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Abstract. The analysis of spatiotemporal characteristics for groundwater depth can provide a theoretical
basis for comprehensive management of groundwater and sustainable development of ecology and
environment. The paper investigated the changing patterns of groundwater depth, and further explored the
linear and nonlinear relationships between groundwater depth and four potential influencing factors using
grey relational analysis and wavelet coherence during 2000-2017. The multiple linear regression and
Random Forest (RF) models were proposed to predict the groundwater depth. Taking Xingtai city on the
North China Plain as an example, the results indicate that: (1) The groundwater depth in a shallow aquifer
has deepened significantly after 2006, and decreased from northwest to southeast. A clear upward trend
was detected in the southeast region of the study area. (2) The change of groundwater depth is related to
the consumption during agricultural irrigation period and the supply of heavy rainfall during flood season,
and the deepest groundwater depth was detected in June. (3) The cross-correlation analysis demonstrated
that main influencing factors of groundwater depth are precipitation and temperature. (4) The comparison
between actual value and prediction value indicated that the RF model has better accuracy in predicting
the groundwater depth than the multiple linear regression model.

Keywords: groundwater comprehensive treatment, spatial and temporal variability, non-parametric
Mann-Kendall test, grey relational analysis, wavelet coherence, random forest model

Introduction

Groundwater is one of important sources of water for humans, especially in the arid
and semi-arid areas (e.g., Algeria, Australia, China, Egypt, and Western United States)
where water resources are insufficient, or the surface water is heavily polluted, due to
serious ecological and environmental issues. Water for human life, agricultural
irrigation and industrial activities mainly depends on the exploitation of groundwater
resources (Alley et al., 2002; Oki et al., 2006; Wada et al., 2012). Globally, the
groundwater accounts for 29.9% of all global freshwater resources (Shiklomanov, 2000;
Li and Qian, 2018) and the shortages of water resource have become one of the most
important challenges to humankind (Robertson and Sharp, 2013; Wang et al., 2016).
Water resources problems are common throughout China (Jiang, 2009), especially, the
North China Plain (NCP), which has serious groundwater problems including the
overexploitation of groundwater or the groundwater pollution. The NCP is the biggest
plain of China, and its aquifer system extends about 122,000 km?, supporting over 11%
of China’s population and 14% of arable land (Pang et al., 2020). The groundwater has
provided more than 70% of the NCP’s total water supply, which can support

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6605-6622.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1805_66056622
© 2020, ALOKI Kft., Budapest, Hungary


mailto:jrenggui@163.com;

Cao et al.: Spatiotemporal characteristics of groundwater depth in Xingtai city on the North China Plain: Changing patterns, causes
and prediction
- 6606 -

agricultural irrigation, daily life, and economic development (Liu et al., 2011).
However, the overexploitation of groundwater has accelerated since 1970s, and NCP
has gradually become one of the most groundwater over-pumped zones around the
world, with a long belt along the Beijing-Shijiazhuang-Xingtai area (Shah et al., 2003;
Zhang and Li, 2013). The groundwater depth has declined more than 10-60 m in 40% of
the entire NCP (Zheng et al.,, 2010). To avoid the problem of groundwater
overexploitation, the government has already taken action to reduce groundwater
consumption and adopt measures to adjust agricultural planting structure. For more
scientific and effective management, it is important to analyze the changing patterns and
causes of groundwater depth. The spatiotemporal evolution of groundwater systems is
affected by many factors, including both natural and man-made factors, such as
meteorological and hydrological conditions, geological environment, economic
development, industrialization, and urbanization. VVarious measures have been taken to
change the balance between groundwater consumption and supply. The analysis of the
changes and causes of groundwater depth under the multiple influencing factors are thus
of great significance for sustainable development of groundwater resources.

