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Abstract: In an arid and semi-arid irrigation district, water-saving practices are essential for the
sustainable use of water resources. The Soil and Water Assessment Tool (SWAT) was used to simulate
hydrological processes under three water-saving scenarios for the Jinghui Canal irrigation district
(JCID) in Northwest China. Due to the lack of available hydrometric stations in the study area,
the model was calibrated by Moderate Resolution Imaging Spectroradiometer Global Evaporation
(MOD16) from 2001 to 2010 on monthly scale. The simulation results showed that using MOD16 to
calibrate the SWAT model was an alternative approach when hydro-meteorological data were lacking.
It also revealed that the annual average surface runoff (SURQ) decreased by 4.13%, 8.37% and 12.08%
and the percolation (PERC) increased by 3.67%, 7.59% and 11.19%, with the improvement of the
water-saving degree (the effective utilization coefficient of irrigation water (EUCIW) increased by 0.1,
0.2 and 0.3). Compared with the above two components, the change in actual evapotranspiration (ET)
was not obvious. From the perspective of the spatial scale, the changes in every component in the east
regions were generally greater than those in the west regions. On a monthly scale, the change in every
component was mainly during these two periods. The analysis results of water balance in the study
area showed that the proportion of SURQ in water balance decreased (from 14.02% to 12.33%), while
that of PERC increased (from 10.99% to 12.22%) after the application of the water-saving irrigation.
The decrease in the variation in soil water content indicates that the improvement of the water-
saving degree plays a positive role in maintaining the sustainable development of water resources in
irrigated areas. This study demonstrates the potential to use remotely sensed evapotranspiration
data for hydrological model calibration and validation in a sparsely gauged region with reasonable
accuracy. The results of this study also provide a reference for the effect of water-saving irrigation in
the irrigated area.
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1. Introduction

Water is one of the essential natural resources for social and economic development.
Global water resources are becoming increasingly vulnerable due to escalating water
demand resulting from population growth, expanding industrialization and increased
food production on account of varied human activities, climate and land use change
impacts [1,2]. In semi-arid northwest China, the irrigation water use accounts for more than
80% of the total water consumption [3,4]. The overexploitation of water resources has led to
serious eco-environmental problems (e.g., soil salinization and water quality degradation),
especially in large-scale irrigation districts that play a significant role in satisfying food
demands [5]. Unreasonable water management and decreasing water resources have led to
conflicts of water uses among different economic sectors (e.g., agriculture vs. industry) and
different parts of the region [6,7]. Therefore, it is urgent to implement effective measures to
ensure the sustainable utilization of water resources.
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One of the effective ways to relieve the contradiction between water supply and
demand is to develop water-saving irrigation [8]. However, the application of water-saving
irrigation can affect the regional hydrological cycle. A great deal of research has been
committed to evaluating the impacts of water-saving measures on various hydrological
cycle components. For instance, Mermoud et al. (2005) [9] established a 1-D vadose zone
model to assess the impacts of different irrigation schedules and found that a decrease
in the irrigation frequency resulted in an increase in transpiration, but a decrease in
evaporation. Based on a groundwater balance model in the Yichang irrigation sub-district,
the largest irrigation sub-district in the Hetao irrigation district, Yue et al. (2016) [10]
assessed the impacts of water-saving on groundwater balance and the results showed
that the application of water-saving measures conjunctively could result in a reduction in
surface water diversions by up to 52% relative to the situation without any water-saving
measures. By employing a MIKE-SHE model, Jiang et al. (2016) [11] analyzed the effects
of water-saving irrigation on groundwater and revealed that increasing water-saving
irrigation resulted in a decrease in groundwater level. Zhang et al. (2014) [12] implemented
comprehensive observations of water balance components in an irrigated cropland of a
typical oasis within the Tarim river basin and found that the groundwater dynamics were
significantly altered by the application of water-saving irrigation. Most studies on effects of
water-saving irrigation on the hydrological cycle were focused on groundwater. There are
few quantitative studies on the multiple components of the hydrological cycle of irrigation
district under the influence of water-saving irrigation, especially on surface hydrological
cycle components.

In terms of research methods, the SWAT model has been proposed as a tool for
estimating hydrological components including surface runoff [13-15], evapotranspiration
(ET) [16,17], soil moisture [18-20], groundwater [21,22], and the amount of water divided
from rainfall to runoff, evapotranspiration and groundwater [23,24]. Therefore, this study
selected the SWAT model to construct a simulation model for the study area.

Generally, the SWAT model is calibrated using a few hydro-meteorological
stations [22-24]. However, obtaining hydro-meteorological data is quite difficult in some
ungauged areas. Therefore, to obtain credible model parameters and to better simulate
watershed hydrological processes, it is necessary to perform the model auto-calibration
procedure with other spatially heterogeneous observation data.

