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Abstract: Global warming affects, among many other things, groundwater recharge conditions. Over
recent decades, this phenomenon in the Carpathians has been emphasized by the changing role
of snowmelt recharge in winter and spring. The aim of the study was to assess baseflow trends
in 20 medium-sized Carpathian catchments in Poland and Slovakia. The baseflow was calculated
using Eckhardt’s digital filter. The trend analysis was performed using the non-parametric method
separately for the series representing the baseflow throughout the whole year, and separately for
seasons. The most evident changes were noted for the low baseflow in the summer and autumn,
especially in foothill catchments. Statistically significant decreases in the low daily baseflow were
expressed as a relative change, and ranged from −9% to −66% per 10 years for the summer, and
from −12% to −82% per 10 years for the autumn. In winter and spring, trends in the low baseflow
were not significant, except in high mountain catchments where 14% of increases in the low baseflow
were noted in the winter and spring. The results indicate the changing role of snowmelt recharge in
the Carpathians and the increasing problem of groundwater depletion in the summer and autumn,
mainly in foothill areas.
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1. Introduction

Climate change associated with global warming is increasingly often reflected in the
water cycle at the midsize catchment scale. Signs of this often include the accumulation of
yearly runoff during flash flood events as well as increasingly severe drought events, de-
clines in groundwater storage, and changes in the annual discharge regime [1–4]. Increases
in air temperature lead not only to increased evaporation, but also affect groundwater
recharge conditions, and in turn future catchment water resources [5]. Research on changes
in the water supply constitutes one of the most important issues in science related to the
effects of global warming. Recent studies concern not only trends in stream discharge at a
variety of temporal and spatial scales, e.g., [2,3,6–14], but also the groundwater response to
these changes, e.g., [5,15–22]. Finally, the said changes affect the amount of freshwater in
catchments that may be used as drinking water by human populations [23–26].

In recent years, a number of papers have appeared focusing on changes in the baseflow
driven by climate change as a direct indicator of changes in the groundwater recharge at the
catchment scale, e.g., [27–31]. Baseflow (Qb) is distinguished in the total stream runoff as
its most stable component, reflecting groundwater storage conditions in the catchment and
being not attributed to a single rainfall event [32]. Periods of drought illustrate the critical
importance of baseflow rates, as rivers and streams are reliant completely on groundwater
recharge during such periods. It is crucial for ecological reasons as well as the source
of drinking water for municipal water systems collecting water from local rivers. In the
European Union, river water provides about 37% of the drinking water available in this
region [33].
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Researchers studying mountain areas have observed enhanced warming with eleva-
tion, although this is not a globally unified pattern due to the significant complexity of
factors that affect mountain area climates [34]. In the Carpathian Mountains the potential
impact of increases in air temperature on water circulation patterns remains much lower
than in surrounding areas [13,14,35,36]. Both snow cover and snowmelt play an impor-
tant role in the Carpathians in terms of their effects on the overall water supply in this
region by recharging the aquifers during the spring season. Furthermore, overall water
circulation patterns may change even when precipitation amounts remain similar over
the long term, which further affects groundwater recharge conditions [5,7–10,13]. In the
most recent few decades, the share of snowfall precipitation in the Carpathians available
during the winter season has declined in relation to the share of rainfall. The occurrence of
midwinter snowmelt events has also increased during this time period. However, the trend
in atmospheric precipitation totals on the annual basis remains unclear [37–40]. Studies
conducted in Central Europe show that one effect of ongoing climate change in the region
will be more frequent and also more extreme drought events [8,20,41]. At the same time,
other assessments created for the Carpathians and surrounding areas suggest an increase
in precipitation and discharge totals over the next few decades [11,42,43]. In mountainous
regions in Germany, Eckhardt and Ulbrich [44] predicted the consequences of climate
change as the decreasing role of spring–snowmelt recharge and reduced spring–snowmelt
discharge peaks. On the other hand, they expected the increase of flood risk in winter.

The western part of the Carpathian range constitutes a complicated system of moun-
tain massifs running from west to east and clearly elevated over surrounding areas. Pre-
cipitation amounts across the Carpathians, as well as runoff, are much higher and more
dynamic compared with surrounding areas in this area. For example, Carpathian river
catchments constitute only 11% of the entire Vistula River drainage basin in Poland, but
generate 40% of discharge in the Vistula basin [45]. Discharge occurs via a well-developed
river network stretching across the entire Carpathian range in Poland. The Carpathian
Mountains are, in many ways, a water tower for this part of the European continent [46].
This, in practice, means that climate conditions and hydrologic patterns in the Carpathians
strongly affect the water supply and river regime not only in the Carpathians, but also
across large lowland areas in Central Europe.

The Carpathian geographic region remains an area relatively weakly affected by
human impact. Many catchments remain seminatural thanks to various environmental
laws, including the establishment of national parks. This allows one to conclude that climate
change will be a key factor in changes in water circulation patterns in this region. However,
it would not be wise to assume that other factors such as urban growth, deforestation,
road construction, and reservoir construction do not play some role in some of the said
changes [47–50].

