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Abstract: As the largest irrigation area in northwest China, the middle and lower reaches of the
Yarkant River basin are limited in economic development by the shortage of surface water resources
and the increasing demand for groundwater resources from agriculture and industry, and the
phenomenon of over-exploitation is becoming increasingly serious, which is not in line with the
concept of sustainable development. Therefore, improving the efficiency of water resource utilization
while curbing the trend of declining groundwater levels is an important issue that needs to be
addressed in the middle and lower reaches of Yarkant at present, specifically, by establishing a
distributed hydrological model MIKE SHE based on a soil texture dataset. The model efficiency
coefficient Ens, the water balance coefficient (WB), the correlation coefficient r, and the relative error
Re were selected to evaluate the model’s applicability. The results were: Ens = 0.84, WB = 0.80,
and r = 0.96 for the annual scale runoff simulation and Ens = 0.85, RE = 0.61, and r = 0.96 for the
monthly scale runoff simulation. The relative errors between the simulated and observed values of
the typical observation wells were 3.45%, 1.59%, 2.52%, and 0.35%. According to the analysis of the
soil parameters on the runoff sensitivity and groundwater table sensitivity, the saturated hydraulic
conductivity had the greatest effect on the peak discharge. The results show that the MIKE SHE
model has some applicability in the lower and middle reaches of the Yarkant River basin.

Keywords: soil raster data; surface/groundwater interactions; lower and middle Yarkant River region

1. Introduction

In arid and semi-arid areas, surface water resources are limited and subject to seasonal
influences. When the surface water is dry, industrial, agricultural, and domestic water use
becomes more dependent on groundwater extraction. The problems facing ecological and
economic development projects in the process of the exploitation of water resources in arid
and semi-arid areas have thus been becoming increasingly acute [1]. In order to guarantee the
stability of both ecosphere and socio-economic development, hydrological models have been
studied in order to reflect the effects of changing natural conditions and human activities on the
water environments of the basin, so as to use both surface water and groundwater resources
in more rational ways. The study of physically-based distributed hydrological models for the
overall simulation of the hydrological processes in surface and groundwater has been driven by
both social needs and the development of computer technology [2]. After 30 years of practice
and research, the use of such physical models has become the main method for studying the
response relationships between natural properties and hydrological processes [3].

The development of hydrological models has been through three stages: those of empirical
models, ensemble models, and distributed hydrological models [4]. The common types of
distributed hydrological models are the SWAT (Soil and Water Assessment Tool) model and
the MIKE SHE (System Hydrological European) model. The MIKE SHE model is able to
better express natural spatial heterogeneity than the SWAT model, which describes soil water
movement in addition to the coupling of surface and groundwater through the use of empirical
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equations. Therefore, the SWAT model cannot show the moisture content dynamics for each soil
profile. The MIKE SHE model, however, is able to simulate the complete hydrological process
of surface and groundwater integration. In terms of the application areas, the SWAT model
is unsuitable for flat areas with denser river networks, while the MIKE SHE model performs
well in such areas [5]. In 1969, Freeze and Harlan proposed a blueprint for hydrological cycle
modeling. Since 1997, a consortium of three European organizations both developed and widely
used the hydrological system SHE (System Hydrological European) based on this blueprint [6].
Thus, the integrated hydrological simulation system MIKE SHE (http:/ /www.Dhigroup.com,
accessed on 3 January 2023) was born. Today, MIKE SHE is an advanced and flexible framework
used for hydrological modeling. It includes complete pre-processing and post-processing tools,
as well as a loose mix of both progressive and simple solution techniques. It covers the main
processes of the water cycle, including evapotranspiration, surface runoff, unsaturated flow,
groundwater flow, and channel flow, and their interactions in process models.

Research based on the MIKE SHE hydrological model is more mature, and many scholars
have contributed to it in recent years. In terms of the impact on the groundwater regarding land
use types, for example, Patrick [7] applied the MIKE SHE model to the Tarim River basin and
analyzed the impact of land use and climate change on the groundwater. In terms of simulating
surface runoff, Spyridon [8] conducted a hydrological simulation of the Spurgeos River in
central Greece based on the MIKE SHE model, and the results showed the model could simulate
surface runoff better. Regarding the effects of agricultural activities on the groundwater level,
Lingfeng Jiang [9] simulated the natural artificial composite water cycle process using the 150th
regiment of the Manas basin as the study area, and was able to determine that the proportion of
the groundwater level’s decrease caused by water-saving irrigation accounted for 24.7% of the
total decrease. To forecast groundwater storage changes using models, Dongrong Lai [10] et al.
analyzed the water-use scenarios of the North China Plain based on the MIKE SHE model,
and was able to determine the effects of different scenarios on groundwater storage. For the
model parameter validation, Yi Guo [11] performed a rate determination for the MIKE SHE
model parameters using a BP neural network, and the results showed that the parameter rate
determination effects of a BP (back propagation) neural network inverse analysis were smaller
than the error of the automatic rate determination of the MIKE SHE model parameters.

