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Abstract 
 

Geothermal water-level dynamics in tectonically active regions are highly sensitive to 
rainfall-driven recharge processes. This study focuses on the Baolai Hot Spring area in 
Liugui District, Kaohsiung City, Taiwan, to quantify how seasonal precipitation patterns 
and fractured lithologies jointly influence geothermal aquifer behavior. Using high-
resolution hydroclimatic data from 2017 to 2023, we applied trend detection, cross-
correlation, and multiple regression analyses to examine the temporal coupling between 
rainfall and water-level response. Results show a pronounced bimodal fluctuation pattern, 
with peaks in Q1 and Q3 driven by monsoonal rainfall, terrace/alluvial infiltration, and 
fault-guided vertical flow. Recharge consistently lags rainfall by one quarter, indicating 
multi-stage transmission across permeable fracture networks. Moreover, groundwater 
levels exhibit a long-term declining trend at −0.093 m per quarter, reflecting an imbal-
ance between natural recharge and extraction. These findings provide a scientific basis 
for adaptive aquifer regulation and geothermal resource sustainability under climate 
change, especially in structurally complex mountainous environments. 
 
Keywords: Baolai Hot Spring Area, Rainfall Recharge, Geothermal Water Level  
 Dynamics, Aquifer Management 
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Introduction 
 

          Geothermal energy, as a stable 
and low-carbon renewable resource, 
plays a pivotal role in the global energy 
transition (Lund, Freeston, & Boyd, 
2010). The Baolai Hot Spring area in 
Liugui District, Kaohsiung City, Taiwan, 
hosts highly mineralized thermal waters 
that not only ensure a reliable local heat 
supply but also offer significant potential 
for geothermal power generation and 
direct-use applications. However, the 
sustainable exploitation of this geother-
mal aquifer critically depends on a thor-
ough understanding of its recharge 
mechanisms. Climate change–driven 
alterations in rainfall patterns and inten-
sity pose unprecedented challenges to 
natural groundwater recharge rates (Tay-
lor et al., 2013). Under these circum-
stances, quantifying the effects of rain-
fall recharge processes—namely infiltra-
tion, subsurface transport, and return 
flow—on geothermal aquifer water lev-
els is essential to secure long-term reser-
voir stability and energy supply reliabil-
ity. Studies in large catchments and aq-
uifers have demonstrated that climatic 
variability exerts a significant control on 
recharge volumes and time lags, while 
topography, lithology, and catchment 
structure jointly regulate recharge effi-
ciency (Berghuijs, Woods, Hutton, & 
Sivapalan, 2017). In the Baolai Hot 
Spring area, the interplay between typi-
cal mudstone lithologies and mountain-
ous catchment recharge yields unique 
water-level dynamics (Maity et al., 
2011). Investigating the seasonal re-
charge responses and associated lag ef-
fects in this region will provide the    

theoretical foundation for optimizing moni-
toring network design and withdrawal 
scheduling strategies, thereby balancing 
sustainable geothermal development with 
ecological conservation. Driven by the dual 
imperatives of global energy transition and 
sustainable water resource management, 
quantifying rainfall-recharge–driven geo-
thermal water-level fluctuation mechanisms 
and applying these insights to aquifer man-
agement carries profound scientific and 
practical significance. This study not only 
fills a critical research gap concerning geo-
thermal recharge processes in Southern 
Taiwan but also furnishes essential support 
for the resilient and efficient utilization of 
geothermal resources. 
 
