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Abstract

River ice is a characteristic feature of the temperate zone, yet its future decline remains 
poorly quantified. This study analyses ice regimes of two Central European rivers, the 
Pilica and Węgorapa, using 1965–2022 observations and projections to 2100 under SSP1-2.6,
SSP3-7.0 and SSP5-8.5. Water temperature was estimated from seven-day mean air tempera-
ture with a simplified Mohseni model, and ice occurrence with an autologistic model. Over 
1965–2022, the ice season shortened by 10.95 and 10.91 days per decade. By 2071–2100, mean 
ice-phenomena days are projected to decline to 10.9, 5.8 and 4.3 on the Pilica, and to 28.4, 14.9 
and 10.2 on the Węgorapa under the three scenarios. The projections assume a stationary 
air–water temperature relationship and no continuation of the non-climatic decline beyond 
2022; continuing the observed drift of that relationship would reduce ice-phenomena days 
by a further 4–10%. Because air–water coupling also depends on hydrological and physical 
factors not represented, the results indicate the direction and broad magnitude of change 
rather than future water temperature dynamics, and process-based thermal models are 
a priority for future research. Such losses may affect river ecosystems, water-resource 
management, river-valley infrastructure and energy production.
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1. Introduction
Global warming is currently one of the most important—if not the single most 

important—problems facing our planet. The consequences of this process are already 
evident across many domains, affecting both the natural environment and human activ-
ities [1–5]. Importantly, however, humanity faces further challenges associated with the 
continued transformation of climatic conditions and, consequently, of the complex web 
of processes that depend on them. In this context, knowledge of the future responses 
of individual geosystems is essential, particularly for ensuring sustainable development. 
The hydrosphere is an important component of the natural environment and, through 
the hydrological cycle, connects its other components. In aquatic ecosystems at middle 
and high latitudes, the seasonality of ecosystem functioning is particularly important, as 
it is associated with the occurrence of ice phenomena. These phenomena constitute a key 
feature of the cold season, which—depending on latitude and local conditions—may vary 
considerably in duration and affect the functioning of inland waters in different ways [6,7]. 

Sustainability 2026, 18, 11212 https://doi.org/10.3390/su182111212

https://crossmark.crossref.org/dialog?doi=10.3390/su182111212&domain=pdf&date_stamp=2026-11-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1225-1686
https://orcid.org/0000-0003-2758-2592
https://doi.org/10.3390/su182111212


Sustainability 2026, 18, 11212 2 of 31

Studies of river ice phenomena have been conducted for many years and address a wide 
range of issues. In general, they can be divided into two main strands: natural processes 
and the significance of river ice for human activities. For example, studies conducted in 
northern China demonstrated that ice cover significantly altered environmental conditions 
by reducing dissolved oxygen concentrations and water temperature while increasing total 
phosphorus concentrations [8]. In contrast, research based on data from a stream in central 
Sweden showed that the presence of ice cover may improve the energy balance and increase 
the extent to which stream-dwelling fish use available habitat during winter [9]. Measure-
ments conducted in the Red River showed that the influence of ice cover is most pronounced 
near both banks, where the vertical velocity profile undergoes considerable modification. 
These findings are important, among other reasons, for understanding sediment transport 
in ice-covered rivers [10]. Prowse and Culp [11] highlighted the important role of river 
ice phenomena in flood formation, noting that they may occasionally be the dominant 
cause of flooding in cold regions. Ice-jam floods are important hydrological and hydraulic 
phenomena in the Northern Hemisphere and are a source of serious concern for a wide 
range of stakeholders [12].

In regions with cold climates, any changes in the hydroclimatic regime may significantly 
affect river ice processes [13]. A commonly observed pattern is a shortening of the ice 
season, as demonstrated by studies conducted in various parts of the world. Analyses of 
long-term trends in river ice phenology in Alaska (1979–2023) reveal a persistent reduction 
in the duration of ice cover, mainly due to later freeze-up, with statistically significant 
changes ranging from 3 to 5 days per decade [14]. The dates of ice-cover formation and 
complete freezing of the Heilongjiang River in Northeast Asia shifted to later dates, whereas 
the date of complete ice disappearance shifted to an earlier date, resulting in a shorter 
duration of ice cover [15]. In the case of Lithuanian rivers, two periods were distinguished: 
1961–1990 and 1991–2020. During the latter period, the rivers froze, on average, nine days 
later, while the ice disappeared 24 days earlier than during the former period [16].

In Poland, river ice phenomena have been the subject of numerous previous studies [17–23]. 
To date, however, no projections of future changes in river ice phenomena have been 
developed, and addressing this gap is the focus of the present study. This approach advances 
the current state of knowledge and is consistent with the observations of Thellman et al. [24], 
who noted that knowledge of rivers during winter remains considerably less developed 
than knowledge concerning the growing season.

The main objective of this article is to determine future changes in the ice regimes 
of two lowland rivers in Poland under various climate scenarios projected through the 
end of the twenty-first century. This objective forms part of the broader global context 
of projections concerning river functioning and provides a point of reference for Central 
Europe. In this study, the term “nonlinear transformation” denotes a change in the ice 
regime that is not proportional to the warming that drives it. Three forms of such behaviour 
are examined: (i) a threshold response, in which a river passes from a regime with regular 
ice cover to one in which cover is rare while ice phenomena of some kind persist; (ii) a 
declining sensitivity, in which each additional degree of winter warming removes fewer 
days of ice as the remaining ice season shrinks; and (iii) a non-stationary relationship 
between air temperature and ice, in which the same winter temperature produces less ice 
than it did decades earlier.

2. Materials and Methods
The analysis proceeds in three connected stages: characterisation of the observed ice 

regime, calibration and validation of a daily ice model on that record, and projection of the 
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model to 2100 under bias-corrected CMIP6 forcing. Figure 1 summarises the chain and the 
dependencies between stages.

Figure 1. Processing chain, from the observational record and the ISIMIP3b forcing through to 
projections and deliverables.

2.1. Study Sites and Observational Data
The study uses daily records from two Polish rivers selected to contrast strongly in 

their present ice regime. The Pilica is gauged at Przedbórz (51.089∘ N, 19.875∘ E) in the 
lowlands of central Poland, with air temperature supplied by the Łódź synoptic station 
(51.723∘ N, 19.400∘ E). The Węgorapa is gauged at Mieduniszki (54.327∘ N, 21.980∘ E) in 
the more continental north-east, with air temperature from Kętrzyn (54.068∘ N, 21.369∘ E). 
The two catchments differ in size, setting and degree of lake influence. The Pilica gauge 
at Przedbórz stands at river kilometre 208.6, with a gauge datum of 187.4 m a.s.l., and 
closes a catchment of 2547 km2  within a total basin of 9258 km2 ; the river is the longest 
left-bank tributary of the Vistula, 342 km in length, and above the gauge it is effectively 
unregulated, with no lakes of significance and only minor structures in the headwaters. 
The Sulejów Reservoir, impounded in 1974, lies downstream of Przedbórz and therefore 
does not influence the record used here. The Węgorapa gauge at Mieduniszki stands at 
river kilometre 2.0, two kilometres above the Polish–Russian border, with a gauge datum of 
86.3 m a.s.l., and closes 1586 km2 . It lies on the outflow of Lake Mamry, the second-largest 
lake in Poland at 104 km2  and part of the Great Masurian Lakes; the river continues into 
the Kaliningrad region as the Angrapa and reaches the Baltic through the Pregolya. Its 
regime is consequently lake-influenced: the gauge integrates the storage and thermal inertia 
of the whole lake system, and a small early twentieth-century impoundment at Ołownik 
lies between the lake outflow and the gauge. The two sites also differ climatically. On the 
Köppen–Geiger classification [25], the Pilica site falls in the warm-temperate, fully humid, 
warm-summer class Cfb, while the Węgorapa site falls in the snow class Dfb, whose coldest 
month lies below −3 ∘C; the boundary between the two classes crosses Poland between the 
sites (Figure 2). Air temperature is taken from the nearest long-record synoptic station in 
each case, 78 km from the gauge for Łódź and 49 km for Kętrzyn, so the station series is 
used as a regional thermal forcing rather than as a local measurement. Site characteristics 
are collected in Table 1.
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Figure 2. Location of the analyzed rivers.

Table 1. Study sites and completeness of the observational record, hydrological years 1965–2022. 
Catchment areas, river kilometres and gauge datums are from the IMGW-PIB station registry; com-
pleteness is computed over the full 1965–2022 window.

Characteristic Pilica (Przedbórz) Węgorapa (Mieduniszki)

Gauge coordinates 51.089∘ N, 19.875∘ E 54.327∘ N, 21.980∘ E
River kilometre of gauge 208.6 2.0
Gauge datum (m a.s.l.) 187.4 86.3
Catchment area at gauge (km2 ) 2547 1586
River length/total basin 342 km/9258 km2 172 km/3639 km2 
Köppen–Geiger class Cfb Dfb
Meteorological station (distance) Łódź (78 km) Kętrzyn (49 km)
Hydrological years used 1965–2022 (58 winters) 1966–2022 (57 winters)
Air temperature complete (%) 100.0 98.3 (100.0 over the 57 years used)
Water temperature complete (%) 100.0 100.0
Ice phenomena and ice cover flags
complete (%) 100.0 100.0

For each station, the record comprises daily water temperature, daily air temperature, and 
two binary ice variables. Ice phenomena denote the presence of any ice form in the channel—
shore ice, slush, pack ice or complete cover—while ice cover denotes only the situation in which 
ice spans the full water surface and isolates it from the atmosphere. The two were analysed as 
separate targets throughout rather than combined, because they represent physically distinct 
states and, as the results show, they diverge sharply on the Pilica.

All data are organised by hydrological year, which begins on 1 November and ends on 
31 October of the following year, so that each ice season falls within a single year rather than 
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being split across the calendar boundary. The analysis covers hydrological years 1965–2022; 
air temperature availability gives 58 winters on the Pilica and 57 on the Węgorapa (Table 1). 
Onset and end dates were derived independently from the daily flags and cross-checked 
against the station ice-season records.

All observations are national monitoring data of the Institute of Meteorology and 
Water Management—National Research Institute (IMGW-PIB), which operates the Polish 
hydrological and meteorological service. Completeness over the study period is given in 
Table 1. On the Pilica, the air temperature, water temperature, and both ice flags are complete 
apart from a single missing day in 21,184. On the Węgorapa, the air temperature record 
begins in November 1965, so hydrological year 1965 has no forcing and is excluded; that 
river contributes 57 winters against 58 for the Pilica, and all other variables are complete. 
No gap filling was performed at any point: days without air temperature are dropped 
from the fits and from the derived indicators, which is preferable to interpolating the 
driver of a threshold process. The record is assumed homogeneous across the period. Ice 
phenomena are observed visually to a stable national protocol, but any undocumented 
change of observer or practice would project onto the decadal term introduced in Section 2.4 
and could not be separated there from a physical trend. The implications of this assumption 
are discussed in Section 4.

2.2. Air–Water Temperature Coupling
Water temperature was related to air temperature using the four-parameter logis-

tic function of Mohseni et al. [26], which is the standard parameterisation for stream
thermal response,

WT = μ + (α − μ)/[1 + exp(γ(β − AT7))],

where AT7 is the seven-day mean air temperature, μ and α are the lower and upper asymp-
totes, γ is the steepness at the inflection and β is the inflection temperature. The logistic form 
is used in preference to a linear fit because the relationship flattens as water temperature 
approaches 0 ∘C, which is precisely the range that governs ice formation. Parameters were 
estimated by non-linear least squares over the full 1965–2022 record.

