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• Significant air temperature rise occurred
in last 70 years in northern Poland.

• Climate change causes disturbed precipi-
tation pattern and intensive rain events.

• Frequent rainy/dry years result in ob-
served groundwater table decrease in the
last years.

• Decreasing recharge trends in 2000–2020
were confirmed by numerical simulations.

• Tracer experiments induce significant
water content influence on vadose
zone flow.
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We investigated the influence of climate change in the period 1951–2020 on shallow aquifers in the Brda and Wda out-
wash plains (Pomeranian Region, Northern Poland). Therewas a significant temperature rise (0.3 °C/10 years), which ac-
celerated after 1980 (0.66 °C/10 years). Precipitation became increasingly irregular – extremely rainy years occurred right
after or before extremely dry years, and intensive rainfall events becamemore frequent after 2000. The groundwater level
decreased over the last 20 years, even though the average annual precipitation was higher than in the previous 50 years.
We carried out numerical simulations of water flow in representative soil profiles for the years 1970–2020 using the
HYDRUS-1D model, developed and calibrated during our earlier work at an experimental site in the Brda outwash
plain (Gumuła-Kawęcka et al., 2022). We used a relationship between the water head and flux at the bottom of the soil
profiles (the third-type boundary condition) to reproduce groundwater table fluctuations caused by recharge variability
in time. The calculated daily recharge showed a decreasing linear trend for the last 20 years (0.05–0.06 mm d−1/
10 years), and dropping trends in water table level and soil water content in the entire profile of vadose zone. Field tracer
experiments were performed to estimate impact of extremely rain events onwaterflux in vadose zone. The results suggest
that tracer travel times are strongly determined by water content in the unsaturated zone which is determined by precip-
itation amount in span of weeks, rather than extremely high precipitation events.
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1. Introduction

Accurate groundwater recharge estimation is essential in sustainable
water management to protect the quantity and quality of water resources.
This knowledge is required to quantify the safe yield of an aquifer in the
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hydrological balance of catchment (Bouwer, 1989; de Vries and Simmers,
2002; Sophocleous, 1991; Xiang et al., 2019). The groundwater recharge
flux also plays a significant role in the transport of contaminants because
it determines the travel time through the unsaturated zone (e.g., Bero
et al., 2016; Selker et al., 1996; Sousa et al., 2013; Szymkiewicz et al.,
2018, 2020), directions of groundwater flow in shallow aquifers
(e.g., Scanlon et al., 2002a) and particular groundwater intakes to
health-related hazards. In the last decades, climate change has affected
groundwater resources in many parts of the world (e.g., Gong et al.,
2012; Guevara-Ochoa et al., 2020; Hu et al., 2019; Hughes et al., 2021;
Meixner et al., 2016; Qiu et al., 2023; Rodríguez-Huerta et al., 2019;
Taufik et al., 2019; Yifru et al., 2021), and Central Europe is not an excep-
tion (e.g., Eckhardt and Ulbrich, 2003; Hattermann et al., 2008; Jaworska-
Szulc, 2015; Neukum and Azzam, 2012; van Roosmalen et al., 2007;
Wegehenkel and Kersebaum, 2009; Woldeamlak et al., 2007). Shallow
sandy aquifers, including aquifers located in outwash plains, are particu-
larly vulnerable because they are recharged mainly by rainfall and snow-
melt infiltration. An outwash plain, also named ‘sandur’, is a sandy
deposit formed by glacial ablation water. It is a geomorphological form
widely occurring in the glacial landscape of the North European Plain,
Fennoscandia, northern Syberia, Canada, and the northernUS. A significant
spatial extent and high hydraulic conductivity of the outwash deposits
make sandurs abundant groundwater bodies commonly used to supply
water. The presented investigation was conducted in the Brda river sandur
(Pomeranian region, Northern Poland), which is connected with the adja-
cent outwash plain of theWda river and forms the largest systemof shallow
aquifers in Poland.

Climate change in Central Europe is mainly related to the temperature
rise and an increase in evapotranspiration, changes in the amount and sea-
sonal distribution of precipitation, and a shorter snow season (Goudie,
2006). Since 1980's there has been a noticeable increase in average temper-
ature in Poland (Degimendžić et al., 2004; Kożuchowski et al., 2000;
Kundzewicz and Radziejewski, 2002; Mager et al., 2009; Żmudzka,
2009). The latest IPCC report shows a significant temperature rise of
about 0.5 °C per decade in northern Poland from 1980 to 2015 (Gutiérrez
et al., 2021). The trend is not uniform for the entire territory of Poland. Ac-
cording to Mager et al. (2009), the Brda outwash plain area is where the
most intensive climate warming occurs – above 0.25 °C/10 years in the pe-
riod 1966–2006. The temperature increase is the highest in winter
(0.35 °C–0.45 °C per 10 years) and spring (0.25–0.35 °C/10 years). The tem-
perature rise in summer and autumn is more moderate (0.15–0.25 °C/
10 years). Rising temperatures cause an increase in potential evapotranspi-
ration (PET) (Bogawski and Bednorz, 2016; Nistor et al., 2022;
Somorowska, 2022a; Teuling et al., 2009), which in turn contributes to a
decrease in soil moisture content, a reduction of groundwater recharge,
and lower groundwater levels. Several significant droughts occurred in
Europe in the last years (e.g., Bastos et al., 2020; Christian et al., 2020;
García-Herrera et al., 2010; García-Herrera et al., 2019; Grillakis, 2019;
Ionita et al., 2017). Especially, high temperatures during the growing sea-
son and snow cover reductions resulted in severe soil moisture deficits in
Central Europe (Boergens et al., 2020; Hari et al., 2020; Ionita et al.,
2020; Ladányi et al., 2021; Pińskwar et al., 2020; Somorowska, 2022b).

The pattern of precipitation change is more complicated. The linear
trend for northern Poland in the period 1980–2015 published in the IPCC
report varies in a wide range from 0 mm y−1/10 years to an increase of
about 44 mm y−1/10 years (Gutiérrez et al., 2021). It is difficult to identify
a general trend in the rainfall change in Poland because it is different in
each region (Czarnecka and Nidzgorska-Lencewicz, 2012; Kożuchowski,
2004; Mager et al., 2009; Ziernicka-Wojtaszek, 2006; Żmudzka, 2002).
One of the highest precipitation rises is observed in the northern Poland –
in some regions exceeding 10 mm y−1/10 years in the period 1966–2006
(Mager et al., 2009). In the last years, the precipitation amount during
the winter increased in entire northern Poland (Czarnecka and
Nidzgorska-Lencewicz, 2012; Mager et al., 2009). The rise of minimal tem-
perature results in replacing snowfalls with rainfalls, which changes the
precipitation pattern (Wibig and Glowicki, 2002). The average coefficient
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of change in the precipitation totals is above 10 mm y−1/10 years for the
winter and 5–10 mm y−1/10 years for the spring, which are the highest
values in Poland (Mager et al., 2009). On the contrary, rainfalls in the sum-
mer decreased, but the number of irregular, extreme rainfall events during
the dry periods increased (Czarnecka and Nidzgorska-Lencewicz, 2012;
IPCC, 2021; Mager et al., 2009). The continental influence is shrinking
and retreating because the climate is getting more maritime characteris-
tics (Degimendžić et al., 2004; Żmudzka, 2009). In the last years, the
number of cloudy days in the central Pomerania region has become
the largest in Poland (Żmudzka, 2007), which is caused by a change in
the atmospheric circulation, which determines the influence of marine
or continental air masses (Twardosz et al., 2011). As a result, a large var-
iation in the annual precipitation totals is observed, and extremely rainy
years more often occur right before or right after extremely dry years
(Somorowska, 2022b).

