
1. Introduction
The Arctic region has undergone significant warming over the last century, especially in recent decades 
(IPCC, 2019, 2021). The increase in air temperature is followed by glacier retreat in different Arctic regions 
(Carr et al., 2017; Cook et al., 2019; Enderlin et al., 2018; Fahrner et al., 2021; McNabb & Hock, 2014; Wood 
et al., 2018). Recent large-scale warming is also observed in Svalbard (Dahlke et al., 2020; Gjelten et al., 2016; 
Nordli & Kohler,  2003; Wawrzyniak & Osuch,  2020) and is accompanied by glacier retreat (Błaszczyk 
et al., 2013, 2019; Małecki, 2016; Nuth et al., 2007, 2013; Ziaja, 2001; Ziaja & Ostafin, 2015).

Abstract Many Arctic marine-terminating glaciers have undergone rapid retreats in recent decades. 
Seasonal and year-to-year variations in terminus position act on all tidewater glaciers, but the key controls on 
those changes vary from region to region. Here, we examined seasonal and decadal changes in termini positions 
of seven tidewater glaciers in the inner part of Hornsund, the southernmost fjord of Spitsbergen (Svalbard 
Archipelago), based on a variety of data from 1992 to 2020. Combining satellite imagery, basic meteorological 
data (air temperature, positive degree day index (PDD), liquid precipitation), sea surface temperature (SST), 
mean temperature in the glacier forefield bays, fast sea ice cover, and bathymetry near the glacier front, we 
examined the influence of potential controlling parameters on interannual and seasonal variability of the glacier 
termini. We found regional synchrony between terminus advance/retreat and climate variables. At a regional 
scale, annual fluctuation changes are related to PDD and SST, while summer fluctuations are linked to PDD, 
although individual glaciers are shown to have differing sensitivities to potential climate drivers. We also found 
that the retreat period in Hornsund generally lasts from June to October-December. Onset of the retreat is 
related to sea and air temperature, and in some cases follows the disappearance of the ice cover. These results 
indicate that the expected increase in meltwater runoff in Svalbard, the input of relatively warm Atlantic water 
to the fjord, and the increasing trend of longer summer and warmer winter periods will have implications for 
glacier velocity and frontal ablation.

Plain Language Summary In recent decades, marine-terminating glaciers in the Arctic have 
undergone rapid retreats. In addition to long-term changes in front position, those glaciers also experience 
seasonal advance and retreat. However, the key controls on those changes vary from region to region. Here, we 
used satellite images to investigate decadal and seasonal fluctuations of seven tidewater glaciers in Hornsund, 
the southernmost fjord of the Svalbard Archipelago. We compared glacier fluctuations with meteorological 
and oceanographic data to examine potential controls on variability of the glacier termini. Our results show 
a general synchronous pattern of glacier fluctuations with local climate variables. Front position changes are 
related to temperature-based index and sea surface temperature when analyzed regionally, although individual 
glaciers have differing sensitivities to potential climate drivers. We also found that the retreat period lasts from 
June to October-December in Hornsund. Glaciers start to retreat when sea and air temperatures are significantly 
high, and in some cases follow the disappearance of the ice cover. Our results indicate that the expected 
increase in air temperature, the amount of meltwater, input of warm water to the fjord, and longer summer and 
warmer winter periods will affect glacier velocity, calving, and terminus position of the glaciers in the future.
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One of the most important and highly sought modeling inputs is a robust and validated relationship between 
observable environmental variables and changes in tidewater terminus position (De Andrés et al., 2018; Otero 
et al., 2017; Pfeffer, 2007; Rignot, Xu, et al., 2016; Vieli et al., 2002; Wood et al., 2021). Several hypotheses 
have been proposed to determine key controls on the terminus position of tidewater glaciers (TWG). One is the 
water-depth/glacier-thickness ratio (Brown et al., 1982; Jania, 1988; Meier & Post, 1987; Vieli et al., 2002, 2004), 
terminus height above buoyancy, and seabed slope (Van der Veen, 1996; Vieli et al., 2002). These parameters 
link the retreat or advance of the terminus to changes in calving rates driven by local basal topography near the 
glacier front. Recently, there has been increased interest in investigating the role of ocean heat on the stability of 
the marine-terminating glaciers in the Arctic. Several authors have attributed rapid changes observed at tidewa-
ter glacier termini in Alaska and Greenland to increasing surface melt, with meltwater runoff draining through 
glaciers and entering fjords at depth to form buoyant plumes which enhance submarine melting at glacier termini 
and calving (Bartholomaus et al., 2013; Cowton et al., 2018; Motyka et al., 2003, 2013; Rignot et al., 2010, 2015; 
Ritchie et al., 2008; Wood et al., 2021) or sea ice concentration at the glacier termini (Amundson et al., 2010; 
Carr et al., 2013, 2017; Christoffersen et al., 2012; Moon et al., 2015). Cook et al. (2019) attributed the retreat 
of marine-terminating glaciers in the Canadian Arctic Archipelago to surface melt, indicating that increased 
atmospheric temperature has been the primary driver of the acceleration in this region. Recent studies by Cowton 
et al. (2018) and Fahrner et al. (2021) have proved both oceanic and atmospheric warming as a key control of the 
retreat of TWG in Greenland. Similar results were found by Błaszczyk et al. (2021) for Hansbreen in Svalbard. 
The authors identified positive degree-day index and sea thermal conditions as the main factors closely related to 
the fluctuations of the glacier terminus.

