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Abstract: In-depth understanding and accurate simulation of hydrological processes are of great
significance for sustainable development and management of water resources. The study focused
on a semi-arid catchment, the upper Tang River catchment in northern China, and investigated
the performance of the RCCC-WBM model based on the detection results of trend, mutation, and
periodicity. Results show that (1) as a result of climate change and intensive human activities, the
observed runoff series after TFPW (trend-free pre-whiting) pretreatment presented a significant
downward trend with the mutation point in 1996; (2) the abrupt change of air temperature series
was also in 1996 with a significant rising trend, while the annual precipitation series exhibited an
insignificant declining trend with no obvious mutation during 1973-2014; (3) the precipitation and
runoff series had periodic variations roughly 7a multiples with the periodic oscillation strongest
around 14a, while the air temperature series showed only one dominant period of 28a; (4) the RCCC-
WBM model performed well in discharge simulation before the mutation year but gradually lost its
stability after 1996, which was mainly affected by anthropogenic activities. It is essential to accurately
identify the characteristics of hydrological elements and improve the applicability of hydrological
models in the changing environment in future studies.

Keywords: the upper Tang River catchment; interannual variability; wavelet analysis; the RCCC-
WBM model; human activities

1. Introduction

The evolution characteristics and laws of hydrometeorological series under the chang-
ing environment are an essential part of the “Panta Rhei—Everything Flows” project
(2013-2022) [1]. In recent years, climate change and human activities, such as water conser-
vancy projects, groundwater overexploitation, and urbanization construction, have not only
significantly altered the physical mechanism of hydrological cycle [2,3] but also brought
unprecedented challenges to the application of hydrological models [4,5]. Therefore, ac-
curately identifying the inconsistencies of hydrological series and selecting appropriate
hydrological models for runoff simulation are of scientific significance for sustainable
management and utilization of water resources in the catchment, especially in arid and
semi-arid water-deficient regions [6].

The inconsistencies of hydrological and meteorological series are mainly manifested
in trend, mutation, and periodicity. The trend test methods include Correlation Coefficient,
Mann-Kendall test, and Hurst Coefficient [7,8]. The mutation test methods are generally
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divided into parametric ones and non-parametric ones. The non-parametric methods are
more suitable for mutation test of hydrometeorological series since they are not disturbed
by a few outliers [9], mainly including Pettitt test, Mann—-Kendall test, and Spearman’s rho
test [10,11]. The periodicity test, wavelet analysis, variance analysis, and power spectrum
analysis are effective methods that have been commonly used [12]. It is worth noting
that the autocorrelation of the series should not be ignored in the analysis, otherwise the
accuracy of the detected characteristics will be affected [13]. As a typical de-trending
method, the trend-free pre-whiting (TFPW) has been widely applied in precipitation,
runoff, temperature, evaporation, and drought index [14-16]. Mallick et al. [17] used TFPW
and Mann-Kendall methods to explore annual rainfall variabilities and trends in Asir
region and provided planners and policymakers with a basis for decision-making on water
management. Liu et al. [18] combined the TFPW into an elasticity method to explore the
sensitivity of crop yields to climate variables and complemented existing linear models for
detecting the response of crop yields to climate change.

Hydrological models have been an essential tool for understanding water cycle pro-
cesses by simulating complex hydrological systems through mathematical methods and
played an important role in flow forecasting, water resources management, and climate
change impact analysis [19,20]. The simulation of the water cycle process in arid and
semi-arid regions has always been a hot issue in hydrological research. Previous studies
have shown that most hydrological models perform less well in arid and semi-arid regions
than in other climate regions due to frequent human activities and water shortage [21].
Zoccatelli et al. [22] characterized the conditions where models fail systematically in desert
areas of the eastern Mediterranean and presented an analysis of the model setting to
deepen the understanding of errors. Hosseini and Khaleghi [23] evaluated the SWAT model
performance of sediment flow simulations and investigated the model uncertainties for
arid and semi-arid catchments. So far, the application of hydrological models has mainly
focused on flow simulation in natural periods [24]. However, intensive human activities
not only destroy the consistency of hydrological elements [25] but also make the nonlinear
characteristics of surface yield and confluence more obvious [26], which brings a lot of
challenges and uncertainties to hydrological modeling, particularly in arid and semi-arid
regions [27].

