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Abstract. The full archive of historical SAR imagery at ~50 m resolution (Envisat ASAR, RADARSAT-2 and 11 

Sentinel-1) capturing the Hornsund fjord, Svalbard was used to create an unprecedented set of near-daily binary 12 

ice/open water maps over the fjord area for 23 seasons (2002-2025). We observe a general trend with the sea ice 13 

season shortening by 2.3 days yr-1, and a gradual decrease in average ice coverage, particularly in the main basin 14 

of Hornsund (-1.6% yr-1). The interannual ice condition variability was strongly related to the autumn (October-15 

December) and/or winter (January-March) air temperatures. The length of the sea ice season was shortened by 16 

19.5 days for every 1°C increase in mean autumn air temperature (R2 = 0.61, p < 0.05). Air temperature remained 17 

under the freezing point for over 90 days before landfast ice freeze-up. Drift ice was present in the fjord before 18 

the freeze-up with an average coverage exceeding 20% 40 days and 26% one day before the landfast ice onset. 19 

The landfast ice season break-up period was characterised by a lack of drift ice, and positive air temperatures for 20 

over a month. The day of landfast ice freeze-up and break-up overlapped with an average sea ice thickness of 0.33 21 

m and 0.57 m as derived from thermodynamic terms, respectively, suggesting the importance of other processes. 22 

1 Introduction 23 

 24 

Awareness of climate change has developed gradually over the decades, as scientific advances have enabled a 25 

better understanding of the impact of human activities on the climate. IPCC (2023) showed that the global surface 26 

temperature was 1.09°C warmer during the period 2011-2020 compared to 1850-1900, primarily due to the 27 

greenhouse gases, dominated by carbon dioxide and methane, partially offset by the cooling effect of aerosols. 28 

The Arctic is one of the most affected regions, with a surface temperature increase of more than twice that of the 29 

global average, and with some regions experiencing even higher increases (Jansen et al., 2020). Since the 30 

beginning of satellite observations in 1978, sea ice coverage in the Arctic has significantly declined, reaching 31 

exceptionally low levels in September 2012 (https://nsidc.org/sea-ice-today/sea-ice-tools/charctic-interactive-sea-32 

ice-graph; last access: 16 March 2026). Svalbard is one of the fastest warming regions in the world, with warming 33 

in both summer and winter being significant (van der Broek, 2025). 34 

 35 

The reduction in sea ice cover contributes to the strengthening of surface winds, particularly in autumn and winter, 36 

most likely due to the lower surface roughness of open water compared to sea ice (Mioduszewski et al., 2018). 37 
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This intensification of winds leads to increasing potential fetch and wave height in the region (Casas-Prat and 38 

Wang, 2020). These changes result in increased coastal exposure to wave-induced erosion (Zagórski et al., 2015; 39 

Herman et al., 2025). For Isfjorden, western Svalbard, the wind direction was found to affect the circulation pattern 40 

and hence the ocean surface water temperature (Fraser et al., 2018).   41 

 42 

In addition to its environmental impact, sea ice plays a crucial role in Arctic navigation. The extent and thickness 43 

of sea ice directly affect the accessibility and safety of maritime routes in the polar region. With the decline of sea 44 

ice, previously inaccessible routes, such as the Northern Sea Route and the Northwest Passage, are becoming 45 

increasingly navigable during summer months (Smith and Stephenson, 2013). This change has led to increased 46 

shipping activity in the Arctic (Pizzolato et al., 2016) and opens new opportunities for commercial shipping and 47 

resource exploration. Stocker et al. (2020) investigated the connection between maritime operations and the sea 48 

ice variability around Svalbard in 2012-2019, and found a clear correlation between the lack of sea ice and 49 

increased maritime operations. Though the behaviour differed between the fishing vessels and the cruise ships in 50 

change of location, where cruise ships sought to circumnavigate Spitsbergen and fishing vessels moved 51 

northwards.  52 

 53 

In coastal Arctic environments, sea ice conditions often differ from those observed in the open ocean due to strong 54 

local controls. In sheltered bays landfast ice forms, but the factors influencing the formation and spatial extent of 55 

the landfast ice differ regionally and are not fully understood (Itkin et al., 2015). The steep surrounding 56 

topography, typical of Arctic fjords, can produce strong local contrasts in wind and near‑surface air temperatures, 57 

leading to distinct microclimates that influence ice formation processes (Frank et al., 2023). Fjord hydrography is 58 

also complex, as oceanic inflows interact with freshwater input from glacier melt and rivers, leading to 59 

stratification and circulation patterns that influence ice growth and break-up (Svendsen et al., 2002; Cottier et al., 60 

2010). Beyond their environmental importance, coastal sea ice plays a crucial role for local transportation such as 61 

seasonal ice roads for community access, resource exploration and supply delivery (Dong et al., 2025). It also 62 

provides temporary protection against wave-driven coastal erosion (Swirad et al., 2026a). 63 

 64 

This study focuses on the analysis of fjord ice conditions in Hornsund, Svalbard. The main objectives are 65 

threefold: (1) to produce binary ice/open water maps for Hornsund from the early 2000s up to the present day, 66 

thereby establishing a consistent long-term record of sea ice conditions; (2) to characterize sea ice and landfast 67 

ice seasons in terms of timing, duration and ice coverage; and (3) to identify the atmospheric and oceanic 68 

conditions that govern landfast ice freeze-up and break-up in the fjord. Through this approach, the study aims to 69 

improve our understanding of local-scale sea ice processes in Hornsund and contribute to a broader comprehension 70 

of how Arctic coastal systems respond to ongoing climatic changes. 71 

2 Study area 72 

Hornsund is one of the smallest fjords of Spitsbergen, the largest island of the Svalbard archipelago, located in its 73 

south-western part. It opens to the Greenland Sea in the west. The total area of Hornsund is about 320 km2 with a 74 

width of 12 km and a length of 34 km. Its average depth is approximately 100 m, although the maximum depth 75 

can reach between 200-250 m in the main basin (Promińska et al., 2018). 76 
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 77 

The fjord consists of a main basin and several secondary bays, characterized by marine-terminating glaciers (Fig. 78 

1). These bays are Burgerbukta (Vestre and Austre) in the north, Brepollen in the east and Samarinvågen in the 79 

south. Brepollen is about 12 km long, connected to the outer fjord by a 2 km wide entrance. Samarinvågen is 7 80 

km long with an entrance 2 km wide, while Burgerbukta is 8 km long and an entrance of 4 km. A sill at 40-50 m 81 

divides Brepollen and Samarinvågen from the main basin significantly limiting water exchange between the two 82 

basins. Similarly there are sills at 25 and 30 m at the entrance to Austre and Vestre Burgerbukta, respectively 83 

(Jakacki et al., 2017).  84 

 85 

 86 
Figure 1. The study area: (a) Hornsund; (b) Svalbard. WSC – West Spitsbergen Current, SC – Sørkapp Current. 87 
Background image: Sentinel-2 T33XWF_20250828T120701_TCI_10m scene. 88 
 89 

There are 16 tidewater glaciers in Hornsund (Błaszczyk et al., 2023; Fig. 1). Between 2001 and 2010, the glaciers 90 

retreated at a rate of 70 m yr-1 which is significantly higher than the 45 m yr-1 average for Svalbard (Błaszczyk et 91 

al., 2013). This glacier retreat has led to an increase in the fjord’s surface area, from 188 km2 in 1936 to 303 km2 92 

in 2010, as well as in its length, from 24 km in 1936 to 34 km in 2010 (Błaszczyk et al., 2013). Between 2012 and 93 

2017 Hansbreen, Storbreen and Hornbreen lost 11.8, 9.9 and 8.8% total area (Barzycka et al., 2020). Swirad et al. 94 

(2026b) calculated a total Hornsund area gain of 30 km2 between 2011 and 2023 resulting from glacier retreat. 95 

The significant increase in glacier retreat in Hornsund has led to a rise in freshwater input to the fjord. During the 96 

period 2006-2015, Błaszczyk et al. (2019) estimated an average freshwater input to the Hornsund bays of 2517 ± 97 

82 Mt per year with the main contributions coming from glacier meltwater runoff (39%) and frontal ablation of 98 
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tidewater glaciers (25%). Secondarily, total precipitation over land (excluding winter snowfall), total precipitation 99 

over the fjord area and melting of the snow cover on unglaciated areas accounted for 21, 7 and 8%, respectively 100 

