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Abstract: Over the last 40 years, declining spring water flow rates have become a typical feature of
karst springs in Northern China. Wavelet analysis, the Mann-Kendall trend test and the mutation test
were used to analyze dynamic monitoring data of groundwater levels and atmospheric precipitation
in the Jinan karst spring area, from 1956 to 2013, to study hydrological responses to atmospheric
precipitation over one-year periods. Results from this analysis show that: (1) Atmospheric
precipitation and the spring water level displayed multi-scale change characteristics, having two
very similar cycles of change of 16 and 12 years. This finding shows that atmospheric precipitation
generates a direct impact on the level of spring water. (2) From 1956 to 2013, the groundwater level
in the Jinan spring area had a significant downward trend (0.65 m/10a). Precipitation recorded an
increasing trend (12.65 mm/10a), however this was not significant. The weight of the influencing
factors of the spring dynamic therefore changed due to the influence of human factors. (3) A mutation
of atmospheric precipitation occurred in 1999, after which annual precipitation increased. Results
for the mutation of the groundwater level showed an initial change in 1967. After this change
the water level continued to decrease before rapidly increasing after 2004. The future trend of the
spring water level should be maintained with consistent precipitation (having an upward trend),
indicating that atmospheric precipitation is not the only factor affecting the dynamics of the spring.
(4) Different periods were identified on the multiple regression model. The main influencing factors
on groundwater level over the past 58 years were identified as a transition from precipitation to
artificial mining. These results also validate the suitability and reliability of using wavelet analysis
and the Mann-Kendall test method to study groundwater dynamics; these results provide a reference
for the future protection of the Jinan City spring.

Keywords: atmospheric precipitation; spring water level; wavelet analysis; Mann-Kendall method;
Jinan spring domain

1. Introduction

Atmospheric precipitation is an important factor affecting groundwater dynamics and periodic
precipitation affects groundwater levels by ensuring a certain period of change [1-5]. Baotu spring,
located in Jinan city, is not only historically very important in China, it is renowned across the world.
Karst water from the springs in the Jinan area has historically been the main water source. However,
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with economic and population development, the volume of groundwater exploitation has sharply
increased in this area since the early 1970s, and artificial exploitation has had a tremendous impact
on spring water supply. In 1972 Baotu spring seasonal stopped flowing, creating great concern for
local inhabitants. In order to resume spring flow it was stipulated in 2003 that large-scale exploitation
of groundwater should be prohibited near the spring area. Groundwater exploitation was reduced
from 800,000 m3/d to 100,000 m3/d, and 90% of the urban water supply was instead taken from
the Yellow River (this water being classed as inferior to the spring water). Although groundwater
exploitation has declined drastically in recent years, there is still a threat of spring water discontinuity
during the dry season. With issues relating to flow levels in the spring not being resolved with the
substantial reduction in exploitation, we can infer that influencing factors on spring dynamics due to
anthropogenic activities have changed.