The purpose of the paper is to assess baseflow trends in the Western Carpathians in
the period 1970–2019. The following research questions were used to achieve the stated
purpose: (1) What is the magnitude and spatial variability of the baseflow in the Western
Carpathians? (2) Are there any observable annual or seasonal changes in the baseflow over
the studied period? (3) What is the spatial pattern of change in the baseflow? (4) What is
the meaning of these changes in terms of the catchment’s water resources?

2. Material and Methods
2.1. The Studied Catchments

The study area in the paper consists of the Polish and Slovak sections of the Carpathian
Mountains, reaching 2655 m of elevation (Mount Gerlach, Tatra Mountains). Data from
the hydrologic network of the Slovak Hydrometeorological Institute and Polish Institute of
Meteorology and Water Management were used to identify 20 medium-sized (100–500 km2)
catchments examined for the time period 1970–2019 for research purposes (Figure 1, Table 1).
The selected catchments represent foothills, middle mountains and high mountains, based
on the Carpathian Mountains division [51], and do not include any larger reservoirs or
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larger cities. The bedrock in the foothills and middle mountains is dominated by flysch
(sandstone and shale), which forms structural nappe-type units. High mountain bedrock
(nos. 1, 3, 5) consists of a crystalline core overlapped with sedimentary cover (mainly
carbonate rocks) and surrounded by a post-tectonic basin filled with flysch rocks. Mean
catchment elevation ranges from 272 m (Brzeźnica river catchment in the Carpathian
foothills, no. 4) to 1286 m in the Belá river catchment (no. 1), covering the highest ranges
of the Tatra Mountains (Table 1). Precipitation and runoff totals increase with increases
in site elevation; therefore, average annual runoff in selected catchments varies from 216
to 876 mm (Table 1). The daily runoff median ranges from 0.3 to 0.4 mm in the foothill
catchments and up to 1.6 mm in catchments dominated by high mountains (Figure 2).
According to CORINE Land Cover 2018 data, most of the studied catchments are woodland
areas, although some foothill catchments consist mainly of arable land (Table 1). Pasture and
grassland areas constitute a substantial part of the Tatra Mountains and their surroundings.
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Table 1. Characteristics of the studied catchments.

No River Gauging
Station

Area
[km2]

Mean Elev.
[m a.s.l.]

Average Annual
Runoff
[mm]

Land Cover [%]

Forest Arable
Land

Pasture and
Grassland

Urban and
Industrial Other

1 Belá Liptovský
Hrádok 244 1286 876 41.0 10.5 40.4 3.5 4.6

2 Biała Grybów 207 560 425 55.2 31.8 11.7 1.3 0.0
3 Biały Dunajec Szaflary 210 1047 806 43.8 11.2 28.7 13.2 3.1
4 Brzeźnica Brzeźnica 482 272 216 25.6 61.4 4.4 8.3 0.3
5 Dunajec Nowy Targ 435 869 648 28.4 28.2 34.6 7.2 1.6

6 Laborec Koškovce 438 447 341 66.2 25.2 5.8 2.8 0.0
7 Łososina Jakubkowice 347 538 425 40.1 54.6 1.1 4.2 0.0
8 Niedziczanka Niedzica 137 800 481 56.1 19.6 21.1 3.1 0.1
9 Ochotnica Tylamnowa 106 805 519 68.1 25.1 5.6 1.2 0.0
10 Raba Mszana Dolna 157 628 473 43.7 26.2 18.4 11.7 0.0

11 San Dwernik 418 780 702 76.9 1.3 21.1 0.4 0.3
12 Sękówka Gorlice 122 516 478 72.0 17.8 8.2 2.0 0.0
13 Skawica Skawica Dolna 136 790 769 75.4 10.8 9.2 4.6 0.0
14 Solinka Terka 309 789 849 91.4 2.1 5.6 0.7 0.2
15 Soła Rajcza 254 787 644 72.5 12.1 13.0 2.4 0.0

16 Stradomka Stradomka 363 358 295 26.9 70.6 0.8 1.7 0.0
17 Topl’a Bardejov 326 601 291 64.9 20.6 11.4 3.0 0.1
18 Uszwica Borzęcin 266 290 304 30.6 59.1 2.6 7.7 0.0
19 Wieprzówka Rudze 152 409 353 31.0 53.4 1.4 12.8 1.4
20 Wisła Ustroń 107 709 781 74.6 16.2 1.3 7.6 0.3
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2.2. Baseflow Calculation

Daily discharge values served as the basis for calculating daily baseflow by employing
a recursive digital filter proposed by Eckhardt [52]. This approach is currently one of the
most often used non-tracer methods for the estimation of baseflow in the mountainous
areas [52–54]; however, it has not yet been used for the Polish part of the Carpathians. With
this method, the daily baseflow is calculated using the following formula:

Qb,t =
(1− BFImax) ∗ a∗ Qb,t−1 + (1− a) ∗ BFImax ∗Qt

1− a ∗ BFImax
(1)