The rate of change in a glacier's front position is governed by the difference between the area-averaged ice flux 
and the frontal ablation, and in most cases, frontal ablation and ice flux are almost exactly balanced (Truffer 
& Motyka, 2016). Both components vary seasonally and tidewater glaciers in Svalbard, as in other regions, 
undergo seasonal advance and retreat in addition to multiyear changes (Fried et al., 2018; Jania, 1988; Moon 
et  al.,  2015; Schild & Hamilton,  2013). Apart from changes in terminus position driven by mass balance, 
some glaciers can be susceptible to fast dynamic instabilities such as surges. Glacier surges are defined as 
quasi-periodic advances or increases in flow speeds unrelated to external triggers (Meier & Post, 1969). Surges 
transfer a large volume of ice from the upswelled upper part to the thinned lower reach of glaciers (Cogley 
et al., 2011), causing significant changes in the glacier elevation and terminus position. Svalbard is one of the 
best-known regions where surges occur (Sevestre & Benn, 2015). The surge cycles at Svalbard tend to be rela-
tively long (50–500 years), with active phases of 3–10 years (Dowdeswell et al., 1991). Frontal advance related 
to the short active phase of the surge has already been studied in Svalbard (e.g., Dowdeswell & Benham, 2003; 
Flink et al., 2015; Sund et al., 2014; Szafraniec, 2020). Yet, to date, only two observational studies have focused 
in detail on the ice-ocean interface of glaciers and normal (non-surge) dynamics on a multiyear scale. Studies 
by Luckman et al. (2015) capture only a short period of evolution of three glaciers, while the decadal trends in 
terminus position have been examined for Hansbreen glacier in Hornsund fjord (Błaszczyk et al., 2021). So far, 
there is no comprehensive study covering the long-term response of glacier fronts from the Svalbard regional 
perspective.

This study examines factors that control seasonal oscillation and interannual changes in termini positions of 
seven tidewater glaciers terminating in tributary fjords of Hornsund during the period 1992–2020, excluding 
Hansbreen, with the exception of the previously studied Hansbreen by Błaszczyk et al. (2021). We compared 
time series of satellite-derived terminus positions with observations of environmental forcings, including air 
temperature, positive degree day index (PDD), sea surface temperature (SST), mean temperature in the glaciers 
forefield bays, liquid precipitation and bathymetry. Three glaciers were surging during the investigated period. 
This paper does not discuss their surge behavior but only effects, that is, changes in terminus position during and 
after the surge.

Further, continuous Copernicus Sentinel-1 data enabled a detailed study of terminus fluctuations, glacier velocity 
and the presence of fast ice cover with exceptionally high temporal resolution for 2016–2020. During that period, 
proglacial seawater temperature measurements were also conducted. Using these observations, we computed 
frontal ablation and analyzed the ratio between components of frontal ablation (solid ice flux and changes in 
terminus position). Results are discussed alongside meteorological and oceanographic conditions to improve our 
understanding of the primary environmental drivers of terminus position change in the Svalbard region.
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2. Study Area
Hornsund is the southernmost fjord of Spitsbergen (Figure 1). We constructed 
a time series of terminus position fluctuations for the seven major glaciers 
emptying into the fjord. Our study covers glaciers with an area between 31.1 
and 196.5 km 2 (Table 1). Smaller glaciers were excluded from the analysis 
owing to a lack of adequate resolution in satellite imagery. Margin-to-margin 
widths of the studied TWG fronts vary from 1.82 to 6.89 km, although the 
actively calving portions of the fronts are shorter. Glacier slopes along the 
centerline vary between 1.3 and 2.2°. Three of the studied glaciers terminate in 
the main basin of the fjord and four in Brepollen, the bay in the eastern part of 
Hornsund. Based on direct and indirect evidence, six of these glaciers surged 
in the 20th century: Mühlbacherbreen, Storbreen, Hornbreen, Paierlbreen, 
Svalisbreen, and Mendelejevbreen (Błaszczyk et al., 2013; Szafraniec, 2020), 
with the latter three surging during the period of investigation.

Maximum water depths in the fjord exceed 240 m in the central part of the 
main basin and 140 m in the central part of Brepollen (Moskalik et al., 2013). 
The difference in hydrographic conditions between the main basin and 
Brepollen is strongly dependent on the geometry of the fjord. Brepollen is 
connected with the outer fjord by only a very narrow entrance (around 2 km 
wide, Figure 1) and a shallow sill to the west from it (ca. 50 m depth), which 
significantly restricts the exchange of water between the two basins (Jakacki 
et al., 2017; Promińska et al., 2018).

Figure 1. The location of the studied glaciers and fjord bathymetry in the Hornsund region. Terminus positions indicate annual minimum glacier extents. The pink 
rectangle on the Svalbard overview map presents the site of NOAA 1/4° Daily Optimum Interpolation Sea Surface Temperature (SST); the blue triangles indicate the 
position of Conductivity, Temperature and Depth (CTD) measurements; PPS denotes the location of the Polish Polar Station and weather station. AW, WSC, and SPC 
stand for Atlantic Water, West Spitsbergen Current and Spitsbergen Polar Current.

Table 1 
Glaciers of the Hornsund Basin With Selected Morphometric Features, 
After Błaszczyk et al. (2013)

Glacier
Abbreviated 

names
Area 
(km 2)

Front 
width 
(km)

Slope 
(°)

Average 
water 

depth (m)

Paierlbreen Pa 106.1 2.15 1.7 151

Mühlbacherbreen Mu 51.6 1.82 2.2 90

Storbreen St 196.5 6.89 1.3 45

Hornbreen Ho 176.2 5.47 1.3 52

Svalisbreen Sv 31.3 2.28 1.9 42

Mendelejevbreen Me 31.1 3.57 1.9 52

Samarinbreen Sa 84.0 3.96 1.7 86

Note. Glacier area and front width were measured on the georeferenced 
ASTER and Landsat images (2010), glacier slope was retrieved along the 
centerline from DEM SPOT (2008). Average water depth is retrieved for the 
area limited by the 1992 glacier extent and maximum range of bathymetric 
data.
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Air temperatures in Hornsund and across Svalbard have been increasing over recent decades (Dahlke 
et al., 2020). The linear trend in average annual temperature for Hornsund for the period 1979–2018 is 1.0314°C/
decade (Wawrzyniak & Osuch, 2020). The changes in air temperature are associated with prolongation of the 
period with positive temperature, an increase in liquid precipitation and the reduction of snow cover (Osuch 
et al., 2022).