Due to the limited water resources with uneven distribution, the fragile ecological
environment in arid and semi-arid regions is more sensitive to climate change and human
activities than in other regions [28,29]. Since the 1950s, the observed discharge in most
rivers of northern China has been decreasing, especially in the Haihe River, where the
contradiction between water supply and demand has become increasingly prominent [30].
The Haihe River is the largest water system in northern China with arable land and
population accounting for 8% and 10% of the country, respectively, but water resources
only account for 1.3% [31]. Bao et al. [32] investigated the independent driving effects of
four factors of air temperature, precipitation, underlying surface, and water withdrawal on
runoff reduction in the Haihe River basin, and found that anthropogenic impacts played a
dominant role in runoff decrease, accounting for 62%-68% of the total reduction, among
which water withdrawal was the most significant factor (about 55%).

The upper Tang River catchment, located in the middle of the Haihe River basin, was
chosen as the research object in this paper. The main objectives of this research are as follows:
(1) to systematically identify climate change in this study catchment and inconsistencies of
the observed runoff series under the changing environment; (2) to test the performance and
applicability of the RCCC-WBM model under the influence of human activities in semi-arid
regions; (3) to provide a scientific basis for sustainable management of water resources in
northern China by hydrological change detection and modeling.

2. Study Area and Data Sources

The Tang River is a significant part of the Haihe River system, being the upper source
of the Daqing River, with a total river length of 273 km and a drainage area of 4990 km?2. Tt
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originates from Qiangfeng Ridge and flows eastward to Baiyang Lake, crossing 10 cities
and counties in Hebei and Shanxi provinces. The Daomaguan hydrometric station (114°38’
E, 39°05' N), located in the upper reaches of the Tang River, is in the transitional zone
between plains and mountains, covering a drainage area of 2770 km?. The terrain of the
upper Tang River catchment is dominated by hills and mountains, with the altitude in the
northwest higher than that in the southeast. Figure 1 shows the terrain, river network, and
geographical location of the hydrometric station. The upper Tang River catchment is in
the temperate continental monsoon climate zone with an annual average temperature of
6.6 °C. The precipitation of the catchment manifests in an uneven distribution in time and
space (with the mean annual value of 520.0 mm), which can easily cause serious droughts
and devastating floods. There are no large-scale hydraulic projects in the upper reaches of
the Tang River. The main channel has base flow all year round, with an average annual
discharge of 5.0 m®/s. Agriculture plays an important role in this catchment, with main
crops including wheat, corn, and cotton.
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Figure 1. The terrain, river network, and geographical location of the hydrometric station in the
upper Tang River catchment.

We take the upper Tang River catchment gauged by the Daomaguan hydrometric
station in the Haihe River basin as the research object. The daily hydrological data during
1973-2014 were collected from hydrological yearbooks, the hydrometeorological data were
extracted from CMA (China Meteorological Administration), and the DEM elevation data
were collected from the ASTER GDEM data set.

3. Methodologies
3.1. Trend-Free Pre-Whiting

The trend-free pre-whiting (TFPW) is an effective method to eliminate the influence of
hydrological series trend on autocorrelation coefficient, which can effectively improve the
accuracy of the series mutation test [33]. To compute the TFPW of a series X;, (t=1,2, ...,
n; n is the length of the series), calculation formulas are as follows:

. (XX o
‘B: Med1an<],_i>,Vl < ] (1)

Yi=X;— Bt 2)
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Y/ =Yi—rYiq 3)
Y/ =Y+t (4)

where B is the linear trend of the series, Y; is the series after removing the trend, Y, is
the series after removing serial correlation, Y;” is the new series after TFPW, and r is the
first-order autocorrelation coefficient of Y;. What should be noted is that when r is small
enough, Y} can be considered as an independent series to be tested for mutations directly
without preprocessing.

