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Abstract: The temporal scale effect is an important issue for groundwater system evolution research.
The selection of an appropriate time scale will enhance the understanding of the characteristics
and mechanisms of groundwater flow field evolution. In this study, a methodology was provided
to analyze the groundwater system evolution, focusing on the choice of the suitable time step
for identifying the distinct stages of evolution, characterized by different behavior linked to the
management of the groundwater system. The evolution trend of the groundwater level in the center
of the cone of depression at different time scales, combined with the F test and the groundwater
system balance index (Re) categories, were used for the choice of the time step and the division of the
evolution stages. Based on the transformed groundwater level time series using the selected best
time step, the main factors controlling the groundwater evolution were assessed for the different
stages. Our results show that the methodology can exactly identify the different important stages of
the evolution, and they can be used to individually study these stages, which can help to reveal the
mechanisms of the groundwater evolution more easily. Therefore, it is useful to obtain an increased
knowledge of the regional groundwater dynamics.

Keywords: groundwater flow field; scale effects; discrete wavelet transform; time series analysis;
multiple stresses

1. Introduction

Groundwater is becoming increasingly important, because it can be used to support the public
water supply and ecosystem services, especially during longer drought periods [1]. Therefore,
understanding the mechanisms and characteristics of the groundwater system evolution is critical
for the sustainable development and utilization of groundwater resources [2,3]. The time scale of
the groundwater level used in the research affects our understanding of the characteristics and
mechanisms of the groundwater field evolution, and affects the recognition of temporal and spatial
dimension characteristics. If the time scale is too brief, there will be too many evolution stage divisions,
and the understanding of the evolution and long-term trends of the groundwater flow field will be
reduced. On the contrary, if the time scale is excessively lengthy, the threshold characteristics may be
masked [4,5]. Therefore, a suitable time scale must be identified in order to obtain a comprehensive
understanding of the mechanisms and characteristics of the groundwater system evolution, assessing
of the main influencing factors of the groundwater system evolution.
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In recent years, a number of numerical and time series analyses have been in use for the study of
groundwater evolution. Firstly, the groundwater flow model is a frequently used tool to study the
groundwater system. Many researchers have studied the groundwater level signal variation of specific
areas through establishing the groundwater numerical model [6-9]. Secondly, the time series statistical
analysis is another common method for the analysis of groundwater level variation. Lafare et al. [10]
used the seasonal trend decomposition to analyze the groundwater variation, which can decompose
the groundwater level fluctuations signal into the following three components: (i) the trend component;
(if) the seasonal or repeated component; and (iii) the remainder, residual, or noise component. Asmuth
et al. [11] decomposed the time series of the groundwater head fluctuations related to multiple stresses.
Autocorrelation and cross-correlation are usually used to assist in the identification of the main factors
influencing the groundwater evolution, and to evaluate the potential delay between the application of
the factor and the response within the signal [12,13].

Nevertheless, the methods mentioned above cannot achieve the selection of an appropriate
time step for identifying the distinct stages of groundwater system evolution. Discrete wavelet
transform (DWT) analysis is a useful tool for such an application, because it requires no assumptions of
statistical stationarity. We can therefore use this method to investigate the scale-dependent variations
and co-variations of environmental properties that change spatially or contain transient features.
This allows us to identify the important stages of evolution within a time series, and to study these
stages individually. Although the DWT technique has been widely used in various fields [4,14,15], there
was no research on the identification of a distinct component within the evolution of a groundwater
system with different stages characterized by different behaviors using this approach.

In this study, we took the Hufu Plain, in North China, as a case-study area, and proposed a new
methodology applicable to study the groundwater flow evolution. With this methodology, we can
obtain increased knowledge of the regional groundwater dynamics, as follows: (i) select a suitable time
step for identifying the distinct stages of groundwater system evolution, (ii) assess the main factors
controlling the groundwater evolution for the different stages by using the transformed groundwater
level time series using the selection best time step, and (iii) analyze the mechanisms of the groundwater
system evolution based on the division of the different stages.

The groundwater flow field in the Hufu Plain has changed considerably over the past 50 years.
Since the severe regional drought of 1973, the abstraction of the Hufu Plain groundwater has drastically
increased compared with 1961-1972; the groundwater level below the surface has declined from <5 m,
during the 1960s and 1970s, to 5-50 m today. In particular, the horizontal water flow has continuously
slowed, while the vertical water flux has continuously increased, and the direction of the groundwater
flow has changed from a west to east movement under the natural state to the current state of flowing
from the peripheral regions of the overexploited area to the center of the groundwater depression
cone [16]. Several studies have examined the aspects of groundwater system evolution in the Hufu
Plain using time series analysis [17,18], groundwater modeling, and numerical modeling [19-22].
There is less information, however, on the time scale effect of the groundwater flow field in this area.