ET is one of the most important components of water balance, since changes in it
would affect the whole water cycle. With the development of remote sensing, ET data are no
longer difficult to obtain. With the help of remote sensing technology, energy data relating
to the soil-vegetation—air interface can be extracted, and then combined with site-based
meteorological data to calculate the regional ET based on the traditional algorithm [25].
Recently, many regional ET models have been developed, for example, the Reg model [26],
Priestley—Taylor jet propulsion laboratory model (PT-JPL) [27], the Moderate Resolution
Imaging Spectroradiometer Global Evaporation (MOD16) [28], and Global Land surface
Evaporation Amsterdam Methodology (GLEAM) [29]. These datasets can be directly used
to calibrate and validate hydrological models. For example, Immerzeel and Droogers
(2008) [30] used a remote sensing-derived ET (based on MODIS data and the SEBAL model)
to calibrate a SWAT in a catchment of the Krishna basin in Southern India and obtained
an obvious credible performance. Rafiei Emam et al. (2017) [31] calibrated a SWAT model
based on river discharge, actual evapotranspiration using MODIS products and crop yield
in the A-Luoi district in Thua Thien Hue province of Vietnam. The results showed that the
ET product of MODIS can be used for the calibration of the hydrological model in case of
data scarcity. Ha et al. (2018) [32] used the ET and leaf area index to calibrate a SWAT model
in the Day basin, which is a sub-basin of the transboundary Red River basin. Parajuli et al.
(2017) [33] applied MOD16 ET data to evaluate the SWAT calibration. They demonstrated
the use of satellite-based ET data to evaluate the SWAT performance, which can be applied
in watersheds with a lack of meteorological data. In these studies, satellite-based ET data
were used to optimize the hydrological model parameters, and the simulated results of the
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actual ET were good. Therefore, satellite-based ET datasets can be introduced to calibrate
the SWAT model in some regions with scarce data.

Jinghui Canal irrigation district (JCID), located in Guanzhong basin of northwest
China, is a representative canal-well combined irrigation area and also a major grain
producing area in Shaanxi province. The water management here is crucial to sustain-
able development. The objectives of this paper are as follows: (1) introducing MOD16 to
calibrate the SWAT model and simulating the hydrological cycle components including
precipitation (PREC), surface runoff (SURQ), actual evapotranspiration (ET) and percola-
tion (PERC) of JCID from 2001 to 2010; (2) evaluating the spatial and temporal dynamics of
the hydrological cycle components; (3) assessing the impacts of water-saving irrigation on
the hydrological cycle components. The results can provide a strong reference basis for the
reasonable utilization of water resources in JCID and other similar regions.

2. Methods
2.1. Study Area

The JCID lies at a longitude of 108°34'34"” to 109°21'35” N and latitude of 34°25'20" to
34°41'40" E in Shaanxi province, China (Figure 1). It has a total area of 1180 km?, including
four counties (Jingyang, Gaolin, Sanyuan and Fuping) and two districts (Yanliang and
Lingtong). The study area is surrounded by the Jing river, Wei river and Shi Chuan river.
The Yeyu river and Qingyu river are distributed inside of the JCID. All of them flow into
the Wei river at the eastern and southern parts of the study area. JCID is located in the
continental semi-arid climate regions. The average annual precipitation is about 538.9 mm,
approximately 50 to 60 percent of which occurs in summer (from June to August). The
average annual temperature is 13.4 °C.
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Figure 1. Location of the study area and the irrigation canal system distribution in the study area.

One of the irrigation water resources of JCID is the Jing river, which has an average
annual runoff of 17.4 x 10% m3. Another irrigation water resource is the groundwater
from unconfined aquifer. 29 irrigation ditches are distributed inside the study area, among
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which five ditches are the main ditches and 24 are the branch ditches (Figure 1). Figure 2
displays the runoff of Jing River, irrigation water and average groundwater depth over the
JCID from 2001 to 2010. Under the condition that the runoff of the Jing river decreases and
the groundwater depth increases, the irrigation water still increases. This indicates that
it is necessary to further improve the degree of water-saving irrigation to ensure that the
increase in groundwater depth can be restrained while meeting the irrigation requirements,
which is conducive to the sustainable development of water resources in the irrigated areas.
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Figure 2. The runoff of the Jing river, irrigation water and average groundwater depth during the period of 2001-2010 in
the Jinghui Canal irrigation district.

Wheat and corn are the main irrigated crop, whose planting areas account for 70% of
the total planting area in the irrigation area.

2.2. Soil and Water Assessment Tool

The Soil and Water Assessment Tool (SWAT) [34] is a semi-distributed hydrological
model, developed to forecast the impact of long-term land management measures on
water, sediment and agricultural pollutants within a complex basin, containing multiple
soil, land use and management conditions [35]. A watershed is divided into several sub-
watersheds based on the topography, which are then subdivided into hydrologic response
units (HRUs) based on the unique soil, land use and slope characteristics. The main module
of this model includes climate, hydrology, soil temperature and attributes, plant growth
nutrients, pesticides and land management [34,36].