3.2. Mann—Kendall Method

The MK (Mann-Kendall) method, proposed by Mann [34] and Kendall [35], is non-
parametric and has been extensively used in hydrological and meteorological series
tests [36]. The MK method is simple to calculate and can detect both sequence trends
and mutation points. The Mann-Kendall standardized statistic Zyx is defined to describe
the increase or decrease of the time series [37]. A positive value of Zyx means that the
series is trending upward, while a negative one represents a downward trend [38]. If Zy;x
is more than the significance level o = 5% (Zpygx > Z,/, = |£1.96]), then the trend in the
series is considered significant.

3.3. Pettitt Test

The Pettitt test is a non-parametric mutation test method proposed by Pettitt [39].
Assume that the hydrological series x; (i = 1, 2, ... , n) mutates at . Then take f as the
splitting point to segment the series into two parts. Its formulas are as follows:

n
Ui = U104+ Y _sgn(xi —x;)(t =2, 3,4, ,n) (5)
i=1

The statistic K;, corresponding to the possible mutation point ¢ is calculated by
Equation (6):
Kin = max|Upnl|, (1 <t <n) (6)

The significance level is defined by Equation (7):
_6K2

pr =2 expmnits )
n3 + n?

If p; < 0.05, then the mutation point is considered to be significant. It is worth noting
that this method has good accuracy in the single mutation point test, but it performs poorly
in the multi-mutation point test.

3.4. Sequential Cluster Test

The Sequential Cluster test is based on the sum of squared deviations between classes
to determine the mutation points [40]. For the hydrological series x; (i=1, 2, ... , n), take ¢
as the most likely mutation point to minimize the sum of squared deviations:

minSy(t) = min (Vi+Vy_)2<t<n-1 (8)
L 2
Vi=Y (xi—x) )
i=1
! 2
Vit = Z (xi _Ynft) (10)
i=t+1

where S;(t) is the sum of squared deviation, V; is the sum of squared deviation before t,
V-t is the sum of squared deviation after f, X; is the mean of series before t, and x,,_; is the
mean of series after t.
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3.5. Morlet Wavelet Analysis

The Morlet wavelet analysis can reveal various changes in the series and reflect the
changing trends of hydrometeorological data on different time scales [41]. Compared with
multi-time scale analysis methods, the wavelet analysis has a better balance in both time
and frequency domains. The Morlet wavelet formula is shown in Equation (11):

olt) =m~ ewote— 11
¥ 1/4 jiwgt ,—12/2

where ¢ is the wavelet function, wy is the dimensionless frequency, f is the time, i is the
serial number, 77 and e are constants.

3.6. RCCC-WBM Model

The RCCC-WBM model is a simplified large-scale model based on the water balance
principle, designed by the RCCC team of China (Research Center for Climate Change),
which has been applied for regional water resources assessment and runoff changes attri-
bution with good performance [42,43]. By inputting monthly meteorological data (precipi-
tation, temperature, and potential evaporation), the model estimates monthly stream flow
with four parameters describing the characteristics of surface flow (K;), underground flow
(Ky), snowmelt (Ks;,), and soil moisture content (Syax) [44]. The structure, as well as the
description of the RCCC-WBM model, is shown in Figure 2.

®

Rainfall/snow
separation

Surface flow H Rainfall ‘

Snowmelt X Snow .
driven runoff accumulation
v Actual

Base flow H Soil moisture (S) F evaporation

Model parameters:

P actual precipitation (mm) Ks  surface flow coefficient

T air temperature (°C) Kg  groundwater flow lag coefficient

E potential evapotranspiration (mm) Ksn snow-melt driven runoff coefficient
Q runoff (mm) Smax maximum soil moisture store (mm)

Figure 2. The structure and description of the RCCC-WBM model.

The normalized statistics such as NSE (Nash—Sutcliffe Efficiency) and RE (relative
error) are commonly used by researchers in evaluating the performance of hydrological
models [45,46]. When selecting NSE and RE as the objective functions for parameter
calibration, the closer the NSE is to 1 and RE to 0, the better the simulation results will
be [47]. The objective functions are calculated in Equations (12) and (13):

oY, (o - o)’

SE=1- .
EN (oot - o)

(12)

oo - v g
RE = N obs
X1 Qf

x 100% (13)
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where Q?bs is the observed discharge series (m3/s), Q?im is the simulated discharge series
(m3/s), ng,sg is the average value of the observed discharge series (m>/s), N is the length of
the discharge series (month), i is the serial number.

