.2. The land use change. The land use distribution of the MLHR exhibited a distinct spatial heterogeneity during 1990–2020
(Fig. S6). We evaluated land use change in two-time phases, i.e., 1990–2000 and 2000–2020. The land use change transfer matrix was
shown in Fig. 5. Cropland was the main land use type in the MLHR watershed, followed by forestland, grassland, construction land,
water area, and bare land. During 1990–2000, 2.79% water area, 2.65% of bare land, and 1.41% of grassland transformed into
cropland which assumed the proportion of 52.92% in 2000. About 1.65% grassland was transformed into forestland from 1990 to
2000. The transformation of the rest land use was relatively small from 1990 to 2000 compared to those mentioned above. During
2000–2020, the proportions of cropland, forestland, and bare land decreased, while the proportions of land for construction, grassland,
and water area increased. The reduction in cropland was mainly converted into construction land (4.29%). The change in grassland
was mainly transformed into cropland (2.05%) and grassland (2.01%). The transformed bare land was used mainly as a cropland
9
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Fig. 4. Two-period of precipitation and temperature change (Season division in MLHR, Spring: March, April, May; Summer: June, July, August;
Autumn: September, October, November; Winter: December, January, February).

(6.56%) and a water area (5.38%).
3.2.2. Monthly streamflow alteration
The MLHR mainstream flow impact factor includes climate variability, land use change, and watershed inlet. In this section, we
analysed the impact of these factors on the magnitude of the streamflow. According to the corresponding regional catchment area of
hydrological stations, the simulated outflow of four reaches where the hydrological station is located (Fig. S7) was used for analysis of
results, namely Xiangyang, Yujiahu, Huangzhuang, and Xiantao. Shayang station was not considered in the analysis.
Impact of climate variability at the watershed inlet (Fig. 6a). In order to analyse the changes in the watershed inlet of two-time
periods (1980–1999 and 2000–2020), which are mainly attributed to climate variability, we compared the observed streamflow
discharged by Danjiangkou Reservoir in the two periods. In terms of the magnitude of the streamflow in Danjiangkou, we observed that
the monthly average streamflow increased from February to May and from October to December, while it decreased in the other
months. In September and November, the degree of deviation P (see Section 2.5.1) exceeded 33%. According to the classification
defined in Section 2.5.1, the two months were of moderate alteration and the remaining months were of low alteration.
10

Journal of Hydrology: Regional Studies 44 (2022) 101253

X. Zhang et al.

Fig. 5. Land use (area %) transformation during 1990–1999 (a) and 2000–2020 (b). For analysis, we reclassify the land use used in the SWAT model
(See Table S1) as follow: Cropland (CP), Forestland (FL), Grassland (GL), Water area (WT), Construction land (CL), and Bare land (BL).

