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Abstract: The rapidly changing climate affects vulnerable water resources, which makes it important
to evaluate multi-year trends in hydroclimatic characteristics. In this study, the changes in cold-season
temperature (November—April) were analyzed in the period of 19512021 to reveal their impacts
on precipitation and streamflow components in the Liwiec River basin (Poland). The temperature
threshold approach was applied to reconstruct the snowfall/rainfall patterns. The Wittenberg filter
method was applied to the hydrograph separation. The Mann-Kendall test and Sen’s slope were
applied to estimate the significance and magnitude of the trends. An assessment of the similarity
between trends in temperature and hydroclimatic variables was conducted using the Spearman
rank-order correlation. The shift-type changes in river regime were assessed via the Kruskal-Wallis
test. The results revealed that temporal changes in both snowfall, rainfall, and baseflow metrics
were significantly associated with increasing temperature. Over 71 years, the temperature rose by
~2.70 °C, the snowfall-to-precipitation ratio decreased by ~16%, the baseflow increased with a depth
of ~17 mm, and the baseflow index rose by ~18%. The river regime shifted from the snow-dominated
to the snow-affected type. Overall, this study provides evidence of a gradual temperature increase
over the last seven decades that is affecting the precipitation phase and streamflow component
partitioning in the middle-latitude region.

Keywords: cold season; 1951-2021; trends; snowfall-to-precipitation ratio; baseflow index; river
regime shift; lowland river basin; middle-latitude region

1. Introduction

The warming climate, which is considered one of the most important factors that affects
stream-flow regimes in many regions of the world, has environmental and socioeconomic
implications, particularly with respect to the vulnerability of water resources [1-3]. With
the increasing air temperature, altered precipitation patterns change the water quantities,
thereby contributing to runoff components as quick flow and baseflow [4,5]. In addition to
the amount of precipitation, the precipitation phase (snowfall or rainfall) plays a critical
role in runoff generation [6,7]. Snowfall, if persistent, stores cold-season precipitation into
the spring months and keeps the hydrological system dormant, while rainfall infiltrates
soils, recharges aquifers, and feeds streams and rivers. The warming air temperature might
reduce snowfall and amplify snow melt, thereby resulting in a decline in water storage
in snowpacks, earlier snow, and soil thawing, and, as a consequence, causing a shift in
the hydrological regime [8-10]. Since the warming climate modifies the ratio of snow to
precipitation (S/P ratio) in many parts of the world [11-13], the detailed characterization
of temperature and precipitation changes is a high priority in ongoing research [14-16].
However, significant uncertainties remain regarding the current and future trends in the
hydrologic implications of warming due to the high sensitivity of hydrological processes to
climate variability and change [17].
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Divergent trends in snow characteristics occur in different regions of the world. When
considering snowfall, climate warming might increase humidity, which enhances extreme
snowfall, whereas the rising temperature reduces the likelihood of snowfall [18]. For
example, the authors of [19] found that the frequency of daily snowfall events tended to
decrease across much of the Northern Hemisphere except at the highest latitudes such as in
northern Canada, northern Siberia, and Greenland. Divergent snowfall patterns were also
uncovered in [18]; it was found that while higher-latitude regions experience increasing
extreme snowfall percentiles, decreasing extreme snowfall percentiles are characteristic of
lower-latitude regions in Western Europe. Observational evidence from the pan-European
in situ data was provided in [20]; it was revealed that over the period of 1951-2017, the
mean snow depth decreased more than the extreme snow depth, and widespread decreases
in the maximum and mean snow depth were found over Europe except in the coldest
climates. It is worth noting that interannual variability in the extent of snow is high, and
new extremes in maximum snow metrics over Eurasia have occurred in recent years [16,21].
Generally, the increases in winter temperatures have resulted in a decrease in the S/P
ratio and an increase in winter snowmelt for most of the Northern Hemisphere; this was
particularly significant in the middle-latitude regions [11,22].