In the above study, the meteorological and hydrological data and soil raster data were
well established. For the arid and semi-arid regions of Xinjiang, there were fewer previous
studies and soil data was lacking. As for the current research on the hydrological model
of the Yarkant River basin, only Liu Jiao [12] simulated the hydrological process of the
Yarkant River mountainous area based on remote sensing data, which better simulated the
hydrological processes of the Kachun hydrological station. However, there is a gap in the
research on the coupled surface water and groundwater models for the lower and middle
reaches of the Yarkant River basin plain area.

Therefore, this study has two aims: (1) to investigate whether the soil raster data
can provide more accurate soil data for the establishment of coupled surface water and
groundwater models in the watersheds of arid and semi-arid regions; (2) to evaluate the
applicability of the MIKE SHE model for a simulation of the lower and middle reaches of
the basin, through which the model can provide a reference for hydrological observation
and management, as well as the development and utilization of water resources in the
Yarkant River basin. The main innovative methods of the article are to verify the practicality
of the soil raster data by comparing the experimentally measured soil parameters with
those of the soil raster data. The response of the groundwater level is simulated by varying
the saturated hydraulic conductivity parameter of the soil in the envelope.

2. Materials and Methods
2.1. Study Area Overview
The object of this study was the lower and middle reaches of the Yarkant basin. The Yarkant

River basin is located in central Eurasia, and its ecological environment and production life are
both sensitive to global climate change. Over the last 60 years, the rate of temperature increases
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in the Yarkant River basin have been 2.78 times the average rate of global warming [13]. Global
warming thus poses a serious challenge to the Yarkant River basin in the northwest arid zone.
Under the influence of the Taklimakan Desert, Bugula Desert, and Tokelak Desert, the Yarkant
River Basin assumes a banded distribution way [14], and thus part of the natural resources of
the basin are intertwined with its fragile ecological environment [15]. With economic and social
development, the development of the oasis water and soil resources in the bay has increased, the
magnitude of the irrigation areas has increased significantly, and the existing pattern of surface
water resources used for water supply are unable to meet agricultural production needs. Since
2008, the groundwater level has dropped by 3.6 m due to excessive groundwater extraction [16].

Yarkant River is an essential river in the Kashgar region of Xinjiang and is one of the
three primary sources of the Tarim River, which originates at the northern edge of the Kunlun
Mountains. The basin’s topography is high in the southwest and low in the northeast, with a
basin area of 10.81 x 10* km?, of which the Plain area accounts for 4.7 x 10* km?, or 43.5% of
the basin area [14]. The area of the Yarkant River basin in the study area is about 1.5 x 10* km?,
and an overview of the study area is shown in Figure 1. The length of the Yarkant River in the
study area is about 567 km, and the specific river cross-sectional geomorphological features
are shown in Figure 2. The average multi-year runoff of the Yarkant River is 67.29 x 108 m3/a,
as observed by the Kachun hydrological station. Under normal flow conditions, the river in
the lower reaches of the Yarkant in Bachu County is dry year-round, and only a small amount
of water becomes available during mega-floods. The geomorphology of the study area is
mainly alluvial, with alluvial plains and wind-deposited deserts. The climate of the study
area is a warm—temperate continental arid climate, with a multi-year average temperature of
11.4 °C to 11.7 °C, rainfall of 40-70 mm/year, and four distinct seasons in the spring, summer,
autumn, and winter [14].

2.2. Data Sources

This paper provides the monthly temperature, rainfall, and evaporation from 2012 to
2018 measured by the main meteorological stations as supplied by the Kashgar Regional
Meteorological Bureau. The monthly runoff data from the Kachun and Hainiaz hydrological
station from 2012 to 2018 was used for the hydrological data. A digital elevation model
(DEM), land use, and soil data were also used. The data types used, as well as their sources,
are detailed in Table 1.

Table 1. Types and sources of the data used in the study.

Data Types

Description of the Data Data Sources

DEM data

Resolution 30 x 30 m http:/ /www.gscloud.cn (accessed on 14 June 2022)

Meteorological data

Monthly data of five weather stations from

2012 to 2018 Kashgar Regional Meteorological Bureau

Land use data

Land use data at a 30 m spatial resolution http:/ /www.globallandcover.com (accessed on

29 June 2022)
Hvdrological data Monthly runoff data of Kachun and Hainiaz Xinjiang Institute of Water Resources and
y & hydrological station from 2012 to 2018 Hydropower Survey and Design
National Scientific Data Center for Glacial
Soil data Resolution 1 km Permafrost Desert (http://www.ncdc.ac.cn)

(accessed on 29 June 2022).

