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Abstract: The Sentinel satellite constellation series, developed by the European Space
Agency, represents the dedicated space component of the European Copernicus program,
committed to long-term operational services in a wide range of application domains. Here,
we address the potential of the Sentinel-1 mission for mapping and monitoring the surface
velocity of glaciers and ice sheets. We present an ice velocity map of Greenland, derived
from synthetic aperture radar (SAR) data acquired in winter 2015 by Sentinel-1A, the first
satellite of the Copernicus program in orbit. The map is assembled from about 900 SAR
scenes acquired in Interferometric Wide swath (IW) mode, applying the offset tracking
technique. We discuss special features of IW mode data, describe the procedures for
producing ice velocity maps, and assess the uncertainty of the ice motion product. We
compare the Sentinel-1 ice motion product with velocity maps derived from high resolution
SAR data of the TerraSAR-X mission and from PALSAR data. Beyond supporting operational
services, the Sentinel-1 mission offers enhanced capabilities for comprehensive and long-term
observation of key climate variables, such as the motion of ice masses.
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1. Introduction

The Sentinel satellite constellation series, developed by the European Space Agency (ESA),
represents the dedicated space component of the European Copernicus program (formerly called Global
Monitoring for Environmental Security, GMES) [1]. Copernicus, led by the European Union, is an
ambitious operational Earth Observation program providing global, timely and easily accessible
information in application domains such as land, marine, atmosphere, emergency response, climate
change, and security. The Copernicus program comprises three components, namely the space
component, the in-situ component, and the service component. Though the main mandate of the
Copernicus space component is the support of operational services, the improved observational
capabilities and the long-term operational commitment of the Sentinel missions will also provide the
science community with unique and comprehensive observations on the various components of the
Earth System [2,3].

Here, we address the potential of the Sentinel-1 mission for mapping and monitoring the surface
velocity of glaciers and ice sheets, presenting the first ice sheet wide velocity map for Greenland
derived from Sentinel-1 synthetic aperture radar (SAR) data acquired between January and March 2015.
The Sentinel-1 mission is based on a constellation of two satellites equipped with a C-band SAR sensor.
Sentinel-1A, launched on 3 April 2014, is the first dedicated satellite of the Copernicus program in orbit [4].
The launch of the second Sentinel-1 satellite, Sentinel-1B, is scheduled for early 2016. The repeat cycle
of a single satellite is 12 days, dropping to 6-day repeat orbit for the two-satellite constellation. The
Sentinel-1 SAR instrument, with its active phased array antenna, supports four different operational
imaging modes that are providing different resolution and coverage: Interferometric Wide swath (IW)
mode, Extra Wide swath (EW) mode, Strip-Map (SM) mode, and Wave (WV) mode [5,6]. The mode is
either optimized for spatial resolution or for swath width. The Greenland ice velocity map is based on
data of the IW mode, which is the nominal mode for land areas, including ice sheets [4]. In order to
check the performance of the velocity maps derived from IW data, we compare the Sentinel-1 products
with velocity maps derived from very high-resolution SAR data of the TerraSAR-X mission acquired
over several outlet glaciers.

Satellite observations and in situ measurements reveal a high temporal variability of ice flow for outlet
glaciers of ice sheets over time scales ranging from days to years [7—10]. Therefore comprehensive,
detailed and long-term observations on the temporal and spatial patterns of ice flow are needed to better
understand and quantify the processes that are governing the response of ice sheets to climate forcing
and to improve estimates on future ice sheet contributions to sea level rise. Moon et al. [11] used SAR
data to produce velocity maps of the main outlet glaciers of the Greenland Ice Sheet for winter 2000 to
2001 and for each winter from 2005 to 2006 through 2010 to 2011, revealing complex spatial and
temporal velocity patterns. For the 3rd International Polar Year (IPY) 2007-2009 ice sheet wide maps
on surface velocity were generated for Antarctica [12] and Greenland [13]. These maps were assembled
from SAR data of several satellite missions: for the Antarctic Ice Sheet from data of PALSAR on the
Japanese Advanced Land Observing Satellite (ALOS), of the Canadian RADARSAT-1 and
RADARSAT-2 missions, and of the ESA satellites ERS-1, ERS-2, and Envisat [12], for Greenland from
data of the Advanced Synthetic-Aperture Radar (ASAR) on Envisat, of ALOS-PALSAR, and of
RADARSAT-1 [13]. The Sentinel-1 mission ensures the continuity of C-band SAR data provision by
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ESA, following up the SAR sensors operating on ERS-1, ERS-2, and Envisat, with significantly
enhanced capabilities in terms of duty cycle and coverage [4].

