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Running title: Long-term changes of climatic indices in Hornsund 

 

Abstract: An analysis of a suite of climatological indices was undertaken on the basis of 

long-term (1979–2019) climatological data from the Polish Polar Station in Hornsund, SW 

Spitsbergen. It was followed by an attempt to assess the scale of their impact on the local 

environment. The temperature and precipitation indices were based on percentiles of the 

variables calculated for a population of daily values from the climate normals for 1981–

2010. A greater share of both cyclonic and anticyclonic circulations from the S and SW 

sectors, forcing the advection of warm air masses from the south, was decisive for the 

trends of change in comparison with the long-term mean. Both extreme precipitation and 

drought events depend on the 500 hPa geopotential height and precipitable water 

anomalies, determined by the baric field over the North Atlantic. Climate changes impact 

on the dynamics of local geoecosystems by causing faster glacier ablation and retreat, 

permafrost degradation, intensification of the hydrological cycle in glaciated and 

unglaciated catchments, and changes in the condition and growth of tundra vegetation. 
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Introduction 

Arctic amplification is causing unprecedented rises in air temperatures and higher levels 

of liquid precipitation in polar regions, especially in the Arctic (Pithan and Mauritsen 2014; 

IPCC 2019). These changes are likely to continue, increasing both air temperatures and 

precipitation (Łupikasza et al. 2019; IPCC 2021; Liu et al. 2021), facilitating rapid glacier 

recession and thinning (van Pelt et al. 2019; Noël et al. 2020), permafrost degradation and 

fragmentation (Schaefer et al. 2014; Biskaborn et al. 2019; Strand et al. 2021), and increasing 

the ecological risk to the entire ecosystem (Hinzman et al. 2013; Anderson et al. 2017; 

Owczarek et al. 2021).  

The climate change in the High Arctic, as exemplified by the Svalbard archipelago, is 

much stronger than elsewhere in northern polar latitudes. The air temperature rise in Svalbard 

is twice as great as the average increase in the Arctic (Nordli et al. 2020). This has led to the 

rapid melting and thinning of glaciers, especially as the average altitude of Svalbard is lower 

than other regions in the Arctic (Noël et al. 2020).  

Several meteorological stations in Svalbard provide long-term meteorological data, like 

air temperature, precipitation and sunshine duration, which enable the climate change trends to 

be compared with the longest composite series (since 1898) from Svalbard Airport in 

Longyearbyen (Serreze et al. 2014; Isaksen et al. 2016; Nordli et al. 2020). One of them is at 

the Polish Polar Station in Hornsund (PPS), in the southernmost fjord in Svalbard, which boasts 

an over 40-year long climatological dataset. Strong positive trends of air temperature and 

autumn rainfall have been observed at the PPS, making it a unique site for studying climate 

change (Wawrzyniak and Osuch 2020). In addition, the positive trend in autumn precipitation 

is one of the highest in Svalbard (Førland et al. 2020). Nonetheless, the meteorological data 

from the PPS have rarely been analyzed in recent studies (e.g., Serreze et al. 2015; Nordli et al. 

2020; Przybylak and Wyszyński 2020; Łupikasza et al. 2021). 

The environmental conditions of Hornsund are representative of southern Spitsbergen 

fjords. Hornsund is influenced by Atlantic Waters, but because of its southerly position, it is 

also affected by less saline, coastal Arctic waters from the Barents Sea (Skagseth et al. 2008). 

These conditions mediate climate change and biodiversity in this area and affect 

geomorphological and glaciological processes (Weydmann and Kwasniewski 2008; Błaszczyk 

et al. 2013; Muckenhuber et al. 2016; Smoła et al. 2017; Strzelecki et al. 2017; Węsławski et 



 

 

 

This article has been accepted for publication in a future issue of PPRes, but has not been fully edited. Content may change prior to final 

publication. 

3 
 

 

al. 2017). Hornsund has been selected as one of the All Taxon Biodiversity Inventory (ATBI) 

sites and, together with Kongsfjorden, situated on the north-west coast of West Spitsbergen, 

has been designated an European Marine Biodiversity Research Site (Warwick et al. 2003). 

Since 1957, interdisciplinary research has been conducted in Hornsund, often within the 

framework of international projects and campaigns (3rd International Geophysical Year, 4th 

International Polar Year) with extended in situ measurements (Lewandowski et al. 2020). 

The present analysis covers daily, monthly and annual air temperatures, positive and 

negative degree days (PDD, NDD), the sum of precipitation, air humidity, atmospheric 

pressure, wind speed and direction, sunshine duration, cloudiness and visibility. The data from 

Hornsund confirm that the greatest warming in the High Arctic is taking place in its Atlantic 

region, as reflected in the dynamics of local geo-ecosystems (Christiansen et al. 2013; 

Przybylak and Wyszyński 2020; Walsh et al. 2020). The mean annual air temperature in 

Hornsund has increased dramatically, at a rate +1.14°C per decade over the last forty years 

(1979–2019). During this period, the climate in this area has been warming more than six times 

faster than the global average rate, which is +0.17°C per decade (NOAA 2020). In addition, 

there has been a clear positive trend in annual precipitation, i.e., 61.6 mm per decade, as well 

as conspicuous monthly precipitation increases in September (19.67 mm per decade) and 

October (13.53 mm per decade). Temperature changes have led not only to the positive trend 

in precipitation, particularly marked since the 1990s, but also to a greater frequency and 

intensity of extreme rainfall events (Marsz and Styszyńska 2013). These episodes occur in 

summer and autumn, generating rainfall that can exceed 50 mm in 24 hrs. The increase in 

cloudiness during this period (0.12 octas per decade) has resulted in a downward trend in 

sunshine duration (−8.39 hrs/decade), with a particularly noticeable deterioration in solar 

radiation in May, the sunniest month (−10.07 hrs/decade). These evident trends in primary 

climatic variables, reflected in a number of hydro- and bioclimatic indices, have a range of 

environmental consequences. 

On the basis of published, long-term climatological data from the PPS, this paper aims 

to analyze a suite of climatological indices associated with pluviothermic conditions affecting 

the supply of energy and moisture to land. In particular, it focuses on evaluating long-term 

changes in climatological indices directly related to polar environmental changes, such as 
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intense glacier ablation, tundra browning, ground warming, permafrost thaw, rain-on-snow and 

snow/ice melting. These environmental changes have been widely addressed in current studies 

from polar regions (Hock 2003; Christiansen et al. 2013; Weijers et al. 2013; Hjort et al. 2014; 

Panchen and Gorelick 2017; Kellerer-Pirklbauer 2018). This work is complementary to other 

regional studies using climatological indices (Diaconescu et al. 2018; Avila-Diaz et al. 2021) 

recommended by The Expert Team on Climate Change Detection and Indices, but we have 

included a more comprehensive set of such indices based on total daily precipitation, air 

temperature, combined air temperature/precipitation and drought indices. In this study, we 

intend to show and discuss how the climatic variables, expressed in numerous indices, explain 

the state and the dynamics of local geoecosystems and explain how their values depend on 

synoptic conditions over the North Atlantic. 

 

Meteorological data from Hornsund 

Hornsund is the southernmost fjord on Spitsbergen, and the PPS, where the data were 

collected, is situated on its northern shore (Fig. 1). The area is representative of the High Arctic 

with extremely weak diurnal and strong seasonal patterns (Przybylak 2002, 2016). The 

meteorological station has conducted continuous meteorological observations and 

measurements since 1978 (World Meteorological Organization registration number 01003). 

The weather station is equipped and operates in accordance with WMO measurement 

regulations and standards.  
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Fig. 1. Location of the study area. Maps reproduced by courtesy of the Norwegian Polar Institute (2014). 