Soil particle data

9 sampling sites Xinjiang Geotechnical Testing Centre

Borehole data

261 boreholes, including parametric and

groundwater level data Xinjiang Corps Survey and Design Institute

Groundwater balance data

Groundwater recharge and discharge in the

study area Xinjiang Corps Survey and Design Institute
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Figure 1. Location of the Yarkant River Basin, China.
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Figure 2. Geomorphological features of Yarkant River. (A) Morphological characteristics of the river
at a distance of 22 km from the starting mile of the study area. (B) Photographs of river cross-sections
in Bachu County. (C) Typical river cross section files in MIKE 11.

2.3. MIKE SHE Model

MIKE SHE was used to simulate all the critical processes in the terrestrial phase of the
hydrologic cycle for the water resources and environmental issues related to surface water
and groundwater. MIKE SHE can be applied at scales ranging from local infiltration to
regional watershed studies, and it simulates all the main processes, including precipitation,
snowmelt, evapotranspiration, surface runoff, unsaturated flow, groundwater flow in the
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saturated zone, surface open channel flow, and all the interrelationships among them. The
researchers could select the appropriate simulated processes to study according to the
actual needs. Since the study area was mainly the lower and middle reaches of the Yarkant
River that have a low snowfall in the winter, the snowmelt module was not involved. Ap-
plying the MIKE SHE model, the study area was divided into several rectangular grids in
the horizontal direction. In standing order, it could be divided by the researchers according
to the number of stratigraphic substrata, the number of aquifers, as well as other constraints
according to the actual needs. The evapotranspiration module has two main calculation
methods: the Rutter model simulates the interception process, while the Penman-Monteith
formula is used to predict the real evaporation rate; the Kristensen—Jensen model is cal-
culated using the leaf area index and the interception coefficient. The surface runoff is
mainly calculated using the continuity equation and the momentum equation from St.
Venant’s equation for confluence. Using Richards’ equation, the unsaturated zone flow
describes one-dimensional vertical soil water movement. The saturated zone flow is mainly
expressed by calculating three-dimensional partial differential equations for both the spatial
and temporal variation of the groundwater level.

MIKE 11 is used as the module for simulating open channel flow in MIKE SHE,
which includes the model selection, data input, calculation time step setting, and results
analysis. MIKE 11 can simulate the river network in addition to setting up hydraulic
structures such as channels and sluices according to their locations. It can also be used
to accurately describe the scheduling patterns of some artificially influenced rivers and
hydraulic structures. The MIKE 11 hydrodynamic module uses implicit discrete differential
equations to simulate one-dimensional river flows. The coupling between MIKE SHE and
MIKE 11 is achieved using river links (MIKE SHE links). The river links connect the river
network node information and river cross-section information defined in the MIKE 11 1D
hydrodynamic model to the correct physical locations in the MIKE SHE model using vector
data transfers between adjacent grids. The other hydrological cycle processes in the MIKE
SHE model are linked to the open channel flow of the river to simulate the runoff process.

2.4. Model Building
2.4.1. Discretization

With the application of the MIKE SHE model, the study area was divided into a certain
number of rectangular grids in both horizontal directions: in the vertical direction, it could
be divided by researchers according to the number of stratigraphic substrata, the number
of aquifers, and other constraints according to actual needs. The smaller the grid size of the
model, the higher the relative simulation accuracy and the longer the time required for the
simulation [17,18]. The grid of the model for the study area was divided into 200 columns
in each of the x and y directions, with cell sizes of 1584 m. The vertical discretization of
the unsaturated zone consisted of 16 layers of exponentially increasing thickness, starting
at 0.05 m from the surface and ending at 2 m from it. For the saturated zone, initial
simulations were first performed using a single soil layer in order to approximate the
minimum groundwater level required to minimize the coupled correlation error between
the saturated and unsaturated zones [18].

2.4.2. Data Input

The projection coordinate system in this study was defined as CGCS2000_GK _CM
_75E. The study area extent map, digital elevation model DEM, land use type map, initial
water level map, and river network distribution map required for the model were all
projected onto this coordinate system. The land use data in the study area included eight
primary types: cropland, woodland, grassland, shrubland, wetland, water bodies, building
land, and bare land, as shown in Figure 3. The area occupied by the eight land use types
was 1.5 x 10* km?, with 39.2% cropland, 23.5% grassland, and 22% bare land. The values
applied to the MIKE SHE model by land use are shown in Table 2. The leaf area index
(LAI) and root depth were determined by both land use type and vegetation cover type;
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the range of values for the leaf area index was 0-6, while the range of values for the root
depth was 0-1000 mm.
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Figure 3. Land use types.

Table 2. The value of the parameters of the land use types in the research area [19].

