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Article

Drought on the Coast: Climate and Sea-Level Impact
to Groundwater Fluctuations Along the Polish Baltic

Jolanta Czerniawska *

I Institute of Geoecology and Geoinformation, Faculty of Geographical and Geological Sciences, Adam Mic-
kiewicz University, Krygowski 10, 61-680 Poznan, Poland; jolczer@amu.edu.pl
* Correspondence: jolczer@amu.edu.pl

Abstract: The Baltic Sea coast is one of the geographical areas of Europe most threatened by the
current climate change. This issue concerns erosional processes, groundwater flows affecting
sea-shore settings. Long term hydrological investigations within the western sector of the Leba
Barrier, northern Poland, based on a network of monitoring stations, coupled with the meteorology
records of the past 12 years, revealed significant fluctuations in ground water fluxes from the Baltic
Sea on the adjoining mainland. Groundwater resources are negatively affected by sea-level drops
in the coastal areas along the southern Baltic coast. The low sea levels strengthen the effects of low
precipitation and high temperatures, causing altogether the occurrence of hydrogeological drought
in the coastal sandbar areas. Drought periods are characterized by lowering of water-tables in the
Slowinski National Park. The obtained results have direct relevance to a long-term assessment of
water resources, environmental protection of the climatically most susceptible ecosystems, as well
as the tourism management of this popular visitors” destination.

Keywords: groundwater; hydro-meteorological conditions; Leba Barrier, Southern Baltic coast,
monitoring, drought, hazard

1. Introduction

Groundwater is one of the most important components of water cycle in coastal environments.
Hydrological resources of this mechanism depend mainly on local climatic conditions (rainfall,
snowfall, temperature, evaporation), influence of the sea level, and human activity (Backman et al.,
2007, Wendt et al., 2020). In the context of the present global warming (IPCC, 2018), is important to
monitor groundwater changes and identify potential hazards leading to drought. These complex
phenomena occur across Europe (e,g,, Spinoni et al 2014, 2016,2019; Rebetez et al 2006; Ionita et al.
2017,2022; Laaha et al. 2017; Moravec et al 2021). Their effects lead to significant economic, social,
and environmental costs. Droughts is variably classified as meteorological, agricultural, hydrologi-
cal (including groundwater), and socio-economic drought (Tallaksen and Van Lanen 2004; Mishra
and Singh, 2010; Van Loon 2015). Drought is defined as a situation, in which the groundwater level
is lower than its normal state, including flow rate decreases in spring (Van Loon and Anne, 2015;
Marchant and Bloomfield, 2018). Groundwater deficiencies are caused by low precipitation and
rising temperatures, which, lead to an increase in spatial evapotranspiration. Groundwater reacts
slowly to meteorological drought; usually with a certain delay, and takes a long time to re-
charge/restore (Chamanpira et al., 2014; Chao et al., 2017; Batalha et al., 2018). During recent years, a
general global trend toward more frequent and more severe meteorological droughts has been ob-
served (Dai, 2011; Spinoni et al., 2014; Cammallieri et al., 2020; Chiang et al., 2021). This tendency
also relates the Europe, including the Baltic Sea coast.

This study presents comprehensive evidence, showing determinant linkages between meteor-
ological conditions, particularly during hot and dry annual intervals, sea level changes and
groundwater flows, ultimately generating a drought on the coast. This complex process has been
investigated at the Leba Barrier in the middle part of the Polish Baltic area. The novel knowledge,
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resulting from the long-term field monitoring, documents negative responses of the coastal
groundwater system primarily determined by shortages of rainfall and low sea levels.

2. Materials and Methods

2.1. Study Area

The study was carried out in the central part of the Polish Baltic coast delimited by the 201 km
and 208 km of the Polish shoreline (according to the Maritime Office), in the western part of the Leba
Barrier (Figure 1A). The Leba Barrier, 0.6-2 km wide, covered by sand dunes, is a stretch of land
defined by a well-developed barrier-lagoon coast (Rotnicki 1995). The investigated sector is located
within the naturally protected area of the Stowiniski National Park (SNP) encompassing a total of 32
744.03 ha west of the city of Leba. About 1/3 of the park's area is occupied by lakes. The largest of
them is Lebsko Lake connecting to the sea by a channel —the mouth of the Leba River. Brackish
waters of the lake are separated from the sea by the Leba Barrier, stretching over a distance of 40 km.
Its hydrological regime is conditioned on one hand by the inflow of water from rivers, alimenting it
on level 80-90%, on the other hand by changing hydrodynamic conditions between the lake and the
Baltic Sea (Chlost and Cieslinski 2005).To the west, there is a smaller, freshwater DotgieWielkie Lake
physically separated from the sea.