 

During the last 40 years, the mean annual air temperature in the Hornsund area has 

varied from −7.2°C (1988) to +0.3°C (2016) (avg. −3.6°C). The average coldest month is March 

with a mean temperature of −10.2°C, and the average warmest month is July with a mean 

temperature of +4.6°C (Wawrzyniak and Osuch 2020). The average total precipitation is 462.7 

mm, the driest month being March with 21.5 mm and the wettest September with 74.9 mm of 

precipitation. Annual totals have ranged from 230.2 mm (1987) to 805.8 mm in 2016 (Figs. 2 

and 3). 
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Fig. 2. Variability of the daily air temperature time series between 1979 and 2019 at Hornsund. The 

boxplots show data for each calendar year. 

 

Fig. 3. Annual and monthly precipitation between 1979–2019 at Hornsund. 



 

 

 

This article has been accepted for publication in a future issue of PPRes, but has not been fully edited. Content may change prior to final 

publication. 

7 
 

 

 

Methods 

In modest polar ecosystems with a poor heat supply, simple indices based on daily 

temperatures and precipitation explain the role of heat supply and loss, their amount and 

duration, the thawing/freezing of water and soil, ice/snow melt, and the proportions, frequency 

and intensity of liquid and solid precipitation. For this reason, attention is focused on certain 

climate indices.  

A long-term series of daily air temperature and precipitation from the PPS (Wawrzyniak 

and Osuch 2019) were used to analyze a suite of climatological variables that play a major role 

in cold regions and polar ecosystems. The problem of data uncertainty due to changes in the 

measurement technique and instruments was explained by Wawrzyniak and Osuch (2020), who 

described the devices and verified the data using a series of statistical tests. 

The indices were selected on the basis of recommendations by the European Climate 

Assessment & Dataset (ECA&D 2013) and by the WMO with respect to drought indices 

(WMO&GWP 2016). Some of the temperature and precipitation indices were calculated from 

percentiles of these variables for a population of daily values from 1981–2010 (Table 1). The 

number of melting days (NMD days with Tmax ≥0°C) was also taken into consideration. It can 

be used as a simple index of snow cover formation (or destruction), as well as the winter 

component of the glacier mass balance and the initial conditions for the development of an 

active permafrost layer or vegetation.  

The set of indices based on air temperature includes: 

NDD – negative degree days, defined as the annual (calendar year) sum of Tavg <0°C 

FDD freezing degree days – the sum of Tavg <0°C calculated for the hydrological year 

(1 September to 31 August)  

PDD (TDD) – positive degree days (thawing degree days), defined as the annual sum 

of Tavg >0°C calculated for the calendar year 

WSL0 – warm season length (number of days with Tavg >0°C) * 

GSL5 – growing season length (number of days with Tavg >+5°C) * 

sumT5 – sum of Tavg >+5°C  
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GDD5 – growing degree-days (cumulative daily mean temperature above Tavg +5°C); 

GDD5 = Σ (Tavg –5°C) 

HDD15.5 – heating degree-days (energy needed to heat a building) – sum of 

temperatures above the 15.5°C threshold; HDD15,5 = Σ  (15.5°C − Tavg) 

FD – frost days – number of days with daily minimum temperature below 0°C and 

mean temperature above 0°C 

ID – icing days – number of days with daily maximum temperature below 0°C 

NMDXI…. NMDXII – number of melting days in a given month  (days with Tmax ≥0° 

C) 

NMDXI–I  – number of melting days during winter months XI–I (days with Tmax ≥0°C) 

NMDXII–II  – number of melting days during winter months XII–II (days with Tmax 

≥0°C) 

NMDI–IV  – number of melting days during winter months I–IV (days with Tmax ≥0°C) 

Tavg90p – number of warm days (days with Tavg >90th percentile of daily mean 

temperature) 

Tavg10p – number of cold days (days with Tavg <10th percentile of daily mean 

temperature). 

* Taking into account the number of days between the first occurrence of at least 6 

consecutive days above the threshold value and the first occurrence of at least 6 

consecutive days below the threshold value. 

Indices based on temperature and precipitation: 

CD cold/dry days – days with Tavg <25th percentile of daily mean temperature and R 

<25th percentile of total daily precipitation (cold/dry days) 

CW cold/wet days – days with Tavg <25th percentile of daily mean temperature and R 

>75th percentile of total daily precipitation (cold/wet days) 

WD warm/dry days – days with Tavg >75th percentile of daily mean temperature and R 

<25th percentile of total daily precipitation (warm/dry days) 

WW warm/wet days – days with Tavg >75th percentile of daily mean temperature and R 

>75th percentile of total daily precipitation (warm/wet days) 

Indices based on total daily precipitation (R) describing pluvial conditions: 
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RR1 – wet days (R ≥1 mm) (days) 

SDII  – simple daily intensity index (mm/wet day) – computed by dividing the total 

precipitation on wet days by the number of wet days in the period.  

R10 – days with heavy precipitation (precipitation ≥10 mm) (days) 

R20 – days with very heavy precipitation (precipitation ≥20 mm) (days) 

R75p – days with RR >75th percentile of daily totals (number of moderately wet days) 

R95p – days with RR >95th percentile of daily totals (number of very wet days) 

R99p – days with RR >99th percentile of daily totals (number of extremely wet days) 

Drought indices (calculated for months, quarters, half year and year): 

SPI Standardized Precipitation Index – based on precipitation as a standard deviation 

from the long-term average (+ indicates wet; − indices dry). 

SPEI Standardized Precipitation Evapotranspiration Index – based on monthly 

precipitation and temperature, combines SPI with information about potential 

evapotranspiration. 

Reanalysis products provided by the NOAA/ESRL Physical Sciences Laboratory, 

Boulder, Colorado (http://psl.noaa.gov) were used to document the synoptic conditions over 

the North Atlantic Ocean governing extreme pluviothermic episodes in Spitsbergen. The 

datasets include daily composites (averages) of the mean or anomalies (mean minus total mean) 

of variables from the NCEP/NCAR Reanalysis and other datasets. The plots were generated for 

selected extreme weather situations. The following variables were used: sea level pressure, air 

temperature anomaly, anomaly of 500 hPa in geopotential height, omega index for 500 hPa 

explaining the vertical motion of air masses, and the precipitable water anomaly at 1000–500 

hPa. 

 

Results 

The estimated values of the indices describing the climatic conditions in the vicinity of 

the PPS are presented in Table 2 and the Supplementary tables. Most indices show statistically 

significant upward trends (NDD, FDD, PDD, WSL0, WSL2.5, sumT2.5, GDD2.5, GDD5, FD, 

NMDXI, NMDXII, NMDI,  NMDXI–I, NMDXII–II, NMDI–IV, NMDXI–IV, Tavg90p, WD, WW, 

SDII, R10, R20, R95p, R99p). In a few cases, however, a statistically significant downward 
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trend was found: HDD15.5 (heating degree-days expressing the energy needed to heat a 

building), ID (number of ice days), Tavg10p (number of cold days), CD (number of cold and dry 

days), CW (number. of cold and wet days).    

 

Table 1.  

Percentile thresholds of daily mean air temperature and daily sum of precipitation calculated on the 

basis of data from the Polish Polar Station Hornsund in 1981–2010. 

 

Percentile 

thresholds 

 

Daily mean air 

temperature 

[oC] 

Daily sum of 

precipitation 

[Σ mm] 

1st percentile 

5th percentile 

10th percentile 

25th percentile 

75th percentile 

90th percentile 

95th percentile 

99th percentile 

–23.0 

–18.4 

–15.4 

–9.3 

3.2 

4.2 

5.1 

6.5 

0.1 

0.1 

0.1 

0.3 

2.7 

6.4 

9.6 

19.0 

 

 

The estimates of trends and their statistical characteristics of the analyzed climatic 

variables are shown in Table 2. The trend was estimated using the modified Mann-Kendall 

method (Hamed and Rao 1998) taking into account autocorrelation of the time series.  

 

Table 2.  