Recently, Gumuła-Kawęcka et al. (2018, 2022), Gumuła-Kawęcka
(2023) conducted studies on groundwater recharge in Cekcyn, near
Tuchola, located in the southern part of the Brda sandur (Fig. 1). Numerical
simulations of water flow in the unsaturated zone using literature-based
soil hydraulic parameters showed significant variability in annual recharge
in the period 2003–2016, which corresponded to year-to-year differences
in precipitation (Gumuła-Kawęcka et al., 2018). In the follow-up work,
Gumuła-Kawęcka et al. (2022) used a combination of water content mea-
surements in four soil profiles, numerical simulations of vadose zone
flow, and the water table fluctuation analysis to estimate groundwater re-
charge in the period 2017–2020, which included an extremely wet year
followed by an extremely dry year. Estimates of annual groundwater re-
charge differed by a factor from 1.8 to 7.5 between the wet and dry years,
depending on the soil profile and the recharge estimation method. Further-
more, joint use of water content and groundwater table position measure-
ments allowed us to find soil hydraulic parameters, which were the most
representative at a larger spatial scale. Gumuła-Kawęcka et al. (2022) de-
veloped an approach that allowed reproducing groundwater table fluctua-
tions using a 1D model of vertical flow in a soil profile. This was achieved
by extending the solution domain into the aquifer and using a relationship
between water head and flux (the third-type boundary condition) to repre-
sent lateral groundwater flow from the soil profile towards nearby dis-
charge zones (e.g., lakes or streams).

The present work builds on the results of our previous studies and aims
to investigate long-term trends in climate variables and their influence on
shallow aquifers in the Brda and Wda outwash plains. Our objectives are
(i) to assess changes in temperature, precipitation, and potential evapo-
transpiration from 1951 to 2020 based on available climate data, (ii) to an-
alyze historical (1951–1970) and recent (2002−2020) measurements of
groundwater table fluctuations, (iii) to perform water flow simulations in
representative soil profiles for the period 1970–2020, to validate the
modeling approach developed in our earlier work for long-term simula-
tions, (iv) to evaluate the trends in groundwater recharge, water table fluc-
tuations, and near-surface soil water contents obtained from simulations,
and (v) to investigate extreme rain events influence on vadose zone flow
using tracer experiments.

2. Materials and methods

2.1. Study area - Brda and Wda outwash plains

The Brda and Wda river sandurs were formed during the Weichselian
(Vistulian/Wisconsinan) glaciation (115,000–11,700 years ago) as wide
outwash plains by meltwater emerging from the glacial lobe in the north
(Fig. 1). They were drained by a system of braided streams and rivers,
which gradually transform into a single-channel river in the Toruń-
Eberswalde ice-marginal valley in the south (Mojski, 2005). The deposits
consist of sand supported by gravel and pebbles. Fragments of glacial till,
eluted from the adjacent moraines, occur above the sandur deposits or be-
tween the outwash layers. The outwash sediments are mostly underlain
by glacial till or older outwash material (sand and gravel).



Fig. 1. Study area – the Brda and Wda outwash plains (modified from Gumuła-Kawęcka et al., 2018).
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The climate of the entire Poland territory is determined bymaritime air
masses from the west, a polar climate of the Arctic, continental air from the
east, and subtropical fronts from southern Europe and the Atlantic Ocean.
The average air temperature in the Brda sandur region is 7.4 °C and the an-
nual amount of precipitation is 581 mm/year.1 The climate demonstrates
an influence of the Baltic Sea with chilly springs (6.8 °C), cool summers
(16.5 °C), andwarm autumns (7.9 °C). The winters aremoderately cold (av-
eraging −1,6 °C) with poor snow cover. The average precipitation total
during winter months is 104 mm/year. The most intensive rainfalls occur
in the summer when the average sum of rainwater reaches 217 mm. The
precipitation total is higher in autumn (on average 140 mm) than in spring
(on average 119 mm).

2.2. Climate data

Climate data were obtained from the Chojnice meteorological station
(N 53.717, E 17.550) (Fig. 1), operated by the Polish Institute of Meteorol-
ogy andWaterManagement (IMGW-PIB). Onlymonthly data (average tem-
perature and precipitation totals) are available for the period 1951–1965.
1 Based onmeasurements from the Chojnice meteorological station (IMGW-PIB) during the
years 1951–2020.
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Daily data on maximum and minimum temperature, air humidity, wind
speed, and cloud cover are available for the period 1966–2020. This data
allows for calculating the PET from the Penman-Monteith formula, assum-
ing the Leaf Area Index is equal to 2.10, considered a representative value
for the area in our earlier study (Gumuła-Kawęcka et al., 2022).

Monthly and yearly average temperatures were evaluated using a statis-
ticalmethod introduced byMiętus et al. (2002) in climate change investiga-
tions in the northern part of the Pomeranian region, including the Wda
outwash plain. The method is based on an empirical percentile rank,
which was applied to classify long-term data from the Chojnice station
(years 1951–2020) to select outstanding values. Eleven percentile ranks
were distinguished to use as a thermal classification (Table 1, Suppl.
Tables 1–2). Monthly and yearly rainfall totals were analyzed using the
method proposed by Miętus et al. (2005), similar to the one used for tem-
peratures (Table 1, Suppl. Tables 3-4).

Daily precipitation were also analyzed to determine occurrence of ex-
tremely rain events for decades. Due to data availability records from
1971 and 2020was used. Percentile rank for entire 50-years periodwas cal-
culated to find days with precipitation exceeding 90th (4.90 mm/d), 95th
(8.20 mm/d) and 99th percentile (18.64 mm/d). We estimated part of
intensive rainfalls in overall precipitation total and number of days with
extremely abundant rain for each decade.



