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Abstract — In recent years, satellite remote sensing has revolutionized observations of glacier dynamics en-
abling for the first time the generation of detailed ice-velocity fields at regular intervals for Icelandic glaciers.
We generated dense time series of ice-velocity fields from 2014 to 2020 exploiting the continuous acquisition of
Sentinel-1 SAR using the offset-tracking technique. The fastest ice flow, with velocities up to 400-800 metres
per year, is observed in the middle and lower part of the main outlet glaciers of the ice caps that span a large
elevation range in the areas of high precipitation in the South and Southeast of Iceland. Several outlet glaciers
of Vatnajokull, such as Skeidardrjokull and Breidamerkurjokull, draining towards the South and Southeast,
show high-ice-speed channels with pronounced shearing zones where the ice speed increases by an order of
magnitude within a distance of only a few ice thicknesses. Velocities on the order of a few tens of metres per
year, and up to 50—100 metres per year, are observed on the large surge-type outlet glaciers of N- and W-
Vatnajokull and generally on glaciers in the central Icelandic highland and in the northern and western part of
the country. Slow-moving ice is observed along the main ice divides and near the glacier margins. The velocity
data set is affected by gaps due to decorrelation, particularly during summer, because of temporal variations
in the radar-image texture. The ice-velocity fields derived in this study from Sentinel-1 data agree well with
other data sets, although these are affected by a larger number of outliers and data gaps, particularly in the
accumulation areas. The generated velocity time series can be used for monitoring long-term dynamic trends,
seasonal variations and for studying glaciological events such as surges or jokulhlaups.

INTRODUCTION

Remote sensing of ice flow, in combination with ad-
vanced processing and analysis for inversion of dy-
namic flow fields at depth within glaciers, has created
new possibilities for studies of ice dynamics (Rignot
et al., 2002; Morlighem et al., 2010; Nagler et al.,
2015, 2016; Gardner et al., 2018). It is now possi-
ble to operationally monitor surface ice-velocity fields
for entire glaciers globally based on regular acquisi-
tion of radar and optical satellite images (Mouginot
et al., 2017, 2019; Gardner et al., 2021; ENVEO,
2021; Friedl et al., 2021). These measurements al-
low for the analysis of glaciological processes that are
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important for projecting future response of glaciers
to climate change, for studying glaciological hazards
and interpreting poorly understood glaciological phe-
nomena that await scientific explanation. Icelandic
glaciers offer unique conditions to assess the potential
of this new technology because of the availability of
data from earlier studies, ease of access for new field
studies and a high frequency of outstanding glaciolog-
ical events (surges, jokulhlaups, subglacial volcanic
eruptions) for scientific studies.

The first quantitative measurements of ice-flow
velocities in Iceland with geodetic instruments were
made on the Hoffellsjokull outlet glacier in southeast-
ern Vatnajokull during the Swedish-Icelandic inves-
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tigations of 1936 to 1938 (Pérarinsson, 1939), and
on the Morsérjokull outlet glacier of Orafajokull in
southern Vatnajokull by Jack Ives and his colleagues
from the University of Nottingham in the early 1950s
(Ives and King, 1954, 1955). The measurements on
Hoffellsjokull showed the transverse velocity profile
across the glacier at ca.450m a.s.l., 7km upstream
of the snout, with a maximum velocity ca.2md~!,
and a longitudinal profile with lower velocities near
the snout in the eastern branch of the glacier. Ives
et al. measured flow velocities in the range of 0.2—
0.5md ™" in the ablation area of Morsérjokull and es-
tablished that ogives on the glacier surface were an-
nual phenomena which could be used to estimate the
long-term velocity of the ice flow. They also noticed
that the ice velocity varied with time during the sum-
mer by more than a factor of two. Interestingly, obser-
vations of the geometry of ogives on the Hruitarjokull
outlet glacier on the other side of Orzfajokull in 1793
and 1794, one and a half centuries earlier by Sveinn
Palsson (2004, written in 1795), were most likely the
first observations of the movement of glaciers in Ice-
land. Sveinn Pélsson concluded from observations
of the geometry of the ogives that the glacier “had
flowed down in a semi-melted or thick and viscous
state” but he did not quantify the rate of movement.
Palsson’s deduction about slow viscous movement of
glacier ice was made at the time when the first glaciol-
ogists in Europe reached the same conclusion based
on observations in the Alps (see the editors’ introduc-
tion and endnotes in Palsson, 2004). After Palsson’s
qualitative observations in the 18" century, the only
observations of ice flow in the Icelandic glaciers, un-
til Pérarinsson measurements in the late 1930s, were
made by Otto Torell (1857) on Svinafellsjokull, an
outlet glacier in Orzfajokull. Torell measured a flow
velocity of ca. 0.25md~! about 1.5km upstream of
the terminus with rudimentary equipment (Pdrarins-
son, 1939).

