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Abstract

This article investigates the hydrological response and ecological flow in the diversion
area from the Hanjiang River to the Weihe River. Quantifies the impact of the inter-basin
diversion project on the hydro-ecological environment of the downstream river. MIKE
BASIN is initially utilized in this research to create the multi-year reservoir operating
model of Sanhekou Reservoir. Then Indicators of Hydrologic Alteration (IHA) and Range
of Variability Approach (RVA) are used to evaluate the change degree of hydrological
indicators. Secondly, set seven different ecological flow process schemes considering
ecological demand and inter-annual wetness and dryness variability. Finally, evaluate
the optimization scheme by Analytic Hierarchy Process (AHP). According to the hydro-
logical response results, suggestions are put forward from the perspective of engineering
and non-engineering. The results show that the simulation results of the MIKE BASIN
have a high degree of fitting with the design results, which verifies the rationality of the
model. Under the design scheme, the overall hydrological change of the river is 72.91%
and the hydrological response of the river is high changed. Scheme 6 can reduce the over-
all hydrological change to (56.63%) moderate change under the premise of less impact
on economic benefits, and scheme 6 is the optimal scheme. The research results not only
guarantee the ecological function of the river but also provide guidance and reference sig-
nificance for the actual operation of the reservoir.
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1 Introduction

The large-scale development of urbanization and industrialization intensifies the contradic-
tion of water shortage. This series of problems caused by water shortage seriously threaten
the sustainable development of the regional economy and the virtuous cycle of the ecologi-
cal environment. Human beings develop water resources by constructing large-scale water
conservancy projects upstream of rivers to reduce the economic losses caused by water
shortage. On the one hand, as critical engineering, the development of these reservoirs has
successfully relieved the water shortage, enhanced the efficiency of water resource usage,
and delivered considerable advantages. On the other hand, it is difficult to guarantee the
seasonal ecological basic flow, and the diversity of river species is seriously damaged
(Han 2014; Cui et al. 2014; Zhang 2017).

Exploring the impact of a dam built and operation on river channel ecology is a hot issue
studied abroad. By evaluating the indicators in IHA, they found that hydrological indica-
tors of the river have generally changed more than moderate changes. For instance, the
trend of annual extreme flow change (Costigan et al. 2012; Ashraf et al. 2016; Liu 2019;
Cui et al. 2020), Changes in natural runoff patterns due to changes in monthly average flow
(Al-Farajet and Scholz 2014; Li et al. 2020; Hunt et al. 2020), change of connectivity and
related ecologicaarel service functions caused by high and low flow pulses and seasonal
law of flow downstream (Ibraim et al. 2015; Gao et al. 2018). Apart from this, there are
other indicators beyond IHA indicators, for example, deterioration of water quality, discon-
nection of the river, and decrease of riparian vegetation outside rivers, phytoplankton and
fish community biodiversity in the river channel (Natalia et al. 2018; Oscar et al. 2013;
Swapan and Swades 2019; Romero et al. 2021).

Domestic scholars have done massive research on the impact of water conservancy
projects in different basins to explore the influence on river ecology. The findings show
that the construction and maintenance of water conservation projects will have a negative
impact on the river ecosystem. For example, after the completion of the Jinjiang Reservoir,
ecological flow in the Jinjiang river fell and caused drying days to rise in the downstream
channel (Chen et al. 2015). The hydrological situation in the Three Outlets of Jingjiang
river changed after the Three Gorges Project was built and operated, such as decreased
outflow downstream, shorted flood season, and reduced day maximum flow (Gao et al.
2020). The Three Gorges Dam has changed the ecological and hydrological conditions,
thus adversely affecting the spawning and reproduction of four common fish species (Guo
et al. 2018). The storage of Danjiangkou Dam increases the flow of the downstream river
in the dry season and decreases the flow in the wet season. Climate change leads to the
reduction of rainfall, the reduction of monthly average flow and annual maximum flow in
each month, and the increase of the number of low flow pulses. Affected by backwater, the
monthly average flow and annual minimum flow rate of Huangjiagang Hydrological Sta-
tion located downstream of Danjiangkou Dam increase (Ban et al. 2020).

Reservoirs must release the appropriate ecological flow within a particular time and
space to prevent or relieve the negative impact of water conservancy construction and
operation on river ecology. However, at present, the vast majority of reservoir operation
schemes only meet the minimum ecological base flow of the river and lack the considera-
tion of natural runoff response and ecologic demand. In summary, the Hanjiang-to-Weihe
River Diversion Project has definite ecological base flow requirements for ecological envi-
ronment water use, but it lacks relevant scientific and technical support. Therefore, study-
ing hydrological response and ecological flow optimization of rivers in the water transfer
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area of the inter-basin water transfer project has important theoretical significance and
application value.