Code Land Use Types LAI Root Depth (mm)

10 cropland 1.5-5.0 200-1000

20 woodland 6.0 800

30 grassland 1.1-4.0 300

40 shrubland 6.0 800

50 wetland 0.8 100

60 water body 0 0

80 building land 0.8 100

90 bare land 0 0

The soil type data of the unsaturated zone in the study area was obtained from the
soil texture data set of the HWSD (Harmonized World Soil Database) of the National
Glacial Permafrost Desert Scientific Data Center, and was reclassified and cropped using
the GIS software to obtain the soil type map for the study area, as shown in Figure 4. The
coefficients and other parameters required for the unsaturated zone soil profile simulation
were calculated using SPAW software (Soil-Plant-Atmosphere-Water) based on the clay,
sand, organic matter, salinity, and gravel content, as well as other contents in the soil.
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Figure 4. Soil types and sampling sites.

To verify the accuracy of the soil parameters, nine sets of field samples were collected
in the study area in July 2020, with sampling points spaced at an average interval of
50 km and evenly distributed within the study area, to ensure that soil representative of
all the different types was obtained. A foot-operated soil auger was used to take 0.5 kg of
samples from the 0-30 cm, 30-50 cm, and 50-80 cm soil layers, respectively. All soil sample
bags were numbered and sent to the laboratory, where they were all air-dried at room
temperature. The soil samples were passed through a 2 mm sieve at a 5:1 water-to-soil
ratio, according to the soil agrochemical analysis method [20], in order to remove debris
such as plant roots and stems. After that, particle fractionation tests were performed via the
sieve analysis method and densitometer method, in which the particle size range of the soil
applied with the sieve analysis method was 0.075~60 mm, and the particle size range of the
soil sample applied with the densitometer method was lower than the 0.075 mm range [21].
The saturated water and residual water content as well as the soil-water characteristic
curves of the soil samples were provided by Northwest Agriculture and Forestry University.

Based on both the borehole data and previous studies [14,22], an A—-A’ profile and
regional hydrogeological map of the plain area of the Yarkant River basin were drawn, as
shown in Figures 5 and 6. The single unconfined aquifer was located in the middle and
front of the alluvial sloping plain in front of the mountain. The lithology of the aquifer was
pebble and gravel, and sand and gravel, while the groundwater level was more than 15 m
below the surface elevation, with the thickness of the aquifer being greater at roughly 150 m.
In the central part of the alluvial fan near the front edge, there was a weakly permeable
layer of fine sand and sub-clay on the aquifer, the thickness of which was thin near the
mountains and gradually thickened in the distant mountains.
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Figure 6. Regional hydrogeological map of the plain area of the Yarkant River Basin [23].

The multi-layered structure aquifers (the unconfined aquifer in the upper part and the
semi-confined aquifers in the lower part) are mainly distributed in the area north of Yima
Township in Zephyr County and Aslanbagh Township in Shache County, and the lithology
of the aquifers are mainly medium sand and fine sand, with a thickness of 30-65 m.

The aquifer was generalized to the thicker unconfined aquifer due to the weak com-
pressive nature of semi-confined aquifers, as well as the fact that most of the borehole
pumping in the study area was carried out with a mixture of unconfined and semi-confined
aquifers. The permeability coefficients of the aquifer parameters were calculated from data
gathered from in-situ pumping tests, and the distribution of the boreholes is shown in
Figure 7. The isopiestic line in the study area was obtained via the Kriging interpolation of
the groundwater levels measured in the boreholes [23], as shown in Figure 8.
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Generalizing boundary conditions is a key step in building conceptual hydrogeological
models. The boundaries can be divided into fixed head boundaries, fixed flow, and mixed
boundaries based on the circumstances of water exchange and various hydrogeological
conditions. Fixed flow boundaries can be divided into the recharge boundary, the discharge
boundary according to the direction of the lateral recharge of the boundary, and the zero-
flow boundary where the lateral recharge is zero. The lakes in the study area had a certain
hydraulic connection with the groundwater and were chosen as fixed head boundaries.
The southwestern parts of the boundary were perpendicular to each other in the direction
of the groundwater flow, and the groundwater flowed into the study area; the northern
part of the boundary received a recharge from groundwater runoff of the Kashgar River
basin, so the recharge boundary was chosen. The groundwater flows out of the study area
from both the western part of the boundary and the northeastern part of the boundary, and
thus the discharge boundary was selected.

Along the southwestern and eastern parts of the boundary, the isopiestic line was
orthogonal to the boundary, and, therefore, the no-flow boundary was selected. The rivers
in the study area were coupled to the MIKE SHE link through MIKE 11. The link was
set on the boundary that divided the two adjacent cells, and the river and groundwater
exchanged water through the cell boundary. This treatment assumed a very thin layer of
weak permeability between the river and aquifer and considered the resistance between
the aquifer and riverbed layer during water exchange, which better reflected the intercon-
version between the surface water and the groundwater compared to a more traditional
setting as a fixed head boundary. The boundary conditions of the study area are shown
in Figure 8.

