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Abstract
Over recent years, the rapid growth and development of proglacial lakes at the margin of many of Iceland’s outlet glaciers 
has resulted in heightened rates of mass loss and terminus retreat, yet the key processes forcing their dynamic behaviour 
remain uncertain, particularly at those glaciers which are underlain by overdeepened bedrock troughs. As such, we utilised 
satellite remote sensing to investigate the recent dynamic changes at five lake-terminating glaciers draining the Vatnajökull 
ice cap. Specifically, we quantified variations in surface velocity between ~ 2008–2020, alongside datasets of frontal retreat, 
proglacial lake growth, bedrock topography and ice surface elevation change to better understand their recent dynamics 
and how this may evolve in future. We observed contrasting dynamic behaviour between the five study glaciers, with three 
displaying a heightened dynamic response (Breiðamerkurjökull, Fjallsjökull, Skaftafellsjökull), which was likely driven by 
retreat down a reverse-sloping bed into deeper water and the onset of dynamic thinning. Conversely, one glacier re-advanced 
(Kvíárjökull), whilst the other remained relatively stable (Svínafellsjökull), despite the presence of overdeepened bedrock 
troughs under both these glaciers, highlighting the complex nature of those processes that are driving the dynamic behaviour 
of lake-terminating glaciers in this region. These findings may be important in helping understand the processes driving 
the dynamics of other lake-terminating glaciers in Iceland so that their future patterns of retreat and mass loss can be more 
accurately quantified.

Keywords  Glacier dynamics · Glacier velocity · Proglacial lakes · Glacier retreat · Glacier calving · Remote sensing · 
Glacier monitoring

1  Introduction

Glaciers are highly sensitive to climate change, with wide-
spread glacier retreat forecast to continue as global climate 
warming intensifies [1–3]. This has important implications 
for their meltwater contribution to global sea level rise 
(SLR) [4–6], as well as for regional hydrology due to the 
strong control glacier meltwater has on modulating down-
glacier streamflow. This in turn affects freshwater availabil-
ity, hydropower operations and sediment transport [2, 7, 8]. 

Detailed glacier monitoring is, therefore, required, so that 
future patterns of glacier retreat and mass loss can be more 
accurately quantified [5, 7, 9].

In recent years, there has been growing interest in the gla-
ciers and ice caps of Iceland, due in part to their high sensi-
tivity to atmospheric warming, but also because they contain 
a disproportionately large amount of Europe’s freshwater 
resources (and thus SLR contribution) [10–12]. Indeed, like 
many glaciers and ice caps globally, Iceland’s ice masses 
have been losing mass since the Little Ice Age (~ 1890) [10, 
13]. However, in recent decades the rate of mass loss has 
accelerated, with nearly half of the total mass loss since 
the Little Ice Age having occurred since 1994 [14]. Such a 
response can be attributed to the recent rapid warming of the 
Arctic, as well a shift in atmospheric and oceanic circulation 
patterns around Iceland [10, 15]. This resulted in ~ 240 ± 20 
Gt of mass loss for the period 1994–95 to 2018–19 (9.6 ± 0.8 
Gt a−1) [14], with the most rapid mass loss (11.6 ± 0.8 Gt 
a−1) occurring between 2003–2010 [13].
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However, while the overall trend is one of increasing 
mass loss, there is significant interannual variability [13]. 
For example, as a result of regional cooling in the North 
Atlantic, the mass loss rate has on average been 50% lower 
since 2010 [12], yet 2018–19 was one of the most nega-
tive mass balance years on record (−15 ± 1.6 Gt a−1) [14]. 
Furthermore, recent research has shown that non-surface 
mass balance processes, such as geothermal melting, vol-
canic eruptions, and frontal ablation, have also contrib-
uted significantly to the recent patterns of mass loss (e.g., 
[16–18]). Indeed, these processes are thought to account 
for ~ 20% of the total mass loss since 1994, whilst at some 
ice caps, including the southern part of Vatnajökull, they 
account for nearly 40% [14, 17].

Of these processes, one of the most important is 
frontal ablation (i.e., glacier calving), which can decou-
ple the dynamic behaviour of a glacier from a climate, 
resulting in accelerated terminus retreat and mass loss 
[19–21]. Although the influence of calving was insig-
nificant during the first half of the 20.th century, its con-
tribution to mass loss has gradually increased since the 
mid-1990s in response to the ongoing retreat of outlet 
glaciers through overdeepened bedrock troughs [14, 22]. 
For example, many of the southerly-flowing outlets of 
the country’s largest ice cap, Vatnajökull, are underlain 
by deep bedrock troughs, including Svínafellsjökull 
(320 m), Breiðamerkurjökull (300 m) and Hoffellsjökull 
(> 250 m) [22, 23]. This has led to the rapid development 
and expansion of proglacial lakes at the margins of these 
glaciers and consequently, the onset of calving, resulting 
in accelerated terminus retreat and mass loss [24, 25]. 
Importantly, such patterns of proglacial lake expansion, 
retreat, and mass loss are forecast to continue in future, 
with significant implications for glacier dynamics in the 
region [17, 26]

Of these southern outlets, it is the dynamic behaviour 
of Breiðamerkurjökull which has received the most atten-
tion in the literature over the last decade (e.g. [26–29]), 
although these studies have tended to only focus on those 
small-scale changes occurring over short time scales (e.g. 
[27]), or on one aspect of its dynamic behaviour (e.g. 
[29]). Most recently, however, Baurley et al. [30] utilised 
satellite remote sensing to investigate the changing dynam-
ics of the glacier over a 27-year period. The authors attrib-
ute the recent increase in velocities and retreat of the gla-
cier to the increase in size and depth of its proglacial lake 
Jökulsárlón, as the glacier retreated into the 200–300 m 
deep bedrock trough it formed during the Little Ice Age. 
The authors suggest that while initial retreat was instigated 
by rising air temperatures, once Jökulsárlón increased to a 
sufficient size where it was able to start influencing fron-
tal retreat and ice flow, then this became the dominant 
mechanism in causing the rapid retreat, thinning and flow 

velocities observed since the turn of the twenty-first cen-
tury [30].

In contrast, the dynamic behaviour of many of the other 
southerly-flowing outlets of Vatnajökull have received com-
paratively little focus, despite several of these outlets also 
having basal troughs some 200–300 m below sea level [22, 
23]. Indeed, while the dynamics of Fjallsjökull, the neigh-
bouring glacier to Breiðamerkurjökull, has received growing 
interest over the last few years (e.g., [24, 31, 32]), the recent 
dynamic behaviour of the remaining outlets remains poorly 
understood. In particular, those studies which investigate 
the different drivers of these changes over extended time 
periods, such as the studies of Dell et al. [24] and Baurley 
et al. [30], are lacking. As a result, further research across 
extended spatial (e.g., regional) and temporal (e.g., decadal) 
scales are required to put these dynamic changes into context 
so that the future patterns of retreat and mass loss, and sub-
sequently the SLR contribution, of these rapidly changing 
lake-terminating glaciers can be more accurately quantified.

Therefore, this study aims to investigate the recent 
dynamic changes at five lake-terminating glaciers draining 
the Vatnajökull ice cap. More specifically, we use high-res-
olution satellite imagery to quantify variations in surface 
velocity from ~ 2008–2020, alongside datasets of frontal 
retreat, proglacial lake growth, bedrock topography and ice 
surface elevation change to better understand their dynamic 
behaviour and how this may evolve in future. For the first two 
glaciers (Brieðamerkurjökull and Fjallsjökull), we extend 
the record previously described by Baurley et al. [30] and 
Dell et al. [24], respectively, in order to assess their ongo-
ing dynamic evolution. For the third glacier (Kvíárjökull), 
we further develop the recent work of Kavan et al. [11] to 
provide new insights into its dynamic behaviour, whilst at 
the final two glaciers (Svínafellsjökull and Skaftafellsjökull) 
we provide the very first insights into their recent velocity 
patterns and overall dynamics. We believe our findings from 
these sites may be used to better understand and predict how 
other, similar lake-terminating glaciers in Iceland, as well as 
in Alaska, the Himalaya, and Scandinavia, may respond to 
both future warming and calving dynamics.

2 � Study Site

The five outlet glaciers of interest in this study are all 
located on the southern slopes of the Vatnajökull Ice Cap, 
in southwest Iceland (Fig. 1). Breiðamerkurjökull, the 
largest of the five glaciers (906 km2 in 2010), is com-
posed of four main lobes, or ‘arms’, separated by three 
large medial moraines (Fig. 1C) [29, 33]. The larger, east-
ern arm drains the ice dome of Breiðabunga deep within 
the ice cap [34]. The central arm flows out from the two 
large nunataks Máfabyggðir (1440 m a.s.l.) and Esjufjöll 
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Fig. 1   Area of (A) Skaftafellsjökull (Sk) and Svínafellsjökull (Sv), 
(B) Fjallsjökull (Fj) and Kvíárjökull (Kv) and (C) Breiðamerkur-
jökull, as of 2020. (D) Location of the five study glaciers within 
Iceland. Glacier outlines obtained from the GLIMS database. Cen-
trelines derived manually using the geometry of the outlines. (E) 
Bedrock topography of Skaftafellsjökull and Svínafellsjökull, and 

(F) Fjallsjökull and Kvíárjökull, interpolated from contours pro-
vided to the authors by E. Magnússon. (G) Bedrock topography of 
Breiðamerkurjökull interpolated from contours provided in Björns-
son [35]. Background image is a Sentinel-2 acquisition (3, 2, 1 RGB) 
from 13/10/2020
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(1770  m a.s.l.) (Guðmundsson and Björnsson, 2016), 
whilst the two western arms, Western A and Western 
B (after [30]), drain the north-eastern flank of the Öræ-
fajökull Ice Cap, which itself is situated on the southern 
slopes of Vatnajökull, and is the highest peak in Iceland 
(~ 2000 m a.s.l.).