Table 1
Annual average temperatures [°C] and precipitation totals [mm/y] at the Chojnice weather station classified based on percentile ranks.
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2.3. Groundwater table data

Given the lack of water table measurements for the entire 70-year
period, the groundwater levels in the Brda and Wda sandurs were an-
alyzed in two time periods: 1951–1970 and 2002–2019. The analysis
of groundwater levels in 1951–1970 was conducted based on
4

measurements from 8 monitoring wells situated in the Brda sandur
and the adjacent Wda sandur (Fig. 1), published in the Hydrological
Atlas of Poland (Stachy, 1987). We chose wells not affected by ground-
water extraction or fluctuations in surface water bodies so that the
water level changes could be associated primarily with recharge vari-
ability.



Table 2
Correlation between precipitation, simulated groundwater recharge in P1 – P2, poten-
tial evapotranspiration (PET) and temperature based on monthly data. Correlation
scale bar: dark red – very strong/perfect (>0.9), light red – strong (0.7–0.9), orange –
moderate (0.4–0.7), yellow – weak (0.2–0.4), green – no association (<0.2).

Precipita�on
Recharge

PET, LAI=2.1 Temperature
1P 2P

Precipita�on 1,000 0,048 0,439 -0,314 -0,141

Recharge
1P 0,048 1,000 0,832 0,189 0,195

2P 0,439 0,832 1,000 -0,002 0,079

PET, LAI=2.1 -0,314 0,189 -0,002 1,000 0,814

Temperature -0,141 0,195 0,079 0,814 1,000

Table 3
Time lag between the precipitation and the recharge in profiles P1 (woodland) and
P2 (grassland) obtained with cross correlation between monthly precipitation and
recharge totals.

Time
period

Profile Mean annual
effective
precipitation
[mm/y]

Mean
annual
recharge
[mm/y]

Time lag between
the precipitation
and the recharge
[months]

Correlation
coefficient

1971–1975 P1 108 97 17 0.26
P2 141 170 3 0.32

1976–1980 P1 207 94 9 0.38
P2 226 193 2 0.50

1981–1985 P1 122 98 6 0.17
P2 146 161 5 0.30

1986–1990 P1 127 81 24 0.31
P2 156 159 5 0.40

1991–1995 P1 143 67 19 0.40
P2 176 168 5 0.49

1996–2000 P1 154 93 7 0.47
P2 177 176 5 0.55

2001–2005 P1 205 130 6 0.38
P2 240 224 3 0.48

2006–2010 P1 223 115 7 0.35
P2 253 224 3 0.47

2011–2015 P1 98 107 6 0.23
P2 136 177 4 0.43

2016–2020 P1 178 104 7 0.37
P2 217 211 5 0.52

A. Gumuła-Kawęcka et al. Science of the Total Environment 877 (2023) 162904
Fluctuations of groundwater levels in 2002–2020 were investigated in
observation wells of the Polish Geological Institute – National Research In-
stitute (PGI–PIB) monitoring network located in shallow unconfined sandy
aquifers in the Brda and Wda outwash plains (Fig. 1). Monthly measure-
ments from wells 183, 222, and 351/5 were published in the
Hydrogeological Annual Reports since November 2002. A preliminary
analysis of groundwater levels in the Brda sandur for the years
2002–2016 was published in Jaworska-Szulc et al. (2017).

2.4. Numerical simulations

Numerical simulations of groundwater recharge were performed for the
51 years 1970–2020, with warm-up simulations for the years 1966–1969,
Table 4
Results of tracer experiments in profiles P1 (forest) and P2 (grassland).

Date of
injection

Profile
no

Sensor depth
(z) [m]

Time of penetration to
depth z (t)

July 3, 2017 1P 6.17 382
Nov. 3, 2017 1P 6.53 645
July 3, 2017 2P 1.50 28
Nov. 3, 2017 2P 1.50 88
April 27, 2018 2P 1.50 320
Nov. 8, 2018 2P 1.50 332

5

using daily meteorological data from Chojnice. We used two soil profiles
from our earlier study (Gumuła-Kawęcka et al., 2022), representing the for-
est (P1) and grassland (P2) areas of the experimental field near Cekcyn on
the Brda outwash plain (Fig. 1). Detailed characterization of these profiles,
including field measurements, and set-up and calibration of the numerical
models, is described in Gumuła-Kawęcka et al. (2022), and only a summary
is provided here. The shallow groundwater in entire experimental site is
recharged mainly by precipitation which was confirmed with field investi-
gations (water level measurements and chemical analysis of groundwater
and surface waters) presented in Gumuła-Kawęcka (2023). In this study re-
sults of long-term simulations in the profiles were used to approximate re-
charge estimation for the whole experimental site divided into two zones
representing (I) forest – 1,164,062 m2, and (II) grassland – 206,250 m2

(Fig. 1).
The HYDRUS-1D computer program (Šimůnek et al., 2013) was used to

solve the Richards equation describing vertical flow in each of the soil pro-
files:

∂θ hð Þ
∂t

¼ ∂
∂z

k hð Þ ∂h
∂z

� �
þ ∂k hð Þ

∂z
� S hð Þ (1)

where θ is the volumetric water content [L3L−3], t is time [T], h is thewater
pressure head (negative in the unsaturated zone), z is the spatial coordinate
[L], k(h) is the hydraulic conductivity function of the unsaturated medium
[LT−1], and S(h) is a sink function representing water uptake by plant roots
[L3L−3 T−1].

Each soil profile is 800 cm deep, extends below the groundwater table,
and consists of several soil layers. Hydraulic characteristics of each soil ma-
terial were described with the van Genuchten-Mualem model (van
Genuchten, 1980):

Se ¼ θ−θr
θs−θr

¼ 1þ α hj jð Þng½ �−mg ð2aÞ

k ¼ kskr ¼ ksS0:5e 1− 1−S1=mg
e

� �mg
h i2

ð2bÞ

where Se is the effective saturation [−], θr is the residual water content
[L3L−3], θs is the saturated water content [L3L−3], α is the parameter re-
lated to the average pore size [L−1], ng and mg are parameters related to
the pore size distribution [−],mg =1–1/ng, ks is the vertical saturated hy-
draulic conductivity [L T−1], and kr is the relative hydraulic conductivity
[−]. The saturated and residual water contents were estimated from field
measurements and literature data according to Gumuła-Kawęcka et al.
(2022) (Suppl. Table 5). Other parameters of the van Genuchten functions
(α, ng, and Ks) presented in Suppl. Table 5 were determined using inverse
modeling by fitting the numerical solution to measured water contents in
each profile at four depths (20, 50, 150, and 450 cm).

