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Abstract:

Keywords:

Droughts occurring in open-pit mining areas are becoming increasingly signifi-
cant, primarily due to decreased water availability. This poses a danger because
it threatens the stable development of society and agricultural production and
contributes to increased dust emissions that may interfere with mining opera-
tions. Climate change further intensifies these threats. Therefore, research into
water availability, continuous monitoring, and environmental health indica-
tors is vital, as the water cycle greatly impacts these factors. The paper aims to
investigate drought severity in two large open-pit lignite mines in Turéw and
Betchatéw, and Legnica—Glogow Copper District (LGOM). The Combined Cli-
matological Drought Index (CCDI) was used, alongside the water budget (WB),
to characterise drought at the study sites. High consistency between the indices
was observed throughout most of the studied period until 2018. Notably, sig-
nificant reductions in water availability were recorded from 2018 onwards in
the areas of the three studied mines.
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1. Introduction

In the context of climate change, extreme events are becoming more frequent
and intense. Such phenomena include floods and droughts. An additional aspect,
apart from climate change, is human activity, especially the intensive disturbance
of the subsurface structure. In particular, open-pit mines warrant special attention,
where evaporation is reduced, subsurface pathways for groundwater flow are dis-
rupted, and artificial drainage is introduced. Such mines occupy large areas, hence
the need for continuous monitoring, especially of fluctuations and declines in
groundwater levels. For assessing drought sensitivity, the Combined Climatological
Drought Index (CCDI) is an effective tool.

Drought, which is occurring more frequently, threatens both ecosystems and
societal functioning. Therefore, its quantification is extremely important. Hydrolog-
ical and meteorological data can be used to assess drought conditions.

Research on groundwater and water balance in the context of mines is crucial
because the exploitation of raw materials can significantly affect local hydrological
conditions. Open-pit mines alter the natural water cycle and may also lead to de-
clines in groundwater levels, changes in water quality, or increased flood risk. This
is of crucial importance, as access to water is fundamental to environmental balance
and ensuring sustainable development. Lian et al. [1] studied the vadose zone in
open-pit mining areas and noted that open-pit mining operations resulted in a de-
crease in soil moisture by approximately 15%, and groundwater levels decreased by
an average of approximately 0.2 m per year. Haque et al. [2] studied an open-pit coal
mine and its impact on groundwater resources in and around the mine. This is par-
ticularly important in the Phulbari area in Dinajpur District, as groundwater is the
primary source of water for agriculture and domestic use.

On the other hand, deep mines are also worth investigating, as the extraction of
large volumes of ore from underground has significant impacts on water conditions,
including rock mass movement, paraseismic tremors, drainage of Tertiary layers,
sometimes extending several dozen kilometres from the mine.

Mines, both open-pit and underground, cause significant, often irreversible,
groundwater losses through rock mass drainage processes. Raw material extraction
lowers the groundwater table, resulting in the formation of cones of depression,
drying out wells and rivers, and the degradation of ecosystems. Mining operations,
especially in open-pit lignite mines, require intensive dewatering of the deposit
to prevent flooding of the excavations. Prolonged groundwater pumping creates
a cone-shaped depression, which can extend across tens or even hundreds of square
kilometres. Lowering the groundwater table directly causes wells to dry out [3, 4].
The aim of the study was to confirm that mines generate groundwater losses. In this
study, we consider mine drainage to be one of the main causes of water resource
degradation; therefore, groundwater levels and drainage parameters were analysed
in the mines under study.
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In recent years, research on the impact of mining activities on changes in water
conditions in the surrounding area has become particularly important in Poland.
The Turéw mine lies near the borders of three countries: Poland, the Czech Republic,
and Germany. In the public spheres of these three countries, as well as in the Euro-
pean Union, discussions about the declining groundwater levels in the Turdw area,
which affect all three countries, have been ongoing [5, 6].

In the Legnica-Glogdéw Copper District, research into the environmental impact
of mining began simultaneously with the construction of the first mines. Research
on water conditions is particularly important because during ore extraction, perma-
nent drainage of the rock mass is carried out. This leads to drying of the area and
subsidence of the ground surface, which is reflected in the formation of a large sur-
face trough. The subsidence is continuously observed using precise geodetic meth-
ods (GNSS surveys, precise levelling) [7-9].

The paper aimed to assess drought severity in two Polish open-pit lignite mines
(Turéw and Belchatéw) and one underground copper mine in the Legnica-Glogéw
Copper District (LGOM). The research is based on the assessment of selected hydro-
logical parameters (CCDI and WB) and on trends derived from the Mann-Kendall
method.