2 Study Area and Data
2.1 Study Area

As critical basic engineering to alleviate the shortage of water resources and improve
the utilization efficiency of water resources in Shaanxi Province, the construction of
the inter-basin water transfer project from Hanjiang to Weihe is not only of great sig-
nificance to promoting the economic and social development of Shaanxi Province, but
also has a profound impact on the ecological and environmental protection of the prov-
ince. Sanhekou Reservoir is operated independently in the early stages of the Hanjiang-
to-Weihe Inter-basin water diversion project to optimize the economic advantages. The
main task of the reservoir is water supply, followed by power generation. The hydro-
power station adopts the power generation mode of determining electricity by water,
which mainly uses the water supply, ecological water, and the water head between the
dam and the tail water level of the hydropower station. At the same time, the reservoir
also carries out the task of ecological water intake downstream. Taking the Ziwu River
basin, a tributary of the Hanjiang River, as the study area, this paper analyzes the
influence of the initial operation of the project on the hydrological process in the Ziwu
river basin. Ziwu River is between N33°18'~N33°44" and E107°51'~E108°30" and
belongs to a major tributary of the northern bank of the upper Hanjiang River (Fig. 1).
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Fig.1 The distribution diagram of reservoirs and hydrological stations in the water diversion area of Hanjiang
to Weihe inter-basin water transfer project
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Ziwu river is subordinate to Ningshan county and Foping County, with a river length
of about 160 km and a watershed control area of more than 3000 square kilometers.
Ziwu river has many tributaries, the most important of which are the Wenshui River,
Pujiang River, and Jiaoxi River. The reservoir dam site locates 2 km downstream from
the confluence of three tributaries.

2.2 Study Data

Data required for this paper include reservoir power station data, runoff data, and water
demand data. Reservoir power station data includes characteristic parameters of the Sanhekou
Water Control Project in the Ziwu River Basin. This paper collects the daily measured flow
data of the Lianghekou hydrological station. Since there is no hydrological station in Sanhekou
Reservoir, this paper used the area analogy method to obtain the daily discharge series of the
dam site from 1964 to 2013. The supply and demand of water resources in the initial opera-
tion of the Hanjiang-to-Weihe River Basin Water Diversion Project is relatively simple, mainly
including water supply in the receiving area and ecological water demand in the downstream
river. Wherein receiving area water supply for industrial and living water, water demand is
more stable, therefore, can be satisfied by equal-delivery. According to planning, the ecologi-
cal water demand of downstream rivers designs 10% of the annual average runoff, which is
2.71m%/s. The data are as follows in Tables 1 and 2, and the technical route is shown in Fig. 2.

3 Methodology
3.1 MIKE BASIN Model

MIKE BASIN is a mathematical simulation software developed by the Danish Hydraulic
Institute (DHI) for water resources distribution and water resources supply and demand
balance affected by spatial and temporal factors on the basin scale. Based on the exist-
ing digital basin elevation map (DEM), the model can automatically generate channels,
construct river networks, and divide sub-basins by adding reservoir performance, river net-
work tracking, scheduling rules, and water users. Simulation of water resources distribu-
tion in a watershed using the steady water balance equation. Water balance is the core cal-
culation program, and water balance calculation formulas are usually different in different
scales and regions.

Table 1 Date information

Data category Runoff data

Data source Sanhekou Hydrological Station
Data type Runoff

Length of time 1964-2013

Time scale Day

Data format Site data
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Fig.2 Technology roadmap

For closing watersheds without inter-basin water transfer, the water balance formula is:
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In formula: P represents rainfall in the basin; ET represents vertical evapotranspiration;
R represents the sum of lateral surface water and groundwater outflows; AS represents the
sum of changes in soil water, surface water, and groundwater storage.

MIKE BASIN provides two benefits over the classic reservoir optimum operation
model. (1) MIKE BASIN considers not only the influence of time factors but also the influ-
ence of spatial factors, which is suitable for case studies on different time scales (years,
months, days, hours, et al.) and spatial scales (basins, water users, nodes, rivers). (2) MIKE
BASIN has powerful functions such as result display, data interaction, and portability.

In the actual model construction, select modules and attributes according to the charac-
teristics of the basin and water demand. Up to now, MIKE BASIN has been used to solve
water resources allocation and reservoir operation cases in multiple basins (e.g., Li 2013;
Zhang and Shan 2019; Qi et al. 2018; Meng et al. 2014; Liu et al. 2021; Lu 2016; Kumar
et al. 2018; Hassaballah et al. 2012). In this study, the MIKE BASIN scheduling model of
the Ziwu River basin establishes based on MIKE software.