      Recent international investigations into 
aquifer recharge and water‐level response 
have placed considerable emphasis on both 
time‐domain and frequency‐domain analyt-
ical approaches. Guillaumot et al. (2022) 
applied frequency‐domain analysis to reveal 
how intense rainfall events and the thick-
ness of overlying mud layers control re-
charge rates and ensuing water‐level oscil-
lations, identifying soil layer thickness as a 
key regulator of short‐term fluctuations. 
Turkeltaub and Bel (2023), in turn, used 
long‐term precipitation and evapotranspira-
tion statistical descriptors as independent 
variables to systematically assess the sensi-
tivity of recharge estimates to evapotranspi-
ration parameterization in semi‐arid regions. 
Furthermore, global‐scale modeling studies 
have demonstrated that infiltration variabil-
ity across multiple temporal scales can in-
duce cyclic recharge patterns and have elu-
cidated the coupled mechanisms linking 
evapotranspiration, surface runoff, and aq-
uifer recharge processes. 
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          Although the aforementioned 
studies encompass a wide range of geo-
morphic and hydrological settings, most 
have concentrated on freshwater aquifers 
in agricultural or arid regions, leaving 
topic‐specific quantitative analyses of 
geothermal systems largely insufficient. 
Mueller et al. (2023) observed that aqui-
fer water levels worldwide often exhibit 
accelerated declines in agricultural areas, 
yet investigations into recharge–
evaporation balance characteristics and 
seasonal mismatches in geothermal 
zones remain sparse. Furthermore, the 
interplay between regional geological 
structures, geothermal fluid convection 
patterns, and rainfall infiltration distribu-
tions still lacks a comprehensive explan-
atory framework that integrates in‐situ 
measurements with numerical modeling 
(Xu, Li, Wang, & Zhang, 2023). 
 
         To fill this research gap, the pre-
sent study employs the Baolai Hot 
Spring area as a case study, utilizing 
high–temporal‐ resolution monitoring 
data to quantitatively elucidate the 
mechanisms by which rainfall recharge 
drives water‐level fluctuations in the ge-
othermal aquifer and to develop targeted 
hydrogeological management strategies. 
The findings are expected to support ge-
othermal water‐level forecasting, intelli-
gent aquifer operation scheduling, and 
the optimization of long‐term monitor-
ing networks, thereby providing a robust 
scientific foundation for the sustainable 
exploitation of geothermal resources and 
ecological risk management (Pan, 
Zhang, Liu, & Wang, 2024). 
 

Literature Review 

              Conduct a literature review on 
Baolai hot spring Area, rainfall recharge, 
Geothermal Water Level Dynamics, Hy-
drogeology, Aquifer management and in 
relation to the research topic and objectives. 
 

Geological Settings 
 

Baolai Hot Spring is located on the 
southwestern foothills of Taiwan, marking 
the frontal zone of the Central Range 
formed by the collision between the Eura-
sian and Philippine Sea plates. The area is 
bounded to the west by the active 
Chaozhou reverse fault, which delineates 
the western foothill belt from the meta-
morphic core of the Central Range. Of par-
ticular importance is the Meilongshan 
Fault, a branch of the Chaozhou Fault: ge-
ophysical surveys have shown that deep-
seated hydrothermal fluids ascend along 
both flanks of this fault, supplying the dis-
charge of shallow hot springs. Most Baolai 
springs emerge on the upthrown block of 
the Meilongshan Fault, where deep hydro-
thermal waters are guided toward the sur-
face by fault impermeability, whereas the 
downthrown block conceals deeper geo-
thermal reservoirs. Rapid uplift and ero-
sion associated with plate collision have 
reduced the basement depth in the Baolai 
area to approximately 3–5 km, resulting in 
an elevated regional geothermal gradient. 
This tectonic setting explains the existence 
of Baolai’s hot springs: abundant high-
elevation precipitation infiltrates through 
fracture networks, interacts with shallowly 
buried, high–geothermal-gradient meta-
morphic bedrock and fault conduits, and 
generates subsurface thermal water that 
ultimately discharges at the surface. Eluci-
dating the mechanisms of rainfall-
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recharge–driven geothermal water-level 
fluctuations in Baolai is essential for 
assessing the stability of spring re-
sources under climate change and pro-
vides critical scientific foundations for 
sustainable aquifer management and 
geothermal energy development. 
The characteristic geothermal spring 
network in Baolai results from the syn-
ergistic interaction of high- permeabil-
ity lithologic recharge units, structurally 
controlled fracture networks, and a per-
sistent regional hydraulic gradient: con-