Divergent assessments also concern the hydrologic implications of rising temperature
reported in global and regional studies. In the coldest river basins, the response to warming
is manifested by an increase in the spring streamflow peak, whereas for the transitional
basins, the spring runoff decreases [1]. This is because transitional river basins face large
increases in winter streamflow. While many studies have generally focused on mountainous
and arctic regions [23-26], relatively fewer studies have reported on snow hydrology
changes across low-relief topography regions [27,28]. These are regions in which the
river runoff is also sensitive to the effects of the changing patterns of snow accumulation
and melt. In [1], regions with snowmelt-dominated runoff were selected using the ratio
of accumulated annual snowfall divided by annual runoff (S/QT ratio or snowfall-to-
runoff ratio), and the criterion of S/QT > 0.5 over the global land regions was applied.
According to this criterion, vast areas of the Central European Lowland located within
the borders of Poland are not classified as snowmelt-dominated areas. However, this
may be due to the short observation period, which covered the years 1980-1999, and the
coarse spatial resolution of the gridded data (0.5° x 0.5° latitude/longitude) used in the
analysis. Therefore, it seems reasonable to evaluate the S/QT ratio using ground-based
data with a higher spatial resolution for a longer period of time. Such an analysis might
unmask multi-year changes in the S/QT ratio over time. In the east and northeast parts
of Poland, the hydrological regime of lowland rivers is influenced by relatively persistent
seasonal snowpack in winter, with the highest streamflow occurring in spring when the
snow mass melts and feeds the rivers. The strong influence of the snowmelt-dominated
river regime is manifested by the relatively high Pardé coefficient in the spring months,
which reaches or exceeds 180%. Therefore, it is unclear whether this region also did not
have a snowmelt-dominated character before the 1980s. While some previous studies
investigated selected aspects of decreases in snow-cover depth driven by the rising winter
temperature in Poland in the years 1966/1967-2019 /20 [29], no studies have considered
the trends in wintertime runoff components and their dependence on rising temperatures
and changing snowfall patterns. To fill this gap, this paper focused on quantifying the
changes in snowfall, rainfall, baseflow, and quick flow, as well as their association with
temperature during the cold season. The multi-year trends were examined in an exemplary
typical mesoscale river basin of the Central European Lowland. This basin is situated in
the middle eastern region of Poland, where the most intensive temperature increase was
recorded at selected weather stations followed by a decrease in snow cover depth [29].
Decreasing tendencies were found in the snow metrics; however, the variability in the snow
characteristics within both the winter season and the multi-year period was high [30].
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The key scientific questions that needed to be answered in this study were as follows:

(1) What are the signals of warming climate revealed by the changes in seasonal air
temperature at the river basin scale?

(2) What is the contribution of snowfall to the total precipitation? How does this change
over a multi-year period, and what are the magnitude of the changes?

(3) How does the temperature change impact the streamflow and the river regime?

It was hypothesized that the snowfall has remarkably decreased in the last seven
decades, thereby leading to a decrease in S/P ratio. It was also hypothesized that the
increasing trends in cold-season temperature are responsible for the changes in streamflow,
with a higher component of baseflow being recharged by the increased fraction of rainfall
to total precipitation.

2. Materials and Methods
2.1. Study Area

This study concerned the Liwiec River basin, a left tributary of the Bug River, which
is situated in the Mazovian Lowland in central eastern Poland (Figure 1). The study area
is located between 52°00’ N-52°30' N and 21°30’ E-22°0" E and belongs to the Central
Poland Lowland, which is a part of the Central European Lowland [31]. The stream gauge
is situated at the Lochéw cross-section and closes the river basin at 2471 km?. The elevation
ranges from 83 m a.s.l. near the outlet to 227 m a.s.l. in the southern part of the basin.
The Liwiec River is about 142 km in length. The basin is influenced by a snowy, humid
climate (Dfb) with a warm summer (see the updated Koppen-Geiger classification [32]).
Monthly precipitation and air temperature are evenly distributed across the catchment
and differentiate seasonally in four meteorological seasons: spring (March-May), summer
(June-August), autumn (September-November), and winter (December—February). The
annual precipitation is about 550 mm, of which 250-300 mm falls in the winter half-year
(November-April). The average annual air temperature is 7.5 °C. The lowest temperatures
are recorded in January; the average monthly temperature for this month is —4 °C. The
highest values are recorded in July (an average monthly value of 19 °C). The studied area
is characterized by a greater amplitude of air temperature compared to central and western
Poland due to moderate continental impacts. The river regime is considered to be nival,
with the highest streamflow rates usually occurring in March; the lowest streamflow rates
usually occur in July and August and sometimes continue throughout September-October.
Low flows might also occur in winter when snow cover blocks the groundwater recharge
and the groundwater resource gradually depletes. When snow melts, a pronounced peak
flow occurs. The aquifers are found in the Quaternary formations. They are directly
recharged by precipitation, and the Liwiec River and its tributaries constitute a zone of
natural drainage. The depth of the first groundwater table varies depending on the lithology
of the surface formations, but in most of the area it does not exceed 5 m. In the highlands,
aquifer sands are often found under less permeable loams. In the river valleys and in
the flat areas in the north and south of the basin area, the unconfined aquifers form the
subsurface. The land use is dominated by agricultural land (63%), which includes arable
land (48%) and meadows (15%). The forest type is the second-most dominant (33%), while
the rest of the territory is covered by artificial surfaces (3%) and other categories (1%).
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Figure 1. (a) Geographic location of the study area. (b) Elevation map of the Liwiec River basin
according to EU-DEM v1.1 (acquired from https://land.copernicus.eu; accessed on 13 October
2022), and distribution of the E-OBS gridded temperature and precipitation points (acquired from
https:/ /www.ecad.eu; accessed on 19 June 2022).