Many previous studies have focused on the changes of groundwater depth, to explore
the ecological environment of groundwater resources, and to find a sustainable
development path (Ebraheem et al.,, 2004). Generally, the studies on the
spatial-temporal characteristics of groundwater depth have mainly combined with
mathematical models. E.g., Manap et al. (2014) drew a map of groundwater potential in
the Langat Basin, Malaysia based on probabilistic-based frequency ratio model (FR),
and analyzed the spatial relationships between groundwater depth and various
hydrological elements. The results indicated that FR model is a high precision way to
validate the groundwater potential map (Manap et al., 2014). Naghibi et al. (2016) used
the boosted regression tree (BRT), classification and regression tree (CART), and
Random Forest (RF) models in conjunction with GIS to draw a groundwater potential
mapping, and evaluated the simulation accuracy of the three models. The results
showed that the BRT model produced the best prediction value in predicting locations
of springs (Naghibi et al., 2016). With the development of urbanization, the impact of
climate change and human life on groundwater continues to aggravate. Research
scholars focus on the analysis of impact on groundwater changes from both natural
factors and human activities. Green et al. (2011) proposed exploring the relationship
between groundwater systems and climate change from two aspects: groundwater
quality and groundwater volume (Green et al., 2011). Vidal et al. (2000) analyzed the
spatiotemporal characteristics of groundwater chemical composition from the
perspective of groundwater quality (Vidal et al., 2000). In addition, the groundwater
system environment is complicated, and analyzing the potential influencing factors of
groundwater is an important research direction. The RF model has been proved to be
useful in discovering potential influence factors and predicting target value, and it can
improve the prediction accuracy without a significant increased calculation. Iverson et
al. (2008) used RF model to draw groundwater potential maps (GPMs), proving that the
model is an effective method for drawing GPMs (lverson et al., 2008).

The objectives of this study include: (1) To analyze the characteristics of
groundwater depth from aspects of inter-annual, intra-annual, depth variation and
spatial distribution. The non-parametric Mann-Kendall test is used to analyze the
temporal and spatial trends and the catastrophe point of groundwater depth. (2) To
further reveal the physical mechanism behind the changes of groundwater depth and its
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influencing factors, this paper explored the spatiotemporal characteristics of
groundwater depth and relationships between several main influencing factors. The grey
relational analysis and wavelet coherence are used to analyze the main influencing
factors and their potential relationships. The multiple linear regression and RF models
are used to predict the groundwater depth using the influencing factors as predictors,
and the accuracy of two models are further compared. (3) To investigate the
characteristics and causes of groundwater depth change, taking Xingtai city on the
North China Plain as an example, which should be of great significance to coordinate
the development of groundwater resources and maintain the stability of the water
ecology.

Material and methods
Study area

The NCP is located in the middle part of the North China, and it refers to the region
bordered to the north of the Yanshan Mountains, and west of the Taihang Mountains, to
the south by the Yellow River, and to the northeast by the Bohai Gulf (Zhang et al.,
2003). The NCP includes all the plains of the northern parts of Shandong and Henan
Provinces, Beijing Municipality, Tianjin Municipality and Hebei province. Xingtai city
is located at the central and southern part of Hebei province, and the surface water
resources are scarce and groundwater is serious overexploited (Li et al., 2005; Sun et
al., 2010). Figure 1 shows the locations of the study area and spatial distribution of the
groundwater monitoring stations.

Hebei Province N

Shallow monitoring area

Figure 1. Study area and locations of groundwater monitoring stations in the shallow aquifer of
Xingtai city, China

Xingtai city is located between the longitude of 113°52' - 115°49" E and the latitude
of 36°50" - 37°47" N. It has a total of 18 counties and cities with a total area of
12,456 km?, of which the plain area is 8911 km? and the mountain area is 3545 km?.
Xingtai city has a temperate continental monsoon climate. The average temperature is
about 13.1°C, and the precipitation is about 470 mm per year which rainfall is
concentrated in summer. The types of groundwater mainly include confined water and
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phreatic water. The confined water is generally below 100 m and is hard to mine. The
groundwater in the shallow aquifer is the main source of agricultural and domestic
water. This study mainly focuses on the groundwater in the shallow aquifer. Xingtai city
is located in the transition zone from the mountain area to the plain area. The shallow
groundwater monitoring stations are distributed in the eastern plain, including the water
resources area of Luxi Plain, Heilonggang District, and Luxi District.

