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A B S T R A C T

Climate change influences worldwide freshwaters with the most prominent effects in the Arctic and Alpine regions. Environmental management in proglacial zones 
underlain by permafrost requires understanding of hydrological regimes and water retention patterns. However, there is limited long-term data on the catchment- 
scale freshwater flow and retention for ecosystems within the continuous permafrost zones. Here, we characterized the hydrometeorological controls on the glacial- 
fluvio-lacustrine regime in a model Arctic catchment (SW Svalbard) to inform contingency plans for regions endangered by glacial-floods and permafrost landslides. 
We compiled a comprehensive hydro-meteorological dataset between 2005 and 2019 from a larger database (1972–2019) and applied bootstrapping, random forest, 
and multiple regressions, to elucidate the relationships between drivers (temperatures, sunshine duration, precipitation) and the intensity of freshwater flows. The 
hydrology exhibits strong seasonality with a pronounced peak between June and July controlled by precipitation (R = 0.56). From August to September, low-to- 
intermediate freshwater discharge is controlled by interactive effects of air temperatures and precipitation (R = 0.71). The interaction between hydrometeorolo-
gy and catchment-scale discharge is stronger for August and September compared to June and July. The strongest warming trend between August and September 
(1979–2019) makes this period particularly relevant with regards to the long-term changes and environmental management in the permafrost-underlain catchments. 
Indeed, our northern hemisphere meta-analysis (n = 1975) revealed that majority of glacial floods (51 %) occurs at that time. We argue that permafrost management 
should include monitoring of surface temperature, precipitation and snow cover enabling establishment of stabilizing infrastructure in sensitive regions whenever 
threshold values are exceeded (i.e., Tmin >4 ◦C; P > 30 mm) and discharges increase.

1. Introduction

Climate change affects distribution and availability of global fresh-
waters with important consequences for populations and ecosystems 
(Qin et al., 2020; Sterling et al., 2013; Vörösmarty et al., 2010). These 
effects are particularly pronounced at high latitudes where warming is 
faster than the global average (i.e., “polar amplification”; (England 
et al., 2021). In the Arctic, rapid warming is coupled to shifts in pre-
cipitation leading to the intensification of the hydrological cycle 
(McCrystall et al., 2021; Rawlins and Karmalkar, 2024). Fast increase in 

the volume of free-flowing water through the permafrost-underlain 
catchments can stimulate cryosphere erosion leading to abrupt mass 
transport into the downstream ecosystems (Beel et al., 2018, 2020; 
Lehmann-Konera et al., 2017), increased emissions, landslides and 
glacial floods (Robison et al., 2023; Vonk et al., 2015). Intensification of 
the hydrological cycle also enables more efficient heating in the newly 
formed wetlands and expanding open water bodies (i.e., talik forma-
tion). The increase in the free-flowing water volume represents a posi-
tive feedback effect on the “polar amplification” enhancing glacier and 
permafrost thawing, as well as significantly increasing the risk 
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associated with glacial lake outburst floods (GLOFs (Harrison et al., 
2018), and permafrost landslides (Huggel et al., 2012).

Changing climate influences the hydrological cycle in the Arctic and 
Alpine regions on the long and short timeframe (Beniston et al., 2018; 
Feng et al., 2021). Long-term effects include consequences of increasing 
temperatures on ice cover duration and rain-to-snow events (Graham 
et al., 2017; Wickström et al., 2020). Short-term effects include conse-
quences of extreme weather events such as heavy springtime rainfalls 
and heat waves (Dobricic et al., 2020; Nakamura and Sato, 2022). 
However, in the context of the increasing frequency of extreme precip-
itation events and accelerating warming, there is limited information on 
the direct influence of seasonal temperature and precipitation vari-
ability on the hydrological cycle intensity in glacierized catchments 
underlain by permafrost. Existing analyses evidence a general trend 
towards increasing summertime runoff, related to frequent and heavy 
rainfalls (Lewis et al., 2012; Sund, 2008; Young et al., 2015). These 
trends correspond to the reported increase in autumnal air temperatures 
and rainfalls throughout the Arctic (Førland et al., 2011; Serreze et al., 
2015; Wawrzyniak and Osuch, 2020). Seasonality of warming and 
precipitation patterns may influence soil water content and stability of 
glacial lakes. These effects can trigger more intense and frequent glacial 
floods and/or permafrost landslides, endangering millions of people 
(Taylor et al., 2023).

Despite the growing access to the continuous meteorological data 
from polar regions, interannual and multi-seasonal analyses that func-
tionally link hydrological and meteorological effects in glacierized 
catchments are still scarce (Lafrenière and Lamoureux, 2019; Wang 
et al., 2022). Even fewer studies focus on High Arctic, where polar 
amplification is the strongest thus facilitating intense transitions in the 
hydrological cycle (Beel et al., 2021). Limited availability of long-term 
hydrological datasets and analyses (Lafrenière and Lamoureux, 2019; 
Nowak et al., 2021) constrains our ability to accurately forecast the 
future water regimes, where the rapid environmental change may lead 
to increased runoff (Lewis et al., 2012; Sund, 2008), peak greenhouse 
gases (GHG) emissions, floods, and landslides. These effects will 
potentially further stimulate ice and permafrost degradation, triggering 
an increase in the baseflow (Evans et al., 2015, 2020; Lamhonwah et al., 
2017; Wang et al., 2023), water storage (Walvoord and Striegl, 2007; 
Walvoord and Kurylyk, 2016), and mass movements of both soil and ice 
(Owczarek et al., 2020; Zastruzny et al., 2023).