The four parameters were estimated by non-linear least squares on all paired daily 
observations within hydrological years 1965–2022, giving one curve per river with no 
seasonal or hysteresis term. The same curve is applied in calibration and in projection.

Fitted water temperature, rather than observed, is supplied to the ice model. This makes 
the projection chain run on air temperature alone—the variable climate models supply most 
reliably—while retaining a physically interpretable intermediate step, and it yields projected 
water temperature as a secondary result. Projections of river water temperature for the 
same Polish basins, against which this secondary output can be compared, are reported by 
Ptak et al. [27].

2.3. Ice Model
Daily ice occurrence was modelled with an autologistic generalised linear model 

(binomial family, logit link), fitted separately for each river and each of the two targets:

logit[P(icet = 1)] = β0 + β1√AFDDt + β2AT7t + β3AT30t + β4WTpred,t + β5icet−1 + β6Dt (1)

where P(icet  = 1) is the probability that ice (ice phenomena or ice cover, fitted separately) 
is recorded on day t, and β0 –β6  are coefficients estimated by maximum likelihood. AFDDt 
(∘C·d) is the accumulation of freezing degree-days from 1 November to day t, reset at the 
start of each hydrological year. It enters as a square root following the classical result that ice 
thickness grows in proportion to the square root of accumulated freezing degree-days [28], 
so the predictor carries a physical form rather than an arbitrary one. AT7t  and AT30t  (∘C) 
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are the seven- and thirty-day mean air temperatures ending on day t, representing synoptic 
and seasonal thermal memory. WTpred,t (∘C) is the water temperature on day t predicted 
from the Mohseni curve. icet −1  is the ice state (0 or 1) on the preceding day, which makes 
the model autologistic in the sense of Besag [29] and Zhu et al. [30]. Dt  is time in decades 
relative to 2022 (D = 0 in 2022), whose role is set out in Section 2.4.

Because the lagged term is endogenous, the model is not evaluated pointwise but 
stepped forward in time. On each day, the linear predictor is formed using the model’s own 
simulated state on the preceding day, a probability is computed, and the new state is drawn 
from a Bernoulli distribution with that probability; the state is reset to zero at the start of 
each hydrological year. Each realisation is therefore one plausible sequence of winters rather 
than an expected value, and seasonal indicators—onset, breakup, duration, number of ice 
days and occurrence—are derived from the simulated daily sequences. Deriving them this 
way, rather than regressing dates on seasonal temperature as in the classical phenological 
analyses of Magnuson et al. [31], avoids the degenerate behaviour of date regression in 
winters when no ice forms, which is an increasingly common state on the Pilica. The choice 
of a statistical model driven by temperature and season, in preference to a process-based ice 
model, follows Yang et al. [32], whose equivalent formulation for global river ice reduced 
bias by 87% relative to a freezing-point criterion and so established that river ice responds to 
more than the position of the 0 ∘C isotherm. A process-based formulation was not adopted 
here because it would require, among others, channel geometry and radiative forcing that 
are neither available for these gauges nor projectable to 2100 with comparable confidence.

Coefficients were estimated by maximum likelihood, using iteratively reweighted least 
squares, on every daily observation of the calibration period. Because the lagged term 
makes residuals serially dependent within a winter, the asymptotic standard errors of such 
a fit understate uncertainty; standard errors and 95% intervals were therefore also obtained 
from a block bootstrap that resamples whole hydrological years with replacement (500 
resamples), and those are the values reported. No conclusion in this paper rests on a 
coefficient p-value. Each projection uses 20 stochastic realisations per general circulation 
model and scenario, generated from a fixed random seed so that every number is exactly 
reproducible. For each of the resulting 100 members (5 GCMs × 20 realisations), each 
indicator is averaged over the period of interest, and the uncertainty intervals are the 10th 
and 90th percentiles across these 100 member means. The intervals therefore combine 
inter-model spread with the stochastic variability of the ice model; they do not include the 
uncertainty of the ice-model coefficients, which is quantified separately (Section 3.7, Table 
S1). To verify that 20 realisations are sufficient, the 2071–2100 projections were repeated 
with 200 realisations per GCM and scenario from an independent seed (Table S2). Ensemble 
means differed from the 20-realisation values by at most 0.34 days per winter and the 10th 
and 90th percentiles by at most 0.83 days, at most one-sixth of the corresponding interval; 
the Monte Carlo standard error of a 20-realisation ensemble mean is 0.01–0.26 days per 
winter. Seasonal indicators are defined identically for observations and for simulations: 
onset is the first hydrological day of a winter carrying the flag, breakup the last, duration 
the span between them inclusive of any ice-free interruption, and ice days the count of 
flagged days, which falls below the duration whenever a season breaks into separate spells. 
Onset, breakup, and duration are undefined in a winter without ice, so they are averaged 
over winters with ice only and are reported alongside the proportion of winters in which 
no ice occurs.

2.4. Treatment of Non-Stationarity
Whether the relationship between air temperature and ice occurrence is stationary 

over the record was tested by calibrating the model on an early window (1965–1999) and 
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simulating the later period, then calibrating on a late window (1994–2022) and simulating 
the earlier period. A bias of consistent sign in both directions would indicate a mis-specified 
predictor set; a bias that reverses sign with the direction of extrapolation instead indicates 
that the relationship between air temperature and ice has itself shifted over the record. The 
decadal term D was introduced to absorb any such shift, and its contribution was assessed 
by refitting with and without it. D is an empirical representation of unresolved temporal 
non-stationarity: it captures the part of the decline in ice occurrence that the temperature 
predictors do not explain, and it is not attributed to any specific physical mechanism. Its 
coefficient therefore carries no process interpretation beyond the direction and size of that 
residual drift.

In projection, D is held at its 2022 value, so the model carries the present-day state of 
each river forward without extrapolating the residual drift beyond the end of the record. 
This corresponds to the assumption that the non-climatic component of the decline stops in 
2022, and all projections in this paper are conditional on it. It was preferred to continuing 
the fitted trend for three reasons: continuing it would extend a linear trend 78 years beyond 
the data, which at unchanged temperature would reduce the odds of ice on a given day by a 
factor of 2.5–17.5 by 2100; it would impose the same non-climatic decline on every emission 
pathway; and, without an identified mechanism, there is no basis for assuming that the 
drift persists at its historical rate, stops, or reverses. The sensitivity of the projections to this 
choice is quantified in Section 3.7 (Table S3).

2.5. Climate Forcing and Bias Correction
Future daily near-surface air temperature was taken from the ISIMIP3b bias-adjusted 

CMIP6 archive (Inter-Sectoral Impact Model Intercomparison Project, Potsdam Institute for 
Climate Impact Research, Potsdam, Germany) at 0.5∘ resolution, produced with the trend-
preserving ISIMIP3BASD v2.5 method against W5E5 v2.0 over 1979–2019 [33,34]. W5E5 
comprises WFDE5 over land, itself a bias-adjusted ERA5 product [35,36]. Five general circu-
lation models participating in CMIP6 [37] were used—GFDL-ESM4, IPSL-CM6A-LR, MPI-
ESM1-2-HR, MRI-ESM2-0 and UKESM1-0-LL—under the SSP1-2.6, SSP3-7.0 and SSP5-8.5 
pathways of ScenarioMIP [38]. ISIMIP3b does not provide SSP2-4.5, so SSP3-7.0 serves as 
the intermediate pathway; this also aligns the study with the wider ISIMIP impacts literature. 
The single grid cell containing each meteorological station was extracted server-side.

ISIMIP3b is adjusted to the W5E5 grid rather than to individual stations, so a residual 
grid-cell-to-point bias remains, concentrated in the part of the temperature distribution 
in which ice forms. A second-stage empirical quantile mapping was therefore applied, 
computed per calendar month over the 1979–2014 overlap and applied unchanged to 
every scenario [39]. Quantile mapping rather than a mean offset was chosen because 
the residual bias proved to be quantile-dependent rather than uniform; a more elaborate 
correction was not required, because air temperature is the only forcing variable and no 
inter-variable consistency constraint applies, and because quantile mapping is adequate for 
a near-Gaussian variable [40]. Because a correction that distorted the warming trend would 
invalidate the projections, signal preservation was verified rather than assumed [41].

The five models were propagated separately rather than combined into a weighted 
ensemble, so that inter-model spread is carried through to the projected ice indices. The 
full projection ensemble comprises 5 GCMs × 3 scenarios × 20 stochastic realisations over 
78 hydrological years.

2.6. Validation Design
Three tests were applied, each addressing a different failure mode. The first is an 

out-of-sample test of the ice model; the third is a historical-period evaluation of the full 
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forcing–model chain. First, the ice model was calibrated on 1965–1999 and simulated 
forward through 2000–2022 driven by temperature alone, with the model feeding its own 
simulated ice state back as the persistence term so that no observed ice entered the validation 
period. The validation period is warmer than the calibration period, so this tests the model 
in the direction in which it is subsequently extrapolated. One-step-ahead skill conditioned 
on the observed persistence term is also computed, but only as a diagnostic, because it is 
not the quantity a projection depends on.

Second, a random forest [42] was fitted to the same predictors and calibration window as 
a benchmark. It was not used for projection, since tree ensembles cannot extrapolate beyond 
their training range and late-century winters lie outside anything in the observational record.

Third, the full chain was evaluated over the historical period: the ice model was 
driven with bias-corrected ISIMIP historical forcing over 1979–2014, and the resulting 
distribution of seasonal ice days was compared with observations using a two-sample 
Kolmogorov–Smirnov test [43]. Because the quantile mapping was calibrated on the same 
1979–2014 period and the ice model used for projection is fitted to the full record, this is 
a historical-period evaluation rather than an independent validation. It tests whether the 
chain reproduces the observed ice-day distribution when driven by climate-model output 
instead of station data, not whether the corrected forcing is skilful outside its calibration 
period. Free-running climate models are not initialised to observed years, so year-to-year 
correspondence carries no information, and only the distribution is testable.

Trends in observed indicators were assessed with the Mann–Kendall test [44] and 
quantified with the Theil–Sen slope estimator [45], both non-parametric and robust to the 
occasional extreme winter. Significance is reported at α = 0.05.

2.7. Sensitivity to the Bias-Correction Method
To establish how much the choice of bias correction influences the projections, the 

ice model was driven by three forcings—ISIMIP3b as delivered, the monthly quan-
tile mapping described above, and a deliberately cruder monthly mean shift—and the
2071–2100 projections were recomputed. The spread across these three was then compared 
with the spread across the five GCMs and across the three emission pathways.

2.8. Data and Code Availability
The observational records are national monitoring data of IMGW-PIB and are avail-

able through the institute’s public data portal at danepubliczne.imgw.pl and traditional 
hydrological yearbooks. The ISIMIP3b bias-adjusted climate forcing is available from the 
ISIMIP repository under the ISIMIP terms of use [34]. The complete analysis pipeline—
data preparation, air–water model, ice model, station-level bias correction, projections, 
validation, tables and figures—is implemented in Python 3.11.13 (Python Software Founda-
tion, Wilmington, DE, USA). The Mohseni curve was fitted with SciPy 1.16.1 (scipy.opti-
mize), the autologistic model with statsmodels 0.14.5, the random-forest benchmark with 
scikit-learn 1.7.1, the Mann–Kendall and Theil–Sen statistics with pyMannKendall 1.4.3, and 
data handling and figures used pandas 2.3.2, NumPy 2.2.6, xarray 2025.9.0 and Matplotlib 
3.10.6. The pipeline is openly available, together with the derived data, from Figshare [46].

3. Results
3.1. Observed Changes, 1965–2022

Both rivers show a strong and statistically significant contraction of the ice season over 
the 58-year record (Tables 2 and 3, Figures 3 and 4).
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Table 2. Observed ice indicators by period (mean days per winter).