Data collection

The groundwater depth data were obtained from the Hydrological and Water
Resources Survey Bureau of Xingtai city, Hebei province. The groundwater depth data
from 41 monitoring stations in the plain area of Xingtai city during 2000-2017 were
obtained to analyze the groundwater depth characteristics of the shallow aquifer. The
Shapefile of the study area was downloaded from the Global Aviation Data
Management (GADM) at https://gadm.org/download_country_v3.html to analyze the
spatial distribution of groundwater depth using ArcGIS. The nature factors that might
affect the groundwater depth such as precipitation, temperature, and evapotranspiration
(ET) data from nine counties were used in the study. These data are obtained from
Xingtai city meteorological bureau. The Gross Domestic Product (GDP) of Xingtai city
was selected as the artificial factor affecting the depth of groundwater, which collected
from the statistical yearbook of Xingtai city for the period of 2000-2017.

Research methodology

Non-parametric Mann-Kendall test

The trends of groundwater depth for 41 monitoring stations were analyzed using the
non-parametric Mann-Kendall test method from 2000 to 2017. The Kendall’s S is
calculated using Equation 1.

. 1, if(x;—x)>0

S=2 2s0n(x=x)  sgn(x; —x) =10, if(x;-x)=0p (Eq.1)
o 1, i (x,—%,) <0

where n is the length of X, in this experiment, n=18.
The standardized Z statistic is provided in Equation 2 (Shadmani et al., 2012; Jiang
et al., 2015; Jiang et al.,2020).

oS-l if S>0
JVar(s)
Z= 0 , if S=0 (Eq.2)
S+l it S<0
1/Var(S)

The formula is normal distribution. Var(S) is the variance of statistic S. The positive
values of Z indicate increasing trends of groundwater depth, negative values for
decreasing trends, and Z=0 is stationary. The null-hypothesis at « significance level
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will be rejected if |Z|>Zl_a,2, indicating statistically significant trends. Two

significance levels of 10% and 5% are used in this paper to provide trends of
groundwater depth, which corresponding the |Z| is greater than 1.64 and 1.96.

Wavelet coherence

The wavelet analysis is used to reveal the nonlinear relationship between
groundwater depth and its influencing factors. The wavelet coherence (WTC) is to
detect regions with significant coherence (Jiang et al., 2018; Jiang et al., 2019b; Yan et
al., 2020). The wavelet defines two time series X, and Y, as w* =w*w"", where
* js complex conjugate. The power spectrum P* and R’ of X, and Y, are

defined as Equation 3.

nX WnY* X ~Y
oMy _2.8) forp (€93)

where Z,(P) is the confidence degree of P, which is the square root of the wavelet

spectrum.
The phase angle of the wavelet coherence is defined as Equation 4.

a, =arg(X,Y)= arg{znlcos(ai),zn: sin(ai)} (Eq.4)

The standard deviation of the wavelet phase angle is defined as Equation 5.

s=J=2IN(R/N) = —2In(XZ +Y2 In) (Eq.5)

The WTC R2(S) is the square of the of X, and Y,, and RZ(S)e[0]],
normalized by the smoothed wavelet power, where [] smooth the wavelet spectrum in
different time and scale, calculated using Equation 6 (Jiang et al., 2014).

‘S[s’]Wn X (s)]2
S[S’WVHX (s)ﬂ . S[S’WVHY (s)ﬂ

where WX(s) and W,'(s) are the wavelet transform of X, and Y,. The statistical

significance level of the WTC is estimated using Monte Carlo methods. The smoothing
operator S of W (s) in numerator and wavelet power spectrum (WPS) in

denominator is given in Equation 7 (Jevrejeva et al., 2003; Jiang et al., 2019a).