While accelerated thawing feeds streams and ponds resulting in 
surface water expansion, improved hydrological connectivity may 
enhance surface drainage, particularly in regions where riverine systems 
become better connected as the ice declines. This effect can influence the 
water content and flows throughout the active layer (Lamontagne-Hallé 
et al., 2018). Processes controlling the water content in the permafrost 
zone will reflect on the biogeochemical and geomorphological condi-
tions. These changes can lead to higher productivity (Owczarek et al., 
2021; Pedersen et al., 2022, Przytulska et al., 2017) and more reduced 
conditions during organic matter respiration (Robison et al., 2023) 
along with reduced permafrost stability enabling glacial floods and 
landslides (Westoby et al., 2014). Such water-driven relationships and 
potential feedbacks will be crucial to understand Arctic biomes under 
climatic transition and strategize for their future management. Consid-
ering knowledge gaps outlined above and the need to improve envi-
ronmental models, we aimed to characterize the impact of 
hydrometeorological conditions on the freshwater regime in a model 
permafrost-underlain glacierized catchment, where ice decline leads to 
rapid freshwater expansion.

We hypothesize that water discharge is controlled by the ambient 
meteorological conditions during the rainfall-dominated part of the year 
rather than during the snow-dominated part. We determined the impact 
of hydrological connectivity, including change of lake volume, using 
interannual variability in matured High Arctic model systems during a 
period of 16 years of observations (1972–2019). This work provides 
characteristics of the water cycle in the rapidly changing high Arctic 

environment (Beel et al., 2021; Schmidt et al., 2023; van Pelt et al., 
2019) thus provides process understanding urgently needed for 
improved glacial flood and mass movement forecasting (Emmer et al., 
2022) and management strategies in remote polar and alpine regions 
(Vonk et al., 2023).

2. Study site

2.1. Local settings

The Brattegg River drains a small Arctic catchment (hereafter Brat-
teggdalen, 7.25 km2) situated on Wedel Jarlsberg Land in SW Spits-
bergen at an altitudinal difference of ~620 m (645–24 m above sea 
level, hereafter a.s.l.) (Fig. 1). This model catchment, typical for SW 
Spitsbergen, is constrained by mountain ridges and marine terraces 
(Migała et al., 2013). The bedrock consists of metamorphic rocks, 
including Precambrian and Lower Palaeozoic amphibolites, 
mica-schists, and quartzites (Czerny et al., 1992a, 1992b; Marszałek and 
Górniak, 2017). The catchment is well weathered while the talus slopes 
and moraines have been reworked by periglacial processes 
(Korabiewski, 2023; Owczarek et al., 2014; Senderak and Wąsowski, 
2016). The upper terminus contains a relatively small (Wołoszyn and 
Kasprzak, 2023) cirque glacier Bratteggbreen (0.28km2), that has lost 
about 47 % of its mass since 1936 (Owczarek et al., 2014), while 
declining by up to 68 % since Little Ice Age (Wołoszyn and Kasprzak, 
2023). The decline of the Bratteggbreen, has been largely enhanced by 
an intense subaqueous melt events (Szponar, 1989). Rapid glacier 
decline, resulted in formation of three interconnected lakes with a total 
area of 0.24 km2 in the lower part of the catchment (Marszałek and 
Wąsik, 2013). Importantly, the Bratteggbreen catchment is underlain by 
continuous permafrost (Kasprzak, 2015, 2020) that extends under the 
talus slopes near the largest Lake Myrktjørna (Senderak et al., 2017). 
The average thaw depth is estimated to reach 1.5 m at an altitude of 500 
m (Brázdil et al., 1989; Kasprzak and Szymanowski, 2023) and has 
exceeded 3 m (max 20 m) on the elevated marine terraces forming the 
valley and the slope base affected by snowmelt and groundwater 
(Kasprzak and Szymanowski, 2023). The highest rates of thawing and 
subaqueous flows have been reported during the summer months 
(Kasprzak and Szymanowski, 2023).

2.2. Meteorology

The Bratteggdalen catchment is located in the vicinity of Stanisław 
Baranowski Polar Station (SBPS) (near the gauging station on Fig. 1); 
and less than 10 km from the Polish Polar Station Hornsund (PPS), 
where meteorological conditions are monitored continuously over the 
past 40 years (1979–2018) (Wawrzyniak and Osuch, 2019). For this 
period, mean annual air temperature at the PPS is − 3.6 ◦C, with monthly 
means ranging from 4.6 ◦C in July to − 10.2 ◦C in January. The mean 
daytime temperature is above 0 ◦C for an average of 124.5 days between 
June to September. For the same period, annual precipitation is 462.7 
mm, where 27 % share (125 mm) is rainfall that occurs between June 
and August. In the period with above-zero air temperatures, the total 
precipitation is 199.9 mm (~43 % of annual mean). September and 
August are characterized by the highest precipitation values of 74.9 and 
56.8 mm, respectively. Regarding snow cover, it typically occurs from 
the second half of September until early June (Górniak et al., 2016; 
Przybylak and Araźny, 2006). We assume here that despite certain local 
topo-climatic differences, the long-term meteorological data 
(1978–2019) recorded at PPS may be treated as representative for the 
weather conditions throughout the study area (Migała et al., 2013; 
Wawrzyniak et al., 2020; Wawrzyniak and Osuch, 2020). Meteorolog-
ical measurements in the Bratteggdalen have been carried out inter-
mittently since 1970, but often only in summer. Total precipitation is 
similar for PPS and SBPS (Migała et al., 2013). Year-round air temper-
ature measurements show that the mean air temperature in summer 
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(June–August) and winter (December–February) at SBPS is higher than 
at PPS by 0.9 and 0.4 ◦C, respectively (Migała et al., 2013, 2015).