The observed changes in large-scale atmospheric circulation patterns mean that warm Atlantic Water (AW) from 
the West Spitsbergen Current (WSC) flows more often onto the Western Spitsbergen Shelf (WSS) and into the 
fjords, even in winter (Cottier et al., 2007; Nilsen et al., 2008, 2016). This has prevented sea ice from forming, 
resulting in large areas of ice-free waters west and north of Svalbard (Cottier et al., 2007; Tverberg et al., 2014) 
and in the fjords (Muckenhuber et al., 2016). However, Hornsund differs from most Western Spitsbergen shelf 
sites by being more influenced by colder Arctic Water from the Barents Sea carried by the Spitsbergen Polar 
Current (SPC; Figure 1). The water of SPC during most of the year has a temperature close to or below zero 
(Marsz & Styszyńska,  2013). This water mixes slowly with warmer Atlantic Water (3.5–4.5°C; Piechura & 
Walczowski, 2009), forming strong density gradients along the south-western shelf of Spitsbergen (Saloranta 
& Svendsen, 2001) and resulting in decreased warm water inflow into Hornsund, in comparison to the northern 
fjords. In addition, the Hornsund fjord and adjacent shelf receive multiyear pack ice transported from the Barents 
Sea around Sørkapp (Marsz & Styszyńska, 2013). This influences Hornsund fjord hydrology, sediment flux and 
fjord biota (Lydersen et al., 2014). Nevertheless, studies of interannual variability of water mass distribution in 
Hornsund by Prominska et al. (2018) show a positive linear trend in water temperature and salinity in the period 
2001 to 2015. Studies by Strzelewicz et al. (2022) found an increase in the Atlantic Water volume fraction on the 
shelf from 1999 to 2020, which was especially noticeable in the last decade. Changes in water properties of the 
upper water layers in Hornsund are attributed to these circulation changes.

3. Data and Methods
3.1. Front Positions of Glaciers

We used a variety of multispectral and Synthetic Aperture Radar (SAR) sources (Landsat 5, Landsat 7, Landsat 
8, Terra ASTER, Alos AVNIR, SPOT 5, ERS-1, ERS-2, ENVISAT, ALOS PALSAR, TerraSAR-X, TanDEM-X, 
RADARSAT-2, Sentinel-1, and Sentinel-2) to determine changes in termini position. Manual digitizing of calv-
ing front outlines for each glacier between winters 1991/1992 and 2019/2020 produced more than 1,500 terminus 
outlines (an average of 190 front positions per glacier). Due to shadowing and parallax distortion in side-looking 
radar satellite data in mountainous regions, portions of the terminus near the glacier margins could not always be 
identified and digitized. Termini fluctuations were calculated using the commonly adopted box method, which 
accounts for asymmetric terminus changes (e.g., Bunce et  al.,  2021; Moon & Joughin,  2008). The accuracy 
of determining glacier fluctuations from different satellite missions was estimated by Błaszczyk et al.  (2021) 
as ±45 m. Seasonal advance and retreat of TWG termini (winter and summer fluctuations, respectively) were 
calculated as the difference between the maximum and the minimum positions within the year, while the annual 
fluctuations were determined as the difference between the minimum terminus position in two consecutive years 
(i.e., excluding seasonal variations). The general behavior of glacier fronts during the year and in the summer and 
winter seasons is presented as cumulative fluctuation anomalies (annual, summer, winter). These indices were 
calculated by summing up separately: (a) all fluctuations of the Hornsund glaciers exceeding the average change 
in the glacier extent in 1992–2020 and (b) all fluctuations below the average.

3.2. Meteorological Data

Daily mean air temperatures and the sum of precipitation data were acquired from the Polish Polar Station 
Hornsund (Figure  1), located at the entrance to the Hornsund Fjord (Wawrzyniak & Osuch,  2020; https://
monitoring-hornsund.igf.edu.pl/). Similar to previous work (Błaszczyk et  al.,  2021), we calculated the PDD 
(Braithwaite, 1985) as a proxy for glacier melting rate and thus subglacial water discharge, having in mind the 
physical basis of this index (Ohmura, 2001). In such a context, a potential relationship between air temperature 
and terminus fluctuations was investigated. The PDD anomaly denotes a deviation from the 1992–2020 PDD 
average. The monthly and annual sum of liquid precipitation was estimated based on the positive air temperature 
criterion for total precipitation measured at Hornsund.
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3.3. Sea Water Temperature and Sea Ice

We used daily Sea Surface Temperature (SST) at the closest possible locations to the fjord entrance as a proxy 
for the water temperature in the fjord in the period 1992 to 2020. The NOAA 1/4° Daily Optimum Interpolation 
Sea Surface Temperature (OISST v2.1; https://www.ncei.noaa.gov/products/optimum-interpolation-sst) is a long 
term Climate Data Record that incorporates observations from different platforms (satellites, ships, buoys and 
Argo floats). A high SST at the entrance to the Hornsund fjord usually indicates an AW inflow over the shelf and 
into the fjord. The warm AW layer is thick enough to increase the temperature of the subsurface waters in the 
fjord. Previous results of Arntsen et al. (2019) and Błaszczyk et al. (2021) confirm the reflection of the SST data 
from the mouth area in the thermal water conditions in Hornsund. The SST anomaly denotes a deviation from 
the 1992–2020 SST average.