4. Results
4.1. Interannual and Seasonal Variations of Hydrometeorological Series in 1973-2014

The areal average temperature and precipitation over the upper Tang River catchment
during 1973-2014 are calculated based on the grid data set CN05.1 (0.25° x 0.25°) from
CMA. The interannual and seasonal variations of precipitation, air temperature, and runoff
series are presented in Figure 3. The MK trend test results of the three series are shown in
Table 1, in which the S (the slope coefficient) indicates the magnitude of the series change.

800 [ _e-precipitation -o-Temperature | 19 40 mmPrecipitation/mm 1 160
-@-Runoff/mm
5600 12 % -B-Temperature/°C 1 120
¥ £20 t
g g 3 =
E 98 & 2
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Time
©

Figure 3. The interannual (a,c) and seasonal (b) variations of precipitation (mm), temperature (°C),
and runoff (mm) series during 1973-2014 in the upper Tang River catchment.

Table 1. Trend test results of annual precipitation, temperature, and runoff during 1973-2014.

Series S Trend VAYi% Significance
Precipitation —0.479 mm/year + —-0.1734 No
Temperature +0.028 °C/year T 3.8364 Yes

Runoff —1.431 mm/year J —4.4433 Yes

Figure 3 and Table 1 indicate that the downward trend of the observed runoff series
from 1973 to 2014 was significant with a linear rate of —14.31 mm/10 year. The interannual
variations of runoff series varied widely, with the maximum value being five times the
minimum one. There was also an insignificant downward trend in the annual precipitation
series (a linear rate of —4.79 mm/10 year) in the upper Tang River catchment, while the
upward trend in the air temperature series was significant with a linear rate of +0.28 °C/10
year. The annual precipitation ranged from 345 mm to 680 mm during 1973-2014, with
a difference of more than 50% between maximum and minimum values. The maximum
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runoff and precipitation both occurred in 1988. The trend analysis revealed that the
decrease in precipitation might be the main climate factor of runoff reduction, which would
be accelerated by the warmer air temperature. The seasonal variations showed that the
distributions of runoff and precipitation in the upper Tang River catchment were extremely
uneven, with 78% of precipitation and 53% of runoff concentrating in the flood season
(from June to September). Both precipitation and temperature reached their maximum
values in July, while runoff reached its maximum value in August due to the effects of
environmental delay.

4.2. Mutation Test of Hydrometeorological Series in 1973-2014

The first-order autocorrelation coefficients of precipitation, air temperature, and runoff
series are 0.083, 0.205, and 0.312, respectively, with only the runoff series reaching the
significance level (o« =0.05, ro = 0.304). Therefore, the TFPW method is applied to the ob-
served runoff series to obtain a new detrended series, Runoff TFPW. Next, abrupt changes
in precipitation, air temperature, and runoff series with and without TFPW pretreatment
are detected by Mann-Kendall, Pettitt, and Sequential Cluster methods to reduce the
uncertainty caused by single mutation test. The results of different mutation tests are
summarized in Table 2.

Table 2. Mutation test results of annual precipitation, temperature, and runoff during 1973-2014.

Series Mann-Kendall Pettitt Sequential Cluster
Precipitation 1977,2013 1979 1973
Temperature 1993 1996 1996

Runoff 1992, 1996 1997 1996

Runoff TFPW 1996 1996 1996

Table 2 shows that the test results of abrupt changes in annual precipitation series
were different by various mutation test methods in the study period. Combining the abrupt
changes and long-time variations in precipitation series, it was judged that there was no
obvious mutation year of precipitation in the upper Tang River catchment. Both 1993
and 1996 might be the mutation years of the annual temperature series according to the
mutation test results, while the jump amount around 1996 (+0.84 °C) was higher than that
around 1993 (+0.81 °C), so the abrupt change in the air temperature series was determined
as 1996. The TFPW method had a certain correction effect on mutation detection of the
observed runoff series. Before removing autocorrelation, the results of the original runoff
series by various mutation test methods were not consistent and the abrupt changes could
not be judged intuitively. After the removal of autocorrelation by the TFPW method, the
abrupt change of runoff TFPW series unified in 1996. Thus, 1996 was the mutation year in
the hydrological and meteorological series of the upper Tang River catchment.

