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Abstract: In order to systematically analyze the impacts of climate change and human activities on
runoff, this paper takes the Zhanghe River Basin, which is greatly affected by human activities, as
the research object, constructs an attribution analysis model of runoff changes based on historical
data and the SWAT (Soil and Water Assessment Tool) model. The results show that the runoff of the
watershed has significantly decreased in the past 60 years, in which the contribution rate of climate
change is 36.2% and that of human activities is 63.8%. Among the climate change factors, precipitation
is the main contributing factor and canal diversion is the main contributing factor among human
activities. In addition, with the decrease in precipitation during the flood season and the increase in
the crop planting area in the catchment, the distribution of canal water diversion has also changed,
and the water consumption of summer crops has gradually become the main factor affecting canal
water diversion.

Keywords: climate change; human activities; water resources; canal diversion

1. Introduction

Water is a basic resource in nature on the one hand, and an important strategic resource
in human society on the other [1]. In the context of climate change, regional water issues
are starting to become more prominent [2,3]. River runoff is an important component of
water resource systems and an important expression of surface water resources. Over
the past decades, river runoff has changed significantly around the world due to various
factors [4-10]. The changes in river runoff are mainly influenced by both climate change
and human activities, and distinguishing and defining the contribution of both and the
main components is not only a requirement for a scientific understanding of the impact of
environmental changes on runoff processes but is also of great importance for the planning
and management of future water resources [11-13].

The Haihe River basin is one of the most severely reduced river runoff rivers in north-
ern China. Runoff changes and attribution analysis in this watershed have been studied
from different perspectives. Yang examined the mutation points and runoff trends in eight
sub-basins of the Haihe River Basin and analyzed the relationship between agricultural
water use and runoff changes [14] and Bin developed the Runoff Landscape Index (RLI) to
assess the influence of watershed landscape factors on surface runoff [15]. Wang analyzed
the sensitivity of the runoff to climate variability and land use change in a typical sub-basin
of the Haihe River Basin and quantified the impact rate of precipitation and subsurface
change [16]. Zhang divided the catchments of different sub-basins of the Haihe River basin
into three groups by area and used stepwise regression and path analysis to obtain the
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dominant factors affecting the runoff at different scales [17]. Zhang used the SWAT model
to simulate the runoff process in the Haihe River basin under different subsurface scenarios
and explored the main factors of variability [18]. Li quantified the non-stationarity of runoff
frequencies in the Luan River basin of the Haihe sub-basin using a generalized additive
model combining location, scale and shape (GAMLSS) and a downscaling model [19].
However, the above studies are limited to an analysis of the overall impact of climate
change and human activities, and there is a lack of analysis of the impact of engineering
facilities in the watershed, among other factors.

The SWAT model, as a common distributed hydrological model in the field of hydrol-
ogy, has a wide range of applications in simulating historical runoff and reducing runoff
under different scenarios. Luan used the SWAT model to calculate the field-scale water
footprint of the river-loop irrigation area in China and explored the spatial heterogeneity
of the crop water footprint [19]. Viviane verified the reduction in the SWAT model for
the operation of the Furnas Hydroelectric Power Plant (HPP) reservoir in the Rio Grande
basin [20]. Aznarez used the SWAT model in conjunction with CMIP5 data to analyze the
response relationships between natural hazard protection, erosion control, water supply,
and flow regulation [21]. Meshesha extended the SWAT module to predict groundwater
quality [22]. The application of the above SWAT model fully demonstrates its reliability as
a runoff reduction and simulation tool, which can be used for runoff reduction in changing
environments and runoff simulation applications in specific contexts.