2.2. Datasets

For the analysis of climate conditions, the air temperature and precipitation dataset
was employed for 19502021 from version 25.0e of the station-based E-OBS gridded dataset
(https:/ /www.ecad.eu; accessed on 19 June 2022) available from the European Climate
Assessment and Dataset Project [33]. It comprised daily precipitation (P) and air tempera-
ture (T) values acquired from a regular latitude/longitude grid of 0.1° x 0.1° (Figure 1b).
For the Liwiec River basin, the data subset was extracted as a 3D-gridded dataset of
6 x 12 x 25,933 dimensions, which corresponded to 6 latitude grid cells, 12 longitude grid
cells, and 25,933 daily solutions. Using the daily gridded values, the basin scale, monthly
air temperature, and precipitation estimates were calculated, and then the average values
for the months November—-April were calculated to represent the cold-season conditions.
This approach followed the convention of the water year, which was designated in Poland
as a 12-month period (November—October) that consists of the “winter half-year” (cold
season) and “summer half-year” (warm season) [34,35]. It is worth noting that the cold
season is considered to be the 6-month period starting on November 1 of a particular
year and lasting until the end of April in the next calendar year. For example, the values
representing the cold season of the year 1951 were calculated using the monthly values
starting in November 1950 and ending in April 1951. Using these monthly values, the
cold-season precipitation and air-temperature time series were calculated and tested for
the presence of a trend as explained in Section 2.3.2.

For the analysis of snowfall patterns, the air-temperature threshold approach was
applied to partition the precipitation into rain and snow fractions [36]. Since the E-OBS
data did not differentiate between rain and snow, it was assumed that all precipitation
fell as snow below a threshold of 1.20 °C and as rain above this threshold. This threshold
is near the upper bound of the transition temperature across the Liwiec River basin as
revealed in [36]. The threshold temperature across the basin is evenly distributed in a
narrow range of 1.19 to 1.22 °C. The threshold data covering the territory of Poland were
prepared at a resolution of 0.5° x 0.625° (latitude x longitude) based on 89 meteorological
stations distributed across the country. The spatial resolution of the threshold temperature
data was coarser than the E-OBS dataset; thus, resampling to a common resolution of
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0.1° x 0.1° was required to keep the information from the finest layers. Using the 3D-
gridded air-temperature dataset of 6 x 12 x 25,933 dimensions, a binary mask was prepared;
grids with a temperature above the threshold were set to zero while the remaining grids
received a value of 1. This binary representation of snowfall occurrence was used to
differentiate between snow and rain in daily precipitation data stored in the 3D matrix
of 6 x 12 x 25,933 dimensions. Moreover, the daily snowfall and rainfall values were
accumulated into monthly values and averaged for the entire river basin. For the 6-month
cold season, the air temperature (T), snowfall (S), and rainfall (R) time series consisted of
71 values covering the period of 1951-2021.

To analyze the possible impacts of the warming climate on the river regime, the daily
streamflow data for gauging station no. 152210120 (Liwiec River, Lochéw cross-section)
were acquired for the water years of 1951-2021 from https:/ /danepubliczne.imgw.pl/data
(accessed on 30 August 2022). The data were prepared and verified by the Institute of
Meteorology and Water Management—National Research Institute in Warsaw, Poland
(IMGW-PIB). The procedure used to separate the hydrograph into baseflow and quick
flow is described in Section 2.3.1. For the cold season, the streamflow (QT), baseflow
(QB), and quick flow (QQ) time series were tested for the presence of trends as explained
in Section 2.3.2.