3.2 Verification of MIKE BASIN Model

So far, the Sanhekou reservoir has not been officially put into operation. According to the
initial reservoir operation process in the design report, simulation results of the MIKE
BASIN model are as consistent as possible with the design process through multiple opera-
tion models, parameter adjustment, and optimization. Finally, the parameters of the MIKE
BASIN operation model of Sanhekou Reservoir are determined and selected. This article
assembles measured runoff data from 1964 to 2014. This article used wavelet analysis to
do a multi-time scale analysis of input runoff series in Sanhekou Reservoir. The findings
reveal that the middle periodic of the observed runoff series is six years. Different periods
of runoff change trend is the same, does not affect the simulation results, only verify the
fitting degree of the design value and simulation value. Therefore, this article selects the
measured runoff process from 1964 to 1969, and compares the water level change process,
ecological water discharge process, and water supply process of the Sanhekou reservoir
simulation and design report, as shown in Figs. 3, 4 and 5.

From Figs. 3, 4 and 5, it is clear that the simulation results of MIKE BASIN and the
design results are consistent with the trend of change, and the model better simulates
the dynamics of water resources change at the early stage of reservoir operation. Further
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Fig. 3 Sanhekou Reservoir simulation water level and design water level process line
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Fig.4 Sanhekou Reservoir simulation ecological water quantity and design ecological water quantity pro-
cess line

calculations show that the multi-year average error of the water level process is 1.21%, the
multi-year average error of ecological water volume of discharge is 0.15%, and the multi-
year average error of water supply is 0.38%. The results show that the simulation results
of the MIKE BASIN model fit the design results very well. The rationality of the model is
satisfied, and the model can be used for ecological effect evaluation and calculation.

3.3 Ecological Effect Evaluation Method

3.3.1 IHA Method

As the core factor guarantee the health and integrity of water ecosystems such as rivers
and lakes, the hydrological situation determines the biological composition of the water
ecosystem to a certain extent. Community structure and ecological function. Hydrological
situation research generally needs to be characterized by specific hydrological indicators.
The qualitative or quantitative description of hydrological situation indicators is a crucial
content of ecological hydrological process research. So far, scholars at home and abroad
have done a lot of research on the impact of human activities on the hydrological situation.
A series of indicators are selected to characterize hydrological changes. On this basis, sum-
marize 33 hydrological change indicators (IHA, Indicators of Hydrologic Alteration). The
above indicators can be divided into five groups according to the monthly average flow,
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Fig.5 Sanhekou Reservoir simulation water supply and design water supply process line
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annual extreme flow, occur time of annual extreme flow, frequency and duration of high
and low flow, and change rate and frequency of flow conditions to evaluate the changes in
river hydrological situation before and after the impact of human activities. At the same
time, based on a large amount of field monitoring data, the response relationship between
indicators and river ecosystems is summarized as shown in Table 3. (Richter et al. 1996).
Hydrological change indicators affect the structure and function of the ecosystem, reflect-
ing the degree of change in the ecological environment before and after activities.

3.3.2 RVA Method

To calculate the change degree of each hydrological indicator in IHA. The Range of Vari-
ability Approach (RVA) proposes based on IHA (Richter et al. 1997). The RVA method
is based on the analysis of the IHA index to quantify the change in the indicators. Assess
river hydrological changes affected by human activities and provide comprehensive eco-
logical statistical characteristics related to river system flow. The RVA method can provide
reference value and data support for quantifying the degree of river hydrological change
caused by reservoir construction in water diversion areas. RVA requires high accuracy of
runoff series and generally requires daily runoff data of more than 20 years. Calculate the
IHA indicator before reservoir construction and divide the sorting percentage of each indi-
cator into three intervals: R1=[0,25%], R2=[25%,75%], and R3=[75%,100%], R2 is also
called RVA threshold as the interval to meet ecological needs. Sort out the runoff pro-
cess acquired from the MIKE BASIN model and calculate the 33 THA indicators before
and after reservoir construction. Compare the frequency that the IHA flow indicator falls
within the RVA range before and after reservoir construction. If most of the flow indicator
values fall within the RVA threshold after the reservoir construction, it indicates that the
change range of the river hydrological regime is acceptable. On the contrary, it shows that
the building of the reservoir has a detrimental effect on the ecological environment.
Richter et al. proposed an evaluation method that can quantify the change degree of
hydrological indicators. The specific changes of each hydrological indicator are as follows:

D. Ni _NO
i= NO

x 100% )

Ny =rNy 3)

where:D; indicates the degree of change of the ith hydrological indicator;N,; and N, indi-
cate the number of years after reservoir construction when the IHA indicator falls within
the RVA threshold and the number of years when the IHA indicator falls within the RVA
threshold as expected, respectively;r indicates the proportion of years before the construc-
tion that the IHA falls within the RVA threshold; and N; indicates the total number of
years affected.