At the bottom of each profile, we used the third-type boundary condi-
tion to represent lateral groundwater flow towards a nearby surface water
body, provided by the “flow to drains” option in HYDRUS-1D. We applied
the following relationship between the groundwater depth in the profile
and the horizontal flux:

qdr ¼
4Kh

L2dr
H � Hdrð Þ2 (3)
Average water content in
vadose zone profile [−]

Precipitation total
in time t [mm]

Number of extremely rain
events (intensity [mm/d])

0.18 890.6 10 (18.4–46.6)
0.15 942.2 7 (18.4–46.6)
0.22 288.6 4 (19.8–30.0)
0.22 283.6 1 (18.4)
0.16 434.4 3 (19.2–46.6)
0.18 619.2 7 (19.2–46.8)
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where qdr is the water flux caused by flow to drains [LT−1], Kh is the hori-
zontal hydraulic conductivity of the aquifer [LT−1], Ldr is the horizontal dis-
tance from the soil profile to the drain [L], H is the water table elevation in
the soil profile [L], and Hdr is the water table elevation in drains [L], as-
sumed equal to the elevation of the drain bottom.While the above equation
is typically used to describe flow to drains, it represents a general formula
for horizontal groundwater flow based on Dupuit's assumption.

In our earlier work (Gumuła-Kawęcka et al., 2022), we showed that
using Eq. (3) as the bottom boundary condition allowed us to reproduce
natural fluctuations of the groundwater table using the 1D vertical flow
model in the soil profile spanning the vadose zone and the upper part of
the aquifer. The parameters Hdr and C = 4Kh/(Ldr)2 are, in principle, un-
known and must be calibrated using measurements of the groundwater
table level. In this study, we used the parameters calibrated earlier for our
experimental site: Hdr = 730 cm below the soil surface and C =
1.32∙10−5 cm−1 d−1. Using a constant value of Hdr in time is a simplifica-
tion, as the surface water level in the receiving surface water body (ground-
water discharge zone) is likely to vary during the simulation period.
However, such a simplification can be justified, as no data on surface
water fluctuations are available, and our analysis focuses on recharge and
groundwater table position trends rather than their specific values.

An atmospheric boundary condition was specified on the soil surface
based on daily weather data from the Chojnice station (daily maximum
and minimum temperatures, sunshine hours, air humidity, wind speed,
and precipitation totals). No water ponding was allowed (instantaneous
runoff), and the minimum pressure head on the soil surface in dry periods
was set to −1000 m. Potential evapotranspiration was calculated using
the Penman-Monteith equation (Allen, 1986). The leaf area index (LAI)
was assigned equal to 2.1 in the pine forest and 1.71 in the grassland, ac-
cording to Gumuła-Kawęcka et al. (2022), using values from the range re-
ported by Scurlock et al. (2001) for similar vegetation. The interception
was included according to the model implemented in HYDRUS-1D, based
on Braden (1985), van Dam et al. (1997), and Von Hoyningen-Hüne
(1983) (Šimůnek et al., 2013). Root water uptake of grass and pine forest
was estimated using the Feddes et al. (1978) macroscopic model. The
plant-specific stress response function parameters were taken from De
Silva et al. (2008). In the absence of site-specific investigation of the root
zone, we assumed nonlinear root distribution with depth, following
Jackson et al. (1996), and the depth of the root zone was assigned accord-
ing toMeyer et al. (1997) as 1.5 m for pine forest and 0.5 m for grass cover.

Since the initial conditions were not known, we started the simulations
with an arbitrary initial condition (a hydrostatic pressure head distribution
from the bottom of the profile up to 2 m above the average position of the
water table and a uniform pressure head h=−2m in the upper part of the
profile) and used a warm-up period of four years 1966–1969 to minimize
the influence of the initial condition on the actual simulation period
(1970–2020).

Snow accumulation and melting were included in the simulations. This
required solving the heat transport equation in addition to the water flow
equation.We used daily air temperatures as the surface boundary condition
for the heat equation, while at the bottom of the profile, the temperature
gradient was set to zero. Soil thermal conductivity coefficients were speci-
fied according to the Chung and Horton (1987) model, with parameters
of the respective soil layers set to the default values for sand and loam, as
implemented in Hydrus 1D. A detailed description of the heat transport
model and snow hydrology can be found in the Hydrus 1D manual
(Šimůnek et al., 2013).

2.5. Tracer experiments

Chloride ions were applied as a tracer in the vadose zone because of
their conservative character and low background concentrations. The
tracer was applied in four injections around profile P1 and P2 (July 3,
2017; November 3, 2017; April 27, 2018 and November 8, 2018) (Fig. 1).
In each case, 10 dm3/m2 of the chloride solution (25 g/dm3 NaCl) was
spilled on the ground surface over the area of 5 m2 (P1) or 7 m2 (P2)
6

using a water can. The vegetative cover on both sites (pine forest in P1
and grass in P2) was left untouched in order to include its influence in
the experiments. The movement of chloride ions was tracked by measuring
the electrical conductivity (EC) using TDR sensors placed at depth 20, 60,
150 and 450 cm below the ground level (P2 only) and baro-divers in pie-
zometers (P1 and P2) (Fig. 1). In both profiles the water content was re-
corded hourly with FDR sensors (P1) and TDR sensors (P2) at depth 20,
60, 150 and 450 cm for entire time of experiment. Sensors were placed in
well-permeable sandy layers (depth 20, 60 and 450 cm) and in semi-
permeable sandy loam (150 cm). In the same time precipitation totals
were collected by weather station located near profile P2.

3. Results and discussion

3.1. Observed climate change trends

Statistically significant increasing linear trends were fitted to both tem-
perature and PET data. Annual average temperatures in 1951–2020 corre-
sponds to an increase of 0.3 °C/10 years (Suppl. Fig. 1), which is consistent
withMager et al. (2009). The temperature rise for the last years ismore inten-
sive: 0.66 °C/10 years for the period 1980–2020, and 0.70 °C/10 years after
2000. This value exceeds the trend published by IPCC (Gutiérrez et al., 2021),
which is caused by abnormally warm years 2018–2020, which are not in-
cluded in the IPCC report. The temperature increase results in proportionally
higher potential evapotranspiration (Fig. 2, Suppl. Fig. 1). There is a linear
rise of PET during the 55 years (1966–2020) of about 25 mm y−1/
10 years. However, an increase in PET is about 33 mm y−1/10 years from
1980 to 2020 and about 35 mm y−1/10 years for the period after 2000.

Two time periods with different annual temperatures can be distinguished
(Table 1): the period between 1951 and 1987 (37 years), which was predom-
inantly cold, and the period 1988–2020 (33 years), which was apparently
warmer. In the first period, 25 years were classified as cold, including
6 years abnormally or extremely cold and 9 years very cold. Only 4 years
were warm, and two of them were slightly warm. On the contrary, in the sec-
ond period (1988–2020), 22 years were evaluated as warm, and merely
3 years were cold. Six years were classified as abnormally or extremely
warm years, and 5 of them occurred in the last 7 years (2014–2015,
2018–2020). In both distinguished periods (1951–1987 and 1988–2020),
the number of years classified as “average” is relatively low (8 in each period).