Variability of the indices between 1979–2019, including mean, standard deviation, maximum, 

minimum and slope of trend estimates. Statistically significant trends at the 0.05 level are indicated in 

bold. 

 

Indicator MEAN 
1979–2019 

STD 
1979–2019 

MAX 
1979–2019 

MIN 
1979–2019 

Linear 
trend 

/10yrs 

Sen’s 
Slope 

/10yrs 

p-value 

NDD 

FDD   

PDD 

WSL0 

–1763.2 

–1765.3 

455.1 

126.2 

546.7 

490.1 

106.0 

17.7 

–500.3 

–812.4 

798.3 

175.0 

–2990.3 

–2910.3 

206.0 

86.0 

367.828 

324.990 

70.652 

12.527 

368.295 

325.022 

60.306 

11.667 

1.08E-08 

4.36E-09 

9.76E-05 

1.20E-05 
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GSL5 

sumT5 

GDD5 

HDD15.5 

FD 

ID 

NMDXI 

NMDXII 

NMDI 

NMDII 

NMDIII 

NMDIV 

NMDXI–I   

NMDXII–II   

NMDI–IV   

NMDXI–IV   

Tavg90p 

Tavg10p 

 

CD cold/dry days 

CW cold/wet days  

WD warm/dry days  

WW warm/wet days 

RR1 Wet days 

SDII Simple daily intensity index 

R10 

R20 

R75p No of moderate wet days 

R95p No of very wet days 

R99p No of extremely wet days 

12.1 

143.9 

72.2 

6987.3 

32.6 

177.4 

9.8 

7.0 

6.0 

4.9 

4.9 

5.9 

23.1 

18.2 

21.7 

39.1 

42.5 

32.6 

 

70.0 

1.9 

38.8 

15.4 

85.7 

5.0 

10.7 

2.5 

45.9 

11.2 

2.7 

14.9 

92.8 

60.8 

591.1 

6.5 

28.6 

6.5 

5.4 

5.1 

4.6 

4.4 

4.9 

12.7 

11.4 

11.3 

16.5 

19.5 

22.1 

 

24.1 

1.9 

12.4 

8.6 

16.2 

0.8 

4.3 

2.3 

10.5 

4.5 

2.4 

54.0 

404.4 

244.4 

8247.6 

48.0 

276.0 

27.0 

22.0 

21.0 

21.0 

15.0 

23.0 

53.0 

44.0 

50.0 

82.0 

94.0 

91.0 

 

126.0 

8.0 

68.0 

42.0 

125.0 

6.3 

20.0 

8.0 

75.0 

23.0 

8.0 

0.0 

5.3 

0.3 

5552.1 

20.0 

107.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3.0 

3.0 

1.0 

9.0 

2.0 

1.0 

 

16.0 

0.0 

8.0 

1.0 

58.0 

3.5 

3.0 

0.0 

21.0 

3.0 

0.0 

5.686 

32.048 

3.616 

–395.752 

1.331 

–15.890 

2.058 

1.936 

1.976 

1.336 

0.186 

1.153 

6.498 

5.654 

4.652 

8.967 

10.531 

–13.774 

 

–13.331 

–0.763 

5.871 

3.639 

2.704 

0.397 

1.822 

1.040 

3.185 

1.948 

1.054 

2.457 

15.337 

1.843 

–403.873 

1.607 

–15.071 

2.165 

2.407 

1.667 

0.833 

0.000 

0.909 

7.029 

5.556 

4.422 

10.000 

9.428 

–14.031 

 

–13.333 

–0.625 

5.714 

2.753 

2.727 

0.444 

2.000 

0.833 

2.727 

2.083 

0.896 

8.45E-02 

1.11E-01 

4.56E-02 

2.98E-07 

5.20E-02 

1.45E-06 

1.01E-02 

8.50E-04 

8.30E-03 

8.17E-02 

9.82E-01 

1.45E-01 

1.92E-07 

5.39E-05 

8.09E-04 

1.62E-04 

1.71E-06 

1.99E-07 

 

0.00E+0 

1.19E-02 

8.22E-05 

2.61E-03 

2.86E-01 

1.68E-04 

1.22E-03 

4.98E-04 

5.77E-02 

1.27E-03 

5.64E-04 

 

Indices based on air temperature. — Figure 4 shows the variability of freezing 

degree-days (FDD), thawing/positive degree days (TDD/PDD), warm season length (WSL0), 

the number of icing days (ID), the number of frost days (FD), the number of warm days 

(Tavg90p) and the number of cold days (Tavg10p) between 1979–2019. FDD was calculated for 

the hydrological year from 1 September to 31 August after Christiansen et al. (2013), as were 

PDD, also known as TTD, and WSL0. These indices describe the conditions of frozen ground 

as well as glacier melting and thawing of the active permafrost layer (Braithwaite 1995; Hock 

2003; Frauenfeld et al. 2007; Christiansen et al. 2013). The mean long-term value of FDD, 

calculated for the hydrological year, is −1765.3°C and varied from −812.4°C in 2016 to 
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−2910.3°C in 1981. A statistically significant decreasing trend was estimated with a slope of 

325°C/decade. By contrast, the amount of heat, represented by PDD with a long-term annual 

mean of 455.1°C, increased at a rate of 70.6°C/decade for the linear trend or 60°C/decade for 

Sen's slope and varied from 206.0°C in 1982 to 798.3°C in 2016. The average duration of the 

WSL0 (with Tavg >0°C) was 125.0 days but fluctuated between 68 days (1982) and 194 days 

(2016), which represents a difference in duration of ca. 3 months. A statistically significant 

increasing trend was found for WSL0 with slope 12.5 or 11.7 days/decade for the linear trend 

or Sen’s slope, respectively. 

 

 

Fig. 4. Freezing degree-days (FDD), thawing/positive degree days (TDD/PDD), warm season length 

(WSL0), Number of icing days (ID), Number of frost days (FD), Number of warm days (Tavg90p) and 

Number of cold days (Tavg10p) during 1979−2019 at Hornsund. The Sums of FDD and PDD are shown 

on the left-hand y axis, whereas the right-hand y axis represents the number of days of other indices. 

 

The progressive warming has led to changes in the number of days with a daily 

temperature <0°C (ID) to decrease at a rate of 15.8 days per decade between 1979–2019 with a 
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non-significant increase in the number of frost days (FD). This effect is also expressed in an 

increase in the number of warm days with a Tavg >90th percentile of the daily mean temperature 

(Tavg90p) and a decrease in the number of cold days (Tavg10p), described as days with a Tavg 

<10th percentile of the daily mean temperature (Fig. 4, Supplementary tables 1 and 2). 

Progressive warming, especially the rise in winter temperatures, must result in an 

increase in the number of thaws, as a result of which ice and icy layers are formed on the surface. 

Winter thaws in the Arctic are often identified as rain-on-snow events (Rennert et al. 2009; 

Bokhorst et al. 2016). The number of melting days (NMD, days with Tmax ≥0°C ) from 

November to April was used to examine the episodes when snow cover thawed during winter 

(Fig. 5). 

 

 

Fig. 5. The number of melting days (NMD, days with Tmax ≥0°C) and monthly mean air temperature 

(meanT) from November to April in the winter seasons 1979−2019 in Hornsund. 

 

The large numbers of thaws that occur during the polar night and winter season are a 

consequence of the frequent advection of warm air masses during winter and highlight the 
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oceanic nature of the region’s climate. In the history of measurements, four episodes with mean 

monthly temperatures >−1°C occurred in these months, including one with a temperature >0°C: 

April 2006 (−0.3°C), November 2009 (−0.6°C), February 2014 (−0.9°C) and a very warm 

November 2016 with mean temperature of +0.4°C. However, thaws occurring between 

November and April were recorded in all years for which measurements are available. The 

mean duration was 39.1 days over the entire period analyzed. The lowest number of days with 

thawing episodes (9) was recorded in the 1982/1983 season, while the highest number of thaw 

episodes occurred in the winter of 2005/2006, when maximum daily temperatures of  ≥0°C 

were recorded on 82 days. Record high temperatures for January and April were recorded in 

that winter. The number of thaw episodes increased significantly in frequency after 2000. The 

trend analyses for this time series indicated a statistically significant trend (p value 1.62e-04) 

with a slope of 8.967 days/decade for the linear trend and 10.000 days/decade for Sen’s method. 