Impact of climate variability on downstream stations (Fig. 6b-6e). We observed the following: The impact of climate change on the
four downstream stations showed a high consistency in the trend of the average monthly streamflow variation, except for May and
October in Huangzhuang and Xiantao. Months of moderate alteration include August and September in Xiangyang (− 33.19% and
− 34.83, respectively), December in Yujiahu and Huangzhuang (34.36% and 35.91, respectively). The degree of deviation P at
downstream stations showed, in general, a decreasing trend.
Impact of regional climate variability on downstream stations (Table S4). As the initial comparison of S01 to S0 is the combined
impact of watershed inlet and regional basin climate variability (above analysis), we then analysed the separate impact of regional
basin climate variability alone. We observed the following: The impact of regional climate change in four stations was also highly
consistent. Average monthly streamflow increased in June, September, and December in Xiangyang, in May, August, September, and
December in Yujiahu, Huangzhuang, and Xiantao. The impact of climate variability in the regional basin would neutralize the increase
in the magnitude of the streamflow in the watershed in February, while weaken the trend of streamflow change in the remaining
months.
Impact of land use change (Fig. 6b-6e). To isolate the impact of land use change, we compared S02 with S01. We observed that
change in land use reduced streamflow in most months. In Huangzhuang, the average monthly streamflow increased by 3.53% in
September. Compared to the impact of climate variability, the degree of deviation P caused by land use change was relatively smaller,
within ± 4%. Therefore, classified as low alteration.
3.2.3. Extreme streamflow alteration
In this section, we describe the hydrological impact on the magnitude of the extreme streamflow.
Impact of climate variability at the watershed inlet (Fig. 6f). In terms of extreme streamflow at the watershed inlet, we
observed that all indicators of extreme minimum streamflow increased while all indicators of the extreme maximum streamflow
decreased. The 1-day minimum, 1-day maximum, and 3-day maximum streamflow were of moderate alteration.
Impact of climate variability on downstream stations (Fig. 6g-6j). In the four downstream stations, all indicators that reflect the
magnitude of the extreme streamflow had the same tendency of variation with the watershed inlet, but less change. Only 1-day
maximum streamflow at the Xiangyang station reached moderate alteration (− 34.81%).
Impact of regional climate variability on downstream stations (Table S4). To separate the impact of the climate variability of
the watershed inlet in the extreme streamflow, we analysed only the climatic variability of the regional basin. In Xiangyang, 1-day
maximum and 3-day maximum streamflow increased, while indicators of extreme remainder streamflow decreased. In Yujiahu,
Huangzhuang, and Xiantao, the 1-day maximum and the 90-day minimum streamflow increased, whereas the extreme remainder
streamflow indicators decreased. The impact of climate variability in the regional basin would weaken the increase in the magnitude of
the minimum streamflow at the watershed inlet and weaken the trend of decreasing the short-term maximum streamflow.
Impact of land use change. In Xiangyang, land use change had little impact on extreme streamflow. Compared with watershed
inlet and climate variability, the degree of deviation P due to land use change was smaller, which was within ± 1%, except 1-day
maximum streamflow (− 2.42%) in Yujiahu, 3-day maximum (− 2.42%) and 7-day maximum (− 2.53%) streamflow in
11
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Fig. 6. Alteration in monthly streamflow on climate variability and land use change.

Huangzhuang, 1-day maximum (− 1.98%), 3-day maximum (− 2.27%), and 7-day maximum (− 2.30%) streamflow in Xiantao.
Impact in extreme water conditions. We compared the extreme streamflow dates to understand the timing of annual extreme
water conditions under climate variability and land use change (Table 5). The Julian date of the annual 1-day minimum had been
advanced and the 1-day maximum had been deferred in the period 2000–2020 compared to period 1980–1999. Comparing S01 with
S0 and S02 with S0, we observed that the change in climate variability showed the same impact trend in the four stations as the date
aspect of the extreme minimum flow event. For maximum extreme flow event date, advanced date in Xiangyang and Yujiahu while
delayed date in Huangzhuang and Xiantao. The impact of land use change manifested only in the advanced date of the maximum
extreme flow event in Yujiahu and the deferred date of the maximum extreme flow event in Huangzhuang.
3.2.4. Pulse and patterns of streamflow changes
In this section, we compare S01 and S02 with S0 to see climate variability and the impact of land use changes on streamflow pulse
and patterns (Table 6). At the watershed inlet, the low/high pulse count and duration were reduced in the period 2000–2020 (S01/
S02) compared to the period of 1980–1999 (S0). Hence, the daily changes in streamflow became smaller at watershed inlet.
Climate variability decreased the low and high pulse counts in four stations. The low pulse duration decreased in all four stations,
while high pulse duration remained the same in Xiangyang and Xiantao, increased in Yujiahu, and decreased in Huangzhuang. Land
use change has had a very similar impact on the pulse of streamflow with climate change.
Table 5
Extreme streamflow date under climate variability and land use change.