According to the regional groundwater scheme (Paczynski and Sadurski, 2007), the study area
is located within the hydrogeological unit of the East Pomeranian Province of the Baltic coast. Qua-
ternary sediments and geomorphic backgrounds here constitute a collector (natural reservoir) of
groundwater in permeable deposits of a glacio-fluvial, marine, and riverine origin (Kordalski, Li-
dzbarski, 2000; Szelewicka, 2000). The analyzed section of the barrier is built mainly by sandy ma-
rine sediments inter-bedded by organic layers (Rotnicki 2009), and overlain by loose aeolian sands.
The groundwater level is usually at a depth of 1-5 m; at the Leba Barrier even below 15 meters (Li-
dzbarski, 2004).
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Figure 1. Location of the study areain the Polish Baltic coastal zone : (a)- the Leba Barrier with A and B pie-
zometer profile and meteorological and tide-gauge station in Leba; (b)- location of research site (piezometers
Al, A4, B1, B4, B8 and Czotpino).

2.2. Data Collection

Groundwater monitoring was conducted in the area of active coastal dunes, and on the ad-
joining marshlands, which extend in the vicinity of Lebsko Lake (Figure 1B). Hydrological data
recorded by piezometers were also collected near the DolgieWielkie Lake, where the coastal spit is
narrower. The piezometers were positioned between the Baltic Sea and the coastal lakes Lebsko and
DotgieWielkie (Figure 1B,2). The electronic recorders —DIVER (Schlumberger Water Service) were
installed in a total of five piezometers (A1, A4, B1, B4, BS).

Observations of the fluctuating groundwater level within the monitoring site network were
performed over the 20092020 hydrological years, providing a reliable analytical data set consider-
ing the more then decadal monitoring period (Kazimierski et al., 2009). Until now, there has been
absence of a detailed regional groundwater monitoring performed long-term. Own field data were
completed by the analytical data of the groundwater fluctuations on the Leba Barrier from the
Czolpino site of the State Monitoring Network. A hydrogeological monitoring at Czolpino has been
carried out by the Polish Hydrogeological Survey (PHS) since 2005. The statistically processed an-
nual records from this location are summarized in the Hydrogeological Annual Report of the Polish
Geological Institute-the National Research Institute (https://www.pgi.gov.pl/psh).
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The measurements of the Baltic Sea level on the Polish coast, the L.ebsko Lake level, rainfall and
air temperature, integrated in this study, were conducted by the Institute of Meteorology and Water
Management. The meteorological and sea level data of the Institute of Meteorology and Water
Management at the National Research Institute (IMWM-NRI) were used; more specifically, the rec-
ords from the synoptic station (IMWM-NRI) at Leba (N 54945’, E 17%32’). These meteorological and
hydrological records are freely available https://danepubliczne.imgw.pl website. In this study, the
data have been presented with a reference to the hydrological year, which in Poland is from 1 No-
vember until 31 October.

Figure 2.(A) Piezometer Bl(the northern barrier zone; the belt of coastal dunes); (B) Piezometer B4 (the central
barrier zone);(C)Piezometer B8 (the southern barrier zone; the marshy belt);(D)Piezometer Al(the northern
barrier zone the belt of coastal dunes)

3. Results

3.1. Groundwater Level Change (2009-2020)

The analytical results of the groundwater level change on the t.eba Barrier show marked fluc-
tuations over the 2009-2020 study period (Figure 3). In the northern barrier zone, near to the sea
shoreline, the average annual groundwater depth over the past 11 years was at the level of 1 m be-
low the ground surface (bgs), whereas the average annual levels for each single year varied (bgs)
from 0.61 m in 2011 to 1.35 m in 2015. The maximal and minimal groundwater levels recorded in the
northern zone were then 0.06 m (2011) and 1.63 m (2015) respectively. Given the sufficient length of
the observation period, it can be assumed that this range approximately indicates the maximal and
minimal groundwater levels in this coastal environment (Figure 3, Table 1).
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Figure 3.Variability of average annual groundwater depths (GD) in piezometers on the Leba Barrier against the
background of the long-term average annual groundwater depth (AAGD) 2009-2020