Indices based on temperature and precipitation. — Among the temperature- and 

precipitation-based indices, there was a greater frequency of both cold/dry days (CD) and 

warm/dry days (WD) followed by cold/wet (CW) and warm/wet (WW) days. The mean annual 

number of such days was 70 CD, 38.8 WD, 1.9 CW and 15.4 WW. A distinct, statistically 

significant downward trend with a rate of −13.3 days per decade was recorded for cold/dry 

days. Cold days were distinguished from warm days by values below the 25th percentile and 

above the 75th percentile of the daily mean temperature. For dry days, the criterion was the 

threshold determined by values <25th percentile of the total daily precipitation and for wet days 

the threshold was determined by values >75th percentile of the total daily precipitation. If the 

number of wet days (RR1) is treated as an index for counting days with precipitation ≥1 mm, 

there were on average 85.7 such days in a year. According to this criterion, the lowest number 

of such days (58) occurred in 1987 and the highest in 2016, when there were 125 days with 

precipitation ≥1 mm and also the lowest number of cold/dry days. 

Two variables, i.e., the number of days with precipitation R ≥1 mm (RR1 number of 

wet days) and SDII (Simple daily intensity index, mm/wet day), give a good indication of 

whether a given year was a season with abundant precipitation or was a deficit season. On 

average, there were 85.7 days per year with R ≥1 mm (wet days) and the SDII, computed by 

calculating the total precipitation on wet days divided by the number of wet days in the period, 
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yielded an average daily precipitation of 5.0 mm for each wet day. The highest number of wet 

days (125) was recorded in 2016. The lowest number of wet days (58 cases) was recorded twice, 

in 1987 and 2019, when the annual precipitation was 230.2 mm and 264.5 mm, respectively. 

The highest SDII value of 6.3 mm/day was recorded in 1999, when the annual precipitation was 

only 68.6 mm higher than the multi-year mean value of 531.3 mm with an RR1 of 80 days. The 

lowest SDII of 3.5 mm/day was recorded in 1979 with precipitation that was not very abundant 

(260.3 mm), with 65 days with precipitation ≥1mm. The picture that emerges from this analysis 

is that the wettest year, with the most abundant precipitation, was 2016, whereas 1987, 2019 

and 1979 were extremely dry years. This is well illustrated by the annual SPI and SPEI, which 

were +2.38 and +2.29 in 2016 (moderately wet), 2.43 and 2.31 in 1987 as well as −1.98 and 

−2.34 in 2019 (moderately dry). 

The number of days with extreme precipitation was determined by two methods. The 

first was used to determine the number of heavy precipitation days as days with daily 

precipitation ≥20 mm (RR20). The second method was used to determine the number of 

extremely wet days, assuming that those were days with precipitation >99th percentile of the 

daily amounts. The latter approach is preferable because the statistically defined threshold is 

objective for all conditions. The threshold of the 99th percentile of total daily precipitation in 

the case of the climatic normal 1981−2010 is 19.0 mm. The difference in determining the 

number of days is that across the 1979−2019 data population, there were 111 days with 

precipitation >19.0 mm (2.7 days per year on average) and slightly fewer, i.e., 102 days with 

precipitation ≥20 mm (2.5 per year on average). Table 3 lists the characteristics of the 

occurrence of daily precipitation totals ≥20 mm, which averaged 29.2 mm in 1979–2019. 

However, there were dramatic records, such as the precipitation recorded on 18 September 

2017, when the total amount was 73.5 mm, or the three consecutive days of 7–9 November 

2016 with a total precipitation of 130.6 mm. The history of measurements at Hornsund indicates 

that the greatest number of extreme precipitation events occurred in September (27 days), 

October (22 days) and July (18 days). The highest number of days with extreme precipitation 

(8) was recorded in 2011, with 3 days in September and 3 in October. 
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Table 3.  

The number of daily precipitation events ≥20mm (RR20) with total precipitation (ΣR) and mean 

precipitation per case (ΣR/case). 

 

  
Jan Feb March Apr May Jun Jul Aug Sept Oct Nov Dec 

Number 
of cases 

 R  R/ case 

1979                              

1980                 1 / 21,9 1 / 21,4     2 43,3 21,7 

1981                              

1982       1 / 34,5       1 / 22,6         2 57,1 28,6 

1983     1 / 20,6     1  / 25,8             2 46,4 23,2 

1984                              

1985                              

1986             1 / 40,5           1 40,5 40,5 

1987                              

1988             1 / 20,3           1 20,3 20,3 

1989               1 /  31,7         1 31,7 31,7 

1990               1 / 33,4 1 / 43,6       2 77,0 38,5 

1991                              

1992           1 / 26,0             1 26,0 26,0 

1993                 1 / 26,8       1 26,8 26,8 

1994           1 / 25,1 1 / 33,1 1 / 58,3 1 / 38,2 2 / 46,1     6 200,8 33,5 

1995                       2 / 76,1 2 76,1 38,1 

1996           1 / 20,2 1 / 25,3 1 / 22,0  2 / 85,6       5 153,1 30,6 

1997                   
 

    
    

1998                   1 / 27,1      1 27,1 27,1 

1999               2 / 59,8 4 / 106,1 1 / 20,5     7 186,4 26,6 

2000               1 / 26,7   2 / 53,7     3 80,4 26,8 

2001                 1 / 43,9       1 43,9 43,9 

2002                       1 / 20,2 1 20,2 20,2 

2003                              

2004     1 / 30,3 1 / 25,2     1 / 20,3 2 / 52,9 1 / 22,7 1 / 24,2     7 175,6 25,1 

2005   1 / 20,3         1 / 25,4           2 45,7 22,9 

2006         1 / 35,3 1 / 20,2             2 55,5 27,8 

2007                 1 / 24,7       1 24,7 24,7 

2008               1 / 26,8 2 / 53,5       3 80,3 26,8 

2009                 1 / 24,5 3 / 66,6 2 / 48,0   6 139,1 23,2 

2010 2 / 43,1           1 / 25,2     1 / 23,2     4 91,5 22,9 

2011   1 / 21,4     1 / 20,8       3 / 75,2 3 / 72,9     8 190,3 23,8 

2012             1 / 21,3 2 / 57,2 1 / 59,8       4 138,3 34,6 

2013 1 / 28,5             2 / 58,1 1 / 21,8       4 108,4 27,1 

2014                 1 / 33,1 1 / 25,9     2 59,0 29,5 

2015   1 / 23,1           1 / 49,8 4 / 123,8 1 / 22,7     7 219,4 31,3 

2016                   2 / 60,5 3 / 130,6   5 191,1 38,2 

2017                 1 / 73,5 1 / 37,8     2 111,3 55,7 

2018       1 / 22,7     1 / 36,2 1 / 28,9   2 / 46,8 1 / 25,2   6 159,8 26,6 

2019               1 / 29,1         1 29,1 29,1 

Cases 
cases 

3 3 2 3 2 5 9 18 27 22 6 3    

 R 71,6 64,8 50,9 82,4 56,1 117,3 247,6 557,3 878,7 549,4 203,8 96,3    

 R /  case 23,8 21,6 25,5 27,5 28,1 23,5 27,5 31,0 32,5 25,0 34,0 32,1   29,2 

 

 

Drought indices. — The Standardized Precipitation Index (SPI), recommended by the 

WMO (2012), defines the deficit or excess of precipitation as standard deviations from long-

term averages in terms of extremely/severely/moderately and near-normal dry or wet. The 

Standardized Precipitation Evapotranspiration Index (SPEI) developed by Vicente-Serrano et 

al. (2010), is the extended variant of SPI and explains climatic anomalies of the climatic water 

balance, i.e., precipitation minus potential evapotranspiration. The differences between the 
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SPI and SPEI values are small and do not affect the quality of drought conditions assessment 

in the study area (Fig. 6).   