Richter set an objective judgment standard for the change degree of hydrological indica-
tors. The standards are as follows: 0 <D, <33% indicates the low change in the hydrologi-
cal indicator; 33% < D;<67% represents moderate changes in the hydrological indicator;
67 <D, < 100%represents high changes in the hydrological indicator.

Based on the degree of change of each indicator D,, the overall degree of change of the
hydrological indicators after the change (D,) is calculated as follows:
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“)

The overall degree of change of hydrological indicators definition: If 0<D,6<33%,
the overall is a low change or no change; 33 <D, <67%, the overall is moderate change;
67%<D,<100%, the overall is high change.

3.4 Ecological Flow Scheme Setting

Sanhekou Reservoir locates in the middle valley of the Ziwu River at the junction of Fop-
ing County and Ningshan County, Shaanxi Province. Runoff at the dam site includes three
tributaries of Wenshui River, Pu River, Jiaoxi River, and slope overland flow. After built of
Sanhekou Reservoir, downstream discharge is directly affected by the reservoir regulation.
The flow sequence can reflect the flow variation of the river section below the dam site.
At the same time, considering the current situation that the reservoir has not yet been in
operation, this articl takes the dam site as the representative section to analyze Ziwu river
downstream runoff variation law before and after the reservoir was built. The day runoff
process at the dam site from 1964 to 2013 takes as the runoff process before the reservoir
construction and taking reservoir discharge process simulated by MIKE BASIN software
as the ecological flow process after reservoir construction in the design scheme. The pro-
cess of reservoir inflow and outflow is shown in Fig. 6.

As can be seen from Fig. 6: the maximum flow rate before the construction of the res-
ervoir is 1532.30 m>/s, and the minimum flow rate is 0.47 m?/s. The maximum flow rate
after reservoir construction is 1516.45 m?/s, and the minimum flow rate is 2.71 m*/s, which
satisfies the minimum ecological flow constraint. From the inter-annual scale, the flow is
less volatile after the construction of the reservoir than before. The multi-year regulating
capacity of the reservoir plays the role of storing abundant and replenishing dryness. The
reason is that the reservoir meets the water supply guarantee rate to implement a smooth
water supply process, and the non-flood season follows the ecological water demand flow.

River ecological flow in the current operating scheme is 10% (2.71 m%s) of the
annual average flow. The results of the IHA-RVA method show that under this scheme,
the hydrological indicator of downstream river changes is high. According to earlier

1,600

-------- reservoir inflow reservoir outflow

1,200

®
=1
S

Flow(m?/s)

b
- —
—
e

b

="

-

S
e

pe=a

X o) > O > o
© S S S N\ N
v N N N o ¥
W° o W° o O
Q Q Q Q
Time(Day)
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research on the ecological flow of the Ziwu River (Li et al. 2017; Chang et al. 2007), the
existing ecological flow plan includes the following glaring flaws and defects:

The overall ecological flow is relatively small.

Ecological flow does not reflect changes in different periods of the year.

3. The ecological flow does not reflect the inter-annual abundance and dryness character-
istics.

0N =

Numerous studies have revealed that the stability of river ecosystems and species
reproduction have varying needs for hydrological processes at different times of the
year. When calculating ecological flow, we should fully reflect the characteristics of the
river hydrological process (Kang et al. 2010). At the same time, different frequencies
of annual flow correspond to different river health standards. For example, 10% of an
annual flow corresponds to flow degradation or barren conditions (Xu et al. 2003).

Up to now, ecological flow calculation methods include habitat method, integral
method, hydraulic method, and hydrology method. This article uses the hydrological
method to calculate the ecological flow of rivers. At the same time, taking into account
that the runoff time scale of this study is the day, the article uses the multi-year daily
discharge data frequency method to calculate (Yang et al. 2013). The calculation idea is
to arrange the frequency of daily flow data for many years and select different frequen-
cies in different periods.

To ensure the ecological health and biological reproduction of rivers, the flow
requirements of rivers are different at different stages between and within years. When
designing the ecological flow, it should fully reflect the characteristics of inter-annual
wetness-dryness variation of river hydrological processes and the demands of different
stages within the year. Based on the above analysis, this article takes the design scheme
as scheme 1, sets the ecological flow process as a fixed value, and sets multiple ecologi-
cal flow scheduling schemes. Scheme 2 ~4 does not consider the characteristics of inter-
annual wetness and dryness, and uses 90%, 80%, and 70% of annual flow frequency as
ecological flow; Scheme 5~7, considering the characteristics of inter-annual wetness
and dryness, sets different ecological flow for wetness and dryness years. The Scheme
settings are shown in Table 4.