3. Materials and methods

3.1. Hydrometeorological dataset

Hydrology of the Bratteggdalen catchment has been assessed at the 

gauging station located in its lower part (24 m a.s.l.) and complemented 
with a discrete sampling in the upper part (Fig. 1, Fig. A.1). Freshwater 
flow (also refered to as discharge) was calculated using the relationship 
between continous water level data and the discharge measured by the 
area-velocity method (Dobriyal et al., 2017). The water level was 
monitored with a set of atmosphere-calibrated pressure sensors located 
at the gauging station (Table A.1). For the analysis, data from the 
Bratteggdalen catchment were converted (Figs. A.2; A.3; A.4 and 

Fig. 1. (A) Study area of the Bratteggdalen catchment, (B) headwater part of catchment with glacial lake. Photo of the lake by Adam Nawrot (for Sci-
ence Foundation).
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supplemental Tables A2; A3) to weekly discharge rates. Weekly mete-
orological database (1979–2019) was prepared based on available daily 
PPS (WMO 01003) measurements, including 2-m air temperatures 
(minimum, maximum, average), precipitation measurments and sun-
shine duration data.

The hydrometeorological database, assembled to determine the 
relationship between the hydrological and meteorological conditions, 
includes the discharge and water temperatures, as well as the total 
precipitation data (corrected with elevation gradient) (Table 1). This 
database was completed with air temperature and sunshine duration 
obtained from the literature (Wawrzyniak and Osuch, 2019). Total 
precipitation rates were calculated as weekly sums (Pweek) and averages 
(Pav); air temperatures were aggregated as the weekly means of the 
average, minimum, and maximum (Tav, Tmin, Tmax, respectively); water 
discharge and temperature were calculated as weekly means, i.e. Qav, 
Qmax, Qmin, WTMPav, WTMPmax, WTMPmin, respectively. The specific 
weekly runoffs (in mm) were calculated from the sum of daily runoff (in 
m3), which was based on the average daily discharge (m3/s) multiplied 
by day length (86400 secods), divided by catchment area in m2 (Rweek, 
hereafter “specific runoff”).

Unique hydrological dataset for the Bratteggdalen catchment for 9 
individual years (between 2005 and 2019) is explored in the analysis 
below. This dataset was complemented with historical hydrological data 
from the Bratteggdalen catchment for a total of 16 observation years 
(see Table A.1). The annual water budget was established using runoff 
and precipitation in warm (May–October, hereafter V-X) and cold pe-
riods (November–April, hereafter XI-IV), and the glacier ablation data. 
Direct runoff data (Table A.1) are complemented by modelled data from 
early summer and late autumn (Osuch et al., 2022). Precipitation data 
for winter (XI-IV) and summer (V-X), obtained from the Polish Polar 
Station (Migała et al. (2023), were corrected for elevation difference (19 
%/100m, i.e., Nowak and Hodson (2013) and Majchrowska et al. 
(2015). Bratteggbreen ablation was estimated based on remote sensing 
data (see section 3.3 for details). We have also calculated runoff co-
efficients (Cpeak and Cevent), as the ratio of runoff to precipitation, for 
selected peak flow events during hydrologically active season betwee 
2005 and 2019 (Eq. A.1, A.2, A.3).

3.2. Data analyses

In this study, we analyzed multi-annual hydrometeorological aspects 
of one of the longest data series for a High Arctic periglacial catchment 
(Nowak et al., 2021), using state-of-the-art statistical tools to establish 
the drivers of observed changes (Anghileri et al., 2014; Kundzewicz and 
Robson, 2004). All the data were grouped into representing either the 
snowmelt- (weeks of the year WOY, 23–29), and rainfall-dominated 
(WOY 30–37) periods. The multiannual changes of air temperature 
and precipitation for the investigated area, were presented using data 
from the PPS station, and the non-parametric Mann-Kendall two-tailed 
test, and Sen’s slope estimator (p-value = 0.05) (Hipel and McLeod, 

1994; Krogh and Pomeroy, 2018; Wawrzyniak and Osuch, 2020; Wilcox, 
2001). The hydrometeorological relationships for non-normally 
distributed data were evaluated using non-parametric statistics (i.e., 
Spearman’s rank correlation, hereafter rho).

Whenever the test assumptions (e.g., normality of residuals, lack of 
autocorrelation, constant variance) were met, we have determined the 
strenght of individual effects. For other variables, whenever the re-
siduals of regression model were non-normally distributed, we log- 
transformed the data and used a non-linear regression analysis. 
Normality of residuals was tested using Kolomogorov-Smirnov with the 
Lilliefors modification (Eq. (A.4) and Shapiro-Wilk test (Eqs. A.5-A.7) 
(Kundzewicz and Robson, 2004). Autocorrelation of residuals was 
tested using the Durbin-Watson test (Savin and White, 1977). Whenever 
statistically sound, slopes of relationships and Pearson’s correlation 
coefficients (hereafter R) were determined. Weekly means explained 
before, have been used to avoid serial autocorrelation throughout the 
dataset (Anghileri et al., 2014; Wawrzyniak et al., 2016). We also used 
random forest and bootstrapping methods (Adèr et al., 2008; Efron, 
1979; Efron and Tibshirani, 1994) as well as a more robust linear 
regression approach to determine the functional relationships between 
hydrological (e.g., discharge, runoff) and meteorological conditions (e. 
g., air temperature, precipitation).

Random forest techniques adapted for non-normally distributed/ 
colinear data (Breiman, 2001) were used to investigate interactions 
between Qavg and environmental controls (see Table 2). We further 
quantified the contribution of individual predictors using the 
loss-decrease root mean square error (RMSE). All these analyses were 
performed using R packages (R Core Team, 2014) such as the ‘boot’ 
(Canty and Ripley, 2021; Davison and Hinkley, 1997), ‘trend’ (Pohlert, 
2020), and ‘caret’ (Kuhn, 2008). In addition, the DALEX package was 
used for the visual explanation and exploration of the random forest 
models (Behrangi et al., 2015; Biecek, 2018; Dunn, 2001; Sharma and 
Tiwari, 2009).

3.3. Glacier ablation, proglacial lake volume and flood meta-analysis

The Bratteggbreen meltwater runoff was estimated following clas-
sical interpolation methods (Błaszczyk et al., 2019b; Ignatiuk et al., 
2022). The calculation of the meltwater runoff in 2005–2010 and 

Table 1 
Freshwater Discharges, total runoffs, glacier ablation rates in the Bratteggdalen during 2005–2019. Winter and summer precipitation totals corrected for altitude 
gradient (19 %/100 m) were used from meteorological station at the Polish Polar Station (following Migała et al., 2023). For the total runoff, discharge data were 
completed with model results (Osuch et al., 2022).