2. Data Sources

The ice motion map of the Greenland Ice Sheet (Figure 1) has been assembled from 819 Sentinel-1
(ST) SAR scenes in Interferometric Wide swath (IW) mode. The majority of data was acquired during
the period January to March 2015. A few tracks were recorded during October to December 2014 and
April to June 2015 in order to fill some gaps on the west and southeast coasts. For retrieval of ice motion
S1 SAR images of consecutive passes are used, spanning time intervals of 12 and 24 days. In order to
check the impact of spatial resolution, we compare S1 ice motion with ice motion maps generated from
11-day repeat pass SAR images of the TerraSAR-X satellite, acquired in strip-map (SM) mode over
several outlet glaciers on Greenland’s west coast and with 46-day repeat pass ALOS Phased Array-type
L-band SAR (PALSAR) images acquired in Fine Beam Single polarization (FBS) mode. Characteristics
of the SAR data used for the study are listed in Table 1.

The S1 IW mode is operated as TOPS (Terrain Observation with Progressive Scans in azimuth) mode
in order to provide a large swath width of 250 km at a nominal ground resolution of 5 m x 20 m for
single look data, offering enhanced image performance compared to the conventional ScanSAR
mode [6,14]. In TOPS SAR imaging mode, the antenna azimuth beam is steered from aft to the fore at a
constant rate. As a result, the targets on ground are observed by the entire useful part of the azimuth
antenna pattern [14,15]. This reduces the scalloping effect significantly and leads to constant azimuth
ambiguities and signal-to-noise ratio (SNR) along azimuth. On the other hand, the TOPS mode imposes
particular challenges regarding accurate co-registration of image pairs and interferometric processing.

For producing the Greenland ice motion map, we use Sentinel-1 IW Level 1 single look complex
(SLC) products. The data set for generating the ice motion map (Figure 1) comprises 28 different tracks
and a total data volume of 3 TByte in compressed form. Each image swath in IW mode is composed of
three sub-swaths. Individual swaths are subdivided into slices (frames) of about 350 km length along
tracks. Each sub-swath consists of a series of bursts, where each burst is processed as a separate SLC
image. For the ice motion map we processed a total of about 28,000 bursts. Most of the swaths over
Greenland were acquired at dual polarization (HH and HV). For ice motion retrieval, we use the HH
channel, which has higher signal-to-noise ratio and provides better quality of amplitude features than the
HV channel.

The S1 SLC products are focused SAR data preserving the phase information, processed in
zero-Doppler/slant-range geometry and geo-referenced using orbit and attitude data from the satellite.
The individually focused complex burst images are put into a single sub-swath image in azimuth-time
order [16]. The imaged ground areas of adjacent bursts (with a nominal duration of 2.75 s each)
marginally overlap in azimuth, so that contiguous coverage of the ground is achieved. Images for all
bursts in all sub-swaths of an IW SLC product are re-sampled to a common pixel spacing grid in range
and azimuth. Burst synchronization is ensured, based on a requirement for achieving a synchronization
of less than 5 ms between corresponding bursts. This is essential for interferometric processing of burst
mode data and is also relevant for accurate retrievals of surface motion applying offset tracking
techniques [17].
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Figure 1. Ice velocity map (magnitude, in logarithmic scale) of the Greenland Ice Sheet
derived from SAR data of the Sentinel-1A satellite, acquired in Interferometric Wide Swath
Mode (IW) between January and March 2015.
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Table 1. Characteristics of the SAR data used in this study. Pixel spacing refers to single
look complex (SLC) data as used for velocity retrievals. Nominal spatial resolution specified
for single look data. Gr: Ground range; Az: azimuth; LOS: line-of sight.
* includes angles for different tracks.

SAR Nominal

. Repeat Imaging Swath  Incidence . Pixel Spacing
Satellite Frequency Resolution
Cycle (Day) Mode (km)  Angle (deg) LOS X Az (m)
(GHz) Gr x Az (m)
Sentinel-1 54 12 w 250 3042 5x20 24 x139
TerraSAR-X 9.6 11 SM 30 28-42 * 2x33 0.9 x1.95
ALOS 1.27 46 FBS 70 34 7x5 4.7 x3.6

We retrieved velocity maps of the terminus of several outlet glaciers from TerraSAR-X single-look
slant-range complex (SSC) images in strip map mode (SM), HH polarization. The SM images extend
over a swath width of 30 kilometers. The data over the various sites were acquired from different satellite
tracks, with incidence angles, 0, ranging from 28 to 42 degrees depending on the track. The spatial
resolution of this product, with 150 MHz chirp bandwidth, is 3.3 meters in azimuth and 2.0 m in ground
range (at 0 = 36°) [18], and the pixel size is 0.90 m x 1.95 m (slant range x azimuth).