River and Variable 1965–1994 1995–2022 2013–2022 No Occurrence (%) *

Pilica—ice phenomena 39.3 22.0 10.4 3.3/7.1/10.0
Pilica—ice cover 5.8 1.6 0.3 63.3/85.7/90.0

Węgorapa—ice phenomena 69.1 48.2 34.0 3.4/3.6/10.0
Węgorapa—ice cover 36.7 18.0 14.4 10.3/32.1/30.0

* Percentage of winters with no occurrence, given for the three periods in order.

Table 3. Observed trends in ice, thermal, and freezing indicators, hydrological years 1965–2022. 
Slopes are Theil–Sen estimates per decade and p-values are from the Mann–Kendall test; n is the 
number of winters in which the indicator is defined, which falls below the record length for onset, 
breakup and duration because those are undefined in a winter without ice. Hydrological days are 
counted from 1 November. The Theil–Sen slope for days with ice cover on the Pilica is zero because 
43 of the 58 winters carry no ice cover at all, so the median of the pairwise slopes is zero even though 
the Mann–Kendall test detects a significant decline.

River and Indicator n Mean SD Theil–Sen
Slope per Decade p p Corrected for 

Autocorrelation

Pilica—Days with ice phenomena (d) 58 31.0 22.1 −7.08 <0.0001 <0.0001
Pilica—Onset of ice phenomena (hyd. day) 55 45.6 21.2 6.44 0.0010 0.0004
Pilica—End of ice phenomena (hyd. day) 55 109.0 23.8 −4.57 0.0115 0.0115

Pilica—Ice season duration (d) 55 64.4 30.9 −10.95 0.0001 0.0001
Pilica—Days with ice cover (d) 58 3.8 7.6 0.0 0.0375 0.0375

Pilica—Onset of ice cover (hyd. day) 15 72.3 14.1 16.0 0.1020 0.1020
Pilica—End of ice cover (hyd. day) 15 87.8 11.1 10.91 0.1367 0.1367

Pilica—Ice cover duration (d) 15 16.5 9.8 −3.33 0.3719 0.3719
Pilica—Air temperature (November–April) (∘C) 57 1.9 1.3 0.37 0.0001 0.0001

Pilica—Water temperature (November–April) (∘C) 58 3.7 0.9 0.34 <0.0001 0.0002
Pilica—Freezing degree-days (November–April) (∘C·d) 57 260.0 136.2 −20.11 0.0157 0.0052

Węgorapa—Days with ice phenomena (d) 57 58.8 30.2 −9.12 0.0002 <0.0001
Węgorapa—Onset of ice phenomena (hyd. day) 55 42.8 19.3 5.0 0.0030 0.0030
Węgorapa—End of ice phenomena (hyd. day) 55 124.5 23.6 −4.42 0.0095 0.0007

Węgorapa—Ice season duration (d) 55 82.7 31.4 −10.91 0.0002 <0.0001
Węgorapa—Days with ice cover (d) 57 27.5 25.8 −5.0 0.0067 0.0067

Węgorapa—Onset of ice cover (hyd. day) 45 67.7 25.0 2.26 0.4394 0.4055
Węgorapa—End of ice cover (hyd. day) 45 108.6 28.8 −5.0 0.1220 0.0568

Węgorapa—Ice cover duration (d) 45 41.9 28.5 −5.0 0.0702 0.0702
Węgorapa—Air temperature (November–April) (∘C) 56 1.0 1.6 0.42 0.0005 0.0016

Węgorapa—Water temperature (November–April) (∘C) 57 2.7 0.8 0.29 <0.0001 <0.0001
Węgorapa—Freezing degree-days (November–April) (∘C·d) 56 331.0 178.9 −27.41 0.0397 0.0003

The duration of the ice season declined by 10.95 days per decade on the Pilica
(p = 0.0001) and 10.91 days per decade on the Węgorapa (p = 0.0002). The number of days 
with ice phenomena fell by 7.08 and 9.12 days per decade, respectively (p < 0.001 in both 
cases). The season contracted from both ends: onset moved later by 6.44 days per decade 
on the Pilica and 5.00 days per decade on the Węgorapa, and the final ice day moved earlier 
by 4.57 and 4.42 days per decade.

The thermal context is consistent across the two catchments. November–April air 
temperature rose by 0.37 ∘C per decade on the Pilica and 0.42 ∘C per decade on the Węgorapa, 
and the corresponding water temperatures by 0.34 and 0.29 ∘C per decade. Accumulated 
freezing degree-days declined by 20.1 and 27.4 ∘C·d per decade. These rates are consistent 
with the declines reported for rivers in Poland. An analysis of two gauging stations on the 
Biebrza River in northeastern Poland covering the period 1959–2023 revealed a decline in 
river ice phenomena at a rate of 3 days per decade [47]. In the case of three rivers located 
in the coastal zone of the Baltic Sea, the timing of ice phenomena changed at a rate of 3 to 7 
days per decade over the past sixty years [48].
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Figure 3. Observed daily ice occurrence by hydrological year and hydrological day, 1965–2022.
(Left) ice phenomena; (Right) ice cover. (Top) Pilica at Przedbórz; (Bottom) Węgorapa at 
Mieduniszki. The hydrological year begins on 1 November.

Figure 4. Observed seasonal ice indicators with Theil–Sen trend lines, 1965–2022. Slopes and Mann–
Kendall p-values are given in Table 3. (Top) Pilica; (Bottom) Węgorapa.
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The two rivers differ sharply in ice cover. On the Węgorapa, days with ice cover 
declined significantly, by 5.00 days per decade (p = 0.0067), from a mean of 36.7 days per 
winter in 1965–1994 to 18.0 in 1995–2022 and 14.4 in the last decade. On the Pilica, ice cover 
had already become rare early in the record and has since all but disappeared: the mean 
fell from 5.8 days per winter in 1965–1994 to 1.6 and then 0.3 days, and the proportion of 
winters with no ice cover at all rose from 63% to 86% and then 90%. Over the full record, the 
Pilica recorded no ice cover in 43 of 58 winters, including nine of the last ten; the Węgorapa 
in 12 of 57. Trends in ice-cover onset, breakup and duration are not significant on either 
river, which reflects the small and shrinking number of winters in which those dates are 
defined at all—15 on the Pilica—rather than an absence of change.

Read as a whole, Table 3 describes a season contracting from both ends rather than 
breaking apart internally. Onset is the more mobile end, moving later by 6.44 days per 
decade on the Pilica and 5.00 on the Węgorapa against 4.57 and 4.42 days per decade for 
the final ice day, so roughly three-fifths of the lost season is lost at the beginning of winter. 
The span shortens faster than the number of ice days within it—10.95 against 7.08 days 
per decade on the Pilica—which invites the reading that the season is fragmenting, but 
the proportion of the span that actually carries ice shows no trend on either river (0.55 in 
1965–1993 against 0.51 in 1994–2022 on the Pilica, and 0.75 against 0.74 on the Węgorapa; 
Mann–Kendall p = 0.42 and 0.67). The observed record therefore documents a shorter 
ice season of unchanged internal character, and the fragmentation that appears in the 
projections has no clear precedent in it. Under similar warming (0.37 and 0.42 ∘C per 
decade, with freezing degree-days falling by 20.1 and 27.4 ∘C·d per decade), the Pilica 
lost proportionally more of its ice than the Węgorapa. Finally, the indicators that fail 
significance in Table 3 are precisely those defined only in winters that still produce ice 
cover—15 winters on the Pilica against 45 on the Węgorapa—so their non-significance 
measures the loss of statistical power that the decline itself has caused, and should not be 
read as stability. Because a cold winter tends to follow a cold winter, the independence that 
the Mann–Kendall test assumes is not strictly met—the lag-1 autocorrelation reaches +0.45 
for Węgorapa air temperature and +0.37 for its ice-season duration—so every p-value in 
Table 3 was recomputed with the Hamed–Rao variance correction [49]. Not one verdict 
changes at α = 0.05 in any of the 22 series, and for several the corrected value is the smaller 
of the two, so the trends reported here are not artefacts of serial correlation (Table S4).

Table S1 describes the same winters in terms of their internal structure. The longest 
unbroken spell of ice phenomena shortened on both rivers, from 23.6 to 14.0 days on the 
Pilica and from 55.7 to 37.9 days on the Węgorapa between the first and the last 28 years of 
the record (−4.00 and −7.14 days per decade, p = 0.0002 and 0.0030), and continuous ice 
cover shortened with it, from 30.6 to 17.1 days on the Węgorapa (−4.00 days per decade, 
p = 0.0024). The number of separate spells did not rise. It fell on the Pilica, from 4.3 to 
3.3 per winter with ice (−0.43 per decade, p = 0.0046), and is statistically unchanged on 
the Węgorapa (p = 0.56). Taken with the stable ice fraction reported above, this settles 
what kind of change the record contains: the ice season is being removed from its ends and 
thinned in its longest episodes, not perforated into a larger number of short ones.

Onset and end dates derived independently from the daily flags reproduce the station 
ice-season records to within a mean of 2.1 days on the Pilica and 1.1 days on the Węgorapa, 
confirming that the daily flags and the station ice-season records describe the same seasons.

3.2. Air–Water Coupling and Its Drift
The Mohseni function reproduces observed water temperature closely at both stations, 

explaining 94.7% of the variance on the Pilica (RMSE 1.50 ∘C) and 96.8% on the Węgorapa 
(RMSE 1.30 ∘C) (Table S5, Figure 5a).
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Figure 5. Air–water temperature coupling and its drift. (a) Observed daily water temperature against 
seven-day mean air temperature, with the fitted Mohseni curves. (b) Annual mean November–April 
Mohseni residual (modelled minus projected water temperature) with Theil–Sen trends. (c) Mean 
water temperature on days with AT7 below −2 ∘C, 1965–1993 (pale) and 1994–2022 (solid).

The relationship is nevertheless not stationary. The residual rises by 0.083 ∘C per 
decade on the Pilica (p = 0.026) and 0.033 ∘C per decade on the Węgorapa (p = 0.036), 
indicating that water is progressively warmer than the historical air–water relationship 
implies (Figure 5b). Restricted to days with AT7 below −2 ∘C, mean water temperature 
on the Pilica rose by 0.27 ∘C between the two halves of the record, against 0.03 ∘C on the 
Węgorapa (Figure 5c).

3.3. Non-Stationarity of the Temperature–Ice Relationship
A model containing only temperature predictors proved to be biased in both temporal 

directions. Calibrated on 1965–1999 and simulated forward, it over-predicted ice phenomena 
over 2000–2022 by 13.3 days per winter on the Pilica and 10.2 days on the Węgorapa; 
calibrated instead on 1994–2022 and simulated backward, it under-predicted the earlier 
period by 15.2 and 13.8 days, respectively (Table S6). A bias of consistent sign would suggest 
a mis-specified predictor set, but a bias that reverses with the direction of extrapolation 
indicates that the relationship between air temperature and ice has itself shifted over the 
record. The Akaike information criterion is close to indifferent between the two formulations 
(Table S6): the two differ by four units or less in six of the eight fits, so the case for the 
decadal term rests on the two-directional bias rather than on in-sample fit, as is expected of 
a term that corrects a drift between periods rather than the fit within one of them.

Part of the change is visible in the air–water coupling, whose drift is reported in Section 3.2: 
at fixed air temperature the water is progressively warmer than the historical relationship 
implies, and on days cold enough to matter for ice formation (AT7 < −2 ∘C) mean water 
temperature on the Pilica rose from 0.34 ∘C in 1965–1993 to 0.61 ∘C in 1994–2022.