The analysis of agricultural water use in watersheds has been a popular issue in the
field of water resources research, and scholars have analyzed the water demand and water
allocation in agriculture from different perspectives. For example, Qi analyzed the impact
of climate change on the carrying capacity of agricultural water resources by the cross-
wavelet method and the Pearson correlation analysis, and studied the impact of wheat,
soybean and rice planting ratio on water resources [23]. Hoshiyar analyzed the water
allocation in the northern irrigation areas of Iran and made recommendations to improve
the overall performance of the canal [24]. Dai studied the effect of water allocation on the
quality of agricultural water supply and the extent of canal water utilization in the People’s
Victory Canal Irrigation District (PVCID) in the lower Yellow River, China, and proposed a
compensation scheme for the adverse effects of agricultural water transfer [25]. Nishida
quantified the resistance to water flow in the path from the tillage layer to the drainage
channel through the aging subsurface drainage system of clayey paddy fields [26]. Yousaf
analyzed the existing irrigation management system in Pakistan using a combination
of remote sensing and GIS to calculate the crop water deficit and the crop water deficit
period [27]. From the above studies, it can be seen that it is always necessary to use
hydrological models and remote sensing data to analyze the results, which shows that the
analysis of water allocation and agricultural water consumption in agricultural areas by
means of models and GIS is a more effective research tool.

The above studies have analyzed agricultural water use from different perspectives
using various models and methods, but the quantitative analysis process of basin runoff
changes and the analysis of major canals in the basin are generally missing. Based on the
problems and current situation, this paper selects the Zhanghe River basin, where human
activities have been more significant in recent decades, as the research object, and mainly
explores the following aspects: (1) SWAT model for runoff reduction in the Zhanghe River
basin; (2) the contribution of climate change and human activities to runoff changes in the
Zhanghe River basin; (3) water diversion distribution and water diversion changes in the
main canal in the basin and (4) climate change and canal diversion in response to the crop
cultivation tendency in the basin.

2. Materials and Methods
2.1. Study Area

The Zhanghe River (Figure 1) belongs to the southwestern tributary of China’s Haihe
River Basin, located between 112°16' E~114°16' E, 35°50" N~37°33’ N, with a total length
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of 460 km, a basin area of 18,200 km?, an average annual precipitation of 565.9 mm and
an average annual runoff of 11.05 x 108 m®. As the topography of the basin is high in the
northwest and low in the southeast, the water flow is also oriented from the northwest
to the southeast. The Zhanghe River basin is also one of the more water scarce areas in
China [28], with a dense population and developed agriculture, and the exploitation of
water resources in the basin has far exceeded the carrying capacity of water resources. The
total diversion capacity of the Honggqi canal, the Yuejin canal, the Dayuefeng canal and the
Xiaoyuefeng canal in the basin is 105 m3/s. Since 1996, the base flow of the river has been
less than 5 m3/s. Moreover, due to the uneven distribution of water resources and water
use in the basin, the inter-regional water use problems are prominent, and it is one of the
areas where water conflicts occur frequently in China.

112°E 113%E 114°E

T T T

37°N

Legend
— River
36°N  DEM
High : 2219
= 012525 50 75 100
Low : 146 : O e Kilometers

Figure 1. Location map of the study area.

2.2. Geospatial Data

Digital elevation model (DEM), land use data (LUCC), and soil data are the main
geospatial data sets for SWAT model inputs. Among them, DEM data are the products of
the 90 m elevation DEM dataset published by STRM (https://srtm.csi.cgiar.org/srtmdata/,
accessed on 1 January 2022). The land use data were obtained from the Chinese land use
status dataset published by the Institute of Geographical Sciences and Resources, Chinese
Academy of Sciences (https:/ /www.resdc.cn/data.aspx, accessed on 1 January 2022). Soil
data are from the Harmonized World Soil Database (HWSD) constructed by the Food
and Agriculture Organization of the United Nations (FAO) and the International Institute
of Applied Systems (IIASA), Vienna, which has been released in version 1.2 with a data
resolution of 1 km and the adopted soil classification system of FAO-90.

2.3. Hydro-Meteorological Datasets

The daily precipitation data and the daily maximum and minimum temperatures used
in the study are ground station data provided by the National Meteorological Center of
China (http://data.cma.cn, accessed on 1 January 2021). The flow data of Guantai station
is from 1951 to 2010, and the discharge data of the four irrigation canals in the basin is from
1995 to 2010. The above data are provided by the local hydrological department, and the
data are complete without missing measurements, all site information is shown in Table 1
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Compared with the previous research results of the basin [29], the quality of the data can
be guaranteed.