centrated recharge → deep heat-
ing → rapid ascent along fault con-
duits → emergence at structural and litho-
logic interfaces. Fault architecture Shallow 
hydrological circulation and geothermal 
fluid migration are chiefly governed by the 
region’s principal fault zones and subsidi-
ary splays. High-angle reverse fault 
(Chaozhou Fault): Shown as black dashed 
lines, this NE–SW-trending, left-lateral 
reverse fault marks the boundary between 
the western foothill belt and the lightly 
metamorphosed core of the Central Range. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic plan view of the geological framework and groundwater–
geothermal system in the Baolai area. 

 
Deep hydrothermal fluids preferentially 
ascend along its highly fractured dam-
age zone.                                                                                
 
Fault branches: Depicted by black 
dot-dashed lines, these secondary frac-

ture splays diverge from the main fault, 
channeling groundwater into specific strat-
igraphic horizons. At intersections between 
the main fault and its branches, permeabil-
ity is maximized, giving rise to clustered 
spring vents. An overlying, dense basaltic 
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caprock to the east impedes vertical 
flow, diverting fluids laterally along 
fracture corridors at the caprock margin 
and producing locally elevated spring 
temperatures. 
 
Hydraulic head contours: 
Two blue lines show head contours de-
flected at fault crossings. Head decreas-
es from NW to SE, indicating net flow 
toward the southeastern thermal reser-
voir. 
 
Spring distribution: 
• × (green): Major high-temperature 
springs (Baolai, Qikeng, Shiding, Bu-
lao). 
• ● (green): Low-temperature springs 
(< 40 °C). 
All align with faults or splays, confirm-
ing fractures as primary fluid pathways; 
emergence shifts to fracture margins 
beneath the basalt cap. 
Lithologic units: 
• Modern alluvium (pale yellow): 
Western high‐permeability recharge. 
• Fluvial terraces (pale green): Adjacent 
recharge aquifer. 
• Changpingkeng Fm (light brown): 
Moderate permeability sedimentary 
rocks. 
• Bangshan Fm: Four subunits (shale–
sandstone, shale, sandstone, phyllite). 
• Basaltic lava (red): Dense, fractured 
caprock sealing the reservoir. 
 

Rainfall Recharge 
 
         Rainfall recharge refers to the 
process by which surface precipitation 
infiltrates through soil or rock fractures 
into geothermal aquifers. In the Baolai 

Hot Spring area, the average annual pre-
cipitation is approximately 3,500 mm 
(mostly between May and September), 
which rapidly recharges the aquifers: wa-
ter percolates downward, is heated at 
depth, and then rises as hot springs under 
structural control. Hydrochemical and iso-
topic investigations in the Xiamen region 
confirm that mountainous geothermal wa-
ters are primarily sourced from rainfall 
(Wang et al., 2022), while δ²H–δ¹⁸O data 
from Indonesia’s Ulubelu field quantify 
the depths of fracture-guided recharge 
(Iqbal et al., 2023). Chen et al. (2024) in-
troduced a thermal-pulse tracking model 
that links temperature differentials to flow 
velocities and thermal-signal attenuation, 
providing a robust scientific framework 
for aquifer management in Baolai. 

 
Geothermal Water Level Dynamics 

 
         Geothermal water level denotes the 
elevation of groundwater within geother-
mal reservoirs or spring aquifers, reflect-
ing subsurface pressure and storage ca-
pacity, and is primarily sustained by at-
mospheric precipitation recharge.  
 