The decadal term D absorbs this residual change. At fixed air temperature, the odds of 
ice on a given day decline by 14.5% per decade on the Pilica and 11.2% per decade on the 
Węgorapa for ice phenomena, and by 30.7% and 12.4% for ice cover. Including the term 
reduces the forward validation bias for ice phenomena from 13.3 to 7.9 days on the Pilica 
and from 10.2 to −1.4 days on the Węgorapa.

How much of that decline the air–water drift explains can be measured rather than 
asserted. Refitting each model with the observed water temperature of the same day in 
place of the modelled value—so that the drift documented in Section 3.2 enters the model 
directly instead of being masked by a stationary Mohseni curve—leaves the decadal term 
almost intact. The odds ratio per decade moves from 0.855 to 0.876 for Pilica ice phenomena 
and from 0.693 to 0.699 for Pilica ice cover, and on the Węgorapa from 0.888 to 0.894 and 
from 0.876 to 0.877, so the drift accounts for 15.1% of the decadal term in the first case and 
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between 0.3% and 5.2% in the other three. The air–water drift therefore accounts for only a 
small part of the decadal term; the remainder is not explained by the thermal predictors in 
the model and is represented here only empirically.

3.4. Ice Model Performance
Table 4 reports the fitted coefficients of all four models with block-bootstrap standard 

errors. The persistence term dominates every model, raising the odds of ice by two to 
three orders of magnitude when ice was present on the preceding day, which is why the 
model must be stepped forward in time rather than evaluated pointwise. The temperature 
terms are negative throughout, as expected, but they are mutually collinear—the seven-day 
mean, the thirty-day mean and the modelled water temperature are all functions of the 
same air-temperature series—so the division of the thermal signal between them is not 
identified and five of the twelve individual bootstrap intervals span zero even though their 
joint contribution is well determined. The accumulated freezing degree-day term is also 
negative once those terms are present, and should not be read as a physical statement 
that accumulated cold suppresses ice: AFDD rises monotonically through a winter, so 
conditional on current temperature it also encodes elapsed season, and a late-winter day 
carrying a large accumulation is indeed less likely to be icy than an equally cold day in 
December. The decadal term is the only coefficient on which an interpretation is placed 
in this paper, and its bootstrap interval excludes zero in all four models. Block-bootstrap 
standard errors are 1.0 to 1.9 times the asymptotic ones, confirming that the 21,000 daily 
observations are far from independent. One further check is needed because ice cover is 
rare—it occurs on 1.03% of days on the Pilica—and maximum-likelihood logistic regression is 
biased away from zero when events are rare. Refitting all four models with Firth’s penalised 
likelihood [50] moves no coefficient by more than 0.26 of its bootstrap standard error, so that 
bias is negligible at these event rates and the maximum-likelihood fit is retained.

Under free-running validation, the full model reproduces the 2000–2022 period with a 
bias of −1.4 to +7.9 days per winter for ice phenomena and −1.6 to +5.2 days for ice cover 
(Table S7, Figure S1). Adding the decadal term improves every ice-phenomena statistic: 
bias falls from +13.3 to +7.9 days on the Pilica and from +10.2 to −1.4 days on the Węgorapa, 
with mean absolute error falling from 16.1 to 12.0 and from 17.5 to 12.9 days.

One-step-ahead skill conditioned on the observed persistence term is far higher than the 
free-running result, reaching AUC 0.985–1.000 across the four river–variable combinations; 
it is reported here only as a diagnostic. On that same measure, the random-forest benchmark 
matches the generalised linear model, at 0.984 against 0.985 for Pilica ice phenomena and 
0.993 against 0.994 for the Węgorapa, so no discrimination is sacrificed by preferring the 
parsimonious formulation.

Table 4. Fitted autologistic ice-model coefficients, calibration 1965–2022, with block-bootstrap standard 
errors in parentheses (500 resamples of whole hydrological years). The decadal term is expressed per 
decade relative to 2022; its odds ratio is given separately for interpretation.

Term
Pilica Węgorapa

Ice
Phenomena

Ice
Cover

Ice
Phenomena

Ice
Cover

Intercept −2.677 (0.275) −7.724 (0.987) −2.700 (0.210) −4.796 (0.258)
Square root of AFDD (–day) −0.087 (0.020) −0.156 (0.080) −0.067 (0.017) −0.072 (0.024)

7-day mean air temperature (∘C) −0.067 (0.038) −0.467 (0.085) −0.082 (0.027) −0.227 (0.049)
30-day mean air temperature (∘C) −0.181 (0.024) −0.057 (0.147) −0.182 (0.039) −0.099 (0.058)
Modelled water temperature (∘C) −0.129 (0.088) +0.305 (0.328) −0.214 (0.059) −0.042 (0.124)

Ice on the previous day (0/1) +4.929 (0.209) +8.179 (0.563) +5.973 (0.182) +7.748 (0.322)
Decade relative to 2022 −0.156 (0.035) −0.367 (0.142) −0.119 (0.036) −0.132 (0.052)

Odds ratio per decade (95% CI) 0.855 (0.790–0.912) 0.693 (0.481–0.861) 0.888 (0.827–0.954) 0.876 (0.781–0.959)
Observations (days/winters) 21,175/58 21,175/58 20,810/57 20,810/57
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3.5. Performance of the Climate Forcing and Bias Correction
Before the station-level correction, the ISIMIP3b forcing carried errors of very different 

magnitude at the two sites. On the Pilica, the residual grid-cell-to-point bias was a warm one, 
averaging +0.50 ∘C over November–April and reaching +0.9 ∘C through the cold-to-mid range 
of the distribution (Table 5, Figure S2a), that is, precisely the range in which ice forms.

Table 5. Distributional hindcast, 1979–2014, driven by bias-corrected ISIMIP historical forcing.

River and Variable Mean (obs/sim) SD (obs/sim) No Ice (%) (obs/sim) KS p

Pilica—ice phenomena 31.2/27.4 21.9/17.6 5.6/1.1 0.77
Pilica—ice cover 3.4/2.9 6.9/6.8 77.8/75.4 0.91
Węgorapa—ice phenomena 59.0/55.3 26.9/26.0 0.0/0.6 0.64
Węgorapa—ice cover 27.1/24.0 25.0/23.6 19.4/23.0 0.31

It was seasonally concentrated, peaking at +0.89 ∘C in February and exceeding +0.4 ∘C 
in every month from December to March (Figure S3c). The consequence for an ice study is 
direct: the raw forcing produced 6.1 percentage points too few days below 0 ∘C over the 
season as a whole, with 6.0 to 9.9 percentage points missing in each month from November 
to March (Figure S3b). On the Węgorapa, the raw forcing was already close to the station 
record, with a November–April mean bias of −0.09 ∘C, monthly biases within ±0.20 ∘C 
except in April (−0.49 ∘C), and a frost-day error of only +0.35 percentage points.

After correction, the November–April means match the station records to within 0.02 ∘C 
on both rivers—1.87 ∘C against 1.85 ∘C observed on the Pilica, where the raw forcing gave 
2.35 ∘C, and 0.98 ∘C against 0.96 ∘C on the Węgorapa—and the 1st and 5th percentiles to 
within 0.15 ∘C (Tables S8 and S9). Because a correction that distorted the warming trend 
would invalidate the projections, signal preservation was verified rather than assumed, since 
quantile mapping can distort a projected trend if applied carelessly [41]: November–April 
warming for 2071–2100 relative to 1985–2014 changes by at most 0.054 ∘C between the raw 
and corrected series across all rivers and scenarios (Table S9). The correction therefore 
removes the offset without touching the climate change signal it is applied to.

Across the ten distributional metrics of Table 5, the correction improves every one on 
both rivers. The decisive metric for this study is the frequency of days below 0 ∘C, which on 
the Pilica moves from −6.12 to −0.32 percentage points; Figure S3b shows the improvement 
acting in the months in which the ice season is decided, the corrected series matching the 
observed monthly frost frequency to within 1.2 percentage points in all six months, and 
Figure S3c shows the monthly mean bias falling to at most 0.05 ∘C. Cold-tail percentile 
errors on the Pilica fall from +0.48 and +0.75 ∘C at the 5th and 10th percentiles to +0.02 
∘C at both; the standard-deviation ratio moves from 0.977 to 1.001, the Perkins skill score 
rises from 0.908 to 0.933; and the Kolmogorov–Smirnov statistic falls from 0.075 to 0.015. 
Distribution shape and seasonal timing improve on both rivers: the quantile–quantile R2 
rises from 0.9954 to 0.9996 on the Pilica and from 0.9980 to 0.9998 on the Węgorapa, and 
the seasonal-cycle R2  rises from 0.936 to 0.942 and from 0.935 to 0.939. On the Węgorapa, 
where the raw forcing was already close to the station record, the gains are correspond-
ingly smaller—mean bias from −0.09 to +0.02 ∘C, Kolmogorov–Smirnov statistic from 
0.026 to 0.013, Perkins score from 0.937 to 0.940—so the correction is substantial where it 
was needed and close to neutral where it was not. The correction behaves consistently across 
the five models: model by model, the corrected mean bias stays within 0.07 ∘C and the 
Kolmogorov–Smirnov statistic within 0.026, so no single general circulation model drives 
the result (Supplementary Table S10). The models are not equally biased to begin with: 
on the Pilica the raw frost-day deficit ranges from 3.6 percentage points for MRI-ESM2-0 
to 8.5 for UKESM1-0-LL, and the correction compresses that five-point disagreement to 
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1.7 points, so it also removes most of the inter-model disagreement about how often the 
river reaches freezing.

In the historical-period evaluation, driven by bias-corrected ISIMIP historical forcing 
over 1979–2014, the model reproduces the observed distribution of seasonal ice days on all 
four river–variable combinations, with no Kolmogorov–Smirnov test rejecting at α = 0.05
(p = 0.31–0.91; Table 5, Figure S2b,c,e,f). Simulated means are 27.4 against 31.2 observed 
days for Pilica ice phenomena and 55.3 against 59.0 for the Węgorapa, with standard 
deviations of 17.6 against 21.9 and 26.0 against 26.9 days, so the year-to-year variability of 
the ice season is reproduced as well as its mean. The proportion of winters without ice cover 
is reproduced to within four percentage points on both rivers. This end-to-end agreement 
is distributional by design: because free-running GCMs are not initialised to observed 
weather, a year-by-year or day-by-day match is not expected and would not be evidence of 
skill—the apparent day-to-day correlation of +0.39 between the corrected forcing and the 
station record collapses to +0.007 on the Pilica and −0.001 on the Węgorapa once the shared 
seasonal cycle is removed. Because the bias correction and the ice model were both fitted on 
data that include 1979–2014, this agreement shows that the GCM-driven chain is consistent 
with the observed ice-day distribution, but it is not an out-of-sample test; out-of-sample 
skill rests on the free-running 2000–2022 validation (Section 3.4).

Because the projections also state when the ice season runs, the hindcast was re-
peated for timing (Table S11). Onset is reproduced everywhere: the bias runs from
−7.2 to +0.3 days across the four river–variable combinations, and no Kolmogorov–Smirnov 
test rejects (p = 0.25–0.92). Breakup and duration are reproduced on the Węgorapa
(p = 0.11–0.96) but not for Pilica ice phenomena, where the simulated season ends 18.8 days 
too late and lasts 23.8 days too long, with a simulated spread nearly twice the observed one 
(p = 0.002 and 0.001). Projected onset on both rivers, and all three timing indicators on the 
Węgorapa, can therefore be read at face value, while projected Pilica breakup and duration 
should be treated as indicative. The ice-day totals on which the conclusions of this study 
rest are unaffected, since they are evaluated separately in Table 5.