In order to sustainably develop and utilize groundwater resources and protect the groundwater
environment, a substantial volume of research has been undertaken examining the variation of
atmospheric precipitation and groundwater. Proposed methods include, for example, the regression
method [6,7], time series methods, spectrum analysis, artificial neural network, Gray analysis,
dynamic neural network models, and the kernel function methods [8-12]. These investigations have
increased precision in the law of dynamic change for groundwater and promoted the development
of groundwater science. However, the loose rock type water and karst fissure water dynamics are
quite different. A karst aqueous medium is highly heterogeneous and anisotropic, and its water
circulation process is complex, resulting in karst fissures having a strong water flow [13,14]. This has
led to an increase in laboratory-based physical model experiments investigating karst water flow
movement [15,16]. However, due to limitations in experimental devices, it is very difficult to reproduce
the complex hydrogeological structures and their scale effects in the laboratory. At the same time,
the heterogeneity of a karst aqueous medium cannot meet the requirement of generalization of
hydrogeological conditions. In order to understand the law of groundwater dynamic variation,
karst fissures, karst pipelines, dissolved pores and large fissures were generalized and numerically
sampled to simulate karst hydrodynamic characteristics [17-19]. However, hydrogeological parameters
required for the numerical simulation of groundwater are a function of space-time coordinates. Due to
current limitations, the complex function relationship between parameters and geological bodies
cannot be accurately described, thus leading to uncertainty in identifying hydrogeological parameters.
Errors present in model parameters therefore reflect our lack of understanding of the hydrogeological
structure. In order to avoid issues related to physical models and the numerical simulation of a
heterogeneous aquifer system, a large body of research examined relationships between precipitation
and groundwater level, precipitation and groundwater recharge [20], and the characteristics of time
lag of precipitation on the dynamic of groundwater [21,22] using the Morlet wavelet method [23],
the Mann-Kendall trend test (M-K) [24] and the Hurst index method. The wavelet analysis method was
used to study the evolution of annual precipitation in Pelotas, Brazil from 1894 to 1995. The average
annual precipitation, ENSO (El Nifio phenomenon), and a two-year oscillation period were analyzed
using cross-spectrum analysis [25]. By sorting out the precipitation data from the Uccle station
in Belgium from 1898 to 2002 for 105 years, the characteristics of annual, seasonal, and monthly
precipitation were analyzed [26]. Based on the monthly precipitation data of the Iberian Peninsula
from 1921 to 1995, the Mann-Kendall trend analysis was used to analyze the trend of precipitation [27].
Mann-Kendall method is used to analyze precipitation change in the Yangtze River basin [28].The study
found that the precipitation in the continental United States showed a significant increase and the
spatial distribution was very uneven [29]. The research found that the changing trend of precipitation
in Japan is: The trend of heavy precipitation is increasing and the weak precipitation is decreasing [30].
By analyzing the data of rainfall in Singapore from 1981 to 2010, the results show that Singapore’s
annual precipitation, daily precipitation, and hourly precipitation all show an increasing trend [31].
Among them, the maximum daily precipitation has the fastest growth rate. At the same time,
the characteristics of changes in precipitation across the globe have regional differences. The study
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found that both the heavy precipitation and the weak precipitation in the western continental Europe
and the United States showed an increasing trend, while the medium-intensity precipitation showed a
decreasing trend. However, the strong precipitation in East Asia showed an increasing trend, while the
medium-intensity precipitation and the weak precipitation both showed a decreasing trend [32,33].
Having established a model to analyze the spatial variability of precipitation in Desert Steppe in West
Africa [34]. Current studies have shown that stochastic theory is an effective method to study the
groundwater dynamics in a heterogeneous aquifer system. The Morlet wavelet analysis method has
the function of time-frequency multiresolution. The advantage of this method is that it can clearly
reveal many types of change cycles in a time series, reflecting the changing characteristics of a system
under different time scales, and it can qualitatively analyze the future development trend of the system.
Therefore, wavelet analysis can be used to identify multi-scale features of atmospheric precipitation
and spring water level changes [35-41]. In time series trend analysis, the M-K test is a non-parametric
test method which is recommended and widely used by the World Meteorological Organization.
The M-K test does not require samples to follow a certain distribution and it is not affected by a few
abnormal values. This method is suitable for non-normal distributed data series, such as hydrological
and meteorological data sets [42—45]. The M-K trend test and mutation detection methods are simple
to compute and can be used to study the effects of atmospheric precipitation on water level sequences.

In order to provide a reference for the protection of the Jinan City spring, in this study we used
time serial analysis involving wavelet analysis and the M-K nonparametric test; analyzed the sequence
of precipitation and spring water levels in Jinan city over the last 58 years; examined the multiscale
features of atmospheric precipitation and spring water level changes; and examined lag time of water
levels relative to precipitation.

2. Materials and Methods

2.1. The Background Conditions of the Study Area

Jinan spring field is located in central and western Shandong Province. It has a warm temperate
continental monsoon climate, an annual average temperature of 14.3 °C (1956-2013), and an average
annual evaporation of 1500~1900 mm (1956-2013). Mean annual precipitation is around 676.94 mm
(1956-2013), and the area has an uneven distribution of precipitation during the year, with about
73% of annual rainfall occurring from June to September. Jinan is located on the northern edge of
the Shandong Mountains. The terrain is high in the south and low in the north, the south being the
crystalline basement of the former Sinian gneisses. The Cambrian-Ordovician strata are exposed,
ranging from old to new northwards, and the Yanshanian Magmatic rock is distributed in the north
(Figure 1). The particular topography and geological structure in this area results in karst water in the
southern mountain area to be recharged by atmospheric precipitation. The direction of movement of
the karst water, the direction of the topography and the direction of the stratum are generally consistent,
moving from the south to the north. As the karst water moves to the north, it is blocked by magmatic
rocks. The groundwater becomes enriched at this point and, due to favorable terrain and geology,
it reaches the surface as a spring (Figure 2). Atmospheric precipitation has been confirmed as the
origin of the groundwater in the spring using isotopic analysis [46]. The dynamics of the groundwater
level is affected by many factors, such as precipitation, artificial mining and local topography [6,47].
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Figure 1. Hydrographic map of the Jinan spring area.
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Figure 2. Geological profile schematic diagram.