2. Mines Selected for Research

The article analyses grid cells corresponding to three mines located in Poland:

— Turdéw open-pit lignite mine;

— Belchatow open-pit lignite mine;

— Legnica-Glogéw Copper District (Polish: Legnicko-Glogowski Okreg
Miedziowy, LGOM) — a complex of deep mines extracting mainly copper,
with smaller amounts of silver and rock salt.

The locations of the three mines, together with the centres of the grid cells for
which all data was collected, are shown in Figures 1-3.

The Turéw mine is located in Eastern Upper Lusatia (Czech: Zitavska panev,
German: Ostliche Oberlausitz, Polish: Obnizenie Zytawsko-Zgorzeleckie), situat-
ed between the Lusatian Massif and the western part of the Izera Mountains, in
the Izera Foreland, near the town of Turoszéw. The Turoszéw deposit is located at
¢ =50.833-50.875° N and A = 14.850-15.000° E. The mine is in the western part of the
Dolnoslaskie Voivodship, in the central part of the so-called Turoszéw Coal Basin,
lying between the state borders of Germany and the Czech Republic. This mine be-
gan industrial lignite extraction using the open-pit method as early as 1904, initially
under the name Herkules. In 1947, the exploited deposit was named Turow 1. In 1968,
construction of the Turéw Il mine began. At that time, a power plant was also estab-
lished in the nearby town of Turoszéow [10].
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Fig. 1. Tur6w mine complex area
Source: [11], modified

Annual production is around 12 million tonnes of lignite; additionally, 30 mil-
lion m® of overburden is removed. The surface of the open pit is 2,400 ha. The exca-
vation reaches a depth of 300 m and covers around 30 km?. Lignite, the primary fuel,
is delivered by belt conveyors to the Turéw Power Plant.

The Belchatéw open-pit lignite mine started its operations in 1980 [12].

The mine area is located in the Southern Mazovian Hills, in the Betchatow Up-
land mesoregion on the Rakowka River, approximately 50 km south of £6dz and
approximately 25 km west of Piotrkow Trybunalski. The approximate coordinates
of the mine are ¢ =51.224°, A = 19.406°.

The entire Betchatéw lignite complex stretches for about 30 km from east to
west and 5 km from north to south (Fig. 2). It includes a power plant, two open-
pit lignite fields (Betchatéw and Szczercéw) and a dump of overburden extracted
during mining operations. The excavations reach a depth of 200 m and are among
the largest “holes in the ground” in Europe. Two mountains were built from the soil
extracted from the excavation: Kamiensk Mountain and the newly created external
dump of the Szczercow field. At 406 m above sea level, Kamierisk Mountain is the
highest elevation in central Poland. This mountain has undergone full land reclama-
tion and afforestation, as waste storage there was completed in 1993 [13].
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Fig. 2. Belchatéw lignite open-pit mine complex
Source: [14], modified

In recent years, the Befchatéw mine has produced around 40-42 million tonnes,
accounting for over 60% of Poland’s total lignite production. To achieve such results,
an average of over 120 million m?® of overburden must be removed annually, and
around 270 million m?® of water must be pumped out [13].

It is predicted that most of Poland’s lignite and hard coal-fired power plants
will become unprofitable by 2031 due to high fuel costs and rising EU CO, emission
prices. For Befchatéw, the oldest units are expected to become unprofitable before
2030, as capacity market payments supporting the plant are due to end in 2028 [12].

The Legnica-Glogow Copper District (LGOM) is located in southwestern Po-
land, within the Fore-Sudetic Monocline (Fig. 3). It covers an area of about 400 km? [3].
The approximate coordinates of the centre of the mining area are ¢ = 51.504°,
L=16.073°.

Fig. 3. The distribution of copper ore deposits in Poland

Source: own elaboration according to [16]
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Research conducted in Poland in the 1950s led to the discovery in 1957 of rich
but deeply situated copper deposits between Legnica and Glogéw. LGOM began to
develop in 1960; in 1968, the Lubin and Polkowice mines were launched, followed
by Rudna in 1974 and Sieroszowice after 1978 [15]. Currently operating mines are
marked in Figure 3.

In Poland, copper is extracted exclusively in deep mines. In the LGOM mines,
extraction is carried out at depths of 600 to 1,250 m, producing about 30 million
tonnes of ore per year with an average copper content of about 1.6% and 45 g of
silver per tonne [17]. Current exploitation systems are given and analysed in [8], and
can be summarised as follows:

— chamber pillar system with additional protection of the roof (R-UO);

— two-layer chamber pillar system with hydraulic filling (RG-5);

— picking of the deposit based on the splitting of the one-stage chamber pillar

system with hydraulic filling;

- two-stage picking of the deposit, in the resistance pillar of the excavations.

The system R-UO is currently the most commonly used. It is applied to deposits
up to 7 m thick.