3.6. Projected Changes to 2100
Projected ice indices decline under every scenario on both rivers, with the separation 

between scenarios emerging after about 2050 (Figure 6, Table 6).

Table 6. Projected mean days per winter, 2071–2100, and the percentage of winters with no oc-
currence. Values in parentheses are the 10th–90th percentiles across the 100 ensemble members 
(5 GCMs × 20 stochastic realisations), each averaged over 2071–2100; they combine inter-model 
spread and the stochastic variability of the ice model. Parameter uncertainty is reported separately in 
Table S1. All values assume that the decadal term remains at its 2022 value (Section 2.4).

River and Variable SSP1-2.6 SSP3-7.0 SSP5-8.5

Pilica—ice phenomena 10.9 (6.0–15.4) 5.8 (2.6–9.2) 4.3 (1.3–6.9)
winters with none (%) 9.3 24.2 32.2

Pilica—ice cover 0.3 (0.0–0.8) 0.2 (0.0–0.5) 0.1 (0.0–0.2)
winters with none (%) 95.0 96.9 98.1

Węgorapa—ice phenomena 28.4 (15.9–39.8) 14.9 (7.2–23.5) 10.2 (2.5–17.5)
winters with none (%) 6.8 22.1 33.3
Węgorapa—ice cover 8.7 (3.4–15.1) 3.9 (1.2–6.9) 2.5 (0.5–4.9)

winters with none (%) 50.2 68.2 75.2

On the Pilica, mean days with ice phenomena fall from 22.0 per winter in 1995–2022 to 
10.9 (10th–90th percentile 6.0–15.4) under SSP1-2.6, 5.8 (2.6–9.2) under SSP3-7.0 and 4.3 
(1.3–6.9) under SSP5-8.5 by 2071–2100, reductions of 50%, 74% and 81%. Ice cover, already 
near zero, becomes effectively absent: 0.3 (0.0–0.8), 0.2 (0.0–0.5) and 0.1 (0.0–0.2) days per 
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winter, with 95.0%, 96.9% and 98.1% of winters carrying no ice cover at all. The scenario 
makes little difference to this outcome.

Figure 6. Projected ice indices to 2100 under three emission pathways. Black, observed (thin line, 
annual values; thick line, ten-year running mean). Coloured lines, ensemble mean of ten-year running 
means across the 100 members (5 GCMs × 20 stochastic realisations); shading, 10th–90th percentile 
across these members. The dotted vertical line marks the end of the observational record.

On the Węgorapa, the trajectory is scenario-dependent. Days with ice phenomena fall 
from 48.2 in 1995–2022 to 28.4 (15.9–39.8), 14.9 (7.2–23.5) and 10.2 (2.5–17.5) by 2071–2100 
across the three pathways, and days with ice cover from 18.0 to 8.7 (3.4–15.1), 3.9 (1.2–6.9) 
and 2.5 (0.5–4.9). The proportion of winters with no ice cover rises from 32% observed 
in 1995–2022 to 50.2% under SSP1-2.6, 68.2% under SSP3-7.0 and 75.2% under SSP5-8.5 
(Figure 7). Under strong mitigation, the Węgorapa therefore retains an intermittent but 
recurrent ice-cover regime, whereas under the high-emission pathway ice cover becomes 
the exception rather than the norm.

Complete absence of ice of any kind also becomes common. By 2071–2100 the propor-
tion of winters with no ice phenomena reaches 9.3%, 24.2% and 32.2% on the Pilica and 
6.8%, 22.1% and 33.3% on the Węgorapa across the three scenarios. The daily probability 
fields (Figure 7) show that the season not only shortens but fragments: peak mid-winter 
probability falls well below unity, so a continuous ice season is replaced by intermittent 
episodes even in winters that still record ice.

Table S12 sets the end-century figures against the two earlier periods. Until about 2040 
the three pathways are barely distinguishable—13.6, 12.2 and 13.2 days of ice phenomena 
per winter on the Pilica and 34.4, 30.0 and 33.8 on the Węgorapa. The separation appears in 
2041–2070 and widens to the end of the century: on the Węgorapa, ice phenomena fall to 
28.1, 20.2 and 20.3 days by mid-century and then to 28.4, 14.9 and 10.2 by 2071–2100, so that 
under strong mitigation the mid-century state is essentially held to 2100 while under the 
two higher pathways it halves again.
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Figure 7. Loss of ice cover and contraction of the ice season. Percentage of winters with no ice cover by 
decade, observed and projected (Left Column), daily probability of ice phenomena by hydrological 
day for 2023–2040 and 2071–2100 under each pathway (Centre and Right Columns).

The ice season not only shortens, but also shifts. Table 7 reports onset, breakup, and 
duration for the winters in which ice still forms. On the Węgorapa, ice phenomena presently 
begin on 21 December on average and end on 27 February, a span of 69.5 days; by 2071–2100 
onset is 6.6 days later under SSP1-2.6 (10th–90th percentile across members: 3.4 days earlier 
to 20.1 days later), 18.3 days later under SSP3-7.0 (8.0–32.8 days later) and 20.8 days later 
under SSP5-8.5 (10.3–41.2 days later), while breakup advances by 9.6 days under SSP3-7.0 
(from 0.8 days later to 20.4 days earlier) and 12.7 days under SSP5-8.5 (2.3–24.1 days earlier), 
so the span contracts by 6.3, 27.9 and 33.5 days respectively. The Pilica shows the same 
delay in onset—3.2 (6.1 days earlier to 15.8 days later), 14.7 (2.5–32.9 days later) and 16.3 
(4.2–39.3 days later) days across the three pathways—with breakup almost unchanged 
(0.5 days earlier under SSP5-8.5; members range from 15.5 days earlier to 18.0 days later), 
and its ice-phenomena span contracts by up to 16.8 days. Ice cover, where it survives at 
all, becomes a brief mid-winter episode: its mean span falls from 30.9 days to 24.7, 17.0 
and 14.6 days on the Węgorapa, and from 11.2 days to between 6.7 and 3.0 days on the 
Pilica. These timing shifts are conditional on ice occurring and must be read together 
with the proportion of winters in which it does not, which by 2071–2100 under SSP5-8.5 
reaches 32.2% of winters for Pilica ice phenomena and 75.2% for Węgorapa ice cover. The 
Pilica ice-cover figures for 2071–2100 rest on the 2–5% of winters that still produce cover 
and are indicative only. Table S11 shows that breakup and duration on the Pilica are the 
two indicators the model does not reproduce distributionally, so the Pilica timing shifts in 
particular should be read as indicative.
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Table 7. Ice-season timing, observed 1995–2022 and projected 2071–2100. Onset and breakup are 
means over winters in which ice occurs; duration is the span from onset to breakup inclusive, and 
therefore exceeds the number of ice days when a season breaks into separate spells.

River Variable Period/Scenario Winters with
Ice (%) Onset Breakup

Duration

Days 𝚫 (Days)

Pilica

Ice cover

Observed 1995–2022 14.3 22 January 1 February 11.2 —
SSP1-2.6 2071–2100 5.0 15 January 21 January 6.7 −4.5
SSP3-7.0 2071–2100 3.1 17 January 21 January 5.3 −5.9
SSP5-8.5 2071–2100 1.9 25 January 27 January 3.0 −8.2

Ice phenomena

Observed 1995–2022 92.9 25 December 12 February 50.0 —
SSP1-2.6 2071–2100 90.7 28 December 21 February 55.4 5.4
SSP3-7.0 2071–2100 75.8 9 January 14 February 37.2 −12.8
SSP5-8.5 2071–2100 67.8 10 January 11 February 33.2 −16.8

Węgorapa

Ice cover

Observed 1995–2022 67.9 12 January 11 February 30.9 —
SSP1-2.6 2071–2100 49.8 15 January 8 February 24.7 −6.2
SSP3-7.0 2071–2100 31.8 17 January 2 February 17.0 −13.9
SSP5-8.5 2071–2100 24.8 21 January 4 February 14.6 −16.3

Ice phenomena

Observed 1995–2022 96.4 21 December 27 February 69.5 —
SSP1-2.6 2071–2100 93.2 27 December 28 February 63.2 −6.3
SSP3-7.0 2071–2100 77.9 8 January 18 February 41.6 −27.9
SSP5-8.5 2071–2100 66.7 11 January 15 February 36.0 −33.5

Table 8 converts those trajectories into dates. Complete ice cover on the Pilica has 
effectively already gone: its decadal mean falls below half the 1995–2022 value in the 2020s 
under every pathway, and more than half of the winters in that same decade carry none at 
all. On the Węgorapa, ice cover crosses the half-loss threshold in the 2020s under SSP3-7.0, 
the 2040s under SSP5-8.5, and the 2050s under SSP1-2.6, and the majority of winters are 
already free of ice cover from the 2020s under the two lower pathways. Ice phenomena 
are far more persistent. Their half-loss decade is the 2040s or 2050s in every case, but 
no pathway takes either river to a majority of ice-free winters before 2100: by the 2090s 
under SSP5-8.5 the proportion reaches 40.0% on the Pilica and 42.9% on the Węgorapa. The 
distinction matters for how the results should be read. Complete ice cover is a threshold 
already being crossed, and on the Pilica the crossing is essentially complete regardless of 
mitigation; the disappearance of ice altogether remains, even under the strongest forcing 
considered here, an end-of-century possibility rather than a projected outcome.

Table S13 carries the same structural question into the projections. The longest un-
broken spell of ice phenomena falls from 37.9 days observed to 20.2, 11.0 and 7.8 days by 
2071–2100 on the Węgorapa, and from 14.0 to 6.9, 4.1 and 3.0 days on the Pilica; continuous 
ice cover falls from 17.1 to between 8.1 and 2.7 days on the Węgorapa and effectively dis-
appears on the Pilica. The number of separate spells falls as well, from 2.67 to 1.80 per icy 
winter on the Węgorapa, so the projected season does not dissolve into a greater number 
of short events—there are simply fewer of them. Continuity is nonetheless lost in relative 
terms: the longest spell occupies 55% of the observed Węgorapa ice season but only 22% of 
the projected one under SSP5-8.5. That ratio is the quantitative content of the fragmentation 
visible in the daily probability fields of Figure 7, and it also marks the difference between 
the projected change and the observed one, which shortened spells without changing their 
share of the season.

The water temperature underlying these results is worth reporting in its own right, 
since the ice projections are only as credible as the thermal state beneath them (Table S14). 
November–April water temperature rises from 4.24 ∘C observed on the Pilica to 4.99, 6.80 
and 7.48 ∘C by 2071–2100 across the three pathways, and from 3.04 to 4.01, 5.86 and 6.65 ∘C 
on the Węgorapa—rates of 0.75 to 3.23 ∘C and 0.97 to 3.61 ∘C respectively, which sit within 
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the range projected for Polish rivers generally by Ptak et al. [27]. The ice-relevant quantity 
is the second one: days below 2 ∘C fall from 54.2 to 15.2 per winter on the Pilica and from 
88.0 to 29.8 on the Węgorapa under SSP5-8.5. Even then, a third of the Węgorapa winter 
still lies below 2 ∘C at the end of the century.

Table 8. Time of emergence of the projected ice loss. The half-loss decade is the first decade whose 
mean falls below half the observed 1995–2022 mean; the majority ice-free decade is the first in which 
more than half of the winters carry no ice of the kind named. Decades run from the 2020s (2023–2030) 
to the 2090s (2091–2100); a dash means the threshold is not crossed before 2100.