Averages and standard deviations calculated for 5-year periods (Suppl.
Table 6) agree with the above findings. The temperature rise has been con-
tinuous for the last 30 years. The average 5-year temperatures before 1986
vary between 6.3 and 7.4 °C with a standard deviation (σ) between 0.4 and
0.9 °C. Since the late 1980s, the temperature rise has been constant and
reached the maximum in the last five years (9.1 °C). The standard deviation
had similar values except for 1986–1990, when 1989 was abnormally
warm, and 1996–2000, when 2000 was extremely warm.

Analysis of annual precipitation totals in 1951–2020 recorded at the
Chojnice station show no statistically significant trend. It is consistent
with the IPCC reports (Gutiérrez et al., 2021) which present wide range
of potential annual rainfalls change. A numer of studies conducted for
Poland pointed that changes in the precipitation pattern are complex and
differ depending on the region (Czarnecka and Nidzgorska-Lencewicz,
2012; Kożuchowski, 2004; Mager et al., 2009; Ziernicka-Wojtaszek, 2006;
Żmudzka, 2002). Increasing intensive storms in the summer and replacing
snowwith rain inwinter bring difficulties to the long-term precipitation eval-
uation. Statistical analysis of daily rainfall totals between 1970 and 2020
shows that precipitation are more intensive after 2000 (Fig. 2). The rain
events exceeding 90th percentile in 2001–2020 take 14.3 %–16.4 % of the
total precipitation which is an apparent rise comparing to period
1971–2000 (11.3 %–12.8 %). The part of the outstanding rainfalls, above
99th percentile is also higher after 2000 (3.5 %–5.0 %) than in previous
years (2.4 %–3.5 %). Extremely rain events were also more frequent. In
2001–2020 387–436 d/10y bring precipitation exceeding 90th percentile, in-
cluding 36–55 d/10y with rainfalls above 99th percentile. For 1971–2000
they were 318–380 d/10y and 26–36 d/10y, respectively. The results are



Fig. 2. Extremely precipitation totals (% in overall precipitation) and numer of days with heavy rainfalls (% per number of days with precipitation >0.1 mm/d) for each
decade between 1971 and 2020.
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consistent with Zeder and Fischer (2020) which reported more intensive
short- and long-duration extreme precipitation events in Germany,
Netherlands, Switzerland and part of Austria due to climate change.

Beside the daily data analysis, monthly and annual precipitation totals
were investigated using method by Miętus et al. (2005). Five classes were
distinguished based on the percentile rank of the long-term data from the
years 1951–2020 (Table 1, Suppl. Table 3). In a 70-year period, 26 years
were classified as average, 22 years were evaluated as dry, including 7 ex-
tremely dry years, and an equal number of rainy years (22) was observed,
including 7 extremely rainy years. By coincidence, the numbers of rainy
and dry years are equal (22), similar to the numbers of extremely rainy
and extremely dry years. Interestingly, the number of abnormal years (44
wet or dry years) exceeds the number of average years (26).

The 5-year averages of yearly precipitation totals during the first two
decades (1951–1970) vary between 527.0 and 623.3 mm/y (Suppl.
Table 6). The standard deviation was relatively low in 1951–1965
(75.0–84.9 mm) and slightly higher in 1966–1970 (118.6 mm), caused
by abundant rainfalls in 1967 and 1970. After 1970, the occurrence of ex-
tremely wet and extremely dry years increased, and there are several pe-
riods when extremely wet years occur right after or right before dry or
extremely dry years (e.g., 1970–1972, 1979–1982, 2001–2003,
2006–2007, and 2014–2018). The standard deviation was significant dur-
ing 1976–1985 (141.9–146.7 mm) and 2001–2010 (about 135 mm). In
the last years, rainfall fluctuations were particularly high; σ for
2014–2018 reached 156 mm (not shown in Suppl. Table 6). Although
long-term precipitation totals (Table 1, Suppl. Fig. 1) do not demonstrate
a clear trend, the abnormal years occurred more frequently in the years
1970–1990 (mostly dry years) and between 2000 and 2020 (mostly rainy
years). This is probably the reason why 5-year averages of yearly rainfalls
are slightly higher after 2000 (536.6–708.8 mm/y) than in the previous
years (489.8–623.3 mm/y) (Suppl. Table 6).

3.2. Observed groundwater table fluctuations

In 1951–1970, the annual average temperature was relatively stable,
differences between annual precipitation totals were the lowest in the
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70 years, and abnormally wet/dry years were rare. As a result, the water
table position should be less disturbed by weather conditions. By compari-
son, in 2002–2019, climatic fluctuations were significant, including ex-
traordinary low or high rainfalls observed along with the temperature rise.

3.2.1. 1951–1970
The average annual depth of the water table in each year was compared

with annual rainfall totals obtained from the Chojnice meteorological sta-
tion (Suppl. Fig. 2). The results show that in all cases, the groundwater
level increased between 1951 and 1970. In general, the water table was
the lowest in 1954–1955, probably due to poor precipitation in 1951
(507 mm/y) and 1953 (425 mm/y). Even though in 1952, rainfall was
above average (634 mm/y), it was not enough to replenish the aquifers to
the previous level. In the following years, precipitationwasmore abundant,
with the annual rainfall exceeding 600 mm/y in 1956, 1958, 1960–1963,
1966–1967, and 1970. That caused a significant increase in groundwater
levels in all the wells. The highest water tables were observed in
1961–1963 and 1967–1968. The water table fluctuations in the Brda
outwash plain in 1951–1970 were extraordinarily high: 463 cm in
Mąkowarsko, 168 cm in Osielsko, 152 cm in Pruszcz Pomorski, and
104 cm in Sierosław. In the wells located in the Wda sandur (Czarna
Woda, Śliwice), an increase in groundwater levels was much lower
(26–55 cm) during that time. Between 1951 and 1970 annual precipitation
totals were about average – the mean was 579 mm/y. It caused a rising
trend in the water table level in all monitoring wells because rainfalls/
snowfalls were relatively similar and regular. The presented analysis
shows that, even though extremely wet/dry years were rare during the an-
alyzed period (1951–1970), water table differences in some cases reached
>1.5 m, meaning the Brda outwash plain is highly vulnerable to climatic
fluctuations.