Regular stake measurements of ice-flow velocity
in Iceland did not start until the early 1990s with the
establishment of mass-balance programmes on Hofs-
jokull, Vatnajokull and Langjokull ice caps (Bjorns-
son and Palsson, 2008; Bjornsson, 2009/2017; Adal-
geirsdottir et al., 2020), which provided seasonal ve-
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locities at a few dozen points on each ice cap. These
were followed by several interferometric radar and
offset-tracking studies of ice-flow velocity and uplift
over limited areas or single ice caps over short time
periods (e.g. Bjornsson et al., 2001; Gudmundsson et
al., 2002; Fischer et al., 2003; Berthier et al., 2006;
Magnitisson, 2007, 2008, 2010, 2011; Nagler et al.,
2012; Minchew et al., 2015, 2016). In recent years,
GPS stations have been continuously operated at sev-
eral locations on glaciers in Iceland over extended pe-
riods of time, yielding high temporal resolution ice-
flow velocities, for example for studying glacier dy-
namics and jokulhlaups (e.g. Magntisson et al., 2011;
Einarsson et al., 2016). These previous measure-
ments have shown the overall magnitude and given
some information on the spatial distribution and vari-
ations with time of ice-flow velocity on the Icelandic
glaciers. They have shed light on many glaciological
events at several locations, but data coverage has been
insufficient to show the overall spatial pattern of ice
flow or monitor seasonal ice-flow variations or varia-
tions with time during events such as surges.

The ice flow of glaciers shows variations on a
range of spatial and temporal scales. Spatially con-
tiguous ice-velocity fields from space- and airborne
remote-sensing data (e.g. Nagler et al., 2015; Moug-
inot et al., 2017, 2019) show that the ice flow tends to
be channelled into narrow corridors of high velocity
surrounded by areas with substantially lower ice-flow
velocities. This pattern is particularly conspicuous on
the large ice sheets of Antarctica and Greenland (Na-
gler et al., 2015; Mouginot et al., 2017, 2019), where
these ice-flow channels are called ice streams, but
such spatial patterns have also been observed on the
ice caps of Iceland (Magnusson et al., 2007; Minchew
et al., 2015) and other smaller glaciers and ice caps
(e.g. Strozzi et al., 2017). Changes in the mass dis-
charge of the ice streams of Antarctica and Greenland
are thought to be important with regard to the con-
tribution of the ice sheets to global sea-level rise, in
particular for the currently ongoing dramatic increase
in the rate of ice discharge from many areas in Antarc-
tica and Greenland (Mouginot ef al., 2018; Rignot et
al., 2019). Therefore, studying the short- and long-
term variation of the ice-flow pattern and velocity of
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Icelandic glaciers and ice caps is an important contri-
bution to assessing the effects of the ongoing warming
in the Arctic region.

In this paper, we present and analyse time series
of ice-velocity fields from offset-tracking applied to
Copernicus Sentinel-1A/B radar images of the Ice-
landic glaciers from 2014 to 2020. We compare
the products with long-term velocity fields from the
global RETREAT ice-velocity data set (Friedl et al.,
2021) and the NASA MEaSUREs ITS_LIVE project
(Gardner et al., 2021). The paper describes the
Sentinel-1 data availability and the operational ice-
velocity processing, providing background for use of
the public domain ice-velocity data in other studies.
Validation of the obtained ice velocities with available
point measurements of mass-balance stakes and data
from continuous GPS-stations is ongoing and will be
described in subsequent papers.

DATA AND METHODS
Sentinel-1 data

The Copernicus Sentinel-1 (S-1) mission is a con-
stellation of C-band Synthetic Aperture Radar (SAR)
satellites operated by ESA and currently consisting of
Sentinel-1A (S-1A) and Sentinel-1B (S-1B), launched
in April 2014 and 2016 respectively. S-1 covers the
European domain systematically every 6 to 12 days.
The launch of Sentinel-1C is scheduled for the end
of 2022/early 2023 and will guarantee the continu-
ity of the ongoing acquisitions in coming years. The
open-data policy of Copernicus provides S-1 data free
of charge through the Copernicus Open Access Hub
(SciHub) and various mirror sites.

Over land areas, S-1 operates mainly in Inter-
ferometric Wide (IW) swath mode, which exploits
the TOPS (Terrain Observation by Progressive Scans)
technique and provides a large swath width of 250 km
at a nominal ground resolution of 5 x 20 m for single-
look data, offering enhanced image performance com-
pared with the conventional ScanSAR mode (De Zan
and Monti Guarnieri, 2006). The ice-velocity prod-
ucts presented in this paper are generated using Level-
1 IW Single Look Complex (SLC) images. Detailed
technical information about the S-1 radar data is given
by Yagiie-Martinez et al. (2016).
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S-1A has provided continuous coverage for Ice-
land since October 2014 with a 12-day repeat-pass
period. With the launch of S-1B in April 2016, the
repeat-pass period was reduced to 6 days. Data for
Iceland are acquired in both ascending and descend-
ing directions, providing also opportunities for inter-
ferometric applications or the retrieval of the full 3D
velocity vector applying the in-coherent offset track-
ing technique (Nagler et al., 2012), although not yet
implemented in the automated processing line. Figure
1 shows the continuous 6-day and 12-day S-1 repeat
tracks covering Iceland according to the acquisition in
2020. The histogram shows the available number of
image pairs for each mission year indicating how cov-
erage has improved over time, particularly after S-1B
became operational.

