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Abstract: Reservoir regulation and storage is the main approach to alleviate the water pressure caused by the uneven spatial
and temporal distribution of surface water resources in arid areas of northwest China. While the regulation and storage of the
reservoir affect the conditions of recharge and discharge of groundwater, the process of regional surface-groundwater
transformation tends to be complicated. The Manas River basin that lies on the northern slope of Tianshan Mountain in
Northwest China was taken in this study as a case. A numerical model of groundwater in basin plain area was established, and
the influence of reservoir regulation on groundwater level was studied. The results showed that the total recharge of
groundwater in the study area was 75.539 million m® the total discharge of groundwater was 82.66 million m® and the
groundwater in the study area was in a negative equilibrium state, with a difference of — 69.27 million m®. The water balance
method was used to verify the comparison. The total recharge of groundwater was 74.34 million m®, the total discharge of
groundwater was 80.726 million m?, and the calculation result of the numerical simulation of the supplementary displacement
was 63.82 million m®, basically consistent with the calculation result of the water balance method. The reservoir storage
method has obvious changes to the groundwater level around the reservoir. The simulation results of groundwater numerical
model showed that when the reservoir was in normal operation, the leakage of the reservoir was 27.35 million mS; when the
reservoir was operated at low water level, the leakage of the reservoir was the smallest, 13.47 million m®.  The reservoir has
the largest amount of leakage of 41.85 million m® when operated at water storage level. When the reservoir was operated at
the lowest water level, the groundwater level around the reservoir was declining compare to the normal operating water level.
The maximum drop of the groundwater observation well was 2.1 m, and the maximum monthly average was 0.99 m. When
the reservoir was operating at the normal water storage level, the water level of the groundwater around the reservoir has
increased compare to the normal operating water level. The maximum increase of the groundwater observation well was
1.5 m, and the maximum monthly average increase was 0.78 m. The influence of the reservoir on the groundwater level was
2000 m upstream and 12000 m downstream. The research conclusions can provide a scientific reference for the development,
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utilization and management of regional groundwater.
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1 Introduction

The Manas River Basin, which lies in the northern foothills of
the Tianshan Mountains in Xinjiang, is a typical arid inland river
basin. The evaporation is large and the precipitation is scarce!,
and the distribution of surface water resources is severely uneven.
The reservoirs in the basin are alleviating the contradiction between
water supply and demand. They also changed the natural water
circulation path of the basin and the supply and discharge
conditions of groundwater, made the water cycle of the basin more
complicated™ ™.  As the main source of water in the Manas River
Basin, groundwater was impacted by reservoir regulation on the
dynamic changes of groundwater level. It is of great significance
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exploring the law of water circulation, improving the utilization of
water resources and ensuring the safety of watershed ecosystems.
Existing literature from both domestic and international
hydrologists focused on the interaction between surface water and
groundwater, and it is of great importance to understand the
relationship between surface water and groundwater for the rational
development and utilization of water resources®®. In order to
solve the interaction between lakes and reservoirs and groundwater,
Winter et al."®! used the two-dimensional and three-dimensional
steady flow mathematical models to reveal the influence of
different aquifer elements on their transformation, which provides a
reference basis for later research. Result indicated that the
influence of reservoir regulation and storage process on
groundwater level cannot be ignored, while the relationship
between surface water and groundwater recharge and discharge,
and the hydraulic relationship between aquifers have received
extensive attention™?. It is also claimed that the interaction
between reservoir water and groundwater is mainly caused by
reservoir leakage*®, and systematic studies have been applied to
solve this problem®® 2, However, most of the existing studies on
the interaction between surface water and groundwater aimed at the
interaction between rivers and groundwater, while there is little
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research focused on the interaction between reservoir and
groundwater, especially on the influence of reservoir regulation and
storage process on groundwater level(?-2%],

Numerical simulation is an important method to study the
transformation relationship between surface water and groundwater,
and has been widely used in the study of the relationship between
surface water and groundwater. The effect and accuracy of
numerical simulation have also been widely recognized®?%. In
this study, the plain area of Manas River Basin was taken as the
study area. Combined with topographic, geomorphological,
hydrogeological, meteorological, hydrological and groundwater
dynamic monitoring data in the study area, the recharge, discharge
and storage variables of groundwater were analyzed by water
balance method, which provided the calculation basis for the
numerical simulation of groundwater. A conceptual model and
the corresponding mathematical model of groundwater movement
in the study area were established, and the mathematical model was
solved by Visual MODFLOW. Based on the detection data of
groundwater observation wells and the results of groundwater
equilibrium calculation as the basis of parameter calibration and
verification of the model, the numerical simulation of groundwater
in the study area was carried out, and the variation law of
groundwater level in the natural state of the basin was studied.
The variation law of groundwater level under different operation

schemes of reservoir was simulated, and the influence of reservoir
regulation and storage process on groundwater level was analyzed.