In order to explore the changes in hydrometeorological characteristics before and after
the mutation year, the hydrological and meteorological series are divided by 1996, and
changes in precipitation, air temperature, and runoff series are summarized in Table 3.
Relationships between precipitation and runoff on monthly and annual scales before and
after 1996 are shown in Figure 4.

Table 3. Relative changes in precipitation, temperature, and runoff before and after 1996.

Series 1973-1996 1996-2014 Relative Change/%
Precipitation/mm 518.0 484.7 —64
Temperature/°C 6.18 7.02 +13.6

Runoff/mm 73.3 38.1 —48.0
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Figure 4. Relationships between precipitation (mm) and runoff (mm) on monthly and annual scales.
(a) monthly scale; (b) annual scale.

Figure 4 and Table 3 show that after the mutation year, the annual precipitation and
observed runoff decreased by 6.4% and 48%, respectively, while the annual air temperature
increased by 12.9%. The correlations between precipitation and runoff reduced significantly
after the mutation year both on monthly (0.45-0.57) and annual (0.24-0.74) scales. The
precipitation-runoff scattered points moved downward with time, indicating that the runoff
generated by similar precipitation continued to decrease. The results showed that precipi-
tation might be the main factor affecting early runoff series in this study catchment. While
it came to the later stage, with the intensification of anthropic impacts, e.g., underlying
surface changes and groundwater exploitation, the sensitivity of runoff to precipitation
gradually decreased in the upper Tang River catchment.

4.3. Periodicity Analysis of Hydrometeorological Series in 1973-2014

Morlet wavelet is a useful tool for the periodicity analysis of hydrological series. It can
decompose the sequence and extract the period to reflect variations and trends. Therefore,
the Morlet wavelet is applied to the periodicity analysis of precipitation, air temperature,
and runoff series. The real part distribution and variance of the Morlet wavelet are shown
in Figure 5.

Figure 5 indicates that the annual precipitation in the upper Tang River catchment
had periodic characteristics of 7a multiples (7a, 14a, and 21a), with periodic oscillation
strongest around 14a and 21a. The annual air temperature exhibited one dominant period
of 28a and three sub-dominant periods of 7a, 14a, and 18a. The annual observed runoff had
periodic changes on the scales of 8a, 14a, and 21a, among which 14a was the most significant
period, followed by 21a and 8a. The periodic changes of precipitation and runoff series
were generally consistent, reflecting the influence of precipitation on runoff. The periodic
characteristics of the precipitation and temperature series were all-time, while the periods
of the runoff series mainly manifested before 1996. After 1996, periodic characteristics on
the other two scales gradually disappeared, leaving only the periodic feature of 14a. The
periodicity analysis results of the runoff series were consistent with the abrupt changes in
mutation tests. Compared with the irregularity of runoff periodicity, the periodic changes
in precipitation and temperature series were more stable.
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Figure 5. The real part distribution and variance of Morlet wavelet for precipitation (a,b), temperature

(c,d), and runoff (e f) series.

4.4. Hydrological Modeling for Stream Flow in 1973-2014

According to the detection results of the hydrological series in the upper Tang River
catchment, the mutation year 1996 is taken as the demarcation point. Before and after
1996, calibration periods and verification periods were selected to investigate hydrological
process simulations, respectively. The monthly simulation results of the RCCC-WBM model

are presented in Table 4 and Figure 6.

Table 4. Simulated results of the RCCC-WBM model for monthly discharge in the upper Tang River

catchment.
Before 1996 After 1996
Statistics Calibration Period Verification Period Calibration Period Verification Period
(1973-1988) (1989-1996) (1997-2008) (2009-2014)
NSE 0.74 0.72 0.33 —0.24
RE —1.24% —1.32% —1.12% 21.29%




Water 2022, 14, 1267

10 of 15

90 i —Q _observed
E - - Q_simulated
A60 i Calibration Verification
E
930
| . Mo ,u
0 ' L ‘ll I :‘ el | 1
1973/01 1976/10 1980/07 1984/04 1988/01 1991/10 1995/07
Time
20 E —Q observed
E - - Q_simulated
15 Calibration E Verification
' )
E10
o
5
0 1 1 1 |I 1 1
1997/01 1999/12 2002/11 2005/10 2008/09 2011/08 2014/07

Time

Figure 6. Monthly observed and simulated discharge (m?/s) before and after 1996 in the upper Tang
River catchment.