2. Materials and Methods

2.1. Study Areas

The Hufu Plain is located in the middle of the North China Plain (Figure 1a). It is bounded in the
west by Mount Taihang and on the east, north, and south by gently undulating plains. The Hufu Plain
has an area of about 8205 km?. The Hutuo River and Fuyang River are the main rivers in the Hufu
Plain, and the annual runoff has decreased by over 80% [23] since the 1970s, because of the wholesale
construction of the water storage projects upstream and the severe regional drought. The elevation of
the Hufu Plain ranges from 15 to 87 m above sea level, and the annual precipitation ranges from 200 to
1000 mm/year, which is concentrated mostly in the summer.
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The Hufu Plain aquifer can be divided into the following four zones [24]: the Holocene aquifer (I),
the upper Pleistocene aquifer (II), the middle Pleistocene aquifer (III), and the lower Pleistocene aquifer
(IV). Given the close connection between I and II, the two aquifer zones are hereafter described as the
shallow groundwater aquifer (I + II). The three aquifer zones of I + II, III, and IV, as shown in Figure 1h,
are separated by a relatively thick layer of clay, which acts as a confining unit over the lower zones.
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Figure 1. (a) The Hufu Plain research area, the groundwater level depression cone area; (b) groundwater
elevation in the area of the cone of depression for 1961, (c) 1980, (d) 1995, (e) 2005, and (f) 2010;
(g) lithological and monitoring wells distribution of the shallow groundwater aquifer; and (h)
hydrostratigraphy along the cross-section line marked AA’ in (g).

The shallow groundwater aquifer (I + II) is unconfined, and the main geological deposit of this
aquifer is sandy gravel with a depth of 20-40 m in the upper parts of the plain. In the middle parts of
the plain, the aquifer is composed of alternate layers of sand, clay, sand, silt, and sand. The middle
Pleistocene aquifer (III) and the lower Pleistocene aquifer (IV) are confined with a depth of over 20 m
and consist of quaternary sediments of sandy gravel, sand, and clay, respectively.

The shallow groundwater aquifer is the main productive aquifer for the Hufu Plain, and is what
this paper mainly deals with. Over 100 monitoring wells, mainly located in shallow groundwater
aquifers, were selected (Figure 1g), which provided the groundwater level and drawdown records on
monthly and yearly scales, and the depth of the wells varied from 9 m to 150 m [25,26].

Groundwater is an important water source for regional development and accounts for >80% of the
total water supply, with irrigation as the main water use. Groundwater from the shallow, unconfined,
aquifer layers is seriously overexploited, and the groundwater level declines by about 1 m each
year [27,28]. In Shijiazhuang, the provincial capital of Hebei province, where the population is more
than 17 million and the cropland accounts for over 50% of the total city region, the severe abstraction of
the groundwater for living, industry, and irrigation has led to the formation of a constantly enlarging
groundwater depression cone. The cumulative gross groundwater abstraction now has exceeded
18 billion m3 over the past 50 years in the groundwater depression cone [25].
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According to the literature and site observations, there have been many climatic and
environmental changes in the study area during the past few decades. For example, the annual
precipitation significantly decreased in 1971-2010, compared with the 1950-1960s (Table 1). Since
the 1970s, there has been a drastic decrease in the directly available surface water, and an increased
demand for water in industrial and agricultural development due to the severe regional drought.
The groundwater abstractions increased, leading to a consistent annual expansion in the area of the
cone of depression of 8.63 km?/year, and a continued decline in the groundwater level in the center
of the cone of depression, with a rate of 1.02 m/year [29]. Moreover, the water balance of the Hufu
Plain has changed considerably over time. During 1961-1967, the total recharge was far larger than the
discharge, and the surface water was an important water supply source; whereas during 1968-2010,
with the construction of the large and medium-sized reservoirs in the upper reaches, and especially
with the seepage treatment of the reservoir dam [30,31], the discharge volumes of the watercourse in
the lower reaches and a lateral inflow from the mountain ranges in the west have reduced over 90%
and 60%, respectively, and the recharge was less than the discharge [25].

Table 1. The variation characteristics of average precipitation in different decades.

Decades Precipitation/mm Range of Variation/%
1951-1960 614.2 0.00
1961-1970 525.5 14.4
1971-1980 467.0 —24.0
1981-1990 477.5 —-22.3
1991-2000 470.4 —234
2001-2010 472.0 —23.2

Notes: the annual precipitation range of variation in 1961-1970, 1971-1980, 1981-1990, 1991-2000, and 2011-2010
were calculated relative to the annual precipitation in 1951-1960.