(Eq.6)

R (s) =

S (VV) = Sscale {Stime [\Nn (S)]} (Eq7)
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where S_,. and S, . are denoted smoothing along the wavelet scale axis and in time.
S...e @and S, . aredefined as Equation 8 and Equation 9.
i
Sscale<W) S: (\Nn (S) * C:I_252 ) (Eq8)
Sime W)= W, (5)*C,I1(0.63), (Eq.9)

where ¢; and c; are the normalized constants, II is the rectangle function, and 0.6 is
the scale de-correlation length for the Morlet wavelet.

Grey relational analysis

The grey relational analysis is used to analyze the degree of correlation between the
influencing factors and groundwater depth, and to determine the main factors. The main
evaluation model is determined in Equation 10.

R=Y xW (Eq.10)

where R is the comprehensive evaluation result vector of indicators, Y is the evaluation
matrix of indicators, and W is the weight vector of indicators. The influencing factors
selected in this study are rainfall, temperature, evapotranspiration, and GDP. The target
value vector is determined in Equation 11.

F =[x, x,x, ] (Eq.11)

where x, is the original value of the index k in year i, and (i=12,---18),(k=12,--,4).

The physical meanings of the indicators are different, so the dimensions of the data
are not the same. It is not easy to directly compare them, and it’s necessary to perform
the dimensionless processing of the data. The Equation 12 is used for indicator
normalization.

i
X — Xyq

cl = XX
X, —x (Eq.12)

where x,, is the minimum value of the k index, and x,, is the maximum value of the

k index.

The comprehensive evaluation is calculated by the correlation coefficient between
each comparison column and the corresponding element in the reference column, which
is determined as Equation 13.

min min|C;’ —C,|+ pmax max|C, —C,|
é(k) i k ! k

‘C;—C;‘+pm9xm3x‘cz—c,i‘

(Eq.13)
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where p is the resolution coefficient, and 0<p<1. Normally, p=05.

The correlation degree refers to the average value of the correlation coefficient
between each influencing element and the corresponding element in the reference
column, which is determined as Equation 14.

r= %gé (k) (Eq.14)

According to r,, factors related to the reference sequence are obtained. A larger
indicates that the factor is more closely related to the dependent variable.

Random forest (RF) model

The statistical model and artificial intelligence model are two common types of
predictive models (Breiman et al., 2010). The statistical models take a long time to
analyze the data of long-term series, and it is difficult to accurately predict the trend of
the dependent variable. The artificial intelligence model has strong fitting ability and
high intensive reading, so the random forest model is used to predict the groundwater
depth in this study. Breiman et al. (2001) proposed the random forest model based on
the regression tree model, which is widely used to explain the effect of multivariate on
the dependent variable and to predict the dependent variable. The principle of RF model
is to randomize the use of variables (columns) and data (rows), so that the classification
trees can be generated, which can significantly improve the prediction accuracy (Van et
al., 2014).

There are two key indicators in the RF model including the average reduction of
standardity and Gini coefficient (Hong et al., 2017), indicating the number of trees
(ntree) and the number of variables (mtry). The ntree changes according to dataset size,
for datasets that are small, 50 trees may suffice. However, large datasets might require
100 or more trees. The ntree is often set to 100 in experiments (Bahareh et al., 2019). In
this experiment, we randomly selected 70% of the dataset to calibrate the RF model.
The remainder (30%) was used for accuracy testing. Variable importance is obtained
from Equation 15.

VI mp(Yj)zﬁzterrooai —errOOB, (Eq.15)

In Equation 15, N is the total number of trees. The function Vimp(Y;j) indicates the
importance of the variable. The term errOOB: is the prediction error when all factors are

considered, whereas errOOB/ is the error after removing the j variable.

