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Abstract This study presents Arctic sea ice drift fields measured by shipboard marine X-band radar (MR).
The measurements are based on the maximum cross correlation between two sequential MR backscatter
images separated ~1 min in time, a method that is commonly used to estimate sea ice drift from satellite
products. The advantage of MR is that images in close temporal proximity are readily available. A typical MR
antenna rotation period is ~1-2 s, whereas satellite revisit times can be on the order of days. The technique
is applied to ~4 weeks of measurements taken from R/V Sikuliaq in the Beaufort Sea in the fall of 2015. The
resulting sea ice velocity fields have ~500 m and up to ~5 min resolution, covering a maximum range of
~4 km. The MR velocity fields are validated using the GPS-tracked motion of Surface Wave Instrument Float
with Tracking (SWIFT) drifters, wave buoys, and R/V Sikuliaq during ice stations. The comparison between
MR and reference sea ice drift measurements yields root-mean-square errors from 0.8 to 5.6 cm s~ '. The MR
sea ice velocity fields near the ice edge reveal strong horizontal gradients and peak speeds > 1 m s~ . The
observed submesoscale sea ice drift processes include an eddy with ~6 km diameter and vorticities <-2
(normalized by the Coriolis frequency) as well as converging and diverging flow with normalized divergen-
ces <-2 and >1, respectively. The sea ice drift speed correlates only weakly with the wind speed (* = 0.34),
which presents a challenge to conventional wisdom.

1. Introduction

This study presents sea ice drift measurements that were made from a research vessel within the marginal
ice zone (MIZ) of the fall Beaufort Sea. The MIZ connects the open ocean with the pack ice, extending over
150-200 km (Wadhams, 1980). It is characterized by a loose ice cover with large areas of open ocean. As a
result, its ice has lower internal stress and greater freedom of movement than the central pack ice. The MIZ
is furthermore influenced by surface waves that can penetrate into it and modify the characteristics of its
ice, e.g., through breakup or pancake formation (e.g., Squire, 2007).

Sea ice drift measurements are crucial for understanding the air-sea-ice system in higher latitudes. Sea ice
mediates the exchange of heat, mass, and momentum between atmosphere and ocean. Local sea ice drift
divergences are likely to result in leads opening up. In winter, the sensible heat flux through leads is 10-100
times greater than that through sea ice (Ledley, 1988). In summer, open water absorbs over 90% of incom-
ing solar radiation, whereas snow-covered ice reflects 80% (Smith et al., 1990). Sea ice drift convergences
cause ridging and rafting, affecting local sea ice thicknesses. Sea ice reduces upper ocean stability during
freezing (through brine production) and increases stability during melting (by freshening the surface layer;
Lepparanta, 2011). It also modifies the atmospheric boundary layer, and especially so in the MIZ, where the
atmospheric flow encounters frequent and drastic changes in sea surface temperature and roughness
(Andreas et al., 1984). Lastly, the ice edge location plays a key role for Arctic summer bioproductivity (Perr-
ette et al., 20117).

Sea ice drift is controlled by the interplay of wind stress, ocean drag, and internal ice friction (e.g., Campbell,
1965). In the MIZ, where internal ice friction is typically negligible, simultaneous observations of sea ice drift,
wind drag, and upper ocean currents could be used to derive ocean drag, which is difficult to measure
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otherwise (Lepparanta, 2011). They may furthermore prove useful for validating high-resolution (~1 km)
regional sea ice models (e.g., Rousset et al., 2015). In addition to these scientific motivations, sea ice drift
measurements from ships may be valuable in several practical applications. The Northern Sea Route and
Northwest Passage connecting the North Atlantic and Asia are expected to grow in importance as the navi-
gation season lengthens under a changing climate (Khon et al., 2010). Routine, near real-time sea ice drift
data can aid navigation, e.g., by identifying local sea ice drift divergences (and associated leads). They can
also be used for estimating sea ice loads on offshore structures (e.g., a wind turbine or oil drilling platform)
and ships (Ponter et al., 1983). Finally, sea ice drift mapping capabilities onboard emergency response ves-
sels will allow the tracking of pollutants like spilled oil and help mitigate associated risks, which are likely to
increase as Arctic navigation and exploration expands (Jernelov, 2010).