ENVEO Sentinel-1 ice velocity

The ice-velocity products presented and evaluated in
the next sections are generated by applying offset-
tracking to S-1 data (Nagler et al., 2015). Offset-
tracking is a technique that aims at measuring local
registration offsets with image chip correlation. In the
context of ice monitoring, the offsets correspond to
surface features such as crevasses, rifts or edges mov-
ing with the ice flow, and those features can be tracked
using SAR amplitude images as template (Gray et al.,
2001; Strozzi et al., 2002; Joughin, 2002).

The processing line developed by ENVEO for ice-
velocity retrieval with S-1 data is depicted in Figure 2.
For each pair, the processing starts with a geometric
coregistration of the bursts based on the precise or-
bit annotations and an external digital elevation model
(DEM) (lidar DEMs from 2008-2013 for the glaciers
and adjacent proglacial areas (Jéhannesson et al.,
2013) and a countrywide 25x25 m composite DEM
derived by the IMO and ISOR from various sources
for ice-free areas, both resampled to 100x100 m). Af-
ter the coregistration, the offset-tracking module is
run at the burst level. The offset-tracking module
consists of (1) oversampling the SLC bursts by a fac-
tor 2 in both the azimuth and slant range dimensions,
(2) generating the amplitude images from the over-
sampled SLCs, and (3) calculating the 2D normalized
cross-correlation of the amplitude chips, finding the
azimuth—slant-range sub-pixel position of the cross-
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Figure 1: Continuous 6-day (red) and 12-day (blue) Sentinel-1 IW swath mode repeat acquisition in Iceland in 2020 (left:
ascending; right: descending; track number indicated) and histogram showing the number of image product pairs for each
mission year. Glacier extent in ~2000 from Sigurdsson et al. (2017) are shown in white. — Fétspor og fjoldi Sentinel-1
radarmyndpara med 6 og 12 daga millibili fyrir Island d drinu 2020 og drlegur fjoldi myndpara med 6 og 12 daga millibili

d timabilinu 2014-2020.

correlation peak which corresponds to the measured
2D-offset, and estimating the height of the correla-
tion peak. Measurements with low correlation peaks
are dismissed and the estimated offsets are directly
converted to azimuth and slant-range velocities. The
offset-tracking module is run on each pair of bursts
separately, thus yielding a stack of 2D-velocity burst
images as output.

The 2D-velocity image at the track-scale is ob-
tained by stitching the burst images together during
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the debursting process. The so-called debursted im-
age is calculated in radar geometry and its extent in
the along-track and across-track directions is defined
respectively by the slant-range and azimuth time min-
imum and maximum values within the stack of burst
images. The pixel spacing of the debursted image
is determined by the slant-range and azimuth sam-
pling rates, which are constant parameters for all S-1
bursts in IW mode. The debursted image is obtained
by resampling successively each burst image on the
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Figure 2: High-level processing flowchart for Sentinel-1 offset-tracking. GCPs: Ground Control Points. — Yfirlit um tir-

vinnslu skriohrada med hliorunargreiningu radarmynda.

debursted grid using a bilinear interpolation, the po-
sition of each pixel on the grid being defined by its
slant-range and azimuth timing.

Because the velocity estimates obtained with
offset-tracking may be biased, in particular due to
changing atmospheric and ionospheric conditions, a
calibration step is necessary. The calibration is per-
formed at the track-scale, in radar geometry, against
stable areas or slow-moving ground control points
with known velocity. The calibrated velocity images
are finally filtered for removing outliers and geocoded
to a cartographic projection. In the case of Iceland, the
azimuth—slant-range velocity grid is resampled to a
polar stereographic projection with 100 m pixel spac-
ing. This procedure is repeated for each 6 and 12-day
pair available along the tracks covering Iceland.
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The quality of the offset-tracking measurements
can be degraded by changing surface conditions such
as snowfall, snow melt or snow drift, that affect the
radar backscatter signal, obscure features and reduce
the signal-to-noise ratio of the correlation peak. It is
also affected by ionospheric scintillations that can in-
troduce local errors of several centimeters per day, ob-
served as streaks in the velocity field. Furthermore,
given the medium-resolution pixel size of S-1 acqui-
sitions, offset-tracking performs poorly at capturing
slow-moving areas (offsets of only a few centimetres).

In order to reduce noise and improve the spatial
coverage, the individual 6/12-day offset-tracking re-
sults from different dates and tracks are merged to
produce monthly, annual and multi-annual mosaics
of the ice-velocity field over Iceland. The individual
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azimuth—slant-range velocity maps are combined on
a pointwise basis using a least-square inversion that
accounts for the transformation from the radar geom-
etry to the cartographic reference system and assum-
ing surface-parallel flow (Andersen et al., 2020). The
final products are monthly, annual or multi-annual av-
erage (in the least-square sense) 2D surface-velocity
fields at 100 m resolution. Along with the ice-velocity
fields, uncertainty maps are provided for both hori-
zontal components based on the standard deviation.