Date of minimum
Date of maximum

Watershed inlet

Xiangyang

Yujiahu

S0

S01/S02

S0

S01

S02

S0

S01

S02

S0

S01

S02

S0

S01

S02

29
218

25
219

1
237.5

33
229

33
229

4
223

28
208

28
214

3.5
204.5

25
210

25
219

6.5
205

29
219

29
219

12

Huangzhuang

Xiantao
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Table 6
Pulse pattern and streamflow rate under climate variability and land use change.

13

Low pulse count
Low pulse duration
High pulse count
High pulse duration
Rise rate
Fall rate

Watershed inlet

Xiangyang

S0

S01/S02

S0

S01

S02

Yujiahu
S0

S01

S02

Huangzhuang
S0

S01

S02

Xiantao
S0

S01

S02

16.5
2
15
2
79.75
-75.5

11
1
5
4
40
-38

7.5
3
12.5
2
66.43
-58.1

5
3.75
6
2
43
-36.9

6
4
9
2.5
43
-36.9

8.5
3
10.5
3
69.5
-62

8
4
6
4.5
48
-42.1

8
3
6
3.5
49.7
-41.35

5.5
5.25
9.5
3.5
67.3
-49.07

5
6.25
7
3
47.5
-34.9

5
5
7
4.5
46.5
-33.8

3
17.5
5
7
31.89
-23.21

2
16.75
5
7
23
-19.82

3
17.5
5
9
21.9
-19.43
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3.3. Impact of reservoir operation
3.3.1. Monthly streamflow alteration
In this section we analysed the impact of reservoir operation on the magnitude of the streamflow comparing A1, A2, and A3 with
S02p1, S02p2, and S02p3, respectively. From one reservoir to three reservoirs and from upstream to downstream, the impact of
reservoir operation is as follows:
Impact of one-reservoir operation (Fig. 7a, 7c, 7d). In terms of one-reservoir operation, we compared A1 with S02p1. At the
Xiangyang station, the monthly average streamflow increased, except in July. At the Huangzhuang station, the monthly average
streamflow increased, except from May to August. At the Xiantao station, the monthly average streamflow decreased, except in
January, February, and September. Regarding one-reservoir operation, all P was low-alteration at three stations.
Impact of two-reservoir operation (Fig. 7b-7d). In terms of two-reservoir operation, we compared A2 with S02p2. At the Yujiahu
station, the monthly average streamflow increased, except from May to October. The degree of alteration in P reached a moderate
alteration in January, which was 35.86%. At the Huangzhuang station, the monthly average streamflow increased, except from April to
October. The P showed moderate alteration in January (44.94%) and May (− 41.27%). At the Xiantao station, the monthly average
streamflow increased only in January, February, and December. The P reached − 39.30% in May as moderate alteration.
Impact of three-reservoir operation (Fig. 7b-7d). In terms of three-reservoir operation, we compared A3 with S02p3. At the
Yujiahu station, the monthly average streamflow decreased, except in January. The P showed moderate alteration in the months of
June and August to October. At the Huangzhuang station, the variation was the same as at the Yujiahu station. The P showed moderate
alteration in June, October, and November. At the Xiantao station, the monthly average streamflow decreased in all months. The P
reached moderate alteration in June, September, and October.