Satellite remote sensing has long been used to derive sea ice drift from pairs of sequential images. Early
studies from the 1970s used visible images acquired by ERTS-1 which offer a spatial resolution of ~1 km
(Campbell et al., 1975; Nye, 1975). In these studies, the sea ice drift was determined manually by identifying
ice floes that are present in both images and measuring the distances they traveled. The 1980s brought the
advent of automated sea ice drift retrieval techniques. Emery et al. (1986) and Ninnis et al. (1986) achieved
this by cross correlating sequential infrared and visible images acquired by AVHRR. Both visible and infrared
sensors require cloud-free conditions, the former are furthermore limited to daylight hours. These limita-
tions were overcome by synthetic aperture radar (SAR), which in addition offers finer spatial resolution
(~10-100 m). Numerous studies use SAR data for sea ice drift retrieval. The studies by Hall and Rothrock
(1981) and Curlander et al. (1985), based on Seasat SAR imagery, still derive drift manually. But automatic
retrieval has since become widespread, with Fily and Rothrock (1987) who use a cross-correlation technique
and Vesecky et al. (1988) who use a feature tracking technique being among the first. The former employs
Eulerian sampling (i.e., sea ice drift is computed at specific fixed locations) and the latter Lagrangian sam-
pling (i.e., it yields trajectories for select ice floes). In the early 1990s, when SAR data from the ERS-1, JERS-1,
and RADARSAT satellites became widely available, the scientific focus turned toward sea ice drift retrieval in
operational settings (Holt et al., 1992; Kwok, 1998; Kwok et al., 1990). Since then, the cross-correlation tech-
nique has been improved (Sun, 1994) and a higher-resolution product has been obtained (Thomas et al.,
2008). Today, while operational support (Karvonen, 2012) and quality control (Bouillon & Rampal, 2015;
Lindsay & Stern, 2003) remain active research topics, SAR-based sea ice drift retrieval has developed into a
mature research field.

On a significantly larger scale (spatial resolutions of 10 km or more), SMMR, SSM/I, and AMSR2 passive
microwave data as well as SeaWinds, ASAT, and QuickSCAT scatterometer data have been used to produce
coarse (~100 km) sea ice velocity fields (Emery et al., 1997; Girard-Ardhuin & Ezraty, 2012; Haarpaintner,
2006; Spreen et al., 2008). Scatterometer and passive microwave sea ice velocity fields provide an excellent
view of longer-term, larger-scale drift patterns, but are ill suited for the computation of short-term spatial
derivatives like divergence or vorticity (Kwok, 2010; Kwok et al., 1998; Sumata et al., 2014). SAR-based veloc-
ity fields offer finer spatial resolution (~5 km), providing insights on the ice cover’s small-scale and time-
varying deformation (Kwok, 2006). However, due to limits in swath widths and orbit repeat cycles, resolving
ice drift trends at subdaily time scales remains out of reach with the existing satellite sensors.

The MIZ, with its spatially variable ice cover and associated strong gradients (e.g., in terms of mixed layer
temperature and salinity), is subject to particularly strong air-sea-ice interactions and submesoscale
(~100 m to 10 km) upper ocean dynamics (Manucharyan & Thompson, 2017; McPhee et al., 1987; Timmer-
mans et al., 2012). Given the continuous changes in the location of the ice edge and local ice concentration,
characteristic time scales are likely on the order of hours. This study uses shipborne marine X-band radar
(MR) data with a maximum range of 4 km and spatiotemporal resolution on the order of 10 m and 1 s.
Hence, an ideal sensor for resolving the MIZ's submesoscale dynamics.

Several investigators have used coastal MRs for sea ice monitoring. In the late 1960s, a network of three
coastal C-band radar stations (similar to weather radars) was constructed to monitor the pack ice off the
coast of Hokkaido, Japan. Using data from this coastal radar network, Tabata (1975) proposes a sea ice drift
retrieval technique based on cross correlation, and Tabata et al. (1980) investigate the ice pack’s divergence
and rotation. The C-band radars were replaced in 2004 by a HF radar network, which provides information
on the location of the sea ice edge but not ice drift (Shirasawa et al., 2013). The earliest studies to employ
coastal MRs focus on sea ice imaging, but also discuss the sea ice classification potential (i.e., distinguishing
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between open water, first-year ice, multiyear ice, and icebergs; Flock, 1977; Haykin et al., 1985; Lewis et al.,
1994; Shapiro & Metzner, 1989). More recently, a MR installed in Barrow, AK, has been used to study the
attachment and detachment of nearshore ice (Druckenmiller et al., 2009; Mahoney et al., 2007). Using MR
data from the same station, Rohith et al. (2013) developed a dense and feature-based optical flow tech-
nigue to extract sea ice velocity fields, ice floe trajectories, and delineate the boundary of stable landfast
ice. A first independent validation of their technique was carried out by Mahoney et al. (2015) using an
under-ice acoustic Doppler current profiler (ADCP). Concurrently, as part of their operational sea ice moni-
toring, the Finnish Meteorological Institute (FMI) has installed two MRs along the Baltic Sea coast. Data from
these systems have been used to develop sea ice drift retrieval techniques that are based on cross correla-
tion (Karvonen et al., 2010), feature tracking combined with cross correlation (Karvonen, 2013), and feature
tracking combined with optical flow (Karvonen, 2016). These studies have the goals of enabling efficient
winter navigation and validating a fine-scale version of FMI's sea ice model (Haapala et al., 2005).