RESULTS

A multi-annual weighted-average ice-velocity mosaic
for the period November 2014 to December 2020
covering the Icelandic glaciers (Figure 3) derived
from S-1 radar data was computed as the weighted
least-squares solution from the available 6/12-day re-
peat maps. This weighted-average ice-velocity map
is available through Wuite et al. (2021) and also,
complemented with annual and monthly ice-velocity
fields (Figure 4), through the ENVEO Cryoportal
(http://cryoportal.enveo.at/; registration required). It
should be noted that due to the varying seasonal cov-
erage of the S-1 ice-velocity data, the ice-velocity mo-
saic does not represent a uniformly weighted time-
average over the period 2014-2020. Data gaps are
most frequent during summer when the ice velocity
may be expected to be highest, so the ice-velocity mo-
saic likely under-represents the true time-averaged ice
velocity to some degree. This needs to be kept in mind
if this ice-velocity field is used in modelling studies or
for other applications. The fastest ice flow, with ve-
locities up to a few md ! or 400-800 metres per year,
occurs in the lower accumulation area and the ablation
area of the main outlet glaciers of the largest ice caps
(Figure 3) that span a large elevation range in the areas
of highest precipitation in S- and SE-Iceland. Lower
velocities, on the order of a few tens of metres per
year, and up to 50—100 metres per year, are observed
on the large surge-type outlet glaciers of N- and W-
Vatnajokull, on N-Myrdalsjokull, Eyjafjallajokull and
generally on glaciers in the central Icelandic highland
and in the northern and western part of the country.
The lowest velocities are, as expected, observed along
the main ice divides and near the glacier margins.
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Figure 4 shows the merged and averaged monthly
mosaics covering Iceland for the period January 2015
to December 2020. Because offset-tracking efficiency
is limited by a number of factors such as precipita-
tion, snowmelt and snow drift caused by wind, the
spatial coverage of ice-velocity maps for the glaciers
varies over time. As a consequence of variations with
time in the radar-image texture due to surface melting,
summer months have a reduced coverage over the ice
caps, even though there is in general low noise level
in ice-free areas during summer due to the absence of
snow. The best coverage over the glaciers is usually
achieved in winter and/or early spring, depending on
weather conditions, and also in late summer in some
ablation areas with extensive crevassing. The cover-
age over ice caps improves from 2017 onward, as data
availability increases and the repeat-pass period is re-
duced to 6 days following the launch of S-1B. Varia-
tions in noise level due to variations in coverage are
the cause of changes in the hue of the images between
light and darker blue and green colours in 2015-2017.

As examples, Figures 5 and 6 show in more de-
tail the monthly weighted-average ice-velocity fields
for January to December 2020. There are substantial
data gaps at intermediate and high elevations in March
and April on all the main ice caps, except for the
April coverage on Hofsjokull which is almost com-
plete. The coverage is temporarily improved in May,
but in June and July most of the glaciers are without
coverage except for a narrow elevation band near the
termini where thinner snow and crevasse fields enable
the identification of features that can be traced over
the 6- and 12-day separation period of the radar im-
ages. The coverage starts to improve in August and
is fairly complete in September and October but de-
teriorates in November except for Langjokull, which
retains an almost complete coverage in November.
The December 2020 coverage is again quite good for
Vatnajokull, but substantial gaps remain in the ac-
cumulation areas of the other main ice caps in that
month. The poor coverage during the summer months
is presumably due to wetting of the snow pack as well
as surface melting, both of which alter or destroy the
features in the radar-image texture that are tracked to
estimate ice velocity.
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Figure 3: Weighted-average ice-flow velocity of the main ice caps in Iceland for the period November 2014 to December
2020 derived using Copernicus Sentinel-1A/B (logarithmic scale). Glacier outlines in ~2000 from Sigurdsson et al. (2017)
are shown in white. V=Vatnajokull, L=Langjokull, H=Hofsjokull, M=Myrdalsjokull, D=Drangajokull, E=Eyjafjallajokull,
T=Tungnafellsjokull. Background shading is based on lidar maps of the Icelandic glaciers from 2007-2013 (J6hannesson
et al., 2013) and the fslandsDEM, v.1.0, from the National Land Survey of Iceland. — Medaltal skridhrada islenskra jokla
[frd november 2014 til desember 2020, d grundvelli hliorunargreiningar d radarmyndum Copernicus Sentinel-1A/B gervi-
tunglanna. Jokuljadrar um pad bil drid 2000 eru med hvitri linu. Bakgrunnsskygging er byggd d leysikortum af joklunum
frd 20072013 (Jéhannesson o fl., 2013) og landlikani af Islandi frd Landmeelingum Islands.