Fig. 7. Alteration in the monthly streamflow in reservoir operation. The Xiangyang station has not recorded streamflow data since 2010, whereas
the Yujiahu station started recording streamflow data since 2010, so we only analysed one reservoir operation in Xiangyang and two and three
reservoir operations in Yujiahu.
14
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3.3.2. Extreme streamflow alteration
In this section, we analyse the impact of reservoir operation on the magnitude of extreme streamflow comparing A1, A2 and, A3
with S02p1, S02p2, and S02p3, respectively. From one-reservoir to three-reservoir and from upstream to downstream, we describe the
impact of reservoir operation below:
Impact of one-reservoir operation (Fig. 7e, 7g, 7h). Regarding one-reservoir operation, we compared A1 with S02p1. At the
Xiangyang station, the 1-day maximum streamflow increased and reached moderate alteration. At the Huangzhuang and Xiantao
stations, the 1-day and 3-day maximum streamflow increased and reached moderate alteration. As for the minimum streamflow in
dicators, except for all decreases in Xiantao, there was an increase or decrease in Xiangyang and Huangzhuang.
Impact of two-reservoir operation (Fig. 7f-7h). Regarding two-reservoir operation, we compared A2 with S02p2.
At the Yujiahu station, the 1-day maximum streamflow and the 1-day, 90-day minimum streamflow increased. The entire change in
extreme streamflow indicators was low alteration. At the Huangzhuang station, the 1-day maximum streamflow reached moderate
alteration which was 54.87%. At the Xiantao station, all extreme streamflow indicators decreased, and P was low alteration.
Impact of three-reservoir operation (Fig. 7f-7h). Regarding three-reservoir operation, we compared A3 with S02p3.
At the Yujiahu station, the 1-day and 3-day maximum streamflow and the 1-day to 7-day minimum streamflow increased. At the
Huangzhuang station, the 1-day, 3-day, and 7-day maximum streamflow and the 1-day, 3-day, and 7-day minimum streamflow
increased. At the Xiantao station, the 1-day and 3-day maximum streamflow increased. All the alteration in extreme streamflow in
dicators at the three stations was low.
Impact in extreme water conditions. We compared the extreme streamflow date to understand the timing of annual extreme
water conditions under reservoir operation (Table 7).
Regarding one-reservoir operation, the Julian date of the annual 1-day minimum was later at the Xiangyang, Huangzhuang and
Xiantao stations. The Julian date of the annual 1-day maximum was advanced at the Xiangyang, Huangzhuang, and Xiantao stations.
The Julian date of the annual 1-day minimum and 1-day maximum was prior to the two-reservoir operation at the Yujiahu,
Huangzhuang, and Xiantao stations. As for three-reservoir operation, the Julian date of the annual 1-day minimum was suspended at
the Yujiahu, Huangzhuang, and Xiantao stations. The Julian date of the annual 1-day maximum has been advanced, except for the
Xiantao station. At both stations, the magnitude of the extreme streamflow date change was more significant in the condition of tworeservoir (A2) with joint operation of two dams.
3.3.3. Pulse and patterns of streamflow changes
In this section, we compared A1, A2, and A3 with S02p1, S02p2, and S02p3 to assess the impact of reservoir operation on pulse and
streamflow patterns (Table 8).
At the Xiangyang station, the high pulse count and duration increased under one-reservoir operation (A1 condition). At the Yujiahu
station, the low pulse and duration decreased while the high duration increased under two-reservoir operation (A2 condition). Low
pulse count and duration increased, while low pulse count and duration decreased under three-reservoir operation (A3 condition). At
the Xiangyang and Yujiahu stations, the streamflow pulse variation trend was similar, the high and low pulse count tended to increase,
but the duration tended to decrease. The amplitude of variation of the three-reservoir operation was greater than that of one- or tworeservoir operation.
As for changes in water condition, the absolute value of the descent and descent rate increased at both stations under A1, A2, and
A3 conditions. This implies that reservoir operation can intensify daily changes in streamflow.
3.4. Variation of water resource
In this section, we present the annual ET loss and water production in the MLHR watershed. Combined with observed streamflow at
the watershed inlet (Danjiangkou Reservoir) and watershed outlet (Xiantao station), we estimate the available water resources and
water withdrawal in the MLHR watershed. The results are presented in Fig. 8 and in Table S6. We observe the following:
The ET loss, water yield, available water resource, and water withdrawal fluctuated from 2000 to 2020. The years 2019 and 2020
reached the minimum and maximum annual ET loss (Fig. 8), which were 2.16 × 1010 and 2.91 × 1010 m3, respectively (Table S6). The
annual average ET loss was 2.61 × 1010 m3. In terms of water production, the minimum and maximum were in 2019 and 2017, which
were 7.67 × 1010 m3 and 1.91 × 1010 m3, respectively. The annual average water yield was 1.30 × 1010 m3. Regarding the available
water resource, the years of 2014 and 2010 reached the minimum and maximum, which were 2.69 × 1010 m3 and 6.16 × 1010 m3,
Table 7
Date of extreme streamflow under reservoir operation.
A1
Xiangyang
Yujiahu
Huangzhuang
Xiantao