 

Fig. 6. Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration Index 

(SPEI) in 1979–2019 at Hornsund for annual, May-October and quarter seasons: MAM, JJA, SON and 

DJF. Drought classes (DC): moderately wet 2< DC ≤3; slightly wet 1< DC ≤2; incipient wet spell 0,5< 

DC ≤1; near normal –0,5≤ DC ≤0,5; incipient dry spell –0,5> DC ≥–1; slightly dry –1> DC ≥–2; 

moderately dry –2> DC ≥–3. 
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The changes in the drought conditions were quantified on the basis of trend analysis 

using the modified Mann-Kendall method. These outcomes are listed in Table 4. Statistically 

significant changes were estimated for the annual, May–October and autumn (SON) scales for 

SPI and SPEI. The largest changes were obtained for SON, when negative SPI and SPEI 

occurred more often in the first part of the period and positive values dominated in the last 20 

years. 

 

Table 4.  

The results of trend analysis using the modified Mann-Kendall method for Standardized Precipitation 

Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEI). Abbreviations as in Fig. 

6. 

 

 SPI SPEI 

Slope of 

trend 

p-value Slope of 

trend 

p-value 

annually 

May–Oct 

MAM 

JJA 

SON 

DJF 

0.404 

0.403 

–0.028 

0.051 

0.446 

0.184 

3.02E-03 

4.83E-10 

8.49E-01 

6.78E-01 

8.85E-04 

8.46E-02 

0.337 

0.358 

–0.186 

–0.037 

0.501 

0.178 

3.99E-05 

1.57E-02 

2.96E-01 

7.62E-01 

1.78E-06 

9.20E-02 

 

On the basis of the annual and the warm half-year (May–October) data, a trend towards 

more frequent wet seasons becomes noticeable after 2010. This is particularly pronounced in 

the autumn quarter (SON), which in the 1980s was classified as slightly dry and in recent years 

as slightly wet and even moderately wet, although with the most recent 2019 season it was 

regarded as near-normal. SPI and SPEI for the SON quarter are consistent with the previous 

assessment, indicating that the greatest number of extreme precipitation events occurred in 

September (27 days) and October (22 days), and that their frequency was the highest in the last 

decade. Both SPI and SPEI and the previously mentioned values of RR1 and SDII confirmed 

that the wettest year with the most abundant precipitation was 2016, whereas the extremely dry 

years were 1979, 1987 and 2019.   
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The drought SPI and SPEI indices did not differ much with regard to the calculated 

drought deficits in the study area. During 1979–2019, there were 26.8% dry seasons and 31.7% 

wet ones according to SPI, but 31.7% dry seasons and 26.8% wet ones according to SPEI. The 

largest number of water deficit seasons occurred in the summer quarter (JJA), both indices 

being equal to 36.6%. The autumn quarter (SON) stood out as the most frequently "wet" one 

with 34.1% of cases according to SPI and 39.0% according to SPEI. 

 

Discussion 

Impact of pluviothermic conditions on glaciers and permafrost. — It has been 

assumed that, despite local topoclimatic differences, the long-term series of measurements 

carried out in 1979–2019 at the PPS Hornsund reflect the weather conditions and their 

environmental consequences in the W and SW coastal part of Wedel Jarlsberg Land (Migała et 

al. 2013; Araźny et al. 2018). The tendency of pluviothermal conditions observed since the end 

of the 1950s in the Hornsund region is strongly correlated with the changes observed all over 

Svalbard. However, it is difficult to distinguish between the cold period (the second half of the 

20th century) and the warm period since 1999 for the Hornsund data series (Nordli et al. 2020). 

Since the middle of the 20th century, an increasing trend in air temperature has been observed 

in Hornsund. Climatic conditions undoubtedly influence the glacier's intense recession, 

changing this important landscape element and heat balance of the area (Błaszczyk et al. 2013). 

The glaciers on Svalbard have been losing mass since the 1960s, with a tendency 

towards a more negative mass balance since 2000 (Schuler et al. 2020). The warming and 

increase in PDD values together with the prolongation of the warm season is intensifying the 

ablation of glaciers and meltwater runoff. This is especially important in the case of glaciers 

terminating on land, such as Werenskioldbreen, situated 12 km NW of the PPS, where weight 

loss is due entirely to summer surface ablation (Bs). However, summer ablation is also playing 

a significant part in weight loss by tidewater glaciers. The average summer surface ablation of 

the Hornsund fjord glaciers in 2006–2015 was 40% of the total glacier mass loss (Błaszczyk et 

al. 2019). The positions of these glaciers are available at 

https://toposvalbard.npolar.no/?lat=77.07001&long=15.64122&zoom=6&layer=map. 

about:blank
about:blank
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Grabiec et al. (2012) used monthly values of air temperature and precipitation from the 

PPS meteorological station and reanalysis of ERA-40 data to hindcast the mass balance of 

Werenskioldbreen. A summary of summer surface ablation data from modelling (1979–2002) 

and observations (1999–2019) shows an increase in the average 10-year surface ablation from 

−1.16 m w.e. in 1979–1988, through –1.35 and –1.55 m w.e. in 1989–1998 and 1999–2008, 

respectively, to –1.67 m w.e. in 2009–2018. The average increase in Werenskioldbreen summer 

surface ablation in 1979–2018 was 0.13 m w.e. per decade. The Hansbreen tidewater glacier, 

adjoining Werenskioldbreen, showed a similar growth trend in average summer surface ablation 

per decade from –1.22 m w.e. in 1989–1998 to –1.35 and –1.47 m w.e. in 1999–2008 and 2009–

2018, respectively (Fig. 7). The average increase in Hansbreen’s surface summer ablation in 

1989–2018 was 0.08 m w.e. per decade. The difference in the ablation trend is due to different 

glacier exposures and different conditions of snow accumulation, which affect summer surface 

ablation. However, the mean ablation rates for Werenskioldbreen and Hansbreen in 1989–2018 

were similar at 0.32 and 0.28 m w.e. per 100 PDD, respectively. The slowing down of the 

ablation rate on both glaciers during the last decade is interesting, however (Table 5). It is most 

likely the effect of a prolonged ablation period induced by a greater number of days with 

positive air temperatures at the end of the ablation season. During this period, the average daily 

temperatures were still above zero, but ablation was minimal on the glacier surface. The rate of 

ablation was also affected by the lower number of sunny days and the higher number of days 

with precipitation and cloud cover. 
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Fig. 7. Werenskioldbreen and Hansbreen summer surface ablation versus Positive Degree Days (PDD) 

between 1979–2019. Blue line – modelled summer ablation of Werenskioldbreen in 1979–2002 

(Grabiec et al. 2012), dark blue line – summer ablation of Werenskioldbreen recorded in 1999–2002 

and 2009–2019 (Ignatiuk et al. 2022), red line – summer ablation of Hansbreen recorded in 1989–2019 

(WGMS), grey columns – PDD (Wawrzyniak and Osuch, 2020), black dashed line – linear trend of 

PDD. 

 

Table 5.  

Average summer surface ablation (Bs) and ablation rate of Werenskioldbreen and Hansbreen between 

1979–2018 after Grabiec et al. (2012) and Ignatiuk et al. (2022). 

 

  Werenskioldbreen Hansbreen 

Period Avg. 

PDD 

Avg. Bs  

[m w.e.] 