Over the past 50 years, Poland has produced 18 million tonnes of copper (and
mined over a billion tonnes of ore). Current copper resources allow for continued
mining for another 50 years. The balance of resources in 2015 in the Fore-Sudetic
Monocline and North-Sudetic Basin regions totalled 1,976 million tonnes of ore con-
taining 36 million tonnes of copper. For example, in 2015, copper ore mining amount-
ed to 32 million tonnes of ore with a Cu content of 1.52%, containing 479 thousand
tonnes of copper.

Such high copper extraction rates cause significant impacts in the surrounding
areas. These impacts can be divided into direct (caused by the movement of the
rock mass into the post-mining void), dynamic (resulting in paraseismic tremors)
and indirect (related to the drainage of Tertiary layers, appearing on the surface
in the form of large-area subsidence (drainage basin). All three types of impacts
may cause changes in water conditions across a large area surrounding the mine

(see e.g. [9]).

3. Data and Its Characteristics

Selected GLDAS (Global Land Data Assimilation System) products were used
in this study. GLDAS is a system that provides high-resolution geoscience data for
the Earth’s land surface. The model is based on many sources of observations, in-
cluding satellite, airborne, and ground-based observations, as well as modelling
outputs. Thanks to GLDAS, it is possible to analyse how the land surface interacts
with the atmosphere [18]. Currently, GLDAS consists of four sub-models: Mosaic,
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NOAH, VIC, and CLM. Among them, the GLDAS CLSM product has a 1-month
resolution of 0.25° x 0.25°, making it desirable for hydrological cycle studies [19].
From the dataset used in this study, the following data were collected from the
CLSM GLDAS model: evapotranspiration, surface, and subsurface runoff, and
groundwater [20]. As precipitation could not be obtained from the model, it was
downloaded from NOAH [21].

Precipitation is any form of water that falls to the ground and feeds the wa-
ter system; thus, it is a basic element of the hydrological system, constituting the
most significant component of the WB [22]. It also shapes climatic conditions. Water
feeds the hydrological system in various forms. Evapotranspiration combines two
phenomena: evaporation and plant transpiration. This process represents water loss
from the land surface. Evaporation is the escape of water in the form of water va-
pour from surface waters (e.g. lakes, rivers) and other water bodies. Transpiration
results from plant metabolism (including photosynthesis).

Evapotranspiration plays an important role in the water budget as it determines
the availability of water in the soil and the regional climate [23]. Surface runoff is
the movement of water that has not been absorbed into the soil and does not evap-
orate, but instead flows along the land surface, reaching river basins or reservoirs.
The phenomenon has a significant impact on river formation and flood occurrence.
Surface runoff occurs when precipitation exceeds infiltration capacity, which is in-
fluenced by soil saturation, soil type, land cover, or slope. The speed of surface run-
off is influenced by the intensity and duration of rainfall [24]. Groundwater, in the
context of the GLDAS model, is one of the key hydrological variables modelled by
this system. In GLDAS, groundwater is calculated as the difference between total
water storage and the sum of soil moisture, snow water equivalent, canopy water,
and surface water storage. GLDAS considers various hydrological processes that
influence water movement through the soil, including infiltration, soil water move-
ment, groundwater recharge, and groundwater flow [22].

To investigate the impact of mining activities in the three selected mines on the
surrounding terrain, the time series behaviour of six selected quantities was ana-
lysed:

— total water storage (TWS) — obtained from GRACE observation processing,

expressed in millimetres of equivalent water height;

- groundwater storage (GWS) — obtained from the CLSM model, calculated as
GRACE TWS minus root zone soil moisture, also expressed in millimetres;

— surface runoff (Qs) — obtained from the CLSM model, a dynamic variable ex-
pressed in millimetres per second, it represents the rate of change of surface
water storage, due to surface runoff;

— subsurface runoff (Qsb) — also obtained from the CLSM model as a dynam-
ic variable, representing the rate of change of subsurface water storage, ex-
pressed in millimetres per second; indicating changes in subsurface water
storage over time;
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— precipitation rate (P) — obtained from the NOAH model, its value is given in
millimetres per second, and is therefore a dynamic variable showing varia-
tions in equivalent water height due to any kind of precipitation;

- evapotranspiration (EV) — total evapotranspiration rate, obtained from the
CLSM model; a dynamic variable expressed in millimetres per second, rep-
resenting water loss through evaporation and transpiration from the canopy,
soil, and snow.

The time series of the above values was examined for the period from Febru-
ary 2003 to February 2024 (253 monthly observations). The values for the cells con-
taining the selected mines were compared with those of the remaining cells in the
study area. The area extends between the geographic coordinates defined as
A € (14°, 24°) and ¢ € (49°, 55°) (see Fig. 4). A spatial resolution of 0.25° over this area
results in 1,125 cells being included in the analysis.

