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Human activity and climate change have significantly modified the hydrological processes of groundwater. In coal mining areas, dewatering operations have become more influential than climate change, making human activity the primary factor impacting groundwater systems. However, it remains unclear to what extent climate change affects groundwater levels under such strong human influence. This research examines the impact of El Niño Southern Oscillation (ENSO) on groundwater levels, using data from the Pansan Coal Mine in Huainan, China as a case study. We employ wavelet analysis to study four groundwater level time series and investigate the impacts of ENSO and precipitation. The study results indicate that, in cases of groundwater over-exploitation, significant regions in the Continuous Wavelet Transform of groundwater levels decrease significantly. However, despite the substantial drops in groundwater levels caused by mining activities, a distinct resonance period with precipitation and ENSO remains evident in the Cross Wavelet Transform. Human activities have not altered the resonance frequencies between groundwater levels and either precipitation or ENSO. Precipitation correlates with porous groundwater levels on an annual scale and with karst groundwater levels on both annual and inter-annual scales. ENSO significantly impacts Quaternary groundwater levels on annual and inter-annual scales, and it affects Neogene and karst groundwater levels on inter-annual scales. Conducting-water structures serve as the primary pathways for transmitting precipitation and ENSO signals. The findings and methodologies presented in this study can help managers and scientists in enhancing groundwater resource management, sustainable utilization and water disaster prevention amid future climate uncertainties.
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1 INTRODUCTION
Groundwater serves as a crucial water resource in coal mining operations, and it is also a disaster that threatens the safe mining of coal (Wang et al., 2012; Xue et al., 2023). Comprehending the fluctuations in groundwater levels, along with their periodic patterns and trends, plays a crucial role in addressing water resource management and disaster prevention effectively. This understanding is instrumental in predicting future variations in groundwater resources (Liesch and Wunsch, 2019). The periodic monitoring of groundwater levels resulting from oscillatory climatic systems serves as a valuable resource to enhance long-term forecasting capabilities (Rust et al., 2018). While long-term records of groundwater levels are rare, they hold significant importance in supplying the essential data required to assess changes in the resource over time (Liesch and Wunsch, 2019). Consequently, there has been a growing emphasis on studying the influence of long-term periodic fluctuations in groundwater levels attributed to climatic teleconnections. Numerous authors have reported these fluctuations in recent years (Gurdak et al., 2007; Holman et al., 2011; Tremblay et al., 2011; Perez-Valdivia et al., 2012; Dong et al., 2015; Neves et al., 2019).
However, both climate change and human activities have significantly altered hydrological processes (Zhang et al., 2016). The increased magnitude and frequency of climate change since the early 20th century have complicated the relationship between climate change and groundwater systems (IPCC, 2012). El Niño Southern Oscillation (ENSO) is a major interannual climate phenomenon that significantly influences weather and climate patterns around the globe (Brönnimann et al., 2007; Kuss and Gurdak, 2014; Chang et al., 2019). Therefore, ENSO has been selected as the climate change factor in this study.
In numerous locations worldwide, human activities have intensified to the point where they exceed the influence of climate change, making human activity the dominant factor affecting groundwater systems (Hao et al., 2016). Groundwater over-exploitation is the main factor leading to the change of groundwater hydrological process (Salameh, 2008; Li et al., 2013; Pophare et al., 2014; Qian et al., 2018; Li et al., 2022). Groundwater over-exploitation, particularly in areas like China’s Yangtze River Delta Plain (Wang et al., 2015; He et al., 2021; Xu et al., 2021), Huaibei Plain (Li and Gao, 2004; Zhu, 2013), and major coal mining areas (Xue and Zhang, 2016; Yin et al., 2016), has led to significant declines in groundwater levels and even land subsidence (Wang et al., 2013; Liu et al., 2019; Xue et al., 2022). The interplay between over-exploitation and climate change further complicates hydrological processes. Despite these challenges, research on the relationship between groundwater levels in such aquifers and climate patterns remains limited. This knowledge gap hampers the government’s ability to effectively manage groundwater resources and prevent mine water disasters.
This project aims to investigate the periodicities of four over-exploited groundwater level time-series recorded in various aquifers, and to assess the potential effects of precipitation and climatic teleconnections (ENSO) on groundwater using wavelet analysis. The monitoring wells, situated in the Pansan Coal Mine in Huainan City, China, observe different confined aquifers and types (porous and karst).