In the southern barrier zone near the Lebsko Lake and DolgieWielkie Lake, the average
groundwater depth for the 2009-2020 study period was 0.14 m and 0.45 m, showing the overall
lower average value than recorded in the northern barrier zone. The average annual levels (bgs) in
the southern zone ranged between the intervals of 0.06 m (2011) and 0.59 m (2020). The minimal and
maximal measurements were 0.42 m above ground surface (ags) (2011), and 0.89 m bgs (2018), re-
spectively. The results show generally a lower absolute range of groundwater fluctuations than for
the northern zone (Figure 3, Table 1).

In the central barrier zone situated between the Lebsko and DotgieWielkie Lake, and the Baltic
Sea, the average groundwater depth (bgs) for the 2009-2020 study period was 1.06 m. At the
Czolpino site, the average depth was significantly lower (4.83 m). This deeper groundwater level
may reflect a presence of a water drill site used for a former military unit, and the current water
pumping mainly in the summer tourist season. The average annual levels (bgs) in the central barrier
zone ranged between 0.67 m (2011) and 4.92 m (2015). The minimal and maximal depth limits ob-
served during the study period in the central zone were 0.32 m (2011) and 5.25 m (2015). The moni-
toring data attest to a wider range of the local groundwater depths than in the northern and south-
ern zones (Figure 3, Table 1). At all sites (except B1 and Czotpino), the groundwater regime displays
a slight downward trend. The coefficients of determination (R?) for the analyses of each piezometer
locations was rather low (0.04-0.38), indicating a low degree of fitting with the estimated model.
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Table 1. Groundwater depth [m] statistics for the west part of L.eba Barrier k
monitoring data.

Northern barrier zone

Piezometer Al B1
Average depth in period 2009-2020 (m) 1.07 1.13
Max depth 1.53 1.63
Min depth 0.06 0.54
Standard deviation 0.18 0.16
Amplitude max in 2009-2020 1.47 0.79
Average annual amplitude 0.64 0.62

Central barrier zone

Piezometer B4 Czolpino
Average depth in period 2009-2020 (m) 1.06 4.83
Max depth 1.53 5.25
Min depth 0.32 4.57
Standard deviation 0.20 0.08
Amplitude max in 2009-2020 1.21 0.65
Average annual amplitude 0.66 0.47

Southern barrier zone

Piezometer A4 B8

Average depth in period 2009-2020 (m) 0.45 0.14
Max depth 0.80 0.89
Min depth 0.13 -0.42
Standard deviation 0.08 0.06
Amplitude max in 2009-2020 0.67 111
Average annual amplitude 0.39 0.81

On the basis of the average assessed depth of groundwater within the study area, three hydro-
logical zones can be determined: 1) the northern zone, located close to the sea, characterized by
deeper groundwater with sea-drainage ; 2) the southern zone, adjacent to the lake, with the lowest
groundwater tables; 3) the transitive zone with drainage in to both the sea and the lake. At all loca-
tions, the groundwater levels were highest in 2011, apart from the A4 site near DolgieWielkie Lake
and the Czolpino site, where the groundwater level was repeatedly (2017, 2018, 2020) the highest.
The lowest groundwater level was observed at most of the research sites in 2015.