Two lakes of contrasting sizes are also present at the 
glacier terminus: the large, ~ 27 km2 Jökulsárlón, adjacent 
to the eastern arm, and the smaller ~ 5.8 km2 Breiðárlón, 
adjacent to Western A (Fig. 1C) [30]. Most of the glacier 
bed sits at, or just above, sea level (10–100 m a.s.l.), how-
ever a small, shallow trough extends back from the margin 
of Western A, while a large, ~ 300 m deep trough is found 
under Jökulsárlón, which extends ~ 20 km up-glacier into the 
interior (Fig. 1G) [22]. It was demonstrated by Baurley et al. 
[30] that the central and Western B arms of Breiðamerkur-
jökull have undergone very little change in their dynamics 
over recent decades [30]. As such, in this study we will focus 
on the lake-terminating eastern and Western A arms of the 
glacier due to their highly dynamic and rapidly changing 
nature.

Fjallsjökull and Kvíárjökull (44.6 km2 and 23.2 km2 in 
2010, respectively), are located on the steep, eastern and 
south-eastern slopes of the Öræfajökull Ice Cap (Fig. 1B) 
[25]. Both glaciers descend rapidly over a series of ice 
falls before terminating at low elevation (~ 30 m a.s.l.) in 
their respective proglacial lakes: the 3.7 km2 Fjallsárlón 
(at Fjallsjökull), and the 0.6 km2 Kvíárjökulslón (at Kvíár-
jökull) [22]. Both glaciers are also underlain by relatively 
deep bedrock troughs, with a ~ 200 m deep trough under 
Fjallsjökull and a ~ 100 m deep trough under Kvíárjökull 
(Fig. 1F) [24, 25].

In contrast, Svínafellsjökull and Skaftafellsjökull (33.2 
km2 and 84.1 km2 in 2010, respectively), are situated on 
the steep western, and north-western slopes of Öræfajökull 
(Fig. 1A) [25]. Both glaciers again descend to low elevation 
(~ 100 m a.s.l.) before terminating in unnamed proglacial 
lakes: the ~ 0.4 km2 lake at Svínafellsjökull (comprising a 
separate northern and southern lake), and the ~ 1.3 km2 lake 
at Skaftafellsjökull [22]. Particularly deep bedrock troughs 
are again found under these glaciers, with a ~ 300 m deep 
trough under Svínafellsjökull and ~ 200 m deep trough under 
Skaftafellsjökull (Fig. 1E) [22, 25].

In addition, data from the nearby meteorological sta-
tion at Fagurhólmsmýri (63°52’ N, 16°38’ W), which is 
located ~ 4 km away at an elevation of ~ 16 m a.s.l., indicates 
that this region of Iceland has undergone a 1.5 °C increase 
in mean annual air temperatures since ~ 1980. Yet despite 
this, previous research has shown that deep proglacial lakes 
can exert a significant influence on the overall dynamics 
and retreat patterns of the glaciers that terminate in them 
(e.g., [24, 30]), and thus further research into the processes 
currently underway at these lake-terminating glaciers is 

warranted in order to better understand their likely future 
response.

3 � Material and Methods

In this study, glacier velocity, as well as variations in 
ice front position and proglacial lake area, were meas-
ured using satellite imagery for the period 2008–2020 
for Breiðamerkurjökull and Fjallsjökull, and 2010–2020 
for Kvíárjökull, Svínafellsjökull and Skaftafellsjökull 
(Table S1). Glacier-wide velocities were assessed using 
TerraSAR-X imagery, acquired in strip-map mode with a 
resolution of 2 m and HH polarisation. Ice-front position 
and variations in proglacial lake area were assessed using 
orthorectified optical images from the Landsat 7 ETM + and 
8 OLI/TIRS satellites (panchromatic band, 15 m resolution) 
and the Sentinel-2 constellation (10 m resolution). Where 
possible, data acquired in late-summer (August-October) 
were downloaded to allow direct comparisons to be made 
between years (Table S2, S3). However, this was not always 
possible due to data availability, as well as the presence 
of cloud cover which impacted the usability of the optical 
imagery, so in these instances the next nearest usable dates 
were selected.

3.1 � Glacier‑wide Velocities

Velocity data were generated using the offset tracking algo-
rithm within the European Space Agency (ESA) Sentinel 
Application Platform (SNAP). Offset tracking estimates 
the movement of glacier surfaces between master and slave 
images in both the slant-range and azimuth-direction through 
cross-correlation on selected ground control points [36–38]. 
The movement velocity is then computed based on the off-
sets estimated by the cross-correlation algorithm, with these 
values then interpolated to create a map of glacier velocity 
[30, 39]. The method is particularly advantageous because 
it is less sensitive to loss of coherence between images, and 
as such it is widely used in glacier motion assessment (e.g., 
[38–40]).

Here, each pair of SAR images were first calibrated and 
then co-registered using the aerial LiDAR DEM of Iceland, 
provided at a resolution of 10 m by the National Land Sur-
vey of Iceland [41]. Velocities were then calculated using 
cross correlation, with specific parameters, including the 
moving window size and search distance, varying between 
each specific glacier (Table S4). Any displacements with 
a cross-correlation threshold of < 0.01 were then removed, 
with the remaining displacements averaged over a mean 
pixel grid and converted to ground range coordinates, result-
ing in velocity rasters at 2 m resolution. To allow for a more-
robust comparison of the velocity data between individual 
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years, we present mean velocity measurements taken at 1 
km intervals along the glacier centrelines (shown in Fig. 1), 
after Baurley et al. [30].

The stochastic error in our velocity measurements was 
assessed by measuring displacements over terrain that we 
regarded as stable (Figure S1) [30, 42]. The average RMSE 
for all five glaciers over the entire period was ± 0.09 m d−1. 
More specifically, the average RMSE for Breiðamerkur-
jökull was ± 0.10 m d−1, while for the other four glaciers 
it was ± 0.09 m d−1, indicating that our estimated levels 
of uncertainty are not greater than the change in velocity 
observed over the duration of our study.

3.2 � Frontal Position and Lake Area Change

Variations in ice-front position were assessed by manu-
ally digitising the terminus of each glacier at different 
time steps using a combination of Landsat 7 & 8, and Sen-
tinel-2, optical imagery. The frontal position of both the 
eastern and Western A arms of Breiðamerkurjökull, as well 
as Fjallsjökull, were digitised at six time-steps between 
2008 and 2020, whilst the front positions of Kvíárjökull, 
Svínafellsjökull and Skaftafellsjökull were digitised at five 
time-steps between 2010 and 2020. All frontal positions 
were digitised at a scale of 1:10,000, which ensured each 
position could be accurately mapped, and prevented pix-
elated images hindering reliable interpretation (e.g., [24]).

The rectilinear box method was then used to calculate 
the positional change through time for each glacier and time 
step of interest (e.g., [43]). The method was employed here 
due to its ability to account for asymmetric changes at the 
calving front (e.g., [24, 44, 45]). When calculating the posi-
tional change occurring at the calving front of the Eastern 
and Western A arms of Breiðamerkurjökull, the width of the 
box only encompassed the maximum delineated width of the 
lake terminating portion of the front, rather than the whole 
terminus of both arms. This ensured that the captured rate 
of positional change actively related to what was occurring 
at the calving front.

Changes in lake area were assessed using the same 
imagery, time steps and digitising scale used to quantify 
frontal position change, with the area of each proglacial lake 
manually digitised at each time step. Channels exiting each 
of the lakes were ignored during digitisation at the point 
where the channel began to form.

To quantify the uncertainty of the manual digitising pro-
cedure, the area of each proglacial lake in 2012, 2014 and 
2020 were repeatedly digitised 10 times at the same scale 
used in the original analyses, before calculating the stand-
ard error [30]. For all proglacial lakes, the RMSE was < 1% 
of the original measured value (Table S5), indicating that 
the calculated uncertainty was not greater than the change 
observed over the duration of our study.