Avg. Ablation rate  

[m w.e. / 100 PDD] 

Avg. Bs  

[m w.e.] 

Avg. Ablation rate  

[m w.e. / 100 PDD] 

1979–1988 
 

368 

 

–1.16 

 

0.32 

 

- 

 

- 

1989–1998 406 –1.35 0.33 –1.22 0.30 

1999–2008 460 –1.55 0.34 –1.35 0.29 

2009–2018 579 –1.67 0.29 –1.47 0.25 

 

The calculations by Frauenfeld et al. (2007) for the entire Northern Hemisphere showed 

that from the 1970s to the end of the 20th century, FDD (freezing degree days – sum of Tavg 

<0°C; freezing index) decreased at the rate of 85.6°C per decade, whereas PDD/TDD (positive 
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degree days; thawing degree days – sum of Tavg >0°C; thawing index) increased at a rate of 

44.4°C per decade. The rate of decrease of FDD for the Hornsund area was almost four times 

faster at 324.9 per decade between 1979–2019 (Tables 1 and 2, Fig. 4). The increase in 

PDD/TDD was less dramatic at 70.6 per decade. Permafrost in Svalbard is the warmest in the 

Arctic, and future climate models predict a general warming of the Svalbard permafrost as well 

as permafrost degradation near the coasts at altitudes below ca. 100 m a.s.l. in well-drained 

locations with dry bedrock and a potentially hazardous, irregular acceleration in the thawing of 

near-surface permafrost (Isaksen et al. 2007a, 2007b; Etzelmüller et al. 2011; Christiansen et 

al. 2013). The increase in total TDD/PDD and the duration of the warm season (WSL) indicate 

a warming of the permafrost and deeper thawing of the active layer. Etzelmüller et al. (2011) 

reported that in 2001–2010 the warming rate at the permafrost surface (ca. 2 m depth) was 

0.07°C/year but that the rate of increase depended on the water content in the near-surface 

layers. A further increase in temperature since 2010 means that a deeper thawing of the active 

layer of the permafrost is occurring, which in turn is reflected by changes in the surface and 

subsurface hydrological conditions, the soil moisture balance and ecosystem productivity. 

Opała-Owczarek et al. (2018) pointed out that an increase in temperature during the growing 

season did not necessarily promote plant growth, indicating rather that drought stress caused by 

water table lowering was related to increasing thaw depths.  

Atmospheric circulation and extreme episodes of thermal conditions. — The 

extreme TDD/PDD (thawing degree days/positive degree days) values that were recorded 

during the study period were 206.0°C  in 1982 and 798.3°C in 2016. The record high PDD totals 

were influenced not only by warmer temperatures but also by the WSL0 warm season duration 

(duration of the period with Tavg >0°C), which in 2016 was twice as long (175 days) as the 

warm season in 1982 (86 days). Extreme FDD values (freezing degree days calculated for the 

hydrological year from 1 September to 31 August) were recorded in the 1980/1981 and 

2015/2016 seasons with respective totals of –2910.3°C and –812.4°C. The frequency of 

atmospheric circulation types in the seasons with extreme sums of TDD/PDD and FDD indices 

is shown on Fig. 8. 
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Fig. 8. The frequency of atmospheric circulation types in seasons with extreme sums of Positive 

Degree Days /Thawing Degree Days TDD/PDD (left) and Negative Degree Days FDD (right) vs. 

climatic normal 1981–2010. 

 

The high PDD total in 2016 was associated with a ca. 40–42% larger share of both 

cyclonic and anticyclonic circulations from the S+SW sector than the multi-year mean, forcing 

the advection of warm air masses from the south, and a 25% increase in synoptic situations in 

which Spitsbergen was at the center of a low pressure area or at the edge of a trough of low 

pressure (Cc+Cb). The unfavourable heat stock recorded at Hornsund in 1982 was primarily 

the result of the greater influence of low-level circulation from the E+SE sector (Figs. 8 and 9). 
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This circulation also activated a branch of the cold East Spitsbergen Current and contributed to 

the drift of an extensive sea ice field that spread along the west coast and filled the Hornsund 

fjord area. Isaksen et al. (2016) found a high and negative correlation between sea ice 

concentration and air temperature in the Svalbard region and stated that the atmospheric 

warming observed in this area was driven by heat exchange from the larger open water areas in 

the Barents Sea and the region north of West Spitsbergen.  

 

Fig. 9. Sea level atmospheric pressure (left) and air temperature anomaly (right) during seasons with 

extreme totals of Thawing/Positive Degree Days (TDD/PDD). Image provided by the NOAA/ESRL 

Physical Sciences Laboratory, Boulder, Colorado, from their website at http://psl.noaa.gov and 

submitted 26 May 2021. 
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The record total of negative daily air temperatures (FDD Freezing Degree Days) reached 

in winter 1980/81 was caused by the greater advection of cold air masses from the N+NE sector 

generated by anticyclonic situations and air inflow from the E+SE sector in cyclonic conditions 

than that resulting from the climatic normal frequency. During the 1980/81 winter quarter alone, 

Spitsbergen and NE Greenland were subject to strong negative air temperature anomalies. In 

turn, the exceptionally warm winter in 2016 with the lowest sum of negative temperatures was 

the result of an unusually high frequency of synoptic situations in which Spitsbergen was at the 

center of a low or a low pressure trough (Cc+Bc) and in situations with more frequent advection 

of air masses from the S+SW sector than the long-term mean, forced by low pressure areas. 

The synoptic conditions resulted in the formation of positive temperature anomalies over the 

Spitsbergen area (Fig. 10).  

The lowest air temperatures are related to air advection from the N and NE and, 

conversely, the highest temperatures are associated with air flows from the southerly sector 

during both cyclonic and anticyclonic conditions (Isaksen et al. 2016; Łupikasza and 

Niedźwiedź 2019). The direction of air mass advection and the frequency of pressure systems 

determining the weather in this area are well expressed by two indices, i.e., the meridional, 

southerly index (S) and the cyclonicity index. The variability of the atmospheric circulation 

above Svalbard was studied by Niedźwiedź (2013a, 2013b), who concluded that the most 

significant influence on air temperature in particular seasons was exerted by the southerly, 

meridional index (S) of atmospheric circulation. A positive S index explains the inflow of warm 

air masses (advections from the S, SW and SE), while a negative value represents the advection 

of cold air masses from the N, NW and NE. The impact of this index on air temperature is most 

pronounced in autumn and winter, and the least in summer. The summer rise of the cyclonicity 

index, a positive value of which explains the predominance of cyclonic over anticyclonic 

situations, leads to a decrease in air temperature in summer, while causing warming in winter 

and spring.  
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Fig. 10.  Sea level atmospheric pressure (left) and air temperature anomaly (right) during seasons with 

extreme sums of Freezing Degree Days (FDD). Image provided by the NOAA/ESRL Physical Sciences 

Laboratory, Boulder, Colorado, from their website at http://psl.noaa.gov and submitted 26 May 2021. 

 

Rising temperatures lead to a reduced fraction of solid precipitation. Łupikasza and 

Cielecka-Nowak (2020) analyzed the changing probabilities of days with snow and rain in the 

Atlantic sector of the Arctic. They found that the probability of days with liquid precipitation 

increased on an annual basis, from 1% to 2.9% per 10 years, strongly in September and October, 

between 1979 and 2017. No trend in the probability of liquid precipitation in the winter months 

was identified, but a negative trend of the probability of days with solid precipitation was found 

on an intra-annual scale at Hornsund in November, January and February. The present analysis 
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indicates that the number of melting days (NMD, days with Tmax ≥0°C) during the November–

April period has increased since 2000, which is in accordance with the results of Łupikasza et 

al. (2019), who stated that the totals and frequency of winter rain have also increased 

significantly since 2000. The episode with the maximum number of 82 days with a maximum 

temperature ≥0°C, recorded in the winter of 2005/2006, was due to the northerly advection of 

oceanic heat with Atlantic Water (AW) and changes in the properties of the West Spitsbergen 

Current, which have influenced the local climate conditions in the Fram Strait region. 