Year Period of measurements 
(Date range & number 
of days)

Daily discharge [m3/ 
s] (mean, min-max)

Daily water 
temperature [◦C] 
(mean, min-max)

Total runoff [106 m3 

(mm)]
Glacier ablation [106 

m3 (mm)]
Precipitation V-X 
[106 m3 (mm)]

Precipitation XI- 
IV [106 m3 (mm)]

2019 25.06 ─ 21.09 (89) 0.41 0.06–1.98 5.6 1.1–9.2 3.99 ± 0.24 (550) 0.32 ± 0.02 (44.3) 1.66 (229.3) 1.46 (283.1)
2018 18.06 ─ 08.09 (83) 0.77 0.2–1.77 5.1 1.8–8.6 7.25 ± 0.44 (1000.4) 0.5 ± 0.01 (69) 5.26 (726.1) 1.41 (273.4)
2017 22.06 ─ 23.08 (63) 0.57 0.09–1.98 4.0 0.4–8.1 8.07 ± 0.48 (1112.9) 0.54 ± 0.02 (74.9) 3.22 (443.7) 2.93 (566.9)
2010 13.06 ─ 25.08 (77) 0.71 0.14–2.46 3.9 0.3–7.5 6.87 ± 0.41 (947.3) 0.27 ± 0.01 (36.9) 2.69 (371.3) 2.1 (406.1)
2009 01.07 ─ 15.09 (77) 0.44 0.09–1.35 4.9 0.6–8.1 4.61 ± 0.28 (635.6) 0.39 ± 0.01 (54.4) 2.32 (319.9) 1.21 (233.9)
2008 25.06 ─ 26.09 (94) 0.84 0.03–3.66 3.3 0.1–5.7 7.02 ± 0.42 (968.5) 0.3 ± 0.01 (41.6) 2.92 (402.9) 1.2 (232.8)
2007 01.07 ─ 27.09 (89) 0.6 0.14–1.63 3.1 -0.2-6.8 5.55 ± 0.33 (765.7) 0.27 ± 0.01 (36.8) 2.65 (366.2) 1.45 (280.8)
2006 04.06 ─ 22.09 (111) 0.61 0.12–3.26 4.0 -0.2-7.5 5.96 ± 0.36 (822.2) 0.32 ± 0.01 (43.7) 2.68 (369.4) 1.73 (334.2)
2005 23.07 ─ 13.09 (53) 0.51 0.1–1.96 4.6 -0.2-5.8 4.08 ± 0.24 (563.1) 0.33 ± 0.01 (45.5) 2.59 (357.5) 1.39 (269.5)

Table 2 
Performance of the random forest model for hydrological sub-periods during 
2005–2019. RMSE, R, WOY denote root mean square error, coefficient of 
correlation, weeks of the year, respectively.

RMSE R

WOY 23–29 0.22 0.56
WOY 30–37 0.25 0.59
WOY 23–37 0.28 0.73
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2017–2019 was based on mass balance data from the Hansbreen and 
Werenskioldbreen glaciers, respectively (WGMS, 2020). Both glaciers 
are positioned within 10 km of the Bratteggbreen. The relationship be-
tween surface summer ablation and elevation for each ablation season 
was extrapolated to the Bratteggbreen using Digital Elevation Models 
(DEM, 50 m × 50 m resolution) with geoidal height (EGM2008) from the 
Pleiades high-resolution images taken on 20.08.2017 (Błaszczyk et al., 
2019a). A DEM mosaic image from the Norwegian Polar Institute and 
filtered ASTER GDEM were used for the period between 2005 and 2010 
(Moholdt et al., 2019), whereas the data from the ArcticDEM 7 were 
used for the period between 2017 and 2019 (Porter et al., 2018). The 
proglacial lake volume in the Brateggdalen was estimated using aerial 
photos of the lake surface between 1936 and 2020 as well as local 
topography data with ‘lakemorpho’ modelling package (Hollister and 
Stachelek, 2017). For the glacial flood seasonal frequency analysis, we 
have used monthly data from the Lützow et al. (2023) for floods re-
ported throughout the north hemisphere.

4. Results

4.1. Long-term meteorological changes

Between 1979 and 2019, significant positive trends of air tempera-
tures were observed (Fig. 2A). The observed changes in average and 
maximum air temperature for WOY 30–37 (0.38 ◦C and 0.42 ◦C per 
decade, respectively) were higher when compared to WOY 23–29 (i.e. 
0.37 ◦C). The trend of minimum air temperature is the greatest, with a 
value of 0.45 ◦C per decade for both periods (WOY 23–29 and WOY 
30–37). The sum of precipitation, increased significantly only for WOY 
30–37, at an average rate of16.8 mm per decade (Fig. 2B).

4.2. Freshwater flows

Seasonal patterns of freshwater discharge, runoff and temperature 
showed a clear change during the summer. For WOY 23–27 (late June to 
mid-July), the mean daily discharge rates exceeded 0.4–0.6 m3/s and 
snowmelt peak flows (>0.8 m3/s) were stimulated by precipitation and 
warming (Fig. 3). For example, peak flow events in 2006 (two events: 
18–19.06, 1–3.07) and 2019 (two events: 1–2.07 and 5–6.07) were 
usually related with extreme precipitation rates exceeding 15 mm (prior 
or during peak flow) and warming(e.g., heatwaves between 

1–3.07.2006 and between 5–6.07.2019). During WOY 24–33 (late July 
to August), the discharge decreased markedly to low flow conditions 
(<0.4 m3/s). During the summer-autumn transition (WOY 35–38; 
August to early September), the average discharge increased rapidly 
following intense rainfall (1–2 m3/s, Fig. 3). Discharge in snowmelt- 
dominated part of the season was lower as compared to the rain- 
dominated periods (see Fig. 3B). A similar seasonal pattern with high 
weekly specific runoff (Rweek) occured during snowmelt in spring/ 
summer transition. Comparably elevated discharge during rain events 
during summer/autumn transition was observed for weekly data be-
tween 2005 and 2019 (Fig. 4A). Rweek exceeded total precipitation 
during the snowmelt-dominated part of season as compared to the rain- 
dominated part when this difference was much less pronounced 
(Fig. 4B). Extreme events were observed in the later part of the season 
(after 29 WOY) when precipitation reached 80 mm and runoffs 176 mm 
as compared to averages of 8 and 30 mm, respectively.