Ice-flow velocity profiles near the termini of outlet
glaciers of S-Vatnajokull

As an example of the potential of the ice-velocity
data set for areas with the best coverage, Figure 7
shows velocity profiles near the termini of the out-
let glaciers Skeidardrjokull, Breidamerkurjokull, and
Morsarjokull, Skaftafellsjokull and Svinafellsjokull
(the last three are shown together in the last row of
the figure) in S-Vatnajokull.
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There is seasonal variation in the ice-flow veloc-
ity, with the highest velocity during spring/summer
and lowest velocity in winter for all five glaciers. The
profiles also clearly show the sharp boundaries of the
ice-flow channels with high velocity and most of the
velocity increase at the boundaries taking place over
distances of ~1-2km.
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Figure 4: Monthly velocity maps for Iceland derived from Sentinel-1A/B radar images, January 2015 to December 2020
(logarithmic scale). The monthly panels are mainly intended to give an overview of variations in data coverage with time,
in particular over the glaciers, rather than a quantitative representation of the derived ice-velocity fields, which are depicted
in the following figures. — ,, Medalhradi“ yfirbordshreyfingar d Islandi reiknadur d grundvelli Sentinel-1A/B radarmynda
fyrir hvern mdnud drsins d timabilinu janiar 2015 til desember 2020.
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Figure 5: Weighted-average ice-flow velocity of the main ice caps in Iceland for the months January to June 2020 derived
by offset-tracking of Sentinel-1A/B radar images. For explanations and credits see the caption of Figure 3. — Medal-
tal skriohrada fyrir islenska jokla fyrir mdnudina janiiar til jiini 2020 d grundvelli hliorunargreiningar d Sentinel-1A/B
radarmyndum. Sjd ndnari skyringar vio 3. mynd.
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Figure 6: Weighted-average ice-flow velocity of the main ice caps in Iceland for the months July to December 2020 derived
by offset-tracking of Sentinel-1A/B radar images. For explanations and credits see the caption of Figure 3. — Medaltal
skridhrada fyrir islenska jokla fyrir mdnudina juli til desember 2020 d grundvelli hliorunargreiningar d Sentinel-1A/B
radarmyndum. Sjd ndnari skyringar vio 3. mynd.
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Figure 7: Left: Cross-profiles of monthly ice-flow veloc-
ity in 2018 for five outlet glaciers in S-Vatnajokull, de-
rived by offset-tracking of Sentinel-1A/B radar images.
Right: The location of the profiles shown with red lines
on the 2014-2020 weighted-average ice-flow velocity field.
— Skridhradapversnid fyrir Skeidardrjokul (efst), Breida-
merkurjokul (mid) og Morsdrjokul/Skaftafellsjokul/Svina-
fellsjokul (nedst) fyrir drio 2018 d grundvelli hliorunar-
greiningar d Sentinel-1A/B radarmyndum.  Stadsetning
snidanna er synd med raudum linum d kortinu til hegri med
medalskriohrada dranna 2014-2020 sem bakgrunn.

Figure 8: Sentinel-2 satellite images of Entujokli from 14 September 2018 (left) and 9 September 2019 (right) showing an
advance of the eastern part of the glacier terminus over this time period. Glacier outlines in 2019 from Hannesdéttir ez al.
(2020) are shown in yellow. The area of advance is indicated with arrows on the 2018 image. Sentinel-2 gervihnattamyndir
af Entujokli frda 14. september 2018 (til vinstri) og 9. september 2019 sem syna ad austurhluti jokulsins gekk fram milli pess
sem pessar myndir voru teknar. Jokuljadarinn drid 2019 er syndur med gulri linu. Svedid par sem jokullinn gekk fram er
synt med dérvum d myndinni frd 2018. Image processing/myndvinnsla: Ragnar H. Prastarson.
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Figure 9: Cross-profiles of monthly ice-flow velocity for the outlet glaciers Entujokull (the two panels in the left column)
and Kotlujokull (the two panels in the right column) in Myrdalsjokull ice cap for 2018 and 2019 derived by offset-tracking
of Sentinel-1A/B radar images (note the different vertical scales for the two glaciers). An advance of terminus of Entujokull
in early 2019 was associated with a increase in winter ice velocities. The location of the profiles is shown with red lines
on the map in the lowest panel with the 2014-2020 weighted-average ice-flow velocity field as background. — Skridhrada-
pversnio fyrir Entujokul (tver myndir vinstra megin) and Kotlujokul (tveer myndir heegra megin) { Myrdalsjokli fyrir drin
2018 og 2019 d grundvelli hliorunargreiningar d Sentinel-1A/B radarmyndum. Entujokull gekk fram drio 2019. Stadsetn-
ing snidanna er synd med raudum linum d kortinu [ nedstu myndarodinni med medalskridhrada dranna 2014-2020 sem
bakgrunn.
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Figure 10: Average ice-flow velocity of the main ice caps in Iceland derived by offset-tracking of Sentinel-1 radar images
and provided by the RETREAT project (Friedl et al., 2021). For explanations and credits see the caption of Figure 3. — Med-
altal skriohrada fyrir islenska jokla d grundvelli hliorunargreiningar d Sentinel-1 radar gervihnattamyndum d timabilinu
november 2014 til desember 2020 vir RETREAT verkefninu (Friedl o.fl., 2021). Sjd ndnari skyringar vid 3. mynd.