Oceanographic research conducted in 2000–2007 by Walczowski and Piechura (2011) showed 

that between 2005–2006 there was an intensification of heat transport by AW. The authors 

noted a strong correlation between the interannual changes of the mean AW summer 

temperature from 2.1°C to 3.7°C and changes in the mean annual air temperatures at Hornsund 

from −5°C to −1.5°C. Isaksen et al. (2007a) reported that the thermal response of this episode 

was detectable to a depth of at least 15 m and stated that the greater frequency of high-

temperature anomalies in the future would cause a potentially hazardous acceleration of 

permafrost thawing.  

Winter thaws in the Arctic are often described as "rain-on-snow events" (ROS), with 

negative consequences for the functioning of polar ecosystems. Rennert et al. (2009) reported 

that ROS events, i.e., the formation of icy layers, hampered the functioning of mammals during 

winter, whose populations fell as a result of restricted access to food. Bokhorst et al. (2016) and 

Opała-Owczarek et al. (2018) indicated a strong impact of ROS on vegetation through the 

eroding effects of snow blizzards on ice-covered tundra. Łupikasza et al. (2019) found that an 

increase in the frequency of ROS events impacted both glacier mass balance and glacier 

dynamics and concluded that the total liquid precipitation during winter could be effectively 

stored in the glacier, contributing 9% of the seasonal snow cover accumulation as a component 

of the glacier mass balance. Wickstrom et al. (2020) drew attention to the fact that winter ROS 

events occurred predominantly in an atmospheric circulation forcing the advection of southerly 

air masses during the passage of a low pressure center/trough and that the largest spatial 

extension of melting episodes and ROS events was from the SW. Climate models show that 

many parts of the Arctic will become vulnerable to ROS over the next 50 years (Rennert et al. 

2009). 
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Atmospheric circulation and extreme episodes of precipitation. — Increasing 

precipitation in the Arctic in the past century has been reported in several studies, a trend that 

has also been identified for the Svalbard area (Førland et al. 2011; Walsh et al. 2020). Attention 

is drawn to the fact that the observed positive trend in precipitation is false because of the annual 

correction factor and that the real increase of precipitation estimated for Svalbard Airport is 

1.7% per decade, compared with earlier calculations for the period 1964–1997 that indicated 

2.9% per decade (Førland et al. 2000, 2002).  

Changes in the precipitation phase in the climate models run by Landrum and Holland 

(2020) indicate that the length of the rainy season (liquid phase) is increasing and its duration 

over the Arctic Ocean is increasing more dramatically than over continental regions. The 

RCP8.5 scenario shows that by the end of the 21st century there will be Arctic regions where 

rain can occur in any month of the year. Very-wet-day precipitation as well as the number of 

days with heavy precipitation are also projected to increase (Walsh et al. 2020). 

Extremes are becoming routine in the Arctic (Landrum and Holland 2020). This 

tendency is expressed, among other things, by the frequency of days with heavy precipitation, 

which has exhibited a significantly increasing trend in large parts of the northern high latitudes 

(Walsh et al. 2020). Serreze et al. (2015) found that in the case of Svalbard, extreme 

precipitation events showed no systematic temporal trend between 1979 and the early 2000s.   

Two specific precipitation values were recorded at Hornsund during the 1979–2019 period. The 

highest ever measured daily total of 73.5 mm occurred on 18 September 2017 and unusually 

heavy precipitation (a total of 130.6 mm) occurred on 7–9 November 2016. This precipitation 

accounted for 15.9% and 28.2% of the mean annual totals, respectively, and occurred under 

synoptic conditions regarded as typical of extreme precipitation situations in the area. Serreze 

et al. (2015) stated that extreme events tended to occur when the region was influenced by a 

trough of low sea level pressure extending from the SW but that some of the largest precipitation 

events could be associated with a 500 hPa anomaly of geopotential height, i.e., positive over 

the Barents Sea and negative over Greenland, and positive anomalies in precipitable water with 

a stream extending up to thousands of kilometres southwards into the subtropical Atlantic (Fig. 

11). The situation forming these heavy rain episodes was in both cases elicited, using the 

classification of atmospheric circulation types proposed by Niedźwiedź (2013a, 2020), by the 
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cyclonic type advection of air masses from the S+SW directions, that is from the sector with 

the highest probability of extreme rains. 

The studies carried out by Niedźwiedź (2013a, 2013b) and Łupikasza and Niedźwiedź 

(2019) concluded that the increasing trend in the frequency of large precipitation events 

observed at Hornsund since 1994 was due to a greater frequency in the intensity of westerly 

and southerly atmospheric circulations, as expressed by the zonal and meridional circulation 

indices.  

The observed increase in summer precipitation and heavy rain events can have a 

substantial impact on the characteristics of the snowpack, permafrost and activity of 

geomorphic processes (Owczarek et al. 2013; Hansen et al. 2014). Dendrochronological 

research of debris flow events, one of the most characteristic processes in non-glaciated areas 

in the Arctic, carried out in the vicinity of the Hornsund fjord, showed a clear relationship 

between heavy precipitation and increased mass movement activity. Wood anatomy features of 

Salix polaris and Salix reticulata sampled from debris flow tracks within debris cones located 

in the Fugleberget and Gullichsenfjelet foothills indicate an increase of debris flow activity 

from the 1990s onwards. The locations of these sites are available at 

https://toposvalbard.npolar.no/?lat=77.07001&long=15.64122&zoom=6&layer=map. 

A particular intensification of this process took place in 1994 and 1996 when large 

amounts of summer precipitation were recorded (Owczarek et al. 2013). Studies of debris flows 

in Svalbard and northern Scandinavia based on geomorphic and lichenometric analyses also 

indicate that this process can be correlated with extreme precipitation during summer (Rapp 

and Nyberg 1988; Larsson 1982; André 1995) rather than with snow melting in spring (Jahn 

1976). However, it should be noted that extreme rainfall events are important as land-forming 

events during the year. The heavy precipitation episode noted in November 2016 triggered 

several landslides and slush flows in Svalbard that were identified by satellite imagery 

(Hanssen-Bauer et al. 2019). Similar hazardous events, which had previously impacted both 

snowpack and permafrost leading to the transformation of relief, were observed in the Ny-

Ålesund area in January 2012 (Hansen et al. 2014), but such high amounts of precipitation were 

not recorded at that time at Hornsund.  
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Fig. 11. Conditions in the atmosphere over the North Atlantic forming extreme precipitation events at 

Hornsund. Image provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder, Colorado, from 

their website at http://psl.noaa.gov and submitted 26 May 2021. 

 

An overall increase in air temperature and precipitation in the Arctic and high latitudes 

is reflected by the intensification of the hydrological cycle in glaciated and unglaciated 

catchments. The greater number of days with extreme precipitation >20 mm (R20), that have 

been recorded since the 1990s, has been reflected in an increase in floods driven by heavy 

rainfall events, see Supplementary table 2.  

An increase in water discharge is apparent at a wide range of basin scales, i.e., from 

small catchments (Lewis and Lamoureux 2010; Young et al. 2015; Stuefer et al. 2017) to large 

basins in North America (Déry et al. 2009; Yang et al. 2015) and Eurasia (Shiklomanov and 

Lammers 2009; Rawlins et al. 2010). The hydrological response to extreme meteorological 

events showed the increasing importance of summer/early autumn precipitation events in the 

generation of high discharges in the High Arctic (Lewis et al. 2012; Young et al. 2015; Stuefer 

et al. 2017), which eventually led to a switch from a nival to a pluvial type of hydrological 

regime in ice-free basins (Beel et al. 2018). Earlier initiation of snowmelt and a decrease of 

snowmelt in the annual runoff have been noted in multiple locations in the Arctic (Lewis et al. 