2 MATERIALS
2.1 Study area
The study area is situated in the Panji District, northwest of Huainan City, Anhui Province, which comprises Panyi, Paner, Pansan and Zhuji Coal Mines. For this study, Pansan Coal Mine was chosen due to the availability of complete groundwater level data. The area is located in the Huaihe River alluvial plain, with a flat terrain and an elevation ranging from 18 to 22 m and abundant coal resources that have been mined since the 1980s. Stratigraphic sections include Sinian (Z), Cambrian (Є), Ordovician (O), Carboniferous (C), Permian (P, with coal-bearing strata), Palaeogene (E), Neogene (N), and Quaternary (Q) strata. The main outcropping strata is Quaternary deposits, occasionally with Cambrian and Sinian outcrops in the northern region (Figure 1).
[image: Figure 1]FIGURE 1 | Location of groundwater monitoring wells and comprehensive stratigraphic column.
Pansan Coal Mine is located on the western part of the southern limb of the Panji Anticline within the Huainan Synclinorium, adjacent to the Panyi Mine. The overall structure is a monocline, with the strata trending in a NWW-SEE direction. The dip angle of the strata generally ranges from 5° to 10°, showing a trend of being steeper near the surface and gentler at greater depths. In some local sections, due to the influence of Fault F1, the dip angle increases to 30°–50°, and in some cases, the strata are even vertical. As a result of regional north-south compressional forces, secondary synclines and anticlines have developed within the coalfield.
The study area is located in the Huaihe River basin with its main water system being the Huaihe River and its tributary, the Mud River. It falls under a subtropical monsoon climate zone characterized by long winters and summers, and short springs and autumns, with distinct four seasons. The average annual temperature is 15.1°C, with an average of 2,298 h of sunshine per year. The annual average precipitation is 905.6 mm, with the highest recorded at 1,558 mm in 1991 and the lowest at 347 mm in 2001. Precipitation is mainly concentrated in the months of June to September. The average frost-free period lasts for 215.5 days per year.
The groundwater system comprises karst groundwater found in Cambrian, Ordovician, and Carboniferous strata, as well as porous groundwater distributed within loose Neogene and Quaternary sediments. These aquifers are distributed throughout the study area. The Quaternary aquifer group primarily receives recharge from vertical infiltration of atmospheric precipitation and surface water, with lateral recharge from rivers during the rainy season. In their natural state, the water levels fluctuate with seasonal variations, with the primary discharge methods being evaporation and artificial extraction. During the dry season, surface river water replenishes the aquifers. The Neogene aquifer is primarily replenished laterally through runoff. In its natural state, there is no hydraulic connection between the upper and lower aquifers. Under the influence of coal mining, groundwater is discharged into the mine through mining-induced fractures and underground boreholes. The development of karst fractures in limestone is uneven; near the outcrop in the northern area, the karst fractures are more developed, and the water-bearing capacity is strong. At the base of the Taiyuan Formation, a mudstone and aluminous mudstone aquitard exists, which under natural conditions limits the hydraulic connection between the Carboniferous and Ordovician aquifer groups. These aquifers primarily receive lateral recharge from runoff, and the discharge occurs through mining operations and drainage to the mine via fault fracture zones. To ensure safe mining operations and prevent water inrush accidents from high water pressure, groundwater is pumped to lower the water level. This process primarily involves extracting Neogene porous groundwater (monitoring well Nw), Carboniferous karst groundwater (monitoring well Cw), and Ordovician karst groundwater (monitoring well Ow), all of which impact the safety of coal mining. Additionally, Quaternary porous groundwater (monitoring well Qw) is extracted for production purposes.
2.2 Data sources
The monthly precipitation data were acquired from the Fengtai meteorological stations of the National Climate Centre (http://data.cma.cn/). Monthly ENSO indices were determined by calculating the average sea surface temperature (SST) anomalies within the region spanning 5°N-5°S and 120–170°W. Monthly data for the ENSO teleconnection pattern were downloaded from the Climate Prediction Center of the National Weather Service website (http://www.cpc.ncep.noaa.gov). The Pansan coal mine began operations in 1992, and groundwater level data from January 2005 to December 2022 was collected. The four monitoring wells with the longest observation periods were selected for this study. The essential details of four monitoring wells are presented in Table 1. The mean monthly groundwater level was calculated by taking the arithmetic average of either three or six observations made during that month (three observations from January to April and October to December; six observations from May to September). Figure 2 displays the monthly precipitation sequences and the data for mean monthly groundwater levels.
TABLE 1 | Groundwater monitoring wells.