2.2. Data

Annual precipitation data from Jinan City (1956 to 2013) and average spring water levels (1959 to
2013) were selected as the data sources for our study. A section of the precipitation data was derived
from observed data from the Jinan Station, station number 54,823 on the China Meteorological Data
Network, this station being located in the Jinan spring field. The data of groundwater level was
collected from manual observation and automatic monitoring observation; the volume of exploitation
was from the water plant measurement data.

2.3. Periodic Inspection Method

By using Morlet wavelet as the basic wavelet, a continuous wavelet transform was used to analyze
the multi-time scale features of annual precipitation and groundwater levels. This method also enabled
the future development trend of spring field precipitation and groundwater levels to be qualitatively
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estimated. This technique, initially developed to analyze seismic data, has a good local analysis
method in both the time and frequency domain. This method is defined as an arbitrary equation.
More detailed descriptions of this method are introduced in References [48-50]:

t—b
a

_1 —
Wi(a,b) = |a] Z/Rf(t)gb( )dt (1)
where We(a, b) is the wavelet transform coefficient; f(t) is a signal or square-integrable function;
a is the scaling scale; b is the translation parameter; and @("T_b) is the complex conjugate function of
lp("T’b). Most of the time-series data observed in geosciences are discrete, and the function is f(kAt)
(k=1,2, .., N); Atis the sampling interval. The discrete wavelet transform of Equation (1) was:

1 N —_ —
TIALY f(kAt)l[J(kAta b

k=1

We(a,b) = |a

) )

2.4. Trend Test Method

Trend analysis using the M-K test supposes that HO (unilateral test) represents the time series
(x1, x2, ..., x,) and is independent and identically distributed with no trend. Suppose that H1 (bilateral
test) representing the data distribution of the time series is different, and the statistical variable S to be
tested is calculated as follows:

n—-1 n
S=) ) sgn(x—x) 3)
i=1 k=i+1
where,
1,6 >0
sgn(f) =4 0,06=0 4)
-1,06 <0

S is normal distribution. If the mean is 0, then the variance is:

var[S] = |n(n—1)(2n+5) =) t(t —1)(2t +5)

/18 ®)

where t is the range of any given node. When n > 10, Z; converges to a normal distribution and is

calculated by:
S-1
var(s)
Ze = 0,§=0 (6)
S5+1
\/var(s)'S <0
In the bilateral trend test, if | Z.| > Z1 — a/2 is rejected at the given « confidence level, the original
hypothesis HO is rejected, i.e., there is a clear upward or downward trend of the time series data at
the a confidence level. +£71 — a/2 is the standard normal distribution (1 — «/2) quantile, and « is the

test’s confidence level. The size of the trend can be expressed using the Kendall inclination 8, which is

,5§>0

calculated as follows:

— Medi Xi — Xj Vi . 7
B = Median i V<1 @)

where 1 <j <i<n; § denotes the slope which is positive numbers with an upward trend and negative
numbers with a downward trend. The larger the value of B, the more obvious the trend changes.
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2.5. Mutation Test Method

In addition to trend analysis, the M-K method can also be used to test for mutation. This method
is very effective for verifying a change of state from a relatively stable state to another state. For a time
series x with n sample sizes, construct an order column

k
Sk:ZT’j(kIZ,?),"',TZ) (8)
i=1
where,
Lxi>x . .
- =1,2,---, 9
i { 0% < x, (j i) ©)

It can be seen that the rank sequence Sy is the cumulative number of times the value of 7 at
the moment i is greater than the number of values at time j. Under the assumption of random
independence of time series, define statistics:

[Sk — E(Sk)] (k

UF, =
Var(Sy)