4.3. Hydrometeorology

The analysis of freshwater discharge rates revealed differences be-
tween the snowmelt-dominated and rain-dominated datasets. Indeed, 
discharge rates were more closely correlated with air temperatures (Tmin 
and Tav, respectively) (rho > 0.5) for the rainfall-dominated part of the 
season (WOY 30–37) compared to the snow-dominated part (WOY 
23–29; (Table A.4). Early in the season (WOY 23–29), the maximum 
freshwater discharge (Qmax) correlated to the total and average precip-
itation rates (Pweek and Pav, p-value < 0.05, rho > 0.35; Fig. A.5). 
Random forest and bootstrapping analyses revealed general and sea-
sonal hydrometeorological effects. Indeed, models explaining Qav 
demonstrated the strongest relationship for the entire period (WOY 
23–37) (R = 0.73; root mean square error, RMSE = 0.28), indicating the 
crucial importance of the precipitation and water temperatures in con-
trolling hydrology of the glacierized catchment (Fig. 5). When separated 
into two periods of the year (i.e. WOY 23–29 and WOY 30–37), models 
yield similar R and RMSE (Table 2), whereas predictors of changes for 
each of these periods are different. The most important drivers of hy-
drology in WOY 23–29 was precipitation (Pweek). The analysis with the 
bootstrapping method revealed that Pweek was more strongly correlated 
with Qmax (and to lesser extent with Qmin) reaching R ~0.5 (Fig. A.6). In 
contrast for WOY 30–37 it was the interactive effect of temperature and 
precipitation that (Tmin, Pweek, Tav) predicted Qav (Fig. 5, Fig. A.6). This 

Fig. 2. Multiannual changes in meteorological parameters in 1979–2019: (A) 2-m air temperature at the Polish Polar Station, (B) total precipitation at the Polish 
Polar Station.
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is also in line with results from bootstrapping analysis, where both Tmin 
and Tav show high correlation with Qmin (R~0.5) for WOY 30–37 
(Fig. A.6 C).

For the non-linear regression analyses hydrological data were cor-
rected with the logarithmic transformation to normalize distributions 
and remove any potential autocorrelations (Kundzewicz and Robson, 
2004). Subsequently, the aggregated data for two periods (WOY 23–29 
and WOY 30–37) correlated for logQmax vs. Pweek and logQmin (and 
logQav) vs. Tmin, respectively. For WOY 30–37, precipitation rates (Pweek 
or Pav) were also marked as significant predictors (Table A.5). For WOY 
23–29, non-linear regression showed a positive slope and correlation (R 
> 0.5) between logQmax and Pweek (Fig. 6A). Conversely, there was no 
significant relationship (rho < 0.3) with air temperature (Table A.4). 
Specific freshwater discharge rates (Qmin and Qav), correlated to Tmin for 
the rain-dominated part of the season (WOY 30–37; rho >0.5) 
(Table A.4). In further support, this correlation was comparable to the 

Pearson’s coefficients (R ~ 0.5) calculated using the bootstrap method 
(Fig. A.6). By including Pweek, the Pearson’s correlation coefficient 
increased to R = 0.71 (Fig. 6B). The bootstrap method for WOY 30–37 
showed a stronger correlation with lower confidence intervals than 
WOY 23–29 weeks (Fig. A.6).

Similarly to weekly results, the correlation between monthly runoffs 
and total precipitation was stronger in the rain-dominated, than in the 
snowmelt-dominated part of the season (R > 0.9), particularly for the 
aggregated August–September data (similar period as for WOY 30–37, 
Fig. 7A). Parallel analysis for the months of June and July (WOY 23–29) 
revealed that this relationship is not significant.

4.4. Precipitation, glacier ablation and lake volume

Observational freshwater discharge data revealed that precipitation 
(summer and winter) was not significantly different from the specific 

Fig. 3. Evolution of hydrological and meteorological conditions during the two exemplary ablation seasons: (A) 2006 snow-melt dominated with high discharge in 
the spring, (B) 2019 rain-dominated with high discharge in late summer/autumn transition.

Fig. 4. Weekly aggregated specific runoffs and precipitation rates in Bratteggdalen catchment from 2005─2019: (A) each week from week 23 to week 37, two groups 
for weeks 23 ─29, and (B) weeks 30 ─37. Total numbers of weekly measurements are provided in parentheses.
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runoff in the Bratteggdalen catchment (Table 1, Fig. 7B). Total runoff 
ranged from 3.99 to 8.07 × 106 m3, corresponding to specific runoffs of 
550.0 and 1112.9 mm, respectively. The total precipitation in summer 
and winter was lower compared to runoffs and ranged from 229.3 to 
726.1 and from 165.8 to 403.7 mm, respectively. In most years, except 
for 2005, the sum of total summer and winter precipitation was lower 
than the annual runoff (Fig. 7B;Table 1). During ablation season, the 
average runoff was higher by 0.36 × 106 m3 (range from − 0.79 × 106 m3 

to 2.11 × 106 m3) compared to the total precipitation (sum of snow and 
rain). Therefore, we estimate that glacier ablation contributed on the 
order of 10 % to the total catchment-wide freshwater discharge (see 
section 3.3). Glacier decline resulted in a rapid increase of the proglacial 
lake volume within Bratteggdalen from 0.3 × 104 m3 in 1990 to 1.5 ×
104 m3 in 2020 (see aerial photo of the lake in 2023, Fig. 1). The 
probability of glacial lake flood increased significantly as the lake water 
level is now only <2m below the maximum ice dam height (personal 
observation).