2.3. Methods
2.3.1. Hydrograph Separation into Quick Flow and Baseflow Components

The daily streamflow (QT) time series were analyzed for the water years of 1951-2021,
and the two components of baseflow (QB) and quick flow (QQ) were separated from the
total flow (QT). The HYDRORECESSION toolbox was used for the streamflow recession
analysis [37]. Aksoy and Wittenberg’s method [38] was applied to the extraction of recession
segments, in which negative dQT/dt values were considered to represent the recession of
the hydrograph composed of the baseflow. Here, the minimum duration of the recession
segment was set to 10 days, and the filter criterion (removed days) was assumed to be 5 days.
The Wittenberg filter method was applied to the daily streamflow for baseflow separation,
which assumed that the baseflow recession segment satisfied the nonlinear relationship
of S = aQP. The optimal model parameters were determined via linear regression (least
squares). The cold-season and monthly values of QB and QQ were extracted and examined.
Then, the baseflow index was calculated as BFI = QB/QT, and the quick flow index was
determined as QFI = QQ/QT.

2.3.2. Trend Detection

A non-parametric Mann—Kendall (MK) test [39,40] was applied to detect trends in the
precipitation, air temperature, and streamflow data time series. Moreover, the components
of precipitation (snowfall and rainfall) and streamflow (baseflow and quick flow) were also
tested for the presence of temporal trends. The MK test was used to test the null hypothesis
of no trend (Hy) against the alternative hypothesis (H;) that there was an increasing or
decreasing monotonic trend. The trends were tested at a significance level of alpha = 0.05.
The magnitude (slope) of an existing trend (as change per year) was calculated using
the directional coefficient expressed by the Theil-Sen estimator [41,42]. A positive slope
value suggested an increasing trend, and a negative slope value indicated a decreasing
trend. If change was not statistically significant but showed an inclination, it was called a
tendency. The Climate Data Toolbox (CDT) for MATLAB [43] was used to calculate the MK
standardized test statistic (Z) and the p-value.

2.3.3. Spearman Rank-Order Correlation for Similarity Assessment between Trends

As a measure of the strength of the link between trends in the monthly time series of
temperature and other variables (including snowfall, rainfall, baseflow, and quick flow),
a non-parametric Spearman’s rank-order correlation coefficient (Rg) was calculated and
evaluated at a significance level of alpha = 0.05. This assessed the relationship between


https://danepubliczne.imgw.pl/data

Resources 2023,12, 18

6 of 18

two variables without making any assumptions about the frequency distribution of the
variables. The Spearman rank-order correlation was equal to the Pearson correlation
between the rank values of the two variables and ranged between —1 and 1. For each
variable, the monthly trend rates were ranked and the strength of the link between trends
in air temperature and other variables was assessed. The tested hypothesis was that with
the rising temperature, snowfall would decrease, rainfall would increase, and significantly
more baseflow would occur. Statistically significant results were given a p-value < 0.05. The
pairs with positive-correlation coefficients tended to increase or decrease together, while
negative-correlation coefficients indicated a relationship between two variables in which an
increase in one variable was associated with a decrease in the other. The MATLAB Statistics
and Machine Learning Toolbox (Release 2021) was used for all statistical analyses.

2.3.4. Shift-Type Changes in the River Regime

In this study, the ratio of the accumulated annual snowfall to the annual total runoff
(S/QT ratio) was used to examine the role of snowmelt in the seasonal streamflow patterns.
This metric was introduced in [1] to determine whether or not runoff was snowmelt-
dominated using the criterion of S/QT > 0.5. The shift-type changes were analyzed, and
the time series of S/QT was partitioned into two subseries. The separation into two
subperiods was achieved by minimizing the sum of the residual (squared) error of each
subset from its local mean and finally returning the index, which in this case was the year in
which the change occurred. The change point was identified using the MATLAB function
“findchangepts”. A complete 71-element S/QT time series was divided into subperiods of
differing lengths that consisted of 20 and 51 records covering the years of 1951-1970 and
1971-2021, respectively. Finally, a Kruskal-Wallis test was applied to test for statistically
significant differences between the subseries in the two selected subperiods [44,45]. This
was a non-parametric test that compared the mean ranks (i.e., medians). For this test, the
null hypothesis was that the subseries medians would be equal (versus the alternative of a
difference between them).