2012; Young et al. 2015; Beel et al. 2018). However, a decrease in soil moisture as a 

consequence of warming leads to a lower response to rain events due to the water deficit (Favaro 

and Lamoureux 2014). 

The situation in large catchments with a significant coverage of glaciers is slightly 

different. Here, the main supply of water is the melting snow and ice, but the hydrologically 

active season is getting longer (Nowak and Hodson 2013; Wawrzyniak and Osuch 2019), and 

it is influencing the water cycle in glaciated catchments (Nowak et al. 2021). For example, in 

the southern part of Svalbard the climatically driven changes are causing more frequent extreme 

rainfall events in late autumn and increasing the amount of rainwater in the total runoff 

(Majchrowska et al. 2015; Łepkowska and Stachnik 2018). These changes in the hydrological 

cycle in glaciated and unglaciated catchments are reflected in the course of fluvial processes 

and the transformation of river channel patterns. An analysis conducted in two partly-glaciated 
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basins in the Hornsund area (the Arie and Brattegg Rivers) has revealed an increase in lateral 

erosion processes and the rate of downcutting since the 1990s (Owczarek et al. 2014). The 

increasing significance of water input into river basins from rainfall is especially apparent in 

the river bed architecture. The wide channel bottoms that developed before the 1980s have been 

rapidly transformed into narrower ones. This is the main fluvial response to the increase in 

temperature and precipitation since the 1990s. The contraction of flow to a narrower zone 

leaving braid-plains behind is a response to the contemporary increase in the number and 

intensity of summer rainfall events. Extreme rainfall events generate flooding and remove the 

river bed sediment responsible for braiding. They are the main cause of the present incision of 

the Brattegg and Arie River channels (Owczarek et al. 2014). 

Atmospheric circulation and extreme episodes of drought conditions. — The 

statement by Serreze et al. (2015) that extreme precipitation events depend on anomalies of 

geopotential and precipitable water determined by the baric field over the North Atlantic can 

be extended to explain the opposite situation relating to drought and its environmental 

consequences. Analysis of SPI and SPEI shows that the most seasons with a water deficit have 

occurred in the summer quarter (JJA), whereas the autumn quarter (SON) has been the most 

frequently identified as being wet. The forty-year history of weather conditions at Hornsund 

shows that there are indications of three episodes with extreme SPEI values. The driest were 

the summer quarters (JJA) in 2017, 2001 and 1998 with SPEI values of –1.76, –1.69 and –1.68, 

respectively. The wettest autumns (SON) were in 2016 (with SPEI 2.16), 2010 (1.56) and 1999 

(1.48). The atmospheric conditions over the North Atlantic creating the most extreme drought 

conditions at Hornsund (both driest and wettest) are illustrated in Fig. 12. 

Both extreme precipitation events and wet conditions, as expressed by high positive SPI 

and SPEI, depend on anomalies of geopotential and precipitable water determined by the baric 

field over the North Atlantic. By contrast, a deficit of atmospheric water and periods of 

dryness are expressed by negative drought indices. Situations like these take place over 

Svalbard when an area of high pressure develops over Greenland and the Barents Sea, blocking 

the transport of moisture usually associated with the cyclonic advection of air masses from the 

S+SW sector. Convection favoring extreme rainfall weakens under high pressure conditions, 

and the development of an anticyclone blocks the increase in precipitable water in the 
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atmosphere, consequently inhibiting the formation of precipitation and reducing the amount of 

rain. The low pressure zone is then shifted to the south and extends along the trajectories of the 

atmospheric fronts moving latitudinally from Iceland towards Scandinavia. The positions of the 

lows are marked by the 500 hPa geopotential height anomalies.  

Dry periods, i.e., droughts, as well as excess precipitation, have a negative 

environmental impact. The drought episodes during summer do not promote plant growth and 

at the same time exacerbate the soil water deficiency caused by the lowering of the water table 

due to the increase in the thaw depth (Opała-Owczarek et al. 2018). With rising temperatures 

and summer PDD values, this is the second important factor which can inhibit plant growth or 

even kill vegetation, a process widely known as "tundra browning” (National Academies of 

Sciences, Engineering, and Medicine 2019). However, it should be noted that, because of the 

multiplicity and complexity of meteorological factors and extreme events, the causes of 

browning trends remain unclear (Phoenix and Bjerke 2016; Reichle et al. 2018).  
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Fig. 12. Atmospheric conditions over the North Atlantic creating the most extreme drought conditions 

at Hornsund. Image provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder, Colorado, 

from their website at http://psl.noaa.gov and submitted 26 May 2021. 

 

Conclusions 

The data from Hornsund confirm the amplification of Arctic warming in the study area 

with a dramatic increase in annual temperature of +1.14°C per decade in the last forty years 

(1979–2019) in SW Spitsbergen. During this period, this area’s climate warmed more than six 

times more strongly than the global average that reached +0.17°C per decade (NOAA 2020). 

Apart from the temperature increase, the annual increase in total precipitation (61.6 mm per 

decade) and the distinctive increases in precipitation in September and October of 19.67 mm 

and 13.53 mm per decade, respectively, show that evident changes have taken place. Climatic 

conditions undoubtedly influence the glacier's intense recession, changing this important 

landscape element and heat balance of the area. 

The determined climate indicators work very well for tracking changes in the 

environment. The most dynamic are: (i) the cumulative sum of sub-zero temperatures that 

freeze the ground (FDD) decreased at a rate of 324.9°C per decade between 1979–2019; (ii) the 

heat supply expressed as PDD with a long-term annual mean of 455.1°C increased at a rate of 

70.6°C and varied from 206.0°C in 1982 to 798.3°C in 2016; (iii) the number of melting days 

(NMD) occurring during the polar night and winter season indicates the frequent influence of 

warm air advection during winter and highlights the oceanic type of climate in the region, i.e.,  

during 1979–2019, thaws with an average of 39.1 days were recorded between November and 

April and their episodes increased significantly in frequency after 2000; (iv) more days with 

extreme precipitation >19 mm have been noted in the study area since the 1990s, reflecting an 

increase in total runoff and floods driven by heavy rainfall events; (v) the rate of freezing index 

decrease for the Hornsund area is almost four times faster than for all the Northern Hemisphere, 

being equal to 324.9 per decade between 1979–2019, the increase in the thawing index 

(PDD/TDD) is less extreme at a rate of 70.6 per decade; (vi) the increase in positive degree-day 

totals (PDD) along with the prolongation of the warm season (WSLO), the rise in the number 

of melting days during winter (NMD), and the greater incidence of heavy rainfall have been 
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observed; (vii) the mean ablation rates for glaciers situated in close proximity to PPS Hornsund 

(Werenskioldbreen and Hansbreen) are similar: 0.32 m w.e. and 0.28 m w.e. per 100 PDD, 

respectively for 1989–2018. Trends in climatic variables reflected in numerous hydro- and 

bioclimatic indices have an impact on the dynamics of the High Arctic geoecosystem and 

characterize it very well.  
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Supplementary materials 

Supplementary table1. Indices based on air temperature between 1979–2019, Polish Polar Station in 

Hornsund. 

Supplementary table 2. Indices based on precipitation and air temperature between 1979–2019, Polish 

Polar Station in Hornsund: 1 - CD cold/dry days; 2 - CW cold/wet days; 3 - WD warm/dry 

days; 4 - WW warm/wet days; 5 - RR1 Wet days; 6 - SDII Simple daily intensity index; 7 - 

R10; 8 - R20; 9 - R75p No. of moderately wet days; 10 - R95p No. of very wet days; 11 - 

R99p No. of extremely wet days. 

Supplementary table 3. Drought indices (SPI and SPEI) between 1979–2019, Polish Polar Station in 

Hornsund. 
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