5. Discussion

Our analyses show that the warming is more intense during the 
rainfall-as compared to the snowfall-dominated season (Fig. 2A). This 
seasonality was associated with increased precipitation during the 

warmer period (i.e., 17 mm per decade, see Wawrzyniak and Osuch, 
2020). We also evidence that incresing temperature and precipitation 
enhance the freshwater drainage (Figs. 5, 6B and 7B). Whereas precip-
itation trends are rising strongly in the rainfall-dominated period during 
the last few decades, the overall runoff is consistently higher for the 
snowmelt-dominated period (see Fig. 4), which is similar with other 
permafrost underlain catchments in High Arctic (Killingtveit et al., 
2003; Osuch et al., 2019; Wawrzyniak et al., 2020). Thus while our 
model catchement is experiencing a climate change-triggered transition, 
it still retains its orginal nival character. Overall, our study, by providing 
a comprehensive insights into multiannual hydrometeorology, contrib-
utes to understading of the ecosystem connectivity effects on the hy-
drology within a glaciarized permafrost catchments under rapid climate 
change in Svalbard and beyond (see Fig. 8 and Nowak et al., 2021).

5.1. Seasonally diverse hydrometeorological effects

We reveal a difference in the hydrometeorological relationships for 
the snowmelt- and rainfall-dominated parts of the season (Fig. 5). Dur-
ing the snowmelt-dominated period (weeks 23–29), rainfall events 
strongly enhanced discharge (Qmax; Figs. 5 and 6A). By contrast rising 
temperatures did not result in an immediate discharge increase early in 
the season (Fig. 5), but stimulated the snowmelt contribution to subse-
quent peak runoff. The effect of warming on the catchment-wide 
discharge is potentially delayed until snow-derived water reaches the 
river. Indeed, with the steady warming during that period, the runoff 
reaches its maximum only after the complete snowmelt. The water 

Fig. 5. Relationship between mean weekly discharge and other hydrometeo-
rological parameters (e.g. water temperature, air temperature, total precipita-
tion, sunshine duration) using the random forest: (A) from week 23 to week 37, 
(B) from week 30 to week 37, (C) from week 23 to week 37.

Fig. 6. Hydrometeorological relationship in the Bratteggdalen catchment for 
2005–2019: (A) total precipitation and mean maximum discharge for weeks 
23–29 of the year, and (B) mean minimum air temperature and total precipi-
tation vs discharge for weeks 30 ─37 of year. For details of the range of data 
available, see Tables 1 and A1.
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retention within the snow cover and slow release of the snowmelt waters 
into streams and/or lakes (e.g., increase in the snow line altitude, 
thickening of the active layer) further delays the system’s response to 
warming. These effects are contrasted by a strong response of the 
discharge rates to air temperature and precipitation later in the season 
(WOY 30–37; Figs. 5 and 6B). Such connectivity difference between the 
snow-vs rainfall-dominated periods control the influence of hydro- 
meteorological conditions on the freshwater budget.

Rainfall events lead to high discharges during the snowmelt- 
dominated part of the season, with runoffs exceeding precipitation. 
Interestingly, Qmax correlates to Pweek and Pav (Figs. 5 and 6A), 

indicating that high discharge events are triggered by the rapid snow-
melt that is accelerated by rainfall. The total runoffs during peak flows in 
July were several times higher than the total precipitation based on 
runoff coefficients, Cpeak and Cevent (Fig. A.7, Table A.6). Decline of the 
lake ice and breaking of snow dams in river channels further enhances 
water flows. During the year, when air temperatures consistently 
exceeded 0 ◦C, warming appears to have a relatively minor influence on 
the discharge events. The formation of a layer of ice within and beneath 
the snowpack, as a consequence of frequent rain-on-snow and snowmelt 
during winter-autumn (Łupikasza et al., 2019, 2021), is likely to have 
delayed water flows through and underneath the snowpack, leading to 
such a lagged response. Clearly, accelerated warming during the 
snowmelt period triggers peak discharge events (Young et al., 2015) as 
indicated by the relationship between Tmin and discharge (Fig. 5A). 
However, such effects have not been observed in the longer-term dataset 
when the influence of snow accumulation and extreme precipitation 
events prevails in controlling discharge rates (Park et al., 2024; Wawr-
zyniak et al., 2020).

The decrease in the snow water equivalent and the snow cover 
duration results in shorter periods of peak discharge by mid–season 
(Hanssen-Bauer et al., 2019; Pelt and Kohler, 2015). This observation 
agrees well with results from other catchments in Arctic lowlands (Beel 
et al., 2018, 2021). Overall, the hydrological regime of our model High 
Arctic catchment over the past 25 years was strongly affected by the 
precipitation-induced peak discharge events during the 
snowmelt-dominated part of the season. These effects resulted in 
torrential discharges when a rapid precipitation increase was no longer 
buffered by the retention within the snow cover and/or in proglacial 
lakes (Serreze et al., 2021; Sobota et al., 2020).