The calculation assumes that Qb,t ≤ Qt, where: Qb—baseflow; Q—total streamflow;
t—time step (one day); a—filter parameter; BFImax—maximum baseflow that can be mod-
eled via the said formula. Eckhardt [55] predefines representative values of the said filter
parameters a and BFImax (0.25–0.80) for several aquifer types; however, additional research
has shown that this method yields more accurate results after parametrization. In the
present study, we perform the parametrization in a manner proposed by Collischonn and
Fan [53], which is based on linear regression analysis (Figure 3). According to this method,
the parameter a relates discharge values with a one-time step lag in the falling limbs, when
direct runoff is assumed to be zero. In this study, the parameter a is averaged for each
identified period with runoff below Q25% and discharge continuously decreasing for at
least 10 days:

a =
1
n

n

∑
k=1

Qt

Qt−1
(2)

where: a—recession constant; t—time step (one day); n—number of recession days.
The estimated parameter a was used for the computation of BFImax, which is inter-

preted as a maximum ratio of baseflow to total river runoff. According to Collischonn and
Fan [53], BFImax was estimated using a backward moving filter:

Q′b,t−1 =
Q′b,t

a
(3)
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subject to the restriction Q’b,t−1 ≤ Qt, where Q’b,t stands for the first approximation of
baseflow at time step t. This baseflow approximation was used to calculate the BFImax
parameter individually for each of the studied catchments:

BFImax =
∑n

t=1 Q′b,t

∑n
t=1 Qt

(4)

2.3. Trend Estimation

Trend analysis was performed for a series where each year in the period 1970–2019
was assigned a percentile value (10%, 50%, 90%) based on daily baseflow values during
the whole hydrologic year as well as for winter, spring, summer, and autumn separately
(Figure 3). This approach was used to estimate the trends calculated for low (Qb,10%),
median (Qb,50%), and high (Qb,90%) values of daily baseflow for each studied year as a
whole and individually for every season.

Trends in baseflow percentile values (Qb,10%, Qb,50%, Qb,90%) were analyzed using non-
parametric methods including the Theil–Sen slope estimator [56,57] and Mann–Kendall
test [58,59]. The assumed significance level was p ≤ 0.05. According to the procedure
proposed by Yue et al. [57], all trend analyses were preceded by the identification of serial
correlations in de-trended data. In the case of data series exhibiting significant (p ≤ 0.05)
autocorrelation with lag −1, the trend-free pre-whitening procedure (TFPW) was used [57].
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The trend estimator was expressed as a change in the daily baseflow percentile
per 10 years, as well as a change in Sen’s slope relative to the appropriate percentile of
baseflow in the period 1970–2019:

sr(p,t) =
10 ∗ s(p,t)

Qb(p,t)
(5)

where: sr—relative change per 10 years; s—Sen’s slope estimator; p—baseflow percentile
(10%, 50%, 90%); t—analyzed period (year, winter, spring, summer, autumn).

The same approach was used for the calculation of trends for total runoff.



Water 2023, 15, 109 6 of 17

2.4. Rescaled Adjusted Partial Sums

The analysis of fluctuations of baseflow time series was conducted using the rescaled
adjusted partial sums (RAPS) method, which is based on cumulative standardized devia-
tions from the average [60]. The calculations used the formula:

RAPSk =
k

∑
t=1

xt − x
sd(x)

(6)

where: xt—baseflow sum of the spring–winter or summer–autumn half year; x—average
of half year baseflow sums in the whole period; sd(x)—standard deviation; k—the counter
limit of the current summation step. The plots of RAPS values are useful for identifying
the fluctuations in the time series. Periods of mostly above-average values produce an
increasing pattern in the RAPS, while periods of mostly below-average values produce
a decreasing plot. The method is considered as a complementary tool for distinguishing
the changes of the trend in the time series record [60–62]. In the present study, RAPS
analysis was carried out separately for baseflow sums of winter–spring half year and
summer–autumn half year.

3. Results

Selected Carpathian rivers were characterized by the recession constant a in the range
from 0.93 to 0.99 (Table 2); however, there was no clear pattern in the spatial distribution of
recession rates. The maximum baseflow index BFImax, obtained using backward filtering,
varied from 36% to 65%, indicating rather large differences in the groundwater storage
capacity among the analyzed catchments (Table 2). The average annual baseflow index
was the lowest for the Sękówka catchment, no. 12 (29%), and the highest values noted
for the Tatra Mountains were for the Belá, no. 1 (57%), and Biały Dunajec, no. 3 (59%),
catchments. The average annual baseflow ranged from approximately 100 mm in foothill
areas to almost 500 mm in the high mountains (Table 2).

Table 2. Parameters used for Eckhardt’s digital baseflow filter (a and BFImax) and baseflow character-
istics for the studied catchments.