Additionally, fast ice cover and average water temperature in the water column were determined for 2016–2020. 
Ice cover was interpreted separately for each pro-glacier bay based on Sentinel-1 and other multispectral satellite 
data. The average water temperature in the water column was calculated from the CTD measurements in peri-
ods May/June to September/October from 2016 to 2021. CTD measurements were collected using a Valeport 
miniCTD and SAIV A/S SD208 probe at each glacier bay (Figure 1).

3.4. Bathymetry

Bathymetry data (Figure 1) were collected by the Norwegian Hydrographic Service before 2008 (The Norwegian 
Mapping Authority, Kartverk). Because of the glacier retreat, the data do not cover the proximate area at the front 
of the glaciers. Therefore, we used the average water depth from the area limited by the 1992 glacier extent and 
the range of bathymetric data.

3.5. Glacier Velocity

We estimated the glacier's velocity for 2016–2020 from the global time series and temporal mosaics of glacier 
surface velocities derived from Sentinel-1 data (Friedl et al., 2021). We used monthly averaged velocity mosa-
ics at 200 m spatial resolution to measure average ice flux directly along the glacier front. Outliers have been 
removed from the velocity data. Annual velocity was estimated from the monthly time series.

3.6. Statistical Analyses

To determine the influence of climate drivers on individual and regional TWG behavior, we used Pearson 
correlation coefficients and Engle–Granger cointegration test, similar to studies of glacier retreat in Greenland 
(e.g., Cowton et al., 2018; Fahrner et al., 2021). The Engle–Granger cointegration test assesses the statistical 
relationship between two (or more) nonstationary time series that both have strong temporal trends (Engle & 
Granger, 1987). Where linear regression indicates a significant correlation (pcorrelation < 0.05) but cointegration 
is not established (at pcointegration < 0.05), there is an increased risk that this correlation may be spurious (Cowton 
et al., 2018). If two variables show cointegration, it further strengthens the significance of the Pearson correla-
tion coefficient, whereas no cointegration suggests spurious regression and the correlation coefficient should be 
regarded with caution (Fahrner et al., 2021).

4. Results
4.1. Variations of Glacier Fronts

On the decadal timescales, TWG in Hornsund experienced periods of retreat with sporadic episodes of advance 
(Figure 2a). However, advance and retreat here refer to quasi-stable seasonal terminus adjustment and not to the 
long-term (order of a century) cycle of large-scale irreversible fast retreat followed by slow readvance (Meier & 
Post, 1987). One notable anomaly is the period 2017–2020, when five out of seven glaciers slowed down their 
multiyear terminus retreat, resulting in an advance in one or more years (Figure 2a). From 1992 to 2018, indi-
vidual glaciers retreated between 50 and 190 ma −1 (100 ma −1 on average). The glaciers with the highest annual 
retreat rate over the study period are Storbreen (190 ma −1), Paierlbreen (118 ma −1) and Hornbreen (108 ma −1). 
The retreat usually activates in June or July, while the minimum annual front extent occurs in early winter, that 
is, December and even January, with few cases of switch between retreat and advance in October or November. 
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The glacier fronts advance during late winter and in spring (usually between January and June). The magni-
tude of the seasonal advance and retreat varied considerably during the studied period. The glacier with the 
highest average retreat rate during summer is Paierlbreen (372 ma −1), followed by Storbreen (241 ma −1) and 
Hornbreen (232 ma −1). Three glaciers, Mendelejevbreen, Paierlbreen (Błaszczyk et al., 2013), and Svalisbreen 
(Szafraniec, 2020), underwent a surge during the studied period, resulting in a few years episodes of the front 
advance. The terminus of Mendelejevbreen advanced 1.5 km from winter 1997/1998 to summer 2002 (Figures 2a 
and 3f). Paierlbreen advanced 380 m in 1992–1995 (Figures 2a and 3a), and Svalisbreen about 400 m in 2016–
2020 (Figures 2a and 3e).

4.2. Relationships Between Terminus Position and Atmosphere-Ocean Factors

A qualitative analysis of the time series shows the close relationship of glacier annual and seasonal retreat with 
atmosphere-ocean factors (AOF): PDD and SST in some years. The most significant annual and seasonal retreat 

Figure 2. Relative fluctuations of glacier termini (a) show the cumulative front changes from the winter 1991/1992 reference position; crosses indicate individually 
measured front position; shadowed fields indicate periods of seasonal advance (January–June). Air temperatures: (b) T air daily, T air annual and(c) liquid precipitation 
were recorded at the PPS weather station, note different scales for both y-axes. The positive degree-day index (PDD) at panel (b) is calculated from positive daily 
average temperatures at the PPS. Sea Surface Temperature (SST) at panel (d) is retrieved from National Oceanic and Atmospheric Administration 1/4° Daily Optimum 
Interpolation Sea Surface Temperature.
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for most glaciers (Figure 3) was noted in 2013 and 2016, together with the highest records of PDD (Figure 2b), 
SST annual, and SST summer (Figure 2d). In contrast, some glaciers retreated less intensively during summers 
when AOF was exceptionally low (e.g., 1993, 1994, 2004, 2010, 2015, 2019), resulting in periods of terminus 
advance. This is more visible when cumulative anomalies of glacier fluctuations from the multiyear average 
(1992–2020) are compared with anomalies of PDD and SST (Figure 4). Generally, positive or negative cumula-
tive anomalies of annual fluctuations (Figure 4a) and seasonal fluctuations (Figure 4b) coincide with positive or 
negative anomalies of PDD and SST. We noticed, however, exceptions to this pattern (e.g., 1998, 2007, or 2018). 
Also, we have not found a link between winter advance and AOF (Figure 4c).