Fig. 4. Research area, data resolution and location of three mines included in the analysis

Basic statistics for the downloaded data are shown in Table 1, and the trends in
selected variables over time are shown in Figure 5.

Rows 1-3 present the mean values over time for the grid cells corresponding
to the three analysed mines. Rows 4-6 show the range (maximum, minimum, and
overall mean) of time-averaged values calculated for all 1,125 grid cells. Rows 7-9
present the spatial statistics (maximum, minimum, and overall mean) calculated
across all cells at each time step. Rows 10-11 provide the absolute maximum and
minimum values of each variable observed across all cells and all time steps. Further
details are provided in the Appendix.
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Table 1. Basic statistics of the variables included in the analysis

Statistic

No. parameter TWS [mm] | GWS [mm] | Qs [mm/s] | Qsb [mm/s]| P [mm/s] | EV [mm/s]
1 | Mean over time 670.94 521.17 1.13e-07 1.64e-06 2.31e-05 1.49e-05
(Betchatéw)
2 | Mean over time 616.56 481.04 2.74e-08 2.06e-06 2.50e-05 1.40e-05
(LGOM)
3 | Mean over time | 1,155.18 885.77 1.46e-07 2.46e-06 2.65e-05 1.85e-05
(Turdéw)

4 | Mean over time | 2,464.64 2,072.45 2.29e-06 8.56e—-06 3.53e-05 2.67e-05
(max)

5 | Mean over time 537.27 406.72 0e0 3.05e-07 1.95e-05 1.22e-05
(min)

6 | Mean over time 1,119.19 879.39 8.50e-08 1.77e-06 2.49e-05 1.68e-05
(overall)

7 | Mean over cells 1,287.12 1,016.97 2.79e-07 1.32e-05 6.75e-05 5.82e-05
(max)

8 | Mean over cells 971.82 761.22 1.57e-08 0e0 2.65e-06 -2.02e-06
(min)

9 | Mean over cells | 1,119.19 879.39 8.50e-08 1.77e-06 2.49e-05 1.68e-05

(overall)
10 Max value 2,585.37 2,142.60 7.77e-06 0e0 1.02e-04 1.29e-04
11 Min value 384.94 294.27 0e0 0e0 1.25e-08 -1.04e-04

Notes: TWS — total water storage, GWS — groundwater storage, Qs — surface runoff amount, Qsb — subsur-
face runoff amount, P — precipitation, EV — evapotranspiration.

Only TWS and GWS are static variables, expressed as equivalent water column
heights (in millimetres). They represent the water content of a given area at a given
moment. The remaining variables are dynamic and expressed as rates of change
of equivalent water column height (in millimetres per second). TWS and GWS ex-
hibit clear seasonal variability, with amplitudes on the order of 200 mm. The mean
TWS values for the Belchatow, LGOM, and Tur6éw areas are approximately 670, 616,
and 1,155 mm, respectively, with the highest values observed in Turéw. A similar
pattern is observed for GWS, with corresponding mean values of approximate-
ly 520, 480, and over 880 mm. Across the entire study area, TWS and GWS values
range approximately from 540 (410) to 2,465 (2,070) mm. The values for Turéw lie
near the centre of this range, whereas those for Betchatow and LGOM are clos-
er to the lower bound. Therefore, the obtained time series of TWS and GWS for
Turéw closely resemble the spatial average across all 1,125 cells. In general, the av-
erage TWS and GWS values are the lowest in central Poland, where the Belchatéw
and LGOM mines are located.
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Fig. 5. Time series of the input data for the cells containing the selected mines.
Notes: TWS — total water storage, GWS — groundwater storage, Qs — surface runoff,
Qsb — subsurface runoff, P — precipitation, EV — evapotranspiration

Dynamic variables have much smaller magnitudes, as they are expressed in
millimetres per second. To obtain approximate monthly changes, these values can
be multiplied by the average number of seconds in a month (i.e., 365.25 - 86,400/12 =
=2,629,800 ~ 2.63 - 10 s).