2 Materials and methods

2.1 Research area

Manas River Basin is located in the hinterland of Eurasia, the
southern margin of Junggar Basin in the northern foot of Tianshan
Mountain, Xinjiang. The geographical position is 4324'-45<12'N
and 84%41'-86<32'E. There are mainly four large and
medium-sized plain reservoirs in the area. They are Yuejin
Reservoir (Y), Jiahezi Reservoir (J), Daguangou Reservoir (D) and
Mushroom Lake Reservoir (M). The research scope is the plain
area of Manas River Basin, the southern boundary was the dividing
line between the plain area of Manas River Basin and the mountain
area, and the northern boundary was bounded by the desert edge of
Mosuowan irrigation area, Manas River and the 136 regiment of
Xiaoguai Irrigation District. The upper reaches of the eastern
boundary were bounded by the Manas River, the middle reaches by
the Jiahezi Reservoir and the main canal of Mosuowan, and the
lower reaches were the main canal of the 148th regiment of the
Mosuowan irrigation area. The western border was bounded by
the administrative boundary of Kuitun City and Karamay City.
Taking the aquifer within 300 m in depth as the calculation object,
the equilibrium calculated area was 7698 km?.
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Figure 1 Location of study area

2.2 Datasource

In the process of the study, hydrogeological data, runoff data,
reservoir operation data and irrigation data were mainly used.
Hydrogeological data (hydrogeological profiles, hydrogeological
parameters and drilling data) were provided by Bingtuan
Geological Prospecting Institute. Runoff data (1955-2018) were
provided by Shihezi Hydrological and Water Resources Survey
Bureau. Reservoir data of operation information (1988-2018)
were provided by Shihezi Manas River Basin Management Office.
The long-term observation data of groundwater (1988-2018) were
provided by Shihezi Water Conservancy Burweau and Zezhong
Water supply Company.  The exploitation of groundwater
(production wells) were provided by Manas River Basin

Management Office.

The version of the software used in this study was Visual
MODFLOW 2010.1. The main software modules include
MODFLOW module for groundwater flow simulation, MODPATH
module for particle trajectory and propagation time simulation, and
MT3D module for simulating the transport process of pollutants in
groundwater, and the PEST module for parameter and well group
optimization.

The verification of simulation accuracy was mainly verified by
Ri, ARM, RMS, and NRMS.

Ri = Xical — Xiobs (1)

1on
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where, R; is residual, X is calculated value, m; X, is observed
value, m; ARM is average absolute error, m; RMS is root mean
square error, m; NRMS is standard root mean square error ratio, %.
ARM shows the magnitude of error, and NRMS indicates the
amount of error in water level difference.
2.3 Numerical simulation of groundwater

A hydrogeological conceptual model and groundwater
mathematical model in the plain area of Manas River Basin were
established to accurately reflect the flow process of groundwater at
each location, which was solved by numerical method. The
results of water equilibrium calculation were compared with those
of water equilibrium calculation to calibrate the parameters of the
model and verify the accuracy®?27,
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where, D is the seepage area, km?; k is the aquifer permeability
coefficient; H is the groundwater head value, m; W is the source
confluence, m; u is the pore medium water storage rate; Hy is the
water head distribution value of the initial flow field, m; H; is the
first kind of boundary head distribution value, m; B; is the first
kind of boundary; Q is the second kind of boundary single width
flow, m/d; n is the normal direction of the second kind of boundary;
and B, is the second kind of boundary.