ID River a BFImax
[%]

Baseflow

BFI [%] Annual [mm] Max Min

1 Belá 0.99 63 57 497 Jun Feb
2 Biała 0.96 36 30 128 Apr Oct

3 Biały
Dunajec 0.98 65 59 479 Jun Feb

4 Brzeźnica 0.98 57 50 107 Mar Sep
5 Dunajec 0.98 59 52 339 May Feb

6 Laborec 0.96 47 41 141 Apr Sep
7 Łososina 0.97 43 37 157 Apr Oct
8 Niedziczanka 0.98 48 42 202 Apr Feb
9 Ochotnica 0.98 58 52 271 Apr Feb

10 Raba 0.97 51 44 210 Apr Oct

11 San 0.95 50 44 307 Apr Aug
12 Sękówka 0.98 37 29 141 Apr Oct
13 Skawica 0.97 54 47 361 Apr Oct
14 Solinka 0.95 52 46 393 Apr Aug
15 Soła 0.97 42 36 233 Apr Oct

16 Stradomka 0.96 51 44 131 Apr Oct
17 Topl’a 0.97 62 56 163 Apr Sep
18 Uszwica 0.98 44 35 108 Apr Oct
19 Wieprzówka 0.93 36 31 108 Apr Nov
20 Wisła 0.96 53 47 364 Apr Oct
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The highest baseflow was typical for the snowmelt season (mainly in April; May and
June at higher elevations), whereas the lowest baseflow occurred in autumn (foothills,
middle mountains) and in winter (high mountains) (Figure 4).
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In the study period, several substantial changes in the baseflow of Carpathian rivers
were noted, with a prevalence of declining trends. Significant trends in the annual median
value of the daily baseflow varied from −0.02 to −0.06 mm per 10 years, whereas for
the summer median value trends ranged from −0.02 to −0.16 mm per 10 years (Table 3).
Significant decreases in annual and summer median daily baseflow values were observed
only for foothills and middle mountains in the western part of the study area. Annually
and in the summer, the strongest decreasing trends in relation to the median daily baseflow
were noted for foothill catchments with ID nos. 16, 18, and 19 (Figure 5). Spring and
autumn seasons lacked significant changes in the median baseflow. In winter only, the Biały
Dunajec catchment (no. 3) in the Tatra Mountains followed a significant increasing trend in
the median baseflow equal to 0.05 mm per 10 years, which translates into a −8% change in
the baseflow median in the winter season (Figure 5).
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Table 3. Theil–Sen estimator (mm/10 years) for daily baseflow (Qb) percentiles obtained for the entire
year (Yr), winter (W), spring (SP), summer (SU), and autumn (A); statistically significant trends are
marked in bold.

River
Qb, 10% Qb, 50% Qb, 90%

Yr W SP SU A Yr W SP SU A Yr W SP SU A

1.Bela 0.01 0.00 0.02 −0.10 −0.03 −0.02 0.00 0.04 −0.16 −0.04 −0.05 0.01 0.09 −0.04 −0.06
2.Biała 0.00 0.00 0.00 −0.02 −0.01 −0.02 0.01 0.01 −0.04 −0.01 0.00 0.00 −0.02 −0.04 0.00
3.Biały

Dunajec 0.05 0.06 0.08 −0.04 0.03 0.01 0.05 0.03 −0.06 0.05 0.07 0.05 0.09 0.01 0.04
4.Brzeźnica 0.00 0.00 0.01 −0.01 −0.01 0.00 0.00 0.00 −0.01 −0.01 0.00 0.00 0.02 −0.01 0.00
5.Dunajec 0.02 0.01 0.03 −0.06 −0.02 −0.02 0.02 −0.03 −0.06 −0.01 −0.03 0.00 0.03 −0.07 −0.02

6.Laborec 0.00 0.00 0.00 −0.01 −0.01 −0.01 −0.01 −0.01 −0.02 −0.01 −0.03 0.04 −0.02 −0.04 0.00
7.Łososina −0.01 −0.01 0.00 −0.03 −0.01 −0.02 0.00 −0.01 −0.04 −0.01 −0.01 −0.02 −0.02 −0.06 0.00

8.Niedziczanka −0.01 0.00 0.01 −0.03 −0.01 −0.01 0.01 −0.03 −0.01 −0.01 0.01 0.01 0.02 0.01 0.00
9.Ochotnica −0.01 0.00 0.01 −0.05 −0.03 −0.01 0.00 −0.02 −0.04 −0.02 −0.03 −0.03 0.00 −0.03 −0.01

10.Raba −0.01 −0.01 0.00 −0.04 −0.01 −0.02 0.00 0.01 −0.06 −0.01 0.00 −0.02 0.03 −0.08 −0.02

11.San −0.01 0.01 0.02 −0.02 −0.03 −0.02 0.03 −0.06 −0.03 −0.05 −0.02 0.05 −0.01 −0.01 0.02
12.Sękówka 0.00 0.00 0.00 −0.02 −0.01 −0.02 −0.01 0.00 −0.04 −0.01 0.00 0.00 −0.01 −0.06 0.00
13.Skawica −0.04 −0.02 0.01 −0.08 −0.04 −0.06 −0.03 −0.02 −0.11 −0.04 −0.04 −0.08 0.03 −0.14 −0.03
14.Solinka −0.02 0.01 0.03 −0.03 −0.03 −0.04 0.02 −0.06 −0.07 −0.05 −0.02 0.04 0.04 −0.07 0.01

15.Soła 0.00 0.01 0.02 −0.01 −0.01 −0.01 0.02 0.01 −0.03 0.01 0.01 −0.01 0.02 −0.09 0.01

16.Stradomka −0.01 0.00 −0.01 −0.03 −0.02 −0.02 −0.01 −0.01 −0.04 −0.01 −0.01 −0.01 0.04 −0.06 0.00
17.Topla 0.00 0.01 0.00 −0.02 0.00 −0.02 0.01 −0.01 −0.03 −0.01 −0.04 0.01 −0.08 −0.05 −0.01