Late-winter speed-up in Entujokull in 2019

The northern part of the terminus of Entujokull in N-
Myrdalsjokull advanced in 2019 by 100-200 m with
respect to its position in the previous year (see Fig-
ure 8). Figure 9 (left panels) shows that the ice-
flow velocity of this glacier was substantially higher
in early 2019 than in 2018 (and also with respect to
the years 2016, 2017 and 2020, not shown), and that
similar differences between these years in terms of
magnitude and seasonality are not as noticeable on the
Kotlujokull outlet glacier of the same ice cap (Figure
9, right panels), neither at the locations of the pro-
files in Figure 9 nor at other elevations (not shown).
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A clear seasonal variation in the ice-flow velocity is
seen for both glaciers as was the case for the outlet
glaciers of Vatnajokull discussed in the previous sub-
section (Figure 7). The speed-up event in Entujokull
in 2019 took place during late winter and was charac-
terized by a distinct change in the seasonality of the
ice-flow velocity, which typically reaches a seasonal
maximum during summer. In this sense, it is different
from recent advances of several termini of steep out-
let glaciers in S- and SE-Iceland (Hannesdéttir, 2020),
that are observed to advance in connection with a gen-
eral increase in the ice-flow velocity over the entire
year, or of a smaller magnitude than for Entujokull.
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Interestingly, the upper limit of the speed-up area on
Entujokull in the spring of 2019 is at the location of
two ice-surface cauldrons, MY-21 and MY-22, which
release regular jokulhlaups in middle or late summer.
The cauldrons did, however, not release a significant
flood in early 2019 (Magnusson, pers. comm., Feb.
2022). The 2019 speed-up and the associated advance
of the terminus may have been caused by a small surge
of the Entujokull outlet glacier, which is, however, not
previously known to be a surge-type glacier (Bjorns-
son et al., 2003). Surges are often observed to start
during the winter months as discussed by Raymond
(1997), although this is by no means a fixed rule.

Comparison with other ice-velocity data sets for
Icelandic glaciers based on radar and optical im-
ages
We compared the S-1-based weighted-average ice-
velocity mosaic in Figure 3 with the global RETREAT
ice-velocity data set, which is also based on offset-
tracking of S-1 radar images (Friedl et al., 2021) (Fig-
ure 10), and with ice velocities generated using Land-
sat optical images and provided by the NASA MEa-
SUREs ITS_LIVE project (Gardner et al., 2021) (Fig-
ure 11). Overall there is good agreement between the
three data sets in terms of the location and magni-
tude of the main ice-flow channels and other spatial
ice-velocity patterns. It should be noted that none of
these data sets represents a uniformly weighted time-
average over the period in question, so detailed quan-
titative agreement should not be expected.
Comparison of the S-1-derived ice-velocity fields
presented in this paper with the fields provided by the
RETREAT project based on the same satellite radar
images reveals a greater number of scattered outliers
and irregularities in the RETREAT velocity over the
accumulation areas, in particular for the Drangajokull
ice cap for which the comparatively large magnitude
and short-scale spatial variations of the RETREAT ve-
locity field in the area of the main SW-NE ice-divide
of the ice cap seem implausible. The RETREAT ve-
locity field is also consistently higher along the ice di-
vides of the other main Icelandic ice caps. The same
tendency for higher velocities in the RETREAT data is
seen near the ice margin in the ablation areas of all the
main ice caps. As near-zero ice velocity is expected in
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ice-divide areas where the ice motion changes direc-
tion between adjacent ice-flow basins, the observed
differences along the ice-divides indicate a high-bias
in low-velocity areas in the RETREAT data set. Fig-
ures 3 and 10 combine data from the entire period
2014 to 2020 and thereby achieve almost 100 % cov-
erage over the glaciers for both data sets in spite of
large areas without data in the individual monthly ve-
locity fields (cf. Figures 5 and 6). Table 1 summa-
rizes the proportional data coverage for the monthly
ENVEO and RETREAT ice-velocity data sets for the
year 2020, showing that the areas with valid velocity
are larger in the ENVEO data set for all months of this
year, with more than twice as large areas in the EN-
VEOQO data for the months of January, September and
November compared with the RETREAT data.

Comparison between the S-1-based ice-velocity
fields presented in this paper and by the RETREAT
project with the ITS_LIVE date set shows that the
ice velocity derived from optical data is affected by
a larger number of outliers and gaps as discussed in
more detail by Friedl et al. (2021), particularly in the
accumulation area of the largest ice cap, Vatnajokull,
but also to a lesser degree on other glaciers. There are
almost no valid ITS_LIVE ice velocities on Dranga-
jokull ice cap, on the NW-peninsula, and on the outlet
glaciers in SE-Vatnajokull where data are also miss-
ing. We did not make a similar comparison of the ice-
velocity fields presented in this paper to the GoLIVE
ice-velocity data set (Fahnestock et al., 2015), which
is generated using Landsat optical images as the ITS_-
LIVE velocity, since a detailed comparison by Friedl
et al. (2021) shows that the ITS_LIVE and GoLIVE
ice velocities are rather similar in terms of coverage
and error characteristics.