The effect of reservoir group regulation and storage on the
change of groundwater level in the study area was analyzed using
an established and validated model. The centralized distribution
and unified dispatching of four large and medium-sized reservoirs,
such as the Moguhu reservoir (M), the Daquangou reservoir (D),
the Jiahezi reservoir (J) and the Yuejin reservoir () in the plain
region of the selected basin, were based on the joint operation
schedule of the reservoir and the reservoir operation data of the
reservoir in the period of 1998-2016. Three reservoir regulation
and storage schemes were selected to simulate the groundwater
movement in the research area. Scheme | (operation water level
scheme): the reservoir operates according to the normal regulation
and storage mode, and the water level of each reservoir was the
monthly average water level of the actual operation of the reservoir
from 1998 to 2016; Scheme Il (low water level scheme): the
reservoir operates according to the minimum water level and was
always maintained as the water level; Scheme Il (high water level
scheme): the reservoir operates according to the normal water level
and was maintained as the water level.

The simulation time was from January 1, 2015 to December 31,
2015. It was assumed that the other initial conditions, source
confluence, parameter values and boundary conditions were
consistent except that the water level of the reservoir changes
among different schemes.

(1) Generalization of aquifers

According to the three intersecting hydrogeological profiles of
the study area, the aquifers in the study area are not complete.

The water exchange of each aquifer in the longitudinal direction
makes the aquifers connected with each other, and the aquifers are
simply in accordance with the traditional submersible aquifers.
The division of weak permeable layer and confined aquifer cannot
accurately reflect the hydrogeological characteristics of the study
area. The longitudinal depth of 300 m was selected as the
simulation range, and according to the actual situation of each hole
in the hydrogeological profile, it was divided into 10 aquifers from
top to bottom, 17 hydrogeological zones are in each layer.

(2) Spatial discretization processing

The horizontal X direction of the model was 10 946 m, the Y
direction was 130 696 m, horizontal direction was divided into
3277 rows, 275 rows, the grid size was 400 m>400 m, the total
number of effective elements was 48113, and the area was 7698 km?.
The surface elevation of the model was assigned by ARCGIS10.2
after downloading the DEM data from the geo-spatial data cloud
website, and the thickness of each aquifer was consistent with the
hydro-geological division.

(3) Selection of initial conditions.

The groundwater level of January 1, 2016 was taken as the
initial water level of the model, the measured water level of the
observation wells in the study area was interpolation by the natural
approach interpolation method of Visual MODFOW software.

(4) Calibration and Verification of parameters

There were 12 stress periods in the model.  The time step was
1 day, and the solver was WHS solver. The parameters that
needed to be calibrated were permeability coefficient k and water
supply p.  The best combination of parameters was found out in
the range of parameters by combining automatic parameter
adjustment and manual parameter adjustment of the model. The
aquifer parameter values of the model were shown in Table 1.

3 Results and discussions

3.1 Water level fitting

The rate of the model was from January 1 to December 31,
2016. After the parameters were calibrated, the water level fitting
diagrams of the model were shown in Figure 2.

According to the fitting (Figure 2) between the simulated head
and the observed head, it can be seen that the correlation coefficient
between the simulated head and the head of groundwater level was
above 0.99, and the standard root mean square error was less than
3% in30d,120d, 240d and 300 d. The simulated values and the
observed values were closely distributed on the diagonal line,
which shows that the calculated values of the model have a high
degree of fitting with the observed values, and the model was
reliable.

According to the geological characteristics of the study area,
groundwater observation wells were extracted to compare the
simulated water level with the observed water level. It can be
seen from Figure 3 that the variation trend of simulated water level
was consistent with that of observed water level, and only a few
points have more than 1 m errors in some months. Generally, the
simulation accuracy was high and the reliability was very good.

3.2 Rate periodic water equilibrium analysis

Comparing the results of the model with the results of the
water balance method, it can be seen that the calculation results of
the numerical simulation method were basically close to those of
the water balance method, and the relative errors of each item were
less than 10%. The results of numerical simulation were slightly
larger than those of water equilibrium calculation, and the
compensation and discharge difference calculated by numerical
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simulation was — 69.27 million m®, which was closer to the value

of storage variables
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caused by the decrease of groundwater level
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than that of water equilibrium method. The results show that the

model was reliable and the simulation accuracy was good.
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Figure 2 Water level fitting in the calibration period
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c. Water level fitting in 144-1

Model verification was applied to verify the accuracy of model
parameters and the stability of model operation. The verification
period was from January 1 to December 31, 2017, and the measured
groundwater level on January 1, 2017 was taken as the initial water

level. The values of each source and sink were based on the measured
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Figure 3 Observed water level and simulated water level fitting of groundwater observation wells in calibration period

data in 2017, and the parameter utilization rate of the model was
determined. The operating conditions were in good agreement

with the rate on a regular basis.