Warming controls freshwater flows during the rainfall-dominated 
part of the summer. The correlative effect between Tmin and discharge 
(Qav, Qmin) was stronger as compared to direct precipitation effects 
(Fig. 5, Table A.4). The inclusion of Pweek strengthened this relationship 
even further (R~0.7, Fig. 6B) as compared to that between Tmin and Qmin 
(R~0.6, Table A.5). Pronounced effect of air temperature on hydro- 
meteorological conditions in the rainfall-dominated part of the season, 
is most likely related to the deepening of the active layer and/or 
permafrost (see (Wawrzyniak et al., 2016) and changes in the 

Fig. 7. (A) Relationship between precipitation corrected for elevation gradient 
at the Polish Polar Station and specific runoff in the Bratteggdalen during the 
ablation seasons in 1985–2019; note that the black dashed circle marks the 
years (1985, 2005) with datasets shorter than 10 days (metadata available in 
Table 1). (B) components of specific runoff in the Bratteggdalen between 2005 
and 2019, and (C) seasonal frequency distribution (in % and as number of 
events) of glacial lake floods over the north hemisphere since 1638 (n = 1973; 
data available from https://zenodo.org/records/7330345).

Fig. 8. Schematic illustration of the observed hydrological and meteorological 
effects for the model Brateggdalen catchment including patterns in temperature 
(T) discharge (Q), precipitation (P) as well as effects between warming, rainfall 
(R), snowmelt (SM) and discharge (Q) for the winter and summer observation 
periods. Size and direction of arrows is representative for the direction and 
magnitude of seasonal changes and interactions.
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catchment-wide water retention capacity after the snowmelt (e.g., quick 
response to rain events, see Fig. 7A). In consequence, discharge rates, 
reflecting baseflow conditions and water residence times, are strongly 
controlled by the (minimal) air temperatures (see review of recent 
studies in Table A.7). Strong correlation between air temperature and 
baseflow, as a consequence of deepening active layer, has been observed 
in catchment underlain by permafrost in Arctic Eurasia, Qinghai-Tibetan 
Plateau, Himalayas, Alaska (Singh et al., 2000; Sjöberg et al., 2021; Song 
et al., 2021; Wang et al., 2012; Zastruzny et al., 2024). Recent warming 
further increase groundwater flow, its contribution to total runoff, and 
water storage in active layer (Ge et al., 2011; Lin et al., 2020) as well as 
redistribution of soil moisture (Debolskiy et al., 2021). Impact of pre-
cipitation increase on discharge in the permafrost underlain catchment 
is less pronounced (Cooper et al., 2023; Singh et al., 2000) and is usually 
linked with high river flow events (Song et al., 2021).

The relatively weak direct relationship between rainfall and 
discharge stands in contrast to observations from other Arctic catch-
ments where the increase in discharge was driven mostly by more 
frequent rainfalls and precipitation increase (Lewis and Lamoureux, 
2010; Makarieva et al., 2019; Osuch et al., 2022; Stuefer et al., 2017; 
Young et al., 2015). However, this previous work also argues that 
rainfall-triggered thawing may elevate discharge later in the season 
(Caine, 2010). Our study expands this argument by showing that a rise 
in minimum air temperature facilitates such a process. Indeed, 
warming-enhanced hydrological connectivity throughout the active 
layer over the summer-to-autumn transitions likely enables a more 
efficient transfer of rainfall via the supra-permafrost flows within the 
active layer to river channels (Stachniak et al., 2022; Wąsik et al., 2023). 
To sum up, air temperature and more intense rainfalls accelerate active 
layer and/or permafrost deepening, leading to a long-term increase in 
the baseflow freshwater flow within a model catchment underlain by 
continuous permafrost (Fig. 6B). This may result in lower soil/rock 
stability and more frequent mass movements.

On a finer temporal scale, we have observed a strong relationship 
between precipitation and runoff in late summer (August and 
September, Fig. 7A). This corresponds with the reported summertime 
deepening of the active layer (Kasprzak, 2020; Kasprzak and Szyma-
nowski, 2023) that is also apparent from other comparative studies in 
this region (Brázdil et al., 1988, 1989; Piasecki and Pulina, 1975). The 
strong link between surface air temperature and ground temperatures 
(down to 0.5 m, Kasprzak and Szymanowski (2023) supports the 
thermo-hydrological mechanism behind the discharge and raising Tmin 
(Figs. 5 and 6B) and agrees with evidence that the mean annual air 
temperature stimulates baseflow (Evans et al., 2015; Wang et al., 2019, 
2021). Our results provide evidence for a synergy between hydromete-
orological processes and active layer thickness towards enhanced 
freshwater circulation in permafrost catchments.

5.2. Runoff components and perspective for ecosystem management

Overall glacial flow contributes about 10 % to catchment-wide 
freshwater runoff. This fraction reflects the glacier percentage area in 
the catchment and potential shading effects (see aerial photo on Fig. 1). 
The increase in runoff from the declining ice is buffered through the 
expanding proglacial lakes thus have limited immediate influence on the 
hydrology and permafrost stability. Currently, the ecosystem-scale 
water budget and soil water content are controlled rather by the 
supra-permafrost flows and water release from the annual snow cover. 
This conclusion is supported by the data showing that runoff frequently 
exceeds the total precipitation volume (on average by ~ 100 mm). Even 
when accounting for the evapotranspiration (~70 mm; Killingtveit 
et al., 2003), our data points to a relatively high freshwater discharge, 
most likely via enhanced supra-permafrost thawing and inflows.

Indeed, the catchment-specific runoffs are between 50 and 200 % 
higher compared to other Arctic regions with similar glacier cover (<15 
% of total area) or similarly sized glacier-free basins (Jania and Pulina, 

1994; Killingtveit et al., 2003). Runoff increases due to the unique cli-
matic and hydrological conditions in the southern location of the study 
area, which is influenced by warm, humid maritime air masses. The 
West Spitsbergen Current brings about warming that accelerates release 
of water stored in glaciers and permafrost, leading to high surface water 
runoffs (Hanssen-Bauer et al., 2019). This evidences a considerable 
water sourcing from the underlaying permafrost. On the other hand, 
runoffs in Bratteggdalen are up to three times lower than these reported 
from the more strongly glacierized basins (Killingtveit et al., 2003; 
Majchrowska et al., 2015; Stachnik et al., 2016). Following these ob-
servations, we argue that the extent of water-driven ice decline shall 
have a major impact on the future of permafrost catchments. Data 
analyzed using the random forest method explained observed variability 
of the runoff relatively well (Sihag et al., 2021; Zounemat-Kermani et al., 
2021), while alternative parametric linear regressions and, boot-
strapping) can be considered as complementary tools to better under-
stand the hydrometeorological changes (Alobaidi et al., 2021; Ghorbani 
et al., 2018; Zhou et al., 2018). Along these lines, future exploitation of 
artificial networks (Alobaidi et al., 2021; Ghorbani et al., 2018; Zhou 
et al., 2018) will enhance predictive models.