Table 1 contains the original data obtained from the GLDAS model. Based
on these data, approximate values of water content changes in mm per month are
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provided here, as these units are more intuitive. In these units, the mean surface run-
off (QQs) in the study area ranges from 0 to 6 mm per month, and for the Betchatow,
LGOM, and Turéw cells, these values are 0.3 mm, 0.1 mm and 0.4 mm, respectively.
These values are small and near the lower bound, though they are highest for Turéw.
The values of monthly changes caused by subsurface runoff (Qsb) are generally larg-
er; in the study area, they range from 0.8 to 22.5 mm, whereas the values calculated
for the mine cells are 4.3, 5.4, and 6.5 mm, respectively. Again, these values are closer
to the minimum. The situation is similar for evapotranspiration (EV), with monthly
values of 39.2 mm/s, 36.8 mm/s, and 48.6 mm/s for Belchatéw, LGOM and Turdéw,
and the range for the entire area is 32.1-70.2 mm per month. Monthly changes in
water content caused by precipitation for cells containing the mines are 60.7, 65.7
and 69.7 mm, and the minimum and maximum for all cells are 51.3 and 92.8 mm.
It should be noted that mining activities can affect runoff (both surface and subsur-
face) and evaporation; however, they are not expected to directly influence precipi-
tation. Precipitation is included here because it is a component of the indicators used
to assess changes in water conditions in the analysed areas. Additionally, it should
be emphasised that among the dynamic variables, only precipitation represents wa-
ter input to the system, whereas the remaining variables represent water losses from
the system.

4. Methodology

The paper aims to determine parameters describing and characterising drought.
For this purpose, the Combined Climatologic Drought Index (CCDI) and the water
budget (WB) were computed. The steps of the research are presented in the flow-
chart (Fig. 6). Determining these parameters enables the evaluation of hydroclimatic
extreme events, assessment of spatiotemporal patterns, drought impacts, and the
applicability of GRACE and GLDAS-derived models [25].

Fig. 6. Flowchart presenting the steps of analysis
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Drought conditions in the lignite and copper mining areas are characterised by
using two types of data: terrestrial and atmospheric water. For this purpose, precip-
itation anomaly (PA) and total water storage anomaly (TWSA) were used. PA was
calculated as follows [26, 27]:

PA=P-P 1)

where: PA is a precipitation anomaly time series, P is a precipitation time series,
and P is the mean monthly precipitation.

Residuals for both precipitation and total water storage were then deter-
mined [26, 27]:

PAR =PA-PA and TWSA® =TWSA - TWSA @)

where: PAR and TWSAR denote residual time series, PA and TWSA denote their
respective mean values.

The residual deviation CDR is defined as the sum of PAR and TWSAR residu-
als [15, 16]:

CD® =PA® + TWSA® (3)
Having computed CDR, the CCDI time series can be defined as follows [26, 27]:

Jp—
CCDI = w )
5(CD")

where CD denotes the mean of CD® and o(CDR) denotes its standard deviation.

The drought severity index can be classified by grouping values into categories
defined by the CCDI scale (Table 2) [27].

Table 2. Drought severity classification based on CCDI

Level Category CCDI
W4 extremely wet (1.45; =)
W3 severely wet (0.94, 1.44]
W2 moderately wet (0.46, 0.93]
W1 mildly wet (0.28, 0.45]
NO normal (-0.28, 0.29]
D1 mild drought (-0.44, -0.29]
D2 moderate drought (-0.93, -0.45]
D3 severe drought (-1.44, -0.94]
D4 extreme drought (=0, —1.45]
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The next part of the study involved comparing the results with groundwater
storage anomalies (GWSA using well measurements provided by the National Hy-
drogeological Service of Poland and satellite data from GRACE and GLDAS, calcu-
lated as follows [28]:

GWSA =TWSA -SMA -SWEA -SWSA 5)

where SMA, SWEA, and SWSA denote soil moisture, snow water equivalent, and
surface water storage anomaly time series, respectively.

A basic hydrological quantity is the water budget (WB). It is often used for as-
sessing the amount of water in a system. WB is defined as the difference between
water inputs and outputs. Thus, it represents the balance between precipitation,
evapotranspiration, and surface runoff [29, 30]:

WB=P-EV-Qs-Qsb (6)

where P is the precipitation time series, EV is the evapotranspiration time series,
Qs is the surface runoff time series, and Qsb is the subsurface runoff time series.

The analysis was carried out using four sets of values: TWS, GWS, CCDI
and WB. TWS and GWS were obtained directly from online data sources (see Sec-
tion 3), while CCDI and WB were calculated:

— CCDIwas calculated according to Equation (4) and represents a standardised

index that facilitates the determination of soil moisture conditions, ranging
from extremely wet through normal to extreme drought (see Table 2).

— WB was calculated according to Equation (6), where evapotranspiration (EV)
and surface and subsurface runoff (Qs and Qsb) were taken from the
CLSM model, and precipitation (P) from the NOAH model. All variables are
expressed in millimetres per second and represent rates of change in water
content. WB values are positive when water inputs exceed outputs and neg-
ative otherwise.