Table4 Ecological flow scheme Scheme  Ecological flow regime (m®/s)

1 2.71

Scheme  Frequency of multi-year daily traffic (%)

2 90

3 80

4 70
Wet year Median water year Low flow year
(P, >25%) 25%>P,>75%) (P.<75%)

5 70 80 90
60 80 90

7 60 70 90
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4 Analysis of Results

Utilized the indicators in IHA to assess the overall change in hydrological indicators
before and after reservoir building. Setting ecological flow scheme 2 to scheme 7, con-
sidering the various characteristics of wetness and dryness in different years, setting
different daily flow frequencies, calculating and comparing the water supply, power gen-
eration, and ecological water guarantee rate of each scheme.

4.1 River Hydrological Response Analysis

Collect the runoff data by the MIKE BASIN model, and calculate the corresponding
33 THA indicators. The hydrological change degree calculation formula (1) is selected
to quantify the change degree of each indicator before and after reservoir building. The
calculation results are shown in Table 5.

Before the construction of the reservoir, the average annual flow was 54.81 m?/s in
flood season and 12.10 m*/s in non-flood season. After the establishment of the reser-
voir, the annual average flow in flood season is 26.03 m?>/s, and that in non-flood season
is 2.95 m¥s.

The changes in indicators for each group can be seen in Table 5.

1. Since the reservoir undertakes the water supply task of 500million m? at the initial stage
of the project, the average monthly flow decreases to varying degrees. Among them,
the average monthly flow in flood season (July to October) changes moderately, and the
average monthly flow in non-flood season (November to June of the next year) changes
highly.

2. The 1-day and 3-day minimum flow show an increasing trend compared with that before
construction. The 7-day, 30-day, and 90-day minimum flows show a decreasing trend
compared with that before the construction of the reservoir. Indicating that the multi-
year storage performance of the Sanhekou Reservoir has improved the minimum flows
on the daily time scale but has limited effects on the minimum flows on the weekly,
monthly, and seasonal time scales. There was no cutoff scenario before and after reser-
voir building, and the base flow indicator grew from 0.12 before to 0.51 after reservoir
construction.

3. The minimum and maximum flows occurred earlier than before the reservoir was con-
structed, and the trend of decreasing maximum flows on different time scales did not
change.

4. Except for basic flow, annual extreme flow and occurrence time show moderate or above
changes. The occurrence times of low flow after reservoir construction are decreasing.
But the average duration of low flow increases from 15.49 days before reservoir con-
struction to 232.90 days after reservoir construction. The occurrence frequency of high
flow rates after reservoir construction is also decreasing. High flow duration increased
from 3.17 days before construction to 3.81 days after construction.

5. The average increase rate of flow increased from 19.73(m%/(s-d)) to 73.95(m>)/(s-d) after
the building of the reservoir; the average flow reduction rate changed from -9.38(m?/(s-d)
to 28.46(m>/(s-d) after reservoir built. Annual flow reversals decreased from 104.90 to
13.45 after the reservoir was constructed.
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5854 T.Baietal.

According to the results of the 33 IHA hydrological indicators before and after the
reservoir construction, the distribution of the degree of change is shown in Fig. 7a, b: 14
(42%) of the 33 THA indicators are high changed, 18 (55%) are moderate changed, only
1 (3%) is low changed. According to Eq. (4), the overall degree of change in the river
hydrological situation after the reservoir construction is 72.91%, which is a high degree of
change. The results show that the water regime of the river downstream of the reservoir is
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Fig.7 a Distribution of hydrological indicator change degree after Sanhekou Reservoir operation. b Distri-
bution of hydrological indicator change degree after Sanhekou Reservoir operation
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significantly changed based on the operation of the designed scheduling scheme. Because
the Sanhekou Reservoir is the largest constructed water conservancy project on the Ziwu
River with a wide range of influence. The Sanhekou reservoir is a large water conservancy
project dominated by water supply, which affects the discharge process to a large extent.

4.2 Change of Hydrological Indicators Under Each Scheme
4.2.1 Changes in Hydrological Indicators

The daily runoff data from 1964 to 2013 are taken as the daily runoff sequence before the
construction of Sanhekou Reservoir. MIKE BASIN simulated the discharge process as the
daily runoff sequence after the construction of the Sanhekou Reservoir and calculated the
change degree of the IHA hydrological indicators in schemes 2-7.

1. Change in average monthly traffic

The monthly average flow change process of different schemes is shown in Fig. 8. The
average flow of each month following reservoir construction indicates a decreased trend
compared with before. The distribution of yearly inner diameter flow at the Sanhekou dam
site is exceedingly irregular under natural conditions, with noticeable seasonal features.
After the construction of the reservoir, the reservoir plays a role in regulation and stor-
age, and the flow in flood season decreases significantly compared with that in non-flood
season.