3. Results
3.1. Cold-Season Trends in Hydroclimatic Variables over the Period of 1951-2021

Figure 2 shows the course of the cold season’s hydrometeorological variables over the
years of 1951-2021, including the precipitation (P11-04), air temperature (T11.94), snowfall
(811_04), snowfall—to—precipitation ratio (RSP11_04 = 511_04 /P11_04), rainfall (R11_04), rainfall-to-
precipitation ratio (RRP11-04 = R11-04/P11-04), streamflow (QT71.04), baseflow (QB11.04), quick
flow (QQ11-04), and baseflow index (BFI;1.g4). Statistically significant changes occurred in
the time series of air temperature (increasing trend; Figure 2b), snowfall-to-precipitation ra-
tio (decreasing trend; Figure 2d), rainfall-to-precipitation ratio (increasing trend; Figure 2f),
baseflow (increasing trend; Figure 2h), quick flow (decreasing trend; Figure 2i), and base-
flow index (increasing trend; Figure 2j). The T11.94 showed a trend rate of ~0.38 °C/decade,
while a trend rate of ~—2.27%/decade was detected in RSP11.94. Consequently, RRP11-94
showed an increase of ~2.27%/decade. Thus, the gradual temperature increase was accom-
panied by a decrease in the snow-to-precipitation ratio and an increase in the proportion of
the liquid phase in the precipitation (RRP). The warmest cold season occurred in 2020 with
a T11.04 of 4.4 °C, while the coldest occurred in 1963 with a T11.94 of —3.2 °C (Figure 2b).
Generally, the lowest values of T11.94 were recorded in the first half of the analyzed pe-
riod, while the highest were recorded in the last two decades. In response to the slightly
increasing tendency in Pjq.04 and the significant increase in T11.94, QT11.04 did show a
slight decreasing tendency of ~0.048 m3s~!/decade (Figure 2g), which was equivalent to
0.06 mm/decade, while QB1q.g4 increased with a trend rate of ~0.39 m3s~!/decade
(Figure 2h), which was equivalent to 2.46 mm/decade. Thus, the changes in QB4
reached ~17.44 mm over 71 years.
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Figure 2. Changes in cold-season (a) precipitation (P11-04), (b) air temperature (T11.94), (c) snowfall
(S11-04), (d) snowfall-to-precipitation ratio (RSP11-04 = S11-04/P11-04), () rainfall (Ry1_04), (f) rainfall-to-
precipitation ratio (RRP11.94 = Ry1-04/P11-04), (8) streamflow (QT11.94), (h) baseflow (QB11.94), (i) quick
flow (QQ11-04), and (j) baseflow index (BFI;j1.04). The MK test statistic is denoted as Z. The presence
of a trend was determined at a significance level of alpha = 0.05; in cases with a p-value > 0.05, the
changes were not statistically significant. Sen’s slope is expressed in the variable unit per year.

3.2. Trends in Monthly Hydroclimatic Variables over the Period of 1951-2021

Temperature is a prime factor that determines the occurrence of precipitation as rain
or snow [46]. Therefore, this study primarily examined the air-temperature trends over
the multi-year period of 1951—-2021 as an area-weighted average across the entire river
basin. Figure 3 shows the course of monthly air temperature (T) in the cold season that
lasted from November to April. The multi-year rate of change in the monthly T was equal
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to 0.24, 0.27,0.32, 0.49, 0.53, and 0.31 °C/decade for consecutive months of the cold-season
period, respectively.
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Figure 3. Changes in monthly air temperature in (a) November (T;1), (b) December (T13), (c) January
(To1), (d) February (Tgy), (e) March (Tg3), and (f) April (Tgs). The MK test statistic is denoted as Z.
The straight red line in each figure represents the linear trend (Sen’s slope) of the monthly average
temperature (expressed in °C/y).

For the months of November, February, March, and April, these changes were statis-
tically significant; the highest rates occurred in February and March. In December and
January, the change also showed an increase.

Examining changes in the monthly snowfall and snowfall-to-precipitation ratio yielded
substantially consistent results (Figure 4). With an increasing temperature, in all six months
of the cold season, a decreasing tendency was seen regarding the snowfall amount, which
was statistically significant in February. In January, February, and March, the snowfall-
to-precipitation ratio decreased ~4%/decade in each month (Figure 4fh,j); therefore, in
71 years, it decreased by ~28%. When considering the change in the six-month cold season,
S11-04 decreased at a rate of ~2.5mm/decade (Figure 2c) for a total decrease of ~18 mm in
71 years, and RSP11.o4 decreased by 2.3%/decade (Figure 2d), which accounted for 16% in
71 years. Consequently, the monthly rainfall increased in five of the six months of the cold
season (from December to April, with the highest increase in March) by ~2.56 mm/decade
(Figure 5i), which represented a rate of ~18 mm in 71 years. The highest increase in RRP
occurred in the months of December, January, February, and March within a range of
~3.2-4.4%/decade (Figure 5d,f,h,j), which represented a range of 23-31% in 71 years.