Figure 12 shows for comparison the 2018 annual
ice-velocity fields of Vatnajokull from the two S-1
data sets and the ITS_LIVE data set and two velocity
profiles taken along the center flowlines of Skeidarar-
jokull and Breidamerkurjokull, and extended across
the ice divide, from these three data sets. As can
be seen, the optical data set is affected by a larger
number of outliers, but the profile shapes generally
agree although differences in velocity can exceed 10—
15cmd ™ on Skeidarérjokull. The differences in data
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Figure 11: Weighted-average ice-flow velocity of the main ice caps in Iceland derived by offset-tracking of Landsat images
from the period 1985-2018 provided by the NASA MEaSUREs ITS_LIVE project (Gardner et al., 2021). For explana-
tions and credits see the caption of Figure 3. — Medaltal skridhrada fyrir islenska jokla d grundvelli hlidrunargreiningar d
Landsat gervihnattamyndum frd timabilinu 1985 til 2018 (Gardner o.fl., 2021). Sjd ndnari skyringar vio 3. mynd.

Table 1: Proportional data coverage for the monthly ENVEO and RETREAT Sentinel-1 ice-velocity data sets for the Ice-
landic glaciers in 2020. — Hlutfall sveeda med mdnadarlegum gognum { ENVEO and RETREAT hradagreiningum fyrir

islensku joklana drio 2020.

Data set

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

ENVEO 8 88 81 88 96
RETREAT 33 60 48 56 67

42 49 68 90 96 68 94
31 28 39 40 73 30 54

coverage may partly reflect a fundamental difference
in the suitability of optical versus SAR data for ice-
velocity retrieval. The profiles also show the consis-
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tently higher values found along the ice-divides in the
RETREAT and ITS_LIVE datasets where near-zero
ice velocity is expected.
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Figure 12: Ice-flow velocity of Vatnajokull in 2018 derived in this study (left), from Landsat optical images from the ITS_-
LIVE project (Gardner et al., 2021) (centre) and from RETREAT (Friedl et al., 2021) (right). The black lines show the
location of the two profiles depicted below the velocity maps. — Skridhradi iss d Vatnajokli drid 2018 skv. greiningunni sem
hér birtist (til vinstri), ITS_LIVE hradi sem reiknadur er med hliorunargreiningu d Landsat gervihnattamyndum (Gardner
ofl, 2021) (i midju) og skv. greiningu Friedl ofl. (2021) sem einnig byggir d Sentinel-1 radar gervihnattamyndum (til
heegri). Svartar linur d kortunum syna stadsetningu hradasnida d nedri hluta myndarinnar.

DISCUSSION AND CONCLUSION

The initial results, presented here, from producing
regular ice-velocity fields for the Icelandic glaciers
based on Copernicus Sentinel-1 radar images show
that these data have a large potential for studying and
monitoring ice dynamics, both general features of the
ice-flow field in terms of spatial and seasonal vari-
ations in ice velocity and for studying events such
as surges and jokulhlaups. In combination with reg-
ular, repeat ice-surface mapping (e.g. Hugonnet et
al., 2021), the remotely-sensed ice velocity enables
detailed analysis of many glaciological phenomena
where lack of data has prevented detailed studies of
the underlying glaciological dynamics. Dehecq et
al. (2019) show that changes in ice-flow velocity in
the ITS_LIVE data set are intimately connected with
long-term ice-thickness changes for glaciers in High
Mountain Asia so monitoring of changes in ice-flow
velocity are likely to become an integral part of the
monitoring of glacier mass balance and studies of the
effect of changes in climate on glaciers in the future.
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In terms of long-term average ice velocity, the re-
sults reveal a consistent spatial pattern with distinct
channelled ice flow within many of the main out-
let glaciers. The overall agreement of this pattern
with the long-term average ITS_LIVE ice-flow veloc-
ity field, derived from Landsat optical images, indi-
cates that this pattern is realistically captured by both
satellite data sets. The ice-velocity field derived from
the Sentinel-1 radar images is, however, less affected
by outliers and has a better spatial and temporal cov-
erage as discussed by Friedl ef al. (2021).

Seasonal data gaps in the Sentinel-1 radar veloc-
ity data set may result in biases in the long-term aver-
age ice velocity because of seasonal ice-velocity vari-
ations (cf. Figures 7 and 9) and will lead to bias at
locations where data from some times of the year are
always or almost always missing. This source of bias
needs to be kept in mind in the use of the data.

The loss of coverage because of decorrelation over
the 6- and 12-day interval between images currently
prevents study of ice-flow variations over days, weeks
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and months for most of the ice caps, except for the
ablation areas of many outlet glaciers where ice-flow
variations are captured with good time resolution (cf.
Figures 7 and 9). This limits the potential of the ice-
velocity data for the study of surges and jokulhlaups to
some extent but it remains to be seen whether adapta-
tion to Icelandic conditions in the offset-tracking pro-
cessing can be used to improve the data coverage. In
spite of the extensive data gaps, the current data cov-
erage in the ablation areas and during most winter
months will provide interesting data to shed light on
the dynamics of some surges and jokulhlaups. Poten-
tial processing improvements that are being studied
are: (1) improvements for slow-moving ice areas by
accounting for lowering of the glacier surface due to
ablation using an ice ablation model, (2) better treat-
ment of ionospheric effects, and (3) use of Sentinel-
1 Extended Timing Annotation Dataset (ETAD) with
improved geometric accuracy (Gisinger et al., 2021).
The usefulness of Sentinel-1 ice-velocity observations
for jokulhlaup studies is mainly related to the ef-
fect of the floods on ice-dynamics over the subglacial
flood path. The jokulhlaup-induced ice motion over
the subglacial source area consists mainly of vertical
motion that it not captured in the Sentinel-1 offset-
tracking velocities.