3.2. Hydrometeorological Conditions

Annual average precipitation total during 2009-2020 was 676 mm. This is slightly more than
the average annual rainfall over 1980-2010 (664 mm). For the study period, the annual precipitation
(AP) within the Leba Barrier ranged from 811 mm (2012) to 429 mm (2015) (Figure 4A). Positive
precipitation anomalies were found in eight years; negative anomalies in three years (2014, 2015,
2020). In the extreme years, the sums of precipitation were >130 mm above (2012) and >240 mm
lower (2015) with respect to the average annual precipitation. Based on Z. Kaczorowska (1962) clas-
sification, which is one of the most used classifications in meteorological analyses applied in Poland,
five years in the period 2009-2020 and 1981-2010 were rated as "mormal”, four years as "wet"
(2010-2013), and two years (2014, 2015) as "very dry”. The lowest monthly precipitation average (21
mm) was in April (Figure 4B). Low precipitation values were also recorded in February (31 mm) and
March (34 mm). In turn, the highest precipitation relate to the summer months—July (97 mm), Sep-
tember (84 mm) and August (82 mm). For the entire 2009-2020 period, the driest year was 2015,
particularly because of a rather dry summer season with the exceptionally low precipitation values
in July (51 mm), August (15 mm) and October (26 mm) (Figure 6A). According to the long-term
(1951-2015) precipitation records at the Leba Barrier (Chlost et al., 2018), no significant change in the
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annual precipitation totals was noticed. However, the annual values are differentiated in relation to
the long-term averages.
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Figure 4. (a) -Variability of the annual sum of precipitation (AP) on the Leba Barrier against the back-
ground of the long-term average annual precipitation (AAP) for 2009-2020y and 1981-2010; (b) - Variability of
the long-term monthly average of precipitation (MAP) for 2009-2020y and 1981-2010. Prepared on the basis of
IMWM data (for Leba meteorological station) according to hydrological years (November-October); 1-normal
year, 2-wet year, 3-dry year, 4- very dry year

One of the most important climatic factors is air temperature, which affects the intensity of
evaporation from the water surface, ground/soils and vegetation cover. The average annual air
temperature (AAT) in Leba has increased by 0.68°C from 8.07°C (1981-2010) to 8.75°C (2009-2020)
(Figure 5A). The records provide evidence of a progressing warming trend. The AT in the particular
years, calculated from the mean t°C values in period 2009-2020, varied from 7.4°C (2010) to 9.88°C
(2020). In terms of mean monthly air temperature values in Leba (2009-2020), the coldest was Janu-
ary (-0.12°C), the warmest months then August (17.99°C) and July (17.8°C) (Figure 5B). February
was the coldest (1.19°C) and August the warmest (18.75°C) in 2015 (Figure 6B). In 1951-2015 (Chlost
et al., 2018), both the AAT and mean values of most extreme temperatures are characterized by a
statistically significant increase. The annual sum of evaporation equaled 491 mm on average in the
1951-2015 period (op.cit.). The highest yearly value >570 mm defines the dry years 2002, 2006, 2007
and 2014. The highest monthly mean potential evaporation total relates to the summer months: June
(88 mm), July (82 mm), and August (74 mm).
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Figure 5.(a) -Variability of the annual temperature (AT) on the Leba Barrier against the background of the
long-term average annual temperature (AAT) for 2009-2020y and 1981-2010; (b) - Variability of the long-term
monthly average of temperature on (MAT) for 2009-2020y and 1981-2010. Prepared on the basis of IMWM
data(for Leba meteorological station) according to hydrological years (November-October);
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Figure 6.(a) - Variability of the long-term monthly average of precipitation (MAP) for 2009-2020y and monthly
average in 2015; (b) - Variability of the long-term monthly average of temperature on (MAT) for 2009-2020y and
monthly average in 2015. Prepared on the basis of IMWM data (for Leba meteorological station) according to
hydrological years (November-October);

Conditions of groundwater occurrence in the coastal areas show specific features. Along the
shoreline, there is contact of salt sea water with fresh groundwater that flows from the land. In
normal states, these waters remain in a natural balance/equilibrium. When disturbed, the aggra-
vated conditions lead to degradation of freshwater resources (Burzynski et al.,, 1999). The mean
annual sea level in the period of 2009-2020 amounted 507.1 cm at Leba, and 508.6 cm at Ustka lo-
cated 50 km to west of Leba (Figure 1A). For the study period, the average annual level of the Baltic
Sea at the Leba Barrier ranged from 514.6 cm (2020) to 479.9 cm (2013) (Figure 7A). The lowest
monthly sea level average was in March (500.6 cm); the highest in December (517.49 cm) (Figure 8A).
The Polish Baltic coast records of the extreme sea-levels show that they occur in the autumn, winter
and spring, from October to April (Rotnicki and Borzyszkowska 1999, Wolski and Wisniewski,
2014). As the Baltic Sea is connected to Lebsko Lake, their water fluctuations correlate The mean
annual Lebsko Lake level in 2009-2020 was slightly above the average annual sea level (511.76 cm)
(Figure 7B). The average annual Lebsko Lake level range varied from 503.08 cm (2010) to 518.92 cm
(2020). The maximum level of the lake over the period was recorded in December (521.92 cm), such
as the Baltic Sea level, and the minimum level of the lake water in May (502.67 cm) (Figure 8B).
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Figure 7. a - Variability of average annual of Baltic Sea level (AASL) for 2009-2020y against the background of
the long-term average annual (AASL) 2009-2020; b - Variability of the long-term monthly average of Lebsko
lake level (MASL) for 2009-2020y and monthly average of sea level in 2015. Prepared on the basis of IMWM data
(for Leba mareographical station) according to hydrological years (November-October);