The groundwater level depth map,

water level fitting map and some observation well water level
fitting maps of the verification period model are shown in Figure 4.
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Figure 4 Water level fitting in the validation period
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From Figure 4, it can be seen that the groundwater level in
the study area decrease during the 2017 was 15 million m® higher
than that in 2016. The simulation results are in good agreement
with the actual situation. The dynamic variation of groundwater
level in the verification period was regularly consistent with the
rate. The period of high water level was mainly April and the
period of low water level was mainly August. The correlation
coefficient between the observed water level and the simulated
water level was above 0.99, the standard root mean square error
was less than 3%, and the head error was within a reasonable
range. The law of transformation was consistent and the
simulation error was small. The results of model verification
showed that the calibrated model had high reliability.
Meanwhile, the division of aquifers, the selection of parameters,
the correct setting of boundary conditions, and the strong stability
of the model can accurately reflect the characteristics of
groundwater flow system in the study area. It can be used to
simulate groundwater movement in the study.

3.3 Simulation verification

January 1 was taken as the initial calculation time, and the
simulated groundwater levels in April and May were the highest
water levels, August and September were the lowest water level
periods in one year. From January to March, the recharge and
discharge remain in a relatively stable state. The fluctuation range

of groundwater level was small. In April, the groundwater
recharge increased obviously, while at the beginning of spring
irrigation, the crop water demand was not large and the increase of
groundwater exploitation was not obvious. So the highest water
level appeared in April and May. From June to August, when the
temperature rises, the evaporation also increases, and this period
was the peak period of crop water demand, the exploitation of
groundwater was also clear. The groundwater level decreased
significantly, and the lowest water level appeared in August and
September. The groundwater level also decreased by 5-10 m
compared with that in April. From September to December, the
agricultural water demand decreased rapidly after harvest, and the
amount of groundwater exploitation decreased. = With the
replenishment of runoff and leakage, the groundwater level
continued to rise, and basically returned to the initial level at the
end of the calculation period. The variation law of groundwater
level shows obvious mining-irrigation characteristics, the
simulation results are the same as the actual groundwater level, and
the simulated flow field of groundwater was consistent with the
actual flow field.
3.4 Variation of groundwater level under different reservoir
regulation and storage schemes

The groundwater levels simulated in the study area under three
different schemes were shown in Figures 5-8.
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Figure 8 Simulated water levels of groundwater observation wells in Schemes

On the 120" day, the depth of the groundwater level in the
upper reaches of the three schemes was small, but the depth of the
groundwater level in the periphery of the reservoir and the
downstream area was obviously changed. Compared with the
Scheme 1, the groundwater level in the periphery of the second
reservoir and the downstream of 5000 m in the downstream of the
project was slightly decreased. However, the variation range was
not large, and the falling amplitude was about 1 m. The
groundwater level raised in the range of 2000 m in the upstream of
the reservoirs, and the increase was less than 1 m.  Meanwhile, the
water level in the periphery of the reservoir was also raised. The
groundwater level within the range of 3000 m in the downstream of
the reservoir increased by about 2-3 m, the water in the range of
3000-10 000 m in the downstream of the reservoir increased by
about 1 m, and the level of the groundwater level for