2. Annual extreme flow

The minimum and maximum flow processes of different schemes are shown in Figs. 9
and 10. With the increase in time scale, the minimum flow process shows an increasing
trend, and the maximum flow process shows a decreasing trend, which is the same as the
changing trend before the construction of the reservoir. Except for Scheme 2, the mini-
mum 1-day flow and the minimum 3-day flow of each scheme are better than the natural
runoff process. It shows that under this scheme, reservoir construction has a promotion

—a— Natural runoff - - - Scheme 2 --#--Scheme 3 - —A& - Scheme 4
70 —%— Scheme5 —@— Scheme 6 3 Scheme 7

Flow(m?/s)

January March May July September November
Average flow

Fig.8 The change process of monthly average traffic under different schemes after Sanhekou Reservoir
operation
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Fig.9 Minimum flow change process under different schemes after Sanhekou Reservoir operation

and improvement effect on extremely low flow rate, but its effect on a large time scale is
limited. The difference between minimum flow and natural runoff in each scheme group
is small, and the difference between maximum flow and natural runoff is large.

3. Annual extreme flow occurrence time

The minimum flow occurrence time of each scheme is earlier than the natural run-
off process before the construction of the reservoir, and each scheme has a moderate
change. The maximum flow occurrence time of the schemes after the construction of
the reservoir is not much different from the natural runoff process before the construc-
tion of the reservoir, and each scheme has a low degree of change. After the reservoir
is built, the minimum flow of each scheme occurrence time is earlier than the natural
runoff process before the construction of the reservoir and changes moderately. When
compared to the natural runoff process before reservoir building, the occurrence time

600
Binitial runoff Scheme2  BScheme3  ®Scheme4 BScheme5 BScheme6 N Scheme 7
500 |

400 |

300 |

Flow(m?/s)

200 |

100 |

1-day maximum flow  3-day maximum flow 7-day maximum flow 30-day maximum flow 90-day maximum flow

Time scale

Fig.10 Maximum flow change process under different schemes after Sanhekou Reservoir operation
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Fig. 11 Pulse flow indicators under different schemes after Sanhekou Reservoir operation

of the maximum flow of the scheme after reservoir construction is delayed, and a low
degree of change occurs.

4. High and low flow indicators

It can be observed in Fig. 11 that the occurrence time of low flow varies with differ-
ent schemes, but the average duration of low flow increases significantly. The occur-
rence frequency of high flow showed a significant decreasing trend, while the duration
of high flow showed an increasing tendency.

5. Rate and frequency of change of water flow conditions

Figure 12 depicts the flow change rate, frequency change process, and hydrologi-
cal change degree of several schemes. Compared with the natural state before reservoir
building, the average growth rate and decline rate of the flow after reservoir construc-
tion indicate a reduction tendency, except for the moderate change of scheme 2, the
other schemes have a high change degree.
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Fig. 12 Flow change rate under different schemes after Sanhekou Reservoir operation
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4.2.2 Overall Change

Changes in 33 hydrological indicators of each scheme are summarized as shown in Fig. 13.

1. The construction of the reservoir has caused changes in the hydrological indicators of
various schemes to varying degrees. Analyzing the features of 33 indicators across all
schemes reveals a significant discrepancy in the variance of hydrological indicators
across different ecological flow schemes. The fluctuation trend of hydrological indica-
tors is inconsistent, showing that diverse ecological flow processes influence reservoir

operating mode.

2. In all schemes, the high flow indicators (1-day, 3-day, 7-day, 30-day, and 90-day), the
average increase rate of flow, the average decrease rate of flow, and the number of
reversals all have moderate and high changes. It shows that different ecological flow

schemes may face challenges in high flow regulation and flow change rate regulation.

4.3 Results Analysis of Ecological Flow Scheme

Count the number of changes in hydrological indicators in different schemes, and calculate
the overall change degree of hydrological indicators in each scheme. From Table 6, we can
see that the overall degree of hydrological alteration of Schemes 2 to 7 decreases in order,
and the fluctuation range is between 0.53 and 0.66, which all belong to moderate altera-
tion, compared with the high alteration of Scheme 1. The ecological flow of schemes 2—7
is substituted into the MIKE BASIN model, and the daily runoff data from 1964 to 2013
are selected in the warehousing process (Table 7). Table 7 shows the average annual water
supply, average annual power output, and ecological water usage assurance rate under each

dispatching strategy.
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Fig. 13 IHA indicators change degree under different schemes after Sanhekou Reservoir operation
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Table 6 Changes in hydrological

indicators under different Scheme Indicator change number Overall change/%

operating modes High Moderate Low
2 10 17 6 66.42 Moderate
3 14 12 7 64.91 Moderate
4 14 8 11 60.19 Moderate
5 16 8 60.29 Moderate
6 8 17 8 56.63 Moderate
7 10 11 12 53.22 Moderate