The groundwater balance calculation was based on the groundwater resource uti-
lization and protection planning report for the Kashgar area prepared by the Xinjiang
Corps Survey and Design Institute. The calculation of the groundwater balance in the
study area mainly included the calculation of the recharge and discharge amounts. The
groundwater recharge in the study area is 29.13 x 10 m3/a, mainly including the lateral
groundwater runoff recharge in the plain area 0.12 x 108 m3/a, rainfall infiltration recharge
0.45 x 108 m3/a, irrigation water infiltration recharge 5.4 x 108 m3/a, reservoir seepage
recharge 1.64 x 10® m3/a, mountain front storm flood infiltration 0.28 x 10% m3/ year,
10 x 10® m3/year of canal seepage, 10.4 x 108 m3/year of river seepage, etc. The ground-
water discharge in the study area is 29.97 x 10® m3/year, mainly including 0.22 x 108 m?/a
of lateral groundwater runoff discharge in the plain area, 14.55 x 108 m?/a of actual
groundwater extraction, 7.13 x 10% m?/a of diving evaporation, 1.64 x 108 m?/a of spring
discharge, and 6.42 x 10% m>/a of river discharge.

The intra-annual distribution of rainfall, evaporation, irrigation, and extraction in
Shache County is shown in Figure 9 for 2018, with the amount of lateral groundwater runoff
recharge and discharge generalized on the recharge and discharge boundary. The rainfall
infiltration and dive evaporation are generalized in the rainfall and evaporation modules of
the climate module in the MIKE SHE model, while the irrigation water infiltration recharge
is generalized in the irrigation demand module of the land use type module.

The pumping well module in the model is used to generalize the extracted groundwa-
ter. According to the borehole survey, the number of boreholes in the study area was 19,052
in 2018. The annual volume of groundwater extraction was about 1940 million m3, with
the groundwater extraction mainly being used for agricultural irrigation, while the amount
of domestic and industrial water borehole extraction accounted for only 3% of the total
extraction. Due to the large number of boreholes, they were generalized to 40, distributed
in the study area according to the actual groundwater extraction proportion in each county
and city, and were then extracted according to the existing irrigation period. The location of
the pumping well is shown in Figure 10. The projection coordinate system of the pumping
well was CGCS2000_GK _CM _75E. As the river flows are mainly concentrated in July,
August, and September, for the spring irrigation, the amount of surface water was low and
the irrigation water was mainly extracted from the groundwater.
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Figure 9. Time series data for 2018 in Shache County: (a) Precipitation, (b) Evaporation, (d) Extraction.

(c) Amount of irrigation in the study area.
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2.4.3. Model Validation and Calibration

In this study, a continuous time series from 2012 to 2018 at the Kachun hydrological
station of the Yarkant River was used for the simulation, where 2012 to 2015 was the rating
period of the model and 20162018 was the validation period. In this paper, the Nash-
Sutcliffe model efficiency coefficient (Ens) [24], the water balance coefficient (WB) [25], and
the correlation coefficient (r) were chosen to calibrate the model. The three coefficients were
calculated as follows:

i (Qobs,i — Qsim,i)
Ens=1-— l:nl — 1)
;1 (Qobs,i - Qobs)
i ’Qobs,i = Qsim,i
WB=1- =1 2
Z Qohs,i
i=1
'il (Qobs,i - @obs) (Qsim,i - @sim)

r= l ®)

\/i (Qobs,i - Qobs)z\/f (QSimri - GSim)z

i=1 i=1

where: Q) ;—is the observed flow rate at time i (m?); Qsim i—is the simulated flow rate
at time i (m3); Q,,s—is the average value of the observed flow rate during the simulated
period (m?); Q;,,—is the average value of the simulated flow during the simulated period
(m?); and 7 is the time step.

The allowable range of the Nash efficiency coefficient is between 0 and 1, with larger
values indicating higher efficiencies. Meanwhile, the WB and correlation coefficients are
important indicators of the model efficiency, and the closer their values are to 1, the better
the results of the model rate determination are.

Additionally, Re was selected to evaluate the depth to the water table, the relative
error reflects the degree of agreement between the simulated and measured values, and the
calculation formula is:

Re = {(Hsm _ H"}”)} x 100% @)
Hops
where Hy;,, is the simulated value and H,, is the measured value. When the value of the
water balance coefficient is greater than 0, the simulated value is large; when the value of
the water balance coefficient is less than 0, the simulated value is small; and when the value
of the water balance coefficient is equal to 0, the simulated value of the model matches the
measured value.