Table 1. The hydrological and meteorological station information used in this paper.

Station Name Starting Time Type Time Scale
. Hydrological stations& .

Guantai 1951 Meteorological stations daily
Shexian 1950 Meteorological stations daily
Liujiazhuang 1953 Meteorological stations daily
Kuangmenkou 1953 Meteorological stations daily
Tiangiaoduan 1958 Meteorological stations daily
Yincheng 1952 Meteorological stations daily
Changzi 1953 Meteorological stations daily
Guxian 1953 Meteorological stations daily
Shipan 1953 Meteorological stations daily
Quandian 1953 Meteorological stations daily
Panlong 1953 Meteorological stations daily
Xihandan 1952 Meteorological stations daily
Shiliang 1952 Meteorological stations daily
Hengling 1951 Meteorological stations daily
Xiajiaozhang 1952 Meteorological stations daily

2.4. Mann—Kendall Mutation Test

The Mann-Kendall mutation detection method [30] is a nonparametric statistical test
with the following details:

(1) Let the original time series be y1, y2, y3, ... , yn, with mi denoting the cumulative
number of samples yi greater than yj (1 <j < i) for the ith sample, and define the statistics:

k
dk:Zmi,(ngg n) 1)
i=1

(2) Under the assumption of the random independence of the original series, the mean
and variance of dy are:
E(d,) =k(k —1)/4 2

var(dy) = k(k — 1)(2k+5)/72 3)
(3) Normalizing the dy can obtain UFk as:

di — E(d})

UFy =
: var(d,)

4)

(4) UFy forms a UF curve, and a reliability test can be used to determine whether there
is a significant trend.

(5) Introducing this method to the inverse series, another curve UB is calculated and
the intersection of the two curves in the confidence interval is determined as the mutation
point.

(6) Given a significance level a = 0.05, the critical value of the statistic UF and UB
is £1.96. If UF > 0, it indicates an upward trend in the series, and vice versa indicates a
downward trend, and if UF exceeds the critical value, it indicates a significant upward or
downward trend.

2.5. Runoff Attribution Analysis Method

For a hydrological sequence, the causes of its runoff changes are diverse, and in
terms of broad categories, they are generally divided into two aspects: changes in which
climate change is the influencing factor and changes in which human activities are the
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main influencing factor. The influence of climate change is mainly concentrated in the
production stage, which mainly affects the amount of water resources that the basin obtains
from the natural water cycle; the influence of human activities is mainly concentrated after
the confluence stage, which mainly affects the amount of water stored and transported in
the basin [30].

Based on the above theoretical analysis, the core steps of the attribution analysis of
runoff changes can be divided into the following steps: (1) The hydrological sequence
is divided by identifying the natural period of runoff as well as the mutation point of
the human-influenced period. (2) Using the mutation point as the boundary, the natural
runoff after the mutation point is simulated by the hydrological model, and then the
natural runoff after the cut-off point without human influence is obtained. (3) The natural
runoff is compared with the measured runoff, and appropriate methods and variables are
selected to distinguish between climatic and anthropogenic factors. The attribution method
of the runoff change is combined with the simulation results of the hydrological model,
i.e., the time point of the sudden change in the natural runoff series can be used as the
boundary, the mean values of the simulated runoff and measured runoff before and after
the sudden change point can be deduced, the change in the measured runoff is used as the
total change in runoff, the change in the simulated runoff is used as the change caused by
climate change and the difference between the two is used as the change caused by human
activities. Finally, the total amount of runoff change is used as the benchmark to deduce
the contribution of the two influencing factors. The two components are calculated as:

AQ =Q,—-Qy ®)
AQc: Qn - Qc (6)
AQp= Qp — Q. )
_AQ,
We = A0 8)
A
W= S )

where the mean value of runoff before the mutation point is Q,, the mean value of the
simulated runoff after the mutation point is Q., the actual runoff is Qy,, the degree of change
in the mean value due to climate change is AQc, the contribution rate is W, the degree of
change in the mean value due to human activities is AQy, and the contribution rate is Wy,.