Date
Date
Date
Date
Date
Date
Date
Date

of minimum
of maximum
of minimum
of maximum
of minimum
of maximum
of minimum
of maximum

356
216.5
51.5
206
107
207.5

A2

299
219
301
221
149
222

15

A3

336
214.5
324.5
205
355
207

S02p1
39
223
37.5
212
38.5
212.5

S02p2

S02p3

366
256
366
259
361
259

30.5
235
36
224
15.5
205
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Table 8
Pulse pattern and rate of streamflow under reservoir operation.
Xiangyang

Yujiahu

Huagnzhuang

Xiantao

Low pulse count
Low pulse duration
High pulse count
High pulse duration
Rise rate
Fall rate
Low pulse count
Low pulse duration
High pulse count
High pulse duration
Rise rate
Fall rate
Low pulse count
Low pulse duration
High pulse count
High pulse duration
Rise rate
Fall rate
Low pulse count
Low pulse duration
High pulse count
High pulse duration
Rise rate
Fall rate

A1

A2

A3

S02p1

S02p2

S02p3

7.5
2
10.5
2
61
-71.25
–
–
–
–
–
–
5.5
5
5
6
40
-42.5
3
7.75
4
10.5
23
-21.75

–
–
–
–
–
–
8
2
9
3.5
70
-80
11
3
6
3
70
-60
5
7.5
2
9
30
-30

–
–
–
–
–
–
13.5
2.25
7.5
2
46.25
-59
9
3
7
5
38.5
-38.25
6.5
6
4
6.5
22
-21.25

7.5
4
9.5
1.5
42.3
-37.43
–
–
–
–
–
–
6
6
6
4.25
46.68
-37.35
2.5
8.25
4.5
8
22
-16.93

–
–
–
–
–
–
10
3
9
3
57
-50.45
6
3
9
3
43.7
-49.6
3
19
4
6
20.2
-20.27

–
–
–
–
–
–
5.5
3.75
5.5
4.5
52.15
-26.85
1
16
3
8.5
16.4
-11
2.5
18
5
7.5
29.92
-19.9