Changes in the monthly baseflow and BFI are shown in Figure 6, while the changes
in the quick flow and QFI are presented in Figure 7. A statistically significant increase in
QB occurred in January, February, and March; while in November, December, and April,
growing tendencies were registered. In all six months, BFI showed an increase that was
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statistically significant in March and April (Figure 6j,1). Inverse changes were noted for QFI,
which showed statistically significant decreasing changes in March and April (Figure 7j,1).

302 (mm) S01 (mm) 812 (mm) 811 (mm)

803 (mm)

60

40

20

60

40

20

60

40

20

60

401

201

60

40

20

L1 1,
NP TP g FAL e o

—— SenSlope=—0.0044, Z=—0.303, p=0.7621

1960

1980
(@)

2000 2020

— SenSlope=—0.0567, Z=—1.003, p=0.3160

1960 1980 2000 2020

()

—— SenSlope=—0.0034, Z=—0.050, p=0.9604 ]

1980 2000 2020

(e)

1960

— SenSlope=—0.1309, Z=—-2.254, p=0.0242

1960 1980 2000 2020

(9)

— SenSlope=-0.0532, Z=-1.598, p=0.110

1960 1980 2000 2020

@

— SenSlope=0.0, Z=-1.578, p=0.1145

1960 1980

(k)

2000 2020

— SenSlope=0.0, Z=-0.094, p=0.9249
O

1980
(b)

2000 2020

—— SenSlope=—-0.3167, Z=—1.847, p=0.0648
L O i

1980 2000

(d)

1960

1980 2000 2020

(h)

SenSlope=—-0.4377, Z=—2.814, p=0.0049
O

o)
2000

1980
o

2020

Figure 4. Changes in monthly snowfall in (a) November (511), (c¢) December (S13), (e) January
(So1), (g) February (Spp), (i) March (Sp3), and (k) April (Sps); and changes in the monthly snowfall-
to-precipitation ratio in (b) November (Sy1/P11), (d) December (S15/P12), (f) January (Sp1/Pp1),
(h) February (Sp2/Pp2), (j) March (Sp3/Pp3), and (1) April (Sps/Pps)). The MK test statistic is denoted
as Z. The straight red line in each figure represents the linear trend (Sen’s slope) of monthly snowfall

(expressed in mm/y) or the monthly snowfall-to-precipitation ratio (expressed in %/y).
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Figure 5. Changes in monthly rainfall in (a) November (Ry1), (c) December (R;»), (e) January (Ro;1),
(g) February (Rpy), (i) March (Rg3), and (k) April (Rgs), and changes in monthly rainfall-to-
precipitation ratio in (b) November (Ry;/P11), (d) December (Ry/P13), (f) January (Rgi/Po1),
(h) February (Rgp/Pgy), (j) March (Rgp3/Pp3), and (1) April (Rgs/Pps). The MK test statistic is de-
noted as Z. The straight red line in each figure represents the linear trend (Sen’s slope) of monthly

rainfall (expressed in mm/y) or monthly rainfall-to-precipitation ratio (expressed in %/y).
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Figure 6. Changes in monthly baseflow in (a) November (QB1;), (c¢) December (QBy2), (e) January
(QByg1), (g) February (QByy), (i) March (QBy3), and (k) April (QBg4), and changes in monthly base-
flow index in (b) November (BFI;1), (d) December (BFI;,), (f) January (BFly;), (h) February (BFIy,),
(j) March (BFIy3), and (1) April (BFIys). The MK test statistic is denoted as Z. The straight red line in
each figure represents the linear trend (Sen’s slope) of the monthly baseflow (expressed in m3s~1/y)

or monthly baseflow index (expressed in %/y).
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Figure 7. Changes in monthly quick flow in (a) November (QQq1), (c) December (QQ»), (e) January
(QQq1), (g) February (QQq;p), (i) March (QQq;3), and (k) April (QQq4); and changes in quick flow index
in (b) November (QFI;1), (d) December (QFIyy), (f) January (QFIp;), (h) February (QFIp,), (j) March
(QFIy3), and (1) April (QFIy4). The MK test statistic is denoted as Z. The straight red line in each figure
represents the linear trend (Sen’s slope) of the monthly quick flow (expressed in m3s~1/y) or the

monthly quick flow index (expressed in %/y).
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3.3. Similarity between Trends over the Period of 1951-2021