Table 4 and Figure 6 show that the RCCC-WBM model had a good simulation per-
formance before 1996 in the upper Tang River catchment, with well-fitted observed and
simulated discharge since human activities had limited influence on the hydrological cycle.
The NSEs both reached 0.70 with calibration period 0.74 and verification period 0.72, and
the REs were both controlled within +3% with calibration period —1.24% and verification
period —1.32%, which fully demonstrated the applicability and stability of the RCCC-WBM
model during the natural period in this catchment. However, the simulation results were
not satisfactory after 1996 with NSE less than 0.35 in the calibration period and even nega-
tive in the verification period, but it could still reflect the variations of monthly discharge.
The occurrence time of simulated peaks corresponded with the observed ones only in the
calibration period before 1996. Next, a time lag between simulated and observed peaks oc-
curred near 1989. The simulated peaks are sometimes significantly lower than the observed
ones, which mainly concentrate in flood seasons. For example, the observed discharge
in August 1979 is twice the simulated one, and the observed discharge in July 2000 is
four times the simulated one. This is mainly because the upper Tang River catchment is
located in a semi-arid area with a dry climate and low soil moisture. As a result, the main
mechanism of runoff generation is excess infiltration [48]. When rainfall duration is very
short and intensity varies greatly, the RCCC-WBM model, as a monthly water balance
model, can accurately control water balance, but cannot reflect high-intensity precipitation
processes, resulting in larger errors in simulated peaks. After the mutation year (1996),
the influence of meteorological factors on the runoff series gradually weakens and the
response of runoff to precipitation is complicated by human activities (e.g., groundwater
exploitation and agricultural irrigation), resulting in a lower observed discharge compared
to the simulated one. For example, the simulated discharge in July 2013 is three times the
observed one. Improving the simulation accuracy of hydrological models during periods
with intensive human activities in semi-arid regions needs more basic data and remains a
challenge to be addressed in the future.
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5. Discussion

Previous studies have indicated that the flows of rivers in northern China have de-
creased to a varying extent due to human activities and climate change in the past 50 years,
with the Haihe River being one of the most significant rivers [49-51], which is consistent
with the conclusions of this paper. Anthropic impacts are the main driving factors for the
decrease and mutation of runoff series in northern rivers [52,53]. Meanwhile, variations
in precipitation dominate runoff fluctuations, while temperature affects runoff series by
changing evaporation [54,55].

The rainfall-runoff process is a comprehensive process affected by many factors,
and its formation and evolution are concentrated manifestations of the dual influence of
nature and human beings [56]. The main factors affecting runoff fluctuations in northern
China are human activities, including water and soil conservation projects, exploitation of
groundwater, as well as land cover and use changes [57]. The only large-scale hydraulic
project in the Tang River catchment, the Xidayang reservoir, is located downstream of the
Daomaguan hydrometric station, and there are no other large water retention structures
in the upper Tang River catchment. The catchment is dominated by agriculture and
spans two typical industrial cities, Baoding in Hebei province and Datong in Shanxi
Province, which is dominated by manufacturing and coal industry, respectively. The
farmland is mainly distributed along the river system, so human activities such as water
withdrawal for irrigation are frequent. According to statistics, agricultural water in Datong
accounts for about 54% of the total water consumption. In some years, such as 2011, the
water consumption in Datong (604 million m3) is greater than the total water resources
(546 million m®). The contradiction between water supply and demand in Baoding is more
prominent. The agricultural water has been about 2.8 billion m? since 2000, while the total
annual water resources in Baoding is only about 2.0 billion m3, which can barely meet
the agricultural water demand in some wet years. Agricultural and industrial production
requires a large amount of water, but the water resources quantity in the upper Tang River
catchment cannot be self-sufficient, so groundwater overexploitation in this area is very
common. Most of the groundwater in this catchment is concentrated in river channels of
the mountain tributaries, which gives groundwater exploitation good mining conditions
and low exploitation costs. The total area of groundwater overexploitation in Datong is
506 km? (the serious overexploitation area is 163 km?), and the accumulated exploitation of
groundwater is more than 2.1 billion m3. The groundwater exploitation of Baoding in 2016
is 2.35 billion m3, while the water resources were only 1.57 billion m3 and the exploitation
degree of Baoding is 150%. The overexploitation of groundwater leads to a continuous
decline in groundwater level and an increase in precipitation infiltration recharge, which is
the main reason for runoff reduction in the upper Tang River catchment.