The RF model determines the importance of each variable based on the impact of the
overall error on the model. By fitting the correlation between variables, it can be applied
to different types of variables and missing values (Pourghasemi et al., 2013). The RF
model can avoid over fitting and bias due to variable diversity (Rahmati et al., 2016).
The Python is used for programming. The groundwater depth is used as independent
variable, and the evolution factors such as precipitation, temperature, evapotranspiration,
and GDP that affect the depth of groundwater are used as independent variables, to
predict the groundwater depth for the period of 2000-2017.
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Results and discussion
Spatial and temporal variability of groundwater depth
Temporal distribution of interannual variation of groundwater depth

Figure 2 shows the relationship between groundwater depth and precipitation in
Xingtai city from 2000 to 2017, based on the average groundwater depth and
precipitation data monitored at the observation wells in the study area. It can be seen
that the fluctuation of groundwater depth is generally consistent with the change of
annual precipitation, indicating that precipitation is one of the influencing factors of
groundwater depth. From the trend line, it can be seen that the groundwater depth in
Xingtai city has deepened, and the Person’s correlation coefficient is 0.95 showed that
the changes were statistically significant. The groundwater depth has dropped 5.56 m
from 16.75 m in 2000 to 22.31 m in 2017. The decrease rate of groundwater depth is
0.7 m/a, and the descending rate is relatively large. The groundwater depth has been in a
continuous downward trend from 2003 to 2012. The depth has slightly rebounded from
2015 to 2017, mainly because Hebei province unveiled effective engineering and
non-engineering measures for groundwater overexploitation control in 2014.

The uneven distribution of water resources in Xingtai city, and the conditions of the
groundwater depth also varied in counties. According to the counties of each monitoring
station, the annual average groundwater depth in each county is calculated from 2000 to
2017, as shown in Figure 3. The groundwater depth in Heilonggang Plain including
Julu county, Guangzong county, Nangong county and Wei county, is relatively shallow
and the variations are within 5 m from 2000 to 2017. However, the depth is deep and
changes more than 10m in the Luxi Plain including Nanhe, Longyao and Ren counties.
The Longyao county has the maximum change of groundwater depth, and it has
declined 1.97 m/yr.
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Figure 2. Average groundwater depth and Figure 3. Groundwater depth of counties

precipitation

Spatial distribution of interannual variation of groundwater depth

Figure 4 shows the spatial distribution of interannual changes in the groundwater
depth in Xingtai city at 2000, 2005, 2010 and 2017 using Kriging interpolation method.
It can be seen that the groundwater depth in the northwest of the study area is deeper
than that in the southeast region. The annual average groundwater depth has increased
from 18.25 m to 23.97 m, indicating an overall deepening trend. In 2000, the
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groundwater depth in northwestern areas of Ningjin county and Longyao county were
deeper than in other counties, and the groundwater overexploitation was serious.
However, it rebounded significantly in 2005. The overall groundwater depth of Julu
County and Guangzong county was relatively shallow in 2000. As the overexploitation
has increased, the groundwater depth has gradually deepened. The groundwater depth in
the northwestern part of Nangong city was shallow in 2000, but the increase of
overexploitation had decreased by 2015. It has rebounded under the implementation of
overdraft control measures during 2015-2017. In the southeast of Wei County and the
northwest of Linxi County, the groundwater depth dropped sharply in 2010.

Year 2000 Year 2005

Year 2010 |

© @

Figure 4. Spatial distribution of interannual changes in groundwater depth (a) Groundwater
depth in 2000; (b) Groundwater depth in 2005; (c) Groundwater depth in 2010; (d)
Groundwater depth in 2017

The results show that the groundwater depth in Xingtai city has deepened for the
period of 2000-2017, and the rate of change has increased from 2000 to 2017, which is
mainly consistent with previous results. For example, Li et al. (2014) found that the
groundwater levels showed an overall decreasing trend over the past 50 years, and an
increase in the groundwater depth at a rate of approximately 0.36 m/a.