To explain potential forcings driving termini position, we calculated the correlation coefficients between termini 
fluctuations and climatic and oceanographic factors for the period 1992–2020 (Table 2). In the case of the surg-
ing glaciers, we also present correlations excluding years of terminus advance. Significant negative correlations 
(pcorrelation < 0.05) between annual or seasonal terminus change and one of the climate forcings (PDD, SST annual, 
and SST summer) occurs across all glaciers besides Mühlbacherbreen. However, Engle–Granger cointegration 
tests showed that only the results for four glaciers can be considered not to be spurious (pcointegration < 0.05). 
Annual and summer fluctuations, analyzed without surge period, are cointegrated with PDD annual and at least 
one of the SST parameters only for Paierlbreen and Samarinbreen (with r between −0.42 and −0.74 depending 
on the glacier and forcing). Annual and summer fluctuations for Storbreen are correlated and cointegrated only 
with PDD annual (r = −0.64 and −0.74, respectively). In the case of Hornbreen, correlation occurs only between 
summer fluctuations and SST (r = −0.55 and −0.64 for SST annual and summer, respectively). However, inves-
tigation for spurious regression between the sum of all termini fluctuations and individual forcings revealed that 
on a regional scale, annual fluctuations are correlated with PDD annual (r = −0.64) and SST annual (r = −0.55), 
while summer fluctuations are correlated only with PDD (r = −0.77). Also, we have not found a correlation 
between terminus changes and liquid precipitation measured at the Polish Polar Station Hornsund.

A detailed study of monthly terminus fluctuations, glacier velocity and the presence of fast ice cover from 2016 
to 2020 is presented in Figure 5. The retreat rate of glaciers termini during the summer ranges from around 1 to 
4 m/day, except Paierlbreen, which retreated at a rate up to 9 m/day in 2016 (Figure 5a). The pattern of veloci-
ties differs between seasons and years (Figure 5b). Ice flux to the front during the summer peak varies among 
glaciers from 0.5 to 3 m/day for the most rapid Paierlbreen. The average 5-year velocity of glacier termini ranges 
from 0.36 m/day for the slowest flowing Storbreen to 1.5 m/day for the fastest Paierlbreen. Further, we estimated 
the correlation of monthly retreat and velocity with AOF (Table 2) for the summer months (July–December). A 
significant and cointegrated relationship is revealed between the summer retreat and SST monthly for six glaciers 

Figure 3. Annual, summer, and winter fluctuations of glacier termini.
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(r > 0.48) and PDD monthly for five out of seven glaciers (r > 0.39). There is also a significant and cointegrated 
correlation between summer retreat and liquid precipitation for the three glaciers. Regarding velocities, we found 
a significant correlation between summer velocity and PDD and SST only for Hornbreen. There is no statistically 
significant correlation between the velocity and liquid precipitation resolved at the monthly time scale.

Periods of switching between retreat and advance (Figure 5c) are further compared with fast ice cover and AOF. 
The average daily air temperature (T air daily) in Hornsund begins to rise from 0°C in May and peaks in June/
August (Figure 5d). An increase in daily SST during the summer (Figure 5e) resembles air temperature. With 
some exceptions, glaciers begin to retreat in early summer around June/July, when the air temperature reaches 
4–5°C and SST over 3°C. After the onset of summer retreat, depth-averaged sea temperature from CTD meas-
urement (Temp. CTD; Figure 5e) is around 1–3°C lower than the observed SST as colder fresh waters from the 
active surface and frontal ablation with runoff cause mixing of seawater. Additionally, surface water is warmed 
by solar insolation during summer. The retreat continues until December and even January. There are exceptions 
to the general pattern, for example, Mendelejevbreen and Mühlbacherbreen commenced retreating much earlier 
in April/May 2016. The retreat of Hornbreen, Mühlbacherbreen and Svalisbreen ended earlier in November 2017, 
and September or October 2019. Nevertheless, the remaining glaciers retreated further until the end of the year.

In the period 2016–2019, we observed relatively high SST values at the entrance to the fjord even in January and 
February (Figure 5e) and fast ice coverage at the glacier termini was present only for 2 to 3 months, beginning in 
February/March (Figure 5c). In 2016, ice cover was not present at Paierlbreen. In 2020, when water at the fjord 
was extremely cold during winter, fast ice coverage persisted at all glaciers as late as June. In some cases, the 
onset of terminus retreat follows the disappearance of the ice cover, with some days of delay; while the termina-
tion of the seasonal retreat is not related to ice cover.

4.3. Glacier Fluctuations v. Bathymetry

The largest average water depths are at the glaciers in the main basin of Hornsund, Paierlbreen, Mühlbacherbreen 
and Samarinbreen, at over 150, 90, and 86 m, respectively (Figure 1, Table 1). The average depth of the glaciers 

Figure 4. Cumulative anomalies of glacier fluctuations (the horizontal lines inside the bar denotes the individual glaciers contribution), anomalies of positive degree-
day index (PDD) and sea surface temperature (SST) from the multiyear average (1992–2020). The y axes are inverted to facilitate reader's reception.
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in the Brepollen area is significantly shallower, between 42 and 52 m. To quantify the role of the water depth at 
the termini on a regional scale, we compared average depths at the termini with average annual fluctuations of 
all glaciers determined for the period 1992–2020. We found no statistically significant correlation between the 
retreat and water depth in a decadal timescale. However, it is worth noting that seasonal fluctuations at Paierl-
breen are twice as large as those at the other glaciers (Figure 3). The terminus of Paierlbreen terminates in signif-
icantly deep water (c. 170 m in the central part) and is the only glacier in the Hornsund fjord where we noticed 
occasional large-scale calving events, sometimes preceded by deep surface crevasses.