Along the central section of the west coast, we derived ice velocities from 46-day repeat pass data of
ALOS PALSAR acquired in FBS mode, spanning the periods 15 September to 31 October 2008 and 20
November 2009 to 5 January 2010. The FBS mode data have a swath width of about 70 km.
The 28 MHz chirp bandwidth results in a ground range resolution of about 7 m at 6 = 34°. The nominal
azimuth resolution is 5 m [19].

3. Methods

We apply the offset tracking technique on SAR image pairs of repeat pass orbits to derive surface
displacements [20], using an in-house developed software system. The offset tracking technique is less
sensitive to temporal stability of the target phase (coherence) than the interferometric SAR method
(InSAR) [21]. We checked the interferometric coherence for the 12-day repeat pass S1 SAR image pairs.
Snowfall and redistribution of surface snow due to wind are the main causes for temporal decorrelation
during winter. The coherence in the S1 data set varies significantly between individual repeat tracks.
Along the ice sheet margins and the southern section of the ice sheet, coherence is rather low. Further
restrictions for the application of InSAR arise from ambiguities in zones of strong velocity gradients
such as the margins of fast flowing ice streams due to the failure in resolving individual phase cycles.
The feasibility for resolving velocity gradients depends on the radar signal bandwidth in slant range and
on the interferometric time span [22]. For S1 IW mode data phase ambiguities in shear zones prohibit
the application of InSAR on fast-flowing outlet glaciers.

Whereas InSAR provides the displacement only in slant range (radar line-of-sight, LOS), offset
tracking delivers the components of the surface displacement vector along the flight track (azimuth) and
in LOS. The two-dimensional displacement vector in radar imaging geometry is projected onto the
surface defined by a digital elevation model (DEM). The resulting surface displacement vector in map
projection is defined by two horizontal components (easting, northing) and the vertical component.
The vertical component results from the elevation difference between the start position and end position
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of the LOS and azimuth displacement vector projected onto the DEM. We use data of the Greenland Ice
Mapping Project (GIMP) digital elevation model (DEM) posted at a 30 m grid [23]. For generating the
S1 Greenland-wide velocity map (Figure 1) we resample the DEM to a 250 m grid applying bi-linear
interpolation. If a pixel is covered by multiple swaths, averaging is performed at pixel scale. The S1,
TerraSAR-X and PALSAR velocity data sets used for comparisons on sub-sections of the west coast are
posted at a 30 m grid, using the 30 m grid of the DEM for geocoding.

Because of different spatial resolutions we perform the cross-correlation with the different SAR
products on templates (windows) of different size to calculate two-dimensional offsets (Table 2).
The selected window sizes are based on the outcome of performance tests on various outlet glaciers,
taking into account signal correlation and the feasibility of resolving gradients in velocity. For Sentinel-1
the rectangular shape of the matching window accounts for the different spatial resolutions in LOS and
azimuth. Our matching algorithm applies an iterative approach, where after coarse shift estimation at
pixel scale the matching windows are realigned before retrieving the shifts at sub-pixel scale. The sub-pixel
shift is calculated by oversampling and interpolating the peak of the cross correlation matrix. The pixel
spacing of the final products is 250 m for the ice sheet wide velocity map of S1, and 30 m for the regional
velocity maps.

Table 2. Specifications for window size and sampling steps in offset tracking, and for grid
size of velocity products. (* ice sheet wide product, * for comparison with other products).

Sentinel-1 IW TerraSAR-X ALOS PALSAR

Matching window size

144 x 4 2% 72 144 x 144
Pixels (LOS X azimuth) 8 72 xT
Sampling steps
40 x 20 20 x 20 32 x 32
Pixels (LOS X azimuth)
.Veloc1t.y pr.oduct, 250 X 250 *
Grid spacing in meters 30 x 30 * 30 X 30 30 x 30

(Easting X Northing)

Because of the special features and novelty of the S1 IW data, we provide below further information
on specific procedures applied for ice velocity mapping. Precise co-registration is performed for the
image pairs used for offset tracking. TOPS mode data require high accuracy for image co-registration.
A small co-registration error in azimuth can introduce an azimuth phase ramp because of the azimuth
variation of the Doppler centroid within the bursts. A local mismatch of the effective velocity of the
radar with respect to squint and topography causes positioning errors in azimuth and range [15].
Therefore, we apply geometric co-registration, which makes use of precise orbit data and a DEM for
referring the position of each pixel in repeat pass acquisitions to a pre-selected master image [24]. The
refinement of the azimuth shifts by using incoherent cross correlation and enhanced spectral diversity,
which is optionally applied to TOPS mode interferometry in stationary areas [25], is not applicable on
moving ice masses and is not required because of the high accuracy of S1 satellite tracking.