3.3 � Ice Surface Elevation Change

Changes in ice surface elevation were evaluated using the 
freely available global ice surface elevation change dataset 
compiled by Hugonnet et al. [5] (available at https://doi.
org/10.6096/13). The dataset provides elevation change 
rasters at 100 m resolution, alongside their 1-sigma uncer-
tainty, for all glaciated regions on earth at different tempo-
ral extents. For this study, elevation change rasters covering 
each of the five glaciers were downloaded for the period 
2010–2019, enabling us to assess how the surface of each 
glacier has changed across almost the entirety of our study 
period, as well as the potential drivers of this change. The 
1-sigma uncertainty values, which had been aggregated for 
each study glacier, were then used to estimate the uncer-
tainty of the observed changes in ice elevation. This pro-
vided a greater degree of confidence that the visualised 
changes in ice surface elevation represented actual change.

4 � Results

4.1 � Glacier‑wide Velocities

We observe spatially variable velocity change for all five 
study glaciers across the period 2008/2010–2020. In gen-
eral, all glaciers see an increase in velocity over this period, 
although there is distinct variability in the velocity patterns 
exhibited by each individual glacier in each year. These pat-
terns are visualised in the mean centreline velocities for each 
glacier (Figs. 2 and 3), as well as the annual velocity (Fig-
ures S2-S4) and velocity change rasters (Figure S5), with 
key variations described below.

At Breiðamerkurjökull, there is a distinct contrast in the 
velocity pattern displayed by the larger, more dynamic east-
ern arm and the other three arms of the glacier, with the 
highest velocities consistently observed at the eastern arm 
over the study period. Overall, velocities increase down-gla-
cier, with a particularly rapid increase in velocity observed 
in the near-terminus region, within ~ 3–4 km of the calv-
ing front (Fig. 2A, S2, S5C). In this region, mean velocities 
increase from ~ 1.59 ± 0.10 m d−1 in 2008 to ~ 2.45 ± 0.10 m 
d−1 in 2020 (~ 54% increase) (Fig. 2A), with nearly half of 
this increase (~ 22%) occurring between 2016–2020.

In contrast, comparatively low velocities are observed 
at Western A over the same period, with these tending to 
decrease (rather than increase) down-glacier (Figure S2). 
However, velocities do also increase over the study period 
(Figure S5C). For example, velocities over the main ice fall 
increase from ~ 0.24 to ~ 0.69 ± 0.10 m d−1 (188% increase), 
whilst mean near-terminus velocities increase significantly 
from ~ 0.06 to ~ 0.26 ± 0.10 m d−1 (333% increase) (Fig. 2B).
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At Fjallsjökull, velocities also decrease down-glacier, 
with the fastest velocities again observed over the main ice 
fall in all years (Figure S3, S5B). Indeed, mean velocities 
in this region increase from ~ 1.89 ± 0.09 m d−1 in 2008 to 
2.65 ± 0.09 m d−1 in 2020 (40% increase), with over half 
of this increase (~ 25%) occurring since 2016 (Fig. 2C). 
However, and akin to the pattern observed at Western 
A, mean near-terminus velocities also increase signifi-
cantly during this time, from ~ 0.14 to 0.82 ± 0.09 m d−1 
(~ 485% increase) (Fig. 2C, S5B). Furthermore, from 2018 
onwards, velocities in the near-terminus region (within ~ 2 
km of the front) begin to increase up to the calving front, 
rather than decrease (Fig. 2C). This is similar to the pat-
tern observed at the eastern arm of Breiðamerkurjökull 
over 2008–2020.

In general, velocities at Kvíárjökull display a similar pat-
tern to those observed at Fjallsjökull over the same period, 
with velocities decreasing down-glacier and the fastest 
velocities observed over the main ice fall (Figure S3, S5B). 
However, mean near-terminus velocities peak in 2016, 
increasing from ~ 0.19 ± 0.09 m d−1 in 2012 to 0.42 ± 0.09 m 
d−1 (121% increase) (Fig. 3A). Velocities in this region then 
decrease up to the end of the study period, so that by 2020 
velocities are a similar magnitude to those observed in 2010, 
with a similar pattern observed over the main ice fall. This is 

the only glacier in our study where near-terminus velocities 
do not peak at the end of the study period (i.e., in 2020).

Lastly, velocities at both Svínafellsjökull and Skaf-
tafellsjökull display a similar pattern to those observed at 
Fjallsjökull over the study period, with velocities decreas-
ing down-glacier, and the fastest velocities once again 
observed over the main ice fall of both glaciers (Figure S4, 
S5A). Mean near-terminus velocities also increase during 
this time, although the magnitude of the observed velocity 
change differs between the two glaciers. At Svínafellsjökull, 
velocities over the main ice fall increase by ~ 33% over the 
study period, whilst mean near-terminus velocities gradu-
ally increase from ~ 0.12 to 0.19 ± 0.09 m d−1 (58% increase) 
(Fig. 3B). In contrast, while velocities over the main ice 
fall of Skaftafellsjökull increase by ~ 25% over the study 
period, mean near-terminus velocities increase by almost 
500%, from ~ 0.05 to ~ 0.30 ± 0.09 m d−1 (Fig. 3C). This is 
significantly greater than the velocity increase observed at 
Svínafellsjökull over the same period.

4.2 � Frontal Position and Lake Area Change

In general, all five glaciers retreated over the study period, 
whilst the area of their proglacial lakes increased, with the 
rate at which these changes occurred varying considerably 

Fig. 2   Velocity profiles for the 
(A) Eastern and (B) Western A 
arms of Breiðamerkurjökull, as 
well as (C) Fjallsjökull, for the 
period 2008–2020, calculated 
by taking the mean velocity at 
1 km intervals along the cen-
trelines shown in Fig. 1B & C. 
Associated uncertainty margins 
for each year are also shown 
(note the difference in scale)
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between the individual glaciers (Fig. 4, S6, S7). The great-
est change in frontal position is observed at the eastern arm 
of Breiðamerkurjökull, which retreated by nearly 1600 m 
between 2008–2020, at a rate of ~ 131.29 m a−1 (Fig. 4A, 
S6A). Over the same period, the area of its proglacial lake, 
Jökulsárlón, increased by ~ 34%, from 20.57 to 27.52 km2, 
equating to growth rate of 0.58 km2 a−1 (Fig. 4A). This is 
both the largest increase in proglacial lake area and the fast-
est rate of proglacial lake growth observed in this study 
(Figure S7A).

In contrast, the other lake-terminating arm of the gla-
cier, Western A, retreated by ~ 540 m (rate of ~ 45.39 m 
a−1), whilst its proglacial lake, Breiðárlón, grew marginally 
by ~ 4% from 5.53 to 5.73 km2 (growth rate of ~ 0.02 km2 
a−1) (Fig. 4A). This represents both the smallest change in 
proglacial lake area and the slowest rate of proglacial lake 
growth that we observe in our study (Figure S7A).

Fjallsjökull retreated by ~ 370 m over the same period 
(rate of 31.11 m a−1), whilst its proglacial lake, Fjallsárlón 
also grew in this time, increasing by ~ 47% from 2.55 to 3.74 
km2 (growth rate of 0.1 km2 a1) (Fig. 4B). In comparison, 
Kvíárjökull only retreated by ~ 76 m between 2010–2020, 
equating to a rate of 7.65 m a−1 (Fig. 4B). This represents 
the smallest change in frontal position observed in this study, 
and likely reflects a short-term readvance of the northern 
part of the terminus that occurred between 2012 and 2018 
(average change ~  + 18 m) (Figure S6C). Meanwhile, the 
area of its proglacial lake Kvíárjökulslón grew by ~ 46% 
between 2010–2012 (from 0.41 to 0.60 km2), remained rel-
atively stable between 2012–2018 (fluctuating ~ 0.01 km2 
a−1) and then underwent a further increase of ~ 10% between 
2018–2020 (from 0.61 to 0.66 km2). Overall, Kvíárjökulslón 
grew by ~ 60% over the study period, from 0.41 to 0.66 km2 
(growth rate of ~ 0.03 km2 a−1) (Fig. 4B).

Fig. 3   Velocity profiles for (A) Kvíárjökull (B) Svínafellsjökull and 
(C) Skaftafellsjökull for the period 2010–2020, calculated by taking 
the mean velocity at 1  km intervals along the centrelines shown in 

Fig. 1A & B. Associated uncertainty margins for each year are also 
shown (note the difference in scale)
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Svínafellsjökull, meanwhile, retreated by ~ 100 m 
between 2010–2020 (rate of 9.78 m a−1) (Fig. 4B), which 
may reflect a slight and partial readvance of the terminus 
that occurred between 2016 and 2018 (Figure S6D). Despite 

this, its proglacial lake grew relatively rapidly in this time, 
increasing by 133% from 0.21 to 0.49 km2 (growth rate 
of ~ 0.03 km2 a−1) (Fig. 4B), which is similar to the rate 
of proglacial lake growth observed at Kvíárjökulslón. In 

Fig. 4   Cumulative frontal change versus the change in proglacial 
lake area for (A) the eastern and Western A arms of Breiðamerkur-
jökull and (B) Fjallsjökull, Kvíárjökull, Svínafellsjökull and Skaf-
tafellsjökull. Data for the two arms of Breiðamerkurjökull, as well 

as Fjallsjökull, is for the period 2008–2020, whereas for Kvíárjökull, 
Skaftafellsjökull and Svínafellsjökull it is for the period 2010–2020. 
Note that all lake-terminating glaciers have the same marker style as 
the lake that they terminate into
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contrast, Skaftafellsjökull retreated by ~ 380 m over the same 
period (rate of 37.88 m a−1), whilst the area of its proglacial 
lake increased by 204%, from 0.56 to 1.71 km2 (growth rate 
of 0.11 km2 a−1) (Fig. 4B). This represents both the second 
largest increase in proglacial lake area, and the second fast-
est rate of proglacial lake growth observed in this study, after 
Jökulsárlón (Figure S7E).