more than 10 000 m in the downstream of the reservoir was weak.
On the 300" day, the variation of groundwater level among the
three schemes were increased compare to the 240" day.
Compared with the Scheme I, the Scheme Il has a general decrease
of water level of ground water. In the range of 1000 m upstream
of the reservoirs, the falling amplitude was about 1 m; the water
level in the periphery of the reservoirs and the downstream 5000 m
was obviously lower, the falling amplitude was 2-3 m, the falling
amplitude of the local area was more than 3 m; in the range of
5000-7000 m downstream of the reservoir, the descending
amplitude of the water table was 1-2 m; for the lower reaches of the
reservoir in the range of 7000-9000 m, the descending of the
groundwater level was less than 1 m. The underground water
level was not changed outside the water level of 9000 m in the
downstream of the reservoir. The groundwater level difference
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between the case 2 and the Scheme | on 300" day was significantly
greater than that of both 120" and 240" days, and the influence
distance was also greater at 120" and 240" day. Compared with
the Scheme I, the groundwater depth of Scheme Il in the range of
2000 m upstream of the reservoir was up to about 1 m. The
groundwater level increases by 1-3 m in the area of the reservoir
and the downstream of the reservoir, the increase of the local area
was more than 3 m, and the depth of the groundwater table was less
than 1m. It was also indicated that the overflow of the spring was
increased; in the range of 3000-8000 m in the downstream, the
depth of the groundwater increased by about 1 m.  The water level
between the two schemes at 240" days have obvious difference; the
groundwater level difference between the Scheme IIl and the
Scheme | were close to the 120" day at the 300" day, but the
influence range was slightly expanded over 120" day. The
farthest range of the groundwater level change was approximately
12 000 m downstream.

According to the analysis, it can be seen that the maximum
influence range of groundwater level under three different reservoir
storage schemes was 2000 m upstream and 12 000 m downstream.
When the groundwater level was closer to the reservoir, it has
greater influence on the reservoir operation scheme, and the
distance and time affected by different regulation and storage
schemes are different.  According to the variation map of
groundwater depth under different schemes, it was found that the
groundwater level outside 5000 m upstream of the reservoir has no
obvious change.

The simulated water levels of 4 groundwater observation well
S-2 (near the reservoir), S-4 (4000 m downstream of the reservoir),
S-1 (7600 m downstream of the reservoir) and 147-1 (12 000 m
downstream of the reservoirs) at 400 m under different schemes
were analyzed, result was shown in Figure 10. The groundwater
level of the Scheme 11 was lower than that of the Scheme I, and the
groundwater level was decreased gradually. The most significant
decrease in the 4 observation wells was the S-4 in the vicinity of
the reservoir, the maximum decrease was 2.1 m. The average
decrease of S-4 was 0.82 m in the S-4 month, and the average
decrease of S-1 in the month of S-1 was 0.99 m. The monthly
average decrease of S-2 was 0.83 m, and the maximum impact
distance of Scheme Il was 1000 m upstream of the reservoir and
9000 m downstream of the reservoir. The groundwater level of
Scheme 1l was higher than that of Scheme 1 in April and
December. The average increase of ground water level was
0.78 min S-4,0.78 min S-2, 0.56 m in S-1, and 0.11 m in 147-1.
The maximum impact distance of the Scheme Il was 2000 m
upstream and 12 000 m downstream of the reservoir.

4 Discussion

Variation of groundwater quantity existed under different
reservoir regulation and storage schemes. The calculation results
of the groundwater balance under each scheme are shown in
Table 1.

It can be seen from Table 1 that with the increase of reservoir
water level, the total recharge also showed an increasing trend,
the largest increase was the reservoir leakage. Compared with
Scheme |, the leakage of Scheme 11 was reduced by 51%, and the
leakage of Scheme Il was increased by 53%. The surface
recharge also increases slightly with the increase of reservoir
water level. Compared with Scheme I, the cathedral recharge of
Scheme 11 was reduced by 280 000 m® and the recharge of
Scheme 111 was increased by 760 000 m®. The lateral inflow of

groundwater varies slightly among the three Schemes, which can
be ignored.

Table 1 Calculation table of groundwater balance in different
schemes (10* m°)

Balance item Scheme | Scheme Il Scheme Il1
Surface recharge 59 033 59 005 59 109
Lateral inflow 16 041 16 037 16 042
Reservoir leakage 2735 1347 4185
Total supply 77 809 76 389 79 336
Submersible evaporation 22987 22512 23221
Spring overflow 13371 13123 13625
Mining of groundwater 42105 42105 42 105
Lateral outflow 4967 4966 4970
recharge to reservoir 65 942 19
Total Excretion 83495 83 648 83940
Recharge-discharge — 5686 — 7259 —4604

Compared with Scheme I, the total excretion of both Scheme 11
and Scheme Il increased. With the increase of reservoir water
level, evaporation and spring overflow showed an upward trend.
Compared with Scheme |, the evaporation of Scheme Il was
reduced by 4.75 million m®, the overflow of spring water was
reduced by 2.48 million m®, the evaporation of Scheme Il was
increased by 2.24 million m®, and the overflow of spring water was
increased by 2.54 million m°,

With the increase of reservoir water level, the amount of
groundwater recharge reservoir decreases obviously. In Scheme
I, the recharge of groundwater to reservoir was 9.42 million ms,
and the recharge of groundwater to reservoir was below 1 million m?.