[image: Table 1][image: Figure 2]FIGURE 2 | Monthly precipitation data and monthly groundwater level data from January 2005 to December 2022. (a) Monthly precipitation data, (b) Groundwater level in Quaternary pore aquifer (Qw), (c) Groundwater level in Neogene pore aquifer (Nw), (d) Groundwater levels in Carboniferous and Ordovician karst aquifer (Cw and Ow).
Figure 2 depicts a substantial decline in both porous groundwater and karst groundwater levels, with karst aquifers experiencing a maximum groundwater level difference of nearly 80 m. The underlying karst aquifer beneath the A coal seam is abundant in water, with initial groundwater levels of 17.11 m for the Carboniferous aquifer and 17.73 m for the Ordovician aquifer. The karst water pressure is particularly high. A stable aquiclude, with a thickness ranging from 9 to 21.8 m, separates the A coal seam from the karst water. However, the elevated water pressure and the potential connectivity of mining-induced fractures may lead to a water inrush accident in the coal mine. Therefore, the primary groundwater control measure for karst aquifers in the mine is to reduce water levels and pressure. This is achieved through the construction of underground boreholes for dewatering the karst water, thereby maintaining the water level within a safe range. This measure is a long-term water control strategy, requiring the continuous discharge of large volumes of karst water daily. Due to the lack of data on the volume of water discharged, a quantitative analysis cannot be performed at present. So human activities, such as groundwater extraction and mine dewatering, these activities greatly disrupt the groundwater flow system.
3 METHODS
3.1 Continuous wavelet transform (CWT)
Wavelet analysis is a robust technique widely utilized in various domains for analyzing non-stationary time series like hydrological, atmospheric, other geophysical time series. It provides an efficient method to expand time series into time-frequency space, allowing for the identification of localized intermittent periodicities (Grinsted et al., 2004). A wavelet series represents a square-integrable function by utilizing an orthonormal series based on a wavelet. One of the most frequently applied time-frequency transformations is the Continuous Wavelet Transform (CWT). A wavelet function, represented as [image: image], meets the requirement [image: image], which means it is a distinctive waveform with a limited duration and an average value of zero. Unlike traditional Fourier analysis, wavelet analysis is typically more irregular and asymmetrical in the time domain. In this method, the signal is broken down into a sequence of wavelet functions, contrasting with the reliance on trigonometric functions in Fourier analysis (Kriechbaumer et al., 2014). Wavelet functions are created by scaling and shifting a mother wavelet function based on different scales. As a result, they are highly effective in identifying the local characteristics of a signal. Each wavelet function, represented as [image: image], is produced by expanding and translating the mother wavelet [image: image].
[image: image]
In this context (Equation 1), we define the Morlet wavelet function using the following parameters: α for scale expansion, τ for dimensionless time shift, t for dimensionless time, [image: image] as the mother wavelet function, and R representing the set of real numbers. Numerous mother wavelet functions are at one’s disposal, including the Mexican Hat wavelet, Morlet wavelet, and Haar wavelet. For this study’s objectives, we chose to utilize the complex non-orthogonal Morlet wavelet function. It has a track record of delivering robust results in the analysis of time series records (Gedalof and Smith, 2001; Grinsted et al., 2004), making it a suitable choice for our research. Here is the definition of the Morlet wavelet function:
[image: image]
This equation defines the Morlet wavelet function (Equation 2), with [image: image] representing the dimensionless frequency in relation to dimensionless time t. Previous studies have indicated that selecting the Morlet wavelet with [image: image] strikes an appropriate balance between time and frequency localization, making it a suitable choice (Gedalof and Smith, 2001; Grinsted et al., 2004). The Continuous Wavelet Transform (CWT) of a time series [image: image], where t ranges from 1 to N with uniform time steps [image: image], is defined as the convolution of [image: image] with the scaled and transformed wavelet of [image: image]:
[image: image]
In this equation (Equation 3), the symbol “*” represents the complex conjugate. [image: image] captures the fundamental features of a time series [image: image] as it is mapped into a two-dimensional time-frequency space. CWT often exhibits edge artifacts due to the wavelet’s incomplete time localization. To address this problem, the concept of the Cone of Influence (COI) can be employed. The Cone of Influence (COI) is defined as the e-folding time for the autocorrelation of wavelet power and represents the region in the wavelet spectrum where edge effects become significant (Torrence and Compo, 1998).