2.6. SWAT Model

The SWAT (Soil and Water Assessment Tool) model was developed by Dr. Jeff Arnold
of the USDA Agricultural Research Center in 1994 [31]. It has been refined and developed
in several versions since then, and is widely used in the United States, Canada, Australia,
European countries and some Asian countries and regions. It has been widely used in the
United States, Canada, Australia, Europe and parts of Asia. The SWAT model is widely
used at home and abroad because of its ability to consider a variety of influencing factors
such as climate, land use and hydraulic engineering, to predict hydrology, water quality,
nutrients, sediment and other elements and because its source code is open source, users can
improve the model according to their actual needs. The simulation of hydrological process
by the SWAT model can be divided into two main parts: the land surface hydrological
model circulation module and the confluence calculation. The land surface hydrological
cycle mainly includes precipitation, evaporation, surface runoff, seepage and groundwater.
The calculation part of the confluence mainly includes the hydrological cycle process of
water flowing into and out of the river basin. During the simulation process, the SWAT
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model is based on the water balance principle of the river basin. The water balance equation
used in the SWAT model is as follows:

SW;=SW, + Z (Rday — Qqurf — Ex — Wseep - ng) (10)

where SW; is the final soil water content (mm), SW,, is the initial soil water content (mm),
Ryay is the precipitation, Qg is the surface runoff, Ey is the evapotranspiration, Wieep is
the percolation and Qg is the amount of return flow (in millimeters on a daily basis).
Based on the application basis of the SWAT model in the Haihe River basin [32-35], the
SWAT model was also selected for the hydrological simulation in the two typical basins of
this study. Moreover, the coefficient of determination(R?) and the Nash-Sutcliffe efficiency
coefficient (NSE) were selected as the criteria to evaluate the simulation effect of the model.
These two coefficients are often used to evaluate the simulation effect of the hydrological

model.
SSE

2_ 4 _
R=1 SSR + SSE (11)
T 2
L (Qf —Qk)
NSE=1-%L  ° (12)

—

—\2
£(Q-Q)

where SSE is the sum of squares for error, SSR is the sum of squares for regression, Q, is the
observed data series, Qy, is the simulate data and Q,! is the observed data value at time t.

According to the above theoretical basis of the research and the research methods,
combined with the characteristics of the research area, the flow chart of this paper is as
Figure 2.

Data preparation and preprocessing

Geospatial data | Hydro-meteorological datasets
‘ DEM ‘ Flow data precipitation data
, MK l | )
‘ Soil data Mutation test temperature data ‘

‘ Landuse data ‘ Determine mutation time Flow data before ‘

the mutation ponit

) 4 ) 4

SWAT simulation

Parameter calibration Model validation Process simulation

4 \ 4

Runoff Attribution Analysis

Impacts of temperature and
precipitation changes Comprehensive analysis
of runoff change in the
basin

Climate change factors ——»

Influence of canal diversion works

an activity factors ————»
Human activity factors at different stages

Figure 2. Flow chart of this paper.

3. Results
3.1. Mutation Test Result

The change of the outlet flow of the basin can reflect the change of the overall water
conveyance capacity of the basin [36]. It can be seen from Figure 3a that the runoff of the
basin has shown a significant downward trend in the past 60 years. The Mann-Kendall
catastrophe test and trend analysis were carried out on the time runoff series of the Guantai
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station at the outlet of the Zhanghe River Basin. The results are shown in Figure 3b. It can
be seen that the catastrophe occurred between 1973 and 1974. In order to further analyze
whether the runoff state of the watershed before and after the abrupt change point had
changed, the monthly average flow before and after the abrupt change point (Figure 3c)
and the correlation between rainfall and runoff (Figure 3d) were compared and analyzed.
The results show that the precipitation after the mutation point showed a significant
decline compared with that before the abrupt change point, especially in the flood season
(June—October) of the watershed. At the same time, due to the large-scale development of
agriculture in the watershed, the remaining water volume of the river canal was reduced,
and the correlation between rainfall and runoff in the basin also changed significantly.
Therefore, combined with the previous studies of scholars and the construction time of
canals in the basin, it can be concluded that the mutation point in the Zhanghe River Basin
was in 1974.
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Figure 3. Mutation point test of the meteorological and hydrological elements. (a). Time series
variation of Guantai runoff; (b). Mann-Kendall mutation test result of Guantai runoff; (c). Change in
mean runoff before and after the mutation point; (d). Changes in rainfall runoff correlation before
and after the mutation point.