3. Results and Discussion
3.1. Parameter Values after Calibration

Most of the parameters in the distributed hydrological model are physically meaning-
ful, only need to be measured in the field, and do not require rate determination. Moreover,
there have been few studies of large watersheds, and there is a lack of measurement data.
In order for the model to be able to reproduce the physical characteristics of the basin more
accurately, thus improving the simulation results, this paper used a manual trial-and-error
approach to rate the main parameters, and iteratively adjusted the parameters based on
the measured runoff data compared to the simulated runoff values. The results of this
calibration are shown in Table 3. Manning M is the inverse of the more conventional
Manning n. The value of n is typically in the range of 0.01 (smooth channels) to 0.10 (thickly
vegetated channels). This corresponds to values of M between 100 and 10, respectively.
Generally, lower values of Manning M are used for overland flow compared to channel
flow [17].
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Table 3. Results of the parameter calibration.

Parameter Value Unit

Rivers and lakes

Re51s’camce(vlvlaelltr1lare1 i\r{lagrll(val;ﬂ riverbed 45 ml/3.-1
Leakage coefficient 0.00001 —
Overland Flow
Resistance value (Manning M) 35 m!/3.571
Detention storage 0.01 mm
Initial water depth 0 m
Saturated & Unsaturated zones
Sand: Qs; Qr; Sy; Ks 0.38; 0.08; 0.33; 1.0 x 1073 —;—;—;m/s
Loamy sand: Qs; Qr; Sy; Ks 0.07;0.31;2.3 x 1074 —; —; —; m/s
Sandy loam: Qs; Qr; Sy; Ks 0.02; 0.30;1.2 x 104 —; —; —; m/s
Loam: Qs; Qr; Sy; Ks 0.02;0.15;5.2 x 107> — — — m/s
Silty loam: Qs; Qr; Sy; Ks 0.08;0.18;4.7 x 107> —; —; —; m/s
Silt: Qs; Qr; Sy; Ks 0.28;0.11; 0.14; 5.0 x 107> ———m/s
Silty clay: Qs; Qr; Sy; Ks 0.27;0.09; 0.11; 2.6 x 10~° ——;—m/s
Clay: Qs; Qr; Sy; Ks 0.56; 0.22; 0.05; 3.0 x 10~° ———m/s

Notes: Qs: saturated moisture content (-); Qr: residual moisture content (-); Sy: specific yield (-); Ks: saturated
hydraulic conductivity (m/s).

3.2. Results from the Surface Runoff Calibration and Validation

Based on the control cross-sections in the lower and middle reaches of the Yarkant
River basin, the model was rate-calibrated and validated at the Hainiaz hydrological station
for the series of the monthly flows from 2012 to 2018, and the results are shown in Table 4.
As seen there, after calibration, the model can more accurately simulate the runoff in the
Yarkant River, with similar variation trends. The low water balance coefficient in the
calibration period was due to the low total runoff in 2014 and 2015, which were dry years.
Comparing the simulation results of the calibration and validation periods, the results for
the validation period were higher than those of the calibration period.

Table 4. Monthly runoff simulation results.

Monthly Runoff
Stage Efficiency Water Balance Correlation
Coefficient Coefficient Coefficient
Calibration period 0.85 0.61 0.96
Validation period 0.93 0.83 0.97

A comparison of the measured and simulated values for the monthly runoff at the
Hainiaz hydrological station cross-section is shown in Figure 11.

In Figure 11, it can be seen that since the lower Yarkant River is seasonal, the flow
distribution is uneven during the year, with the flow rapidly increasing in May and reaching
a maximum in August, then decreasing in September and slowing down by January of
the following year. Further analysis shows that the MIKE SHE model simulates the runoff
during the dry season well. Still, the simulation of the peak runoff in the summer and
autumn shows some deviations due to the single setting of the model roughness and the
use of a unique value for the whole basin, which is an area that could be improved in
subsequent studies.
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Figure 11. Monthly-scale measured and simulated flow values for 2012 to 2018.

3.3. Groundwater Simulation Validation

Based on the month-by-month depth to water table observation data for 2016 to 2018
from the shallow groundwater observation wells in each of the counties and townships
in the lower and middle reaches of the Yarkant River, the results were compared to and
verified with the groundwater simulation results, which is shown in Figure 12.

After the model calculation, the depth to water table data for the four observation wells
located in the Hietidun Township, Aktamu Township, the 49th Regiment, and Tagalchi
Township from 2016 to 2018 during the model validation period were both fitted and
validated, as shown in Figure 12. Figure 12 shows that the simulation of the model for the
depth to water table data is fairly consistent with the measured data. The groundwater
table depth values decreased yearly from 2016 to 2018 due to the negative groundwater
equilibrium in the study area. The groundwater level depth value decreased until June
due to the effects of groundwater extraction by the spring irrigation of the crops in March.
When the river was abundant in July—September, the irrigation water share relationship
shifted, groundwater received a recharge from the river irrigation, and the groundwater
level depth value rose. Table 5 shows that the relative error between the simulated and
observed values of the depth to the groundwater table is small, and the simulated value
was slightly larger than the measured value.