In the context of the long-term (2009-2020) monthly average of the Baltic Sea levels, the
monthly variation of the sea level in 2015 was rather specific (Figure 8A). The maximum sea-level
was in January (533.93 cm), the minimum in October (492.40 cm) and November (493.56 cm). This
anomaly was likely generated by storm surges (H = 570 cm) acting along the Leba Barrier coast in
January and February 2015, which caused the observed sea-level increase.
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Figure 8. (a) - Variability of the long-term monthly average of Baltic Sea level (MASL) for 2009-2020y and
monthly average of sea level in 2015; (b) - Variability of the long-term monthly average of Lebsko Lake level
(MASL) for 2009-2020y and monthly average of lake level in 2015. Prepared on the basis of IMWM data (for
Leba station) according to hydrological years (November-October);

3.3. Groundwater drought

The term groundwater drought or hydrogeological drought refers to a period of decreased
groundwater levels with respect to normal. When groundwater systems are affected by
droughts,groundwater levels and the groundwater discharge decrease. These situations generally
occur on a time scale of months to years (van Lanen and Peters, 2000; Mishra, 2010). Groundwater
drought can be identified using three elements: recharge, groundwater levels, and discharge from
groundwater to the surface water system (Tate and Gustard, 2000; Van Lanen and Peters, 2000). Of

these three, an estimation of groundwater drought based on the water table position analysis is an
efficient method.
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A hydro-geological drought (Kazimierski et al., 2009) can be determined from characteristic
groundwater depths (GD) in the following way:

GD 2=HLG - no drought hazard;

HLG>GD > ALG - drought hazard;

ALG 2GD>0.5 (ALG + LLG) - occurrence of shallow hydro-geological drought;
GD <0.5(ALG + LLG) - occurrence of deep hydro-geological drought,

(GD - groundwater depth; HLG - the highest low groundwater depth of each year;

ALG - average of the lowest groundwater depth of each year; and LLG - the lowest low-
groundwater depth of each year).

The occurrence of a shallow hydro-geological drought is related to the position of the
groundwater level below the average of the lowest groundwater depth of each year (ALG). This is
one of the method used applied in Poland in drought hydrogeological analyses (Krogulec 2018).

In the study area, the lowest groundwater levels were observed in almost all piezometers of
the monitoring sites in 2015, whereas the highest levels were observed in 2011 (Figure 3). The ALG
value and the state of deep hydro-geological drought determined as GD < 0.5 (ALG + LLG) refers to
the levels lower than the average groundwater level depth recorded in 2015 (Table 2), which is con-
sidered the driest year in the monitored period 2009-2020. The average value of groundwater levels
is close to HLG, which informs about an establishing hazard drought.

Table 2. Groundwater depth in 2015 (a very dry year) as compared to the whole study period on Leba Barrier

based on monitoring data.

Piezometer Al B1 B4 Czolpino A4 B8
Long-term average annual groundwater depth 1.07 1.13 1.06 4.83 0.45 0.14
(AAGD) 2009-2020
Average annual groundwater depths (GD) in 2015 1.21 1.36 1.24 494 0.50 0.28
Max depth in 2015 1.47 1.63 1.52 5.25 0.68 0.85
70% AAGD 0.74 0.81 0.70 3.39 0.30 0.09
80% AAGD 0.85 0.92 0.80 3.87 0.34 0.10
90% AAGD 0.95 1.04 0.90 4.36 0.39 0.12
Highest of low groundwater depth (HLG) 1.00 1.13 1.02 491 0.45 0.32
Average of the lowest groundwater depth of each year 1.34 1.42 1.33 5.06 0.63 0.58
(ALG) - shallow hydrogeological drought
Lowest of low grandwater depth (LLG) 1.53 1.63 1.53 5.25 0.80 0.89
Deep hydrogeological drought (DD) (0.5 (ALG + LLG) 1.43 1.53 1.43 5.15 0.71 0.73