3.2. Runoff Simulation

After determining the time point of the sudden change in the runoff in the basin, the
model can be used to simulate and restore the runoff sequence before the mutation point
in order to find the parameter set applicable to the basin [37,38]. In this paper, after a
sensitivity analysis of the parameters, 10 parameters were selected as calibration objects.
In the Zhanghe River basin, due to the frequent human activities, the relative degree of
vegetation cover is low, and the catchment and sink processes of simulated runoff are
mainly influenced by the groundwater process and soil water content, so the parameters
selected were mostly soil water parameters and groundwater process parameters.

Table 2 indicates that the initial SCS runoff curve number for moisture condition II
value (CN2), the baseflow alpha-factor (ALPHA_BF) and the baseflow alpha factor for
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bank storage (ALPHA_BNK) are among the most sensitive parameters for streamflow;
these parameters improved the model simulations in terms of infiltration rate [39], land use
and soil moisture status, and baseflow response to recharge changes, respectively. For the
ground water delay (GW_DELAY) and the threshold depth of water in the shallow aquifer
required for return flow to occur (GWQMN), these two parameters were corrected for
the production and sink processes from a groundwater perspective [40]. The parameters
of saturated hydraulic conductivity (SOL_K), available water capacity of the soil layer
(SOL_AWC) and moist bulk density (SOL_BD) changed the simulation results in terms
of soil water supply [41]. Soil evaporation compensation factor (ESCO) and average
slope length (SLSUBBSN) were corrected for the slope of the lower bedding surface and
evaporation on runoff from the perspective of HRU [42].

Table 2. The parameter calibration results of Guantai.

Parameter Ranges Calibration Value

r_ CN2.mgt —0.2-0.2 —0.083
v__ALPHA_BF.gw 0-1 0.600
v__GW_DELAY.gw 0-500 85.118

v_GWQMN.gw 0-5000 608.789
v__ESCO.hru 0-1 0.635
v__ALPHA_BNK rte 0-1 0.551
v__SOL_AWC.sol 0-1 0.671

v__SOL_K.sol 0-2000 173.191
v__SOL_BD.sol 0.9-2.5 1.308

v__SLSUBBSN.hru 10-150 101.439

Combined with the sensitivity of the parameters, the runoff state before the mutation
point was simulated and reduced using the SWAT model, and the results are shown in
Figure 4. From the performance of the SWAT model, most of the months in the calibration
period of Guantai Station were close to the measured value, the NSE result was 0.75, R?
was 0.75, and the overall performance was good, but in the process of flood period in
1954, 1956 and 1963, the simulated value was smaller than the measured flow, and in the
flood period of 1958 and 1960, the simulated value was higher than the measured flow.In
a comprehensive view, the simulated average value of the calibration period is slightly.
The relative error between the simulated and measured mean values was 6.8%. In the
validation period, the NSE results improved to 0.85 and R? improved to 0.88. Compared
with the foreseeing period, the simulation effect in the flood period improved significantly
compared with the foreseeing period due to the reduced storm time in the validation period.
Combining the simulation results of the two periods, it can be seen that the SWAT model
can better restore the runoff time series of the Zhanghe River basin before the abrupt change
point, and the parameter set obtained from the rate determination had good applicability
in this basin.