River and Variable Scenario Half-Loss Decade Majority
Ice-Free Decade

Ice Days in the 
2090s

Ice-Free Winters 
in the 2090s (%)

Pilica—ice phenomena SSP1-2.6 2050s — 12.1 8.0
Pilica—ice phenomena SSP3-7.0 2040s — 5.1 31.2
Pilica—ice phenomena SSP5-8.5 2040s — 2.9 40.0
Pilica—ice cover SSP1-2.6 2020s 2020s 0.4 93.8
Pilica—ice cover SSP3-7.0 2020s 2020s 0.2 96.9
Pilica—ice cover SSP5-8.5 2020s 2020s 0.1 98.6
Węgorapa—ice phenomena SSP1-2.6 2050s — 33.1 4.7
Węgorapa—ice phenomena SSP3-7.0 2040s — 13.3 30.3
Węgorapa—ice phenomena SSP5-8.5 2050s — 6.6 42.9
Węgorapa—ice cover SSP1-2.6 2050s 2020s 10.3 46.6
Węgorapa—ice cover SSP3-7.0 2020s 2020s 4.1 69.9
Węgorapa—ice cover SSP5-8.5 2040s 2040s 1.7 79.9

3.7. Sources of Uncertainty
The spread attributable to the correction method is 0.04–1.25 days per winter, against 

0.31–17.20 days from inter-model spread and 0.22–18.20 days from the emission scenario 
(Table S15). Full quantile mapping and the mean shift differ by at most 0.13 days. The 
choice of bias-correction method is therefore not a leading source of uncertainty in this 
study; inter-model spread and the emission pathway dominate. The projections behind 
that comparison, for each forcing and scenario, are given in Supplementary Table S16. 
Supplementary Table S16 locates that result. On the Pilica, the raw forcing yields 9.04 days 
of ice phenomena per winter under SSP1-2.6 against 10.84 with quantile mapping, a deficit 
of 1.80 days that follows directly from the +0.50 ∘C warm bias in the grid cell; a single 
monthly mean shift recovers 1.68 of those 1.80 days, and the full quantile mapping adds 
the remaining 0.12. On the Węgorapa, where there was almost nothing to correct, the 
three forcings agree to within 0.20 days in every scenario. What matters, then, is that a 
station-level correction is applied at all, not how elaborate it is—which is the ground 
for expecting a machine-learning correction of the kind used for the same forcing by
Ptak et al. [40] to land inside the same interval, and the reason the simpler method was 
adopted here.

The projections carry a further uncertainty that Table S15 does not contain: the ice 
model’s own coefficients are estimated, not known. Propagating the block bootstrap of Ta-
ble 4 through the projection (Table S1) puts that contribution at a standard deviation of 0.07 
to 3.53 days per winter, against 0.04 to 9.19 days from the choice of general circulation model. 
The ratio of the two is between 0.31 and 0.89 in eleven of the twelve river–variable–scenario 
combinations; the single exception, Pilica ice cover under SSP5-8.5, has a ratio of 1.98, but 
both quantities there are below 0.1 days per winter, so the ordering is meaningless rather 
than reversed. Parameter uncertainty is therefore secondary to inter-model spread but not 
negligible beside it. The ensemble ranges quoted in Table 6 combine inter-model spread and 
stochastic variability, and inter-model differences dominate them: they account for 84–93% 
of the member variance for ice phenomena and 61–82% for Węgorapa ice cover, whereas for 
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Pilica ice cover, which is close to zero, stochastic variability accounts for about half or more 
of it (Table S2). Adding the parameter standard deviation in quadrature would widen the 
member spread by 5–11% for ice phenomena and Węgorapa ice cover and by 9–22% for Pilica 
ice cover, so the Table 6 ranges understate the total statistical uncertainty modestly. The 
point estimates themselves are unaffected: the parameter mean of the 2071–2100 projection 
differs from the headline figure by at most 0.4 days per winter in every case.

A further source of uncertainty is structural rather than statistical. The decadal term 
is held at its 2022 value in the projection, which assumes that the non-climatic compo-
nent of the observed decline stops in that year. The assumption cannot be tested, but its 
consequence can be quantified: Table S3 re-runs the projections with the term allowed to 
continue its fitted decline to 2100. Doing so removes a further 58 to 77% of the projected 
ice-phenomena days and 67 to 98% of the projected ice-cover days by 2071–2100—on the 
Węgorapa, 28.4 ice-phenomena days per winter under SSP1-2.6 become 11.8, and on the 
Pilica, 10.9 become 2.5. The two treatments show how strongly the projections depend on 
this single structural assumption; they do not bound all plausible futures, because future 
changes in river regulation, channel morphology, observing practice, or the temperature–ice 
relationship itself could move the trajectory outside either of them. Within the fitted model, 
the frozen treatment gives the smaller of the two projected losses.

The projections also assume that the air–water relationship fitted over 1965–2022 holds 
to 2100, whereas the Mohseni residual rose by 0.083 ∘C per decade on the Pilica and 0.033 ∘C 
per decade on the Węgorapa over the record (Section 3.2). Continuing this drift linearly 
beyond 2022, which raises modelled water temperature by 0.65 ∘C and 0.26 ∘C by 2100, 
reduces projected ice-phenomena days in 2071–2100 by a further 0.40–1.02 days (9.4–9.5%) 
on the Pilica and 0.52–1.24 days (4.4–5.1%) on the Węgorapa, and changes ice-cover days 
by less than 0.1 day on both rivers (Table S17). The effect is several times smaller than the 
inter-model spread (Table S15) and far smaller than that of the decadal term (Table S3). 
Because part of the residual drift is already represented by the decadal term (Section 3.3), 
the two adjustments are not additive.

4. Discussion
Both rivers have lost ice at a rate that is difficult to reconcile with the long-term Northern 

Hemisphere baseline. Over 1965–2022 the ice season shortened by 10.95 days per decade on 
the Pilica and 10.91 days per decade on the Węgorapa, with onset moving later by 6.44 and 
5.00 days per decade and the final ice day moving earlier by 4.57 and 4.42 days per decade 
(Table 3). The hemispheric compilation of Magnuson et al. [31] put the 1846–1995 rates at 
5.8 days per century later freezing and 6.5 days per century earlier breakup, accompanying 
about 1.2 ∘C of warming per century, and the more recent reconstruction of Newton and 
Mullan [47] reports open-water duration increasing by 0.63 days per decade across 678 
Northern Hemisphere lakes and rivers over 1931–2005. The rates measured here are an 
order of magnitude faster than the historical hemispheric figure and several times the 
twentieth-century one, which is what should be expected of a period in which November–
April air temperature rose by 0.37 and 0.42 ∘C per decade—about three times the historical 
hemispheric rate. It also means, as Newton and Mullan [51] emphasise in accounting for 
the strong spatio-temporal variability of ice phenology, that sensitivities derived from long 
historical series cannot be transferred to the present without adjustment.

The direction and significance of the change agree with the regional literature. For 
the Ner River, located in central Poland, the onset of ice phenomena occurred 1.9 days 
later per decade, while their termination occurred 2.5 days earlier per decade [52].
Kļaviņš et al. [53] report shortening ice duration on seventeen rivers of the Baltic region, 
modulated by North Atlantic circulation. The present analysis adds three things to that 
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picture. The rates are quantified for two contrasting lowland regimes rather than for a 
station network. The significance survives correction for serial correlation—the Hamed–Rao 
adjustment [49] changes no verdict in any of the 22 series tested, despite lag-1 autocorrela-
tion as high as +0.45 (Table 3)—which matters because unadjusted Mann–Kendall testing 
of autocorrelated hydrological series is a recognised source of spurious significance. And 
the internal structure of the season is resolved, which the phenological indicators used 
in most of this literature cannot show: the longest unbroken spell of ice fell from 23.6 to 
14.0 days on the Pilica and from 55.7 to 37.9 days on the Węgorapa, while the number of 
separate spells fell rather than rose and the proportion of the season carrying ice did not 
change (Table S4). The observed ice season is being shortened and thinned at its strongest 
episodes, not perforated into a scatter of short events.

The most instructive feature of the two-site design is that the catchments received 
almost the same thermal forcing and responded very differently. Air temperature rose at 
0.37 and 0.42 ∘C per decade, and freezing degree-days fell by 20.1 and 27.4 ∘C·d per decade—
comparable signals—yet ice cover on the Pilica had already become an exception by the 
middle of the record (43 of 58 winters without any, including nine of the last ten), while the 
Węgorapa still averaged 18.0 days of cover per winter in 1995–2022 (Table 2). The difference 
lies not in the forcing but in where each river sits relative to the threshold that sustained 
cover requires. Threshold behaviour of this kind is well documented for freshwater ice: 
Weyhenmeyer et al. [54] show that the response of ice breakup to air temperature is non-
linear across 196 Swedish lakes, so that sensitivity depends strongly on the climatic position 
of the site, and Sharma et al. [55] show that a growing population of Northern Hemisphere 
lakes is passing from perennial to intermittent winter ice as warming proceeds. The Köppen 
classes of the two sites express the same contrast: the Pilica lies in the warm-temperate class 
Cfb and the Węgorapa in the snow class Dfb (Figure 2). The lake-fed, continental Węgorapa 
retains a thermal regime capable of sustained freezing long after the maritime-influenced 
lowland Pilica has lost it—a use of ice cover as an integrator of winter thermal conditions 
that follows Ptak et al. [56].

That contrast is the reason the two ice variables were modelled separately rather than 
merged. Ice phenomena and ice cover are not two intensities of one process: the first 
records whether ice forms at all, the second whether it persists long enough to span the 
channel and isolate the water column from the atmosphere, and the second is the state 
with the hydrological and ecological consequences reviewed by Prowse [57] and Prowse 
and Beltaos [58]. The two diverge sharply once a river approaches its threshold. The 
projections preserve the distinction, and it is there that the most policy-relevant result 
appears—complete cover disappears from both rivers well before ice of any kind does 
(Table 8).

The clearest methodological finding of this study is that the mapping from air tem-
perature to river ice is not stationary. A model containing only temperature predictors, 
calibrated on 1965–1999 and run forward, over-predicts ice in 2000–2022 by 13.3 days per 
winter on the Pilica and 10.2 on the Węgorapa; calibrated on 1994–2022 and run backward, it 
under-predicts the earlier period by 15.2 and 13.8 days (Table S6). A bias of one sign could 
be a calibration artefact, but a bias that reverses with the direction of extrapolation cannot be: 
the relationship itself has shifted, so that a given winter temperature now yields less ice than 
the same temperature produced fifty years ago. At fixed air temperature, the odds of ice on 
a given day fall by 14.5% per decade on the Pilica and 11.2% on the Węgorapa, and by 30.7% 
and 12.4% per decade for ice cover (Table 4). Comparable departures from a purely thermal 
explanation are reported elsewhere in the region: Takács et al. [59] show that regulation 
and water pollution have reduced ice occurrence on Hungarian rivers independently of 
winter warming.
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Part of the mechanism is thermal and is measurable. The air–water relationship has 
itself drifted: the residual of the Mohseni et al. [26] curve rises by 0.083 ∘C per decade on 
the Pilica (p = 0.026) and 0.033 ∘C per decade on the Węgorapa (p = 0.036), and on cold 
days water is 0.27 ∘C warmer in the second half of the record than in the first on the Pilica 
(Figure 5), consistent with the warming of Polish river water documented by Ptak et al. [27]. 
Because river ice forms within a fraction of a degree of 0 ∘C, a shift of this magnitude has 
an effect on ice occurrence out of proportion to its size. But the drift is not the explanation. 
Refitting the ice model with observed rather than modelled water temperature—which 
lets the drift act on the model directly—absorbs only 15.1% of the decadal term for Pilica 
ice phenomena and between 0.3% and 5.2% in the other three models. Most of the shift 
therefore lies outside the thermal chain, among the processes that reviews of river-ice 
hydrology identify as co-determining ice formation alongside air temperature: winter 
discharge and its regulation, channel and riparian change [58,60], or a change in observing 
practice. Regulation is a plausible candidate on general grounds—Chang et al. [61] show 
reservoir operation reshaping the ice regime of the Yellow River and Olden and Naiman [62] 
review the thermal alteration that impoundments impose downstream—but the present 
data cannot separate these effects. Non-stationarity of this kind is a recognised difficulty 
for statistical climate-impact models [63]. This is the study’s principal open question, and 
it is stated as such rather than resolved.