=1,2,---,n) (10)

where UF1 = 0; E(Sx) and Var(Sy) are the mean and variance of the cumulative number S, respectively.
This value is calculated when xq, xp, ..., x; are independent and have the same continuous
distribution as:

E(sy) = 2D an
Var(8y) = n(n— 1;§2n +5) (12)

UF; is a standard normal distribution, which is a sequence calculated according to time series x
order x1, xp, ..., x,. Given a significance level a, in comparison with the data in the known normal
distribution table, and if UF; > Ua, then significant changes exist in the trend. This method can also
be applied to the inverse sequence of the time series, and the above procedure can be repeated by
Xn, Xpn—1, - .. , X1, thus making UFy = —UBy, k=n,n — 1, ..., UB = 0. Given the significance level «,
the two curves of UFy and UBy and the significant horizontal line are plotted on the same graph. If the
values of UFj and UBy are greater than 0, then the sequence shows an upward trend; values below 0
indicate a downward trend. When the value exceeds the critical line, this indicates that the rising or
falling trend is significant. The range beyond the critical line is defined as the time zone of mutation.
If the UF, and UBy curves appear on an intersection point, and the intersection point is between the
critical line, then the intersection point corresponds to the time the mutation begins. More detailed
descriptions of this method are introduced in Reference [51].

3. Results

3.1. General Characteristics of Atmospheric Precipitation and Spring Water Level

From 1959 to 2013, the annual average groundwater level of the Jinan Spring Group was 27.75 m,
and the average annual precipitation was 676.94 mm. Results in Figure 3 show that the groundwater
level can be divided into four stages: 1959 to 1964: During this period spring water was in a state of
high flow and had a high water level, 1965 to 1989: Flow from the spring declined and the groundwater
level recorded a significant decline, 1990 to 2002: This period was regarded as the spring seasonal
outflow /low water level fluctuation stage, 2003 to 2013: This stage recorded recharge of the artificial
groundwater and was characterized by the spring flowing during this period. Analysis of these four
phases indicated that factors influencing groundwater level in the Jinan spring area are dynamic and
changeable. The main causes of groundwater level changes in the early study period were found to be
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linked to a change of atmospheric precipitation and artificial exploitation. Since 2003, due to artificial
groundwater recharge, a reduction in groundwater exploitation, precipitation and artificial mining,
the dynamic changes in the groundwater levels have become more complicated.

4 r CJrainfall  —— groundwater level 7 1,400
A~ 32 1 1,200
E
= 30 1 1,000 A~
S =
=2 28 £
S N
S =
s 2 \ 8
z X =
<= =
E 4
=]

St
O 2 N H
o RIRARRINERARERARI IR RIRIRARINARINIRRARINIOTRARRRIRIRIRRRIRIRIPINARIPIRINARINRTRARRRIRIIRIRSRIRIRINARIR

1959 1962 1965 1968 1971 1974 1977 1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 20102013  Year

Figure 3. Precipitation and spring water level contrast curve, 1959 to 2013.

3.2. Atmospheric Precipitation and Spring Water Level Cyclical Changes

Although the distribution of precipitation in Jinan was uneven (Figure 3), a relationship exists
between the spring water level and precipitation. The Morlet continuous complex wavelet transform
was selected to analyze the multi-time scale features of atmospheric precipitation and the spring
time series. Our results show that there were multiple historic time-scale features for atmospheric
precipitation and spring water level. Precipitation time series results indicated three types of scale
for periodic variation: 25-32 years, 10-15 years and 3-9 years (Figure 4a). In the 25-32 year scale,
it appeared to be standard alternating three shocks in the dry season and the flood season; in the
10-15 year scale, there was the standard five shocks.The periodic changes of these two scales show a
very stable and global trend throughout the analysis period. However, the period change of 3-9 years
was more stable after 1985. A periodic variation of spring water level between the scales of 25-32
and 10-18 years was identified (Figure 4b). In the 25-32 year scale, the standard secondary shocks of
fuming and withering appeared; in the 10-18 year standard secondary shocks were also identified.
Meanwhile, the periodic variations of these two scales are very stable in the whole analysis period and
it is global.