 Precipitation infiltrates the  
subsurface, is heated at depth, and  
reemerges as springs; consequently,  
fluctuations in geothermal water level  
are intrinsically tied to rainfall recharge. 
Serianz et al. (2025) performed a hydro-
geological analysis of a low-temperature 
geothermal aquifer in the Julian Alps of 
Slovenia, demonstrating that topographic 
forcing and geological structures jointly 
regulate the vertical rise and spatial distri-
bution of thermal waters. Picourlat et al. 
(2025) developed the AquaVar deci-
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sion-support system—an integrated 
hydrological, hydraulic, and hydrogeo-
logical modelling framework—to sim-
ulate the impact of extreme precipita-
tion events on groundwater levels; its 
application to the Mediterranean Var 
watershed in southern France showed 
that scenario-based recharge simula-
tions can accurately predict groundwa-
ter responses, thereby informing sus-
tainable geothermal resource manage-
ment. Chen et al. (2024) introduced a 
thermal-tracking method that leverages 
temperature differentials induced by 
rainfall to estimate lateral groundwater 
velocities, elucidating the mechanistic 
link between precipitation events and 
geothermal water-level dynamics. 

 
Aquifer Management 

 
             Aquifer management Aquifer 
management is fundamentally based 
on mechanistic analysis, aiming to op-
timize the configuration of monitoring 
networks and the development of 
groundwater level regulation strategies 
to support the sustainable utilization of 
geothermal resources. Effective man-
agement helps prevent issues such as 
abrupt groundwater drawdown caused 
by overextraction. In geothermal sys-
tems, this requires maintaining a bal-
ance between groundwater withdrawal 
and natural recharge to ensure stable 
water levels and the sustained dis-
charge of geothermal wells and hot 
springs. In geothermally active regions 
such as the Baolai Hot Spring area, 
aquifer management strategies are es-
pecially critical. Hałaj et al. (2022) 
demonstrated that Aquifer Thermal 

Energy Storage (ATES) can be effectively 
implemented even in low-permeability 
formations, provided that appropriate in-
jection and extraction techniques are em-
ployed.  
 
   Sufyan et al. (2024) investigated 
Managed Aquifer Recharge (MAR) as a 
sustainable groundwater management ap-
proach, emphasizing the integration of 
water rights frameworks, interdepart-
mental coordination, dynamic scheduling 
mechanisms, and indicator-based perfor-
mance evaluation systems. Aquifer Re-
charge (MAR) as a sustainable groundwa-
ter management approach, emphasizing 
the integration of water rights frameworks, 
interdepartmental coordination, dynamic 
scheduling mechanisms, and indicator-
based performance evaluation systems. 
Sloan et al. (2023) reviewed the applica-
tion of MAR in the mining sector and 
found Sloan et al. (2023) reviewed the 
application of MAR in the mining sector 
and found that subsurface injection and 
infiltration basins can effectively manage 
surplus water and mitigate the impact of 
pumping on aquifer systems. Formulating 
aquifer management strategies that sub-
surface injection and infiltration basins 
can effectively manage surplus water and 
mitigate the impact of pumping on aquifer 
systems. Serianz et al. (2025) further 
highlighted the necessity of incorporating 
topographic and geological considerations 
 

Methods 
 

              To quantify the mechanisms by 
which rainfall recharge governs ground-
water‐level fluctuations in the Baolai geo-
thermal aquifer and to formulate effective 
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management strategies, this study em-
ploys a three‐tiered methodology: 
 
1. Literature Review 
Compile and synthesize existing hy-
drogeological and meteorological 
monitoring studies of geothermal 
spring areas. 
 
2. Time‐Series Alignment & Quality 

Control Acquire hourly precipitation 
records (2017–2024) from the Baolai 
Hot Spring regional meteorological 
station. Concurrently process well wa-
ter‐level time series by removing out-
liers and linearly interpolating data 
gaps ≤ 6 h to construct a continuous, 
reliable surface‐recharge flux dataset. 
 
3. Statistical Analysis 
Trend Detection: Apply the Mann–
Kendall test and Sen’s slope estimator 
to quantify long‐term trends and rates 
of change in both water levels and 
rainfall. Correlation & Regression: 
Use multiple linear regression to as-
sess the contributions of daily and 

weekly cumulative rainfall to water‐level 
dynamics, and employ cross‐correlation 
functions to reveal temporal lags be-
tween recharge events and aquifer re-
sponses. This integrated framework rig-
orously quantifies the hy-
dro-thermodynamic behavior driven by 
rainfall recharge and provides a solid 
scientific basis for aquifer- management 
decision making. 