A related limitation concerns the observational record itself. The ice series were treated 
as homogeneous (Section 2.1): ice phenomena at both gauges are recorded visually by 
IMGW-PIB observers following a national protocol, but documented information on changes 
of observer, observation time or recording practice over 1965–2022 was not available to this 
study, and no formal homogeneity test was applied, because standard procedures were 
developed for continuous climate variables and rely on neighbouring reference series [64], 
which do not exist for daily ice flags at these gauges. Any undocumented change of this kind 
would be absorbed by the decadal term and could not be separated from a physical shift 
in the temperature–ice relationship. The non-stationarity reported here should therefore 
be read as a change in the observed temperature–ice relationship, which may include an 
observational component, rather than as a demonstrated physical change.

The consequence for projection is direct. Because the mechanism is unidentified, the 
decadal term is held at its 2022 value rather than extrapolated, and the consequence of that 
choice is quantified: letting the term continue its fitted decline would remove a further 
58–77% of the projected ice-phenomena days and 67–98% of the ice-cover days by 2071–2100 
(Table S3). The projections presented here are therefore conditional on the assumption 
that the non-climatic component of the decline stops in 2022; if it continues, ice loss would 
be larger, and structural changes represented by neither treatment cannot be excluded. 
The same reasoning applies to the historical sensitivity: the observed record implies about 
19–22 days of ice lost per degree of local winter warming, close to the 12–20 days per degree 
reported for Polish upland and mountain rivers by Kochanek et al. [65], but because that 
figure embeds the non-climatic component, it should not be read as a physical coefficient or 
extrapolated forward.

Ice declines under every pathway on both rivers, but the interesting content of the 
projections lies in their timing and in the difference between the two variables. Mean 
ice-phenomena days fall from 22.0 in 1995–2022 to 10.9 (6.0–15.4), 5.8 (2.6–9.2) and 4.3 
(1.3–6.9) by 2071–2100 on the Pilica and from 48.2 to 28.4 (15.9–39.8), 14.9 (7.2–23.5) and 
10.2 (2.5–17.5) on the Węgorapa across SSP1-2.6, SSP3-7.0 and SSP5-8.5 (Table 6; 10th–90th 
percentiles across ensemble members). Expressed per degree of local November–April 
warming, these are sensitivities of 3.6–6.6 days per ∘C on the Pilica and 7.6–11.0 on the 
Węgorapa, bracketing the 6.10 ± 0.08 days of ice duration per degree of global mean warming 
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that Yang et al. [32] derive for the world’s rivers—with the caveat that their figure is scaled 
to global mean temperature, which rises more slowly than local winter temperature. The 
sensitivity falls as warming increases, which is the expected behaviour of a threshold process 
running out of ice to lose [54] rather than an artefact of the model.

The scenarios are almost indistinguishable until about 2040—13.6, 12.2 and 13.2 ice-
phenomena days per winter on the Pilica in 2023–2040—and separate thereafter (Table S12), 
which is the behaviour expected when internal variability dominates the forced signal 
at short lead times and scenario uncertainty grows late [66]. The near-term trajectory 
is therefore already determined, and the choice of pathway governs the second half of 
the century. Time of emergence, in the sense of Hawkins and Sutton [67], sharpens this 
(Table 8). Complete ice cover on the Pilica crosses both the half-loss and the majority-ice-free 
thresholds in the 2020s under every pathway: that loss is effectively already realised and is 
not contingent on mitigation. On the Węgorapa, cover crosses half-loss in the 2020s under 
SSP3-7.0 and the 2040s under SSP5-8.5. Ice of any kind is far more persistent: its half-loss 
decade is the 2040s or 2050s everywhere, and no pathway produces a majority of ice-free 
winters on either river before 2100, with the proportion reaching 40.0% and 42.9% by the 2090s 
under SSP5-8.5. The two rivers are thus moving into the intermittent-ice condition that Sharma 
et al. [55] describe for Northern Hemisphere lakes, and mitigation cannot save their ice cover, 
but it substantially governs whether they retain a recognisable ice season at all.

The season that remains is also structurally different. Onset is projected to move 
16.3 and 20.8 days later under SSP5-8.5 on the Pilica and the Węgorapa. Breakup behaves 
differently on the two rivers: on the Węgorapa it advances by 12.7 days, with the whole 
ensemble range on the side of earlier breakup, whereas on the Pilica it shows no clear change 
and is in any case indicative only (Table S11). The loss therefore remains concentrated at 
the start of winter on the Pilica, as it has been in the observations, while on the Węgorapa 
the season contracts from both ends (Table 7). The longest unbroken spell of ice on the 
Węgorapa falls from 37.9 to 7.8 days, and its share of the ice season from 55% to 22%
(Table S13)—a genuine loss of continuity, and the one respect in which the projected 
change differs in kind, not only in degree, from the observed one. This matters because the 
hydrological and ecological effects of river ice depend on the persistence of a cover rather 
than on the number of icy days [57,68], and because an increasingly fragmented, thermally 
marginal cover is the condition under which mid-winter breakups and ice jams become 
more likely [60,69]. Underlying all of this, November–April water temperature rises by 
0.75–3.23 ∘C on the Pilica and 0.97–3.61 ∘C on the Węgorapa, within the range projected for 
Polish rivers by Ptak et al. [27], and the number of days below 2 ∘C falls from 88.0 to 29.8 
per winter on the Węgorapa (Table S14). The thermal window in which ice can form 
narrows sharply but does not close, which is why occasional ice persists while sustained 
cover does not.

The projections rest on a chain of three components, each evaluated separately. The 
Mohseni et al. [26] function explains 94.7% and 96.8% of the variance in observed water 
temperature (Table S5). The ice model, calibrated on 1965–1999 and run free—fed its own 
simulated ice state, never an observed one—reproduces 2000–2022 with a bias of −1.4 to 
+7.9 days per winter for ice phenomena, and a random forest [42] on the same predictors 
matches it rather than beating it (0.984 against 0.985 one-step-ahead AUC on the Pilica), 
so nothing is gained by abandoning the parsimonious autologistic formulation [29,30] 
reported in Table S7. In a historical-period evaluation driven by bias-corrected ISIMIP 
forcing [33,34] over 1979–2014—not independent, since the correction was calibrated on 
the same period—the model reproduces the observed distribution of seasonal ice days 
on all four river–variable combinations, with no Kolmogorov–Smirnov test [43] rejecting
(p = 0.31–0.91; Table 5). The station-level correction improves all ten distributional met-
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rics on both rivers and changes the projected warming signal by at most 0.054 ∘C, so it 
removes the grid-cell-to-point offset without distorting the climate change signal—the 
failure mode against which Cannon et al. [41] and Maraun [63] warn, and the reason Ehret 
et al. [70] argue that any correction should be applied only with explicit justification and a 
demonstration of what it changes.

One test did not pass, and it constrains how part of the results should be read. When 
the hindcast is repeated for timing rather than for ice days, onset is reproduced everywhere 
(p = 0.25–0.92), and the Węgorapa is reproduced throughout, but for Pilica ice phenomena 
the simulated season ends 18.8 days too late and lasts 23.8 days too long (p = 0.002 and 
0.001; Table S11). Since the same model produces fewer ice days than observed, its Pilica 
winters are longer but sparser than the real ones: it holds a trace of ice into spring too 
readily. Projected Pilica breakup and duration are therefore reported as indicative, while 
onset on both rivers, all timing indicators on the Węgorapa, and the ice-day totals on which 
the conclusions rest are supported by the validation. Stating this is more useful than a 
uniform claim of skill, and it also identifies where a future model revision would pay 
off. The likeliest gap is on the melt side, which the present formulation represents only 
through temperature: breakup is governed by mechanical as well as thermal forcing, and in 
particular by discharge and rain-on-snow events [60,69], which a degree-day formulation 
cannot resolve.

Four sources of uncertainty were quantified rather than asserted, and their rank-
ing is not the one usually assumed. The choice of bias-correction method contributes 
0.04–1.25 days per winter to the 2071–2100 projections, against 0.31–17.20 days from the 
choice of general circulation model and 0.22–18.20 days from the emission pathway 
(Table S15)—the same ordering of model against scenario uncertainty that Hawkins and 
Sutton [66] describe for regional climate projection. A crude monthly mean shift and a 
full quantile mapping [39] differ by at most 0.13 days, and the entire benefit of correcting 
comes from removing the mean offset (Table S16). This is the empirical answer to the 
question of whether a more elaborate correction was needed: the two-stage machine-learning 
framework that Ptak et al. [40] required for the seven interdependent variables of a lake energy 
balance would, for a single near-Gaussian variable, land inside an interval one to two orders of 
magnitude narrower than the inter-model spread. That is also the most useful form in which 
the concerns of Ehret et al. [70] about bias correction can be answered—by measuring how 
much the choice changes the result rather than by defending the method in principle.

The ice model’s own parameters are a different matter. Propagating 50 block-bootstrap 
coefficient vectors through the projection gives a standard deviation of 0.07–3.53 days per 
winter, which is 0.31 to 0.89 of the inter-model standard deviation in eleven of twelve 
cases (Table S1). Parameter uncertainty is thus secondary to inter-model spread but not 
negligible beside it: adding it to the ensemble ranges of Table 6 would widen them by 
5–22% (Table S2), so impact studies that report only the inter-model band understate their 
own uncertainty, a point that follows directly from the partitioning logic of Hawkins and 
Sutton [66]. Two further checks show that this uncertainty is not an artefact of the fitting: 
block-bootstrap standard errors, which respect the serial dependence the autologistic term 
induces [29,30], are only 1.0–1.9 times the asymptotic ones, and a Firth-penalised refit [50] 
moves no coefficient by more than 0.26 of a bootstrap standard error even for ice cover on 
the Pilica, which occurs on 1.03% of days (Table 4). The dominant uncertainty in this study 
is therefore the climate forcing and the pathway, as it should be for an impact model of this 
kind—with the structural assumption about the decadal term larger than any of them.