Scale/a
Scale/a

T T T T T T T T T T T -280 T T e T R — TR T -9
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year Year

(a) (b)

Figure 4. Wavelet coefficient contour map. (a) For atmospheric precipitation; (b) for spring water level.
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During the evolution of annual precipitation in the spring region, the maximum value of the
time-scale was 25-32 years, and the most obvious change occurred during this time-scale, followed by
the periodic changes in the 10-20 year time-scale. Periodic changes in other time-scales were smaller
(Figure 5a). During the evolution of the spring water level during the spring period, the maximum
value of the time-scale was 25-32 years, and the most obvious change occurred in this time-scale,
followed by the periodic variation of 10-18 years (Figure 5b).

Scale/a
Scale/a

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year Year

(@) (b)

Figure 5. Wavelet coefficient model contour map. (a) For atmospheric precipitation; (b) for spring

water level.

The spring field precipitation has the strongest energy and the most significant period in the
25-32 year time-scale, occupying almost the entire time domain of the study. However, energy on
the 10-15 year time-scale is weak and periodic variation is localized (Figure 6a). The spring had the
highest energy in the 25-32 year time-scale, this being the most significant period, which occupied
almost the entire time domain of the study (Figure 6b).

Scale/a
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Year Year
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Figure 6. Contour map of the wavelet coefficients modulus square. (a) For atmospheric precipitation;

(b) for spring water level.

Four obvious peaks in the wavelet variance map of spring precipitation (Figure 7a) were identified,
corresponding to the time-scales of 27, 15, 8 and 5 years, of which the maximum peak corresponded to
a 27-year time-scale. This result indicates that the strongest periodic oscillation in 27 years was the first
main period of annual precipitation change in the spring area. The 15-year time-scale corresponds
to the second peak, which is the second main period of annual precipitation change, and the third
and fourth peak correspond to 8-year and 5-year time-scales, respectively, which are in turn the third
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and fourth main cycles of annual spring precipitation. The fluctuations of these four periods control
the variation of annual precipitation over the entire time domain. There are two obvious peaks in
the wavelet variance map of the spring water level (Figure 7b), corresponding to the 27-year and
15-year time-scales in succession. The 27-year period is the first spring water level change event and
the 15-year period is the second main cycle of change for the spring water level.
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Figure 7. Wavelet variance plot. (a) For atmospheric precipitation; (b) for spring water level.

On the characteristic 15-year time-scale, the average period of annual precipitation change in the
spring area was about 10 years and about 5 conversion periods (Figure 8a). On the 27-year characteristic
time-scale (Figure 8b), the average period of precipitation was about 18 years, incorporating about
3 cycles of change in abundance. The characteristic 15-year time-scale for the spring water level had an
average change period of 12 years (Figure 8c). The average period of spring water level change on the
characteristic 27-year time-scale was about 16 years.

200 |

Wavelet coefficients
Wavelet coefficients

Wavelet coefficients
Wavelet coefficients
<

1959 1964 3 1994 1999 009 Year
4 |
8 |

(0) (d)

Figure 8. Wavelet coefficient main period chart. (a) 15-year scale for atmospheric precipitation;
(b) 27-year scale for atmospheric precipitation; (c) 15-year scale for spring water level; (d) 27-year scale
for spring water level.
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The results of continuous wavelet analysis show that the variation of atmospheric precipitation
and spring water level has the same time-scale of 27 and 15 years, with typical periods for
precipitation and spring water level being 16 and 12 years (Figure 7). Over long-term periods,
atmospheric precipitation and spring water level showed an increasing trend. Wavelet analysis
time-frequency characteristics in the local area can also be used to analyze the characteristics
of atmospheric precipitation and spring water level changes at different scales over a long-term
period [30]. The research results show that continuous wavelet transform can be used to characterize
the temporal variability of the interrelationships involved, which is in good agreement with the
research results of Jean [52].

3.3. Differences between the Trend of Atmospheric Precipitation and Spring Water Level Change

Normally, the level dynamic of the local groundwater shows significant multi-order
autocorrelation, while the precipitation sequence does not show any autocorrelation and does not
require pretreatment. Results for the calculation showed that the coefficient of variation of the sequence
of groundwater level was 0.0627. As CV < 0.1, no pre-treatment was required. Results for the M-K
mutation test were very similar to this result.