As can be seen from Table 7: In terms of the average annual water supply, the guaran-
teed rate of water supply for Schemes 2 to 7 reservoirs is reduced, and the average annual
water supply is less than the designed 500 million m®. Because according to the report,
the design water demand at the beginning of the project is 500 million m? per year, which
is more stringent than the multi-year average of 500 million m>?. However, except for
Scheme 4, the guaranteed rate of water supply for all Schemes is above 90%, among which,
the guaranteed rate of Scheme 2 is the highest and the guaranteed rate of Scheme 4 is the
lowest. In terms of average annual power generation, the multi-year average power genera-
tion of each Scheme decreases compared to the design value, and the power generation of
each Scheme fluctuates between 119 and 129 million kW-h. Compared to the design power
generation, the power generation of Scheme 2 decreases by 2.18%, Scheme 3 decreases
by 9.06%, Scheme 4 decreases by 9.65%, Scheme 5 decreases by 9.06%, and Scheme 6
decreases by 3.42%, and Scheme 3 decreases by 6.01%. In terms of ecological water guar-
antee rate, Scheme 2 is the highest, and Scheme 4 is the lowest.

4.4 Optimal Selection of Ecological Flow Schemes

The results show that there is a contradictory relationship between ecological dispatching
and power generation and water supply. For example, power generation and water supply
in Scheme 2 are the best in all schemes, but the degree of ecological change is the high-
est. The ecological change degree of Scheme 7 is the lowest, but the calculation result
is not optimal. As a result, all affecting aspects must be thoroughly considered, and an
appropriate scheme must be evaluated and chosen. Analytic Hierarchy Process (AHP)

Table 7 Reservoir operation results of different schemes

Scheme Water Average Water supply Design power  Average Guarantee rate of
requirement  annual guarantee generation annual power  ecological water
(10%m?) water supply  rate (%) (108 kW-h) generation (%)

(10°m?) (108 kW-h)

1 5.00 100 1.34 100.00

2 4.95 98.17 1.29 99.67

3 4.80 94.00 1.20 96.00

4 5.00 4.62 89.00 1.32 1.19 92.67

5 4.87 96.33 1.28 97.00

6 4.86 96.00 1.27 96.83

7 4.76 93.00 1.24 95.00
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5860 T.Baietal.

is selected in this article to assess each scheme (Tharme 2003; Deng et al. 2012). In
the early stages of the Hanjiang-to-Weihe River Diversion Project, Sanhekou Reservoir
primarily relieves the burden on production and living water in the Guanzhong area, as
well as power generation and downstream ecological water usage. Scheme 2—7 reduces
the degree of hydrological change under the condition of as low damage to water supply
efficiency as possible, so this article constructs evaluation indicators from three aspects
of water supply, power generation, and ecology. In the water supply scheme: select the
annual water supply C1 and water supply guarantee rate C2; in the power generation
area, select the average annual power generation C3; on the ecological side, select the
ecological water guarantee rate C4 and hydrological overall change C5.

1. Construction of hierarchical judgment matrix A

The comparison matrix A is constructed by comparing the two targets, based on the
numbers 1-9 as the indicator scale (Deng et al. 2012).

c, C, C; C, Cs
c, 1 1/2 7 1/41/2

Ao G2 1 532
Tl 1715 1 17718
c, 4 3 7 1 3
C, 2 2 81/3 1

2. Consistency test

The maximum eigenvalue of the matrix is calculated as follows:

Amax = 5.08

max

Eigenvector:
w=(0.131, 0.161, 0.035, 0.441, 0.232)T.
The consistency metric for matrix A CI is calculated as follows:

Amax —n _ 5.08 -5

Cl = =
n—1 5-1

=0.021

Query the random consistency table to get Rl = 1.12 and further calculate the con-

sistency ratio CR as follows:
Cl _ 0.025
CR = -0 =0.019 < 0.1

After calculating from the above formula: CR <0.1. It shows that the consistency test
is satisfied and the consistency of the judgment matrix is reasonable.

According to the indicator weight and normalization matrix, the calculation results
of each scheme are as follows:

W =(0.502,0.490,0.484,0.505,0.511,0.509) T.

The priority ranking them is: Scheme 6 > Scheme 7 > Scheme 5> Scheme 2 > Schem
e 3> Scheme 4, so the ecological flow of Scheme 6 is chosen as the preferred Scheme in
this paper.
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Fig. 14 Ecological flow process of Scheme 6

As can be seen from Table 7: In the recommended Scheme 6, the water supply
and power generation benefits of the hydropower plant are less affected, and the over-
all degree of hydrological alteration is reduced from high altered (72.91%) to moder-
ate altered (56.63%) in the current scheduling scheme, with a 16.28% reduction in the
overall degree of hydrological alteration. The ecological water demand of Scheme 6
is shown in Fig. 14, and the corresponding multi-year reservoir scheduling process is
shown in Fig. 15.