2.2. Data

The data used in this study include meteorological data, input fluxes and output fluxes of the
groundwater flow field, the groundwater level in the center of the cone of depression, and the area
of the cone of depression (Figure 2); the average groundwater level of the Hufu Plain; and the
groundwater level distribution area of the Hufu Plain over the period of 1961-2010. We used the
groundwater level in the center of the cone of depression, the area of the cone of depression, and the
average groundwater level of the Hufu Plain to characterize the groundwater flow field evolution as
follows: (i) we used the groundwater level in the center of the cone of depression to implement the
provided methodology of this study, (ii) the average groundwater level of the whole plain, the area of
the cone of depression to test the rationality of the results of the step (i), if these two indexes evolution
characterizes are obviously different in each division stages of a specific time scale, we consider the
step (i) is suitable; if on the contrary, it is unsuitable.

The meteorological data in this study include the annual precipitation over 1961-2010. These
data were obtained from a monthly precipitation dataset and a 0.5° x 0.5° resolution produced by the
China Meteorological Administration (http://data.cma.cn), from two national meteorological stations
(Figure 1a). The average groundwater level data of the Hufu Plain, the groundwater level in the center
of the cone of depression, and the area of the cone of depression over 1961-1975 were provided by
Liu [29], or can be obtained from the Yearbook of the Shijiazhuang Groundwater Level Statistical [26].
This resource determined the depression cone area based on whether the groundwater elevation
contour normal direction changed, relative to the normal direction in the last year. The groundwater
level distribution area data of the Hufu Plain were produced by Wang et al. [27], using an inverse
distance weighted method through ArcGIS 10.0 (ESRI, Redlands, CA, USA). The curve of the ratio
of groundwater recharge volume to exploitation volume (R.) over 1961-1975 was produced by
Zhang et al. [23] using the groundwater numerical model.
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Figure 2. Variation of the original groundwater level in the center of the cone of depression and the
area of the cone of depression from 1961-2010.

The input fluxes (infiltration from precipitation, leakage of watercourses, infiltration from
canal systems, infiltration from irrigation, and lateral influx from the mountain in the west) and
output fluxes (exploitation, lateral out flux, and phreatic water evaporation, which was set as 0
according to Zhang [24]) of the groundwater flow field, the mean groundwater level of the Hufu
Plain, the groundwater level in the center of the cone of depression and the area of the cone of
depression from 1976 to 2010 were obtained from the Report on Geological Environmental Monitoring
for Shijiazhuang [25], in which the input and output fluxes were estimated using the corresponding
hydrogeology parameters and groundwater model. The curve of the ratio of the groundwater recharge
volume to the exploitation volume (R.) over 1976-2010 was calculated using the data of the input and
output fluxes, which fully considered the possible delay of the recharge. Digital elevation data with a
resolution of 90 m were downloaded from the shuttle radar topography mission [32].

2.3. Research on Scale Effect

The DWT method was used to carry out the multi-scale time effect analysis for the identification of
the characteristics of the groundwater system evolution. The DWT method is effective for multi-scale
analysis. It can filter the research sequences at various time scales, eliminate high-frequency signals
and noise, and then reconstruct the low-frequency signals obtained at a single scale [4]. Low frequency
wavelet coefficients are reconstructed on various time scales into an identification quantity sequence to
obtain an evolution trend and transition the time nodes of the research sequence at each time scale.

Firstly, Equation (1) is used to carry out DWT for the groundwater level in the center of the cone
of depression, from 1961 to 2010, at the different time scales, and the low frequency wavelet coefficients
and the high frequency wavelet coefficients are obtained for the different time scales, as follows:

wyla,b) = |a|—”2m521 (roania(*2-1)), <1>

where Wxa, b) denotes the wavelet transform coefficient; ¢(t) denotes the mother wavelet or basic
wavelet function, according to the study by Sang et al. [33] and Wang et al. [4], ‘db3” was chosen as the
mother wavelet function in this study; @(t) is the conjugate functions of the ¢(t); 2 denotes expansion
and contraction factor, reflecting the cycle length of wavelet; b denotes the time parameter, which is
the shift factor relative to time, t; N signifies that the time, t, is divided into N equal parts, At =t/N;
k denotes the time step; and f(t) is the groundwater level in the center of the cone of depression
sequence over the period 1961-2010.
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Secondly, Equation (2) was used to carry out single-scale reconstruction for each low-frequency
signal of each scale, as follows:

f(kAt) =) wp(a, b)ggp(kAt), ¢)
a,b

Thirdly, based on the reconstruction low-frequency curve of the groundwater level in the center
of the cone of depression in different time scales, the transition points of the groundwater system were
identified, and the evolution trend of the curve between the two adjacent points was clarified using the
method of linear regression analysis. Furthermore, in order to test the rationality of the transition point,
an F test was used to compare the differences in the slope between the regression models. If p < 0.05,
the transition points were considered to be significant. The SPSS11.5 software (IBM, New York, NY,
USA) was used to carry out the regression analysis and F test.