Few studies have used shipborne MR data to derive sea ice velocity fields. O'Connell (2008) explores the
detectability of ice hazards (icebergs, bergy bits, and growlers) by shipboard MR, Lu et al. (2013) employ MR
to estimate the ice berg distribution during a circumpolar Antarctic cruise, and Parsa (2013a, 2013b) investi-
gate the suitability of shipborne dual-polarized MR data for ice age classification. More interestingly, in this
context, Kotovirta et al. (2011) propose a prototype shipboard sensor network that includes MR for sea ice
imaging and drift retrieval. The shipboard MR sea ice velocities they present, however, are limited to periods
during which the ship was drifting with the ice and neglect ship motion (i.e., their velocities are relative to
the ship). Similarly, Karvonen et al. (2010) and Karvonen (2016) only show shipboard MR results where ship
motion has been discounted (although the former does discuss the principles of ship motion correction).

This study presents first MR sea ice velocity fields acquired from an underway research vessel over a four
week period (see section 2). To retrieve sea ice drift, ship motion corrected MR sea ice images are fed into a
cross-correlation-based algorithm. Results are quality controlled by ensuring similarity between neighboring
drift vectors in space and time. The resulting sea ice velocity fields have a resolution of ~500 m and, under
continuous processing, ~5 min (section 3). The MR sea ice velocities are validated by independent measure-
ments from buoys that were drifting freely with the ice and from the ship during ice stations (section 4).
Sea ice drift results cover the full cruise period, and several examples highlighting diverging and converging
sea ice flow among other submesoscale features are presented. To investigate the physical processes driv-
ing the sea ice drift in the Beaufort Sea’s fall MIZ, the MR-derived sea ice velocities are compared with simul-
taneous wind measurements, and put in context with measurements of the sea ice concentration and
distance from the ice edge. The observed sea ice velocities reach peak values above 1 m s, and they
exhibit large spatiotemporal gradients that are only weakly correlated with the wind, suggesting that,
besides atmospheric forcing, upper ocean currents play a principal role (section 5). This study concludes
with a discussion (section 6) and summary of the results, including suggestions for future work (section 7).

2. Sea State Cruise and Data Overview

As part of the Sea State and Boundary Layer Physics of the Emerging Arctic Ocean program by the US Office
of Naval Research, a research cruise on R/V Sikuliag was conducted in the Beaufort Sea from 1 October to 10
November 2015. It involved seven wave experiments, 12 ice stations, surface flux stations, as well as ship
surveys, and was complemented by both aircraft and satellite remote sensing efforts (Thomson, 2015;
Thomson et al., 2018). The cruise was motivated by the dearth of in situ measurements describing the air-
sea-ice system during the fall Arctic ice advance. Among other research topics, it aimed for an improved
understanding of the sea state’s interactions with sea ice. These are expected to gain importance as clima-
tological trends indicate an increase in open water days, which is coupled with larger and longer waves
(Stopa et al.,, 2016; Thomson et al., 2016).

Figure 1 shows the track of R/V Sikuliag during the Sea State cruise plotted over a bathymetric map of the
Chukchi and Beaufort Seas. It also shows the AMSR2-based sea ice extent (defined as the 5% ice concentra-
tion contour line) on 4 October 2015 when sea ice was first encountered and 4 November 2015 when the
ship began its return to port. The ship generally stayed near the ice edge, although it would occasionally
penetrate deeper into the pack ice (up to ~200 km) for ice station work. The ice edge advanced consider-
ably during the cruise period, but also retreated sporadically in response to wind and wave events. The
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Figure 1. Map of study area in the Chukchi and Beaufort Seas. The Alaskan
coastline is outlined and the black cross marks Utgiagvik (formerly Barrow), AK.
The bathymetry data were obtained from the GEBCO digital model (Weatherall
et al,, 2015). Contour lines are plotted along depths of 3,000, 1,000, 500, 100,
and 50 m. The solid red curve marks the track of R/V Sikuliag. The passage of
each day is marked by a black dot. The green and magenta dashed lines mark
the AMSR2-based sea ice edge (5% ice concentration contour line; data from
the University of Bremen, Germany, https://seaice.uni-bremen.de/sea-ice-con-
centration/) for 4 October and 4 November 2015, respectively (Spreen et al.,
2008). The magenta and green dots mark the corresponding ship positions.
The dark gray dots mark the ship positions for several of the examples shown
in this study, with the labels (F5, F6a, etc.) corresponding to the respective fig-

most significant retreat occurred during a storm from 11 to 14 Octo-
ber, when a maximum significant wave height of ~5 m and peak
wave period of ~10 s were measured (Collins et al., 2017; Rogers
et al,, 2016; Smith et al., 2018).