The e-folding time is chosen to ensure that the wavelet power [image: image] for a discontinuity at the edge decreases by a factor [image: image], effectively rendering edge effects negligible beyond this threshold. In the case of cyclic series, zero-padding is unnecessary, and the concept of the Cone of Influence (COI) does not apply. The COI’s size at each scale serves as an indicator of the decorrelation time for an isolated spike within the time series. By analyzing the width of a peak in the wavelet power spectrum in relation to the decorrelation time, one can distinguish between a transient data spike, possibly caused by random noise, and a harmonic component at the corresponding Fourier frequency (Torrence and Compo, 1998).
3.2 Cross wavelet transform (XWT)
When two Continuous Wavelet Transforms (CWTs) are analyzed together, the result is a Cross Wavelet Transform (XWT), which reveals the common power and represents the continuous wavelet cross-correlation in the time-frequency domain (Gedalof and Smith, 2001; Grinsted et al., 2004). The Cross Wavelet Transform (XWT) for two time series, [image: image] and [image: image] is defined as follows:
[image: image]
In this equation (Equation 4), the symbol “*” signifies the complex conjugate. The cross-correlation coefficients can be expressed as [image: image], here [image: image] represents the wavelet amplitude, while [image: image] denotes the absolute phase. Additionally, we define the cross wavelet power as [image: image], representing the cross-covariance between these two time series. You can calculate the relative phase difference between the two time series as follows:
[image: image]
Equation 5, S denotes a smoothing operator, while I and R represent the imaginary and real components of [image: image], respectively. It is important to highlight that this definition relies on how the smoothing operator affects the different wavelet spectra. A stable phase relationship suggests a physical causal link between the two time series. When they are in phase, it indicates a perfect positive correlation, whereas being in anti-phase signifies a perfect negative correlation. This study utilizes MATLAB software for program execution and visualization.
4 RESULTS
4.1 CWT for precipitation, ENSO and groundwater level
The study area is located in eastern China, where ENSO (El Niño-Southern Oscillation) significantly influences precipitation patterns by altering the global atmospheric circulation. During the El Niño phase, the West Pacific Subtropical High generally shifts southward, weakening the monsoon and leading to reduced precipitation in eastern China. In contrast, during the La Niña phase, the West Pacific Subtropical High strengthens and moves northward, enhancing the southeast monsoon and bringing more precipitation to eastern China. ENSO also affects the timing and intensity of the monsoon system, further altering the spatial and temporal distribution of precipitation. El Niño events often trigger droughts or floods in the southern regions, while La Niña events are associated with increased drought risk in the north and a higher risk of flooding in the south.
To gain deeper insights into the fluctuations of precipitation, ENSO, and groundwater levels, we conduct an analysis of their oscillations using Continuous Wavelet Transform (CWT), as depicted in Figure 3. In the continuous wavelet plot, the colored shading corresponds to the wavelet magnitude, as illustrated in the color bar. The areas enclosed by thick black contours are designated as significant regions, with the thick black contour indicating the 5% significance level compared to red noise. We also highlight the Cone of Influence (COI), where edge effects remain relevant, using a lighter shade, signifying that wavelet analysis within the COI has been taken into account.
[image: Figure 3]FIGURE 3 | The continuous wavelet transform for precipitation, ENSO and groundwater levels: (a) CWT plot of precipitation; (b) CWT plot of ENSO; (c) CWT plot of groundwater level Qw; (d) CWT plot of groundwater level Nw; (e) CWT plot of groundwater level Cw; (f) CWT plot of groundwater level Ow.
For the precipitation, a typical yearly cycle is observed (Figure 3A). For the ENSO, the periodicities of 1–5 years are observed (Figure 3B). In contrast to the precipitation and the ENSO, the porous groundwater levels cannot be observed with continuous significant region. The periodicities of 0.5-year (2010-2011, 2013 and 2020), 1-year (2011) and 2-year (2012-2015) are observed for Qw and Nw (Figures 3C, D). However, the significant regions are very small and not the global maximum. For the karst aquifers, the power spectra of Cw and Ow are very similar, the periodicities of 1.5- and 5-year are observed for Cw and Ow (Figures 3E, F), with 5-year being the global maximum. The 5-year cycle is consistently present in a significant region, although a substantial portion of it falls outside the Cone of Influence (COI). This is primarily because the recorded time span is relatively short in comparison to the duration of the cycle.
4.2 XWT between precipitation and ENSO
As the dominant mode of global climate change, the ENSO is the primary factor influencing variability in global precipitation patterns (Dai et al., 1997). Groundwater is mainly supplied by atmospheric precipitation. To better understand the effects of how ENSO impacts the groundwater level, it is crucial to comprehend the relationship between ENSO and precipitation.