3.3. Runoff Attribution Analysis

Based on the parameter results obtained from SWAT, the runoff data after the abrupt
change point of runoff can be simulated, and combined with the impact evaluation model,
the runoff process under a single climate change condition and the corresponding propor-
tion of the impact of runoff change, as well as the proportion of the impact of runoff change
under the shaved climate change, can be obtained [43]. The results of the impact evaluation
model are shown in Figure 5. It can be seen that the impact of climate change accounted for
36.2% and the impact of human activities accounted for 63.8% in the past 60 years, and the
synergistic effect of both caused the average flow in the Zhanghe River basin to decrease
by 38.62 m®/s, with a decrease of 80.5%.
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Figure 5. Runoff attribution analysis result.

Among the effects of climate change on runoff processes, changes in precipitation, tem-
perature and evaporation are among the key factors influencing basin flow [40]. The
changes in precipitation and temperature before and after the mutation point in the
Zhanghe River basin are shown in Figure 6. After analyzing the mean values of monthly
precipitation before and after the mutation point, it can be seen that the precipitation from
June to September, which was the main contribution to the basin water, had a significant
decrease of 41.5%, and the total precipitation decreased by 25.8%, and combined with the
influence of climate change factors in the runoff attribution analysis, we can conclude that
the change of precipitation was the main meteorological factor affecting the change in the
runoff. Meanwhile, from the evaporation results simulated by the model and the maximum
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and minimum temperatures between the mutation point, the average increase in maxi-
mum temperature after the mutation point was 0.45 °C, the average increase in minimum
temperature was 0.9 °C and the average annual evaporation change was 3.81%. From
the variation in average evaporation, the range of monthly average evaporation variation
was 2.4-12.7%, with the most significant variation in evaporation in November—February,
which was similar to the variation in the maximum and minimum temperature. For the
total evapotranspiration change, the difference in evapotranspiration before and after the
mutation point was only 15.41 mm/year, and its influence on runoff was relatively slight
compared with the change in the flow and precipitation before and after the mutation point.
From the results of changes in the three elements and runoff, it is clear that changes in
rainfall have a more significant effect on runoff than changes in temperature. The results
show that climate change is not the cause of the abrupt change of runoff in the Zhanghe
River basin. This also verifies the result that climate factors do not account for much in the
runoff attribution.
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Figure 6. Change in precipitation and temperature before and after the mutation point.

In recent decades, due to the development of agriculture and production needs, several
water conservancy facilities have been built in the Zhanghe River basin, combined with the
presence of a large number of canals and croplands in the basin, so that the canal diversion
is the main contributor to the part of human activity that occupies the main impact factor.
From the perspective of water diversion and irrigation area, the four irrigation canals with
the largest water diversions in the basin are the Dayuefeng canal, the Xiaoyuefeng canal,
the Yuejin canal and the Hongqi canal. In order to systematically analyze the proportion
of canal drinking water to the reduction in basin runoff, this paper used the time series of
runoff and four major canal diversions from 1995 to 2010 as the research object to analyze
the runoff change factors of human activities. From the total amount of water diverted by
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the canals each year and the percentage of the total amount of water shown in Table 3, it
can be seen that since 1995, the average percentage of water diverted from the canal was
63.39%. Except for a very few years when the canal diversion was less than 50%, for most
of the years the four main canals were above 60% of the water diversion and some years
the water diversion was up to more than 85%. From the results of the model simulation,
the multi-year average flow after the abrupt change point under the influence of a single
climate model was 33.954 m3/s, but only the average flow in 1995was higher than this
value after deducting the influence of various factors such as canal diversions.

Table 3. Total annual diversions of the canals.

Year Total Diversion Flow Remaining Flow Diversion Ratio
1995 14.21 47.02 23.20%
1996 15.43 7.62 66.94%
1997 14.39 5.51 72.31%
1998 12.20 3.29 78.76%
1999 8.91 4.46 66.64%
2000 10.05 9.55 51.28%
2001 14.71 6.34 69.88%
2002 17.18 249 40.83%
2003 19.39 18.69 50.92%
2004 25.02 10.68 70.08%
2005 20.86 13.13 61.37%
2006 27.54 12.33 69.07%
2007 28.50 9.95 74.12%
2008 20.75 3.71 84.83%
2009 10.69 5.08 67.79%
2010 16.032 8.164 66.26%