The Spearman rank-order correlation coefficients (Rg) expressed the strength of a link
between trends in the monthly temperature time series and other variables, including snow-
fall, rainfall, baseflow, and quick flow (Table 1). With the rising temperature, the tendency
toward increases in the rainfall, rainfall-to-precipitation ratio, baseflow, and baseflow index
was confirmed by the positive values of Rg. Negative values of Rg manifested that rising
temperature where the snowfall, snowfall-to-precipitation ratio, quick flow and quick flow
index had a tendency to decrease. Strong statistically significant results were revealed for
the snowfall-to-precipitation ratio, rainfall-to-precipitation ratio, and baseflow.

Table 1. Spearman rank-order correlations (Rs) between multi-year trends (Sen’s slopes) in the
monthly temperature (T) and hydroclimatic variables of snow (S), snow-to-precipitation ratio (S/P),
rainfall (R), rainfall-to-precipitation ratio (R/P), baseflow (QB), baseflow index (BFI), quick flow (QQ),
and quick flow index (QFI).

Variable

S

S/P R R/P OB BFI Q0 QFI

T —0.2571

—0.84071 0.7142 0.8857 1 0.94291 0.5429 —0.0857 —0.5429

! Correlation was statistically significant at a significance level of alpha = 0.05.

3.4. Shift in River Regime

A shift-type change in the snow-to-runoff ratio (S/QT) occurred in 1971 as detected by
the change point analysis (Figure 8). The Kruskal-Wallis test confirmed the significance of
the difference between the median values of S/QT in the two subperiods. The mean values
decreased from 0.61 in the subperiod of 1951-1970 to 0.44 in the subperiod of 1971-2021.
In the first snowy period (1951-1970), the highest values of S/QT reached 0.95, while the
lowest reached 0.35. In 1971-2021, the highest S/QT did not exceed 0.82 and very often
dropped below 0.35; the lowest value of 0.09 occurred in 2020. When considering the mean
S/QT in the two subperiods and the threshold criterion of S/QT = 0.5 applied in [1], it was
concluded that the river regime shifted from the snow-dominated to the snow-affected
type with a mixed recharge by both the snow and rainfall precipitation phases.
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Figure 8. Snow-to-runoff ratio (5/QT) in two subperiods (1951-1970 and 1971-2021) separated by a

change point in 1971.
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It is worth noting that the term “snow-dominated” refers to the S/QT ratio. As shown
in Figure 2d, the snowfall (S11.04) rarely exceeded rainfall (Ry1.g4). In the subperiod of
1951-1970, the S11.94/P11-04 ratio exceeded 50% in 1958 (63%), 1968 (53%), 1969 (56%), and
1970 (53%); the multi-year mean value was 43%. In the subperiod of 1971-2021, the mean
of 811.04 /P11_04 dropped to 33%. The 511_04/P11_04 had maximum values in 1979 (620/0), 1996
(76%), 2005 (53%), and 2013 (66%) and exhibited strong interannual variations. On average,
rainfall (Ry1.04) exceeds snowfall (S11.04) (Figure 2f), and the S11.04/P11-04 ratio gradually
decreased (Figure 2d).

4. Discussion

This study demonstrated that the air temperature remarkably increased in the last
seven decades at both seasonal and monthly time scales over the cold season of
1951-2021. The results of the analyses supported the study’s hypotheses. Warming winters
have gradually reduced the snowfall amount and snowfall fraction of total precipitation.
However, this did not exclude the occurrence of extremely snowy winters, an example
of which was the snowfall in 2012/2013, which was the highest in the entire 70 years in
this river basin (Figure 2c). However, the 2019/2020 season was marked by extremely
low snowfall and the lowest share of snow in the precipitation, which was caused by the
exceptionally high temperatures that occurred throughout the cold season. This was the
mildest winter on record across Europe, particularly in the north and east [47]. Overall, in
the Liwiec River basin, the cold-season temperature rose by ~2.70 °C over 71 years, and the
snowfall-to-precipitation ratio (S/P ratio) decreased by ~16% over 71 years. The warming
winter temperatures across Poland were previously confirmed; it was found that at the
majority of weather stations in Poland, the snow-cover depth significantly decreased in
recent decades [29,30]. It is worth mentioning that atmospheric thaws alternately occur
with cool and frosty periods and are characteristic features of the climate of Poland. These
are caused by the variable weather conditions in winter seasons [48]. In the analyzed river
basin, in the years of 1960/1961-2009 /2010, the mean number of days with atmospheric
thaw in December—February was in the range of 10-12 days [48]. However, the extreme
thaw-start and thaw-end dates could differ by more than three months due to the high
interannual variability. Thus, with increasing temperatures, it might be expected that
the frequency of atmospheric thaws would increase, thereby accelerating snowmelt and
making the snow cover less persistent. An increased activity of the hydrological system is
expected to manifest with the amplified infiltration process occurring on large flat surfaces,
which recharges the groundwater from which an increased baseflow is generated.