Even if the overall change degree of hydrology is reduced to moderate change, its water
supply assurance rate and power generation still cannot reach the design value compared
with that before the construction of the reservoir. The average value of the flow series
decreases significantly, and the flow cycle shortens, affecting the life rhythm of aquatic
animals in the river. Because the reservoir dispersion of flow and the frequency of tiny flow
events grow after its construction, precautions must be taken to safeguard it.

160 660
- -~ - Reservoir inflow —e— Reservoie outflow Water level
140 640
120 620
100 600 g
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: ' :
\ 2
T 80 ' 580 2
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Fig. 15 Multi-year reservoir operation process of Scheme 6
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4.5 Ecological Flow Safeguard Measures

It can be seen from the above results that built of the reservoir has already affected the
ecological function of the downstream river, so it is necessary to take engineering and non-
engineering measures to protect downstream ecology.

4.5.1 Engineering Measures

1. Ecological scheduling, which takes ecological factors into account in reservoir schedul-
ing to reduce the impact of reservoir operation on river ecology, can optimally regulate
water quantity without changing the total water quantity in the basin and reduce the
interference and stress of human activities on rivers. Get more ecological flow oppor-
tunities by changing reservoir operation mode.

2. Sanhekou Reservoir is a water supply type reservoir. Damming and water diversion
is the fundamental reason for the reduction of ecological water use. Water loss in the
water conveyance tunnel of the Hanjiang-to-Weihe River diversion project is very large.
So, optimizing water supply tunnel facilities, making technological innovations, and
improving water supply efficiency to reduce water loss are effective measures to ensure
ecological water use of rivers.

4.5.2 Non-engineering Measures

1. TItisurgent to create and improve relevant laws and regulations to provide the basis and
guidance for river ecological flow protection to solve the problem of weak environmental
protection awareness of water users. In practical work, it is necessary to continue to
improve relevant laws and regulations and establish an investment system for ecological
flow protection funds.

2. Inorder to ensure that the Sanhekou water conservancy project can meet the ecological
flow demand of the downstream river in the long term, it is necessary to increase human
and financial investment in ecological environment protection and construction.

3. To ensure that the Sanhekou water conservancy project can protect the overall interests
of the whole basin, the development of industry and agriculture in the middle-upper
reaches of the Ziwu River is limited, resulting in economic backwardness. River basin
ecological compensation mechanism should be built to speed up social, economic, and
environmentally sustainable development of the whole river basin.

4. Establishing the monitoring and early warning mechanism for the downstream flow of
the Sanhekou reservoirs, determining the ecological flow early warning level system,
and defining the early warning release process. Use information technology to establish
a basin early warning response platform to comprehensively improve the ecological flow
monitoring and early warning mechanism of the basin.

5. Establish a sound management system and strengthen monitoring and supervision;
establish sound law enforcement mechanisms; establish a river ecological flow law
enforcement and supervision consultation system and rapid response mechanism.
Severely crack down on the destruction of the river ecological environment and the
illegal behavior of occupying river ecological water.

@ Springer
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5 Conclusions

1. The reservoir scheduling model was established based on MIKE BASIN.

The rationality of the model is confirmed by comparing the design water supply,
ecological water amount, water level change process, and the river flow process after
reservoir construction was obtained.

2. The range of variation (RVA) method is selected to calculate the degree of change of
33 hydrological indicators following reservoir building. The results demonstrate that
reservoir operation has a large impact on the hydrological situation of the downstream
river, and the overall degree of hydrological indicators is 72.91 percent, which has a
moderate change.

3. The shortcomings of the current flow scheme are analyzed, and various river ecological
flow schemes are formulated considering the hydrological situation within the year and
the inter-annual changes of wetness and dryness seasons. Evaluate the scheme set based
on the analytic hierarchy process. The overall change degree of hydrology is lowered
to 56.63 percent under scheme 6, with little influence on the assurance rate of water
supply, power production, and ecological water usage. Using the reservoir operation
mode under this scheme, the research results provide technical support for reducing the
impact of reservoir construction.

4. To propose ecological flow guarantee measures from engineering and non-engineering
measures for the possible difficulties of ecological flow management in the Ziwu River.

This paper investigates the hydrological response of the river during the initial opera-
tion of the Hanjiang-to-Weihe inter-basin water transfer project and has achieved certain
results. However, due to the high uncertainty of the hydrological response and the limita-
tions of the authors’ research level and the data of the study area, there are some shortcom-
ings in this paper, which need further in-depth research and improvement.
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