From 1959 to 2013, the groundwater level of Jinan spring dropped at a rate of 0.65 m/10a, and the
average annual groundwater level U was less than 1.96, showing a significant (« = 0.05) decreasing
trend. Average annual rainfall from 1956-2013 was 12.65 mm/10a (Table 1). Results for annual
precipitation U were 0.2047 (<1.96), which did not pass the significance test of « = 0.05, thus the growth
trend was deemed to not be significant.

Table 1. MK trend test results list.

Project u B
Annual groundwater level 0.9996 —0.065
Annual precipitation 0.2047 1.2647

Using the M-K trend analysis method, we obtained the trend of atmospheric precipitation and
spring water level for the study period. Results showed that the trend of precipitation increase after
1999 was not significant, however the spring water level had a significant downward trend. This finding
indicates that the decrease of precipitation was not the main cause for the decline in groundwater.
Since 2003, remediation measures such as recharge and reducing groundwater exploitation in the
spring field have resulted in an upward trend for the spring level, a trend response which is similar to
that of atmospheric precipitation.

3.4. Atmospheric Rainfall and Detection of Spring Water Level Changes

The M-K mutation test of annual average precipitation and average annual groundwater levels in
the Jinan area showed that the fluctuation of atmospheric precipitation series UF was more complicated
than the groundwater table (Figure 9a). UF results for precipitation from 1962-1967, a period of heavy
precipitation, were greater than 0. UF in 1967 was equal to 0, and from 1967-1995, UF was less than
0. There is very little precipitation during this time. After 1996, only in 2002, the UF is less than 0.
However, in the other remaining years the UF is greater than 0 and increases gradually. Moreover,
the precipitation shows an increasing trend after 1996. Results for the UF and UB lines were found to
intersect in 1999, and to be within the 2-letter reliability line, thus indicating a mutation at this time
period. After 1999, precipitation increased.



Water 2018, 10, 698 11 of 16

UF STATISTICS
UB STATISTICS
——— 0.05 SIGNIFICANT LEVEL

Statistics

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011
Year

(@)

Statistics

UF STATISTICS

— UB STATISTICS
--------- 0.05 SIGNIFICANT LEVEL

T T T T T 1 1 1 1 1 1
1964 19689 1974 1979 1934 1989 1934 1999 2004 2003 2014

Year

(b)

Figure 9. M-K mutation test chart. (a) For atmospheric precipitation; (b) for spring water level.

From 1962-1966, the groundwater level of the spring group was higher than 0 (Figure 9Db),
this being the high water level of the groundwater level. However, this result did not pass the
significance test of a = 0.05. UF results after 1967 were less than 0, indicating that the long-term
underground water table was in a period of low water level. During this period the groundwater level
was also recorded as declining. The only point of intersection between UF and UB occurred in 1967
and the intersection point was within 2 confidence lines of & = 0.05, indicating that an abrupt change
of the water level occurred in 1967. The mean value of the groundwater level from 1959 to 1966 was
30.69 m, and after 1967 it was 27.25 m, thus showing significant differences. The UF was less than
—1.96 after 1972, and the tendency of UF to continue to decrease before 2004 was obvious, indicating
that the drop of groundwater level was significant. After 2004, the UF rapidly increased and the water
level rapidly rose. The average water level after 2004 was 28.55 m.
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Results from the M-K mutation test showed that the water level of the spring had a sudden
change in 1967, and that the water level of the spring had a continuous decline after 1967 until 2004.
A multiple regression model was established to examine the average water level during two different
periods (1960-1967 and 1968-1989) and precipitation in the current year, urban exploitation, peripheral
exploitation and precipitation in the previous year. The following equations were used:

Y =30.417 + 0.002X; — 0.278X5 + 0.002X5 + 0.0004X4 (13)

Y =27.362 + 0.002X; — 0.002X; — 0.05X3 + 0.001X4 (14)

where Xj is current precipitation; X; is urban exploitation; X3 is external extraction; and X, is
precipitation of the previous year.

Regression analysis results (Table 2) show that from the 1960s to the 1990s, the main factor affecting
groundwater level changed from precipitation to artificial exploitation, and the influence of peripheral
mining has exceeded that of urban mining. Under the conditions of mining, precipitation has become
a secondary factor affecting the groundwater level in urban areas. Results from the regression analysis
and the M-K mutation test method identified that mutation occurred for the spring level in 1967.