A comprehensive description of the model can be found in a previous study [35].
According to the water-balance principle, the soil water balance in a SWAT can be de-
scribed as:

SWi = SWo+ Y, (Rday — Quurf — ETo — Weeep — ng) )

where t is the time (days), SW; is the final soil water content (mm), SWj) is the initial soil
water content on day i (mm), Ry, is the amount of precipitation on day i (mm), Qs is the
amount of surface runoff on day i/ (mm), ET, is the amount of evapotranspiration on day i
(mm), Wseep is the amount of water entering the vadose zone from the soil profile on day i
(mm), and Qg is the amount of return flow on day i (mm).
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2.3. Input Datasets
2.3.1. Physiographical Maps

The Digital Elevation Model (DEM) is downloaded from the Geospatial Data Cloud
(http:/ /www.gscloud.cn/, accessed on 13 December 2020) with a resolution of 30 m
(Figure 3a). The elevations of the study area range from 219 m to 680 m and nearly
90% of the total area range from 324 m to 444 m.
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Figure 3. The DEM (a), land cover (b) and soil map (c) of the study area.

According to the DEM and the irrigation canal system, the JCID has been divided into
52 sub-watersheds (Figure 3a).

Land use data for 2003 were obtained from Landsat7? ETM data through human-
computer interactive interpretation with a spatial resolution of 30 m (Figure 3b). Five types
of land use are included in the study area, of which 62.32% is agricultural land (AGRL),
26.92% is residential-medium density land (URMD), 1.54% is water (WATR), 9.20% is
pasture (PAST) and only 0.02% is covered by forest (FRST).

The soil map is obtained by clipping the Chinese Soil Database (V1.1) [37], which
is based on the World Soil Database (HWSD) with a scale of 1:1,000,000 and a spatial
resolution of 1 km (Figure 3c). Seven types of soil are distributed in the study area. The
predominant soil is Fimic Anthrosols (46.80%), followed by Culumic Anthrosols (29.15%),
Calcaric Fluvisols (17.85%), Calcaric Cambisols (2.95%), Gleyic Cambisols (2.76%) and Salic
Fluvisols (0.50%).

2.3.2. Meteorological Data

The meteorological data selected in this research are from the Daily Datasets of Surface
Climate Data in China (V3.0), which are obtained from National Meteorological Information
Center (https://data.cma.cn/, accessed on 16 December 2020). These datasets contain data
from 699 basic meteorological stations in China, and include the daily data of air pressure,
temperature, precipitation, evaporation, relative humidity, wind speed, and sunshine hours
since January 1951. In this study, 5 traditional weather stations are selected to force the
SWAT model (Figure 4).
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Figure 4. The distribution of 5 traditional weather stations.

2.3.3. Irrigation Data

The irrigation water in JCID is drawn from groundwater and water diversion from
Jing River via an irrigation canal system including 5 main ditches and 24 branch ditches
as shown in Figure 1. According to the collection and integrity of irrigation data obtained
from Shaanxi Jinghui Canal Irrigation Administration, the irrigation measures from 2001 to
2010 are shown in Table 1. The irrigation data include the canal irrigation quantity and the
well irrigation quantity of every year. In every selected year, the irrigation periods were
divided into winter irrigation, spring irrigation and summer irrigation.

Table 1. Irrigation water quantity from 2001 to 2010.

Canal Irrigation Quantity Well Irrigation Quantity
Irrigation Year (10* m*) (10* m?) EUCIW, *
Winter Spring Summer Winter Spring Summer
2001 4240 4206 2950 4079 4047 2838 0.522
2002 5268 3523 2770 5703 3814 2998 0.524
2003 3551 2988 2105 4266 3590 2529 0.523
2004 5186 3543 2596 5203 3554 2604 0.525
2005 3855 4866 3712 3581 4520 3448 0.528
2006 4858 4350 3445 4704 4212 3336 0.531
2007 5470 3040 1123 5894 3276 1210 0.532
2008 5486 3059 4586 5209 2904 4355 0.535
2009 5298 4828 3619 4221 3846 2883 0.535
2010 6030 4038 3801 4630 3101 2919 0.537

The winter irrigation time was between November of the previous year and February of the current year. The spring irrigation time was
between March and April of the current year. The summer irrigation time was between June and August of the current year. The time frame
of the well irrigation was the same for the canal irrigation. * EUCIW], is the effective utilization coefficient of irrigation water obtained from
Shaanxi Jinghui Canal Irrigation Administration from 2001 to 2010.