Precise orbit data (ephemerides) are routinely provided for the Sentinel satellites, making use of the
Global Navigation Satellite System (GNSS) receiver data on-board. The evaluation of geolocation
accuracy using precise orbit data, evaluated over a dedicated site, reveals for SLC data a slant range
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offset of 1.27 = 0.06 m and an azimuth offset of 1.96 = 0.41 m [26]. Because of the high geolocation
accuracy with the available orbit data of S1 there is no need for using ground control points for
co-registering repeat-pass image pairs. This enables precise co-registration on moving surfaces where
ground control points cannot be used. It overrides the need for coast-to coast tracks for improving orbit
estimates over ice sheets and the use of balance velocity estimates for ridges and ice divides as applied
for adjusting the velocities retrieved from data of previous SAR missions [27,28].

Offset tracking is performed on burst level in slant range (LOS) geometry. The SLC data are
oversampled by a factor of two prior to compiling the amplitude image in order to avoid aliasing.
The output of the matching procedure consists of three components: the displacements in LOS and in
azimuth, and the correlation coefficient. The data of the individual bursts of a track are debursted using
the start azimuth time of each burst in order to form a single strip. Subsequently noise reduction is
performed in three steps: (i) excluding matches with low correlation; (ii) applying spatial filtering over
moving windows of 5 x 5 pixels to exclude outliers based on local variance; and (iii) filling small gaps
at the scale of individual pixels by interpolation from surrounding displacement values. Displacement
images of the individual tracks are projected onto the surface defined by the DEM and averaging is
performed for those pixels that are covered by multiple tracks in order to generate the ice sheet wide
velocity map.

4. Results
4.1. Sentinel-1 Ice Velocity Map

The S1 map of the surface velocity is displayed in north polar stereographic projection centered on
Greenland, with an origin at 90°N, 45°W, a standard parallel of 70°N, and a reference to the WGS84
ellipsoid, corresponding to the projection used for the GIMP DEM [23]. Figure 1 shows the magnitude
of the horizontal surface velocity. The velocity mosaic provides near complete coverage of the ice sheet
areas west of the main ice divide. Some gaps exist in the interior eastern and southeastern sections of the
ice sheet. The terminus sections of all outlet glaciers are covered. Whereas on outlet glaciers the
matching signal for offset tracking is based primarily on amplitude features related to surface structure
and roughness, distinct amplitude features are sparse in the interior of the ice sheet and stable speckle
patterns are required for correlation of image chips. Preservation of speckle requires temporal coherence.
In areas exposed to high snowfall and strong winds the temporal decorrelation of the phase signal limits
the availability of suitable repeat pass pairs. Most of the gaps in the January to March, 2015 data set
could be filled with additional S1 data acquisition during the following months.

On some tracks, in particular in the northern section, stripes are evident being aligned approximately
perpendicular to the satellite flight direction. These patterns are due to azimuth shifts induced by
fluctuations in ionospheric electron density [29]. The ionosphere-induced noise is mainly of relevance
for slow motion areas. It can be efficiently reduced by merging velocity data of multiple tracks.

In order to illustrate and discuss particular features of the Sentinel-1 ice velocity product, we present
detailed S1 velocity maps over some of the fast outlet glaciers in the following subsection and compare
these with velocity maps derived from TerraSAR-X and PALSAR data.
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4.2. Comparison with Ice Motion from TerraSAR-X and PALSAR Data

Maps of ice velocity on the outlet glaciers on the central section of Greenland’s west coast are shown
in Figure 2, derived from SAR data of S1, TerraSAR-X and ALOS PALSAR. The S1 velocity maps are
based on repeat pass data pairs of the time spans 22 December 2014-3 January 2015 and
3—15 January 2015, separated up to one month from the TerraSAR-X images. The TerraSAR-X velocity
maps are derived from 11-day, respectively, 22-day, repeat pass pairs of single scenes, each of which
covers about 30 km x 50 km in area. The PALSAR velocity map is based on repeat pass data of a single
track, spanning the time period from 20 November 2009 to 5 January 2010. Whereas S1 in IW mode
covers the displayed (and actually a much wider) area within a single track, PALSAR in FBS mode
covers a strip of about 70 km width which in this case happens to include the terminus sections of the
outlet glaciers. The TerraSAR-X scenes cover limited sections of individual glaciers.

The wider spatial coverage of S1 IW mode accounts for the lower spatial resolution in azimuth
compared to strip map mode data of PALSAR and TerraSAR-X. Spatial resolution is of concern for
velocity retrievals on fast flowing outlet glaciers. The enlarged sections of S1 and TerraSAR-X
amplitude images of two outlet glaciers (Figure 3) show obvious differences in detail of surface features
between the two sensors. In order to examine the impact of spatial resolution on velocity retrieval, we
show enlarged S1 and TerraSAR-X velocity maps on two sub-areas: four outlet glaciers draining into
the northern Disko Bugt (Figure 4), and the lower terminus of Jakobshavn Isbrae (Figure 5). The spatial
resolution of TerraSAR-X is 2.5 times higher in ground range and six times higher in azimuth (Table 1).
Nevertheless, on the main sections of the Disko Bugt glaciers the motion fields from the two sensors are
of similar quality (Figure 4). Some differences are evident on narrow strips along the glacier margins
where S1 tends to flatten the velocity gradients.