18.Uszwica −0.01 0.00 0.00 −0.02 −0.02 −0.02 0.00 −0.02 −0.04 −0.01 −0.03 −0.02 −0.02 −0.04 −0.01
19.Wieprzówka −0.01 0.00 −0.01 −0.01 −0.02 −0.02 −0.02 −0.01 −0.03 −0.02 −0.03 −0.05 0.04 −0.06 0.00

20.Wisła
Ustroń −0.01 −0.01 0.02 −0.03 −0.02 −0.02 0.03 0.01 −0.07 −0.02 −0.01 −0.01 0.09 −0.06 −0.01
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The most substantial changes were noted for the low baseflow (Qb,10%) in the summer
and autumn. Statistically significant decreases in the low baseflow ranged from −0.01 to
−0.10 mm per 10 years for summer and from −0.01 to −0.04 mm per
10 years for autumn (Table 3). The analysis of relative changes (sr) showed a decline
from −9% to −66% per 10 years for summer and from −12% to −82% per 10 years for
autumn (Figure 6). In winter and spring, trends in the low baseflow were not significant,
except for the Biały Dunajec catchment (no. 3), where increases in the low baseflow were
noted: 0.06 mm/10 years in winter and 0.08 mm/10 years in spring (Table 3)—in both
cases, the relative change was 14% per 10 years. Strong decreasing trends in the annual low
baseflow were obtained for the western part of the study area, especially for the foothill
catchments (Figure 6). An opposite trend was noted for the Biały Dunajec catchment (no. 3),
where the increase equaled 0.05 mm/10 years (sr = 10%).
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Changes in the high baseflow (Qb,90%) were mostly insignificant in the analyzed
catchments (Figure 7). The decline in the high baseflow was strong in the summer in three
catchments located in the middle mountains (nos. 12, 13, 15)—the relative change was
about −8%. In the studied foothill area, significant trends were noted for the winter high
baseflow in the Wieprzówka catchment, no. 19 (−0.05 mm/10 years, sr = −8%), and for the
annual high baseflow in the Uszwica catchment, no. 18 (−0.03 mm/10 years, sr = −7%).
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Figure 7. Relative changes in high baseflow values (Qb, 90%) in the years 1970–2019.

The comparison of the relative values of the Sen’s slope estimator calculated for high
mountains (n = 3), medium mountains (n = 13), and foothill catchments (n = 4) indicated
that changes in the baseflow differed among the altitudinal zones (Figure 8). In the winter
and spring half-year in the high-mountain catchments, there was a common tendency of
an increasing baseflow, visible especially in the case of percentiles representing the lowest
values of runoff. In the same period, foothill catchments revealed tendencies of a decreasing
baseflow. Changes in the middle mountains are ambiguous—the trend values are close to
zero. On the other hand, in the summer and autumn half-year, negative trends prevailed in
all catchments; however, in foothill catchments, they were the most evident. The occurring
changes were best noticeable on the percentile values representing the lowest values of
the baseflow.
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Figure 8. Relative changes of baseflow 10th, 50th, and 90th percentiles (Qb, p) in high mountains (H),
medium mountains (M), and foothills catchments (F) in 1970–2019.

The RAPS analysis showed that the described trends could not be treated as monotonic
throughout the analyzed period, and changes of the baseflow were subject to several
periodic fluctuations. The beginning of the period—the 1970s—was characterized by
positive deviations from the long-term average in most of the studied catchments, especially
with regard to the baseflow in the summer–autumn half year (Figure 9). In the 1980s and
1990s, no common pattern of baseflow changes was found for all the catchments. In the
high-mountain catchments (ID 1, 3, 5), this period was characterized by a predominance of a
baseflow below the long-term average in the summer as well as in the winter half year. From
the middle of the 2000s, the baseflow in spring–winter was close to the long-term average.
Only in the highest catchment of Bialy Dunajec River (ID 3) in the 2010s was a decade
of a high baseflow in the winter–spring half-year. In addition, in the middle-mountains
catchments, the 1980s and 1990s were the decades of a relatively low baseflow; however,
the turning points of the RAPS analyses were often not evident. A characteristic feature
of the RAPS analysis in the medium mountains catchments were the clear differences in
the plot of the cumulative curves of the summer–autumn and winter–spring half-years. In
the data from the summer–autumn half-year, the fluctuations of the baseflow were much
more evident than in the case of the series from the spring–winter half-year. On the other
hand, in the foothill catchments (ID 4, 16, 18, 19), the course of the RAPS curves of the
summer–autumn and winter–spring half years was rather similar. The foothills revealed a
relatively low baseflow in the last decade in winter as well as in summer (Figures 4 and 9).



Water 2023, 15, 109 12 of 17Water 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 9. RAPS analyses of baseflow totals in the half years in 1970–2019. Numbers refer to 

catchment ID numbers provided in Table 1. 

4. Discussion 

Studies on the rates of change in shallow aquifers in the flysch Carpathians tend to 

focus on short-term characteristics. Given the short and incomplete measurement series 

that are available for the study area, such analyses yield only a limited picture of long-

term changes in groundwater levels [18,63–65]. The general spatial pattern of 

groundwater storage may be estimated using gravimetric or multispectral satellite-based 

methods, e.g., [66,67]. However, given the shortage of long-term remote sensing data, it is 

not yet possible to study long-term change patterns in a precise resolution. 