respectively. The annual average available water resource was 4.23 × 1010 m3. As for water withdrawal, the minimum and maximum
were in 2004 and 2020, which were 3.24 × 109 m3 and 1.95 × 1010 m3, respectively. The annual water withdrawal was 8.03 × 109
m3. After 2015, there was a clear upward trend in the percentage of water withdrawal (Fig. 8).
4. Discussion
4.1. Hydrological alterations on climate variability and land use change
4.1.1. Climate variability
In the MLHR, the watershed inlet is the main factor controlling the streamflow regime. Hence, the upstream watershed, which
contributes about 60% of the total watershed area, dominate the effect of the changes that occurred in the MLHR region. In particular,
the alteration in monthly streamflow and extreme streamflow at the downstream station are like those at watershed inlet, except for a
few months.
By comparing the periods 2000–2020 and 1980–1999, the impact on the monthly average streamflow showed intra-year differ
ences, which declined in rainy season and increased in dry season (Fig. 6a-6e). The alteration in the monthly average streamflow of
watershed inlet in non-flood season (October to May) was greater than in the flood season (Table S4). Danjiangkou Reservoir is a multiyear regulating reservoir, which can release water for flood storage capacity in April and May, discharge flood water to generate
electricity from June to September, dam water in October, and release water for irrigation from November to March (Song et al., 2018).
In terms of extreme streamflow, the results showed an increase in minimum streamflow and a decrease in maximum streamflow in
the period 2000–2020 compared to the period 1980–1999. This may be relevant for the increase in the normal water level of Dan
jiangkou Reservoir in 2014 due to the increase of the dam height, from 157 m to 170 m, which led to a greater storage capacity and
regulatory function. We observed decreasing duration of extreme precipitation and increasing amount of precipitation from extreme
rainfall events (Section 3.2.1.1) due to regional climate variability. This might further alter the extreme streamflow behaviour. Pulse
behaviour and change rates were significantly modified at the watershed inlet, which was largely caused by the increasing trend of
extreme precipitation upstream of the Danjiangkou Reservoir (Qi et al., 2021; Pan et al., 2012) due to climate change and the rapid
water release associated with hydropower generation from the Danjiangkou Reservoir (Yang et al., 2020; Kern et al., 2012).
Changes in streamflow caused by climate variability were consistent with the watershed inlet (Fig. 6a-6e). Regarding the impact of
regional climate variability, the intra-year variation of monthly average streamflow in four stations was different. This could be
explained by the uneven spatial and temporal distribution of precipitation in the MLHR watershed (Section 3.2.1.1). In terms of
extreme streamflow, the impact of climate variability in the regional basin would weaken the increase in the magnitude of minimum
streamflow at the watershed inlet and weaken the tendency of decreasing the short-term maximum streamflow (Table S5).
The change in the watershed inlet is also influenced by climate variability, which presented different trends in the watershed inlet
and outlet. Precipitation is the most important factor among climate variables especially in dry season, trends of precipitation extremes
showed regional differences in the Hanjiang River basin (Qin et al., 2019). According to Hao et al. (2019), most of the MLHR area is
homogenous in terms of extreme precipitation events, which are totally different from the Danjiangkou Reservoir upstream. Annual
rainfall showed an opposite trend in the MLHR compared to upstream of the Danjiangkou Reservoir (Qi et al., 2021; Pan et al., 2012).
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Fig. 8. Variation of water resource.