Our metanalysis of glacial lake floods over the north hemisphere 
revealed that most of these extreme events occurred in the rainfall rather 
than snowfall dominated part of the season (Fig. 7C). This agrees well 
with results showing higher freshwater flows in the latter part of the 
season, particularly when rainfall enhanced snowmelt. These observa-
tions provide a perspective for future plans to monitor, model and 
manage regions endangered by glacial floods. The global decline of 
snowfall (Bintanja and Andry, 2017; Li et al., 2020) as well as shift to-
wards higher rainfall events (Bintanja and Andry, 2017) may play an 
important role in the timing and frequency of glacial floods. Monitoring 
and management programs should, therefore, focus on the transition 
periods when lakes are losing their ice while simultaneously receiving 
large volumes of water from their permafrost catchments. Along these 
lines, design of GLOF Early Warning Systems (An et al., 2022; Kumar 
et al., 2022) should focus not only on lake water level and glacial dam 
stability observations but include recording of discharge rates through 
the permafrost that contribute to major destabilizing effects (Kurylyk 
et al., 2016).

In this vein, the increase in supra-permafrost water content and flow 
can stimulate mass movement and landslides. Our data implies that 
multiannual hydrological observations can be used to established 
threshold values of temperature and precipitation (rainfall) when the 
buffering capacity of the permafrost is exceeded and when mass 
movements will become more probable. Indeed, hand-in-hand with 
climate change, these extreme events are becoming increasingly 
frequent throughout the permafrost regions and put infrastructure and 
developments at risk (Jakob, 2022). Previous work evidenced that water 
infiltrating downwards, can trigger slides when its transport is limited 
within the underlying ice/frozen soil (Shan et al., 2015). Our study 
broadens this perspective by showing that changes in the minimal 
temperature can have a decisive effect on permafrost stability. Increase 
in the baseflow and soil water content following higher T/Tmin should be 
recognized as a proxy for the possible extreme mass movement. 
Considering that minimal temperatures are routinely monitored, mod-
elling/forecasting of floods and mass movements using Tmin as a readily 
available indicator of the permafrost stability that can be used to in-
crease the accuracy of future predictions as well as to design and manage 
worldwide permafrost stabilization infrastructures.

6. Conclusions

Using our long-term dataset from a model arctic catchment we show 
a hydrological and meteorological influences on the water balance 
during rainfall- and snowmelt-dominated part of the year. Snowmelt 
gives rise to high freshwater discharges, and peak runoffs largely 
exceeding total precipitation. In contrast, minimum air temperatures 
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and to some extent, precipitation volume control the discharge events in 
the rainfall-dominated part of the season. Any increase in the active 
layer’s thickness, by enhancing its hydrological connectivity and water 
retention potential, leads to accelerated water transfer downstream to 
rivers and lakes. Warming and intensified precipitation events in the 
rainfall-dominated part of the season can result in an overall increase of 
the freshwater flow through the permafrost catchments in the future. 
Indeed, our rich observational dataset provides basis for a more 
advanced hydrological modelling supported by the robust climate pro-
jections and functional relationships (e.g., CMIP6, Emergent Constraint 
approach). Such efforts will enable us to create a set of plausible sce-
narios for the high Arctic under different climate forcing (e.g., Chai 
et al., 2022; Hu et al., 2021; Zhu et al., 2023).

Understanding and predicting changes in the hydrology of perma-
frost catchments require an interdisciplinary approach, including a 
range of observational data and robust statistical analyses ideally sup-
ported by artificial networks. The combination of classical and novel 
techniques will enable more robust forecasting. Integration of the sea-
sonal and interannual effects in permafrost hydrology, as well as ac-
counting for processes triggering pulse discharges (i.e., high rainfalls to 
rapid snowmelts) will catalyze the design of more efficient systems for 
glacial flood risk monitoring. In populated or industrialized regions 
endangered by glacial floods and permafrost landslides early warning 
and management can save lives and infrastructure. In the future, when 
appropriate technology and data is available, energy from the glacial 
freshwater streams/mass movements during GLOFs can be re-directed to 
fuel electricity production or form potable water supplies.
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Marszałek, H., Górniak, D., 2017. Changes in water chemistry along the newly formed 
High Arctic fluvial–lacustrine system of the Brattegg Valley (SW Spitsbergen, 
Svalbard). Environ. Earth Sci. 76 (13), 449.

Marszałek, H., Wąsik, M., 2013. Some physico-chemical features of water in 
suprapermaforst zone in the Hornsund region (SW Spitsbergen). Biul. Panstwowego 
Inst. Geol. (1989) 456, 497, 404. 

McCrystall, M.R., Stroeve, J., Serreze, M., Forbes, B.C., Screen, J.A., 2021. New climate 
models reveal faster and larger increases in Arctic precipitation than previously 
projected. Nat. Commun. 12 (1), 6765.

Migała, K., et al., 2023. Climate indices of environmental change in the high arctic: study 
from Hornsund, SW spitsbergen, 1979–2019. Pol. Polar Res. 44 (2 : Special Issue to 
celebrate 50 years anniversary of Stanislaw Baranowski Polar Station in Spitsbergen: 
Part 1), 91–126.

Migała, K., et al., 2013. Geographical environment in the vicinity of the stanislaw 
Baranowski polar station – werenskioldbreen. In: Zwoliński, Z., Kostrzewski, A., 
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