(Błaszczyk et al., 2019).  101 

 102 

Along the west coast of Spitsbergen, outside the fjords, the hydrological conditions and climate are mainly 103 

influenced by the West Spitsbergen Current (WSC) carrying warm (3.5-6.0°C) saline (>35 g L-1) Atlantic Water 104 

(AW) and the Sørkapp Current (SC) carrying cold (-1.5 to 1.5°C) and fresher (34.3-34.8 g L-1) Arctic Water (ArW)  105 

(Swerpel, 1985; Jakacki et al., 2017; Fig. 1b). The SC carries drift ice from the eastern part of the Svalbard 106 

Archipelago (Storfjorden) and the Barents Sea (Jakacki et al., 2017; Korhonen et al., 2024; Shulman et al., 2024). 107 

In Hornsund, the presence of AW is relatively limited, however, Strzelewicz et al. (2021) reported an average 108 

annual increase of 8% in the volume fraction of AW on the shelf between 1999 and 2020 with this trend becoming 109 

especially pronounced during the last decade, a process referred to as Atlantification.  110 

 111 

In Hornsund, the water circulation is cyclonic (anticlockwise) with inflow from the southwest and outflow to the 112 

northwest. This circulation is mainly governed by tides and shelf currents (Jakacki et al., 2017). The tides are 113 

semidiurnal with an amplitude ranging between 0.8 and 1.8 m (Kowalik et al., 2015; Promińska et al., 2018). A 114 

statistically significant increase in storm frequency and the number of stormy days per year was observed at the 115 

decadal scale outside the fjord (Wojtysiak et al., 2018). The complex configuration of the Hornsund coastline and 116 

bathymetry causes strong wave modification through refraction and attenuation (Herman et al., 2019). The 117 

significant wave height, Hs, varies by location – it reaches 1.2-1.3 m at the fjord’s entrance, decreases to 0.5-0.9 118 

m in the central part, and falls below 0.4 m in the inner areas (Swirad et al., 2023b). Since 2006, the seasonal 119 

reduction in sea ice cover outside Hornsund has allowed more energetic waves to propagate into the fjord, 120 

increasing their impact on coastal zones (Herman et al., 2025). 121 

 122 

Herman et al. (2025) suggested that the decline in sea ice cover at the fjord entrance led to changes in the spatial 123 

and seasonal distribution of wave energy. Zagórski et al. (2015) demonstrated shoreline retreat of 0.26 m yr -1 in 124 

Isbjørnhamna, where the Polish Polar Station (PPS) is located (Fig. 1b), between 1960 and 2011. This area has 125 

shifted from a coastline formerly influenced by the nearby tidewater Hansbreen and the protection from persistent 126 

sea ice and glacier ice to one increasingly exposed to storms and that is undergoing rapid transformation (Zagórski 127 

et al., 2015). Additionally, the progressive degradation of permafrost and ground ice due to rising air temperatures 128 

reduces the mechanical strength of coastal sediments, making them more vulnerable to erosion (Dobiński and 129 

Kasprzak, 2022). Swirad et al. (2026a) observed near-zero net volume beach change in Isbjørnhamna between 130 

2018 and 2025, but they observed existence of an erosional hotspot at the vicinity of the PPS infrastructure, and 131 

a net accumulation at the eastern part of the bay.  132 

 133 

Between 1979 and 2018, the mean annual air temperature at the PPS meteorological station was -3.7°C, with 134 

March being the coldest (-10.2°C) and July – the warmest (4.6°C). Monthly mean temperatures in summer months 135 

were relatively stable, typically around 5°C, whereas winter months showed much greater fluctuations with means 136 

dropping below -10°C (Wawrzyniak and Osuch, 2020). This strong seasonal variability in winter is attributed to 137 

alternating cold, stable anticyclonic subsidence and warmer, cyclonic disturbances (Rinke et al., 2017). The trend 138 
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in mean annual air temperature over the study period was +1.14°C decade-1, which is more than five times higher 139 

than the global average warming rate of +0.17°C decade-1 (NOAA, 2025; Wawrzyniak and Osuch, 2020). Dahlke 140 

et al (2020) investigated the air temperature change from 1980-2016 for the whole of Svalbard, finding a 141 

significant warming over Hornsund for 2010-2016 in January-March compared to the climatological records, with 142 

a 1°C decade-1 annual warming and a December-February warming of 2.8°C decade-1. Moreover, they found a 143 

statistically significant sea ice coverage reduction for the months of February-May for 1998-2016, a statistically 144 

significant reduction in May for 1980-1998, though no statistically significant change for 1980-2016. They also 145 

observed a reduced impact of wind and ice drift on the total sea ice extent around Svalbard, and that the surface 146 

air temperature has a larger impact on the extent.  147 

 148 

Winds in Hornsund are influenced by the fjord’s specific longitudinal shape, its proximity to the coastline and 149 

local topography. The prevailing winds are from the east with a mean annual wind speed of 5.5 m s-1 recorded 150 

between 1983 and 2018. Wind speed shows a clear seasonal variability with average values of 4.0 m s-1 in June 151 

and 7.1 m s-1 in February (Wawrzyniak and Osuch, 2020). Higher wind speed in winter is attributed to the 152 

increased frequency of extreme cyclonic events in the Arctic (Rinke et al., 2017). 153 

3 Methods  154 

3.1 Ice mapping 155 

The entire archive of Envisat ASAR, RADARSAT-2 and Sentinel-1 synthetic aperture radar (SAR) imagery that 156 

fully covered Hornsund between 2002-10-30 and 2025-08-31 was used in this study (Table 1). The scenes were 157 

geocoded with a pixel size of 50 × 50 m and an WGS84, UTM33N extent of X: 499-544 km (901 pixels) and Y: 158 

8531-8559 km (561 pixels) until the end of 2023-06 and X: 498.9-549.1 km (1004 pixels), Y: 8530.9-8564.1 km 159 

(664 pixels) starting from 2023-07, a change caused by glacier retreat north- and eastwards beyond the original 160 

area of interest (see Fig. 1). The Envisat ASAR was made up of a single channel (HH or VV) radar backscatter 161 

sigma nought and the incidence angle GeoTIFF rasters created using GASR software (Larsen et al., 2006). For 162 

RADARSAT-2 and Sentinel-1, both HH- and HV-channels radar backscatter sigma nought raster, as well as the 163 

incidence angle information were used.  164 

 165 

Table 1. Overview of the SAR imagery used in the study. 166 
Sensor Start date End date Number of 

images 

Number of 

used images 

Image frequency 

(days) 

Binary maps URL 

Envisat ASAR 2002-10-30 2012-04-07 1826 1061 3.25 https://doi.org/10.1594/PANGAEA.9

86427 (Papin et al., 2025a) 

RADARSAT-2 2012-01-02 2016-03-01 797 638 2.38 https://doi.pangaea.de/10.1594/PANG

AEA.969031 (Swirad et al., 2024b) 

Sentinel-1 2014-10-14 2023-06-29 2967 2031 1.57 https://doi.org/10.1594/PANGAEA.9
63167 (Swirad et al., 2023a) 

Correction (3 images): 

https://doi.org/10.5281/zenodo.17350
297 (Swirad, 2025) 

2023-07-01 2025-08-31 562 443 1.79 https://doi.org/10.1594/PANGAEA.9

87853 (Papin et al., 2025b) 

 167 
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A land mask was created using the Norwegian Polar Institute’s land shapefile (NPI, 2014). The land mask was 168 

updated for each year on July 1st to account for tidewater glacier retreat and, hence, fjord area increase. Finally, 169 

a 100 m buffer was applied to exclude the tidal zone from the analysis (Swirad et al., 2024a).  170 

 171 

To create binary maps of ice and open water, a segmentation algorithm was used. The algorithm was originally 172 

developed by Cristea et al. (2020) for open ocean and adapted to the Svalbard fjord environments by Johansson 173 

et al. (2020), and to Hornsund by Swirad et al. (2024a). This algorithm is based on a statistical model that accounts 174 

for surface-specific intensity decay with increasing incidence angle, a physical property particularly relevant for 175 

flat surfaces such as open water and sea ice (Johansson et al., 2020).  176 

 177 

As input, the algorithm requires the incidence angle and one intensity channel, although multiple SAR intensity 178 

channels can be used. The HV-channel has lower return power, though is less affected by the wind influence on 179 

the water surface which can improve open water vs sea ice separation compared to the HH-channel (Park et al., 180 