3.4. Sensitivity Analysis

The land use type in the study area is mainly arable land, while irrigation activities are
frequent and irrigation infiltration remains an important source of groundwater recharge.
Both irrigation water and river water enter the groundwater through the unsaturated
zone, and, therefore, the parameters of the unsaturated zone influence the infiltration
of irrigation and river water. In order to determine which unsaturated zone parameters
are the most sensitive to the model’s output, a sensitivity analysis was carried out using
a perturbation analysis. The perturbation analysis is one of the simplest methods of
parameter sensitivity analysis, in which an artificial disturbance (for example: a 10%
increase or decrease) is provided around the best estimate of a parameter, and the rate
of change in the model output resulting from such fluctuations in the parameter over a
small range is calculated [26]. The validated parameter values in Table 6 were used as
the criterion to determine the sensitive unsaturated zone parameters by increasing the
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saturated water content, the water content at the wilting point, and the saturated hydraulic
conductivity by 30%, as suggested by Ma (2018) [27].
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Figure 12. Depth to water table fitting diagram: (a) Tagalchi Township, (b) 49th Regiment, (c) Hi-
etidun Township, (d) Aktamu Township.

Table 5. Depth to water table verification.

Location of the Hietidun Aktamu 49¢th Regiment Tagalchi
Observation Wells Township Township 8 Township
Relative Error 3.45% 1.59% 2.52% 0.35%

The saturated water content is the maximum water content of the soil and is equal to
the porosity. The residual water content is the minimum water content at very high suction
pressures. The soil saturation hydraulic conductivity is the amount of water that passes
through a unit area per unit water potential gradient and per unit time when the soil is
saturated with water, and it is a function of the soil texture, the bulk capacity, and the pore
distribution characteristics.

In the sensitivity analysis, one parameter is increased in turn and the others are then
kept constant during the simulation. Table 7 shows the peak flow results for 30% increases
in the saturated water content, residual water content, and saturated hydraulic conductivity
parameters [26].
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Table 6. Standard soil parameter values.

Water Content at Water Content at Saturated Hydraulic

Saturation Wilting Point Conductivity (m/s)
Sand 0.38 0.08 1.0 x 1073
Loamy sand 0.39 0.07 23 x 1074
Sandy loam 0.33 0.10 12 x 1074
Loam 0.39 0.12 52 % 107>
Silty loam 0.29 0.08 47 x107°
Silt 0.28 0.1 5.0 x 107°
Silty clay 0.37 0.19 2.6 x 1076
Clay 0.56 0.22 3.0 x 107°

Peak Discharge: 39.72 m®/s

Table 7. An amount of 30% increased water content at saturation.

Water Content at Water Content at Saturated Hydraulic

Saturation Wilting Point Conductivity (m/s)
Sand 0.494 0.08 1.0 x 1073
Loamy sand 0.507 0.07 23 x 1074
Sandy loam 0.429 0.10 12 x 107*
Loam 0.507 0.12 52 x107°
Silty loam 0.377 0.08 47 x107°
Silt 0.364 0.11 5.0 x 107>
Silty clay 0.481 0.19 2.6 x 107°
Clay 0.728 0.22 3.0 x 107°

Peak Discharge: 9.42 m3/s

As can be seen from the results in Figure 13 and Table 6, the soil parameter that has
the most significant effect of the three on the peak flow is the saturated water content, with
a 72.8% reduction in peak flow from 39.27 m3/s to 9.42 m3/s being observed during the
simulation period of 2012 to 2018.

50

40

30

Peak Discharge (m?/s)

0 T T T T T T T
2012—2018 Peak Q Qs (+30%) Qr (+30%) Ks (+30%)

Figure 13. Peak discharge according to the 30% increase in the parameters.
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3.5. Sensitivity Analysis for the Water Content at Saturation

For the study area, there were many land use and soil types, and the effects of adjusting
one parameter on different land types and different soil types on peak runoff are ambiguous.
A sensitivity analysis was therefore carried out for the saturated water contents of the soil
types with the largest proportion of land use types in the study area.

In this study, the largest area of cultivated land accounted for 40% of the total study
area. According to the soil type distribution map and land use type map of the study area,
the proportion of the different soil types to the arable area was obtained via an overlay
analysis using ArcGIS, as shown in Table 8. As can be seen from Table 8, loam accounted for
the largest proportion of the cultivated area at 47.9%, while silty clay, clay loam, and sand
were 16.2%, 13.7%, and 11.2%, respectively. Therefore, a sensitivity analysis was conducted
for the saturated water content of the loam in the cultivated area.

Table 8. Percentage of area of the different soil types in arable land.

Sandy Sandy Silty Silty
Clay Clay Loam Loam Sand Clay Loam Loam Clay Loam
Arable land 0.5% 13.7% 47 9% 11.2% 2.1% 0% 16.2% 8.4%

Table 9 shows the variations in the peak flow rate for the saturated water content of loam
in arable land when subjected to artificial disturbances increasing and decreasing by 30%.