Intraannual variability of groundwater depth

Figure 5 shows the trends of monthly groundwater depth in two typical years
including 2016 and 2017, to analyze the intral-annual variations of groundwater depth
in Xingtai city. The trends of groundwater depth in different years are similar, and June
groundwater depth is the deepest. The annual spring irrigation period is from March to
June, and agricultural irrigation is mainly from the exploitation of shallow groundwater,
which made the groundwater depth deeper. With the increase of rainfall from July to
September, the high permeability of the aquifer makes the groundwater recharged and
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the groundwater depth rebounded. Crops like winter wheat are at the seedling stage
from October to December, during which time the water demand is reduced, domestic
water is stable, irrigation and replenishment are in a relatively balanced period, and thus
the groundwater level is basically stable during this period. The trend throughout the
year shows that the change of groundwater depth is related to the consumption during
agricultural irrigation period and the replenishment of rainfall during flood season.
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Figure 5. Trend of groundwater depth in typical years (a) Trend of monthly groundwater depth
in 2016; (b) Trend of monthly groundwater depth in 2017

The results showed that during the crops growing season from March to June, the
groundwater depth is deep, which is mainly consistent with previous results. For
example, Wang et al. (2009) found that the lowest water table was in the dry season
with strong evaporation and less precipitation. Zheng et al. (2019) demonstrated that
cultivation intensified water evaporation in the top soil layer (upper 10-20 cm), and the
groundwater depth is reduced. The results showed that from July to September, the
groundwater depth is recovered due to the increase of the rainfall, which is also mainly
consistent with previous results. Wang et al. (2009) detected that the water table
increases rapidly due to recharge by precipitation.

Spatial distribution of trends and abrupt change of groundwater depth

Figure 6 shows the spatial distributions of the trends of groundwater depth
groundwater depth trends for 41 monitoring stations in the shallow aquifer of Xingtai
city from 2000 to 2017 using the non-parametric Mann-Kendall test. The positive
magnitude indicates the increasing trend of groundwater depth, and vice versa for
decreasing trend. The results showed that eleven stations had downward trends in
groundwater depth (the blue downward triangle), indicating that the groundwater depth
has become shallower. All of them are distributed in the southeast of Xingtai city. Four
stations that had significant decreasing trend at 10% significant level were located in the
northern Guangzong county, central Nangong city, southern Wei county and northern
Qinghe county, indicating clear rising trends of groundwater depth. However, there are
six stations located in the middle of the shallow area have increasing trends. The
stations located in the west and south of the shallow area shown significant upward
trends (the purple upward triangle) at 5% significant level, indicating that the
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groundwater depth will continue to decline, and the groundwater in these regions are
overexploited which should be emphasized for governing.

Figure 7 shows the result of abrupt change of the groundwater depth using
Mann-Kendall test. It can be seen that the groundwater depth in Xingtai city has
increased since the 21% century (UF>0, UB>0), and it has significantly increased at
significant level of 5% after 2005, indicating that the amount of groundwater
exploitation has significantly increased since 2005. The results are mainly consistent
with previous results. For example, Liu et al. (2017) found that the groundwater level
continues to decline in the 21% century. At the same time, a sudden change in
groundwater depth occurred in 2006, and the problem of groundwater overexploitation
are beginning to be prominent.
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Figure 6. Non-parametric Mann-Kendall test Figure 7. Mann-Kendall abrupt change test of
of groundwater depth in shallow aquifer groundwater depth

The influencing factors of groundwater depth and their relationships
Correlation and wavelet coherence analysis

The recharge of groundwater system in Xingtai city of Hebei province mainly
originated from precipitation, river and irrigation infiltration. The excretion is mainly
from groundwater exploitation and evapotranspiration of shallow aquifer groundwater.
In addition, some potential factors also affect the change of groundwater depth. The
annual average precipitation, evapotranspiration of shallow aquifer groundwater, annual
average temperature, and GDP of Xingtai city are selected as influencing factors in this
following analysis.