3.2.2. 2002–2020
The analysis of groundwater level fluctuations in the last two decades

shows that the water table response to precipitation takes from less than
half a year in shallow aquifers to about 1.5 years in deeper aquifers
(Jaworska-Szulc et al., 2017). Apparent water table increases were
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observed after the rainy summers in 2004, 2007, 2010, 2016, and 2017. Be-
tween autumn 2002 and spring 2007, the water table dropped, with only a
small increase in winter/spring 2005 caused by higher precipitation in
summer 2004 (Suppl. Fig. 3). Abundant rainfalls in the summer of 2007 re-
sulted in a temporary rise of shallow groundwater in 2008, after which the
water table gradually decreased in winter/spring 2010. Heavy rainfalls in
summer/autumn 2010 caused significant inflow to shallow aquifers be-
tween autumn 2010 and spring 2011. After that, the groundwater level
gradually decreased until it reached its lowest point in 2015/2016. Precip-
itation in summer 2012 slightly recharged the aquifers in winter/spring
2013. Extraordinary high rainfalls in 2016–2017 (1403 mm in 2 years)
caused a rapid, even though temporary, water table rise in 2017–2018.

In the last two decades, a long-term decrease in groundwater levels has
been observed in the Brda outwash plain. This trend is apparent inmonitor-
ing wells observed for at least ten years in the entire Brda andWda sandurs,
even though the annual precipitation totals are generally higher after 2000
(averagely 632 mm/y) than in the previous 50 years. Given the large dis-
tances between the analyzed piezometers and no significant human impact
on groundwater intake in the nearby vicinity of each well, water table fluc-
tuations were probably caused by climate change (less snow, higher evapo-
transpiration, and more intensive rainfalls). Decreasing water table levels
were also observed in Germany (Hattermann et al., 2008; Natkhin et al.,
2012; Zielhofer et al., 2022), Sweden and Finland (Nygren et al., 2020,
2021). Similarly, a spring discharge reduction was observed in the
Odra basin (south-eastern Poland) (Tarka and Staśko, 2010), Bavaria
(Germany), Lower Silesia (Poland), and northern Carpathians (Slovakia)
(Staśko and Buczyński, 2018). The water table decrease is prognosed for
most regions inGermany until the end of XXI century (Wunsch et al., 2022).

3.3. Numerical modeling results

3.3.1. Groundwater recharge
Annual groundwater recharge obtained in numerical simulations is pre-

sented in Fig. 3 and Suppl. Tables 7–8. The recharge was calculated as the
water flux at the actual position of the water table, which varied in time.
The average annual recharge in the 51-year simulation period varies be-
tween 24 and 259 mm/y in profile P1 (forest) and 94–364 mm/y in profile
P2 (grassland), with averages 99 mm/y and 189 mm/y, respectively
(Fig. 3). For whole experimental site the recharge reaches between
27,588–301,492 m3/y in zone I (forest) and 19,470–74,972 m3/y in zone
II (grassland) (Suppl. Fig. 4). Obtained values are an approximate volumes
calculated based on recharge simulated in representative profiles P1–P2
and forest and grassland area estimated from topographicmap. There is sig-
nificant year-to-year variability in annual recharge, especially in profile P1,
where the maximum value is almost 11 times larger than the minimum
Fig. 3. Annual groundwater recharge in profiles P1–P2 obtained in numerical simulatio
average). Mean (RA), minimum (RMIN) and maximum recharge (RMAX) is expressed in m
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value. In P2, recharge variability is less pronounced, with a max/min
ratio about 4. This is still larger than the ratio between the maximum
(835mm/y) andminimum (312mm/y) annual precipitation in the simula-
tion period, which is 2.7. Range of simulated actual evapotranspiration is
even lower, between 309 and 533 mm/y in P1 and 285–512 mm/y in P1,
which gave maximum/minimum ratio of about 1.7–1.8. Higher variability
in P1 can be attributed to larger interception and root depth in the forest, as
well as the lower permeability of the sandy loam layer, compared to P2.
These factors significantly decreased water infiltration and percolation, es-
pecially in drier periods (e.g., Acharya et al., 2017; Awada et al., 2013;
Eldridge et al., 2015; Wine et al., 2015).

The ratio of average recharge to average precipitation (wR) is 0.17 in P1
and 0.32 in P2, which is consistentwith values obtained in the literature for
shallow sandy aquifers in a temperate climate (e.g., Dripps and Bradbury,
2010; Graf and Przybyłek, 2014; Krogulec, 2010; Leterme et al., 2012;
Pozdniakov et al., 2015; Wendland et al., 2008). However, the recharge-
precipitation ratios calculated for each year show strong variability, rang-
ing from 0.04 to 0.47 in P1 and from 0.17 to 0.61 in P2 (again, variability
is larger in the forest profile). For further analysis of dependence between
recharge, temperature, PET and precipitation a statistical correlation of an-
nual data was carried (Table 2). Strong dependence was found between re-
charge simulated in profiles P1–P2, and between temperature and PET. The
relations between recharge(P1)–precipitation, recharge(P1)–temperature
and recharge(P1)–PET are weak or none. The correlation between re-
charge(P2)–precipitation is moderate, while for recharge(P2)–temperature
and recharge(P2)–PET there is no association. Presented analysis shows
that dependence between recharge and climatic factors (precipitation, tem-
perature and PET) is not straightforward and recharge probably depends
also on meteorological conditions from previous years. This dependency
is expected to increase with increasing water table depth and decreasing
soil permeability (eg., Cook et al., 2003; Rossman et al., 2014; Wu et al.,
1996).

The pattern of temporal changes in annual recharge generally mimics
the changes in precipitation, while the maxima and minima are shifted in
time, especially in the P1 profile (Fig. 3). The results show that the lowest
annual recharge does not necessarily occur in years classified as extremely
dry (Suppl. Tables 7–8). In profile P1, 6 out of 10 lowest values of annual
recharge occurred in normal or even rainy years. However, in most cases,
these years were preceded by dry years. In profile P2, the minimum re-
charge was more aligned with dry years, but 4 out of 10 lowest values
still corresponded to years classified as normal, rainy or even extremely
rainy. The larger discrepancy observed in P1 is related to a longer water
movement through the profile. Similar observations can be made about
the maximum annual recharge values. A significant proportion of high an-
nual recharge values corresponds to normal or even dry years, preceded by
n compared to precipitation recorded between 1970 and 2020 (P = 586 mm/y on
m/y and recharge/precipitation ratio (RA/P) has no units.



Fig. 4. Simulated groundwater recharge trends in profiles P1 – P2 between 2000 and 2020. Decreasing recharge trends for the last two decades (2000–2020) are similar in
both cases – 0.05 mm d−1/10 years at P1 and 0.06 mm d−1/10 years at P2.
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rainy or extremely rainy years. Again, this effect is more pronounced in P1
(7 out of 10 years) than in P2 (4 out of 10 years).

The delay in recharge arrival to the groundwater table with respect to
the time of water infiltration into soil depends on the depth of the water
table and the hydraulic conductivity and capacity of unsaturated soil.
Table 3 presents results of cross correlation between monthly effective pre-
cipitation (calculated as a difference between rainfall total and actual
evapotranspiration) and recharge in profiles P1 – P2 for years
1971–2020, analyzed in 5-years periods. In general, the time differences
are higher in profile P1 (6–24months) than in P2 (2–5months). The largest
time differences are observed in the woodland profile (P1), while in the
grassland (P2) they are more uniform. The analysis show that the time
lag do not depend directly on precipitation or recharge amount (Table 3)
but probably other factors such as, rainfall distribution and intensity,
water content in vadose zone or activation of preferential flow channels
in the root zone are also important (e.g., Gee et al., 1994; Qiao et al.,
2015, 2017; Tang, 1996; Wilcox, 2002).