2020; Zakhvatkina et al., 2017). However, this channel is limited by a low signal-to-noise ratio (SNR) (Park et 181 

al., 2020), and may not always improve the segmentation (Johansson et al., 2020; Zakhvatkina et al., 2017).  182 

 183 

The algorithm is initialized with a single segment, which is iteratively optimized using an Expectation-184 

Maximisation algorithm and evaluated with a Pearson-style goodness-of-fit (GOF) test. If the GOF criterion is 185 

not met, the segment is split. In cases where multiple segments exist, the least well-fitting segment is selected for 186 

division. This process continues until the algorithm reaches an optimal number of segments, defined as the lowest 187 

number that provides a sufficiently good fit to the data. A final contextual smoothing step, based on a Markov 188 

Random Field (MRF), is applied to improve spatial coherence and ensure simpler visual interpretation. 189 

 190 

During the segmentation process, the images were multi-looked 3×3 and log-transformed, and the relevant land 191 

mask was used (Johansson et al., 2020; Swirad et al., 2024a). The multi-looking reduced speckle noise and 192 

enhanced contrast, while the logarithmic transformation helped approximate a Gaussian distribution of the data 193 

(Johansson et al., 2020).  194 

 195 

Typically five (range: 3-6) discontinuous segments were automatically mapped. The segments were then manually 196 

classified as either "ice" or "open water" based on user experience and assumptions of (i) a better separation 197 

between open water and ice in the HV channel and (ii) a higher backscatter value for ice than open water under 198 

calm wind conditions (Johansson et al., 2020; Swirad et al., 2024a). Figure 2 shows an example of an original 199 

SAR scene, segmentation and classification. 200 

 201 
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 202 
Figure 2. An example of the processing of the Sentinel-1 S1_EWM_20250119_054342_DES_037 scene: (a) HH 203 
backscatter intensity, (b) HV backscatter intensity, (c) segmented image, where 1 is the land mask and 2 to 6 are the 204 
discontinuous segments, (d) classified image. 205 

 206 

Sentinel-1A/B imagery until 2023-06 was processed by Swirad et al. (2024a), RADARSAT-2 imagery was 207 

processed by Swirad et al. (2025). The present study contributed by extending the dataset from 11.5 years to nearly 208 

23 years by adding the entire Envisat ASAR archive (Papin et al., 2025a) and Sentinel-1A imagery starting from 209 

2023-07 (Papin et al., 2025b), as well as by fixing erroneously processed Sentinel-1 images on 2015-01-18, 2018-210 

12-25 and 2019-02-12 (Swirad, 2025). 211 

 212 

Binary maps were combined into a single time series with a total of 4123 images spanning from 2002-10-30 to 213 

2025-08-31, with an average frequency of 2.02 days. Consistency in ice detection between different sensors was 214 

previously verified (Johansson et al., 2020; Swirad et al., 2025). When two images occurred on the same day, 215 

RADARSAT-2 was prioritised over Envisat ASAR and Sentinel-1 because of its lower noise floor. Validations 216 

of the SAR derived maps were carried out by Johansson et al. (2020) through comparisons with GPS tracks of the 217 

landfast ice edge and with manually drawn maps from the Zeppelin observatory in Ny-Ålesund, and by Swirad et 218 

al. (2024a) thorough comparisons of the landfast ice edge with 20 temporally and spatially overlapping Sentinel-219 

2 optical images. 220 

3.2 Ice analysis 221 

Binary ice/open water maps were used to characterise spatial and temporal ice conditions in Hornsund. Ice extent 222 

and coverage were calculated for the entire fjord as well as for the main basin and three main bays - Burgerbukta, 223 

Brepollen and Samarinvågen as delimited in Fig. 1. The coverage was calculated as the ice extent divided by the 224 
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area of interest, which was updated annually on July 1st based on the landmask extent varied due to glacier front 225 

retreat. 226 

 227 

The first and last day of the presence of drift and landfast ice inside the fjord were found visually in the SAR 228 

intensity images and the binary maps. The sea ice season was defined as the period between the first day of drift 229 

ice and landfast ice break-up, while the landfast ice season was delimited by the landfast ice freeze-up and break-230 

up. The length of the sea ice and landfast ice seasons, and the average ice coverage during the sea ice and landfast 231 

ice seasons were calculated to identify interannual trends. The ice coverage was calculated for the entire fjord and 232 

for its parts – the main basin and the three main bays (Fig. 1) – to identify spatial trends. The seasonal analyses 233 

start on September 1st which is defined as the sea ice minimum date (Johansson et al., 2020). 234 

3.3 Meteorological and oceanographic data 235 

Air temperature data from 2002-07-01 to 2025-08-31 come from Vaisala HMP45D and HMP155 probes located 236 

2 m above ground level (12 m a.s.l.), near the main buildings of the PPS, approximately 200 m from the shore. 237 

The mean hourly temperature was calculated by averaging hourly min and max values, as these two observations 238 

were the only ones available until 2008-06. The mean daily air temperature (T) was calculated by averaging the 239 

mean hourly temperature. Mean daily wind speed (WS) was averaged from 1 minute data with measurements 240 

performed with different instruments at a height of 10 m above the ground (around 20 m a.s.l.). For days with data 241 

gaps, the air temperature and wind speed was taken from the dataset provided by Wawrzyniak and Osuch (2020) 242 

for all dates before 2019-01-01, and thereafter linear interpolation of up to seven days was applied. 243 

 244 

Daily sea surface temperature (SST) and significant wave height (SWH) outside Hornsund were obtained from 245 

ERA5 reanalysis data (Hersbach et al., 2023) for the position 77°N, 15°E at 12:00 UTC from 2002-07-01 to 2025-246 

08-31. Data gaps, which generally overlap with sea ice concentration values over 30%, were left blank. 247 

 248 

T, WS, SST and SWH were subsequently averaged over three months to characterise summer (July-September), 249 

autumn (October-December), winter (January-March) and spring (April-June) for each year starting from summer 250 

2002. The summer indicates the preceding summer. 251 

 252 

T was also used to calculate the cumulative Freezing Degree Days (FDD) for the period leading to the landfast ice 253 

freeze-up and the cumulative Thawing Degree Days (TDD) for the period preceding the landfast ice break-up. 254 

FDD represents the sum of the negative temperature on days with degrees below the freezing point of seawater (-255 

1.8°C) starting from Sept 1st, and is defined by the formula given in Equation 1:  256 

 257 

𝐹𝐷𝐷 =  ∫ (𝑇𝑓 − 𝑇(𝑡))
𝑡

0
𝑑𝑡  𝑓𝑜𝑟  𝑇 < 𝑇𝑓                                                                                  (1) 258 

 259 

where 𝑡 is time (days), 𝑇𝑓 is the freezing temperature of seawater (°C), and T is the mean daily air temperature 260 

(°C).  261 

 262 
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Similarly, TDD represents the cumulative sum of degree days with temperatures above 0 °C starting from the 263 

landfast ice freeze-up day, and is defined by Equation 2: 264 

 265 

𝑇𝐷𝐷 =  ∫ 𝑇(𝑡)
𝑡

0
𝑑𝑡  𝑓𝑜𝑟  T > 𝑇0                                                                                 (2) 266 

 267 

where 𝑇0 is 0°C, and T is the mean daily air temperature (°C).  268 

 269 

FDD and TDD were also used to estimate the thermodynamically grown landfast ice thickness. To do so, we first 270 

calculated the combined effect of FDD and TDD after Su and Wang (2012) as:  271 

 272 

ϑ = FDD - 3 × TDD       (3) 273 

 274 

Negative ϑ values were replaced by ‘0’. We then calculated the ice thickness, SIT (m) using a formula by Lebedev 275 

(1938): 276 

 277 

SIT = 0.01333 × ϑ 0.58       (4) 278 

 279 

The above-mentioned meteorological and oceanographic data were used to (1) characterize conditions during the 280 

23 sea ice seasons and identify long-term trends, (2) find relationships (regression) between forcings and ice 281 

conditions (season length and ice coverage), and (3) describe environmental conditions leading to the landfast ice 282 

freeze-up and break-up.  283 

4 Results 284 

4.1 Ice conditions over the 23 seasons 285 

The sea ice season began between October and March with the arrival of the drifting ice pack from the southwest, 286 

with a mean on December 29th. The landfast ice freeze-up occurred between December and March, with a mean 287 

on January 26th. The 2004/05 season had the earliest drift ice arrival (October 27th), followed by the 2019/20 288 

season (October 28th), and the 2015/16 season had the latest onset (March 1st). The earliest landfast ice freeze-up 289 

occurred in the 2010/11 and 2019/20 (December 18th), and the latest in the 2015/16 (March 30th). The landfast ice 290 

freeze-up occurred on average 28 days after the first drift ice, ranging from 0 (2002/03, 2006/07) to 101 (2005/06) 291 

days (Table 2). Drift ice was present in the fjord until April-July (average until June 1st), while the landfast ice 292 

broke up in May-July (mean on June 24th). The earliest end of both drift ice and landfast ice presence occurred in 293 