Table 9. Change range of the water content at saturation.

Range —30% —20% —-10% Standard +10% +20% +30%
Loam 0.273 0.312 0.351 0.390 0.429 0.468 0.507
Peak Discharge (m3/s) 47.26 46.5 43.58 39.72 36.52 35.34 34.87

When the saturated hydraulic conductivity increased by 30%, the minimum peak
flow rate was 34.87 m3/s, a reduction of 12.2% compared to the standard value. When the
saturated hydraulic conductivity was reduced by 30%, the maximum peak flow rate was
47.26 m3/s, an increase of 18.7% compared to the standard value.

Increasing the saturated water content of the soil in the unsaturated zone has a catalytic
effect on river infiltration groundwater, but a peak discharge analysis alone cannot show
how strongly the groundwater levels respond to changes in the saturated water content.
The response of the groundwater levels to changes in the saturated water content is shown
in Table 10, where the standard value of the groundwater depth for each monitoring well is
the modeled average water table depth during 2018.

Table 10. Depth to the groundwater table response to the saturated water content.

Range —30% —20% —10% Standard +10% +20% +30%

Loam 0.273 0.312 0.351 0.390 0.429 0.468 0.507
Hietidun Township (m) 2.40 2.38 2.35 2.34 2.31 2.30 2.29
Aktamu Township (m) 10.61 10.61 10.60 10.60 10.59 10.57 10.57
49th Regiment (m) 3.35 3.34 3.32 3.32 3.33 3.34 3.36
Tagalchi Township (m) 16.65 16.65 16.65 16.65 16.65 16.65 16.65

As can be seen from Table 10, the variation in the saturated water content of the soil
in the unsaturated zone had an effect on the depth to the groundwater table values in the
Hietidun Township and the 49th Regiment, but for the other two townships, where the
depth to the groundwater table values exceeded 10 m, the effects of the saturated water
content were weak. The mechanisms of the effect of the saturated water content on the
depth value of the groundwater table needs more in-depth studies, and this paper only
aims to analyze the phenomenon.
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4. Conclusions

In this paper, we simulated the lower and middle reaches of the Yarkant River by
establishing a distributed hydrological model with MIKE SHE, selected actual measured
runoff data from the Hainiaz hydrological station to simulate and validate the model, and
selected the 20162018 month-by-month water level burial data from four water level obser-
vation wells in the study area in order to simulate and validate the model, and to perform
a sensitivity analysis on the soil parameters. We then reached the following conclusions.

Soil texture datasets can provide data on soil parameters in the inclusive zone for large
watersheds that lack data for establishing a distributed hydrological MIKE SHE model.
Its accuracy was experimentally corroborated through the design of the field sampling
used. The established distributed hydrological model MIKE SHE simulated the runoff of
the Yarkant River well, and was able to reflect the general inter- and intra-annual runoff
conditions. The monthly scale runoff simulations accurately reproduced hydrological
processes, with Ens coefficients greater than 0.84, water balance coefficients greater than
0.61, and correlation coefficients reaching 0.96 for both the regular and validation periods,
indicating that a soil texture dataset can provide more accurate data on the soil parameters
in the unsaturated zone in more extensive distributed hydrological model construction,
and has applicability in the simulation of the runoff in watersheds for which information is
lacking. This applies to the simulation of watershed runoff in the absence of information.

The relative errors between the proposed water table depth and the measured value
were 3.45% in the Hietidun Township, 1.59% in the Aktamu Township, 2.52% in the 49th
Regiment, and 0.35% in the Tagalchi Township, through the fitting of the groundwater
level depth data for the validation period of 2016 to 2018. The results showed that the es-
tablished distributed hydrological model could more accurately simulate dynamic changes
in groundwater levels in the counties and cities in the study area for the period of 2016
to 2018.

The area of cultivated land in the study area was 40% of the total study area, and
irrigation activities were more frequent. The infiltration of the river water and irrigation
water is an important source of groundwater recharge, and the unsaturated zone is the
recharge path. The sensitivity analysis of the soil parameters in the unsaturated zone
showed that the change in the saturated water content had a large effect on the simulated
peak flow of the runoff, indicating a negative correlation. The change in the saturated water
content had a positive effect on areas with high groundwater levels, but had a weak effect
on areas with low groundwater levels.

This study also has some limitations: for example, the number of parameters required
to establish a distributed hydrological model of the study area is large, and many parame-
ters use measured values, but due to the limited data collected, some parameters in the
modeling process use empirical values, resulting in limited application of the model. Thus,
in future simulations, as much as possible, measured data and collected information for
modeling should be used more, reflecting a more realistic physical situation.

In summary, the established distributed hydrological model MIKE SHE has high
accuracy in its use for the simulation of surface water and groundwater in the lower
and middle reaches of the Yarkant River, which can help with the future management,
development, and utilization of water resources in the region.
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