Similar results of the precipitation effects on streamflow were also observed in other studies (Mahmoodi et al., 2021; Konapala et al.,
2020; Han et al., 2019). Across the entire Hanjiang River basin, the projected total precipitation in the future scenario shows an
upward trend but intensified spatial heterogeneity. In particular, the upper and lower Hanjiang River basin area would tend to be
wetter, while the middle Hanjiang River basin area would experience less precipitation (Jin et al., 2021; Yu et al., 2017). This uneven
regional distribution of precipitation could further exacerbate the complexity of the hydrological regime in the MLHR in the future.
4.1.2. Land use change
Cropland is the main land use type in the MLHR watershed (Fig. 5), and rice is the main crop (Yu et al., 2018). Compared to the
period 1980–1999, land use change was more drastic after 2000. Streamflow tended to decrease in the MLHR watershed under the
impact of land use change. We compared the runoff contribution rates (Table S7) and average runoff depth (Fig. S8) of different LULC
types in the MLHR. Cropland contributed the largest part of runoff, followed by forestland, grass land and construction land. The
average runoff depth of cropland was 250.2 mm, ranked fifth among the six LULC types. The area of cropland accounted for more than
half of the MLHR watershed, and nearly half of the runoff was generated by cropland from 2000 to 2020. The decrease of cropland in
the MLHR watershed was the main cause of streamflow decrease in the land use change.
Previous study has mentioned about the high intensity of land use, and increasing development and utilization the MLHR (Yu et al.,
2010). Demand for agricultural development can increase the demand for surface runoff in irrigation, and result in lower streamflow in
the growing season. Agricultural intensification was inferred as a dominant factor in decreasing streamflow by Vicente-Serrano et al.
(2019). A similar streamflow trend caused by agricultural land was also observed by Vaighan et al. (2017) and Sharma et al. (2019).
Climate variability and land use change are interlinked factors that can lead to changes in the river flow regime (Nkhoma et al.,
2021). Compared with climate variability, the impact of land use change on the streamflow is relatively minor in the MLHR watershed.
We can observe that climate variability is the main regional driver of net changes in the natural hydrological regime. This has also been
reported in other large basins (Nkhoma et al., 2021; Truong et al., 2018; Fazel et al., 2017; Zhang et al., 2017).
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4.2. Hydrologic alterations in reservoir operation
Dams can change the degree, timing and duration of flows, especially peak flow (Gierszewski et al., 2020; Yang et al., 2019; Zheng
et al., 2019; Lu et al., 2018a; Mailhot et al., 2018; Zhang et al., 2015). In terms of monthly streamflow, conditions A1 to A3 presented
highly differentiated results in the four stations. Operating the Wangfuzhou Reservoir alone (condition A1) increased monthly
streamflow in the most months in Xiangyang. However, the monthly streamflow downstream from Huangzhuang and Xiantao (con
dition A2) decreased by more months. Under the combined operation of Wangfuzhou Reservoir and Cuijiaying Reservoir, the
downstream change was relatively greater. Compared to condition A1 and A2, the change was more evident at three stations in
condition A3. This may be related to the full operation of the cascading reservoirs formed by the simultaneous operation of the three
reservoirs, which improved the use of water resources. Wangfuzhou Reservoir, Cuijiaying Reservoir and Xinglong Reservoir are
intended for different applications, and this application had a dominant effect on the runoff changes caused by the reservoir operation.
In particular, the Wangfuzhou Reservoir is intended for hydropower, the Cuijiaying Reservoir is for navigation and hydropower, while
the Xinglong Reservoir is mainly for flood control (Zhongnan Enginneering Corporation Limited, 2015).
Regarding extreme streamflow, the alteration in maximum streamflow in Huangzhuang and Xiantao was more evident. Although
the primary function of Wangfuzhou Reservoir and Cuijiaying Reservoir is not flood control, the reservoir also has a certain flood
regulation capacity. On the one hand, this phenomenon may be caused by the underestimation of the flood during the simulation
(Fig. S9). According to the review of SWAT applications under hydroclimatic extremes (Tan et al., 2020), peak flow simulation showed
better performance with sub-daily scale rainfall input. The MLHR watershed cover a large catchment area of 6.38 × 104 km2, simu
lation with 16 weather stations and daily scale data may not be able to accurately reflect streamflow dynamic under extreme rainfall
processes. Conversely, it could also be due to the construction and operation of the cascade reservoirs, which improved the regional
standard of flood control and enhanced the management and application of water resources.
The timing of the annual extreme flow in all three periods of reservoir operation was significantly affected. Among these three
reservoirs, the Cuijiaying Reservoir had the greatest impact due to the larger storage capacity. The pulse behaviour and change rates
were significantly altered with the combined operation of the reservoir cascade. The degree of alteration was different between the
three time periods. On the one hand, the primary purpose of the reservoir can result in different impacts. The distinct impact of floodcontrol-dominated and hydropower-dominated reservoirs from IHA indicators (such as low pulse counts and multi-day minimum flow)
has also been reported by other studies (Gierszewski et al., 2020; Lu et al., 2018a). On the other hand, several important tributaries
(such as the Tangbai River and the Man River) are located between the reservoir and the stations, which also imposed changes in the