Finally, the method of comparing and analyzing the evolution trend of the groundwater level in
the center of the cone of depression at different time scales and the groundwater recharge—exploitation
balance was used to determine the time nodes of the evolution stages of the groundwater flow fields
in the research area. The ratio of groundwater recharge volume to exploitation volume (Re) can
clearly explain the balance state of the groundwater system, where R, > 1 implies that the recharge of
the groundwater system is larger than the discharge, while the groundwater system is in a state of
increasing storage; Re < 1 indicates that the groundwater system is in a state of decreasing storage.
The following five balance index categories can be distinguished: unbalanced toward to increasing
storage state (Re > 2.0), and the amount of the exploitation was less than one half of the recharge
volumes; slightly unbalanced to increasing storage state (1 < R < 2), and the amount of the exploitation
was one half to 1.0 times that of the recharge volumes; balanced (Re = 1); slightly unbalanced toward
to decreasing storage state (0.5 < R < 1), and the amount of the exploitation was one to two times
that of the recharge volumes; and unbalanced toward to decreasing storage state (Re < 0.5), and the
amount of the exploitation was more than 2.0 times that of the recharge volumes.

2.4. Dominant Factor Analysis

The following method was used to study the dominant factors at different evolutionary stages
of the groundwater flow field. The dynamic model of groundwater system in the research area was
defined as follows:

Qrre + Qpre + ere + Qire + Qure — Quai — Qeo — Qex = AHUF, 3)

where AH denotes the groundwater level amplitude, m; # denotes the specific yield of the aquifer in
the groundwater level amplitude zone, a dimensionless parameter; F denotes the area of the Hufu
Plain, km?; Q,,. denotes the input flux for the leakage of watercourse, m3; Qpre denotes the input flux
of the precipitation infiltration, m3; Qf denotes the input flux for the leakage of the canal irrigation
field, m?; Qpe denotes the input flux of lateral influx, m3; Qure denotes the input flux of well irrigation
regression, m?; Q4 denotes lateral outfluxes, m?; Q.. denotes the volume of groundwater exploitation,
m?; and Q,, denotes the volume of evaporation discharge of phreatic water, m3. The following equation
is obtained by transforming Equation (3):

1
AH = ]471: (ere + Qpre + ere + ere + Qwre - Qldi - Qev - Qex)/ (4)

Through the analysis of Equation (4), it is clear that the input flux of the regional groundwater
system increases the groundwater level, while the output flux decrease the groundwater level;
the imbalance between input and output fluxes causes the AH change, which denotes the shift of the
regional groundwater level; when the input flux is greater than the output flux, the groundwater level
rises and AH > 0; when the groundwater level drops, AH < 0; and when the input flux is equal to
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the output flux, the groundwater level remains unchanged. When considering the distance of the
movement of the groundwater level, in an evolution stage, the total distance of the movement of the
groundwater level was calculated as follows:

1
D= ﬁ (ere + Qpre + ere + Qire + Qure + Quai + Qev + QEX)' ©

Therefore, the effect of the intensity of each input flux and output flux of the groundwater system
on the evolution of the groundwater flow field at a certain evolutionary stage was calculated using the
following formula where the input flux is positive and the output flux is negative, as follows:

Qi
4
lxl D]/lP,

(6)

where i denotes the serial number of input flux or output flux, Q; denotes the ith input or output flux,
«; denotes the effect intensity of the ith input or output flux on groundwater flow field, and D is the
distance of the groundwater level movement.

The fuzzy coincident matrix method [34] was used to calculate the dominant factors for the
years with missing input and output flux data. Firstly, the main factors affecting the changes in the
groundwater flow field were ordered based on what the groundwater scientist qualitatively decides
is important, according to their experience. Then, according to the order of “importance’, a binary
comparison between every two pairs was carried out separately, based on the experiences of the
scientist. For example, a binary comparison was made between the ‘importance’ of groundwater
exploitation quantity (4;) and that of the precipitation infiltration (a;). If 4; is more important than a;,
rij = (0.6-1.0), rj; = (0-0.5), and rj; + r;; = 1.0. If 4; and a; are equally important, r;; = 0.5, r;; = 0.5; if 4;
is more important than a;, tji = (0.6-1.0), rij = (0-0.5), and rij + 1= 1.0G=1,2,...,m;j=1,2,...,n).
Correspondingly, a priority matrix (R = [r;;] n x n) of each evolution stage was obtained. The uniform
transformation (Equations [7] and [8]) was carried out for the priority matrix to obtain the fuzzy
coincident matrix (B = [b;] n x 1), and square root normalization (Equation (9)) was carried out for the
fuzzy coincident matrix, generating the weight matrix (W = (w;) n x 1), as follows:

b; —b;