Seasonal changes in the baseflow in the studied part of the Carpathians manifest 

themselves first and foremost in terms of a large decrease in runoff in summer and 

autumn, and a small increase in winter and spring. The baseflow in most catchments did 

not change significantly over the course of the entire year. Such changes should be 

examined in terms of general patterns of change in the total river runoff. In the Western 

Carpathians, the baseflow trends strongly reflect the trends noted for the total runoff. 

Over recent decades, the predominant river runoff pattern in this area consisted of a 

Figure 9. RAPS analyses of baseflow totals in the half years in 1970–2019. Numbers refer to catchment
ID numbers provided in Table 1.

4. Discussion

Studies on the rates of change in shallow aquifers in the flysch Carpathians tend to
focus on short-term characteristics. Given the short and incomplete measurement series
that are available for the study area, such analyses yield only a limited picture of long-term
changes in groundwater levels [18,63–65]. The general spatial pattern of groundwater
storage may be estimated using gravimetric or multispectral satellite-based methods,
e.g., [66,67]. However, given the shortage of long-term remote sensing data, it is not yet
possible to study long-term change patterns in a precise resolution.

Seasonal changes in the baseflow in the studied part of the Carpathians manifest
themselves first and foremost in terms of a large decrease in runoff in summer and autumn,
and a small increase in winter and spring. The baseflow in most catchments did not change
significantly over the course of the entire year. Such changes should be examined in terms
of general patterns of change in the total river runoff. In the Western Carpathians, the
baseflow trends strongly reflect the trends noted for the total runoff. Over recent decades,
the predominant river runoff pattern in this area consisted of a decline in low and median
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discharge in summer in most of the studied catchments, and, in some catchments, also in
autumn and throughout the entire year (Table 4). In the last few years, declines in the total
river runoff in the studied catchments were found to be larger than those noted in previous
papers on the studied region, which includes the Carpathians [11,13,14]. Our calculations
showed 24% of cases of total runoff trends in the last 50 years as statistically significant,
while in the case of the baseflow, the corresponding value was 17%. It is particularly
interesting that the decreasing trends noted apply to seasons already characterized by low
water levels and drought events. This suggests a problem with increasing droughts and
the occurrence of periodic water deficits in the river ecosystem. Significant growth trends
in river runoff are rarely noted despite the fact that many forecasts for the Carpathians
assume an increase in runoff in the near future [68,69].

Table 4. Theil–Sen estimator (mm/10 years) for total daily runoff (Q) percentiles obtained for the
entire year (Yr), winter (W), spring (SP), summer (SU), and autumn (A); statistically significant trends
are marked in bold.

River
Q 10% Q 50% Q 90%

Yr W SP SU A Yr W SP SU A Year W SP SU A

1.Bela 0.01 0.00 0.03 −0.09 −0.04 −0.01 0.01 0.08 −0.18 −0.01 −0.04 0.02 0.09 −0.32 0.02
2.Biała −0.01 0.01 0.00 −0.03 −0.02 −0.03 0.01 −0.02 −0.07 −0.03 −0.06 0.08 −0.06 −0.19 0.03
3.Biały

Dunajec 0.07 0.07 0.08 −0.04 0.02 0.02 0.08 0.02 −0.10 0.07 0.09 0.06 0.20 −0.06 0.17
4.Brzeźnica −0.01 0.00 0.01 −0.02 −0.02 0.00 0.01 0.01 −0.01 −0.01 −0.04 0.00 0.00 −0.02 0.01
5.Dunajec 0.01 0.01 0.05 −0.07 −0.03 −0.01 0.01 −0.06 −0.12 −0.01 −0.07 −0.03 −0.06 −0.20 0.05

6.Laborec −0.01 0.00 0.00 −0.01 −0.01 −0.03 −0.01 −0.02 −0.03 −0.02 −0.11 0.15 −0.22 −0.13 −0.03
7.Łososina −0.02 −0.01 0.00 −0.02 −0.02 −0.03 −0.01 0.00 −0.07 −0.02 −0.04 −0.09 −0.10 −0.17 0.03

8.Niedziczanka −0.01 −0.01 0.01 −0.02 −0.01 0.00 0.01 −0.01 −0.03 0.01 −0.05 0.01 −0.06 −0.08 0.01
9.Ochotnica −0.02 0.00 −0.03 −0.06 −0.03 −0.03 −0.01 0.00 −0.08 −0.05 −0.06 −0.06 −0.09 −0.16 −0.06

10.Raba −0.02 0.00 −0.02 −0.05 −0.02 −0.04 0.00 0.00 −0.10 −0.02 −0.01 −0.03 0.05 −0.22 −0.02