The follow-up hypothesis was also confirmed; it was found that the relationship
between the monthly trends in air temperature and baseflow was strong and statistically
significant. Hence, the increasing cold-season temperature trend contributed to the changes
in streamflow marked by an increase in baseflow and baseflow index (BFI). The baseflow
component of streamflow increased to a depth of ~17 mm over 71 years, and the baseflow
index rose by ~18% in 71 years. The BFI increased from 0.51 in the subperiod of 1951-1970
to 0.66 in the subperiod of 1971-2021. The opposite results were found regarding the
quick flow metrics (QFI); the time series of the quick flow and quick flow index showed
decreasing trends. This may have been due to more frequent snow- and soil-thawing
periods and the lack of a sudden amount of melting snow quickly entering the river in
the form of overland flow. The results of this study seemed to be consistent with findings
in [49], in which it was proved that runoff along the Vistula River in the winter season has
become more uniform and shows decreasing maxima and increasing minima of daily flows
and a stable mean runoff volume. The study in [4] also made significant contributions to
the knowledge of global trends by showing that changes in both the baseflow and BFI were
significantly region-dependent. The rivers in the eastern part of Poland were not examined,
but the western part (covering the Oder River basin) showed a decreasing baseflow and
BFI for the winter season (December—January-February) when evaluated for the period of
1970-2016. Such contrasting results were, as proved in [4], region-dependent; the eastern
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part of Poland where the Liwiec River basin is situated has a much cooler and humid
climate than the western part.

5. Conclusions
The main conclusions of this work can be summarized as follows:

(1) The lowland, mesoscale river basin in the humid middle-latitude climate rapidly
warmed by ~0.38 °C/decade (p < 0.05) in the cold season of the water years
(November—April) of 1951-2021, and the strongest warming was observed in re-
cent decades. The highest level of warming occurred in February and March, reaching
0.49 and 0.53°C/decade, respectively.

(2) The warming climate has directly affected the hydrological system, thereby leading
to decreases in the snowfall and snowfall fraction (p < 0.05), increases in the rainfall
and rainfall fraction (p < 0.05), increases in the river baseflow and baseflow index
(p < 0.05), and a slight decrease in the total runoff (p > 0.05).

(3) A warmer cold season of the water year and related changes in snowfall/rainfall
patterns threaten the river regime by shifting it from the snow-dominated to snow-
affected type as defined by the snowfall-to-runoff ratio. A change in river regime
occurred in the 1970s, thereby transforming the river system into a less snowy and
more rain-dependent system.

Overall, this study provided evidence of the link between trends in temperature and
other hydroclimatic characteristics. However, the obtained results only applied to the
analyzed river basin and require further verification for a broader range of geographic and
climatic conditions in the middle-latitude region. Thus, future studies should consider
other river basins. In Poland, the existing historical climate and hydrometric data enable
further analysis of this area. Comparative studies that examine other river basins could
explain the regional similarities or differences related to snow-hydrology and river-regime
transitions. Such research could provide an answer regarding which river basins are still
characterized by a snow regime and which have already undergone this transformation.

The changes in the hydrological regime analyzed in this paper only concerned the
amount of snowfall related to the total annual runoff as expressed by the snowfall/runoff
ratio. When considering the river regime changes, shifts in the time of the maximum
winter/spring flows and their impact on the occurrence of low summer flows are also
important. Such an analysis would be particularly valuable from the perspective of seasonal
water resource availability.

The obtained results suggested that diminishing snowfall is expected to alter the
groundwater recharge and streamflow dynamics if warming trends continue. Thus, the
analysis presented here could be followed by a consideration of climate change scenarios
and their impacts on snowfall and streamflow seasonality. Although this analysis was
limited to showing similarities in the studied hydroclimatic variable trends, it seemed to
provide valuable insights into the drivers and causes of changes in the river regime in the
middle-latitude lowland region.
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