2013/14 (April 9th and May 19th, respectively), and the latest in 2010/11 (July 20th for both ice types). The landfast 294 

ice break-up (end of both the sea ice and the landfast ice seasons) occurred between 0 (2003/04, 2009/10, 2010/11) 295 

and 67 (2024/25) days after the last presence of drift ice (average of 23 days). The sea ice season lasted on average 296 

178 days, ranging from 105 (2015/16) to 249 (2004/05) days. The landfast ice season lasted on average 150 days, 297 

ranging from 61 (2015/16) to 215 (2010/11) days (Table 2). 298 

  299 
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Table 2. The timing and average ice coverage in Hornsund and its parts over the 23 sea ice seasons from 2002-2025. 300 
Season First day with 

drift ice 

Landfast ice 

freeze-up 

Last day with 

drift ice 

Landfast ice 

break-up 

2002/03 2 Jan 2 Jan 9 May 12 Jul 

2003/04 13 Nov 7 Jan 30 Jun 30 Jun 

2004/05 27 Oct 7 Jan 18 Jun 2 Jul 

2005/06 3 Dec 14 Mar 10 May 11 Jun 

2006/07 31 Jan 31 Jan 26 Apr 29 Jun 

2007/08 8 Jan 17 Feb 3 Jul 8 Jul 

2008/09 23 Nov 20 Dec 30 May 5 Jul 

2009/10 26 Dec 19 Jan 3 Jul 3 Jul 

2010/11 19 Nov 18 Dec 20 Jul 20 Jul 

2011/12 11 Dec 17 Feb 6 Jun 11 Jun 

2012/13 8 Feb 11 Feb 4 Jun 21 Jun 

2013/14 2 Jan 12 Jan 9 Apr 19 May 

2014/15 29 Dec 27 Jan 13 Jun 7 Jul 

2015/16 15 Feb 30 Mar 26 May 29 May 

2016/17 1 Mar 7 Mar 18 May 18 Jun 

2017/18 30 Dec 29 Jan 23 May 4 Jun 

2018/19 25 Jan 12 Feb 3 Jun 18 Jun 

2019/20 28 Oct 18 Dec 26 May 29 Jun 

2020/21 2 Feb 4 Feb 8 Jun 24 Jun 

2021/22 3 Dec 28 Dec 23 May 22 Jun 

2022/23 11 Feb 21 Feb 24 May 12 Jun 

2023/24 1 Jan 4 Jan 29 Jun 4 Jul 

2024/25 10 Jan 12 Jan 30 Apr 6 Jul 

Mean 29 Dec 26 Jan 1 Jun 24 Jun 

 301 

There was a gradual decrease in the length of the drift ice and landfast ice seasons of 2.34 and 0.66 days yr -1, 302 

respectively, though the relationships are weak and statistically insignificant (Fig. 3a). 303 

 304 
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 305 
Figure 3. Time series of ice season parameters in Hornsund over the 23 seasons from 2002-2025: (a) the length of the 306 
sea ice season and the landfast ice season; average ice coverage during the sea ice season (b) for the parts of Hornsund, 307 
and (c) for individual bays; average ice coverage during the landfast  ice season (d) for the parts of Hornsund, and (d) 308 
for individual bays.   309 
 310 

The average ice coverage in Hornsund was 48% during the entire sea ice season, but it was higher in the bays 311 

(66%) and lower in the main basin (31%). Earlier seasons (2002/03 to 2010/11) experienced higher ice coverage 312 

(≥53%) with the exception of the 2005/06 (31%). The maximum overall ice coverage was reached in 2003/04 313 

(80% in Hornsund, 77% in the main basin and 84% in the bays). From 2011/12, the average ice coverage was 314 

more variable, ranging from 12% in 2013/14 to 57% in 2023/24 (Fig. 4). Of the bays, Brepollen was characterized 315 
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by the highest average ice coverage during the sea ice season (70%), followed by Samarinvågen (69%), which 316 

had higher ice coverage than Brepollen in some seasons. Meanwhile, Burgerbukta had the lowest average ice 317 

coverage during the sea ice season (57%). There was a statistically-significant negative trend in ice coverage in 318 

the main basin during the sea ice season (-1.63% yr-1, R² = 0.32, p < 0.05). The long-term trends of the entire fjord 319 

and the bays were weak and non-significant (Fig. 3b,c). 320 

 321 

The ice coverage during the landfast ice season followed the same interannual and spatial pattern as for the sea 322 

ice season. The average coverage was, however, higher by 4, 2 and 6% for Hornsund, main basin and the bays, 323 

respectively. The results of linear regression showed a statistically-significant negative trend for the ice coverage 324 

in the main basin (-1.75% yr-1, R² = 0.33, p < 0.05), while other areas exhibited weak non-significant trends (Fig. 325 

3d, e). 326 

 327 

During the landfast ice freeze-up, the drift ice was typically present outside the fjord and in the main basin while 328 

landfast ice mostly formed in Samarinvågen and southern Brepollen (Fig. 4a). During the landfast ice break-up 329 

the main basin was usually ice-free while the last landfast ice was present in Vestre Burgerbukta, northern 330 

Brepollen and depths of Samarinvågen (Fig. 4b). 331 

 332 

 333 
Figure 4. Spatial occurrence of ice on the (a) freeze-up and (b) break-up of the landfast ice in Hornsund over the 23 334 
seasons from 2002–2025.  335 
 336 

4.2 Meteorological and oceanographic conditions 337 

T averaged over the 23 seasons was 4.2°C in summer, -3.6°C in autumn, -8.0°C in winter and -1.7°C in spring. 338 

The first negative air temperatures in the fjord occurred between September and November, with the earliest 339 

recorded on September 7th (2002) and the latest on November 1st (2016). The last day of negative air temperature 340 

occurred between May and June, with the earliest on May 20th (2016 and 2022) and the latest on June 12th (2010). 341 

Over the 23 seasons, the minimum T of -28.1°C was recorded on January 13th, 2004, and the maximum of 12.0°C 342 

on July 25th, 2020. WS was characterised by a high variability at a daily timescale. Seasonally, stronger winds 343 

were observed in winter (6.8 m s-1) and autumn (6.2 m s-1), compared to summer (4.6 m s-1) and spring (5.4 m s-344 

1). The maximum WS of 20.3 m s-1 was recorded on January 10th, 2019, while WS of 0 m s-1 occurred on 10 days 345 

during the study period. SST was the lowest in winter (0.3°C) and the highest in summer (4.2°C). It averaged 346 

1.2°C in autumn and 0.9°C in spring. The first negative SST values occurred between October and March, with 347 

the earliest recorded on October 17th (2005) and the latest on March 28th (2017). The last day with negative SST 348 
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occurred between April and July, with the earliest on April 1st (2006) and the latest on July 7th (2004). Over the 349 

23 seasons, the lowest SST of -1.8°C was recorded on April 27th, 2013, and the highest of 7.4°C on August 14th 350 

and 15th, 2002. SWH was the highest in winter (2.1 m), followed by autumn (1.8 m), spring (1.1 m), and summer 351 

(1.1 m). The largest SWH of 7.9 m was observed on February 7th, 2025, and the lowest of 0.2 m occurred on July 352 

7th, 2003, May 19th, 2020, and May 4th, 2021. 353 

 354 

There was a strong statistically-significant trend of increasing Tsummer over the analysed 23 seasons (+0.08°C yr⁻¹, 355 

R² = 0.59, p < 0.05). The other seasons also experienced a gradual T increase, but relationships are weak and non-356 

significant. WS increased in summer (+0.04 m s⁻¹ yr⁻¹, R² = 0.32, p < 0.05) and decreased in winter (-0.04 m s⁻¹ 357 

yr⁻¹, R² = 0.29, p < 0.05). Trends in autumn and spring were weak and non-significant. SST trends were generally 358 

weaker than those observed for T with the summer increase of +0.05°C yr⁻¹ (R² = 0.17, p = 0.05) and a negligible 359 

and non-significant trends in other seasons. SWH exhibited a limited long-term changes across seasons with the 360 

only statistically-significant positive trend in spring (+0.01 m yr⁻¹, R² = 0.21, p < 0.05) (Fig. 5). 361 