Despite the high year-to-year recharge variability, some long-term ten-
dencies can be found. Fig. 4 shows simulated daily recharge totals in pro-
files P1 – P2 between 2000 and 2020. Statistically significant trends for
the last two decades is dropping in both profiles, with a decrease of
0.05 mm d−1/10 years at P1 and 0.06 mm d−1/10 years at P2. The falling
tendency in groundwater recharge agrees well with regional studies pre-
sented in Section 3.2.

A more detailed investigation of groundwater recharge was carried out
for two selected 6-year periods: 1979–1984 and 2014–2019 (Fig. 5). In
each of them, the annual precipitation was highly variable, from extremely
low to extremely high: 311.8–813.7 mm/y between 1979 and 1984, and
433.4–818.9 mm/y between 2014 and 2019 (Table 1). During the first pe-
riod, starting in 1979 the mean annual rainfall (525 mm/y) was about
50 mm below the long-term average. The temperature was relatively low
(7.0 °C on average) which resulted in mean evapotranspiration ranging
from 356mm/y (P2) to 380mm/y (P1). Thus, the average effective precip-
itation for simulated profiles was between 145 and 171 mm/y. The second
period (2014–2019) was extremely warm, the average temperature
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reached 8.9 °C, which demonstrated in higher mean evapotranspiration
(412 mm/y for P2 and 446 mm/y for P1). However, the yearly precipita-
tion (599 mm/y) was slightly above the long term average, which led to
similar mean effective precipitation (152–187 mm/y).

The numerical simulation results show that despite the effective precip-
itation was similar for both periods, the average recharge was lower in
2014–2019 (89–179 mm/y) than in 1979–1984 (109–186 mm/y)
(Fig. 5). The largest difference was observed in profile P1, which was prob-
ably related to higher interception and evapotranspiration in the forest (P1)
than in the grassland (P2). The recharge/precipitation ratio (wR) was from
0.15 to 0.30 lower in 2014–2019 than in 1979–1984. Therefore, even
though the rainfall total was higher in 2014–2019, increased evapotranspi-
ration reduced part of rainwater available for infiltration, which is demon-
strated by lower wR.

The recharge time distribution is presented in Fig. 5. In general, vertical
flow in profile P2 is larger and more intensive than in profile P1. It is prob-
ably caused by differences in the vegetation cover (mainly interception and
root zone thickness) and more permeable sandy loam in profile P2 (Suppl.
Table 5). In P1, groundwater recharge is lower, varies more smoothly over
time, and is slightly retarded compared to P2. In some cases, the vertical
flow through the unsaturated zone can be very rapid, e.g., 17 mm/d in pro-
file P2 on July 17–18, 1980, after heavy rainfalls at the end of June 1980.
However, single intensive rain events, such as the storm on June 15,
2016, do not cause any outstanding effects on groundwater recharge. Al-
though there are differences in vertical flow through the unsaturated
zone in profiles P1 and P2, the time variability pattern of groundwater re-
charge is similar in both cases (Fig. 3–5).

3.3.2. Groundwater level
Daily groundwater level fluctuations obtained for years 2000–2020

using numerical simulations are shown in Fig. 6. The variability pattern
in each profile is consistent with recharge variations discussed earlier. Fluc-
tuations in P1 are more smoothed and delayed in time compared to P2. As
mentioned above, this can be attributed to the slower water movement in
the P1 profile. Statistically significant linear trends fitted to the data show



Fig. 5.Daily groundwater recharge in profiles P1–P2 obtained using numerical simulations for 1979–1984 and 2014–2019. Precipitation (P), average (RA), minimum (RMIN)
and maximum recharge (RMAX) is expressed in mm/y and recharge/precipitation ratio (RA/P) has no units.
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decreasing tendency in both profiles, of about 43 mm/10 years in P1 and
33 mm/10 years in P2. This is consistent with water table measurements
in the recent period, described in Section 3.2. The results of numerical sim-
ulations should be considered qualitative rather than quantitative indica-
tors due to the simplified representation of water table fluctuations in the
1D vertical flow model. Nevertheless, applying the third-type boundary
condition representing horizontal flow in the aquifer seems to be a useful
approach for preliminary assessment of the influence of climatic changes
on groundwater table positions in shallow aquifers, which are affected
mainly by natural hydrological processes.

3.3.3. Soil water content
Fig. 7 presents simulated soil water contents at depths of 20 cm, 50 cm,

150 cmand 450 cm for the period 2000–2020. Soil moisture contents in the
forest (P1) fluctuate between 0.025 and 0.19 in the top soil, 0.025–0.13 in
the upper sandy layer (Sand I), 0.25–0.41 in sandy loam and 0.04–0.07 in
the lower sandy layer (Sand II). In the grassland (P2) water contents oscil-
late between 0.025 and 0.24 in Sand I, 0.36–0.38 in sandy loam and
0.05–0.07 in Sand II. They vary significantly throughout each year, being
highly influenced by dynamic conditions at the soil-atmosphere interface.
Statistically significant linear trend lines were fitted to each set of water
content values sampled with a 1-day interval in the whole 21-year period.
The result shows that water contents are dropping at all measured depths
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in vadose zone profile at both the forest (P1) and grassland (P2) sites. The
decrease is larger in profile P1 (0.0019–0.0098 per 10 years) than in P2
(0.0006–0.0042 per 10 years). A decreasing trends in soil moisture is con-
sistent with recent trends observed in the entire Poland (Pińskwar et al.,
2020; Somorowska, 2022b).

3.4. Influence of extremely rain events on shallow groundwater

Two EC peaks at the water table level were observed in P1, while in the
profile P2 apparent EC peaks were recorded by two sensors placed at the
depths 20 cm and 150 cm. Sensor at 50 cm below the ground level showed
irregular, increased values without a clear peak. Deeper sensors (450 cm
and at the water table) have not recorded any sign of the tracer. It is prob-
ably a result of limited flow through the loamy sand layer at depth
200–320 cm, which is confirmed by low values of water content at the
depth of 450 cm (averagely about 0.06).