®)

©)

2.5. Quantitative Analysis

A regression analysis was used to evaluate the quantitative relationships between the groundwater
flow field evolution, precipitation changes, and groundwater exploitation. A regression analysis on
the groundwater level series, precipitation series, and groundwater exploitation volume series were
performed to establish the regression equations, and a f-test was used to test the significance of the
regression models. The statistical software SPSS11.5 was used to conduct these analyses.
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3. Results

3.1. Scale Effect and Stage Division of the Evolution of the Groundwater Flow Field

Using the groundwater level in the center of the cone of depression at different time scales of the
Hufu Plain combined with the F test, the balance index (Re) categories of the groundwater system
to demonstrate how a particular choice of the suitable time step and the division of the evolution
stage was made. Firstly, the methods described in Section 2.3 were used to obtain the 1-5-year and
12-year (Figure 3) time scale maps of the evolution characteristics of the groundwater flow field in
the research area. As shown in Figure 3, there was a significant difference in the groundwater level
among the six time scales, because the high-frequency signals and noise of the original time series
were eliminated gradually with the time scales’ increase, retaining only the interesting part of the
original signal, depending on the application. We can therefore use these data to investigate the
scale-dependent variations of the groundwater level signals that contain transient features, allowing us
to identify different important stages of evolution within a time scale series, and to study these stages
individually. Based on Figure 3, we can roughly estimate the transition points of the groundwater
system evolution in each time scale.

Secondly, we used the F test to compare the evolution slope differences between the linear
regression model for each division in each time scale, eliminated the transition points that are
statistically not significant, and then got the exact time nodes of the groundwater system evolution of
different time scales. There were five transition points on the two-year time scale (1968, 1980, 1988,
1995, and 2005; Figure 3a), dividing the whole sequence into six divisions. There were seven transition
points in the evolution of the groundwater flow field at the one-year time scale (1967, 1976, 1988, 1991,
1994, 1998, and 2006; Figure 3b), dividing the whole sequence into eight divisions. There were five
transition points on the three-year time scale (1964, 1980, 1988, 1995, and 2005; Figure 3c), dividing the
whole sequence into six divisions. There were two transition points in the four-year and five-year time
scale (1964 and 1995; Figure 3d,e), dividing the whole sequence into three divisions. There were no
transition points on the 12-year time scale (Figure 3f).

Thirdly, use of the balance index (Re) categories of the groundwater system to test the rationality
of the stages divisions of the groundwater system evolution of different time scales, if the balance
state (balance index (Re) categories) of the groundwater system in the different division stages of a
specific time scale is obviously different, we consider this time scale as suitable; if on the contrary,
it is unsuitable. There were five transition points on the two-year time scale (Figure 3a), dividing
the evolution of the groundwater flow field into the following six stages: 1961-1967, 1968-1980,
1981-1988, 1989-1995, 1996-2005, and 2006-2010. Compared with the curve, Re, during 1961-1967,
Re was greater than 2.0, the flow field was in a state of unbalanced toward to increasing storage, and
the groundwater level remained basically unchanged. During 1968-1980, R was in 1.0-2.0 (except for
1973 and 1976), on average, Re = 1.32, the groundwater flow field was in a state of slightly unbalanced
toward increasing storage. During 1981-1995, the average value of R. was 0.46, which implies the
groundwater system was generally in a state of unbalance toward to the decreasing storage. In 1988,
the Re = 0.38, and several years before and after the nodes it was less than 0.5, so the time nodes of
1988 should be eliminated. During 19962004, R, increased during the catastrophic flood period (1996
when the precipitation was 1096 mm), but it was still less than 1.0 in the other years, on average,
Re =0.70, the flow field was in a state of slightly unbalanced towards the decreasing storage, and the
groundwater level continued to decline. From 2006-2010, Re = 0.40, the groundwater flow field was in
a state of unbalance towards the decreasing storage. Overall, the transition points on a two-year time
scale can clearly express the evolution stages of the groundwater flow field.
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Figure 3. Evolution characteristics of the groundwater flow field in the research area using (a) a
two-year time scale, (b) a one-year time scale, (c) a three-year time scale, (d) a four-year time scale, (e) a
five-year time scale, (f) a twelve-year time scale. (g) The curve of the ratio of groundwater recharge
volume to exploitation volume, the symbol ® indicates the transition points, and the labels provide
the F test values between the division sequences linear regression model slope, * indicates significance
levels of 0.05, ** indicates significance levels of 0.01.