The final manifestation of water-saving reconstruction in irrigated areas is the influ-
ence on the irrigation efficiency. In China, effective utilization coefficient of irrigation water
(EUCIW) was widely used to characterize the irrigation efficiency. It is a comprehensive
technological efficiency indicator that reflects the quality of irrigation projects, the level
of irrigation technology, and the level of water management, which generally refers to
the ratio of the amount of water available for crop use by irrigation in the field and the
total amount of water introduced by the canal head [38]. “Water available for crop use by
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irrigation in the field” refers to the change (increase) of soil moisture content in the soil
root zone before and after irrigation [39]. That is to say, the higher the EUCIW value is, the
more the increase in soil moisture content in the soil root zone after irrigation is, the higher
the water-saving degree is. Therefore, the influence of water-saving reconstruction on the
hydrological cycle can be simulated by changing the EUCIW.

In practice, the EUCIW can be increased by improving the anti-seep standards of
the irrigation canals to decreasing the loss water through canal leakage in the process of
water transportation. It also can be increased by changing the irrigation methods from the
present surface irrigation to sprinkler irrigation, microspray irrigation and low pressure
pipe irrigation to increasing the infiltration of irrigation water and preventing its confluence
to the surface runoff. In fact, the above two methods had already began to be implemented.
Under the present situation, the values of EUCIW (EUCIW) which were obtained from
Shaanxi Jinghui Canal Irrigation Administration changed from 0.522 in 2001 to 0.537 in
2010 as shown in Table 1. However, it is clearly that the water-saving degree of the irrigated
area was not high enough at the time, as shown as Figure 2. Thus, it is necessary to continue
to increase EUCIW to improve the water-saving degree of the irrigated area.

However, the effect of improving the water-saving degree via increasing EUCIW
on the hydrological cycle at irrigation district level must be analyzed before making the
relevant water-saving projects operational. Thus, three water-saving scenarios was set and
described as follows:

Scenario 1: Based on the present situation, EUCIW was increased by 0.1 to improved
the water-saving degree (EUCIW; = EUCIW, + 0.1).

Scenario 2: Based on Scenario 1, EUCIW was increased by 0.1 again to improved the
water-saving degree (EUCIW, = EUCIW, + 0.2).

Scenario 3: Based on Scenario 2, EUCIW continued to increase by 0.1 to further
improved the water-saving degree (EUCIW3 = EUCIW, + 0.3).

2.3.4. Model Setup

Except the Qingyu river, all the other rivers are distributed at the edge of the irrigation
area. Irrigation mainly depends on the irrigation canal system. Thus, the irrigation canal
system was directly used to replace the natural water system, and then the irrigation area
was divided into 52 sub-basins by the DEM-based method (Figure 3a). According to the
distribution of land use classes, soil types and land slope, the 52 sub-basins were further
subdivided into 364 HRUs. Next, a distributed hydrological model was established for
JCID based on meteorological data and relevant irrigation data.

2.3.5. Model Calibration

Since there is no available hydrometric station in the study area, the calibration of
the SWAT model was performed by comparing the SWAT modeled evapotranspiration
(ETswart) with the actual evapotranspiration (ET,). In this paper, MOD16 was introduced
as ET,, which is the most common global scale ET dataset. It is based on energy balance
models and uses remote sensing data as the input. According to the regular arrangement
of the satellite orbit number and the location of the study area, the relevant satellite orbit
numbers (h26v05 and h27v05) were selected and downloaded online (http://files.ntsg.umt.
edu/data/NTSG_Products/MOD16/, 21 December 2020) from 2001 to 2010 on a monthly
scale. ET, was further extracted from MOD16 products and summarized in each sub-basin
using ARCGIS (developed by Environmental Systems Research Institute Inc., Redlands,
CA, USA).

The Sequential Uncertainty Fitting Algorithm (SUFI-2) is a frequently used and effec-
tive method for parameter calibration and uncertainty analysis [40,41]. SUFI-2 is based on
a stochastic procedure for drawing independent parameter sets using Latin Hypercube
sampling (LHS). A global sensitivity analysis based on the multiple regression method [42]
was implemented, in which parameter sensitivities are determined by numerous rounds
of LHS to obtain the most sensitive parameters by examining the resulting p-value and
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t-stat value. The t-stat provides a measure of sensitivity (larger values are more sensitive),
and the p-value determines the significance of the parameters (the smaller the value, the
more important the parameter). According to the theory of the SUFI-2 method, parameter
uncertainties are expressed as the 95% prediction uncertainty (95 PPU), which is calculated
at the 2.5% and 97.5% levels of the cumulative distribution of output variables through
Latin hypercube sampling [43]. Two indicators were used to quantify the fit between the
simulation result and observation value. One was the P-factor, which was the percentage of
the observed data enveloped by the modeling result. Another one was the T-factor, which
referred to the thickness of the 95PPU envelop. Theoretically, when the P-factor is 1, and
the R-factor is 0, the modeling result exactly corresponds to the measured data.

Among the various evaluation indicators allowed in SUFI-2, the correlation coefficient
(R?), percent bias index (PBIAS) and Nash-Sutcliffe coefficiency index (NSE) were selected.

The R? is the percent of variance explained by the model. It represents the percentage
of the variance in the measured data explained by the simulated data. R? is computed as
shown in Equation (2).