Whereas the maximum velocity on the outlet glaciers in Figure 4 ranges from 5 m-d™! to 15 m-d”},
the velocity on Jakobshavn Isbrae rises up to 30 m-d™! near the calving front. The fast flowing section
of the ice stream is only 8 km wide, resulting in strong velocity gradients across. The offset tracking
analysis with S1 IW data fails to provide reliable correlation results for the ice stream section where the
central flowline velocity is >ca. 12 m-d ™! (flagged out in Figure 5). A similar cut-off velocity is observed
for PALSAR retrievals. The PALSAR FBS data have higher spatial resolution than S1 IW, so that
smaller matching windows can be used. However, this advantage for velocity retrieval in areas of strong
gradients is reduced by the longer time interval for acquisition of repeat-pass data.

Figure 6 shows the velocities along the central flowlines on the lower terminus of four outlet glaciers
(location in Figure 2), derived from S1, TerraSAR-X and ALOS PALSAR data. Information on the
location of the glaciers and on the time span for velocity retrievals is listed in Table 3. Seasonal and
interannual variations in ice velocities have been reported for many marine terminating outlet glaciers
of Greenland [11,13,27,30-32]. Here we want to compare the feasibility of the different SAR sensors
for tracing ice velocities along the terminal sections of outlet glaciers. Regular observations of velocities
on the terminus of outlet glaciers are crucial for quantifying the impact of ice dynamics on mass losses
of the Greenland Ice Sheet.

The velocity profiles in Figure 6 are from the cold season when short term fluctuations in velocity are
modest compared to the melting period. On each of the four glaciers the ice flow speeds up towards the
calving front, a typical pattern for Greenland’s marine terminating outlet glaciers [13,27]. For three of
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the glaciers, the S1 analysis provides velocities all along the terminus. For Jakobshavn Isbrae S1 and
PALSAR are not able to track the motion down to the front because of the sharp velocity gradients across
the ice stream.

The S1 and TerraSAR-X velocity profiles shown in Figure 6 are separated in time up to one month.
On Umiammaku Isbrae, Sermeq Silarleq and Store Gletsjer the S1 and TerraSAR-X velocity profiles
show close agreement, indicating, on the one hand, comparatively stable wvelocities during
December 2014 and January 2015, and, on the other hand, similar performance of the two sensors for
tracking velocities along the central flowlines. Regarding long-term trends, Sermeq Silarleq and
Jakboshavn Isbrae show significant acceleration. For Jakobshavn Isbrae, this trend is well documented,
as well as the strong seasonal variations of velocity [30,32].
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Figure 2. Maps of ice velocity on outlet glaciers of the Greenland west coast, derived from
SAR data of (a) Sentinel-1, 3—15 January 2015; (b) TerraSAR-X, 11 days repeat pass from
different epochs in December 2014 and February 2015; and (¢) PALSAR,
20 November 2009-5 January 2010. DB—northern Disco Bugt; JI-Jakobshavn Isbrae. White
lines show profiles of Figure 6: 1-Umiammakku Isbrae, 2-Sermeq Silarleq, 3-Store Gletsjer,
4-Jakboshavn Isbrae.
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Figure 3. SAR amplitude image of the glaciers Sermeq Kujalleq and Kangilernata Sermia,
draining into the northern Disko Bugt, geocoded using the GIMP DEM at 30 m grid.
(a) Section of Sentinel-1 IW image, 3 January 2015. (b) Section of TerraSAR-X image,
20 December 2014. Dotted line: Coastline on 20 December 2014.

Figure 4. Maps of ice velocity on outlet glaciers to the northern Disko Bugt (DB in Figure 2)
derived from (a) SAR data of Sentinel-1, 3 to 15 January 2015. (b) TerraSAR-X,
9 to 20 December 2014. Dotted line: Coastline.
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(b)

Figure 5. Maps of ice velocity on Jakobshavn Isbrae (JI in Figure 2) derived from (a) SAR
data of Sentinel-1, 3 to 15 January 2015. (b) TerraSAR-X, 8 to 19 February 2015. Dotted
line: Coastline. Grey area: no velocity data obtained from S1.

Table 3. Specifications for ice motion analysis along central flowlines of outlet glaciers in
Greenland west coast (shown in Figure 6). Location of velocity profiles in Figure 2.
Coordinates specified for center point of calving fronts in January 2015. Time span refers to
epoch for velocity retrievals.