5. Discussion
5.1. Front Fluctuations in Hornsund

On a regional scale, temporal variations in termini positions show a largely synchronous pattern, suggesting that 
there is a common external driver in the studied region (Table 2, Figure 4). Our findings show that the sum of 
TWG annual or summer fluctuations in Hornsund can be explained by one or two AOFs. In warmer years, higher 
air temperatures increase surface melt and runoff. That, with the presence of relatively warm seawater, drives 
increased submarine melting, frontal calving and retreat (Motyka et al., 2003, 2013; Nick et al., 2010; Slater 
et al., 2015). Further, higher amount of meltwater in warm years may influence glacier dynamics through moder-
ating basal sliding (Moon et al., 2014), through thinning the glacier to flotation followed by increased calving 

Figure 5. Retreat and velocity of the glaciers termini and atmospheric and oceanic factors: (a) monthly average retreat and (b) monthly average velocity near the 
terminus position are estimated as averages for each month. Periods of (c) retreat and fast ice cover are determined for each glacier separately. Meteorological data at 
(d): air temperatures (T air daily) and monthly total liquid precipitation were recorded at the PPS weather station. Panel (e) show Sea Surface Temperature (SST daily) 
and Temp. CTD, which is an averaged temperature in the water column from CTD measurements at the front of each glacier. The shadowed fields in panels (c–e) 
indicate the periods when the glaciers change their mode between retreat and advance.
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(Pfeffer,  2007) or by driving increased calving by hydrofracture (Otero et  al.,  2017). Also, warmer seawater 
affects melting at the waterline, stimulating calving, as was shown for Svalbard glaciers (How et al., 2019; Pętlicki 
et al., 2015). Oppositely, in colder years, reduced subglacial discharge and/or lower heat supplied by the ocean to 
the terminus may decrease submarine melting, calving and frontal retreat. As we do not estimate the amount of 
surface meltwater and subglacial melt in this study, further research is needed to answer which of  these processes 
driven by air and sea temperature is the most responsible for the terminus positions of glaciers in Hornsund.

Further investigation for spurious regression between climate variables and monthly termini change of particular 
glaciers for the period 2016–2020 revealed that the correlation between summer terminus fluctuations and one 
or more climate forcings occurs for six out of seven glaciers (Table 2). However, the identification that annual 
and summer fluctuations in the period 1992–2020 exhibit cointegration with one or more climate forcings in 
only four out of seven glaciers highlights the complexity of ice–ocean–atmosphere interactions on a local scale, 
showing that even neighboring TWG might respond differently to climate (Cowton et al., 2018). Variations in 
PDD and sea temperature can explain most seasonal termini fluctuations of glaciers; however, some excep-
tions exist, for example, in 2000, 2006, 2007, 2012, and 2018 (Figure 4). Also, the pattern of terminus fluctu-
ation differs at individual glaciers regardless of their location (main basin or Brepollen), suggesting that other 
processes affect the terminus position. Such variables include among others: water depth at the front (Brown 
et al., 1982), sea-depth/glacier-thickness ratio (Meier & Post, 1987; Post, 1975), terminus height above buoyancy 
(Van der Veen, 1996), seasonal and interannual changes in subglacial drainage configuration translating into 
changes in frontal ablation (Bunce et al., 2021) and bathymetry which controls the access of seawater to calving 
fronts (Rignot, Fenty, et al., 2016; Truffer & Motyka, 2016). However, as the studied glaciers retreated, they 
exposed new areas where the bathymetry data is limited. This is a source of uncertainty and does not allow quan-
tifying detailed linkages between ice front retreat and water depth in the fjord, as was found in Greenland (Rignot, 
Fenty, et al., 2016). Another parameter affecting the terminus position is a surge history, which by changes in the 
accumulation area ratio (AAR) influence glacial runoff variations (Meier, 1962). For example, on the decadal 
scale, the highest and steady retreat rate has been noticed for Storbreen, which surged before the analyzed period. 
The second largest retreat has been detected for Mendelejevbreen since 2002, after a significant advance due to 
the surge episode (Figure 2). The surge caused a decrease in AAR and in consequence a higher runoff in compar-
ison to other glaciers. That can support the high importance of surface melting in frontal ablation and evolution 
of glaciers' termini. Also, a highly crevassed surface after the surge may intensify hydrofracture-driven calving 
(Otero et al., 2017). Further, although we have not found a correlation between frontal changes and bathymetry 
for TWG, we noticed that annual and seasonal changes of Paierlbreen termini are double that observed at other 
glaciers. This can be directly linked to the extreme depth at the termini susceptible to buoyant flexure, which 
results in sporadically full ice thickness calving events (Fried et al., 2018) driven by amplified submarine melting 
(O’Leary & Christoffersen, 2013). Also, the surge in the 1990s would reduce the AAR ratio of the glacier, which 
intensified the front retreat.

We found that in the last four consecutive years, 2017–2020, the majority of glaciers underwent a period of 
annual or multiannual advance (Figures 2a and 3), despite relatively high air and water temperature (Figures 2b, 
2d, 4a, and 4b). Only Samarinbreen and Storbreen continued their multiyear retreat. The advance followed the 
year 2016 with the highest records of PDD, SST and liquid precipitation, when frontal ablation was extremely 
large, resulting in a significant annual and summer retreat. A similar effect of terminus advance or reduced retreat 
occurred periodically in colder years (e.g., 2010, 2015; Figures 3 and 4), sometimes following an extreme retreat 
in warmer years. Results from 2017 to 2018 show that this adjustment is independent of climatic conditions, as 
glaciers were advancing despite relatively high air and sea temperatures.