Lo o)M-M) )

i \/Z?:l (O; — 5)2\/2?:1 (M; — H)z

where M; and O; represent the ith simulated and observed ET, M and O represent the mean
value of the simulated and observed ET, and 7 is the total number of observations.

The PBIAS is the deviation of data being evaluated expressed as a percentage. It
measures the average tendency of the simulated data to be larger or smaller than the
observations [44]. Negative values indicate model overestimating and positive values
indicate model underestimating. It ranges from —oo to +oo, where low magnitude values
indicate better simulations. It is computed in percentage terms, as shown in Equation (3).

n . — 0
PBIAS = (W) x 100 (3)
i—1 Oi

R? @)

where M; and O; represent the ith simulated and observed ET, and # is the total number of
observations.

The NSE quantifies the relative magnitudes of the residual variance compared to the
measured data variance. It indicates how close the plots of the observed vs. the simulated
data are to the 1:1 line. NSE ranges from —oo to 1, and NSE of 1 represents the optimal
value. NSE is computed as shown in Equation (4).

Y11 (0 — M)

NSE=1- —
?zl(oi_o)

(4)

where M; and O; represent the ith simulated and observed ET, (@) represent the mean value
of the observed ET, and 7 is the total number of observations.

For R?, the best computed result can be obtained when it is 1. If R? is less than 1, the
closer it is to 1, the better the simulation is. The assessment standards of the other two
indicators [43,45] are described in Table 2.

Table 2. The assessment standards of PBIAS and NSE.

Simulation Result Absolute Value of PBIAS NSE
Very good IPBIAS| <10% NSE > 0.75
Good 10% < IPBIAS| < 15% 0.65 < NSE < 0.75
Satisfactory 15% < IPBIAS| < 25% 0.50 < NSE < 0.65

Unsatisfactory |PBIAS| > 25% NSE < 0.50
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The calibration and validation of the SWAT in this study were performed by using the
SWAT Calibration Uncertainty Procedures (SWAT-CUP) which combine the SUFI-2 with
the SWAT [46]. For the calibration period, the model was run using meteorological data
from 2001 to 2005 as the input, while the validation was conducted from 2006 to 2010.

During the model calibration, five iterations with 500 simulations each were per-
formed. Based on the previous studies, 16 calibrated parameters were chosen [32,47,48],
shown in Table 3. SOL_Z, SOL_AWC, SOL_BD, SOL_K and GWQMN were direct influenc-
ing factors of soil moisture change. CANMX, GW_REVAP, REVAPMN, ESCO, ESPO and
SOL_ALB affected ET directly. Other parameters, including CN2, SURLAG, OV_N and AL-
PHA_BEF, were selected because of their influences on the surface-subsurface hydrological
processes and on the water availability for ET.

Table 3. Sensitivity rank and calibrated parameters with their optimal value of the SWAT model.

Parameter Name *

Physical Meaning t-Stat p-Value Fitted Value

Threshold depth of water in the shallow aquifer

V_GWQMN.gw required for return flow to occur (mm) 5.00 0.00 2675
V_CANMX hru Maximum canopy storage (mm) 3.39 0.00 51.50
V_REVAPMN.gw  1hreshold depf?egi ;"a:(e)rolif;e( i‘;l)low aquifer for 333 0.00 122.50
V_GW_DELAY.gw Groundwater delay (days) 3.32 0.00 127.50
V_SURLAG.bsn Surface runoff lag time (days) 3.04 0.00 22.48
V_GW_REVAPgw Groundwater “revap” coefficient 2.61 0.01 0.06
V_ALPHA_BFE.gw Baseflow alpha factor (days) 211 0.04 0.66
V_EPCO.hru Plant uptake compensation factor 1.33 0.19 0.65
R_SOL_Z.sol Depth from soil surface to bottom of layer (mm) —0.56 0.58 —0.24
R_SOL_K.sol Saturated hydraulic conductivity (mm/h) 0.49 0.62 0.02
R_SOL_ALB.sol Moist soil albedo 0.38 0.70 0.28
R_SOL_AWC.sol Available water capacity of the soil layer (mm/mm) 0.35 0.72 —0.20
V_OV_N.hru Manning’s “n” value for overland flow 0.30 0.77 28.35
R_CN2.mgt SCS runoff curve number for moisture condition 2 0.24 0.81 -0.14
R_SOL_BD:.sol Moist bulk density (g/cm?) 0.23 0.82 0.48
V_ESCO.hru Soil evaporation compensation factor 0.15 0.88 0.51

(* The r parameter value is multiplied by 1 + a given value, and the v parameter value is replaced by a value from the given range).