Front
Glacier Time Span S1 Time Span TerraSAR-X Time Span PALSAR
Coordinates
Umiammakku 71.727°N 22. December 2014— 12 December 2014— 15 September—31 October 2008
Isbrae 52.397°W 3 January 2015 1 January 2015 20 November 2009-5 January 2010
0to 15 km
22 December 2014—
Sermeq 70.830°N 15 September—31 October 2008
. 3 January 2015 16-27 December 2014
Silarleq 50.760°W 20 November 2009-5 January 2010
from 15 to 35 km:
3—15 January 2015
. 70.378°N 15 September—31 October 2008
Store Gletsjer 3-15 January 2015 3-14 February 2015
50.611°W 20 November 2009-5 January 2010
Jakboshavn 69.147°N 15 September—31 October 2008

3-15 January 2015 8-19 February 2015
Isbrae 49.571°W 20 November 2009-5 January 2010
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Figure 6. Maps of ice velocity along central flowlines for Umiammakku Isbre, Sermeq

Silarleq, Store Gletsjer, and Jakobshavn Isbre. Distance upstream of ice front in

January 2015. Location of profiles in Figure 2.
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4.3. Error Estimate

There are three main sources of error for retrieval of ice motion by means of offset tracking:

1. The error introduced during the matching procedure used to determine the offsets of the image
templates. This error is related to the degree of correlation between the templates in the different
images. It depends on the co-registration of the image pairs, the template size, and on the quality
of amplitude features and/or stability of speckle used for tracking.

2. lTonospheric disturbances due to fluctuations in ionospheric electron density that are causing phase
gradients resulting in azimuth shifts [29]. These are clearly evident as streaks in the retrieved
velocity, aligned slightly oblique to the LOS direction.

3. Geocoding error. Due to the very precise ephemeris data for S1 the error through transformation
from slant range to map projection is primarily caused by height errors in the DEM used for
topographic correction.

The impact of ionospheric disturbances varies significantly over time and position. For C-band SAR
a range of values is reported in the literature. Joughin et al. [27] explain that ionospheric disturbances
near the solar maximum over Greenland may generate noise in the velocity field retrieved from C-band
RADARSAT-1 data with magnitudes of up to several tens of m-a™'. Gray et al. [29] report
peak-to-peak modulation in azimuth shift in RADARSAT-1 data of Antarctica of up to 1 m, which
corresponds to a displacement of 0.042 m-d~'. Mouginot et al. [28] explain that ionospheric disturbances
cause maximum velocity errors of £6 m-a~! (corresponding to £0.016 m-d ') for RADARSAT ice
velocity retrievals over Antarctica.

Because of the shorter repeat cycle for S1 versus RADARSAT-1 (12 days versus 24 days), the potential
impact of ionosphere-induced noise on the velocity is doubled. In our data set the ionosphere variability
appears as distinct streaks in several velocity maps derived from single S1 image pairs over northern
Greenland with peak values equivalent to displacements of 0.25 m-d™!. For a large area
(>200,000 pixels) in the central section of northern Greenland with low velocities, we obtain a standard
error of 0.08 m-d™! due to ionospheric disturbance. By averaging over multiple acquisitions, the error is
reduced to 0.02 m-d"'. This confirms that efficient reduction of ionospheric noise is achieved through
averaging of retrieval from multiple image pairs as reported by [27,28].