From the interannual variation of canal diversions, the variation in the diversions
of the four main irrigation canals can be divided into two stages: 1995-2001 as the first
period, when the annual average canal diversion was 12.84 m3/s, and after 2002 as the
second period, when the annual average canal diversion was 20.57 m?3/s, an increase of
60%. Comparing the average monthly canal diversions of the two phases (Figure 7), it
can be seen that after the second phase in 2002, the diversions of the four main canals
increased, with the most significant changes in the Dayuefeng canal, with a 68.82% increase
in monthly average canal diversions, a 57% increase in the Honggqi canal, a 50% increase in
the Xiaoyuefeng canal and a 21.32% increase in the Yuejin canal. Changes in water use in
the aqueducts also reflect the changes in the arable land area and changes in major crop
types in the watershed. Combining the changes in land use in the basin over the two
periods, agricultural land increased by 37.78% and grassland decreased by 25.85%, while
urban land increased by 42.86%. Considering that farmland and grassland are the most
important land use types in the Zhanghe River basin, the change in canal water use due to
agricultural development is the root cause of the change in export flow for the Zhanghe
River basin.

Maize and wheat are the most important summer and fall/ winter crops in the basin
and nearby irrigation areas. These two crops are grown in rotation, so the monthly water
use changes in each canal can be roughly judged from the changes in water use for different
crops in the irrigation areas. For Dayuefeng canal, water use in this canal rose by 86.4%
during the maize growing period and by 56.9% during the wheat growing period. The
water use in the Xiaoyuefeng canal rose by 67.27% during the maize growing period and
by 32.4% during the wheat growing period, similar to the performance of Dayuefeng canal.
The water use in the Honggi canal rose by 58.18% during the maize growing period and by
60.19% during the wheat growing period, suggesting that water use in the basin gradually
tilted towards wheat cultivation. Moreover, the water use in the Yuejin canal did not change
much before and after, mainly shifting from water use in the fall and winter seasons to
water use in the spring and summer seasons, which basically corresponded to the sowing
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time of maize, indicating that the farmland involved in the canal experienced a change in
the major crops. From the change in the monthly water consumption in the four canals,
except for the Hongqi canal irrigation area, the tendency of irrigation in the remaining
three regions is to use water for corn cultivation.

(a) - (b)
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* I e I e - B rciodt [ Perio2

Runoffim'/s)
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- B reiod [ Perion @ B reiodt [ period

Runoflim/s)

Runoffim'/s)

[

Jan  Feb  Mar  Apr May  Jun  Jul Aug  Sep  Oct Nov  Dec Jan  Feb  Mar  Apr May Jun  Jul Aug  Sep Ot Nov  Dec

Month Month

Figure 7. Changes in average monthly diversions for two periods in the four canals. (a). Dayuefeng
canal; (b). Xiaoyuefeng canal; (c). Honggi canal; (d). Yuejin canal.

From the geographical location and irrigation area of the four canals in the Zhanghe
River Basin, the Dayuefeng and Xiaoyuefeng canals mainly provide irrigation water for
Hebei Province, while the Yuejin and Honggqi canals mainly provide irrigation water for
Henan Province. Moreover, from the change of interannual water diversions in the two
periods, the proportion of water used in Hebei Province increased from 36.48% to 47.67%,
the proportion of water used in Henan Province increased from 19.37% to 23.07% and the
remaining water resources in Shanxi Province decreased from 44.14% to 29.26% (Figure 8)
Hebei Province’s water demand has risen to twice that of Henan Province.