Mean values and linear trends were calculated for all cells in the study area, and
their statistical significance was assessed using the Mann-Kendall test.
Trends were estimated by fitting the following model:

Yy =a, +at +a, sin(ot) + a; cos(ot) (7)

where the coefficients a;, i =0, ..., 3, are computed by minimising the residuals of the
fitting. The coefficient represents the linear slope of the fitted data. In our case, the
trend results obtained from the original data have the following units: millimetres
per day [mm/day] for TWS and GWS, millimetres per second per day [mm/s/day]
for Qs, Qsb, and WB, and one per day [1/day] for CCDI data.

To assess whether the trend computed is statistically significant, the Mann—-Ken-
dall test (MK test) was applied. This non-parametric test evaluates whether a time
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series exhibits a monotonic trend by analysing the signs of differences between suc-
cessive observations [31]. Due to seasonality, the seasonal Mann-Kendall test was
applied [32]. Statistical significance was evaluated using a p-value threshold of 0.05.

5. Results

As mentioned in Section 4, the focus was on examining the time series behaviour
of six selected quantities: TWS, GWS, Qs, Qsb, CCDI, and WB. The first four varia-
bles were taken directly from the GLDAS system and presented in Section 3 (Fig. 5,
Table 1). The remaining two values were calculated based on the input data (see
Section 4). Their brief characteristics are given below (Fig. 7, Table 3).

Figure 7 presents the time series of the aforementioned variables for cells con-
taining selected mines (Fig. 4) and the mean values of a given variable calculated
over the entire area (comprising 1,125 cells).

Fig. 7. Time series of WB and CCDI for grid cells containing selected mines,
together with mean values of a given variable calculated for the entire area
(containing 1,125 grid cells)

Numerical values of the means and ranges are presented in Table 3.

The results indicate that the mean values for the grid cells containing the mines
fall between the minimum and maximum values observed across the entire area, for
both WB and CCDI. The mean values for the entire area (1,125 grid cells) do not dif-
fer significantly from those obtained for the grid cells containing the selected mines.
The calculated CCDI values (see Equation (4)) range from about -3 to +3; they are
dimensionless and indicate the degree of soil moisture. In the study area, the means
are close to zero, indicating normal soil moisture conditions (see Table 2). However,
at the end of 2018, a marked decrease in this index was recorded across the entire
area, indicating a temporary extreme drought. WB values (calculated according to
Equation (6)) range between -5 and 5 mm/s, but in the 2012-2018 period, the ampli-
tude decreases to between —2.5 and 2.5 mm/s. The highest values regularly occur in
summer, and the lowest in winter.
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Table 3. Basic statistics of the quantities studied

Statisctics description WB [mm/s] CCDI
Mean over time (Belchatow) -6.51e-06 3.48e-16
Mean over time (LGOM) -8.90e-06 6.97e-16
Mean over time (Turéw) -5.45e-06 9.14e-16
Mean over time (max) 5.42e-06 3.54e-15
Mean over time (min) —-1.46e-05 -3.6le-15
Mean over time (overall) -6.21e-06 2.17e-17
Mean over cells (max) 4.12e-05 2.21
Mean over cells (min) —4.01e-05 -2.20
Mean over cells (overall) -6.21e-06 2.53e-17
Max value -8.17e-05 4.06
Min value -2.28e-04 -3.48

To assess the influence of mining activities on water conditions, trends in
the variables of interest were analysed. Linear trends of the studied variables were
calculated, and their statistical significance was assessed using the seasonal Mann—
Kendall test (see Section 4).

The research results are presented in Figures 8-10 (selected grid cells) and Fig-
ure 11 (the entire area), while precise numbers are provided in Table 4.

Table 4. Linear trend values for Belchatow, LGOM and Turow cells
together with minimum and maximum trend values for the entire study area

Trend description Belchatow LGOM Turow Min. trend | Max. trend
TWS trend [mm/day] -0.0132 -0.0111 -0.0119 -0.0261 0.01592
TWS trend [mm/year] -4.8162 -4.0578 —4.3641 -9.5489 5.8148
GWS trend [mm/day] -0.0113 -0.0092 -0.0099 -0.0212 0.0126
GWS trend [mm/year] -4.1277 -3.3736 -3.6379 -7.7625 4.6043
WB trend [mm/s/day] -2.22e-10 -2.83e-10 —2.44e-10 —-8.66e-10 1.19e-09
WB trend [mm/s/year] -8.12e-08 -1.03e-07 -8.92e-08 -3.16e-07 4.35e-07
CCDI trend [1/day] -0.0002 -0.0001 -0.0001 -0.0003 0.0002
CCDI trend [1/year] -0.0566 -0.0491 -0.0429 -0.0963 0.0611
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Fig. 8. Water condition indicators (TWS, GWS, WB and CCDI) for the cell of Belchatow

Fig. 9. Water condition indicators (TWS, GWS, WB and CCDI) for the LGOM cells
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Fig. 10. Water condition indicators (TWS, GWS, WB and CCDI) for the Turéw cell

The calculated CCDI values enable the characterisation of drought conditions
and their temporal occurrence. All D4-W4 categories were observed across the study
area throughout the study period.