The results of experiment show a significant difference between years
2017 and 2018–2019 (Table 4). Depending on the moisture the tracer
travel time varied significantly from 382 to 645 days in P1 and from
28 days 332 days in P2. In 2017 the average water content in the vadose
zone profile was relatively high (0.18 in P1 and 0.22 in P2) and 4 extremely
rain events occurred during the experiment. The tracer during that time
moved through the vadose zone much faster than in the following period



Fig. 6. Fluctuations of the groundwater table in profiles P1 and P2 obtained in numerical simulations.
Statistically significant linear trends fitted to the data show decreasing tendency in both profiles, of about 43 mm/10 years in P1 and 33 mm/10 years in P2.
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(Table 4). The first injection was applied 6 days after the intensive rainfall
in June 29 (38.8 mm/d) and the tracer in P2moved to the depth 150 cm in
28 days. During the second experiment started on November 2017, only
one intensive precipitationwas recorded. The tracer travel timewas longer,
but still relatively short (88 days to depth 150 cm). In contrast, the third
(April 2018) and fourth injection (November 2018) were applied during
a dry period, when water content was about 0.13 in P1 and 0.16–0.18 in
P2. In that case, it took 320–332 days for the tracer to reach the sensor at
depth 150 cm in P2, even though 3 extremely rain events were observed
during the third experiment, and 7 during the fourth experiment. Similar
tendency was noticed in profile P1. The chlorides spilt in July 2017 ap-
peared at the water table level after 382 days from the injection. Time
travel of the tracer introduced in November 2017 was much longer and
reached 645 days to the water table at depth 653 cm.

Obtained tracer travel times under high water content are relatively
short, which can be also caused by some preferential flow channels acti-
vated by heavy rainfalls. The largest differences in the resultswere obtained
for the shallow soil, up to 150 cm below the ground level (P2), which is
more affected by rainfalls changeability. Experiments conducted in south-
ern Poland with lysimeters contained uncovered medium sand also gave
high tracer velocities, from 35,7 mm/day to 15,4 mm/day (Żurek and
Mościcki, 2017). Similar incidents of rapid flow in shallow unconfined
sandy aquifers were also described in other studies (Dripps, 2012;
Herrmann and Duncker, 2008; Seiler et al., 2002).

Presented results show that tracer travel times are strongly determined by
water content in the unsaturated zone which is controlled by precipitation
amount in span of weeks, rather than extremely high precipitation events.
Regular, several-days rainfalls increase the water content in entire vadose
zone profile, which improves percolation to the aquifer. On the contrary, sin-
gle intensive rain events during dry periods influence mostly shallow subsur-
face part of unsaturated zone and has low importance to the groundwater
recharge. Decreasing trends of water content described in Section 3.3 may
cause a water flux retardation and reduce the groundwater recharge.
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3.5. Limitations and uncertainty

Our study shows impact of meteorological factors influenced by cli-
mate change, on unsaturated zone and shallow aquifer. We do not con-
sider change in land use or groundwater resources uptake which were
minimal in our experimental field. 1D numerical simulations performed
for representative vadose zone profiles, which results were extrapolated
for entire experimental field to give an approximate recharge results in
lateral scale. Some uncertainty is related to that approach, especially ac-
cording to soil parameters estimations (α, ng, and Ks), LAI, root zone pa-
rameters and water level in adjacent lakes. However, recent field
investigations in the experimental site with a variety of methods de-
scribed in Gumuła-Kawęcka et al. (2022), Gumuła-Kawęcka (2023)
were used to minimalize the uncertainty. Calculations using Richards
equation, van Genuchten-Mualem model, horizontal flux equation,
Penman-Monteith equation, Feddes model and Chung and Horton
model implemented in the numerical code also brings some simplifica-
tions. Nevertheless, HYDRUS-1D was successfully applied to groundwa-
ter recharge estimations (e.g., Batalha et al., 2018; Grinevskii and
Novoselova, 2011; Pozdniakov et al., 2015; Scanlon et al., 2002b;
Šimůnek et al., 2016; Szymkiewicz et al., 2018; Twarakavi et al.,
2008), including climate change impact (Leterme et al., 2012; Leterme
and Mallants, 2011).

Using tracer methods in unsaturated zone also provides uncertainty.
Flow path of the tracer is usually assumed to be one-dimensional or piston
flow (Walker, 1998), however variability of sediment layers and heteroge-
neity of soil properties can disturb the flux transporting the tracer (Healy,
2010). Hydrodynamic dispersion and diffusion also influence the tracer
movement according to advection-dispersion equation. Tracers in unsatu-
rated zone represent a point-scale estimation of water flow in vertical pro-
file which strongly depend on small-scale processes in the unsaturated
zone, such as preferential flow in macropores or water ponding over less
permeable layers.



Fig. 7. Simulated water contents at a depth of 20 cm, 50 cm, 150 cm and 450 cm in profiles P1 – P2.
The decrease is larger in profile P1 (0.0019–0.0098 per 10 years) than in P2 (0.0006–0.0042 per 10 years).
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4. Conclusions

The analysis of historical weather records showed a considerable in-
crease in temperatures in the study area, with an increase of 0.3 °C/
10 years in 1951–2020 and 0.66 °C/10 years between 1980 and 2020,
which exceeds the trend published by IPCC. The rising temperature results
in increasing evaporation of about 25 mm/10 years in 1966–2020 and
33mm/10 years in 1980–2020. Annual precipitation amounts demonstrate
increasing irregularity, while daily records show more frequent extremely
rain events after 2000. Decrease in the groundwater table level observed
in shallow aquifers in the Brda andWda outwash plains suggests decreasing
recharge. Numerical simulations performed for two soil profiles with cali-
brated parameters confirmed the trends of decreasing recharge, groundwa-
ter table elevation, andwater contents in vadose zone over the last 20 years.
There is significant year-to-year variability in annual groundwater re-
charge, with a ratio between maximum and minimum values of 3.9 in the
grassland profile (P2) and 10.8 in the forest profile (P1). However, the de-
creasing recharge trends for the last two decades (2000−2020) are similar
in both cases – 0.05 mm d−1/10 years at P1 and 0.06 mm d−1/10 years at
P2. Correlation between recharge and climatic factors (precipitation, tem-
perature and PET) is not straightforward and recharge probably depends
also on meteorological conditions from previous years. Results of tracer ex-
periments induce that time lag between effective precipitation and re-
charge do not depend directly on this two variables but also other factors
such as, rainfall distribution and intensity, water content in vadose zone
or activation of preferential flow channels in the root zone. The soil mois-
ture determinewaterflux through unsaturated zone, thus thewater content
decrease caused by climate change can cause a flow retardation and reduce
the groundwater recharge. Our study shows that employing 1D model of
vertical flow through the soil profile provides a complete description of in-
terplay between climatic factors (precipitation, evapotranspiration) and hy-
drologic conditions (water content in the unsaturated zone, groundwater
recharge, water table fluctuations, horizontal flow in the aquifer). The cal-
culatedwater table fluctuations were in quantitative agreement with obser-
vations, confirming the utility of our modeling approach to predict the
long-term trends for shallow aquifers.
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