Remaining flow

60% —— Period 1
—e— Period 2
40%;

Yuejin canel Dayuefeng canel

=

Honggi canel Xiaoyuefeng canel

Figure 8. Radar map of water use changes in two periods.
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4. Discussion

From the changes in the water use ratio for different crop cultivation periods, the
water use in each canal increased in the second stage because the overall flow in the basin
was higher in that stage, but the water allocation for wheat in both stages was maintained
at the same ratio, which shows that there was no major change in the wheat cultivation area
and water demand. In terms of water allocation ratio during the maize planting period,
there is an obvious difference between the two stages, of which the change of Dayuefeng
canal is the most obvious. From the point of view of water diversion, the monthly average
water diversion during the second stage of Dayuefeng canal increased by 4.32 m®/s and
the total water resources occupancy increased from 20% to 33.5%. For the Xiaoyuefeng
canal, the monthly average water diversion increased by 1.28 m3/s and the total water
resources occupancy increased from 8.8% to 13.2%. The diversion volume of the Honggqi
canal increased by 1.93 m?/s, the total water resources occupancy increased from 14.1% to
19.6% and the diversion volume of the Yuejin canal increased by 0.73 m3/s, with the total
occupancy of the water resources increasing from 5.3% to 7.3%. Combining the change
of water diversion ratio in the two stages and the change in the overall runoff in the
catchment, it can be seen that the change of water diversion in the catchment gradually
changed from winter food mainly consisting of wheat to summer crops mainly consisting
of corn. According to the annual water consumption change of canal in two stages, the
change in the land use area and irrigation area of each irrigation canal, the increase in the
summer crop water consumption mainly based on corn was the main reason for the change
of water diversion of each canal in the catchment, and the change of water consumption of
this crop was mainly based on the increase in planting water demand in Hebei Province.

Current research on the attribution of runoff change and water consumption change in
the catchment area has mainly focused on the following aspects: attribution identification of
different influencing factors, including an attribution analysis of the dominant factors such
as the climate [44,45], the underlying surface [46], and human activities [47] and an analysis
of the impact of synergies between different elements. Besides an attribution analysis
of the influencing factors of runoff change, the main causes of runoff change affected by
different factors and the allocation of water resources after runoff change should also be
the focus of researchers, especially in areas where human activities account for a large
proportion. For watersheds with large irrigation needs, a consideration of the impact of
different crops on runoff changes and changes in the water requirements of different crops
can adequately design the future distribution of water resources in the watershed [48]. For
areas with urban and industrial water intake, an analysis of water demand of different
industries at different times is also important for future urban planning and design [49].
Compared with the traditional runoff analysis in the past, this paper not only analyzed the
difference between the change of water requirement and area of two main food crops, but
also identified the change in the planting structure in the catchment by using the change in
the canal diversion and irrigation time of the main crops in the catchment. This method of
analyzing the change in the water consumption structure in the catchment based on the
change of water consumption in different time and fields has a certain reference value for
the attribution analysis of runoff in other catchments. It has certain significance and value
for the follow-up water resource allocation and for decision makers to make policies.

5. Conclusions

Based on the SWAT model to simulate and restore the historical runoff series of the
Zhanghe River basin, and combined with the runoff change analysis model with canal
water use data to study the causes of runoff changes in the basin, we can now draw the
following conclusions:

(1) Under the influence of both climate change and human activities, the runoff volume
in the Zhanghe River basin has decreased significantly. The average flow change
in the basin before and after the abrupt change point was 38.62 m3/s. The analysis
results of the SWAT model simulation and the runoff reversion model showed that the
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percentage of runoff change caused by climate change in the basin was 36.2%, while
the percentage of runoff change under the influence of human activities was 63.8%.

(2) The main influencing factor of meteorological elements is the change in precipitation.
For this watershed, the decrease in flood precipitation was the main climatic factor,
which also led to more canal diversions for the irrigation of summer crops. Among
the influencing factors of human activities, agricultural production is the main target
of water consumption in Zhanghe River Basin, with an average water consumption
ratio of 63.39%.

(3) It can be seen that the dominant factor of canal diversions is gradually changing
from the water supply of wheat-based winter cereals to the water supply of maize-
based summer crops, and the overall water diversions have risen with the growth
of agricultural land and the rise of river runoff. Moreover, from the ratios between
different canal diversions and their irrigation areas, irrigation water for summer crops
in Hebei Province has gradually become one of the dominant factors affecting the
overall outflow of the basin.
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