 362 

 363 

Figure 5. Seasonal averages of meteorological and oceanographic parameters in Hornsund for the 23 seasons from 364 
2002-2025. 365 
 366 

4.3 Relationships between environmental conditions and the ice-season parameters 367 

In general, longer and icier seasons were associated with colder autumns and winters. The 2003/04 season had the 368 

highest ice coverage in Hornsund (80% during the sea ice and 90% during the landfast ice season), the lowest 369 

Tautumn (-7.6°C), the third lowest Twinter (-11.0°C), one of the highest WSwinter (7.4 m s-1), the lowest SSTspring (-370 

0.5°C). The 2004/05 season had the longest sea ice season (249 days), the second-highest ice coverage in the fjord 371 

during the landfast ice season (77%), and the earliest first drift ice (October 27th). It was characterized by the 372 

lowest SSTsummer (1.9°C) and one of the highest WSwinter (7.4 m s-1). The 2010/11 season had the longest landfast 373 

ice season (215 days) related to the earliest landfast ice freeze-up (December 18th) and the latest landfast ice break-374 

up (July 20th). Tsummer was the second lowest (3.3°C), and Twinter was one of the lowest (-10.6°C). The 2019/20 375 
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season also had the earliest landfast ice onset (December 18th). Additionally, it had also one of the largest ice 376 

coverages, particularly in the bays (72% during sea ice season and 85% during landfast ice season). It was 377 

characterized by the lowest SSTwinter (-1.5°C), the lowest SSTautumn (-0.4°C), and the lowest SWHautumn (1.3 m). 378 

The 2013/14 season had the lowest ice coverage in Hornsund (12% during both the sea ice and the landfast ice 379 

seasons) and its bays (20% during the sea ice and 21% during the landfast ice season), and the earliest end of the 380 

landfast ice season (May 19th). This season had the highest SSTspring (2.3°C), the highest SWHsummer (1.3 m) and 381 

the second highest Twinter (-3.7°C). The 2015/16 season had the shortest sea ice and landfast ice seasons (105 and 382 

61 days, respectively), the latest landfast ice onset (March 30th), and the lowest ice coverage in the main basin 383 

(3.6%). This season was marked by the second highest Tspring (-3.2°C). The 2016/17 season had the latest 384 

occurrence of the first drift ice (March 1st). It was also characterized by the highest Tautumn (-0.01°C) and the lowest 385 

WSwinter (5.9 m s-1) and it recorded the highest SSTautumn (3.4°C), as well as the highest SWHautumn (2.2 m). 386 

 387 

Strong (R² ≥ 0.48) statistically-significant (p < 0.05) negative relationships exist between Tautumn or Twinter and all 388 

considered characteristics of sea ice and landfast ice seasons: season length and ice coverage in Hornsund, the 389 

main basin and the bays (Fig. 6). The length of the sea ice season decreased by 19.5 days per 1°C increase in 390 

Tautumn (R² = 0.61, p < 0.05), while the length of the landfast ice season decreased by 10.1 days per 1°C increase 391 

in Twinter (R² = 0.48, p < 0.05). The average ice coverage in the main basin during the sea ice season decreased by 392 

8.2% per 1°C increase in Tautumn (R² = 0.52, p < 0.05). The ice coverage the entire fjord and  in the bays during the 393 

sea ice season depended on the Twinter with trends of -5.3% per 1°C (R² = 0.59, p < 0.05) and -5.4% per 1°C (R² = 394 

0.55, p < 0.05), respectively. Similar patterns were observed for the ice coverage during the landfast ice season 395 

with the respective trends of -5.4% per 1°C (R² = 0.58, p < 0.05), 8.7% per 1°C (R² = 0.52, p < 0.05) and 5.4% 396 

per 1°C (R² = 0.57, p < 0.05) in Hornsund, the main basin and the bays, respectively (Fig. 6). 397 

 398 
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 399 

Figure 6. Linear correlations between the highest-correlation environmental driver (mean autumn or winter air 400 
temperature) and the ice-season parameters over the 23 seasons from 2002-2025: (a-b) length of the season; (c-d) 401 
average ice coverage in Hornsund; (e-f) average ice coverage in the main basin; (g-h) average ice coverage in the bays. 402 
The left panel represents the sea ice season and the right panel – the landfast ice season. 403 

 404 

Figure 7 shows results of the linear stepwise regression models relating environmental drivers to key parameters 405 

of the sea ice season (left panel) and the landfast ice season (right panel). The 16 drivers (T, WS, SST and SWH 406 

over summer, autumn, winter and spring) were considered. For all ice-season parameters using multiple predictors 407 

improved the fit (adjusted R² ≥ 0.73, p < 0.05 for seven out of eight parameters) compared to a single predictor 408 

(Fig. 7). Twinter appears in all eight ice-season parameters and is consistently associated with a negative 409 

relationship. Tautumn and Tspring explain four parameters, and in all cases their relationship with the ice-season 410 

parameters is negative. Tsummer represents an outlier, as it appears only in the equation for the average ice coverage 411 

in the bays during the sea ice season, where it shows a positive relationship. WSsummer appears in six cases and is 412 
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consistently associated with a negative relationship. In contrast, WSwinter is present in five of the ice-season 413 

parameters and always shows a positive relationship. WSautumn appears in three cases, with a positive relationship 414 

in two of them (the length of the sea ice season and the average ice coverage in the main basin during the landfast 415 

ice season), and a negative relationship in the average ice coverage in the bays during the sea ice season. WSspring 416 

does not appear in any of the equations. SSTspring is present in six out of eight cases and is consistently associated 417 

with a negative relationship. SSTwinter, which appears in the equations for the average ice coverage in the main 418 

basin during both the sea ice and landfast ice seasons, shows a positive relationship. SSTautumn also exhibits a 419 

positive relationship for the average ice coverage in the main basin and in the bays during the sea ice season, but 420 

a negative relationship for the length of the sea ice season. SSTsummer, which is present in half of the cases, always 421 

has a negative correlation. SWHsummer and SWHautumn each appear in two cases and are consistently associated with 422 

a negative relationship. SWHwinter is present in three cases, showing a negative relationship in two of them (the 423 

average ice coverage in Hornsund and in the bays during the sea ice season), and a positive relationship for the 424 

length of the sea ice season. Finally, SWHspring does not appear in any of the equations (Table 3). 425 
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 426 

Figure 7. Results of the stepwise regression between environmental drivers and ice-season parameters over the 23 427 
seasons from 2002-2025: (a-b) length of the season; (c-d) average ice coverage in Hornsund; (e-f) average ice coverage 428 
in the main basin; (g-h) average ice coverage in the bays. The left panel represents the sea ice season and the right panel 429 
– the landfast ice season. 430 

  431 
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Table 3. Stepwise regression models of the ice-season parameters in Hornsund over the 23 seasons from 2002-2025. 432 

Ice-season parameter Best-fit model Adjusted R²  p-value 

Length of the sea ice season -135.76 - 5.09 × Tautumn - 7.14 × Twinter - 12.74 × Tspring + 