The importance of the influencing factors is obtained by using the gray relational
analysis. From the correlation between the influencing factors and the groundwater
depth, it can be obtained that the main influencing factor of the groundwater depth is the
precipitation, followed by the temperature, and the correlation degrees are 0.9965 and
0.7193, respectively. It is indicated that increasing the amount of groundwater recharge
is the first task to improve the groundwater overexploitation problems. The correlation
degree between GDP of Xingtai city and the groundwater depth is 0.5652. The
correlation coefficient between the evapotranspiration of shallow groundwater and the
groundwater depth is 0.5192.

The wavelet coherence is further used to analyze the nonlinear relationships between
groundwater depth and each influencing factor including rainfall, temperature (Tem),
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evapotranspiration, GDP, as shown in Figure 8. The results are compared with the
importance scores obtained from the grey relational analysis. It can be seen that the
groundwater depth is negatively correlated with the rainfall, and negatively correlated
with the temperature. The groundwater depth is negatively correlated with GDP in
Xingtai city for the period of 2000-2017.
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Figure 8. The WTCs between groundwater depth and (a) Rainfall, (b) Temperature (Tem), (c)
evapotranspiration, (d) GDP in Xingtai city for the period of 2000-2017

The results revealed in Figure 8 using wavelet coherence are generally consistent
with the results using gray correlation analysis, indicating that the wavelet coherence
method should be more feasible to investigate the nonlinear relationships between
groundwater depth and influencing factors. The results indicated that precipitation is the
mainly influencing factor of the groundwater depth, which is mainly consistent with
previous results. For example, Liu et al. (2016) showed that large rainstorms can play an
important role in regional shallow groundwater resources to recharge the groundwater.
Meng et al. (2015) found that the precipitation infiltration recharge is closely related to
the water table decrease. The results of the relationship between temperature and
groundwater depth is mainly consistent with the previous results of Zhang et al. (2014),
who detected that the average temperature of NCP had a close relationship with
groundwater depth. The results showed that there is no significant correlation between
evapotranspiration and groundwater depth, which is mainly concurred with Bai et al.
(2017), who demonstrated that the total agriculture ET stayed relatively stable, in spite
of the great adjustment of cropping pattern to reduce the exploitation of groundwater.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6605-6622.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1805_66056622
© 2020, ALOKI Kft., Budapest, Hungary



Cao et al.: Spatiotemporal characteristics of groundwater depth in Xingtai city on the North China Plain: Changing patterns, causes
and prediction
- 6617 -

Tian et al. (2016) found that the factors such as the evaporation are less relevant to the
groundwater depth variations, which concurred with our results.

Prediction of groundwater depth

The precipitation, temperature, evapotranspiration and GDP of Xingtai city are used
as independent variables in multiple linear regression model, and the groundwater depth
is dependent variable. The multiple linear regression is given in Equation 16, which can
be obtained using Statistic Package for Social Science (SPSS) software.

y =—0.005x, —1.703x, —0.001x, +0.003x, +45.911 (Eq.16)

where x1 is the average annual precipitation, x2 is the average annual temperature, x3 is
the evapotranspiration of shallow aquifer groundwater and x4 is the GDP of Xingtai city
for the period of 2000-2017.