11.San −0.02 0.02 0.00 −0.03 −0.03 −0.05 0.04 −0.06 −0.06 −0.09 0.07 0.28 0.03 −0.03 0.00
12.Sękówka −0.01 −0.01 −0.02 −0.03 −0.02 −0.04 0.01 −0.02 −0.06 −0.02 0.02 0.04 0.10 −0.15 0.02
13.Skawica −0.06 −0.02 −0.03 −0.09 −0.05 −0.09 −0.06 −0.01 −0.14 −0.06 −0.16 −0.24 0.00 −0.54 0.08
14.Solinka −0.04 0.01 0.02 −0.05 −0.04 −0.08 0.00 −0.07 −0.12 −0.11 0.02 0.12 0.11 −0.31 0.00

15.Soła −0.01 0.02 0.02 −0.02 −0.01 −0.01 0.02 0.00 −0.06 0.00 0.00 −0.01 0.16 −0.34 0.19

16.Stradomka −0.02 0.00 −0.01 −0.03 −0.03 −0.03 −0.02 −0.02 −0.06 −0.02 −0.05 −0.03 0.02 −0.14 0.00
17.Topla 0.00 0.01 −0.01 −0.02 −0.01 −0.02 0.01 −0.04 −0.05 −0.01 −0.08 0.05 −0.19 −0.09 −0.02

18.Uszwica −0.02 0.00 −0.01 −0.03 −0.03 −0.02 −0.01 0.00 −0.06 −0.03 −0.10 −0.03 −0.05 −0.15 0.00
19.Wieprzówka −0.02 −0.01 −0.02 −0.02 −0.03 −0.04 −0.03 −0.02 −0.06 −0.04 −0.08 −0.17 −0.01 −0.22 0.04

20.Wisła
Ustroń −0.03 0.00 0.02 −0.05 −0.02 −0.06 0.02 −0.03 −0.13 −0.04 0.06 0.00 0.22 −0.23 0.07

Trends for the groundwater storage may also be discerned from studies on low flow
data using metrics such as the annual minimum of 7-day average flows [11,20] or a selected
low quantile as a threshold value [9,13,70]. Thus far, no clear trends in the annual minimum
of 7-day average flows have been observed in the Carpathians [11], although local growth
trends have been noted on a seasonal basis for the winter, and declining trends for the sum-
mer and autumn [9,13,71], which are consistent with trends discussed in the present paper.
In a broader sense, hydrological models show decreasing tendencies in non-anthropogenic
groundwater storage in Central Europe [22].

Our research has shown that change tendencies observed in the Western Carpathians
for the baseflow are characterized by strong spatial variation. The study area includes
two regions with different baseflow trends: (1) foothill areas and middle mountains with
a decline in the baseflow noted in summer and, to some extent, also in autumn, (2) high
mountains with an increase in the baseflow in winter, and in the Biały Dunajec catchment
(no. 3), an increase even in low baseflow percentiles (Qb,10%)—over the course of the
whole year. The largest negative relative change was noted for foothill catchments with an
established network of small towns and cities, agricultural production areas, and low water
retention capacity of the flysch bedrock. On the other hand, an increase in runoff in the
cooler months of the year is typical of catchments located at higher elevations and those
with a higher capacity for water retention (e.g., thanks to the presence of carbonate rocks in
the Tatras), where snow cover in the winter plays a major role in water circulation patterns.
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Accelerated global warming has triggered the occurrence of exceptionally warm and
dry years across the European continent in recent years, characterized by long-lasting
periods of low water levels [36,72,73]. This pattern of change is also observable across the
Carpathians [74,75]. When searching for the causes of changes in the baseflow, especially
the declines in the summer and autumn, it is necessary to focus one’s attention on changes
in air temperature and evapotranspiration, as well as the various forms of precipitation
along with their temporal variances and totals. Increases in air temperature are noted
in the study area, especially in the spring and summer months, as well as throughout
the entire year [35,37,38]. On the other hand, these increases in the winter months are
small or statistically not significant [35,76]. Similar tendencies are observed for the river
water temperature in the Polish part of the Carpathians—warming here amounts to a
maximum of 1.1 ◦C per decade in summer and up to 0.3 ◦C per decade in winter [77].
One fairly obvious consequence of increases in the air temperature is increasing potential
evapotranspiration, which is currently readily observable in the Western and Southern
Carpathians [78].

At the same time, no clear trends in the atmospheric precipitation totals were noted
for the Carpathians [37–40]. Noteworthy here is the increased frequency of intense, short-
lasting rainfall events and the increasing duration of dry periods as well as larger rainfall
totals during the winter [13,79]. The studied mountain areas are not characterized by
statistically significant changes in the duration and thickness of snow cover [76]. The lack
of a decreasing trend for precipitation in winter along with relatively smaller increases in
air temperature and increased amounts of rainfall in relation to snowfall are likely to effect
the increased groundwater recharge of rivers—and consequently, the increased baseflow at
higher elevations in winter. These are catchments where snow-based water strongly drives
runoff in winter and spring—as early as the snowmelt season. On the other hand, rapid
warming in the summer months along with an increase in the length of precipitation-free
periods and accelerated evaporation lead to limited infiltration and lowered groundwater
levels, which then leads to drought in the summer and autumn.