4.3 � Ice Surface Elevation Change

Overall, the ice surface elevation change data from 
Hugonnet et al. [5] indicates that between 2010–2020, the 
most negative changes occurred at the margins of the five 
glaciers whilst slightly positive changes occurred in their 
upper reaches, although there is distinct variability in the 
pattern of elevation changes observed across the individual 
glaciers (Fig. 5).

Significant thinning occurred at the calving terminus of 
the eastern arm of Breiðamerkurjökull over the study period, 
with 12.5–16.5 ± 0.14 m a−1 of negative surface elevation 
change observed, with this region extending ~ 2 km back 
from the front, as well as along the entire width of the calv-
ing front (Fig. 5C). These rates of thinning are greater than 
the change observed at Western A, as well as the other four 
study glaciers, over the same period. Changes over the rest of 
the eastern arm range from ~ −8.5 ± 0.14 m a−1 in the lower 
reaches (~ 3 km up-glacier) before decreasing with distance 
up-glacier, with rates of −1.5–2.0 ± 0.14 m a−1 observed 
just below the ice fall (~ 25 km up-glacier). In contrast, the 
smallest changes in elevation are observed at the margin of 
Western A, with ~ 6.0 ± 0.14 m a−1 negative change (over 

half that observed at eastern arm), which these values again 
decreasing up-glacier to the main ice fall where ~ 1.5 ± 0.14 
m a−1 of negative change occurred (Fig. 5C). Finally, slightly 
positive changes of ~ 0–2.0 ± 0.14 m a−1 are observed over 
the accumulation area of both arms of the glaciers (Fig. 5A).

At Fjallsjökull, up to 5.0 ± 0.24 m a−1 of surface thinning 
is observed at the margin, with this focused over the south-
ern part of the terminus where it extends 1.5–2 km back 
from the front (Fig. 5B). Rates of thinning then decrease up-
glacier to ~ 0.5 ± 0.24 m a−1 just below the main ice fall. In 
contrast, at Kvíárjökull, the most negative changes in eleva-
tion are found just below the main ice fall (1.8–2.8 ± 0.28 
m a−1) with these then decreasing slightly up to the margin 
where between + 0.5 and −1.5 ± 0.28 m a−1 of both posi-
tive and negative surface changes are observed, respectively 
(Fig. 5B). In addition, elevation changes over the accumula-
tion area range from between + 1.3 to −1.5 ± 0.24 m a−1 at 
Fjallsjökull and + 1.0 to −2.5 ± 0.28 m a−1 at Kvíárjökull 
(Fig. 5B).

At Svínafellsjökull, whilst rates of thinning in the near-
terminus region are relatively small, between 0.3–0.8 ± 0.25 
m a−1, more pronounced negative changes in surface ele-
vation have occurred over the main trunk of the glacier 
(0.5–6 km back from the front), where rates of between 
1.0–2.5 ± 0.25 m a−1 are observed (Fig.  5A). These 
then decrease up to below the main ice fall. In comparison, 
thinning rates of 6.2–7.6 ± 0.17 m a−1 are observed at the 
margin of Skaftafellsjökull over the same period, with this 
region of negative elevation changes extending up to 1.5 
km back from the terminus (Fig. 5A). These then decrease 
up-glacier to ~ 0.5 ± 0.17 m a−1 just below the main ice fall, 

Fig. 5   Change in ice surface elevation at (A) Skaftafellsjökull 
& Svínafellsjökull, (B) Fjallsjökull & Kvíárjökull and (C) 
Breiðamerkurjökull for the period 2010–2020. Panels (A) and (B) 
share the same legend. Data is from the global ice surface eleva-

tion change dataset by Hugonnet et  al. [5]. 2020 glacier outlines 
are shown in black. Background in each panel is a hillshade of the 
LiDAR DEM of Iceland from 2016
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similar to the pattern observed at Fjallsjökull. Finally, both 
positive and negative surface changes of between + 2.5 to 
−1.5 ± 0.25 m a−1, respectively, are observed over the upper 
reaches of Svínafellsjökull, whilst slightly positive changes 
of 0.5–1.2 ± 0.17 m a−1 are observed across the accumula-
tion area of the Skaftafellsjökull (Fig. 5A).

5 � Discussion

We have presented new, detailed insights into the dynamic 
changes underway at five lake-terminating glaciers in south 
Vatnajökull for the period 2008/2010–2020. For all glaciers, 
our data illustrate an overall pattern of increasing velocities 
over the study period, as well as frontal retreat, proglacial 
lake growth, and surface thinning, but there is distinct vari-
ability in both the patterns and rate of change observed at 
each individual glacier in each year. In this section, we first 
compare our velocity, frontal position, and lake area change 
data to several previous datasets to assess the validity of 
our findings. We then investigate the dynamic response 
observed at each glacier and provide a detailed evaluation 
of the key forcing mechanisms before suggesting what the 
future response of these glaciers may be. Finally, we discuss 
the wider implications of our findings in regard to the other 
lake-terminating outlets of south Vatnajökull.

5.1 � Comparison to Previous Data

5.1.1 � Glacier Velocity

We compare our TerraSAR-X velocities with the ENVEO 
Icelandic velocity dataset, which was derived through offset 
tracking of Sentinel-1 SAR images [46], and with the NASA 
MEaSUREs ITS_LIVE project, which provides continu-
ous, near-global ice velocities generated using both opti-
cal (e.g., Landsat, Sentinel-2) and radar (e.g., Sentinel-1) 
imagery [47] (Figure S8, S9). To both datasets, we apply the 
same method that was implemented in this study (detailed 
in Sect. 3.1.), but due to data availability we only compare 
velocities from 2016, 2018 and 2020. Overall, there is good 
agreement between the three datasets, particularly in terms 
of the spatial velocity patterns observed at each individual 
glacier, and how these evolve through time. However, there 
are some differences, for example over faster moving areas 
of ice (e.g., at the main ice falls), velocities are consistently 
higher in our data than in either of the other two datasets. In 
contrast, over slower moving areas of ice, there are a larger 
number of erroneous points and outliers in the other two 
datasets (but particularly ITS_LIVE) than observed in our 
data.

This is for two reasons: Firstly, where there are sharp 
velocity gradients present, such as over the ice falls of 

both Fjallsjökull and Kvíárjökull, or near the terminus of 
the eastern arm of Breiðamerkurjökull, the higher reso-
lution of the TerraSAR-X imagery (~ 2 m) means such 
rapid changes in velocity can be more accurately tracked 
and reproduced (e.g., Figure S8A, S8C, S9A) [38, 48]. In 
contrast, the coarser resolution of the ENVEO (100 m) and 
ITS_LIVE (~ 250 m) data means the magnitude of these 
velocity gradients will have been smoothed over [49, 50]. 
Similarly, this higher resolution imagery is better able to 
track and reproduce velocities over slower moving areas 
of ice, such as accumulation areas, as well as on narrower 
parts of the main trunks of smaller glaciers (e.g., Kvíár-
jökull and Svínafellsjökull) than is possible in the other two 
datasets [38, 51]. Indeed, these regions are less accurately 
reproduced in the coarser resolution ENVEO and ITS_LIVE 
data, resulting in a larger number of erroneous data points 
and outliers (e.g., over the accumulation areas of both Svi-
nafellsjokull and Skaftafellsjökull, Figure S9B, S9C) [46, 
52]. Secondly, our velocity data is generated from imagery 
acquired predominately in late summer (August–September) 
with a temporal separation of between 11–33 days (depend-
ing on image availability), whereas both the ENVEO and 
ITS_LIVE data are annually averaged velocity composites. 
As such, any particularly large velocity gradients will have 
been averaged out over the longer temporal baseline of both 
datasets [38, 53]. Yet despite this, our data still shows good 
agreement with both these datasets. Furthermore, our data 
also show good agreement with the few previous studies 
that have investigated the recent velocity change at several 
south Vatnajökull glaciers, including Brieðamerkurjökull 
[30], Fjallsjökull [24] and Kvíárjökull [11], providing fur-
ther confidence in the validity of our findings.

5.1.2 � Frontal Position and Lake Area Change

Our calculated rates of frontal position change show strong 
agreement with the values reported by Baurley et al. [30] 
for Breiðamerkurjökull and Dell et al. [24] for Fjallsjökull, 
as well as by  Guðmundsson et al. [22] for all south Vatna-
jökull glaciers (including Kvíárjökull, Svínafellsjökull and 
Skaftafellsjökull) over a similar period.