The groundwater levels below ALG may practically be treated as periods of a possible hy-
dro-geological drought. During 2009-2020, shallow and deep ground water droughts were identi-
fied at most of the sites in 2015 (Figure 9). In all six locations, shallow groundwater droughts began
in July and continued into October. In October, at three sites (B1, B4 and Czolpino), the lowering
groundwater level reached the state of a deep drought. At two sites (B1, B4), hydro-geological
drought appeared already in November and lasted until December. In the case of site B1, located
closest to the sea coastline, it was a deep groundwater drought.
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Figure 9. Groundwater drought on the Leba Barrier in 2015; Average of the lowest groundwater depth of each
year (ALG) 2009-2020 - shallow hydrogeological drought; Deep hydrogeological drought (DD); a,c,e,g - varia-
bility of monthly average groundwater depths (GD) in 2015 in piezometers against the background of the
monthly precipitation (MP); b,d,f,h - variability of monthly average groundwater depths (GD) in 2015 in pie-
zometers against the background of monthly sea level in 2015.; Prepared on the basis of IMWM data(for Leba
meteorological station) according to hydrological years (November-October).

The Baltic Sea is a regional drainage base for groundwater of the Leba Barrier, referring to the
position of the groundwater level and the Baltic Sea in relation to absolute altitude (Figure 10). Only
groundwaters at the sites located at the Lebsko Lake and Czolpino are below the Baltic Sea level. The


https://doi.org/10.20944/preprints202306.2191.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2023 doi:10.20944/preprints202306.2191.v1

course of groundwater fluctuations in the case of the site B8 indicates that they were supplied by the
surface waters of Lebsko Lake throughout almost the entire year of 2015. The lowered groundwater
table in relation to the sea level at the Czolpino site indicates a groundwater depression, which was
probably formed by pumping water from a nearby well.
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Figure 10. Relations between the Baltic Sea level and the groundwater levels on the Leba Barrier presented in
absolute heights [m a.s.L]

4. Discussion

Long-term (2009-2020) average values of the regional groundwater levels have been used to
assess the hazards and the occurrence of hydro-geological drought in the coastal zone of the Leba
Barrier. The conducted analyses of the present hydro-geological situation in the central part of the
Polish coast indicate a transition from the high groundwater levels recorded in 2011 to the lower
levels (referred to the 2015 drought datum). The main source of groundwater supply is precipitation,
which variedduring the investigated period. The very low precipitation values, with minima in 2015,
reflected the meteorological situation that occurred at that time throughout Europe. The summer of
2015 was not only dry but also very hot across Europe (lonita et al., 2017). On the teba Barrier,
weather was very warm especially in August, when the temperature was 1.7 C higher than a
long-term (1981-2010) average. High evapotranspiration rates combined with a lack of precipitation
led to record low river flows in several major rivers in Europe. The 2015 drought developed rapidly
over the Iberian Peninsula, France, southern Benelux, and central Germany in May, and reached a
peak intensity and a spatial extent by August especially in the eastern part of Europe (lonita et al.,
2017; Laaha et al ,m 2017), including Poland (Kubiak-W¢jcicka and Bak, 2020; Chlost et al, 2018;
Kowalczyk, 2016; Smorawska, 2016). In August, large areas of hydro-geological drought appeared in
Poland, which appeared in September (PSH Report 2015).

Due to the lack of a hydrogeology-monitoring network on the Polish coast without long series
of measurements, the regionally indicative drought periods and/or annual (seasonal) episodes were
not recorded. The here presented measurements from the Leba Barrier from the central , middle part
of the Polish Baltic coast are the only ones, which provide a consistent and comprehensive picture on
the coastal drought fluctuations, with the identified groundwater minima (and maxima). In the
course of the present climate change, a systematic and spatially allocated monitoring of groundwa-
ter is of utmost relevance. Often, drought is spatially seen as a period of severely reduced precipita-
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tions, which results, among other precaution measures, in restrictions of water accessibility
(Whilhite et al., 1985, 2000; Peters, 2003; Peters and van Lanen, 2003; Tallaksen and Van Lanen, 2004;
Mishra and Singh, 2010).