Table 2. Partial correlation coefficients between various factors and groundwater levels.

Year
1960-1967 1968-1989

Influencing Factors

Current precipitation and groundwater level 0.959 0.285
Precipitation and groundwater level in the previous year 0.95 0.094
The first two years of precipitation and groundwater level 0.479
Urban exploitation and groundwater level —0.873 —0.017
Periphery exploitation and groundwater level —0.572

Before artificial recharge, a good correlation existed between the spring water level and extraction
volume [53]. As the amount of extraction increased, the spring water level showed a downward trend
(Figure 10). In order to restore the flowing state of the spring, the amount of groundwater exploitation
was reduced and water recharge was undertaken in 2003. These remedial measures resulted in the
correlation between spring water level and groundwater exploitation being significantly reduced
(Figure 11). It can be presumed that if groundwater exploitation is small and stable, it can no longer be
considered as the main factor affecting the spring water level changes. Zhang [47] also highlighted that
the relationship between groundwater level and the amount of exploitation has not been significant
since 1990.

32 r PS
¢ y = -8E-06x + 31.074
E : :
E Ll ¢ R’ =0.7311
)
>
=
w 28 F
]
s .
*
= | . -
= 26
=
S
w 24 1 1 1 1 rs 1 1 ]
0 100,000 200,000 300,000 400,000 500,000 600,000 700,000

Spring area groundwater exploitation/m3/a

Figure 10. Relationship between spring water level and exploitation volume, 1959-1989.
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Figure 11. Relationship between groundwater exploitation and spring water level, 2003-2012.

M-K trend analysis can not only identify the significant trend of ascending and descending
atmospheric precipitation and spring water series, it can also highlight the moment of mutation.
However, the influencing factors of precipitation and water level are complex. Groundwater
exploitation size, precipitation, rainfall station location and artificial recharge amount all have an
impact on groundwater dynamics. Therefore, if M-K is used to analyze the characteristics of the
catastrophe year and establish an appropriate prediction model, this will enable an improvement in
accurately predicting future groundwater level changes. This is consistent with the results of Damir [54],
which showed that the effects of spatial and temporal variations of hydrological time series and the
space-time-variant behaviors of the karst system can be separated from the correlation functions.

4. Conclusions

Morlet wavelet transform for precipitation and groundwater table time series results in the Jinan
spring area showing that there are numerous time-scales. The large time-scale includes the small
time-scale, and the different time-scales imply different laws of change. Four time-scale periodic
variation phases for atmospheric precipitation were identified (27, 15, 8 and 5-year) of which 27
and 15 years corresponded to the variation period of 16 and 12 years. Results for the spring water
level also recorded 27- and 15-year time-scales, with a period of change of 16 and 12 years. Average
annual increase in precipitation from 1956 to 2013 was 12.65 mm/10a, results indicating there was no
significant increase. The rate of decline of the groundwater level from 1959 to 2013 was 0.65 m/10a,
recording a significant downward trend. After a sudden change in 1999, precipitation increased
thereafter. 1967 was identified as the year sudden water level changes occurred at the spring,
which was noted by a significant reduction in the water level. By establishing a multiple regression
model for different periods, the main factors influencing groundwater levels in Jinan over the last
50 years included atmospheric precipitation and artificial extraction. After remediation measures were
implemented, such as recharge and limiting groundwater exploitation in 2003, the future trend of
water level should be in line with the precipitation, and have an upward trend.

Results from our investigation have shown that the wavelet analysis method and the M-K method
have their own strengths. The results of the two methods were mutually verified and were found
to complement each other. These methods are feasible for identifying the dynamic variation of
groundwater in a heterogeneous karst aquifer system. The groundwater level not only relates to
the amount of groundwater resources, but also relates to many geological and ecological problems.
The unreasonable development and utilization of groundwater resources will lead to a series of
geological environmental problems, such as land subsidence, ground fissures, and seawater intrusion.
At the same time, groundwater level is also the key to prevent soil salinization and maintain the
ecological environment in arid areas. Therefore, the study of the difference in the delay of precipitation
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response to groundwater level can help improve the prediction and warning model of groundwater
level and improve the work accuracy. Although this study has reached certain conclusions, there are
still some problems, such as the incompleteness of data. If we use numerical simulation and field
in-situ experiments in future studies, we can better manage karst springs.
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