We then compare our digitised proglacial lake areas (and 
calculated rates of proglacial lake growth) to those of Guð-
mundsson et al. [22] for the year 2018 (Table S6). Again, 
we find very good agreement between the two sets of data, 
particularly when comparing the digitised lake areas from 
both studies. There is slightly more variation in the calcu-
lated rates of proglacial lake growth recorded by both studies 
(our growth rates are higher in general), but this is because 
our growth rates are calculated over a shorter period (8–10 
years) than those of Guðmundsson et al. [22] (16–27 years). 
Yet despite these differences in time period, both sets of 
growth rates still show good agreement. Furthermore, (and 
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as above) our data also show very good agreement with 
those studies which have also investigated proglacial lake 
change at individual south Vatnajökull glaciers, including 
Brieðamerkurjökull [30], Fjallsjökull [24] and Kvíárjökull 
[11], again providing further confidence in our findings.

5.2 � Glacier Response 2008/2010–2020 and Future 
Outlook

5.2.1 � Brieðamerkurjökull

It was suggested by Baurley et al. [30] that the recent retreat 
and subsequent increase in velocity observed at the eastern 
arm of Brieðamerkurjökull is directly related to the rapid 
growth of Jökulsárlón (particularly in depth) as the glacier 
retreated down a reverse bed-slope into the 100–300 m 
deep bedrock trough it formed during the LIA. This led the 
authors to propose that velocities may have reached their 
maximum towards the middle of the last decade in response 
to this significant deepening of the lake. However, the data 
from this study importantly indicate that such a dynamic 
response is ongoing, with velocities and terminus retreat 
both continuing to increase over recent years (Fig. 2A, 4A, 
S5C). For example, mean near-terminus velocities in 2015 
were 1.64 m d−1 [30], whereas in 2020 they were ~ 2.45 m 
d−1 (this study, ~ 50% increase). Similarly, the eastern arm 
retreated by ~ 400 m between 2014–2018 [30], yet between 
2018–2020 it receded by ~ 250 m (this study), which is over 
half the retreat observed in 2014–2018.

Based on these observations, it is likely that initial retreat 
into deeper water resulted in an increase in buoyant forces 
acting on the terminus, reducing the effective pressure (and 
consequently the basal drag), leading to an increase in veloc-
ity [54–57]. This, in turn, will have caused the glacier to 
extend and thin, steepening the ice surface and causing a 
further increase in velocity by increasing the driving stress 
[19, 58, 59]. This will have resulted in increased fracture 
propagation at the terminus, leading to an increase in calv-
ing activity and subsequently, the rate of retreat [20, 24, 60].

Continued retreat into deeper water will have triggered 
a further increase in buoyant forces, causing an additional 
increase in velocity, thinning, calving, and retreat (as 
observed in our data) and resulting in the implementa-
tion of a positive feedback mechanism termed “dynamic 
thinning” (e.g., [55, 57, 61, 62]) that is driving the cur-
rent unstable dynamic behaviour of the glacier [30]. This 
may explain why the near-terminus region of the eastern 
arm thinned by ~ 100–150 m between 2010–2020 (Fig. 5C) 
which is significantly greater than the rate of change 
observed at the calving front of the other glaciers in this 
study. This response may be exacerbated by the fact that 
ice flow from the interior cannot balance the substantial 
losses occurring at the terminus, further increasing the ice 

velocity and rate of retreat [30, 63] and providing clear 
evidence that the dynamic behaviour of the eastern arm 
has become decoupled from local climate.

In addition, such a dynamic response is likely to con-
tinue in future as the eastern arm continues to retreat 
through its deep bedrock trough [29], which radio-echo 
sounding surveys undertaken in the 1990s revealed 
was ~ 20 km long [35]. As of 2020, this bedrock trough 
still extends some ~ 12 km back from the terminus, with 
the first ~ 2 km characterised by a depth of ~ 200 m and the 
remaining ~ 10 km characterised by a depth of ~ 100–150 
m (Fig. 6). Therefore, and assuming a similar retreat rate 
as observed in this study, over the next 10 years, the east-
ern arm will still be retreating through one of the deepest 
parts of its trough (Fig. 6) and as such the dynamic pro-
cesses observed here will continue to drive the dynamics 
and retreat patterns of this arm of Brieðamerkurjökull. 
This unstable dynamic behaviour will continue until it 
begins to retreat out of the deep bedrock trough into shal-
lower water, which modelling studies suggest will not be 
until at least ~ 2100 (e.g., [64, 65]), at which point it may 
then begin to stabilise.

In contrast, the recent changes at Western A are more 
muted, with significantly slower velocities, less retreat 
and little change in proglacial lake area observed over our 
study period (Fig. 2B, 4A), which agree with the finding 
of Baurley et al. [30]. This likely reflects the specific bed 
topography of Breiðárlón, which is much shallower than 
Jökulsárlón (< 40 m deep in 2018), as well as its ongoing 
sedimentation, which has caused it to remain stable over 
recent years [22]. However, velocities over this arm of 
the glacier did increase steadily over our study period, 
particularly in the near-terminus region (333% increase, 
Fig. 2B), suggesting that over recent years the influence of 
Breiðárlón on the near-terminus dynamics of Western A 
may have also increased (e.g., through calving).

Importantly, this influence may become more pro-
nounced in future as this arm of the glacier continues its 
retreat through its ~ 9 km long, max. ~ 30 m deep bedrock 
trough [35]. Indeed, while the 2020 terminus is located 
in relatively shallow water (~ 9  m deep), ~ 1  km back 
from this location the bed slope continues to reverse into 
deeper water (~ 30 m deep), resulting in a long and nar-
row bedrock trough that extends ~ 4 km into the interior 
of the glacier (Fig. 6). Therefore, although in 10 years’ 
time the glacier terminus will still likely be grounded in 
relatively shallow water (assuming a similar rate of retreat 
as observed in this study), there is the possibility that in 
future the influence of Breiðárlón may develop to such an 
extent that it can begin to impact the dynamics and retreat 
patterns of this arm of the glacier, similar to what is cur-
rently underway at the eastern arm, but at a much smaller 
scale and magnitude.
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5.2.2 � Fjallsjökull

A similar dynamic response to that observed by Baurley 
et al. [30] at the eastern arm of Breiðamerkurjökull has also 
been observed at the neighbouring glacier Fjallsjökull by 
Dell et al. [24]. Indeed, the authors suggest that the increased 
velocities and heightened retreat rate observed since the 
early 2000s directly corresponds to the rapid expansion of 
Fjallsárlón and subsequent retreat of the glacier back into 
its ~ 200 m deep bedrock trough, resulting in an increase 
in buoyant forces and the implementation of the same 
positive feedback mechanism described previously. Fur-
thermore, the data from this study also suggest that such a 
dynamic response is ongoing, just like at the eastern arm of 
Breiðamerkurjökull.

Indeed, we observe an almost 500% increase in 
mean near-terminus velocities since 2008, which peak 

at ~ 0.82 ± 0.09 m d−1 in 2020 (Fig. 2C). This is a simi-
lar magnitude to, but noticeably larger than, the ~ 0.5 m 
d−1 observed by Dell et al. [24] over the same region in 
2017/2018. Our data also seem to indicate that from 2018 
onwards, velocities in the near-terminus region (within ~ 2 
km of the front) begin to increase up to the calving front, 
rather than decrease (Fig. 2C). This is similar to the pat-
tern observed at the eastern arm of Breiðamerkurjökull 
over the study period and may reflect the ongoing dynamic 
evolution of the glacier as it continues its retreat through 
its deep bedrock trough. We also observe a further increase 
in the both the size of Fjallsárlón and the cumulative 
retreat of the glacier since 2016 (Fig. 4B, the last year that 
Dell et al. [24] obtained this data), providing further sup-
port to the assertion that the dynamic response originally 
observed by the authors is ongoing.

Fig. 6   Longitudinal profiles for the eastern and Western A arms of 
Breiðamerkurjökull, illustrating the position of the terminus and ice 
thickness in 2008, 2020 and 2030. Surface profiles were calculated 
using data from this study, the LiDAR DEM of Iceland, and the sur-
face elevation change dataset of Hugonnet et al. [5]. Bed profiles were 

extracted from the Breiðamerkurjökull bedrock topography data-
set illustrated in Fig. 1. Dotted lines indicate proglacial lake level in 
2020. Further detail on how individual profiles were derived can be 
found in Table S7
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In addition, the data from this study also seem to indi-
cate that there is a non-uniform pattern of negative surface 
elevation changes near the terminus of Fjallsjökull (Fig. 5B). 
Indeed, the most negative elevation changes are found over 
both the central, and in particular, the southern part of the 
terminus (~ 5.5 ± 0.24 m a−1), encompassing a ~ 2 km x ~ 2 
km region, whereas significantly smaller elevation changes 
(in both magnitude and extent) are observed over the north-
ern part of the terminus (~ 2.8 ± 0.24 m a−1). This contrasts 
with the more homogenous pattern of negative surface eleva-
tion changes observed near the terminus of the eastern arm 
of Breiðamerkurjökull. Such a pattern is likely the result 
of a deeply incised bedrock channel that sits within the 
main ~ 3 km × 4 km bedrock trough found under the glacier 
[23]. Importantly, this deep bedrock channel, which is ~ 2 
km by ~ 2 km and ~ 120 m deep at its maximum, directly 
underlies the southern part of the present-day terminus [24, 
31]. As such, the terminus is currently retreating through the 
deepest part of the channel in this region, meaning veloci-
ties, and consequently the rate of surface thinning, will be 
elevated (Fig. 7) (e.g., [59, 62]). Indeed, the location of this 
channel coincides with the region of the terminus where 
velocities are at their highest, suggesting that dynamic 
thinning may have recently been initiated in this region of 
Fjallsjökull [24, 31], and that the dynamic behaviour of this 
region of the glacier may have also become decoupled from 
the local climate as a result.