In the years 2003-2009, each time series moved regularly between minimum
and maximum values with the seasons, reaching the D3 (severe drought) limit at the
minima and the W3 (severe wet) limit at the maxima. Double peaks were observed
during this period.

From late 2009 to 2015, CCDI values became increasingly inconsistent, with
multiple peaks occurring each year. The lowest values in these years decreased
to D1 (mild drought) or slightly exceeded D2 (moderate drought), reaching twice
that level. In each year, the highest values reached W4 (extremely wet) levels, some-
times twice within a single year (2010 and 2011).

Between 2015 and 2018, seasonal variability stabilised again across all study lo-
cations; however, the amplitude of fluctuations increased compared with the earlier
period (D4-W4). This increase also progressed from year to year. In autumn 2017,
Turéw and LGOM reached the NO (normal) minimum, whereas in Betchatéw, the
minimum reached D3 (severe drought). In 2018, the minimum value in Belchatéw
occurred 2 months earlier than in Turéw and LGOM, and reached D2 (moderate
drought), while the other two mines reached D3 (severe drought).
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At the turn of 2018-2019, there was a marked drop in values, resulting in D4 (ex-
treme drought). The Befchatéw mine area barely exceeded the D4 threshold,
LGOM showed intermediate values, and Turéw experienced a dramatic drop. Then,
until 2021, persistent drought conditions were observed, rarely reaching NO. Season-
al regularity is reduced during this period, with two peaks and two troughs.

From the end of 2021, moderate regularity returned, but this period can still be
classified as dry, as the maximum values remained within W1 (mild wet), or some-
times barely exceeding the level of W2 (moderately wet), while the minimum values
reached D2 (moderate drought) in 2021, D4 (extreme drought) in 2022, 2023 and 2024.

Based on Table 4 and Figure 11, clear decreasing trends are observed
for TWS, GWS, and CCDI across both mine cells and most of the study area. This
indicates a decline in average water availability. No clear differences are observed
between mine cells and the surrounding area. For TWS, the calculated trends range
from -9.5to 5.8 mm/year, and for mine cells, the corresponding values range from —4.8
to 4.0 mm/year. These values lie approximately midway between the minimum
and maximum observed across the study area. Analogous values for GWS range
from -7.8 to 4.6 mm/year (minimum/maximum) and from -4.1 to —-3.3 mm/year
(mine cells).

Similarly, the trends for WB and CCDI fall within the overall range of mini-
mum and maximum values observed across the study area, indicating both lower
and higher rates of change. Regarding the statistical verification of trends using the
Mann-Kendall test, the behaviour of WB differs from that of the other variables.
For TWS, GWS and CCD], the calculated positive trends are statistically significant
across most cells, while the negative trends are generally not statistically significant
(high p-values). In the case of WB, however, neither the calculated positive nor neg-
ative trends pass the test in most cases, which indicates that the trend is weak and
the estimates are unreliable.

Figure 8 shows an analysis of the linear trend, seasonality, and CCDI for
Betchatéw. The linear trend has a negative slope, meaning that CCDI decreased
between 2003 and 2023, indicating a long-term downward trend. Thus, regardless of
seasonal fluctuations, the average CCDI level is systematically decreasing. Similarly,
clear cyclical behaviour is observed, with a strong seasonal component. High varia-
bility was observed between 2003 and 2013, with periods of high values. After 2015,
values below zero became increasingly frequent, and the amplitude of fluctuations
decreased.

Long-term decline in CCDI values can be observed in Betchatow. The reduc-
tion in amplitude after 2015 may indicate stabilisation or weakening of seasonal
factors. In the studied open-pit mine area, CCDI values may reflect climatic or envi-
ronmental conditions, particularly changes in moisture levels. These patterns may
be associated with industrial activity influencing the microclimate. It can also be ob-
served that the average CCDI is decreasing, indicating a shift relative to previously
observed conditions.
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Fig. 11. Calculated trends and results of the Mann-Kendall test.
Colours correspond to the calculated trends for individual cells, as shown in the legends.
The size of the markers is proportional to the p-value from the MK test.
A filled marker (dot) indicates a statistically significant trend,
whereas an unfilled marker (empty circle) indicates a non-significant trend

The trend line has a negative slope (Fig. 9), indicating that CCDI values declined
between 2003 and 2023. The decline is moderate but sustained over the study peri-
od. Strong, regular annual fluctuations are observed, with a clear rhythm, as val-
ues alternate between increases and decreases. Compared to Belchatéw, the trend is
negative in both locations, but in the LGOM region, the seasonal amplitude remains
more stable throughout the period; extreme fluctuations are less pronounced than
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in Betchatéw. This suggests that conditions in the LGOM region are more stable and
less susceptible to abrupt changes. As for the CCDI, fluctuations have decreased
in recent years (after 2018), which may indicate stabilisation of climatic conditions.