The relative error is used to evaluate the simulation accuracy of the regression
equation. Figure 9a shows the changes of the measured and predicted values of
groundwater depth using multiple linear regression. It can be seen that the absolute
value of the relative error of the groundwater depth during eighteen years is within 7%,
and the relative error in 2000, 2001 and 2008 exceeded 5%. The correlation coefficient
between prediction and actual values is 0.94. It shows that the predicted value obtained
by the multiple linear regression model is consistent with the actual value, which should
be an effective method for predicting the depth of groundwater.
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Figure 9. The prediction and the actual value of groundwater depth by using (a) Multiple linear
regression, and (b) RF model

Similarly, the above four factors are used as independent variables to establish a RF
model to predict the groundwater depth, as shown in Figure 9b, which showed that the
prediction can better fit the actual value, and the correlation coefficient between the
actual value and the prediction value is 0.97. Except for the relative error is 9% and the
standard deviation is 1.2 in 2000 and 2001, the absolute relative errors of the prediction
and actual values are less than 3%, and the standard deviation is less than 0.5 in other
years. The prediction error and the standard residual value are small, indicating that the
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RF model is more accurate in analyzing the changes of dependent variables under the
influence of multiple factors and predicting the dependent variable.

After comparing the prediction values obtained by two models, it can be concluded
that the multiple linear regression is an effective method to predict the groundwater
depth using precipitation, temperature, evapotranspiration and GDP as predictors
(Figure 9a). However, the random forest model has higher accuracy than that of
multiple linear regression (Figure 9b), which is mainly concurred with Chen et al.
(2019), who found that the prediction value of the RF model are ideal in the research of
long time series.

Conclusions

The paper investigated the spatial and temporal characteristics of groundwater depth
for the period of 2000-2017 in a typical city in NCP. The linear and nonlinear
relationships between groundwater depth and influencing factors including precipitation,
temperature, evapotranspiration and GDP were examined using gray correlation
analysis and wavelet coherence. The multiple linear regression and random forest
models were used to obtain the predictions of groundwater depth using the influencing
factors as potential predictors. The main conclusions are summarized as follows:

(1) The groundwater depth in shallow aquifer of Xingtai city has generally
deepened since the 21% century, and it has significantly increased after 2005. There has
been a sudden change of groundwater depth in 2006. The problem of groundwater
overexploitation has become prominent. The groundwater depth varied in different
regions and different time. In the northwest, the groundwater depth was deep and still
had a tendency to deepen. Therefore, it should be the key region for groundwater
treatment. After unveiling the groundwater overdraft control measures in 2014 in Hebei
province, the groundwater depth in shallow aquifer recovered from 2015 to 2017. In the
eastern region, the groundwater depth has rebounded significantly.

(2) The change of groundwater depth is related to the consumption during
agricultural irrigation period and the replenishment of rainfall during flood season. The
deepest groundwater depth was detected in June. With the increase of precipitation, the
groundwater depth rebounded from July to September. The irrigation water and
groundwater recharge were in a relatively balanced at the seedling stage from October
to December, during which time the groundwater depth was basically stable.

(3) The main factors that affected the depth of groundwater in shallow aquifer in
Xingtai city were precipitation, temperature, GDP and evapotranspiration. The grey
relational and wavelet coherence analysis showed that the temperature and precipitation
had the most significant impacts on groundwater depth. There was a negative
correlation between temperature and groundwater depth. The precipitation was
negatively correlated with groundwater depth. There was a negative correlation between
GDP and groundwater depth. However, there was no significant correlation between
evapotranspiration and groundwater depth.

(4) The groundwater depth was predicted using two models including the multiple
regression and RF model. The correlation coefficient between the predictive value and
the actual value using the multiple linear regression model was 0.94, and 0.97 for RF
model, indicating that the RF model should be more suitable to predict the groundwater
depth than multiple regression, mainly because the nonlinear relationships between
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groundwater depth and its influencing factors, which were also revealed by the
correlation analysis.

(5) In the process of excavating the influencing factors of groundwater depth, this
paper mainly considered four factors including precipitation, temperature, GDP, and
evapotranspiration. However, the change of groundwater is complicated, and it will be
affected by other potential factors. Future studies are recommended to consider other
influencing factors that might affect the groundwater depth. In addition, time series
should be extended in future studies, in order to define cycles and analyze the relevance
more accurately.
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