According to the characteristics of the hydrological series in the upper Tang River
catchment, the land use data for 1980, 1995, and 2015 are selected to analyze the land-use
changes in this area. Figure 7 shows the grassland in the upper Tang River catchment
accounts for the largest proportion, about 47.0%, followed by forest and farmland, account-
ing for 27.0% and 22.6%, respectively. The water body and urban and rural construction
land are both less than 3%. The land use of the catchment remained unchanged during
1980-1995, but the influence of human activities gradually increased from 1995 to 2015,
with the area of farmland decreasing by 18.3 km?, water body decreasing by 1.1 km?, and
urban and rural construction land increasing by 20.3 km?. Urbanization and farmland
expansion have aggravated water supply pressure in this catchment, resulting in further
reduction of the observed runoff series.



Water 2022, 14, 1267

12 0f 15

2015

1995

1980

0 20 40 60 80 100 (%)
farmland [/ forest s grassland [N water  [JJll construction

Figure 7. The proportion of land use in the upper Tang River catchment (%).

The eastern route of China’s South-to-North Water Diversion Project transports the
water resources of the Yangtze River to northern China, which is the largest water diversion
project in the world [58]. It can guarantee the ecological flow and improve the situation
of water shortage in northern China, but it cannot fundamentally solve the problem of
disharmony between economic development and water resources in the Haihe River
basin [59]. In recent years, water resources management and water ecological security
in the Haihe River basin have gradually received attention, and a series of regulations
have been promulgated to address issues such as groundwater overexploitation and water
withdrawal for irrigation. At present, the Haihe River basin implements the strictest
management system for water resources, which puts forwards requirements on the total
water consumption, water use efficiency, and effective utilization coefficient of agricultural
water to realize the sustainable use of water resources and support economic and social
development in the basin.

6. Conclusions

The analysis of trend, mutation, and periodicity of hydrological series is an active
field in statistics, as well as an ongoing concern in hydrology. The annual runoff and
precipitation series of the upper Tang River catchment declined at the rate of —0.479 mm/
year and —1.431 mm/year, while the upward trend in the annual average temperature
series was significant with a linear rate of +0.028 °C/year. The distributions of precipitation
and runoff were extremely uneven, mainly concentrated in flood seasons (June-September).
Temperature and precipitation reached their maximum in July, while runoff reached its
maximum in August.

According to the results of various mutation test methods, there was no obvious abrupt
change in the precipitation series, and the mutation point of the temperature and runoff
series was 1996 for both. Compared with the original series, the runoff series processed
by the TFPW method had more unified detection results, and the mutation year was in
agreement with Morlet periodicity analysis. Periodicity results of precipitation and runoff
series were consistent in the upper Tang River catchment, with periodic changes about
7a multiples (7-8a, 14a, and 21a) and periodic oscillation strongest around 14a. Annual
temperature exhibited one dominant period of 28a and three sub-dominant periods.

The RCCC-WBM model performed well for stream flow simulations before the mu-
tation year in the upper Tang River catchment, with the NSEs reaching 0.70 and the REs
controlled within £3%. After the mutation year, although the model could still reflect the
variations of monthly discharge, the observed flow decreased significantly and the simula-
tion accuracy was not satisfactory due to the influence of anthropogenic activities. Water
withdrawal and groundwater exploitation were the main reasons for runoff reduction in
this catchment, which is further aggravated by land-use changes such as urbanization and
farmland expansion.

The consistency of hydrological series in semi-arid areas has been destroyed under
the changing environment, which puts forward higher requirements for the plasticity and
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adaptation of hydrological models. How to quantify the impacts of these changes on runoff
by using hydrological models will be enhanced in further studies.
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