3. Results and Discussion
3.1. Calibration and Validation Results

Table 3 shows the selected SWAT parameters in the calibration process and their
sensitivity statistics. According to the result of the sensitivity analysis, GWQMN was the
most sensitive parameter for ET. This indicates that soil water content is the most important
impact factor of the ET simulation for the SWAT model of JCID. It can be seen from Table 3
that CANMX, REVAPMN, GW_DELAY, SURLAG, GW_REVAP, ALPHA_BF and EPCO
were more sensitive than the remaining parameters. CANMX and EPCO affected the
simulation of ET by affecting evapotranspiration of plants. REVAPMN, GW_DELAY,
GW_REVAP and ALPHA_BF were among the sensitive parameters indicating that the
estimation of ET is affected by sub-surface hydrological process in JCID. SURLAG and
ALPHA_BF were included in these parameters, revealing that surface hydrological process
is also an important impact factor to ET in our study area.

Figure 5 shows the spatial distribution of subbasin scale R?, NSE, and PBIAS during
the calibration and validation period, respectively.
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Figure 5. Performance metrics (R?, NSE, and PBIAS) result of SWAT during the calibration period (left) and the validation

period (right).

During the calibration period, R? ranged from 0.64 to 0.96 and the sub-basins with R?
value greater than 0.80 accounted for nearly 70% of the total 52 sub-basins. NSE ranged
from 0.33 to 0.95, and the sub-basins with NSE value of more than 0.65 accounted for 90%.
PBIAS yielded from —24% to 18%, and a | PBIAS| value of less than 25% accounted for
90%. In all, a model performance R? > 0.8, NSE > 0.65 and PBIAS < +25% was achieved in
nearly 70% of the 52 sub-basins.

During the validation period, R? ranged from 0.71 to 0.95 and the sub-basins with
R? value greater than 0.80 accounted for more than 67% of the total 52 sub-basins. NSE
ranged from 0.30 to 0.95, and the sub-basins with NSE value of more than 0.65 accounted
for nearly 85%. PBIAS yielded from —26% to 32%, and a | PBIAS| value of less than 25%
accounted for 92%. In total, a model performance R? > 0.8, NSE > 0.65 and PBIAS < +25%
was achieved in more than 67% of the 52 sub-basins.

The overall result of the model performance for the entire study area was satisfactory
judging by the R?, NSE and PBIAS metrics in both the calibration and validation period.

Figure 6 shows the statistical indicators of the effect of the simulated average ET of
the total 52 sub-basins during 2001 to 2010. The remote sensing-based calibration yielded
acceptable NSE ranging from 0.82 for calibration and 0.77 for validation. R? for calibration
and validation was 0.83 and 0.81, while PBIAS ranged from —0.3% to —6.83%.
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Figure 6. Comparison between simulated evapotranspiration (ETswat) and the actual evapotranspiration (ET,) based on

MOD16 during both calibration and validation periods.

Using the guidelines in Moriasi et al. (2007) [43] and Van Liew et al. (2007) [45] for
evaluating the SWAT model performance at a monthly time step, the PBIAS values showed
a satisfactory model performance (PBIAS < £25) in the calibration/validation period. The
negative PBIAS obtained in the calibration/validation of the SWAT model using the ET
from MOD16 indicated a tendency for the SWAT model to overestimate monthly ET, or the
MOD16 algorithm to underestimate the ET of the study area. The negative PBIAS result
obtained using MOD16 for calibrating agrees with previous studies conducted in other
regions of China. Zhang et al. (2020) applied the data of monitored runoff and remote
sensing ET (MOD16) to calibrated the SWAT model in the Xixian basin located in the eastern
China, and found that the annual ET estimate derived by the MOD16 algorithm was 14%
less than the measured amount [49]. He et al. (2020) conduced accuracy verification and
spatiotemporal comparison of three global high-resolution ET products (PML_V2, MOD16
and SSEBop_V4) in North China and found that the MOD16 product underestimated the
ET of the study area [50]. From our results, it is agreed that the ET from MOD16 tends to
underestimate ET.

3.2. Impacts of Water-Saving Irrigation on Hydrological Cycle Components
3.2.1. Annual Average Scale

According to the simulation results with the SWAT for JCID under various EUCIW
values, the corresponding annual average values of SURQ, ET and PERC are shown in
Figure 7a. In order to further analyze the degree of changes in every component, the annual
average percentage changes in every component were calculated as shown in Figure 7b.
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Figure 7. (a) The annual average values and (b) the annual average percentage of the hydrological
cycle components in three scenarios from 2001 to 2010.

SURQ decreased gradually with the improvement of the water-saving degree. From
Figure 7, the SURQ changed from 1.43 x 108 m3 to 1.25 x 10 m>® when the EUCIW
increased by 0.1 to 0.3. The SURQ values decreased by 4.13%, 8.37% and 12.08% with
the improvement of the water-saving degree. Similar results were also reported by Ah-
madzadeh et al. (2016) [51]. They assessed the streamflow that joined Lake Urmia in the
Zarrineh Rud catchment after water-saving measures and observed a slightly decreased
annual streamflow.