Błaszczyk et al. (2021) found a similar pattern of front fluctuations driven by AOF for Hansbreen in Hornsund. 
The largest values of annual and summer retreat of Hansbreen were noticed mainly in the warm years 1999–2000 
and 2012–2014, similar to some of the glaciers studied here (Figures 3 and 4). Annual advances of Hansbreen 
were noticed in the years 1993–1995, 2010, and 2015, as for the other glaciers in the fjord. Despite some differ-
ences between glaciers, the synchronicity of the seasonal and interannual fluctuations is observed. Although, 
the size of the front position changes for Hansbreen (mean annual retreats 38 m a −1) is smaller than for the other 
Hornsund neighbors. In this context, a comparison of Hansbreen with the behavior of other TWG in Hornsund is 
interesting, as one can expect that the front of Hansbreen, exposed directly to the influence of the Greenland Sea 
conditions, will demonstrate more distinct fluctuations than the other glaciers. Further studies taking into account 
exposure to high ocean waves or submarine moraine sill limiting the effectiveness of the estuarine circulation at 
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the Hansbreen termini (Głowacki et al., 2016) are required to explain the relatively small fluctuations in relation 
to the other TWG in the fjord.

5.2. Terminus Position Controlled by Frontal Ablation and Ice Motion

The position of a tidewater terminus is controlled by the difference between the frontal ablation and the ice flux 
into the terminus (Truffer & Motyka, 2016). To quantify the role of both components, we estimated frontal abla-
tion on an annual scale as the sum of annual velocity (ice flux near the calving front) and annual front retreat. 
Results differ between glaciers and change between years (Figures 6a–6g). Frontal ablation for all glaciers was 
the highest in 2016, the warmest year in our records, when the air and sea temperatures, as well as precipitation, 
were extremely high (Figures 2b–2d, 6h). Frontal ablation noticeably decreased during the next 4 years. Besides 
Mühlbacherbreen and surging Svalisbreen, frontal ablation was the lowest in 2019 when air and sea temperatures 
were much lower. At the same time, velocities only slightly fluctuated around the average, depending on the 
glacier.

Frontal ablation during the summers of 2016–2020 varied between around 1.0 m per day and a few meters per day. 
We do not know the rate of submarine melting for the studied glaciers. Pętlicki et al. (2015) modeled the maxi-
mum daily melt rate of the cliff of neighboring Hansbreen between 0.02 and 0.56 m/day in relatively cool August 
2011 and between 0.14 and 0.78 m/day in a warmer 2012. Assuming similar values for other glaciers in Horn-
sund, frontal ablation would be even a few times larger than the submarine melt during summer. Nevertheless, 
taking into account results of direct observations of subsurface geometry made by Sutherland et al. (2019), we 
know that melt rates can be up to two orders of magnitude greater than predicted by theory due to near-terminus 
circulation patterns. Our result is in accordance with the finding of O’Leary and Christoffersen  (2013) and 
De Andrés et al. (2018, 2021) that submarine melting might be a relevant driver of frontal retreat.

The contribution of the retreat rate in frontal ablation changes from year to year (Figure 6). The average terminus 
retreat in 2016 was around 45% of the mass loss by frontal ablation, varying for individual glaciers between 9% 
and 75%. That is much higher than the 30% ratio estimated by Błaszczyk et al. (2019) for glaciers in Hornsund 
from 2006 to 2015. In contrast, between 2017 and 2020, the contribution of the average retreat component to 
frontal ablation decreased considerably and accounted for only 2%–26% of the mass loss by frontal ablation 
in the fjord. In many cases, frontal ablation and ice flux were almost exactly balanced, and in some years, 
the ice flux to the terminus was larger than frontal ablation, resulting in front advance. Similar ranges of ice 
supply and frontal ablation show that these two quantities are generally not independent of each other (Truffer & 
Motyka, 2016). Surface melting plays a significant role in front fluctuations, stimulating both ice flux toward the 
front controlled by subglacial water pressure (Budd et al., 1979; Iken & Bindschadler, 1986; Van der Veen, 1996) 
and frontal ablation, driven by increased submarine melting due to intensified mixing of runoff with seawater 

Figure 6. Components of frontal ablation 2016–2020 for (a–g) all glaciers, and (h) positive degree-day index (PDD) and 
summer sea surface temperature (SST).
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(Motyka et al., 2013). Overall, these results show that variation in velocity, driven by surface melting or inter-
annual changes in subglacial drainage configuration (Bunce et al., 2021) are significant contribution to frontal 
ablation, thus also to multiyear and seasonal changes in the termini position in Hornsund. Unfortunately, there is 
not enough continuous data on glacier velocities before 2016 to compare whether the flow speed of glaciers has 
markedly accelerated in recent years in the region, driving some frontal advances. Comparing the 5-year aver-
aged velocities with data from Błaszczyk et al. (2019) shows that all glaciers besides Mühlbacherbreen flowed 
10%–87% faster than in 2012 and 2014. However, the data used by Błaszczyk et al. (2019) come from two short 
winter periods, and further studies are needed to assess whether the Hornsund glaciers responded to climate 
change by increasing velocity, as was noted for Greenland (Moon et al., 2012).

5.3. Comparison of Front Fluctuations to Other Tidewater Glaciers

This study shows that at a regional scale, annual termini positions of the TWG of Hornsund are vulnerable to both 
atmospheric and oceanic. Our results are in good agreement with the findings by Cowton et al. (2018), Fahrner 
et al. (2021), Seale et al. (2011), and Wood et al. (2021), who recognized both oceanic and atmospheric warming 
as a key control of the retreat of TWG in Greenland. Other authors highlight significant variations in retreat rates 
in different parts of the Arctic due to the sea ice and ice melange condition (Carr et al., 2017; Moon et al., 2015; 
White & Copland, 2019). This study shows that the onset of retreat depends on fast ice conditions for some 
glaciers. Further, the advance period in Hornsund extends to June or even July, while a minimal position can be 
reached up to December. In contrast, many glaciers in Alaska and Greenland reach their maximal position in the 
late winter or spring and their minimal position in the late summer or autumn (e.g., Bartholomaus et al., 2013; 
Fried et al., 2018; Ritchie et al., 2008; Seale et al., 2011). We noted positive air temperatures and increased liquid 
precipitation in Svalbard even in December, which significantly prolongs the retreat/ablation season, stimulating 
submarine melting and calving even during winter.