streamflow and altered flow regime. Previous study showed that dam construction would significantly alter the count and duration of
flow pulses (Zheng et al., 2019). The result of this study showed a trend towards an increase in counts, but a reduction in duration
under reservoir operation. The counter-regulatory effect of dams on upstream flow, such as the impact of the Xinglong Reservoir at the
Huangzhuang station, was observed in this study and reported in other regions (Ali et al., 2019; Qiu et al., 2019).
As the absolute value of change caused by reservoir operation was greater than climate change and land use change (Table S4-S5),
the result further proved that dams usually play a dominant control over streamflow, overcoming other factors (Han et al., 2019; Zhang
et al., 2015). From the results summarized in Section 3.2, we can conclude that climate variability was the main reason for maximum
streamflow in wet season, such as floods, and low runoff in dry season at the MLHR, similar results were also reported in other basins
(Chai et al., 2019; Hecht et al., 2019). The cascading reservoir operation at the MLHR could further alert the effects of climate change
and promote water use. The adjustment effect of reservoir operation on the effect of climate change was also reported in the South Fork
Boise River and the Lancang-Mekong River Basin (Benjankar et al., 2018; Wang et al., 2017a). From a global viewpoint, Boulange et al.
(2021) reported that dams can counteract the risk of climate-impact floods. Previous studies have shown that the combined effect of
reservoir operation/dam construction and climate change can significantly alter river flow variability (Sanyal et al., 2021; Hoang et al.,
2019; Yang et al., 2019; Mittal et al., 2016). We also verified the dominant role of cascading reservoirs in coping with the effects of
climatic variability.
4.3. Limitations and future work
Various sources of uncertainties can impact the simulated streamflow in the MLHR. There are mainstream inlet gates and tribu
taries for agricultural use in the MLHR, whose impact could not be separated due to insufficient observed data. Despite the agreement
between simulation and observation in mainstream of the MLHR, the performance of the model can be further improved with more
data from reservoir operation and water withdrawal in the future. There is an inter-basin water transfer project implemented in 2014
called Changjiang-Hanjiang Water Transfer Project (Zhou et al., 2017), which transfers water from the Yangtze River to the MLHR
downstream of the Xinglong Reservoir. As there were no observed data, this effect was not considered in this study. Furthermore, there
is uncertainty in converting LULC to a non-real condition to separate the effect of human activities and climate change on the
streamflow (Dey and Mishra, 2017). With more monitoring data in the future, model simulation can improve our understanding of the
interactive impact of human activities and climate change.
5. Conclusion
To investigate the effects of cascading reservoir operation, climate variability and land use change on the streamflow regime in the
MLHR, a scenario comparison approach based on the SWAT model and IHA was introduced. The calibration and validation results
confirmed that the SWAT model can serve as an appropriate tool to simulate streamflow in the MLHR.
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(1) The watershed inlet is the main factor controlling the streamflow regime in the MLHR. Climate variability is the main regional
driver of net changes to the natural hydrological regime in the MLHR. Our results showed that monthly streamflow declined
(increased) in rainy (dry) season. We also found that minimum streamflow increased and maximum streamflow decreased. The
impact of climate variability in the regional basin would weaken the increase in the magnitude of minimum streamflow at the
watershed inlet and weaken the tendency of decreasing the short-term maximum streamflow.
(2) Compared to climate variability, the impact of land use change on streamflow was relatively small in the MLHR watershed.
Streamflow tended to decrease under the impact of land use change. We found that the decrease of cropland in the MLHR
watershed was the main cause of streamflow decrease in the land use change.
(3) Cascade dams significantly regulated water in all seasons and controlled the flow pattern. The operation of the cascade reservoir
in the MLHR could further alert the effects of climate change and promote the use of water. Our results showed that the
alteration of monthly streamflow was more evident in the operation of three reservoirs compared to the operation of one and
two reservoirs. The alteration degree P was of low alteration in three stations under one-reservoir operation. With the operation
of the cascade reservoirs, there was an increase in P reaching moderate alteration. We also found that the effects of cascading
reservoir operation on extreme streamflow varied significantly in different stations. Huangzhuang station had the most evident
alteration among the four stations. The timing of the annual extreme flow in all three periods of reservoir operation was
significantly affected.
(4) The ET loss, water yield, available water resource and water withdrawal in the MLHR watershed fluctuated during 2000–2020.
We found that the annual average ET loss was 2.61 × 1010 m3; the annual average water yield was 1.30 × 1010 m3; the annual
average available water resource was 4.23 × 1010 m3; and the annual water withdrawal was 8.03 × 109 m3. After 2015, there
was a clear increase trend in the percentage of water withdrawal.
In this study, the comparison approach enabled us to distinguish the impacts of the cascading reservoir operation on the streamflow
regime of climate variability and land use change. This study should improve the understanding of the hydrological impacts of human
activities in the cascading reservoir and land use change in the MLHR under climate change.
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