5. Conclusions

The present paper is the first of its kind in that it explores the subject of changes in
the baseflow in the Carpathians over the last few decades. It also identifies changes in the
groundwater storage in shallow aquifers recharging rivers and streams. The impact of
climate change on the runoff from the Carpathian catchments is not fully understood, as
the storage of water resources in mountain areas in the temperate climate zone is associated
not only directly with atmospheric precipitation totals and evaporation rates, but also with
snow cover accumulation and melting rates in the wintertime. Of particular importance
is the frequency of the occurrence of midwinter snowmelt events and the relationship
between snowfall and rainfall in the winter.

No trends in the annual baseflow total were determined for most of the examined
catchments. However, changes are observable for various seasons of the year—a large
decline in baseflow is noted in summer and autumn along with a small rise in winter and
spring. Thus, the decline baseflow occurs during typical times of hydrologic drought in
the Carpathians, which suggests a potential exacerbation of the water deficit affecting this
geographic region during such periods of time.

Our research has shown that trends in the baseflow noted at the highest elevations in
the Carpathians (Tatra Mountains) for each given season of the year are different than those
noted for middle mountains and foothills. This area is characterized by a large increase
in the baseflow in the winter, associated with the now changing role of snow cover in the
storage of water resources over the course of the year. In foothill areas, declines in the
baseflow are most pronounced in summer and autumn when lower runoff is most likely
to occur.
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16. Buczyński, S.; Wcislo, M. Predicting climate-induced changes in groundwater resources on the basis of hydrogeological model

research: Case study of the Carpathian flysch belt. Episodes 2013, 36, 105–114. [CrossRef] [PubMed]
17. Famiglietti, J.S. The global groundwater crisis. Nat. Clim. Chang. 2014, 4, 945–948. [CrossRef]
18. Freiwald, P.; Patorski, R.; Witek, K. Hydrogeological cycles in the light of monitoring studies in the Carpathians. Acta Sci. Pol.

Form. Circumiectus 2014, 13, 11–19. (In Polish)
19. Kløve, B.; Ala-Aho, P.; Bertrand, G.; Gurdak, J.J.; Kupfersberger, H.; Kvarner, J.; Muotka, T.; Mykra, H.; Preda, E.; Rosii, P.; et al.

Climate change impacts on groundwater and dependent ecosystems. J. Hydrol. 2014, 518, 250–266. [CrossRef]
20. Hellwig, J.; Stahl, K. An assessment of trends and potential future changes in groundwater-baseflow drought based on catchment

response times. Hydrol. Earth Syst. Sci. 2018, 22, 6209–6224. [CrossRef]
21. Bierkens, M.F.P.; Wada, Y. Non-renewable groundwater use and groundwater depletion: A review. Environ. Res. Lett. 2019,

14, 063002. [CrossRef]

https://figshare.com/articles/dataset/Baseflow_trends_for_midsize_Carpathian_catchments_in_Poland_and_Slovakia_in_1970-2019/20088578/1
https://figshare.com/articles/dataset/Baseflow_trends_for_midsize_Carpathian_catchments_in_Poland_and_Slovakia_in_1970-2019/20088578/1
http://doi.org/10.1126/science.aan2506
http://www.ncbi.nlm.nih.gov/pubmed/28798129
http://doi.org/10.1038/s41586-019-1495-6
http://www.ncbi.nlm.nih.gov/pubmed/31462777
http://doi.org/10.1038/s41467-020-17581-y
http://www.ncbi.nlm.nih.gov/pubmed/32709871
http://doi.org/10.1038/nature04312
http://doi.org/10.5194/hess-14-2367-2010
http://doi.org/10.1016/j.gloenvcha.2012.11.002
http://doi.org/10.1002/hyp.9961
http://doi.org/10.1016/j.jhydrol.2015.07.052
http://doi.org/10.1007/s11600-018-0116-3
http://doi.org/10.1029/2018GL079725
http://doi.org/10.1016/j.catena.2019.104174
http://doi.org/10.1007/s11600-020-00400-9
http://doi.org/10.1016/j.jhydrol.2011.05.002
http://doi.org/10.18814/epiiugs/2013/v36i2/004
http://www.ncbi.nlm.nih.gov/pubmed/28287806
http://doi.org/10.1038/nclimate2425
http://doi.org/10.1016/j.jhydrol.2013.06.037
http://doi.org/10.5194/hess-22-6209-2018
http://doi.org/10.1088/1748-9326/ab1a5f


Water 2023, 15, 109 16 of 17

22. Li, B.; Rodell, M.; Sheffield, J.; Wood, E.; Sutanudjaja, E. Long-term, non-anthropogenic groundwater storage changes simulated
by three global-scale hydrological models. Sci. Rep. 2019, 9, 10746. [CrossRef]

23. Mekonnen, M.; Hoekstra, A. Four billion people facing severe water scarcity. Sci. Adv. 2016, 2, e1500323. [CrossRef] [PubMed]
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77. Kędra, M. Regional Response to Global Warming: Water Temperature Trends in Semi-Natural Mountain River Systems. Water
2020, 12, 283. [CrossRef]

78. Lakatos, M.; Weidinger, T.; Hoffmann, L.; Bihari, Z.; Horváth, Á. Computation of daily Penman–Monteith reference evap-
otranspiration in the Carpathian Region and comparison with Thornthwaite estimates. Adv. Sci. Res. 2020, 16, 251–259.
[CrossRef]
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