Furthermore, such a dynamic response will continue in 
future as this part of the glacier continues its retreat through 
the southern bedrock channel. As of 2020, the channel 
still extends ~ 1 km back from the terminus, with much of 
this characterised by a depth of ~ 80–100 m (Fig. 7). The 
main bedrock trough under Fjallsjökull then extends for 
another ~ 1.5 km after this, but at a much shallower depth 
(< 50 m) (Fig. 7). Therefore, and assuming a similar retreat 
rate as observed in this study, over the next 10 years this 
region of Fjallsjökull will still be retreating through one of 
the deepest parts of the southern bedrock channel (Fig. 7), 
meaning the dynamic processes observed here will continue 
to drive the dynamics and retreat patterns of this region of 
glacier until it retreats into shallower water.

A similar response may also be observed at the main 
flowline (centreline) of the glacier, which is currently retreat-
ing through the main bedrock trough. As this trough still 
extends for another ~ 2.5 km back from the terminus, with 
the majority of this characterised by a depth of ~ 50–80 m, it 
is likely that in 10 years’ time this region of the glacier will 
also still be retreating through one of the deepest parts of 
its main bedrock trough (Fig. 7), with similar consequences 
for the dynamics of this region of the glacier. Finally, while 
another, deeper, bedrock channel is found under the northern 
part of the terminus (~ 200 m deep), the glacier front in this 
region is presently grounded in very shallow water (Fig. 7). 

This may explain why relatively slow velocities (Figure S3) 
and less-negative elevation changes (Fig. 5B) are currently 
observed in this region. Although this is unlikely to change 
significantly in the near future (i.e., 10 years’ time, Fig. 7), 
once the terminus does begin to retreat into deeper water 
then it is likely that the dynamic behaviour will evolve in a 
similar way to what is presently observed over the southern 
bedrock channel, with elevated velocities, frontal retreat, and 
thinning rates occurring as a result.

5.2.3 � Kvíárjökull

In contrast to both Fjallsjökull and the eastern arm of 
Breiðamerkurjökull, the dynamics of Kvíárjökull are 
unlikely to have been driven by proglacial lake expansion 
and the retreat of the glacier into deeper water. Indeed, the 
area of Kvíárjökulslón only increased by ~ 0.25 km2 over 
the study period, whilst the terminus receded by only ~ 76 m 
(Fig. 4B), which represents both the smallest increase in 
proglacial lake area and change in front position observed in 
this study. Furthermore, the terminus is presently situated at 
the outer edge of its proglacial lake, which when combined 
with the small variations in lake growth and frontal position, 
suggest that other factors are driving the dynamic behaviour 
of this glacier.

Previous research has demonstrated that the dynamics 
of Kvíárjökull are primarily controlled by a narrow flow 
corridor located along its central axis, which is surrounded 
by slower moving or stationary lateral and latero-terminal 
regions [66, 67]). This active flow corridor does not move 
as one complete unit, rather it comprises several individual 
lobes that move independently (or ‘pulse’) in surge-like 
movements down-glacier, with flow directed towards 
the northeastern part of the margin [11, 67]. Therefore, 
the glacier is characterised by periods (or ‘pulses’) of 
increased ice flow separated by periods of ‘quiescence’, 
with the pulse-like activity occurring over decadal time-
scales [67].

Based on the data from this study, the most recent 
period of increased ice flow likely occurred at some point 
between 2012 and 2016. This is evidenced by mean-ter-
minus velocities peaking at ~ 0.42 ± 0.09 m d−1 in 2016 
(increasing from ~ 0.19 ± 0.09 m d−1 in 2012, Fig. 3A, S3), 
and by a clear re-advance of the northeastern part of the 
margin over the same period which narrowed the connec-
tion between the northern and southern parts of Kvíár-
jökulslón (Figure S6C). Mean-terminus velocities then 
begin to decrease, marking the end of the speed-up event, 
however, the northeastern part of the margin remains rela-
tively stable up until 2020, despite the presence of Kvíár-
jökulslón at its northern and southern boundary. This is 
likely a result of the continual movement of mass down-
glacier by the active flow corridor (e.g., [66, 67]), as well 
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Fig. 7   Longitudinal profiles for the main flowline, northern channel, 
and southern channel regions of Fjallsjökull, illustrating the position 
of the terminus and ice thickness in 2008, 2020 and 2030. Surface 
profiles were calculated using data from this study, the LiDAR DEM 
of Iceland, and the surface elevation change dataset of Hugonnet 

et  al. [5]. Bed profiles were extracted from the Fjallsjökull bedrock 
topography dataset illustrated in Fig. 1. Dotted lines indicate progla-
cial lake level in 2020. Further detail on how individual profiles were 
derived can be found in Table S7
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as the insulating effect of the thick layer of supraglacial 
debris cover in this region (e.g., [68, 69]), which may also 
explain why the most negative elevation changes are found 
below the main ice fall, not at the terminus as has been 
observed at other glaciers in this study (Fig. 5B).

In comparison, the southeastern part of the margin is far 
more sensitive to the presence of Kvíárjökulslón, which is 
primarily due to the relatively flat and thin nature of the ice 
surface [11, 67]. This means that the lake can often inundate 
the glacier front, causing it to destabilise and possibly dis-
integrate due to the processes of frontal ablation and related 
thermo-mechanical processes (e.g., [70]). This may explain 
why the area of Kvíárjökulslón grew so rapidly between 
2010–2012 (from 0.41 to 0.60 km2, Fig. 4B, S7C) and why 
the southeastern part of the margin also retreated signifi-
cantly over the same period (Figure S6C). In contrast, the 
readvance of the northeastern part of the margin between 
2012–2016 may have caused the southeastern part to tempo-
rarily stabilise, and, as was observed in 2018, even undergo 
a slight readvance (Figure S6C), which was primarily driven 
by an overriding flow unit (or ‘lobe’) immediately up-glacier 
[67]. Such a response may explain why the area of Kvíár-
jökulslón, as well as the position of the terminus in this 
region, remained relatively stable during this time (Fig. 4B, 
S6C, S7C). However, between 2018–2020 the terminus 
in this region retreated relatively rapidly (~ 100–150 m), 
resulting in a relatively large increase in the area of Kvíár-
jökulslón (Fig. 4B), and indicating that this region is again 
being impacted by the processes of frontal ablation and the 
related thermo-mechanic properties of the lake (e.g., [11]).

Like many of the other southern outlets of Vatnajökull, 
Kvíárjökull is also underlain by a relatively large bedrock 
trough, which extends ~ 4 km back from the present-day ter-
minus and has a maximum depth of ~ 100 m [23]. Yet despite 
the 2020 terminus being located above the deep reverse-
sloping part of the trough (Fig. 8), it is unlikely that the 
glacier will undergo a similar dynamic response to what is 
currently underway at Fjallsjökull and the eastern arm of 
Breiðamerkurjökull. This is because the southeastern part 
of the terminus (where the deepest parts of the trough are 
located) is likely to be floating, meaning it is not physically 
grounded in, or retreating into, deeper water. Indeed, field 
observations indicate that the terminus is relatively flat and 
thin in this region (and therefore stagnant), which allows 
lake water to propagate under and up into the glacier, inun-
dating the ice surface and resulting in the calving of large 
tabular blocks (e.g., [11]).

Although it is unclear when the switch from a grounded 
to a floating ice front occurred, it was likely driven by a 
change in ice thickness relative to water depth (i.e., thin-
ning), and a subsequent increase in buoyant forces, resulting 
in uplift of the glacier terminus (e.g., [56, 71]). As such, over 
the next 10 years the southeastern part of the margin will 

continue to retreat rapidly in response to the inundation and 
destabalisation by Kvíárjökulslón (Fig. 8), as has recently 
been observed by Kavan et al. [11]. This may have signifi-
cant implications for the overall stability of the floating por-
tion of the glacier margin, which may undergo complete 
terminus break-up and disintegration in future. In contrast, 
the northeastern part of the margin will likely remain sta-
ble for the foreseeable future due to the continual inflow of 
mass into the region, as well as its thick layer of supraglacial 
debris cover (e.g., [67, 68]).

5.2.4 � Svínafellsjökull

Of the five glaciers investigated in this study, it is the dynam-
ics of Svínafellsjökull that have undergone the least change 
over our study period, and in fact have remained relatively 
stable. Indeed, our data indicate a gradual increase in mean 
near-terminus velocities, a relatively modest rate of surface 
thinning, and only ~ 97 m of terminal recession in this time. 
Although proglacial lake expansion (and related dynamic 
effects) can explain some of the observed dynamic varia-
tions, it is likely that several other factors may also be exert-
ing a key control.