Figure 3b shows that the time nodes of a one-year time scale did not coincide with curve R,
especially the nodes of 1991 and 1994. The R. of several years before and after the nodes was less than
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0.5. During this period, the groundwater flow field was generally in a state of unbalance toward the
decreasing storage, and it could not be divided into an evolution stage. On the four-year time scale and
five-year time scale, there were no transition points during 1965-1997. Considering the evolutionary
sequence of the groundwater recharge—exploitation balance (Re), Re rapidly changed from >1.0 to
<1.0 during 1965-1997. The groundwater flow field changed from a state of increasing storage to a
state of decreasing storage. However, these stages and their characteristics were eliminated. On the
12-year scale (Figure 3f), the evolution characteristics of the groundwater flow field formed a straight
line with all of the evolution characteristics being generalized, and all of the features of each stage lost.
The groundwater flow field evolution shows no stage characteristics on a large scale such as this.

Compared with the two-year time scale, the one-year time scale reflects more transition
points during groundwater flow field evolution, and the stage divisions are not sufficiently clear.
At the three-year time scale, the first transition point, 1964, is not accurate, because the R. was
generally greater than 2.0 during 1961-1967, and the groundwater flow field was in a state of
unbalance toward increasing storage. At the 4-, 5-, and 12-year time scales, the characteristics of
the stages were lost. Some transition points during the evolution process were over-homogenized
and obscured. Therefore, we adopted the two-year time scale to divide groundwater flow field
evolution into five stages. During 1961-1967, the groundwater was in a natural state, so the
field was a natural flow field. During 1968-1980, the annual average exploitation volumes were
2.13 billion m3/year, but due to several drought years (e.g., the precipitation was 224 and 304 mm in
1973 and 1975, respectively), the groundwater system was subject to mild overexploitation. During
1981-1995, the annual average exploitation volume was 2.56 billion m3/year, and the accumulated
overexploitation volume was 9.4 billion m? [25], forming a stable groundwater depression cone. During
1996-2005, the exploitation volumes were 2.29 billion m3/year, the overexploitation volumes increased
to 15.4 billion m? [25], which was serious overexploitation. During 20062010, the exploitation volume
was 1.98 billion m?/year [25], making the period an exploitation reduction stage.

In the process of the choice of the time-step and the division of the different stages, we used the
F test to reduce the subjectivity of the selection of the transition points, using the transition of the state
of the groundwater flow field to test the rationality of the division of the evolution stages; however, a
few transition points may need to be eliminated in accordance to the state of the groundwater system,
which may still rely on the experience of the groundwater scientist, so the experience of the scientist
should always be valued.

3.2. Characteristics of Groundwater Flow Field Evolution

The Figure 1b—f shows the groundwater elevation in the area of the cone of depression for the
natural flow field, mild overexploitation, depression cone formation, and exploitation reduction stage.
In the natural flow field stage (1961-1967), the groundwater level in the research area was characterized
by a change from a deep to shallow groundwater level in the area from the West Piedmont to the
Eastern Plain. The groundwater level in this area was less than 10 m and the distribution areas mainly
had groundwater levels of <5 m (Table 2). No obvious groundwater depression cone was formed.

Table 2. The groundwater level distribution area of the Hufu Plain in each evolution stage (km?).

Year <5m 5-10m 10-15m  15-20m  20-25m 25-30m 30-35m 35-40m 40-45m >45m
1965 7945 260

1975 791 5525 1832 57

1985 239 1932 3788 1904 252 89

1995 62 293 2011 1209 2851 1386 315 76 2

2005 18 257 758 1277 893 908 2024 1742 296 30

In the mild overexploitation stage (1968-1980), the area with groundwater levels of <5 m was
significantly reduced. The distribution areas mainly have groundwater levels of 5-10 m. The distribution
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areas with groundwater levels >10 m appear, with an area reaching 1889 km?, accounting for 23.1%
of the total regional area. The analysis of the linear regression (p < 0.05) showed that the rate of
decline of the groundwater level was 0.38 m/year, the groundwater level in the center of the cone of
depression descended at a speed of 1.01 m/year, while the area of the cone of depression expanded at
6.37 km?/year.

In the depression cone formation stage (1981-1995), the ratio of the distribution area with
groundwater level of less than 10 m to the Hufu Plain shrank drastically. Distribution areas mainly
have a groundwater level of 10-25 m, and the areas with groundwater levels of more than 35 m appear,
accounting for 4.2% the area of the total region. The rate of decline of the average groundwater level in
the region was 0.69 m/year. The average annual rate of descent in the groundwater level in the center
of the cone of depression was 1.35 m/year, and the area of the cone of depression was increased by
11.35 km?2/ year.