The MR on R/V Sikuliag consists of a Sperry 9.4 GHz transceiver that
is equipped with a heating element for low temperature operations
(to —55°C). It has an 2.4 m horizontally polarized antenna, 50 ns min-
imum pulse length, 3 kHz pulse repetition frequency (short pulse
mode), 25 kW peak power, and 1.25 s antenna rotation period. These
radar parameters correspond to a 7.5 m range resolution and a 0.7°
horizontal antenna beam width. The system employs a magnetron
oscillator to generate its microwave pulses and is thus noncoherent.
It is furthermore not radiometrically calibrated, as is typical for stan-
dard commercial MRs (Gommenginger et al., 2000). During the Sea
State cruise, the MR was continuously operated in short pulse mode,
as is required for high quality surface wave and near-surface current
measurements (e.g., Lund et al.,, 2017). The MR is connected to Rut-
ter's sigma S6 Ice Navigator and WaMoS, a server with a radar acqui-
sition board and software for sea ice imaging and surface wave
monitoring. The Rutter system provides the ship’s primary naviga-
tion aid during in-ice operations. The analog MR signals sampled by
the system include each radar pulse’s logarithmically amplified back-
scatter intensity (video) and antenna look direction (relative to the
transceiver). They are fed into an analog-to-digital converter and
sampled with 12 bit resolution. The video signal has a range resolu-
tion of 3.75 m and extends up to a maximum range of 11.1 km. Here

ure numbers.

the radar data are limited to a maximum range of 4 km, since the

radar return at greater ranges is usually too weak to resolve distinct
sea ice features (at least in short pulse mode). The Rutter system’s radar raw data were archived on a pair of
dedicated Synology NAS servers (with a combined storage capacity of 64 TB) during Sea State. For this
study, these data are analyzed using IDL-based software developed at the University of Miami. Figure 2a
shows a picture of R/V Sikuliag moored to a large multiyear floe during the first ice station on 6 October
2015. Figure 2b shows a zoom of the ship’s mast; the MR used here is located above the S-band and X-band
radars (used for open water navigation) at a height of 25 m above sea level.

During each of the seven wave experiments, multiple drifting Surface Wave Instrument Float with Tracking
(SWIFT) and wave buoys were deployed, for the most part in ice-covered waters but also on multiyear floes
and in open water near the ice edge. The SWIFTs are spar buoys equipped with a GPS receiver, anemome-
ter, ADCP, camera, and inertial measurement unit (IMU; Thomson, 2012). The wave buoys (elsewhere
referred to as “UK buoys” (Rogers et al., 2016) and “Doble/Wadhams buoys” (Wadhams & Thomson, 2015))
consist of a GPS and IMU housed in a cylindrical floater. Pictures of wave and SWIFT buoys secured on R/V
Sikuliag and drifting in icy seas are shown in Figures 2c-2f. This study uses the GPS positions from drifting
SWIFT and wave buoys to validate the MR-derived sea ice velocities.

R/V Sikuliag is equipped with a Seapath 320, an integrated multi-antenna GPS and IMU sensor providing
precise heading (0.04° accuracy) and position (1 m accuracy). The Seapath measurements were sampled
with 5 Hz resolution and are used for MR motion correction purposes. During ice stations, when the ship
was passively drifting with larger multiyear floes to which it was moored, the Seapath positions are further-
more used as a reference measurement of sea ice drift. An atmospheric boundary layer flux package, which
includes sonic anemometers at two levels, provides excellent measurements of wind velocities when the
ship-relative wind is £90° from bow-on after standard flow-distortion corrections. To avoid ship contamina-
tion of the airflow when the ship-relative wind has a component from the stern, winds from the windward
unit of the two 2-D sonic anemometers located on the ship’s main mast are used. These are in good agree-
ment with the corrected bow-mast winds at 17 m above mean surface layer for bow-on winds (Persson
et al., 2018). These composite wind velocities are used to investigate the atmospheric forcing effect on the
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Figure 2. (a) Photos of R/V Sikuliag during an ice station on 6 October 2015 and (b) a close-up of the ship’s mast. The MR transceiver and antenna are framed by a
black rectangle. (c) Photos of a postdeployment wave buoy on the deck of the ship and (e) in waters dominated by pancake and frazil ice. (d) Photos of a pair of
predeployment SWIFT buoys and (f) a SWIFT buoy drifting alongside snow-covered first-year ice during recovery.