The average annual retreat rate of TWG in Hornsund (100 ma −1) is two times higher than the retreat rate of 
glaciers along the east coast (48 ma −1; Kavan et al., 2022). However, the results of Kavan et al. (2022) relate to 
the period 1970–2019 and it needs further studies to assess whether the increased heat transport to the Arctic 
Ocean by Atlantic Water (Merchel & Walczowski, 2020; Piechura & Walczowski, 2009; Strzelewicz et al., 2022; 
Walczowski & Piechura, 2011) plays a significant role in the pattern of termini position in western Spitsbergen. 
Taking into account the earlier timing of spring melt (Vickers et al., 2022), and an increasing trend of warmer 
winter periods (Osuch & Wawrzyniak, 2017), increased water input to the glacier drainage system is expected, as 
the models predict that runoff from glaciers in Svalbard will double during the 21st century (Geyman et al., 2022; 
van Pelt et al., 2021) and the AAR of the glaciers will reach zero in southern Svalbard in the 2030s (van Pelt 
et  al.,  2021). However, it remains unclear how changes in atmospheric and oceanic temperatures will trans-
late into changes in frontal ablation (Bunce et al., 2021), especially in the lack of bathymetry recently exposed 
by retreating glaciers' terminus. Our results can help answer the key questions raised by Schuler et al. (2020) 
concerning how the dynamics and geometry of Svalbard glaciers will respond to climate change. Future research 
in Svalbard should address the drivers of the front position of TWG to understand the relation between near 
terminus hydrology and frontal ablation on a regional scale.

6. Conclusions
We assess the seasonal fluctuations of the ice fronts of seven marine-terminating glaciers in the inner part of 
Hornsund based on satellite data, meteorological data, sea surface temperature observations and bathymetry. The 
long observational record, from 1992 to 2020, allowed the investigation of TWG behavior on a multiyear scale. 
Results show the general synchronous pattern of glacier retreat in the period 1992–2020, punctuated in a few 
cases by surges. The resulting regional depiction was compared with air temperature, positive degree day index, 
sea surface temperature, sea ice condition and liquid precipitation. We show that at a regional scale multiyear 
termini changes are sensitive to PDD and SST and summer fluctuations are linked to PDD. The highest retreat 
occurred in the warm years. Glaciers slowed their retreat or advanced periodically in colder years, following 
an extreme retreat in warmer years. There was no clear relationship between the terminus position and liquid 
precipitation on a decadal timescale. At the scale of individual glaciers, a relationship between terminus position 
and one or more environmental forcings was found for four out of seven glaciers, identifying potentially different 
drivers of TWG frontal change even among neighboring glaciers. The divergent behavior in the case of some 
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glaciers may be linked to water depth, but continued bathymetry is necessary to study its role in driving tidewater 
glaciers into a retreat. However, the largest seasonal fluctuations were noted for Paierlbreen, which terminates in 
water two to three times deeper than the other six glaciers.

With some exceptions, glaciers showed seasonal retreat initiated between June and early July following a rise 
in air and sea temperature, which supports the influence of meltwater availability and submarine melting on the 
glacier front position. A relationship between the onset of retreat and the presence of fast ice was found for some 
glaciers. Glacier retreat terminated between October and December, driven in some cases by a decrease in sea 
surface temperature.

Additionally, we present 5-year records (2016–2020) of detailed seasonal and annual variations in front positions, 
ice flux, and frontal ablation to evaluate potential processes responsible for termini positions. Frontal ablation for 
all glaciers was the highest in 2016, the warmest year in our records, with the highest sum of liquid precipitation, 
and much lower in colder 2019. But the ratio of annual ice flux to retreat rate, that is, components of frontal  abla-
tion, varies from year to year, indicating changing contributions from the two competing factors. We found a 
similarity between ice supply and frontal ablation rate, which supports couplings between the atmosphere, ocean, 
and ice supply to the glacier front (Truffer & Motyka, 2016) and highlights the significance of variation of veloc-
ity for terminus positions in the fjord.

As in Greenland (Bunce et  al.,  2021), the expected increases in meltwater runoff in Svalbard as well as an 
increase in the input of warm water to the fjord may have implications for changes in near-terminus subgla-
cial hydrological characteristics and frontal ablation. Further research is needed to assess whether the Svalbard 
glaciers will respond to climate change by increasing velocity and frontal ablation, influencing the front position 
of tidewater glaciers.

Data Availability Statement
Terminus positions of glaciers can be accessed from the Polish Polar DataBase directly via this URL: http://ppdb.
us.edu.pl/geonetwork/srv/eng/catalog.search#/metadata/4a6a5fcb-07dc-472e-8901-9fb63ec541d9. Meteorolog-
ical data are derived from https://doi.pangaea.de/10.1594/PANGAEA.909042 (Wawrzyniak & Osuch,  2019) 
and from the IGF PAS data portal https://monitoring-hornsund.igf.edu.pl/. SST data are available at: https://
www.ncei.noaa.gov/products/optimum-interpolation-sst (Huang et al., 2020). CTD data are derived from IGF 
PAS data portal: https://dataportal.igf.edu.pl/dataset/inter-calibrated-temperature-and-salinity-in-depth-pro-
files-in-hornsund-fjord. Surface velocity of glaciers is available at: https://doi.org/10.5880/fidgeo.2021.016 
(Friedl et al., 2021).
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