The ice-velocity data set provides useful input and
validation data for ice-flow modellers studying the
Icelandic glaciers. The velocity data may also be use-
ful for mass-balance studies where the observed sur-
face velocity can be compared with an estimate of the
balance velocity (Cogley et al., 2011) to assess the de-
gree of disequilibrium of different ice-flow basins, for
example for studying the build-up of outlet glaciers
towards a surge and the effect of ongoing climate
warming on glacier mass balance and ice dynamics.
The ice-velocity fields, furthermore, have potential
usefulness for monitoring changing horizontal veloc-
ity patterns in the neighbourhood of high-temperature
geothermal areas, subglacial volcanic vents and where
retreating termini calve into proglacial lakes. Chang-
ing velocity patterns due to variations in subglacial
hydrology, for example at the onset of the melt sea-
son, provide yet another interesting subject for study.
These are just a few examples of the potential useful-

JOKULL No. 72, 2022

ness of the ice-velocity data. As with all new remote-
sensing glaciological data sets, more potential appli-
cations may be expected to emerge after the data are
further applied in scientific studies.

Data availability

A digital data set with the 2014-2020 average ice ve-
locity derived in this research is available in the open-
access Zenodo repository (https://doi.org/10.5281/-
zenodo.5517241; Wuite et al., 2021). Annual and
monthly ice-velocity fields, which will be regularly
updated, are freely available through the ENVEO
Cryoportal (http://cryoportal.enveo.at; registration re-
quired). The RETREAT Sentinel-1 (Friedl et al.,
2021) and NASA MEaSURE ITS_LIVE Landsat-
8 (Gardner et al., 2021) ice-surface velocity prod-
ucts are available via interactive web portals at
http://retreat.geographie.uni-erlangen.de and https://-
doi.org/10.5067/6116VWSLLWI7, respectively.
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Radarmyndir dr gervihnottum syna breytilegt end-
urkast frd yfirbordi jardar sem endurspeglar 6reglur
{ ymsum eiginleikum efstu jardlaga. Par sem hreyf-
ing er 4 lausum jardlogum eda joklum er unnt er ad
meta hrada hreyfingarinnar med pvi greina hlidrun {
endurkastsmynstri milli radarmynda frd mismunandi
timum og nefnist adferdin ,,offset-tracking* 4 ensku.
Nt er unnt ad mela yfirbordshrada {sskrids 4 reglu-
legu neti yfir heilu joklana med nokkurra daga eda
vikna millibili og fylgjast med breytingum isskrids-
ins i tima og rimi. Islensku joklarnir bj6da upp 4
einsteett tekiferi til pess ad beita pessari nyju tekni.
Margvisleg gogn eru tiltek ur fyrri rannséknum, aud-
velt adgengi er ad joklunum til mealinga, og jok-
ulhlaup og framhlaup, sem reglulega verda i jokl-
unum, bjéda upp 4 fjolmorg dhugaverd rannséknar-
efni. Evrépsku Copernicus Sentinel-1 gervitunglin
hafa tekid radarmyndir af {slandi 4 6 eda 12 daga fresti
sidan haustid 2014. Hlidrunargreiningu hefur verid
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beitt til pess ad greina skridhrada jokla hér 4 landi {
islensk—austurrisku rannséknarverkefni sem stutt er af
Rannfs. Hlidsted greining hefur verid unnin fyrir {s-
breidur Grenlands og Sudurskautslandsins og ymsa
adra jokla jardar 4 sidustu arum. Medalskridhradi {s-
lensku joklanna samkvaemt frumnidurstodum pessara
rannsOkna er langmestur um midbik og nedarlega i
skridjoklum sem spanna mikid hadarbil 4 landsvad-
um par sem mikil drkoma fellur. Par getur hradinn
verid 400-800 metrar 4 4ri par sem hann er mest-
ur 4 Skeidararjokli, Breidamerkurjokli og Kotlujokli.
Hradinn er einnig tiltolulega mikill 4 skridjoklum Or-
@fajokuls og 4 skridjoklum { sudaustanverdum Vatna-
jOkli, mun meiri en 4 stéru skridjoklunum { nordan-
og vestanverdum Vatnajokli. Par melist hradinn vida
nokkrir tugir metra 4 ari og upp { 50-100 metra 4
ari og svipadur hradi melist 4 joklum 4 midhalend-
inu og & Vesturlandi og Vestfjordum. Einnig mi sja
ad jokulisinn skridur mjog hagt { grennd vid fsaskil
og vidast nerri jodrum joklanna. Hlidrunargreiningin
gefur ekki alltaf fullnegjandi nidurstodur fyrir blaut-
an vetrarsnj6 ad vor- og sumarlagi eda fyrir jokulis 4
sprungulitlum leysingarsvedum ad sumri. Greiningin
gengur hins vegar oftast vel fyrir kaldan vetrarsnj6 og
fyrir leysingarsvaedi par sem nokkud er um sprungur.
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