Figure 4 illustrates the cross-wavelet transform of precipitation and ENSO. In the cross-wavelet plot, the relative phase relationships are indicated by arrows. Arrows pointing to the right represent an in-phase relationship, signifying positive correlation, while arrows pointing to the left represent an anti-phase relationship, indicating negative correlation.
[image: Figure 4]FIGURE 4 | The cross wavelet transform between precipitation and ENSO.
A continuous significant region at the 1-year time scale is observed, enclosed by a thick black contour, except during 2018 and 2019 (Figure 4). Significant regions within the COI during 2012–2018 are observed at a 3-year time scale. In the significant areas of the cross-wavelet plots, the phase angle exhibits quicker changes within the 1-year periodicity band, while it shifts more gradually within the 3-year periodicity band. The findings indicate that precipitation in the study region is correlated with ENSO on both annual and interannual (3-year) time scales.
4.3 XWT between groundwater level and precipitation
Figure 5 illustrates the cross-wavelet transform between groundwater levels and precipitation. In Figure 5A, the cross-wavelet between precipitation and Quaternary groundwater levels (Qw) shows a continuous significant region at the 1-year time scale spanning 2006 to 2018. Figure 5B shows the cross-wavelet transform between precipitation and Neogene groundwater levels (Nw), highlighting a significant region concentrated at the 1-year scale from 2009 to 2013, where an in-phase relationship suggests a complete positive correlation between the variables. In Figure 5C, the cross-wavelet between precipitation and Carboniferous groundwater levels (Cw) displays three intermittent significant regions: at 1-year scales during 2007–2009, 2011–2013, and 2016–2018; at a 3-year scale from 2015 to 2018 with an anti-phase relationship; and at a 5.5-year scale from 2013 to 2015 with an in-phase correlation. Similarly, Figure 5D shows the cross-wavelet between precipitation and Ordovician groundwater levels (Ow), revealing three intermittent significant regions: at 1-year scales during 2007–2008, 2011–2015, and 2016–2018; at a 3-year scale from 2015 to 2018 with an anti-phase correlation; and at a 5.5-year scale from 2013 to 2015 with an in-phase correlation. The results showed that precipitation is correlated with porous groundwater level on annual time scales and with karst groundwater level on annual and inter-annual (3- and 5.5-year) time scales.
[image: Figure 5]FIGURE 5 | The cross wavelet transform between precipitation and groundwater levels: (a) XWT plot of precipitation and groundwater level Qw; (b) XWT plot of precipitation and groundwater level Nw; (c) XWT plot of precipitation and groundwater level Cw; (d) XWT plot of precipitation and groundwater level Ow.
4.4 XWT between groundwater level and ENSO
The cross wavelet analyses of ENSO and groundwater levels are shown in Figure 6. The cross-wavelet transform between ENSO and Quaternary groundwater levels (Qw) (Figure 6A) reveals distinct intermittent significant regions at the 1-year time scale during 2007–2008, 2010–2012, and 2014–2016. The periodicities of 2.5- and 3-year are distributed in 2008–2011 and 2011-2016 respectively, with 3-year being the global maximum. The cross-wavelet analysis between ENSO and Neogene groundwater levels (Nw) (Figure 6B) reveals three clusters of significant regions at different time scales: 1.5-year (2007–2017, 2020), 2.8-year (2008–2011) within the COI, and 5-year (2011–2017), with an in-phase correlation. The 5-year time scale represents the global maximum. For the karst groundwater, the significant regions in the power spectra are very similar (Figures 6C, D). The cross-wavelet analysis between ENSO and Carboniferous groundwater levels (Cw) (Figure 6C) reveals significant regions at a 1.5-year time scale during the periods 2008–2012 and 2014–2019. The periodicities of 3- and 5-year within the COI are distributed in 2009–2018 and 2011-2016 respectively, and 5-year is the global maximum. For the Ordovician groundwater level (Ow), Same as the Carboniferous groundwater level, the wavelet spectrum shows three periods of 1.5-, 3- and 5-year too (Figure 6D). The significant regions are identical to those of the Carboniferous groundwater level, except for the period of 1.5-year (2010–2011, 2014–2019). Thus, ENSO influences Quaternary groundwater levels on both annual and inter-annual time scales, while its impact on Neogene, Carboniferous, and Ordovician groundwater levels occurs primarily on inter-annual time scales.