26.16 × WSautumn - 18.63 × SSTautumn + 37.28 ×SWHwinter 

0.83 0.21 

Average ice coverage in 

Hornsund during the sea ice 

season 

9.98 - 4.43 × Twinter - 2.60 × Tspring - 10.72 × WSsummer + 

10.45 × WSwinter - 5.07 × SSTspring - 8.51 × SWHwinter 

0.89 7.04 × 10⁻⁶ 

Average ice coverage in the 

main basin during the sea ice 

season 

23.63 - 6.31 × Tautumn - 3.11 × Twinter - 10.22 × WSsummer + 

5.82 × WSwinter - 3.90 × SSTsummer + 7.23 × SSTautumn + 

3.30 × SSTwinter - 9.09 × SSTspring - 16.42 × SWHsummer 

0.91 4.80 × 10⁻⁴ 

Average ice coverage in the 

bays during the sea ice season 

66.60 + 15.83 × Tsummer - 5.11 × Twinter  - 17.75 × WSsummer 

- 5.56 × WSautumn + 17.79 ×WSwinter - 7.09 × SSTsummer + 

8.37 × SSTautumn - 7.12 × SSTspring - 56.25 × SWHsummer - 

11.61 × SWHwinter 

0.85 0.03 

Length of the landfast ice 

season 

108.31 - 8.51 × Tautumn - 5.97 × Twinter - 14.18 × Tspring - 

34.71 × SWHautumn 

0.73 8.68 × 10⁻³ 

Average ice coverage in 

Hornsund during the landfast 

ice season 

25.92 - 4.70 × Twinter - 10.82 × WSsummer + 8.32 × WSwinter 

- 2.54 × SSTsummer - 6.84 × SSTspring 

0.92 4.48 × 10⁻⁷ 

Average ice coverage in the 

main basin during the landfast 

ice season 

-3.08 - 4.43 × Tautumn - 4.13 × Twinter - 10.75 × WSsummer + 

5.84 × WSautumn + 6.24 × WSwinter - 3.23 × SSTsummer + 

7.42 × SSTwinter - 10.11 × SSTspring - 12.16 × SWHautumn 

0.92 3.66 × 10⁻³ 

Average ice coverage in the 

bays during the landfast ice 

season 

84.21 - 5.16 × Twinter - 9.58 × WSsummer - 9.51 × SSTspring 

 

0.79 3.00 × 10⁻⁵ 

 433 

4.4 Conditions leading to the landfast ice freeze-up and break-up 434 

In the period leading to the onset of landfast ice, T gradually decreased (-0.1°C day-1, R2 = 0.81, p < 0.05) with 435 

the average below the sea water freezing point for > 90 days (Fig. 8a). The 2009/10 season had the highest T (-436 

3.1°C), while the 2003/04 season had the lowest T during this 90-days period (-8.2°C). The drift ice appeared on 437 

average 28 days earlier, ranging from 0 (2002/03 and 2006/07) and 101 days (2005/06). Ice coverage during the 438 

period between first drift and landfast ice averaged 21% with the minimum of 0% in 2009/10 (drift ice was present 439 

outside the fjord and no imagery was available between December 26th and January 19th for a better assessment) 440 

and the maximum of 85% in 2008/09 (Table 4). Ice coverage generally remained low during the early part, 441 

followed by an increase as the landfast ice freeze-up approached. The timing varied from year to year but 40 days 442 

before the landfast ice freeze-up the average ice coverage exceeded 20%. The average coverage of 26% 443 

characterised the day before and 46% the freeze-up day (Fig. 9). The period leading to the landfast ice freeze-up 444 

was also characterised by the gradual decrease of SST (-0.02°C day-1, R2 = 0.89, p < 0.05) and an increase of WS 445 

(+0.02 m s-1 day-1, R2 = 0.31, p < 0.05) and SWH (+0.004 m day-1, R2 = 0.21, p < 0.05) (Fig. 8 c, e, g). The average 446 

number of consecutive days with T below the freezing point was 9.7, but the difference between FDD over 447 

consecutive days with T < 1.8°C (79°C days) and the ϑ over the entire period from the first day with T < 1.8°C 448 

(268°C days) suggests T oscillation around the freezing point (Table 4). 449 

  450 

https://doi.org/10.5194/egusphere-2026-1656
Preprint. Discussion started: 31 March 2026
c© Author(s) 2026. CC BY 4.0 License.



 

19 

 

Table 4. Conditions leading to the landfast ice freeze-up and break-up in Hornsund. 451 

Season Landfast ice freeze-up Landfast ice break-up 

Number of 

days with 

drift ice 

Average ice 

coverage 

(%) 

Number 

of 

consecuti

ve days 

with T < -

1.8°C 

FDD on 

the day 

(°C days) 

ϑ on the 

day (°C 

days) 

Thermod

ynamic 

ice 

thickness 

(m) 

Number 

of 

consecutiv

e days 

with T > 

0°C 

TDD on 

the day 

(°C days) 

ϑ on the 

day (°C 

days) 

Thermod

ynamic 

ice 

thickness 

(m)  

2002/03 0 NoValue 24 195 185 0.27 41 120 1067 0.76 

2003/04 55 57 34 446 560 0.52 22 45 1296 0.85 

2004/05 72 45 6 35 398 0.43 30 70 912 0.69 

2005/06 101 7.6 20 197 389 0.42 12 39 357 0.40 

2006/07 0 NoValue 20 167 295 0.36 30 80 565 0.52 

2007/08 40 16 6 35 325 0.38 29 89 696 0.59 

2008/09 27 85 1 7.3 246 0.32 30 105 969 0.72 

2009/10 24 0 0 0 130 0.22 20 56 616 0.55 

2010/11 29 48 0 0 392 0.42 53 182 823 0.65 

2011/12 68 11 7 49 149 0.24 0 0 403 0.43 

2012/13 3 6.1 1 0 275 0.35 23 59 851 0.67 

2013/14 10 9.9 0 0 366 0.41 0 0 711 0.60 

2014/15 29 13 2 17 232 0.31 36 121 430 0.45 

2015/16 44 14 1 0.9 206 0.29 8 20 213 0.30 

2016/17 6 16 22 160 265 0.34 16 51 546 0.51 

2017/18 30 8.2 4 20 158 0.25 12 22 557 0.52 

2018/19 18 3.8 7 32 231 0.31 21 62 531 0.51 

2019/20 51 10 12 99 306 0.37 38 107 1249 0.83 

2020/21 2 14 24 144 217 0.30 28 62 470 0.47 

2021/22 25 6.1 9 68 279 0.35 32 108 851 0.67 

2022/23 10 6.8 4 32 194 0.28 14 30 483 0.48 

2023/24 3 23 3 26 202 0.29 37 123 689 0.59 

2024/25 2 39 16 94 164 0.26 41 124 373 0.41 

Mean 28 21 9.7 79 268 0.33 25 73 681 0.57 

 452 
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 453 

Figure 8. Evolution of (a-b) air temperature, T, (c-d) wind speed, WS, (e-f) sea surface temperature, SST, and (g-h) 454 
significant wave height, SWH, 90 days before the landfast ice freeze-up (left side) and break-up (right side) in Hornsund 455 
over the 23 seasons from 2002-2025. 456 

 457 

Figure 9. Ice coverage in Hornsund from the first drift ice to the landfast ice freeze-up over the 23 seasons from 2002-458 
2025. 459 

 460 
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In the period leading to the landfast ice break-up T grew gradually (+0.1°C day-1, R2 = 0.97, p < 0.05), exceeding 461 

0°C on average 38 days before the last day with landfast ice (Fig. 14b). The number of consecutive days with 462 

positive T varied from 0 (2011/12 and 2013/14) to 53 (2010/11) with the average of 25 days, which resulted in 463 

the TDD of 73°C days on the last day with the landfast ice (Table 4). There was also a gradual decrease in WS (-464 

0.02 m s-1 day-1, R2 = 0.81, p < 0.05) and SWH (-0.01 m day-1, R2 = 0.63, p < 0.05), and an increase in SST (+0.03°C 465 

day-1, R2 = 0.88, p < 0.05) over 90 days leading to the landfast ice break-up (Fig. 8d,f,h). 466 

4.5 Sea ice thickness 467 

Calculation of sea ice thickness thermodynamic growth shows a large variability between the seasons (Fig. 10). 468 

In most seasons the ice formation started a few times with T oscillation around the freezing and melting points in 469 

autumn. In general, the earlier the start of ice growth the larger the maximal thickness and the longer the sea ice 470 

season. The largest thickness of 0.96 m was reached in the 2019/20 season, followed by the 0.91 m in the first two 471 

seasons. The smallest thickness was observed in 2015/16 (0.37 m) and 2011/12 (0.46 m). For seven seasons the 472 

calculated thickness on August 31st was still positive despite the latest landfast ice break-up on July 20th (Fig. 10). 473 

The estimated ice thickness on the day when we visually established the landfast ice freeze-up in the SAR imagery 474 

and the binary maps averaged 0.33 m ranging from 0.22 to 0.52 m, and on the landfast ice break-up it was on 475 

average 0.57 m with the range of 0.30-0.85 m (Table 4). 476 

 477 

Figure 10. Time series of sea ice thickness in Hornsund calculated using the method of Su and Wang (2012) for the 23 478 
seasons from 2002-2025. 479 