Studies on effects of meteorological conditions on groundwater droughts have also been
conducted in other regions of the country (e.g., Tarka and Stasko, 2010; Gurwin, 2014; Kowalczyk et
al., 2015; 2016, Krogulec, 2018; Kubiak-Wdjcicka, 2022). Depending on local hydro-geological condi-
tions, the duration of low water can be either longer or shorter in deeper aquifers. The Leba Barrier
coast research concluded that for deeper water levels, droughts were more delayed and more severe.
These droughts were further strengthened at places where an unsaturated zone was thinner and the
response to meteorological influences was faster.

This study shows that droughts with respect to precipitation are delayed by about 1 month.
Analyzes of the relationship between the particular monthly precipitation values and the monthly
groundwater levels on the Leba Barrier during the 2009-2020 period (examined using the Pearson
correlation coefficient) provide evidence that mainly the impact of precipitation was statistically
significant only for August. This impact applies to all sites except for Czotpino, where underground
waters are the deepest and react at a slower rate. The values of the correlation coefficient range from
0.67 to 0.82. A high correlation coefficient between precipitation and groundwater in April and June
occurs at the sites (A4, B8) located near the lakes. At other places (B8), the precipitation inflows last
longer (January, February, May, July and October). In addition, a significant coefficient of correlation
between rainfall and groundwater (January) is at B1 located in the zone of fore-dunes.

In addition to precipitation, the analyzed relationship between the monthly mean sea levels
and the monthly mean groundwater levels shows that in four locations (B1, B4, BS, A4) statistically
significant correlations occur in August. The changes in the Baltic Sea level in January, September
and October affect the coastal groundwater monitored sites (B1, B8) located near to shoreline and the
Lebsko Lake. Changes in the sea level also affect the coastal groundwaters in February and June (B8).
On the other hand, groundwater at Czotpino correlates well with the Baltic Sea level in April-May,
July, September and October.

Human activity is, along with atmospheric variations, the main factor generating changes in
the local groundwater levels (Dua et al., 2020; Taylor et al. 2012; Zhou et al., 2010). But groundwater
resources along the coast can be threatened not only due to climatic conditions leading to aridifica-
tion. They are negatively affected by the sea-level rise, especially in the coastal areas along the
southern Baltic coast, where a future sea level rise is expected. The obtained results show that the
low sea levels strengthen the effects of low precipitation and high temperatures, causing altogether
the occurrence of hydro-geological drought in the coastal sandbar areas.

5. Conclusion

Long-term investigations of the hydro-geological systems on the northernmost tip of the
southern Baltic coast revealed, for the first time, clear dependences of climate change, sea-level
fluctuations and periods of droughts. The 12-year systematic monitoring of the inland groundwater
fluctuations performed at a series of sites on the Leba Barrier provided evidence of shallow
groundwater variations and their relationship with the meteorological condition, and the sea-level
dynamics.

The long-term average annual rainfall in the central part of the Polish coast has increased over
the past four decades. During the analyzed period 2009-2020, extreme thermal atmospheric events
occurred. This particularly relates to the very dry summers (2014, 2015) with a hot August 2015
corresponding to the exceptionally low sea level stand, which continued until December. The rela-
tionships between the groundwater level and changes in the sea level and rainfall on the sandbar
were confirmed by the statistically significant correlation coefficients of August. Climatic conditions
and the low groundwater of that particular year resulted in the decrease groundwater levels
throughout the spit. The documented fluxes between sea-water and the coastal lacustrine basins
(Lebsko Lake and Dotgie Wielkie Lake) are facilitated by the permeability of the sand deposits and
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the underlying glacio-fluvial deposits forming the surficial geology of the area. Low sea level affects
the accelerated flow of groundwater from the land to the sea. This process is of particular im-
portance during dry and hot periods, as it can lead to lowering of groundwater and the occurrence
of hydrogeological drought. Long-term natural stresses related to drought have an influence on the
local ecosystems including forests with shallow root systems. The investigations continue.
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