Through the calculation results of the model, it can be seen that
under the three reservoir regulation and storage Schemes, the most
obvious variations were the reservoir leakage, groundwater
recharge to the reservoir, evaporation and spring water overflow.
Higher water level of the reservoir leads to greater leakage of the
reservoir, greater evaporation of the water surface, and smaller
recharge of groundwater to the reservoir. The leakage of the
reservoir makes the groundwater level around the reservoir raise,
the amount of submersible evaporation also increases, and the
overflow of spring water increases with the increase of
groundwater level. Therefore, under different working conditions,
the most important change factors were reservoir leakage and
groundwater recharge to reservoir, and the rest were affected by
these two changes, so different reservoir transportation will be
carried out. Under the schemes, the exchange capacity between
reservoir water and groundwater was analyzed month by month in
order to explore the influence of reservoir regulation and storage
process on the change of groundwater level.

5 Conclusions

Based on the data of topography, hydrogeology and
groundwater dynamic observation in the study area, the
groundwater flow model in the plain area of Manas River Basin
was established by numerical simulation method, and the influence
of reservoir regulation and storage process on groundwater level in
Manas River Basin was studied. The main results are as follows:

(1) The mathematical model of groundwater in the study area
was established and solved by Visual MODFLOW.  The
correlation coefficient between the simulated water level and the
observed water level was above 0.99, the standard root mean
square error was less than 3%, and the head error was less than 1 m
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in most areas. Settlement results of numerical Simulation and
calculation of traditional Water balance method. The results are
basically consistent and the errors are within 10%.

(2) The results of numerical simulation showed that the
groundwater recharge items in the study area are mainly surface
recharge, groundwater lateral inflow and reservoir leakage recharge
account for 75.19%, 21.22% and 3.60% of the total recharge,
respectively. The main groundwater discharge items in the study
area are groundwater exploitation, evaporation, spring water
overflow and groundwater lateral discharge, which account for
27.07%, 16.08%, 50.90% and 5.95% of the total discharge,
respectively. The groundwater in the study area was in a negative
equilibrium state, and the difference of replenishment and
discharge was 69.27 million m®.

(3) According to the calibration and verification of
groundwater numerical model, the variation of groundwater level
under different reservoir regulation and storage schemes was
studied. When the reservoir was in normal operation, the leakage
of the reservoir was 27.35 million m®; when the reservoir was
operated at the lowest water level, the leakage of the reservoir was
the smallest, 13.47 million m® when the reservoirs are always
running at the normal water level, the leakage of the reservoir was
the largest, 41.85 million m°.  When the reservoirs run at the
lowest water level, the groundwater level around the reservoir
decreased compare to the normal operating water level, the
maximum drop of groundwater observation well was 2.1 m, and the
maximum monthly average drop was 0.99 m. When the
reservoirs are always running at the normal water level, the
groundwater level around the reservoir increases compare to the
normal operating water level.  The maximum increase of
groundwater observation well was 1.5 m, and the maximum
monthly average increase was 0.78 m.

(4) The reservoir regulation and storage mode has obvious
influence on the change of groundwater level around the reservoir.
Closer distance makes greater influence by the reservoir regulation
and storage, and the reservoir regulation and storage has little
influence on the upstream and the downstream of the reservoir.
The results of numerical simulation show that the maximum
influence distance of the reservoir regulation and storage process
on the groundwater level was 2000 m upstream and 12 000 m
downstream. The dynamic change of groundwater around the
reservoir was affected by the reservoir regulation and storage mode
and groundwater exploitation. Reducing the leakage of the
reservoir through engineering and management measures was
beneficial to improve the degree of soil salinization around the
reservoir and improve the comprehensive utilization benefit of the
reservoirs.
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