With a mean slope of ~ 9.0°, Svínafellsjökull is the one 
of the steepest outlets of Öræfajökull [25], and the steep-
est outlet investigated in this study. Yet despite this, the 
lower ~ 6 km of the glacier is characterised by a relatively 
gentle surface slope (~ 3°) (Fig. 8), which would result in 
a down-glacier reduction in driving stress. This, combined 
with the narrow valley in which the glacier is situated (which 
increases the lateral resistive stresses), may explain why 
we observe relatively low velocities in the lower part of 
the glacier [19, 72, 73]. However, this reduction in driving 
stress does not explain why we observe a gradual increase in 
near-terminus velocities over our study period, from ~ 0.12 
to ~ 0.19 ± 0.09 m d−1 (58% increase, Fig. 3B). Instead, this 
gradual acceleration is likely a result of the growth and 
expansion of the two proglacial lakes on the northern and 
southern side of the terminus (Figure S7D). This would have 
increased the area of the terminus that is in contact with 
the lakes, and consequently, the extent to which these lakes 
could influence near-terminus dynamics, leading to a further 
reduction in the effective pressure, increased basal sliding 
and resulting in the observed gradual increase in velocity 
[20, 54].

In addition, the valley of Svínafellsjökull widens ~ 2 km 
up-glacier from the terminus, allowing the glacier to spread 
and resulting in an extensional flow regime (e.g., [74]) (Fig-
ure S6D). Importantly, this extensional regime may influ-
ence near-terminus dynamics through increased surface thin-
ning, which when combined with surface melt may have 
caused the southern part of the terminus to be subjected to 
increased buoyant forces, which continued to evolve until 
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Fig. 8   Longitudinal profiles for Kvíárjökull, Svínafellsjökull and 
Skaftafellsjökull, illustrating the position of the terminus and ice 
thickness in 2010, 2020 and 2030. Surface profiles were calculated 
using data from this study, the LiDAR DEM of Iceland, and the sur-
face elevation change dataset of Hugonnet et al. [5]. Bed profiles for 

each glacier were extracted from the relevant bedrock topography 
dataset illustrated in Fig. 1. Dotted lines indicate proglacial lake level 
in 2020. Further detail on how individual profiles were derived can be 
found in Table S7
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partial floatation occurred (e.g., [55, 71]). Surface thinning 
will also result in a reduction in the effective pressure, mean-
ing it is possible that this thinning may have also contributed 
to the observed gradual increase in near-terminus velocities 
(e.g., [54, 57]). Although terminus floatation can result in 
rapid ice marginal retreat and terminus disintegration via 
calving (e.g., [71, 75, 76]), the reason this has yet to occur 
at the southern margin of Svínafellsjökull is because parts 
of the terminus are grounded on bedrock at the outer extent 
of the lake, despite the terminus itself being relatively flat 
and thin (Fig. 8). This, combined with the continual inflow 
of mass to the region (due to the gradual increase in veloci-
ties), means the high stresses present at the margin can be 
accommodated, allowing the terminus to remain relatively 
stable (e.g., [71]). This continued inflow of mass to the ter-
minus may also explain the relatively low rates of thinning 
observed in this region (Fig. 5A).

Furthermore, parts of the both the central and northern 
terminus are also grounded on bedrock at the outer extent 
of the lake (Figure S6D) and as such these regions have also 
remained stable, which may help to explain why the margin 
of Svínafellsjökull only retreated by ~ 97 m over our study 
period. Whilst the rate of retreat was consistent over the study 
period (Fig. 4B), it was not homogenous across the entire 
terminus, with much of the recession focused over the lateral 
margins of the northern and southern parts of the terminus 
where it terminates in a lake but is not grounded on bedrock 
(Figure S6D). In these regions the influence of the thermo-
mechanical properties of the lake are greatest, and as such 
it is likely that calving is actively occurring, either through 
thermal melt and notch formation, or through buoyant forces 
acting on the terminus and the propagation of basal crevasses 
(e.g., [31, 59, 75, 77]). Therefore, whilst the overall pattern 
is one of terminus retreat, the relatively stable nature of large 
parts of the terminus means the retreat rate is low.

An additional factor which may have influenced the 
observed dynamic variations is the occurrence of a large 
landslide in 2013, which caused a ~ 1.7 km2 area of the ice 
surface to be covered in a thick layer of debris (Fig. 2 in 
[78]). While the ice underneath the debris has been effi-
ciently insulated and protected from surface melt, the ice 
immediately surrounding it has seen enhanced melt due to 
the fine layer of dust that settled on the surface post-land-
slide (e.g., [68, 69, 79]). This resulted in a 35 m difference 
in surface elevation between the two regions by 2020 [78]. 
Although the impact of the landslide is not present in our 
surface elevation data (which cover the period 2010–2019), 
it’s probable that its occurrence will have contributed to 
several of the other dynamic variations observed in this 
study. For example, the difference in elevation between the 
debris covered- and clean-ice areas will have increased the 
surface slope, causing an increase in the driving stress and 

thus velocities, which in turn will have provided additional 
resistive stresses to the partially floating southern termi-
nus, helping it to remain stable. In addition, this landslide 
material is continually being advected down-glacier (it was 
advected ~ 1 km between 2013–2020), and as such these 
processes are likely to continue in future as it is transported 
towards the southern margin, where it will likely lead to fur-
ther stabilisation, incremental stagnation, and the potential 
formation of a dead-ice environment [78].

Based on the data presented in this study, it is unlikely 
that the dynamics of Svínafellsjökull will significantly 
change or evolve over the coming decade, despite the pres-
ence of a 300 m deep bedrock trough under the glacier, 
which extends ~ 6 km back from the present-day terminus 
[22, 23]. This is because rapid retreat and terminus disin-
tegration is unlikely whilst much of the margin remains 
grounded on stable bedrock at the lake edge, a factor that 
will be further influenced by the continued down-glacier 
advection of the landslide material, which as mentioned pre-
viously may further stabilise the southern margin through 
the formation of a dead-ice environment. As such, by 2030 
this part of the margin is still likely to be grounded at the 
lake edge (Fig. 8).

In contrast, it is more likely that the northern part of the 
terminus will undergo rapid retreat in future, as although the 
terminus is grounded (i.e., not floating), it is beginning to 
detach from the surrounding bedrock, while at the same time 
its proglacial lake is growing relatively rapidly (Figure S6D, 
S7D). This indicates an increasing influence of the lake and 
calving on terminus stability, and as such in the near future 
this part of the glacier may begin retreating down its reverse 
bed slope into deeper water, leading to increased velocities, 
thinning, and thus further calving and retreat (e.g., [30, 58, 
80]). Indeed, it is likely that calving will play an important 
role at both proglacial lakes in future as they continue to 
grow, resulting in continued terminus retreat and the poten-
tial detachment of large parts of the terminus from its sur-
rounding bedrock, with implications for the stability of the 
lower part of the glacier.

5.2.5 � Skaftafellsjökull

In contrast to Svínafellsjökull, the dynamic behaviour of 
Skaftafellsjökull has evolved considerably over the study 
period, with the second largest change in front posi-
tion (~ 380 m), second highest rate of terminus thinning 
(~ 7.6 ± 0.17 m a−1), and third highest growth in proglacial 
lake area (~ 1.1 km2) observed at this glacier. Surface veloci-
ties also increase significantly over the study period, par-
ticularly near the terminus (Figure S5A), suggesting that 
the dynamics of the glacier are likely being influenced by 
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the growth of the proglacial lake and retreat of the terminus 
into deeper water.

In 2010, the terminus of Skaftafellsjökull was grounded 
in shallow water (~ 12 m deep) on a relatively flat region of 
bedrock near the edge of the lake (Fig. 8). As such the influ-
ence of the lake on the dynamics of the glacier were limited, 
which may explain why near-terminus velocities were low 
in 2010 and remained as such in 2012 (~ 0.05 ± 0.09 m d−1). 
Instead, it is likely that during this time the dynamics of the 
glacier were primarily controlled by air temperatures (e.g., 
[25]). Yet while this would have resulted in the observed 
terminus recession of ~ 95 m between 2010–2012 (Fig. 4B), 
as well as some of the observed surface thinning (via surface 
melt), overall, the glacier was relatively stable during this 
time (Figure S6E). However, at some point between 2012 
and 2016, the continued retreat of the glacier caused the 
grounded terminus to recede past the flat region of bedrock 
and begin retreating down a much steeper, reverse bed slope 
into deeper water (Fig. 8).