In contrast to the simulation results of SURQ, PERC increased gradually with the
improvement of the water-saving degree. The PERC changed from 1.12 x 10® m3 to
1.24 x 108 m3 and the values increased by 3.67%, 7.59% and 11.19% with the improvement
of the water-saving degree. This was mainly caused by the increment of the water applied
to the soil root zone through increasing EUCIW, which is beneficial to water infiltration but
unfavorable to water confluence on the surface. The increase in the percolation results in
an increase in the recharge to groundwater. In other words, the implementation of water-
saving irrigation measures increased the groundwater recharge, which is consistent with the
findings of Dai et al. (2013) [52]. According to their research, the increase in the irrigation
water use coefficient is very effective in alleviating the falling of the groundwater level.

The ET changed from 5.45 x 108 m3 to 5.51 x 10® m® and the annual average percent-
ages of increase in ET under different scenarios were 0.43%, 0.84% and 1.18%, respectively.
ET increased gradually with the improvement of the water-saving degree. Compared the
simulation results of SURQ and PERC, the change in ET was not obvious, the reason for
which was that the evaporation in the irrigation area is more affected by meteorological
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factors. The increase in EUCIW just affected the evaporation loss in the process of irrigation
water transportation. Similar results were also reported by Ahmadzadeh et al. (2016) [51].
They simulated a slight increase in ET in the Zarrineh Rud catchment after water-saving
measures. Clemmens and Allen (2005) also noted that some irrigation improvement tech-
niques may not conserve water on a regional basis since ET of irrigated fields is normally
not reduced and may actually be increased by improved uniformity and more careful
control of water application [53].

The changes in each component of the hydrological cycle under various EUCIW on
sub-basin scale are shown in Figure 8.
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Figure 8. The spatial variations of (a—c) the annual average surface runoff (SURQ), (d—f) actual evapotranspiration (ET) and

(g—i) percolation (PERC) in three scenarios respectively.

In Figure 8a,c, the decreased amounts of SURQ were between 0 and 53.81 x 10* m® when
EUCIW increased by 0.1. The values of that changed from between 0 and 107.38 x 10* m?
to between 0 and 155.06 x 10* m3 when EUCIW increased by 0.2 and 0.3. The decrease
in SURQ became more obvious with the improvement of the water-saving degree. In
Figure 8d,{, the increased amounts of ET were between 0 and 3.40 x 10* m3 when EUCIW
increased by 0.1. The values of that changed from between 0 and 6.34 x 10* m? to between
0 and 8.71 x 10* m® when EUCIW increased by 0.2 and 0.3. The change in ET was not
as obvious as that in SURQ. In Figure 8g,i, the increased amounts of PERC were between
0 and 20.49 x 10* m® when EUCIW increased by 0.1. The values of that changed from
between 0 and 41.94 x 10* m3 to between 0 and 63.02 x 10* m® when EUCIW increased
by 0.2 and 0.3. The increase in PERC became more evident with the improvement of the
water-saving degree.

Combining the results and analysis on the whole irrigation area scale, it could be
found that the change rules of every component on the sub-basin scale were same as those
on the whole irrigation area scale. That is to say, the results are correct and universally
applicable for the scenarios of increasing EUCIW.
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In addition, it is clearly evident from Figure 8 that the variation values of every
component in the east regions were generally greater the those in the west regions. All
of these results can provide a reference for the managers of irrigation systems to avoid
excessive improvement of the water-saving degree, which would lead to a large reduction
in surface runoff, causing insufficient surface irrigation water consumption or a substantial
increase in percolation, leading to a rise in the groundwater level, and thus increasing the
risk of eco-environmental degradation. Therefore, appropriate EUCIW should be carefully
considered in future studies.

3.2.2. Monthly Average Scale

According to the simulation results with the SWAT for JCID under various EUCIW
values, the corresponding average values of SURQ, ET and PERC in per month are shown
in Figure 9. In order to further analyze the degree of changes in every component, the
monthly average percentage changes in every component were calculated and are also
shown in Figure 9a.

4000 - 10%
a
@) OIEO o 0% -
BIEL &
3000 BIE2 @ —10%
F BIE3 S
£ g 20%
= 2000 A £ —30%1
g S 409 BIEl
D 2 —40%
2 s BIE2
1000 - g —50%:
g mIE3
B8 —60%]
0- ~70%
g O 5 B =» g2 = oo g5 oz 9 O B R > =5 9ag 2z 9
SES 25222883284 EESFEERZE82E
4.0%
10,0007
@
8000 5 3.0% A
[
o 2
5 6000 g
S 5 2.0% -
A\ o
— 4000 &
= 5
S 1.0%
2000 &
0 0.0% e—
e — - o) > = g 2 9
282552258854 E255523258%8%

Figure 9. Cont.
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Figure 9. (a) Monthly average values and percentage of increase or decrease in SURQ, ET and PERC under various values
of EUCIW, and (b) the ratio of IRR and PREC on monthly average scale in the study area.
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In general, the improvement of the water-saving degree caused a reduction in SURQ
and increase in ET and PERC, which was in agreement with the results on the annual
average scale. SURQ obviously changed between January to April and November to
December (spring and winter irrigation period), while the situation was not obvious from
June to August (summer irrigation period). In May, September and October, there was no
change. Similar results were found for ET and PERC.