The results obtained in this study provide valuable information on the functioning of 
river systems in the context of ongoing climate change. Given the close interrelationships 
among these processes, they also have broader implications for the conditions prevailing in 
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rivers and their catchments. Although the present study does not explicitly address these 
relationships, existing knowledge provides a basis for outlining the role of ice phenomena 
in river systems. Analyzing the Saint John River, Burrell et al. [71] concluded that the 
ice phenomena occurring there are also typical of other northern rivers and affect fluvial 
erosion, flooding, water quality, and opportunities for recreational use. Knack et al. [72], 
in turn, indicated that fish habitat models should account for thermo-ice processes and 
their interactions with river-channel morphology. Considering the duration of winter and 
the vulnerability of fish during this period, a comprehensive understanding of winter ice 
phenomena and their effects on fish may contribute to the conservation and improvement of 
winter habitats [73]. Advances in river ice research have enhanced engineers’ ability to plan, 
design, and construct infrastructure located within and adjacent to river channels [74]. As 
these authors further noted, this facilitates the implementation of such projects by ensuring 
an appropriate level of structural integrity, functionality, and usability [74]. For the two 
catchments, the practical implications differ. On the Pilica, complete ice cover is already 
effectively gone, and no pathway restores it; planning there should treat a cover-free river 
as the normal state and an ice-covered winter as the exception, while ice phenomena persist 
in most winters until at least mid-century. On the Węgorapa, which retains a substantial 
ice season, the pathway matters a great deal: the difference between SSP1-2.6 and SSP5-8.5 
by 2071–2100 is 28.4 against 10.2 days of ice phenomena and 8.7 against 2.5 days of cover, 
and between a longest spell of 20.2 and 7.8 days. Because the ecological and geomorphic 
functions of river ice—the seasonal isolation of the water column, the timing of the spring 
flood, the disturbance regime of the channel—depend on a persistent cover rather than on 
scattered icy days [57,68], and because ice affects the operation of the small hydropower, the 
loss of a three-week continuous cover matters more than the loss of an equivalent number 
of scattered icy days. More generally, the results argue for three things in this class of study. 
Impact models should be validated free-running and in the direction of extrapolation, 
because one-step-ahead skill conditioned on observed persistence—AUC 0.985–1.000 here—
is almost uninformative about projection skill. Non-stationarity in the impact relationship 
should be tested in both temporal directions and, when found, absorbed explicitly and 
bounded rather than assumed away; the regional evidence that ice regimes respond to 
anthropogenic as well as thermal forcing suggests that such non-stationarity is unlikely to 
be peculiar to these two rivers. And bias-correction effort should be allocated in proportion 
to the demonstrated sensitivity of the result to it, which for a single near-Gaussian driver is 
small once the mean offset is removed [70]. The broader implication is that river ice loss 
in this region is occurring faster than temperature changes alone would predict; until the 
residual is explained, projections of it should state explicitly what they assume about the 
unexplained component and how much the results depend on that assumption.

The limitations of the present study include the use of air temperature data from synop-
tic stations located several tens of kilometres from the hydrological gauging stations under 
investigation, meaning that regional rather than local temperature forcing was considered. 
The analysis also assumes the homogeneity of the 58-year time series. Furthermore, the 
study is limited to two hydrological gauging stations representing different environmental 
conditions. A broader regional interpretation of the findings will therefore require the 
inclusion of additional stations in future research. Historical trends were interpreted as 
reflecting the combined influence of climatic and non-climatic factors, such as changes in 
river channel morphology, hydro-technical infrastructure, and watershed land use. How-
ever, these non-climatic factors could not be explicitly accounted for due to the limited 
availability of consistent, long-term data. Future research could also incorporate hydrologi-
cal factors, particularly the role of groundwater contributions to river flow, which would 
require detailed and long-term monitoring.
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Two further limitations concern the thermal part of the model chain. First, water 
temperature is represented by a single Mohseni curve driven by the seven-day mean air 
temperature, without discharge, groundwater inflow, snowmelt, radiation, or the seasonal 
hysteresis that more detailed stream-temperature models resolve. This simplification was 
adopted because air temperature is the only driver that the climate projections supply 
reliably at the station scale, and the curve reproduces 94.7% and 96.8% of the observed 
daily variance in water temperature (Table S5). In addition, refitting the ice model with 
observed rather than modelled water temperature changes the decadal term by at most 
15.1% (Section 3.3), so the ice projections are not strongly conditioned on this step. Second, 
the air–water relationship is assumed to remain as fitted over 1965–2022, although its 
residual has drifted upwards (Section 3.2). Continuing that drift to 2100 lowers projected 
ice-phenomena days by a further 4.4–9.5% (Table S17): a smaller effect than inter-model 
spread or the treatment of the decadal term, but one that adds to the projected loss rather 
than offsetting it. Together with the use of five ISIMIP3b GCMs and three SSPs, a subset 
of the CMIP6 ensemble, these assumptions mean that the uncertainty ranges reported 
here are conditional on the model chain and do not capture every source of model and 
climate-projection uncertainty. The approach is therefore suited to establishing the direction 
and broad magnitude of change in ice occurrence, which is the aim of this study, rather 
than to representing future water temperature dynamics in detail; process-based thermal 
models that resolve the hydrological and physical controls on the air–water relationship 
are a priority for future work.

5. Conclusions
The transformation of the natural environment currently affects all of its components, 

with pronounced changes occurring in the hydrosphere. In the case of rivers at temperate 
latitudes, relatively little is still known about future changes in ice regimes. The research 
undertaken in this study partially fills this gap with regard to Central Europe. Based on 
detailed data from 1965–2022, historical changes and future projections of ice phenomena 
were analyzed for two lowland rivers in Poland. The results showed that the changes were 
pronounced both historically and in the context of future climate projections, indicating a 
gradual decline in the occurrence of river ice. Historically, the duration of the ice season 
decreased by 10.95 days per decade in the Pilica and by 10.91 days per decade in the Wę-
gorapa. The onset of the ice season shifted by 6.44 and 5.00 days per decade, respectively, 
while the final day of ice occurrence shifted to an earlier date by 4.57 and 4.42 days per 
decade, respectively. All three forms of nonlinear behaviour defined in the Introduction 
were found: ice cover on the Pilica has already crossed its threshold while ice phenomena 
persist; the loss of ice per degree of local winter warming declines as warming increases
(3.6–6.6 days per ∘C on the Pilica and 7.6–11.0 on the Węgorapa); and at fixed air temper-
ature the odds of ice phenomena on a given day have fallen by 11.2–14.5% per decade. 
Using ISIMIP3b forcing and bias-adjusted outputs from five CMIP6 models, the mean 
number of days with ice phenomena during 2071–2100 is projected to decline to 4.3 days
(10th–90th percentile 1.3–6.9) in the Pilica under SSP5–8.5 and to 10.2 days (2.5–17.5) in the 
Węgorapa under the same scenario. These projections should be read with their assump-
tions in mind. Water temperature was estimated from air temperature alone through a 
simplified Mohseni relationship, whereas the coupling between air and water temperature is 
also shaped by discharge, groundwater inflow, snowmelt, radiation, and channel conditions 
that this approach does not represent. The projections further assume that this relationship 
remains stationary and that the unexplained, non-climatic component of the observed 
decline does not continue beyond 2022. Both assumptions introduce uncertainty that acts 
in one direction: continuing the observed drift of the air–water relationship would reduce 
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projected ice-phenomena days by a further 4.4–9.5%, and a continuing non-climatic decline 
would reduce them further still. The reported ranges, which combine five GCMs with 
stochastic variability, therefore do not include every source of model and climate-projection 
uncertainty. The method is adequate for the purpose of this study, which is to establish 
the direction and broad magnitude of long-term change in ice occurrence, but it is not 
a substitute for process-based water temperature modelling. Developing and applying 
more robust thermal models that account for the hydrological and physical controls on the 
air–water relationship is therefore a priority for future research. These projections point 
to conditions markedly different from those under which both rivers have functioned in 
recent decades. Should this pathway be followed, river management would need to adapt 
to largely ice-free conditions, which would require broad cooperation among different 
scientific disciplines, as well as institutions responsible for resource management and water 
quality, in order to preserve the ecological and economic values of aquatic ecosystems. 
The findings indicate the direction and rate of changes in river ice phenomena, while the 
methodology employed, integrating historical data with future projections, may serve as a 
reference framework for similar analyses of other rivers in the region. Such knowledge is 
crucial for the future management of these ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su182111212/s1, Table S1: Ice-model parameter uncertainty propagated 
into the projections, 2071–2100. Fifty coefficient vectors were drawn from the block bootstrap of 
Table 4, and the projection was re-run for each against all five GCMs. Ranges are not comparable 
between the two sources, because fifty draws sample the tails better than five models can; the standard 
deviations are, and their ratio is given in the last column; Table S2: Stability of the stochastic ensemble 
and composition of the projection intervals, 2071–2100; Table S3: Sensitivity of the projections to 
the treatment of the decadal term. Mean ice days per winter over 2071–2100, averaged across the 
five GCMs, with the decadal term frozen at its 2022 value as in the main results and with it allowed 
to continue its fitted decline; Table S4: Continuity of the observed ice season, hydrological years 
1965–2022. The longest unbroken spell is the longest run of consecutive flagged days in a winter, 
counted as zero in winters without ice; the number of separate spells is counted only in winters that 
carry ice. Slopes are Theil–Sen estimates and p-values are Mann–Kendall; Table S5: Fitted Mohseni 
air–water temperature parameters and goodness of fit, 1965–2022; Table S6: Two-directional test of 
stationarity in the temperature–ice relationship, using the temperature-only model and the free-
running simulation. A bias that reverses sign with the direction of extrapolation indicates a shift in 
the relationship itself; Table S7: Free-running validation: calibration 1965–1999, simulation 2000–2022 
driven by temperature alone; Table S8: Skill of the station-level bias correction, November–April air 
temperature over 1979–2014, averaged across the five GCMs; Table S9: Station-level bias correction 
and verification of signal preservation. Warming is November–April, 2071–2100 relative to 1985–2014; 
Table S10: Skill of the station-level bias correction for each general circulation model separately, 
November–April air temperature over 1979–2014. Columns as in Table S8; the five-model means are 
the values reported there; Table S11: Hindcast of ice-season timing, 1979–2014, driven by bias-corrected 
ISIMIP historical forcing. Onset and breakup are hydrological days counted from 1 November, and 
all three indicators are conditional on the winter carrying ice, so winters without ice are excluded 
from both sides. Bias is simulated minus observed; the Kolmogorov–Smirnov p-value tests the two 
distributions, since free-running forcing cannot be matched year by year; Table S12: Projected mean 
days per winter by period, five-model ensemble mean. The 2071–2100 row of each block repeats Table 6 
and is retained so that the trajectory can be read in one place; Table S13: Projected continuity of the 
ice season, 2071–2100, against the observed 1995–2022 baseline. Definitions as in Table S4; the number 
of spells is counted only in winters that still carry ice, so it must be read together with the proportion 
of winters that carry none; Table S14: Projected November–April water temperature, obtained from 
the same Mohseni curve that drives the ice model, with the number of days below 2 ∘C as the range 
in which ice can form at all. The observed row is the station record for 1995–2022; Table S15: Spread 
in projected ice days (2071–2100) attributable to each source; Table S16: Sensitivity of the projections 
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to the bias-correction method: mean ice days per winter over 2071–2100, five-model ensemble mean, 
with the identical ice model driven by the three forcings; Table S17: Sensitivity of the projections to the 
stationarity of the air–water temperature relationship, 2071–2100. Figure S1: Free-running validation 
over 2000–2022 for models calibrated on 1965–1999, comparing the temperature-only formulation 
with the formulation including the decadal term. Bias and mean absolute error are in days per 
winter; Figure S2: Station-level bias correction of the ISIMIP3b forcing and the resulting ice hindcast. 
(a,d) Residual bias by quantile of the November–April air temperature distribution, before and after 
correction, 1979–2014. (b,c,e,f) Observed and ISIMIP-driven mean and standard deviation of seasonal 
ice days over 1979–2014, with the proportion of winters without ice and the Kolmogorov–Smirnov 
p-value; Figure S3: Effect of the station-level bias correction on the ISIMIP3b forcing, 1979–2014. (a,d) 
Distribution of November–April daily air temperature: observed (shaded), raw ISIMIP3b (orange), and 
bias-corrected (blue), with the freezing point marked. (b,e) Percentage of days below 0 ∘C in each month. 
(c,f) Monthly mean bias, model minus observed. Note the differing vertical scales in (c,f): the residual 
bias on the Pilica is an order of magnitude larger than on the Węgorapa.
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