In the serious overexploitation stage (1996-2005), the distribution area, with groundwater levels
of <20 m, shrank drastically and mainly had groundwater levels of 30-40 m. The distribution areas
with groundwater levels of >45 m occurred, accounting for 4.7% of the total area. The rate of descent
of the average groundwater level in the region was 0.69 m/year. The average rate of descent of the
groundwater level in the region was increased by 0.34 m/year, compared with the rate in the depression
cone formation stage, and the spread rate of the area of the cone of depression was accelerated to
12.39 km?2/ year.

In the exploitation reduction stage (2006-2010), the exploitation volume in the serious
overexploitation area decreased each year. The rate of descent of the regional average groundwater
level was 0.74 m/year. The expansion of the area of the cone of depression slowed during this stage.

3.3. Analysis of Dominant Factors

During 1961-1967, the groundwater flow field showed natural stage characteristics. The fuzzy
coincident matrix method was used to calculate the magnitude of the main controlling factors, because
of a lack of input and output flux data. The ranking of the relative importance of each input and
output flux was as follows: infiltration from precipitation > exploitation > leakage of watercourse >
infiltration from irrigation > infiltration from canal system > lateral influx > lateral outflux. A binary
comparison was made between each two, according to the order of exploitation, infiltration from
precipitation, leakage of watercourse, infiltration from canal system, infiltration from irrigation, lateral
influx, and lateral outflux, and a priority matrix was obtained (Equation (10)). The following weight
matrix was obtained by uniform transformation (Equations (7) and (8)) and square root normalization
(Equation (9)) of the priority matrix, as follows: (0.20, 0.23, 0.15, 0.11, 0.12, 0.10, and 0.08).

050 030 0.70 0.80 0.80 0.90 0.90
0.70 0.50 0.80 0.90 090 0.90 1.00
030 020 050 0.60 0.60 0.70 0.70
020 0.10 040 0.50 040 0.50 0.60 (10)
0.20 0.10 040 0.60 0.50 0.60 0.60
0.10 0.10 0.30 0.50 0.40 0.50 0.50

. 0.10 0.00 030 040 0.40 040 0.50

For the mild overexploitation, depression cone formation, serious overexploitation, and exploitation
reduction stages, Equations (3)-(6) were used for calculation. The results are shown in Table 3.
Infiltration from precipitation had the largest effect in the natural flow field stage and was the main
controlling factor, followed by exploitation. In the mild overexploitation, depression cone formation,
serious overexploitation, and exploitation reduction stages, exploitation had the largest effect and was
the main controlling factor, followed by infiltration from precipitation.
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Table 3. Intensity levels of each input flux and output flux of the groundwater flow field (unit: %).

Evolution Stage

Equilibrium Elements Natural Mild D . Serious s
R cees epression Cone eps Exploitation
Flow Field  Overexploitation . Overexploitation .
Formation Stage Reduction Stage
Stage Stage Stage
Infiltration from 23.00 19.19 20.67 20.06 2430
precipitation
Input Leakage of 15.00 2.82 3.12 4.68 0.81
fluxes watercourse
Infiltration from 11.00 9.48 3.4 2.40 182
canal system
Infiltration from 12.00 1139 8.12 7.72 7.71
irrigation
Lateral influx 10.00 8.28 8.77 6.73 5.88
Subtotal 71.00 51.15 43.92 41.58 40.52
Exploitation 20.00 43.45 52.24 55.96 53.47
Output
fluxes Lateral outflux 8.00 5.39 3.84 247 6.01
Subtotal 28.00 48.85 56.08 58.43 59.48

3.4. Quantitative Analysis of Influence of Precipitation and Exploitation on Groundwater Levels

Exploitation was the main factor causing the decline of the groundwater level, and precipitation
is an important factor influencing the changes in the groundwater level. In the natural flow field
and the mild overexploitation stages, of only a few years in duration, the groundwater system was
in a state of decreasing storage, and the groundwater levels responded sensitively to the changes
in the exploitation quantity. In the natural flow field and mild overexploitation stages, there was a
clear correlation between the exploitation quantity and the groundwater level. A regression analysis
suggested that when the exploitation volumes were increased by 100 million m?, the mean groundwater
level in the research areas decreased by 0.15 m in the natural flow field stage, and decreased by 0.34 m
in the mild overexploitation stage (Figure 4).

0 -  A1961-1967 1968-1980 s 1981-2010
v = 0.34x + 0. 62
[abdanasan _
c 5 R* = 0.68
310 by =0.15x+ 3.57 £eo.0
=2 R* = (.68
5 15
5 P <001
E20
2
225 |
T30 f
35 1 1 1 1 1 1 1
0 5 10 15 20 o5 30 35

Exploitation quantity/100 million m*

Figure 4. Relationship between exploitation quantity and groundwater level.