To analyze the reason for the above situation, the ratio of irrigation water quantity
(IRR) and precipitation (PREC) in per month was calculated and shown in Figure 9b. It
can be seen that IRR was greater than PREC between January to March and November to
December. Although IRR was smaller than PREC in April, the ratio of IRR and PREC was
also as high as 0.74. In these months, the effect of IRR on the hydrological cycle system
was greater than the PREC, so the improvements to the water-saving degree had a great
impact on the hydrological cycle system. PREC began to increase significantly in June and
peaked in August. The amount of rainfall was much greater than that of irrigation during
this period, so the influence of increasing the water-saving degree on the hydrological
cycle system was not obvious. In May, September and October, there were no irrigation
water applied to the study area, so the hydrological cycle components had not changed in
these months.

That is to say, the effect of improving the water-saving degree on the hydrological
cycle system was mainly during spring and winter irrigation period, and the degree of that
on monthly scale depends on the amount of precipitation and irrigation.

3.2.3. Evaluation Impacts of Water Saving Irrigation on Hydrological Water Balance

To evaluate the impact of water-saving irrigation on the components of water balance
over the whole irrigation area, the calibrated SWAT model was executed for the period
of 2001-2010 for the current and water-saving irrigation scenarios. Figure 10 shows the
total value changes in the components of water balance at the whole study area for the
various EUCIW. As indicated in the figure, while the input to the irrigation area was PREC
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and IRR, the major output was ET, with the amount being about 50% of the total input.
The next most significant output was surface runoff. In the current situation (EUCIW)),
SURQ accounted for 14.02% of the total input volume, and the percentage of which were
13.44%, 12.85% and 12.33% in three scenarios. PERC was also an important output and its
total amount accounted for 10.99% of the total input in current situation, the percentage
values of which were 11.39%, 11.82% and 12.22% with the improvement of the water-saving
degree. That is to say that with the improvement of the water-saving degree, the proportion
of runoff in water balance decreased, while the proportion of percolation increased.
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Figure 10. The water balance of the irrigation area in the current and water-saving irrigation scenarios.

It also can be seen in Figure 10 that the change in soil water content decreased from
1.022 x 108 m3 (EUCIW)) to 0.996 x 108 m3 (EUCIW3) indicating that the input and output
of soil water tended to be balanced. This reveals that the improvement of the water-saving
degree plays a positive role in maintaining the sustainable development of water resources
in irrigated areas.

4. Conclusions

Water-saving irrigation measures have significantly affected the hydrological cycle in
irrigation areas. In this study, a SWAT model has been used to compute the water cycle
components (surface runoff, actual evapotranspiration and percolation) of Jinghui Canal
irrigated district from 2001 to 2010. Due to the lack of available hydrometric stations in the
study area, satellite-based ET datasets (MOD16) were introduced as actual evapotranspira-
tion to calibrate the SWAT model. Then, the water cycle components were simulated when
the EUCIW was added by 0.1, 0.2 and 0.3 to analyze the effect of water-saving irrigation on
the hydrological cycle. The major study findings include the following.

1. The overall result of the model performance for the entire study area was satisfactory
judging by the R?, NSE and PBIAS metrics in both the calibration and validation pe-
riod. It indicates that it is a good alternative method to introducing the satellite-based
ET datasets to calibrating the SWAT model when hydro-meteorological are missing.

2. Improving the EUCIW was helpful in decreasing SURQ but increasing PERC, while it
had no obvious effect on ET.
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3. The main inputs of the irrigation area were PREC and IRR, while the main output
was ET. The effect of the improvement of the water-saving degree on the hydrological
cycle system was mainly during the periods when IRR was greater than PREC.

4. With the improvement of the water-saving degree, more input water resources (in-
cluding PREC and IRR) were resupplied to groundwater through increasing PERC
and less were converted to SURQ. The decrease in the value of the change in soil water
content showed that the improvement of the water-saving degree plays a positive
role on maintaining the sustainable development of water resources in irrigated areas.

The findings above contribute to a better understanding of the suitability of using
freely available satellite-based actual evapotranspiration datasets in a sparsely gauged
region for calibration/validation of the SWAT model. Moreover, the results of this paper
are helpful in providing a reference for the managers of irrigation systems to avoid excessive
improvement of EUCIW, which would lead to a large reduction in surface runoff causing
insufficient surface irrigation water consumption or a substantial increase in percolation
leading to a rise in groundwater level, and thus increasing the risk of eco-environmental
degradation. Therefore, appropriate EUCIW should be carefully considered in future studies.
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