5 Discussion 480 

This study is the third of a series of articles that focus on sea ice conditions in the Hornsund fjord, Svalbard. The 481 

first publication (Swirad et al., 2024a) adapted a semi-automated method of Cristea et al. (2020) and Johansson 482 

et al. (2020) to create high-resolution (50 m) near-daily binary maps of ice and open water of Hornsund using the 483 
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full Sentinel-1A/B archive available at the time. The main findings included (1) a large interannual variability in 484 

sea ice conditions without a clear trend over the nine analysed seasons, (2) differences in timing and extent of the 485 

ice cover in different parts of the fjord, notably the main basin and the inner bays, and (3) a presence of a secondary 486 

peak in ice coverage in the bays in autumn, that the authors attributed to the presence of glacier ice (Swirad et al., 487 

2024a). The second study (Swirad et al., 2026b) expanded the dataset back in time to include the full 488 

RADARSAT-2 archive and developed a method to separate the ice into glacier ice, drift ice and landfast ice. The 489 

authors showed that the ice in Hornsund was 53% drift, 35% landfast, 8.5% glacier ice, while the remaining 3.5% 490 

was either unclassified or masked out. Statistically-significant negative relationships were found between winter 491 

(January-March) water temperature and the length of the sea ice and landfast ice seasons, and between winter air 492 

temperature and the mean coverage of sea ice (drift and landfast ice combined) and landfast ice. Glacier ice 493 

coverage was negatively correlated with summer air and autumn water temperatures. At the 12-season scale no 494 

long-term trends in ice conditions were detected (Swirad et al. 2026b). In this study we further extended the dataset 495 

in time – backward by using the full Envisat ASAR archive (Papin et al., 2025a) and forward by using subsequent 496 

Sentinel-1A imagery (Papin et al., 2025b). We supplemented the dataset with meteorological data from the PPS 497 

monitoring programme, and oceanographic data from ERA5 reanalysis for a location outside the fjord. Because 498 

of the strong (R2 = 0.95-0.96) statistically-significant (p < 0.05) relationships between the extent of drift ice from 499 

Swirad et al. (2026b) and our ice extent in the main basin for both the sea ice and the landfast ice seasons, as well 500 

as between the landfast ice from Swirad et al. (2026b) and our ice extent in the bays (Fig. 11), we treat the 501 

differences between the main basin vs the bays as a proxy for the differences between drift vs landfast ice. 502 

 503 

 504 

Figure 11. Spatial extent of the drift and landfast ice in Hornsund from Swirad et al. (2026b) and the ice extent in the 505 
main basin and the bays from our study on individual days between 2012-01-02 and 2023-06-29.  506 

 507 

Expanding the dataset to 23 seasons allowed us to observe the expected long-term decreasing trends in the length 508 

of ice season and in ice coverage, such as those observed by Onarheim et al. (2014), Dahlke et al. (2020) and 509 

Stocker et al. (2020). The trends are stronger for the sea ice season compared to the landfast ice season, and for 510 

the main basin compared to the bays (Fig. 3). This suggests that mostly the pack ice is affected, as generally in 511 

the Arctic, while the state of the landfast ice may be more affected by local conditions, such as those of sheltered 512 

bays of eastern Hornsund. Notably, the variability of season length was more dependent on the start of the season 513 

(October-March) than on its end (May-July). The start of sea ice season is associated with the arrival of pack ice 514 
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from the Barents Sea, while the end represents the disappearance of landfast ice. The unstable start vs the stable 515 

end of the sea ice season further confirms that the drift ice is mostly affected. Araźny et al. (2018) observed a 516 

gradient in meteorological conditions (temperature and humidity) between the more maritime western and more 517 

continental eastern Hornsund. The Atlantification of Hornsund where the warmer and more saline Atlantic Water 518 

becomes dominant over the cooler and fresher Arctic Water (Strzelewicz et al., 2021) affects mostly the outer 519 

parts of Hornsund, while the inner bays remain highly affected by glacier outflow (Korhonen et al., 2024). 520 

 521 

The decline of pack ice drifting to the entrance of Hornsund from the Barents Sea was also shown by Herman et 522 

al. (2025) for the 1979-2023 ERA5 reanalysis data, though the authors pointed to a ‘regime shift’ after 2005 rather 523 

than a gradual change. A decline of the sea ice in Hornsund was also shown by Muckenhuber et al. (2016) on the 524 

2000-2014 optical and SAR imagery, though they identified icy periods of 2000-2005 and 2009-2011, and non-525 

icy periods of 2006-2008 and 2012-2014, which could alternatively suggest warmer and colder periods of ~three 526 

years. Of the bays, Burgerbukta experienced the fastest decline of the ice coverage during the sea ice and landfast 527 

ice seasons, which is intuitive given its location in northern Hornsund, most exposed to the waves arriving from 528 

the south-west (Herman et al., 2019; Swirad et al., 2023b). We observed a gradual increase in air and water 529 

temperatures, particularly in autumn months (Fig. 5), which could decrease persistence (increase melting) of drift 530 

ice, as well as delay the in situ ice formation. Interestingly, there is a statistically-significant decline in winter 531 

wind speed. Wind at the beginning of the sea ice season may accelerate ice production through deformation 532 

(Kwok, 2006). This phenomenon may become limited with decreasing wind speed, further contributing to slower 533 

in situ ice production. 534 

 535 

On the top of the general trend of ice decline, there is a great variability in ice conditions from year to year that 536 

was already noticed in our previous studies (Swirad et al., 2024a; 2026b). The longest sea ice seasons and the 537 

largest ice coverage characterised the first three seasons (pre-regime shift) as well as two late seasons of 2019/20 538 

and 2021/22. Conversely, the 2011/12 and 2013/14 remain the least icy seasons of the 21st century, while the 539 

2015/16 was the shortest (Table 2). The seasonal ice parameters are strongly (R2 of 0.48-0.61) correlated to Tautumn 540 

and Twinter (Fig. 6). Tautumn plays a major role for the length of the sea ice season and the ice coverage in the main 541 

basin during both the sea ice and landfast ice seasons, further pointing to the variability of drift ice conditions at 542 

the beginning of the season. Conversely, the length of the landfast ice season as well as the ice coverage in the 543 

bays respond mostly to Twinter, which is the period of landfast ice formation. T in the winter months through FDD 544 

widely controls ice thickness increase which then affects the time needed to melt/break-up the landfast ice at the 545 

end of the season. We found that all ice season parameters correlated better with T than water temperature. This 546 

result is different from that of our previous study (Swirad et al., 2026b), in which water temperature controlled 547 

the length of the season, and air temperature - ice coverage. We ascribe this difference to the duration of the study 548 

(23 vs 12 seasons) as well as using SST of a point outside Hornsund (here) and sea bed mooring data at 10-23 m 549 

depth (previous study). De Steur et al. (2023) found a relationship between Fram Strait ice extent and water 550 

temperature measured at 55-2440 m depths. However, no in situ water temperature data were available for the 551 

entire 2002-2025 period of this study and ERA5 reanalysis was used instead. 552 

 553 
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Multiple linear regression showed that combining multiple parameters allows a better fit (R2 of 0.73-0.92) between 554 

the environmental and the eight ice season parameters than using a single variable (Fig. 7). Tautumn and Twinter were 555 

still the most important, but other parameters were also included (Table 3). The impact of SST was similar though 556 

weaker than the air temperature. For six ice parameters, WSsummer was important, showing a negative correlation, 557 

though the physical meaning seems unclear. The positive relationship between WSautumn and the length of the sea 558 

ice season supports the acceleration of ice production through deformation (Kwok, 2006). We did not find any 559 

negative relationships between WSspring and/or SWHspring and ice season parameters to support the hypothesis of 560 

faster landfast ice break-up and melting by wind waves (Graham et al., 2019). SWH was generally the least 561 

important factor, which we justify by wave transformation at the entrance and inside the fjord which prevents 562 

direct comparison between the value from a single point outside the fjord and ice conditions in the fjord itself. 563 

However, when present, the relationship was negative which supports that waves break ice contributing to the 564 

shortening of the season and decrease of ice extent (Table 3). Long-term monitoring of water temperature and 565 

wave parameters could allow for more direct relationships to be identified. 566 

 567 

We also observed a temporal shift in ice phenomena over the years. The first seasons (pre-regime shift, 2005) 568 

were characterised by a rapid increase in ice coverage between December and January, later it was from January 569 

to February, and in some years from February to March (Fig. S3 in the Supplement). In consequence, Hornsund 570 

shores are more exposed to storm waves, and the hazard of coastal flooding and erosion is higher. Zagórski et al. 571 

(2015) pointed to autumn as a season of limited ice cover and large waves. However, our results suggest that 572 