                              
Results 

 
          Figure 2 demonstrates: 
 
1. Season al Bimodal Fluctuations  
Groundwater levels in the Baolai geo-
thermal aquifer show a seasonal bimodal 
pattern, peaking at 404–407 m in Q1 and 
Q3, and dropping to 398–399 m in Q2 
and Q4. This reflects a delayed recharge 
process via high-permeability ter-
race/alluvial layers. The response is 
shaped by surface permeability, fault 
conduits, and monsoonal rainfall patterns.  

 
 

 
    

Figure 2. Table of Historical Seasonal Average Water Levels and Rainfall at the 
Baolai  Hot Spring Area from Q1 2017 to Q4 2023 
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Figure 3. Quarterly Rainfall Statistics for the Baolai Hot Spring Area 
(Q1 2017–Q4 2023) 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Seasonal Average Water Level Trends in the Baolai Hot Spring Area 
(Q1 2017– Q4 2023) 

 
             Figure 3 illustrates the pro-
nounced seasonality of rainfall in the 
Baolai area, with Q2 and Q3 represent-
ing the primary wet seasons and Q1 and 
Q4 corresponding to drier periods. Rain-
fall infiltrates through terrace and allu-
vial deposits and typically reaches the 
geothermal aquifer with a one-quarter 
lag, resulting in a distinct recharge delay.  
 

 
In certain years, such as 2020 and 2022,  
below-average rainfall during Q2/Q3 may 
have led to insufficient groundwater re-
charge, highlighting a potential imbalance 
between recharge and extraction in the geo-
thermal system. 
 
2. Recharge Lag Phenomenon 
Groundwater level peaks lag rainfall max-
ima by about one quarter, reflecting a mul-
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ti-stage recharge process involving sur-
face infiltration, lateral flow, and fault-
guided vertical migration. This delay 
highlights the phased hydrologic re-
sponse to seasonal rainfall. 
 
3. Long-Term Decline in Groundwater 
Levels 
A linear water-level decline of –0.0927 
m/quarter (R² = 0.0483) has resulted in 
a >2 m drawdown over six years. This 
trend indicates persistent over-
extraction relative to natural recharge, 
signaling potential depletion and the 
need for sustainable aquifer manage-
ment. 
 
          Figure 4 illustrates the green solid 
line of water levels with a deep blue 
dashed linear trend, and red "×" marking 
biannual peaks: 
 
1.Biannual Cycle 
Water levels peak in Q1 and Q3 (~404–
407 m), lagging one season behind rain-
fall in Q4 and Q2. 
Troughs in Q2 and Q4 (~398–399 m) 
reflect reduced recharge during drier 
periods. 
 
2.Recharge Lag 
Peak levels lag rainfall by one quarter, 
e.g., Q2 rains raise Q3 levels. 
 
3.Long-Term Decline 
Trendline (y = −0.0927x + 402.83, R² = 
0.0483) shows a slow decline (~0.093 
m/quarter), totaling over 2 m drop in 6 
years, suggesting recharge–extraction 
imbalance. 
 

 

Conclusion 
 

             Our analysis of the Baolai geo-
thermal aquifer revealed three key dynam-
ics: 
 
1. Seasonal Bimodal Fluctuations 
Groundwater levels peak at 404–407 m in 
Q1 and Q3 and drop to 398–399 m in Q2 
and Q4, driven primarily by recharge 
through terrace/alluvial deposits, fault con-
duits, and monsoonal rainfall. 
 
2.Recharge Lag 
Peak water levels lag peak rainfall by one 
quarter, reflecting a multi‐stage transmis-
sion process involving shallow infiltration 
and fault‐guided vertical flow. 
 
3.Long-Term Decline Trend 
Water levels have been declining at –
0.0927 m per quarter (approximately 2 m 
over six years), indicating that extraction 
continues to exceed natural recharge. 
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