Based on Figure 10, the CCDI values in Turéw steadily decreased over the
2003-2023 period, following a long-term downward trend, similar to those observed
in Belchatow and the LGOM. A regular seasonal rhythm persists throughout the
period. However, after 2015, the amplitude of fluctuations increased slightly, with
more extreme positive and negative values. The 2019-2022 period is characterised
by greater variability in CCDI. This suggests that local climatic conditions in Turéw
have become more unstable in recent years. The greater variability after 2015 may
indicate more frequent periods of extreme conditions (e.g., more intense droughts
interspersed with heavy rainfall).

6. Discussion and Conclusions

Given the pronounced drought conditions in open-pit mining areas, numerous
studies have investigated the impacts of anthropogenic and climate-related factors.
The levels of heavy metals associated with mining operations were examined. The
susceptibility index ranged from 81 to 167, compared with 87 to 182 prior to mining
operations. Heavy metals in soil adversely affect plant growth and pose environ-
mental risks [33, 34]. Park et al. [35] analysed how a coal mine in Baganuur, Mongo-
lia, contributes to soil pollution, dust emissions, and desertification. They noted that
open-pit lignite mining processes degrade forests and grasslands.

Table 5. Comparison of parameters of the tested locations: Betchatow, LGOM, Turéw

Parameter Betfchatow LGOM Turéw
Long-term trend declining (strong) declining (moderate) | declining (clear)
Seasonality strong, slightly decreasing | strong, stable strong, with increasing

after 2015 amplitude after 2015
Data variability high, especially 2003-2013 | moderate, mild increasing after 2015
Climate change direction | drying since 2018 more humid more variable, with
conditions greater extremes
Condition stability relatively stable after 2015 | very stable less stable after 2015

Based on Table 5, a decline in CCDI values was observed in all analysed loca-
tions (Betchatéw, LGOM, and Turéw) between 2003 and 2023, indicating a general
long-term trend. Seasonality remains significant in each of the analysed mines, but
local variability differs by region:

— LGOM - the most stable climate;

— Befchatow — gradual weakening of seasonality;

— Turdéw - increasing variability and amplitude of change.
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A significant drying trend has been observed since 2018. Further research is war-
ranted, not only in open-pit mines but also in underground mining areas and other
regions of Europe. Further research is warranted not only in open-pit mines but also
in underground mining areas and other European regions. The period 2003-2009
was relatively stable, alternating dry and wet periods, consistent with the seasonal
distribution in Poland. From late 2009 to 2015, conditions were generally wetter; no-
tably, in 2010, Poland experienced a major flood that primarily affected the southern
regions. Between 2015 and 2018, conditions stabilised again, but with increased am-
plitude of fluctuations between extremely dry and extremely wet states. After 2015,
wet extremes became less frequent, while dry conditions intensified, particularly
in 2018. As a result, wet periods largely disappeared, with values ranging mainly
from normal to extremely dry.
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Appendix

The data used in the analysis can be organised as a matrix in which rows corre-
spond to subsequent time epochs (253), and columns correspond to grid cells within
the study area (1,125). For example, total water storage (TWS) values can be indexed
as TWS[i, j], wherei=1, ..., 253; j=1, ..., 1,125. Let the indices of the grid cells corre-
sponding to Betchatow, LGOM, and Turéw be denoted by j =j;, j =j;, and j = ;. The
quantities presented in Table 1 are then calculated as follows:

253 . . .
D TWSi,j = j,]
— Mean over time Betchatow: p;[jz]=-= =

253 o )
27 WS[i,j=j.]
— Mean over time LGOM: p.[j, ]= r—-lT

253 o )
ZT WSli,j = jr]
— Mean over time Turéw: p;[j;]=-

253
— Mean over time (max): %{MT[]']}
]
— Mean over time (min): min{u,[j]}
j
— Mean over time (overall): uT_[]]
S TWsi, ]
— Mean over cells (max): @ pelil :HlT
> TWli
— Mean over cells (min): n%g pelil= ]:llT

— Mean over cells (overall)): pc[i]

— Max value: max{TWS[i, j1}

ij

— Min value: Qiﬂ{TWS[i,j]}

ij
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