The geocoding accuracy of the S1 ice velocity maps is related to the accuracy of the GIMP DEM
used for topographic correction. The DEM has a reported ice-sheet wide root-mean-squared height error,
relative to ICESat, of £10 m, ranging from close to =1 m over the main part of the ice sheet to =30 m in
areas of high relief [23]. The geocoding of the 2D velocity vector retrieved in radar geometry is
performed for each displacement value independently, so that DEM errors do not propagate. The DEM
has a nominal date of 2007. Since that date major changes in surface elevation happened on the termini
of outlet glaciers due to dynamic thinning. For estimating the possible impact of changes of surface
topography due to dynamic thinning on outlet glaciers, we selected as example Jakobshavn Isbrae. The
rate of surface lowering between 2007 and 2010 was 15 m-a™! near the front and 8 m-a™' 20 km
upstream [32]. This rate of surface lowering over a period of eight years results in a change of the surface
slope of 0.16 degrees, resulting in a bias of 0.5% in the magnitude of surface velocity. The lower terminus
of Jakobshavn Glacier represents an extreme case in terms of dynamic thickness change [33].
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For estimating the uncertainty of S1 velocities, we compare S1 velocity products with ice velocity
maps retrieved from TerraSAR-X data (Figure 2). The comparisons are performed with TerraSAR-X
velocity maps retrieved from single SAR repeat pass pairs. For S1 velocity data acquired from single
image pairs and velocity data from the velocity mosaic are used. Because of possible temporal variations
in velocity the lower sections of glacier tongues are not used for the comparison. We computed the root
mean square error (RMSE) of velocity magnitude between TerraSAR-X and S1 for 28 areas with mean
velocities ranging from 1 m-d™! to 10 m-d™'. The RMSE for this data set corresponds to 7.4% of the
mean velocity for S1 velocities from a single image pair and to 4.8% for the merged S1 velocity map.
These values include the total uncertainties both for the S1 velocities and the TerraSAR-X velocities.
Ahlstrom et al. [34] compare velocity maps from TerraSAR-X/TanDEM-X data with in-situ velocity
records measured with GPS receivers on several Greenland glaciers. For measurements over 11-day
intervals they report a mean difference of 1.5% between TerraSAR-X/TanDEM-X and GPS velocities.
Assuming similar uncertainty for our TerraSAR-X retrievals, the RMSE can primarily be attributed to
uncertainty in the S1 velocity data. The uncertainty for slow moving areas was calculated by deriving
the RMSE for 12 areas with mean velocities between 0.1 m-d ™! to 0.5 m-d"'. For S1 velocities retrieved
from a single image pair the RMSE is 0.068 m-d"!, and for the merged S1 ice velocity map the RMSE
is 0.047 m-d"". The higher relative error at slow velocities is due to the impact of ionospheric noise in
the total error budget.

5. Discussion

Ice sheet monitoring in support of climate change studies is one of the main application domains for
the Sentinel-1 mission over land [4]. The high duty cycle of up to 25 min per orbit, the wide coverage
of the IW mode as nominal operation mode over land, and the long-term commitment for operation of
the mission opens up unique capabilities for building up consistent, long-term data archives on ice sheet
parameters. The mission operation is based on stable and predefined observation scenarios and
systematic production schemes. The baseline observation scenario over ice sheets applies the IW mode
with 250 km swath width and 5 m x 20 m spatial resolution. We investigated the feasibility and
performance of Sentinel-1 for mapping and monitoring ice sheet motion, based on the first
comprehensive ice sheet data set acquired by this satellite. In this section, we discuss properties of the
Sentinel-1 ice velocity product of Greenland with reference to ice motion maps from previous years,
based on other SAR sensors.

Rignot and Mouginot [13] produced a comprehensive digital mosaic of ice motion in Greenland for
the IPY assembled from SAR data of ALOS PALSAR, RADARSAT-1, and Envisat ASAR, applying a
speckle tracking algorithm. Most of the data were acquired in fall 2009, with some additional tracks
from fall 2007 and 2008. The IPY velocity map covers 99% of the ice sheet area. The PALSAR motion
retrievals represent the main contribution to the composite ice motion map because of the good temporal
coherence of the L-band data (wavelength 24 cm) in spite of the long repeat cycle of 46 days. The C-band
signal (wavelength 5.6 cm) is more sensitive to temporal decorrelation caused by meteorological events.
For this reason the RADARSAT-1 (repeat cycle of 24 days) and the ASAR (repeat cycle 35 days) ice
motion data show large gaps, in particular in the interior part of Greenland [13]. The RADARSAT-1 ice
velocity maps of individual winters of Joughin ef al. [27] show large gaps, in particular in the central,
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southeast and south sections of the ice sheet. Whereas L-band SAR offers better performance in terms
of coherence, ionospheric perturbations are smaller at C-band [13,28].

The S1 ice velocity map of Greenland (Figure 1), based on SAR data of winter 2015, shows some
gaps in the southeast sections as the RADARSAT-1 ice motion maps of individual winters [27].
However, the S1 velocity shows overall a more extended coverage over the ice sheet. This can probably
be attributed to the shorter repeat cycle of S1 (12 days). Further improvements in coverage can be
expected after full deployment of the S1 mission when two satellites will fly in coordinated orbits
providing six-day repeat coverage, which helps to reduce temporal decorrelation [5].

For velocity retrievals on outlet glaciers the temporal decorrelation is of less concern than in the
interior of the ice sheet, because in ablation areas template matching uses mainly conservative amplitude
features (crevasses, flowlines, drainage patterns) rather than speckle patterns. A critical issue is the
ability to obtain reliable correlation peaks on fast-moving glaciers. The spatial resolution of the sensor
and the length of the repeat observation cycle are the main parameters determining the feasibility for
resolving velocity fields in zones of strong shear and deformation.