During the depression cone formation, serious overexploitation, and exploitation reduction stages,
the volumes of the groundwater abstraction were far greater than the recharge volume. In Figure 4,
the data from 1981-2010 are shown as scattered dots, and the relationship between the groundwater
level and exploitation volumes is not obvious. Moreover, according to Equation (4), under the
condition of the total output fluxes being larger than the input fluxes, even if the exploitation declined,
the groundwater level would continue to descend. However, the increased precipitation can slow the
decline of the groundwater level. Figure 5 shows that when the precipitation amount was increased
by 100 mm, the descent amplitude of the groundwater level dropped by 0.37 m. In some years, with
ample precipitation, the groundwater level even rose. For example, the precipitation was 1096 mm in
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1995-1996. During this period, the groundwater exploitation reduced, the recharge increased, the total
input fluxes were larger than output fluxes, and the groundwater levels correspondingly rose.

3
~ y = -0,0037x + 2, 5233
£ ) il RY = 0.3607
? 2 . T £ <001
5 1 oot
3 * .
= . ® ¥y i \
20 N b o < Ta08,027 - 9500367
= 619048 - ¥ L B
E i w090 e T
2 -1 i A

-2

Precipitation/'mm

Figure 5. Relationship between precipitation and change in groundwater level.

4. Discussion

In this paper, we use the groundwater level in the center of the cone of depression at different
time scales of the Hufu Plain, combined with the F test and the balance index (R.) categories of the
groundwater system, so as to study the shallow groundwater aquifer system evolution time scale
effects and mechanisms, and the applicability of the method to other types of aquifers needs to be
tested in future studies.

The DWT method was used to carry out the multi-scale time effects analysis for the groundwater
level in the center of the cone of depression from 1961 to 2010, and get the 1-5-year and 12-year time
scale maps of the evolution characteristics of the groundwater flow field in the research area (Figure 3,
Figure 6); based on the maps, we can roughly estimate the transition points of the groundwater
system evolution in each time scale. Compared with the original groundwater level time series
(Figure 2), the one-year time scale time series is similar to the original series, and with the time
scale increasing, more and more details of the time series were filtered; as the time scale increased
to 12 years, the evolution of the groundwater level formed a straight line and all of the evolution
characters were generalized, so it is necessary for us to identify a suitable time scale for more clearly
expressing the groundwater system evolution. Although our methodology can be used in any regions
where groundwater is the main water supply, the time scale effects may be significantly different for
various study areas, because of the difference of the hydrogeology conditions. In the same time scale,
the characters of the groundwater system evolution for the different study areas may be different,
and the time series evolution characters as the time scales increase are also varied, so you probably
choose different time scales to study the groundwater evolution for the different regions.

In order to reduce the subjectivity of the choice of the suitable time step and the division of
the different evolution stages, we quantified the balance index (R¢) of the groundwater system.
The following five balance index categories can be distinguished: unbalanced toward to increasing
storage state (Re > 2.0); slightly unbalanced to increasing storage state (1 < Re < 2); balanced (R = 1);
slightly unbalanced toward to decreasing storage state (0.5 < R < 1); and unbalanced toward to
decreasing storage state (Re < 0.5), which can help us discriminate the stage of the divisions of the
groundwater system evolution of the different time scales, but in the process of the division of the
evolution stages, the experiences of the groundwater scientists are required, and thus the researchers
who are not specialists in groundwater science may meet some difficulties when utilizing the methods.
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Figure 6. The groundwater level evolution characteristics with the time scale increasing.

5. Conclusions

The paper provides a new method to study the groundwater flow field temporal evolution
characteristics, focusing on the choice of the correct time step for identifying the distinct stages of
evolution characterized by different characteristics linked to the management of groundwater system.
The Hufu Plain was taken as a case study to demonstrate the methodology. The results showed that a
two-year time scale was the most suitable for studying the groundwater flow field evolution in the
Hufu Plain. According to the groundwater level on two-year time scale, we can divide the groundwater
flow field evolution into the following five stages: natural flow field, mild overexploitation, depression
cone formation, serious overexploitation, and exploitation reduction.

The main factors controlling the groundwater evolution were then assessed for the different
stages, still using the transformed two-year time scale groundwater level time series. The infiltration
from precipitation was the main factor controlling groundwater level changes during the natural flow
field and the effect intensity was 23%. During the mild overexploitation, depression cone formation,
serious overexploitation, and exploitation reduction stages, the effect of the intensity of the exploitation
was 43.5%, 52.25%, 55.96%, and 53.47%, respectively, and it was the main controlling factor. With
the methodology, after careful tests on a number of different systems, we can obtain an increased
knowledge regarding regional groundwater dynamics.
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