December-February may be critical months, both because it is the season with the most intense storms (Swirad et 573 

al., 2023b) and because it experiences significant ice decline. Glacier calving and glacier ice accumulation in the 574 

bays, despite glacier retreat between June and October-December (Błaszczyk et al., 2023), may not level this shift. 575 

Glacier ice tends to be spread or grouped in belts, and it does not attenuate wave energy as efficiently as sea ice; 576 

it may also serve as abrasive tool, e.g. when moving up and down the shore with waves (Swirad et al., 2026a). 577 

Swirad et al. (2026b) observed a negative correlation between glacier ice coverage and both the glacier calving 578 

(approximated by the increase of annual land mask) and the summer air and autumn water temperatures, which 579 

suggests that although fewer growlers and bergy bits are expelled from glacier fronts during cold 580 

summers/autumns, they persist in the fjord for longer. Li et al. (2025) observed that for southern Svalbard the 581 

peak in air temperature occurred in late June, followed by a peak in water temperatures in August and a peak in 582 

glacier retreat in September, showing a clear trend between the water temperatures and the glacier retreats.   583 

 584 

Suitable conditions for the landfast ice formation include the presence of drift ice (Figs. 4 and 9) that attenuates 585 

waves and lowers near-surface water temperature, and extended period of cold air temperatures. As temperatures 586 

may return to the melting point a few times before the landfast ice onset, ϑ, the cumulative effect of FDD and 587 

TDD starting from the first day below -1.8°C, seems to better reflect conditions necessary for water freezing than 588 

the number of consecutive days with negative temperatures or TDD over these (both can be 0). The minimal ϑ on 589 

the day of the landfast ice freeze-up was 130°C days (Table 4). The ice thickness calculated in thermodynamic 590 

terms (Lebedev, 1938) for the landfast ice freeze-up day was on average 0.33 m, which may indicate a minimum 591 

thickness needed for ice detection using C-band SAR imagery. New SAR missions, the recently launched NISAR 592 

(NASA-ISRO) mission and upcoming ROSE-L (ESA), are carrying the L-band sensors with the free and open 593 
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data policy, and in early March 2026 there were already approx. 180 NISAR images collected over Hornsund. 594 

Wakabayashi et al. (2004) showed a relationship between the L-band SAR backscatter values and sea ice thickness 595 

from approx. 5-10 cm thickness. For earlier years, it is possible that the landfast ice onset could be visible on SAR 596 

imagery earlier but the lower temporal resolution of Envisat ASAR imagery resulted in a less accurate start date 597 

for the freeze-up. However, the seasons with the largest data gap before the landfast ice onset represented both 598 

thinner (2009/10, 2002/03) and thicker (2003/04) than average ice (Table 5). 599 

 600 

Table 5. Dates and number of days with no data before/after the landfast ice freeze-up/break-up in Hornsund. 601 
Season Number of days with 

no data before 

landfast ice freeze-up 

Number of days with 

no data after landfast 

ice break-up 

2002/03 36 0 

2003/04 11 39 

2004/05 1 7 

2005/06 7 8 

2006/07 8 3 

2007/08 2 1 

2008/09 0 0 

2009/10 23 2 

2010/11 1 1 

2011/12 0 0 

2012/13 2 2 

2013/14 0 0 

2014/15 1 2 

2015/16 4 3 

2016/17 0 1 

2017/18 0 0 

2018/19 0 0 

2019/20 0 0 

2020/21 0 0 

2021/22 3 5 

2022/23 3 1 

2023/24 2 0 

2024/25 1 0 

 602 

The landfast ice break-up coincided with the time when pack ice was already absent (Fig. 9) and temperatures 603 

remained over the melting point for ca. 25 days. Interestingly both ϑ and thermodynamic ice thickness remained 604 

positive which may suggest that other processes play a key role in ice break-up. We suggest that these are waves, 605 

both swell/sea from the south-west and those locally generated by wind, that break the edges of the landfast ice 606 

and accelerate melting (Graham et al., 2019). The thermodynamic ice thickness at the time of the landfast ice 607 

break-up averaged 0.57 m. In situ ice ice thickness measurements, as well as local meteorological stations and 608 

moorings in the individual bays of Hornsund would help prove this hypothesis, enabling to account for local-scale 609 

differences in meteorological and oceanographic conditions, given the east-west gradient (Araźny et al., 2018) 610 

and topographic complexity. 611 

6 Conclusions 612 

The full archive of high-resolution SAR imagery (Envisat ASAR, RADARSAT-2 and Sentinel-1) fully covering 613 

Hornsund fjord between October 2002 and August 2025 was used to create an unprecedented set of near-daily 614 

binary ice/open water maps over the fjord area for 23 seasons. We observed a general trend of sea ice season 615 
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shortening by 2.3 days yr-1, and a gradual decrease in average ice coverage during the sea ice season, particularly 616 

in the main basin of Hornsund (-1.6% yr-1), which we attributed to the general decrease in pack ice duration and 617 

extend in the Arctic. The changes are smaller down to negligible for the landfast ice season and the inner bays of 618 

the fjord, where landfast ice develops in situ. On the top of the longer-term trend, the results suggest a great 619 

interannual variability in ice conditions, which are strongly related to the autumn (October-December) and/or 620 

winter (January-March) air temperatures averaged from the observations at the Polish Polar Station. The length 621 

of the sea ice season is shortened by 19.5 days for every 1°C increase in the mean autumn air temperature (R2 = 622 

0.61, p < 0.05). Step-wise multiple linear regression showed that predicting ice conditions can be improved by 623 

combining a range of meteorological and oceanographic parameters (air temperature, T, wind speed, WS, sea 624 

surface temperature, SST and significant wave height, SWH) with SST having a similar but more subtle effect than 625 

T, higher autumn WS characterising longer ice seasons and SWH showing weak but negative correlation with the 626 

ice conditions. 627 

 628 

In the period leading to the landfast ice freeze-up, T typically remained under the freezing point (-1.8°C) for over 629 

90 days, decreasing gradually by -0.1°C day-1. At that time, the drift ice was present in the fjord, lowering the near 630 

surface water temperature and protecting fjord waters from the incoming wave energy. In average, for 40 days 631 

prior to the landfast ice formation the ice coverage exceeded 20%, rising to 26% on the day preceding the freeze-632 

up. The landfast ice break-up was characterised by a lack of drift ice and positive T for an average of 38 days with 633 

a gradual increase of 0.1°C day-1 over the 90-day period. Calculation of the sea ice thickness in thermodynamic 634 

terms showed that the landfast ice is detectable on C-band SAR imagery when it is thicker than 0.33 m (range: 635 

0.22-0.52 m) while the landfast ice break-up is related to other processes than only melting (such as breaking by 636 

waves) since on the date identified as the landfast ice season end the thermodynamic thickness averaged 0.57 m. 637 

 638 

This study provides open long-term (23 seasons) high spatial (50 m) and temporal (2 days) resolution dataset of 639 

ice maps for any analyses including fjord hydrography, glacier/ocean interaction and ecology. It can help assess 640 

wave impact on coastal change and safety for boat and snowmobile operations. Finally, because of its duration 641 

and detail, it provides information on the changing climate of the Arctic and the impact of weather and oceanic 642 

conditions on the state of ice. 643 

Data availability 644 

The binary ice/open water maps are available in the PANGAEA repository: those based on Envisat ASAR 2002-645 

2012 are at https://doi.org/10.1594/PANGAEA.986427 (Papin et al., 2025a), those based on RADARSAT-2 646 

2012-2016 are at https://doi.pangaea.de/10.1594/PANGAEA.969031 (Swirad et al., 2024b), those based of 647 

Sentinel-1A/B 2014-2023 are at https://doi.org/10.1594/PANGAEA.963167 (Swirad et al., 2023a), and those 648 

based on Sentinel-1A 2023-2025 are at https://doi.org/10.1594/PANGAEA.987853 (Papin et al., 2025b). 649 

Additionally, three erroneously classified images from Swirad et al. (2023a) are available at 650 

https://doi.org/10.5281/zenodo.17350297 (Swirad, 2025). 651 
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Supplement 652 

Table S1 in the Supplement is the time series of the extent and coverage of ice in Hornsund and its parts. Table 653 

S2 in the Supplement is a time series of meteorological and oceanographic conditions. Table S3 in the Supplement 654 

is a summary of ice and climate parameters for individual seasons. Document S4 contains supplementary figures.  655 
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