The enlarged sections of the ice flow map in Figures 4 and 5 and the velocity profiles in Figure 6 help
to illuminate this issue. The S1 offset tracking analysis provides complete motion fields for the glaciers
draining into the northern Disko Bugt and for the fast-flowing Store Gletsjer, which has a frontal velocity
of 16 m-d™". On Jakobshavn Isbra the TerraSAR-X analysis of February 2015 yields a frontal velocity
of 32 m-d"! (Figure 6), similar to velocities observed in February 2013 and February 2014 [30]. The S1
analysis delivers continuous velocity data upstream of a point 20 km inland where the velocity is 11 m-d".
With PALSAR we obtain velocities upstream of 15 km. The impact of sensor resolution for retrieving
ice velocities on this fast flowing ice stream with strong shear is obvious. The TerraSAR-X
high-resolution Strip Map images, acquired with 11-day repeat, deliver high quality velocity over the
entire terminus. For PALSAR the spatial resolution in LOS is slightly lower than for S1 IW mode data,
but the resolution in azimuth is four times higher (Table 1). In spite of the longer repeat cycle, PALSAR
provides velocities slightly further downstream than S1. One reason for this could be the unfavorable
orientation of the main velocity gradient with respect to the S1 track, which is aligned approximately
perpendicular to the azimuth direction in the S1 images. Because of the lower spatial resolution in
azimuth, the IW mode data are less sensitive to velocity gradients in azimuth than across track.

The S1 Strip Map mode data, with nominal spatial resolution of 5 m x 5 m, would offer the possibility
for closing gaps on fast flowing glaciers. However, the S1 operation strategy allows only in exceptional
cases (e.g., emergency requests) for Strip Map mode acquisitions to supersede the systematic acquisition
plan [5]. On the other hand, the availability of six-day repeat pass data after the launch of Sentinel-1B
will offer the opportunity to largely reduce the (rather limited) gaps in velocity coverage over fast
flowing glaciers with IW mode data. The shorter repeat observations will also be of interest for
interferometric retrievals of ice motion and deformation with S1 IW mode data, in particular for slowly
moving ice.

6. Conclusions

The Sentinel satellite missions, developed and operated by ESA for the European Copernicus
Programme under the leadership of the European Commission, provide the science community with
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powerful and long-term observation capabilities for key variables of the Earth system [2]. Each Sentinel
mission is based on a constellation of two identical satellites. The Sentinels, together with the Earth
Explorer missions that are addressing specific scientific questions of high urgency, are representing the
core of ESA’s Living Planet Programme [35].

In addition to surface motion, the S1 SAR will provide regular repeat observations of other key ice
sheet variables, including ice shelf margins, calving fronts of outlet glaciers, extent of surface melt areas, and
surface drainage features. The capabilities of the Copernicus space component for ice sheet observations will
be complemented by the Sentinel-2 and Sentinel-3 missions [3]. Sentinel-2 is a polar-orbiting, multispectral
high-resolution imaging mission at visible and near infrared wavelengths [36]. The first Sentinel-2 satellite
was launched on 23 June 2015. Ice sheet applications will include the mapping of outlet glaciers, ice
boundaries, surface features and albedo, complementary to the high-resolution radar observations of S1. The
Sentinel-3 mission combines optical medium-resolution observations by an imaging spectrometer and a
dual-view multispectral radiometer, and altimetry measurements by a dual frequency synthetic aperture
radar altimeter (SRAL) [37]. Main products of the optical sensors over the ice sheets will be spectral
surface albedo and surface temperature. SRAL, including an along-track SAR capability of CryoSat-2
heritage, will observe surface topography and surface elevation change with increased measurement
accuracy and along track resolution when compared to conventional altimetry products.

In this paper, we highlight the capability of the Sentinel-1 mission for spatially detailed, ice-sheet
wide monitoring of surface motion. Sentinel-1 with its IW mode delivers high resolution SAR data at
wider coverage and shorter repeat cycle compared to previous SAR missions. Comprehensive mapping
of'ice motion at regular repeat intervals, as demonstrated with the first S1 ice velocity map of Greenland,
will provide an important new database for understanding ice-sheet variability and the processes linking
ice dynamics and climate forcing. The long-term S1 acquisition strategy for Greenland plans for two
campaigns per year with full coverage of Greenland, comprising about 30 tracks in IW mode. The current
plan comprises three consecutive repeat acquisitions, allowing the formation of two 12-day image pairs.
The extension to a fourth repeat acquisition is advisable, in order to improve the likelihood of good
coherence for ice velocity retrievals in regions of frequent snowfall. In addition to regular ice-sheet-wide
acquisitions, it is planned to continuously monitor Greenland’s ice margins with six tracks within every
repeat cycle, providing 12-day temporal sampling with Sentinel-1A, shortened to six-day repeat once
Sentinel-1B will be operational. This data set will be an excellent basis for observations of short-term
variability and long-term trends in ice flow and mass export of Greenland’s outlet glaciers.
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