[image: Figure 6]FIGURE 6 | The cross wavelet transform between ENSO and groundwater levels: (a) XWT plot of ENSO and groundwater level Qw; (b) XWT plot of ENSO and groundwater level Nw; (c) XWT plot of ENSO and groundwater level Cw; (d) XWT plot of ENSO and groundwater level Ow.
5 DISCUSSION
The Continuous Wavelet Transform study revealed a significant regions reduction in over-exploited groundwater level (Figure 3). In its natural state, groundwater levels exhibit distinct significant regions and periods in CWT plots (Liesch and Wunsch, 2019; Neves et al., 2019). Cross Wavelet Transform results show that both precipitation and ENSO climate patterns continue to impact groundwater levels at Pansan Coal Mine, with varying effects over different time scales.
Regarding precipitation and groundwater levels, there are noteworthy regions of wavelet correlation at a 1-year time scale for both porous and karst groundwater levels. Additionally, when analyzing the cross-wavelet transform between precipitation and karst groundwater level, intermittent significant regions emerge at 3-year and 5.5-year time scales. Therefore, precipitation significantly impacts porous groundwater levels on an annual time scale and influences karst groundwater levels on both annual and interannual time scales. For the ENSO and groundwater levels, all groundwater levels show resonance period beyond the 1-year cycle, in addition to the 1-year period observed in the Quaternary groundwater level. ENSO has a significant impact on Quaternary groundwater levels at both annual and inter-annual time scales, while it influences Neogene groundwater levels and karst groundwater primarily on inter-annual time scales.
The Cross Wavelet Transform analysis shows similar resonance periods and significant regions between karst groundwater levels and precipitation, ENSO (Figures 5C, D). Considering the geological conditions, monitoring wells Cw and Ow are located in the Panji anticline and F1 fault tectonic belt (Figure 1). Stratigraphic data from boreholes reveal that the water-conducting fault (F1) intersects with Ordovician limestone, indicating a hydraulic connection between the Carboniferous and Ordovician karst groundwater due to tectonic water conduction. Furthermore, the consistent changes in Cw and Ow groundwater levels further support this conclusion (Figure 2D). Consequently, precipitation and ENSO signals can rapidly influence over-exploited karst aquifers through this water-conducting structure.
In summary, excessive groundwater extraction can significantly lower groundwater levels, especially in karst aquifers deeper than 400 m, causing drops of over 80 m. This reduction shrinks the significant regions in Continuous Wavelet Transform plots over the recorded time span. Groundwater levels, however, remain sensitive to precipitation and ENSO signals. Despite the impact of human extraction activities on groundwater, the resonance periods between precipitation, ENSO, and groundwater levels remain unchanged. Even in cases of over-exploited groundwater, precipitation and ENSO signals can infiltrate the aquifer through pores, fractures, and structures.
6 CONCLUSION
This research utilized wavelet analyses to examine four groundwater level time series from the heavily exploited Pansan Coal Mine. The objective was to evaluate the potential effects of precipitation and the El Niño-Southern Oscillation (ENSO) on long-term variations in groundwater levels. The main findings and conclusions of the study can be summarized as follows:
(1) The Continuous Wavelet Transform reveals that the Quaternary groundwater level exhibits periodicities of 0.5- and 1-year, while the Neogene groundwater level has a 2-year periodicity. However, due to groundwater over-extraction, these periods are only observed in isolated years, with limited significant regions. Karst water exhibits periodicities of 1.5- and 5-year, with the 5-year being the dominant period with the highest power concentration.
(2) Cross Wavelet Transform analysis reveals strong correlations between groundwater and precipitation across various periodicities. Precipitation is correlated with porous groundwater levels annual time scale and with karst groundwater levels on both annual and inter-annual (3- and 5.5-year) time scales.
(3) Cross Wavelet Transform reveals significant correlations between groundwater levels and ENSO at various time scales. The Quaternary groundwater level shows periodicities of 1-, 2.5-, and 3-year, while the Neogene groundwater level exhibits periodicities of 1.5-, 2.8-, and 5-year. The Carboniferous and Ordovician groundwater levels resonate with ENSO at the same periods of 1.5-, 3-, and 5-year. ENSO strongly influences the Quaternary groundwater level annual and inter-annual time scales, and the Neogene and karst groundwater levels at inter-annual time scales.
(4) The Carboniferous and Ordovician aquifers are hydraulically connected, allowing both precipitation and ENSO signals to simultaneously reach these aquifers through conducting-water structure.
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