This would have increased the buoyant forces acting on 
the terminus, reducing the effective pressure and causing 
velocities to increase [54, 55]. Increased velocities will, in 
turn, have caused the ice surface to extend and thin, leading 
to increased calving, terminus retreat, and a further increase 
in velocities [19, 58, 59]. Such a response can be observed 
in our data, with mean near-terminus velocities increas-
ing by ~ 160% from ~ 0.05 to 0.13 ± 0.09 m d−1 (Fig. 3C), 
and a steady increase in both the rate of terminus retreat 
and proglacial lake growth over the same period (Fig. 4B). 
Importantly, our data indicate that this dynamic response 
has continued, at least until the end of the study period, with 
a further increase in velocities, terminus retreat and lake 
growth observed between 2016–2020 (Fig. 3C, 4B, S6E, 
S7E), strongly suggesting that the same positive feedback 
mechanism already underway at both Fjallsjökull and the 
eastern arm of Breiðamerkurjökull may have recently been 
initiated at Skaftafellsjökull.

This increase in velocity may also explain why we 
observe such high rates of surface thinning at the terminus 
of Skaftafellsjökull over the study period (Fig. 5A). Indeed, 
while some of the observed thinning can be attributed to 
surface melt (e.g., [14, 25]) the magnitude of this thinning 
(~ 7.6 ± 0.17 m a−1) can only have occurred in response to 
ice dynamics, i.e., through dynamic thinning (e.g., [57, 60]). 
Furthermore, thinning itself also reduces the effective pres-
sure, and therefore it is likely that the high thinning rates 
will have also contributed to the observed rapid increase in 
near-terminus velocities (e.g., [54, 57]), providing further 
evidence that the growth of the proglacial lake and retreat 
of the glacier into deeper water are now driving the dynamic 
behaviour of the glacier.

In addition, this dynamic response may have been 
enhanced between 2018–2020 due to an increase in the 

gradient of the reverse bed, which led to a more rapid 
increase in water depth between the two years (Fig. 8). 
Indeed, in 2018 the water depth at the terminus was ~ 24 m, 
whereas in 2020 it was ~ 30 m. Consequently, while termi-
nus water depth increased by ~ 150% between 2010–2020 
(12 m to 30 m), one third of this increase occurred between 
2018–2020 (i.e., within two years). This would have trig-
gered a rapid increase in buoyant forces, further reducing 
the effective pressure and resulting in an additional increase 
in velocities, calving, and retreat [19, 59]. Importantly, 
the impact of this rapid increase in water depth is clearly 
observed in our data. For example, near-terminus veloci-
ties increased from ~ 0.17 to ~ 0.30 ± 0.09 m d−1 over the two 
years (~ 76% increase, Fig. 3C), whilst the terminus itself 
retreated by ~ 120 m over the same period, which means 
that one third of the total retreat that occurred between 
2010–2020 did so between 2018–2020 (Fig. 4B, S6E). Such 
a dynamic response illustrates how small, but rapid, changes 
in water depth can have a significant impact on the dynamics 
of lake-terminating glaciers.

However, in spite of these recent variations, there’s the 
possibility that the dynamics and retreat of Skaftafellsjökull 
may begin to stabilise towards the end of the decade, despite 
the presence of the ~ 200 m deep, ~ 6 km long bedrock trough 
under the glacier (Fig. 8) [22, 23]. This is because imme-
diately up-glacier of the 2020 terminus the gradient of the 
bedrock slope reduces significantly due to the presence of 
a ~ 400 m long region of relatively flat bedrock (Fig. 8). 
Consequently, rapid increases in water depth, as observed 
between 2018–2020, will not be able to occur. This means 
that the likelihood of the glacier undergoing rapid changes 
in ice dynamics may also be reduced. Indeed, based on the 
retreat rate calculated in this study, by 2030 the terminus of 
Skaftafellsjökull will most likely be grounded on this region 
of flat bedrock (Fig. 8) and, therefore, its dynamics may have 
begun to stabilise.

On the other hand, there is also the possibility that the 
observed recent rapid retreat may have caused the dynam-
ics of the glacier to become partly decoupled from the local 
climate, meaning such a dynamic response will be main-
tained regardless of any future change in the gradient of the 
bedrock slope. This is supported by our observations from 
Fjallsjökull and the eastern arm of Breiðamerkurjökull, both 
of which see a continuous increase in their velocities and 
terminus retreat over the study period, despite both glaciers 
having retreated over the deepest parts of their respective 
bedrock troughs (i.e., the water depth has decreased) (Fig. 6, 
7). As such, there is the strong possibility that the dynamics 
of Skaftafellsjökull will continue to evolve in future as it 
continues its retreat through its deep bedrock trough, result-
ing in a heightened dynamic response that is decoupled from 
climate, similar to that already observed at Fjallsjökull and 
the eastern arm of Breiðamerkurjökull over recent years.



714	 Remote Sensing in Earth Systems Sciences (2025) 8:696–717

5.3 � Implications for the other Outlets of South 
Vatnajökull

The findings of this study highlight the importance of progla-
cial lake growth in driving the dynamics and retreat patterns 
of glaciers in Iceland, with such a pattern likely to continue 
in future as they further grow and develop. In addition, there 
is the strong possibility that the other southern outlets of 
Vatnajökull will also undergo a similar dynamic response in 
future, particularly those to the east of Breiðamerkurjökull. 
Indeed, many of these outlets also have reverse-sloping beds 
that sit some 200–300 m below the current elevation of their 
termini, including Skálafellsjökull (~ 3 km long, ~ 200 m 
deep), Heinabergsjökull (~ 11 km long, ~ 200–300 m deep), 
Fláajökull (~ 5 km long, > 200 m deep) and Hoffellsjökull 
(~ 7 km long, ~ 250 m deep), and as such they have also 
seen the rapid growth and expansion of proglacial lakes at 
their margins in recent years [22, 25]. This has also resulted 
in accelerated terminus retreat and mass loss via calving, 
although as was observed in this study, different glaciers 
often display contrasting dynamic behaviour, highlighting 
the need for further work in this region.

As a result, in order to better understand the influence 
of proglacial lake growth on the dynamics of the southern 
lake-terminating glaciers of Vatnajökull, and to determine 
whether their contribution to the overall mass loss of the 
ice cap may increase in future, additional, multi-method 
and multi-temporal analyses are required, such as those by 
Dell et al. [24], Baurley et al. [30], and the work presented 
here. In addition, detailed in-situ field measurements of lake 
depth, above-waterline ice thickness and ice surface slope 
in the vicinity of the calving front, as well as observations 
of specific calving style, are needed to better understand the 
factors controlling the dynamics of induvial glaciers. Such 
data could then be used to help further constrain calving pro-
cesses in glacier and ice sheet models, allowing the future 
patterns of retreat and mass loss, and subsequently the SLR 
contribution, of these rapidly changing lake-terminating gla-
ciers to be more accurately quantified.

6 � Conclusions

In this study, we utilised satellite remote sensing to investi-
gate the recent dynamic changes and likely future evolution 
of five lake-terminating glaciers draining the south Vatna-
jökull ice cap between 2008/2010–2020. Overall, our data 
show an increase in velocity at all five glaciers over the study 
period, as well as widespread frontal retreat, proglacial lake 
growth and terminus thinning, although the magnitude of 
these variations differed significantly between individual 
glaciers. The greatest changes in dynamics were observed 
at the eastern arm of Breiðamerkurjökull, Fjallsjökull, and 

Skaftafellsjökull, and likely occurred in response to pro-
glacial lake growth and the retreat of each glacier down 
a reverse bed slope into deeper water. This would have 
increased the buoyant forces acting on the terminus, reduc-
ing the effective pressure and triggering an increase in 
velocities. Increased velocities will, in turn, have caused 
the ice surface to extend and thin, leading to increased calv-
ing, terminus retreat, and resulting in a further increase in 
velocities (i.e., dynamic thinning). This strongly suggests 
that the behaviour of each glacier has become decoupled 
from the local climate, with such a response likely to con-
tinue in future.

This is in stark contrast to the dynamic variations 
observed at Kvíárjökull and Svínafellsjökull over the same 
period. At Kvíárjökull, due to the pulse-like flow of the 
glacier, the northeastern part of the margin re-advanced 
between 2012–2016, and although velocities decreased after 
2016, the terminus in this region remained stable until the 
end of the study period. In contrast, the southeastern part of 
the margin is afloat in the lake, and while it was stable dur-
ing the period of readvance, since 2018 it has begun to break 
up and disintegrate, resulting in rapid retreat. The dynamics 
of Svínafellsjökull, meanwhile, underwent the least change 
over the study period because large parts of the terminus are 
grounded on bedrock at the outer edge of the lake, keeping 
the glacier relatively stable. However, continuous proglacial 
lake growth at both the northern and southern margin over 
recent years have caused parts of the terminus to become 
afloat, and as such once the glacier begins to detach from 
the bedrock it will likely undergo rapid and unstable retreat.

The different forcing mechanisms observed in this study 
may also be analogous for those processes that have recently 
occurred at other lake-terminating glaciers in southeast 
Iceland. Indeed, these glaciers are also underlain by deep 
bedrock troughs, and as a result they have undergone height-
ened rates of proglacial lake growth and terminus retreat 
over recent years, although the exact forcing mechanisms 
are unclear. As such, further research is required in order to 
better understand the complex processes driving the dynam-
ics of lake-terminating glaciers in Iceland so that their future 
patterns of retreat and mass loss can be more accurately 
quantified.
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