MR-derived sea ice drift. The local ice concentrations used in this study represent a combination of daily
AMSR2 satellite estimates at 3.125 km resolution (provided by the University of Hamburg, Germany, via
ftp://ftp-projects.cen.uni-hamburg.de/seaice/AMSR2) with shipboard visual and radiometric estimates.
Lastly, AMSR2 data were consulted to determine the ship’s distance from the ice edge (Beitsch et al., 2014).
For more details on these wind and ice data, see Persson et al. (2018).

3. Sea Ice Drift Retrieval Methodology

3.1. Radar Data Preprocessing

Before sea ice drift retrieval, the raw MR backscatter intensities must undergo several preprocessing steps.
This study computes sea ice drift over analysis periods of ~5 min. The preprocessing steps described in the
following are performed for each analysis period.

If other X-band radars are operating on the same or nearby vessels, the measured radar backscatter inten-
sity exhibits frequent interference spikes (typically, multiple spikes per antenna rotation). These spikes are
characterized by elevated radar returns that are limited to few (on the order of 10) range bins within a sin-
gle pulse. Here a convolution kernel that enhances the radar interference spikes is used to locate them.
They are replaced by (azimuthally) neighboring valid data using linear interpolation.

According to the radar equation for distributed targets like the sea surface, the radar backscatter intensity
decay with range is cubic (e.g., Haykin et al., 1994). To increase the radar video signal’s dynamic range, com-
mercial radars are equipped with logarithmic amplifiers. The radar manufacturers generally do not disclose
the exact form of the amplification function used, but they are known to depart from the pure logarithmic
form (Gommenginger et al.,, 2000). The MR data at hand exhibit a pronounced decay in backscatter intensity
from near to far range. For the sea ice drift retrieval, it is important that the radar images have means and

LUND ET AL.


http://ftp://ftp-projects.cen.uni-hamburg.de/seaice/AMSR2

~1
AGU

100

e Journal of Geophysical Research: Oceans 10.1029/2018JC013769

standard deviations that are range independent (as will become evident in the next subsection). Lacking an
analytical expression to correct for the range dependency, this study uses an empirical approach. From ~5
min worth of despiked backscatter intensities, the mean and standard deviation over all azimuths are deter-
mined as functions of range. The resulting ramp-like curves are smoothed using a box car average filter. To
remove the range dependency in the MR data, for each range coordinate, the corresponding mean back-
scatter intensity is subtracted, and the result is divided by the corresponding standard deviation. Here the
resulting backscatter intensities are referred to as normalized. The backscatter intensity’s upwind peak (e.g.,
Lund et al,, 2012) is negligible in ice covered seas, and hence it is not accounted for.

For MR-based near-surface current retrieval, as with shipboard ADCPs, it is important that an accurate head-
ing device (with an accuracy of 0.1° or better) be used and that any offsets between the radar image and
ship heading (or, in the ADCP example, between transducer and ship heading) be removed. Heading errors
will lead to erroneous cross-track currents, with the error being proportional to the product of the ship
speed and the sine of the offset angle (Lund et al., 2015). The same rules apply to shipboard MR sea ice drift
retrieval. For example, with R/V Sikuliag transiting at 11 kn, a 1° bias in the MR image heading will result in a
0.1 m s~ error in the sea ice velocity’s cross-track component. Here the ship’s highly accurate Seapath com-
pass is used, and a constant —1.32° MR image heading offset, identified following the “calibration” proce-
dure outlined in McCann and Bell (2018), has been corrected for.

With the MR backscatter intensity measurements despiked and normalized, and image heading offsets cor-
rected for, the data are ready for ship motion correction or, in other words, georeferencing. Here only the
horizontal ship motion, measured by the Seapath GPS, is accounted for, i.e., the ship’s heave, pitch, and roll
are neglected (mapping errors associated with these motions are generally smaller than the MR range reso-
lution and will average out). Furthermore, for simplicity, Earth is assumed flat, which is reasonable given the
MR’s short maximum range of 4 km. The georeferencing is done on a pulse-by-pulse basis, which requires
that the antenna look direction (relative to north) and radar transceiver position are determined for every
MR pulse. This is accomplished by linearly interpolating the 5 Hz Seapath measurements to match the MR’s

3 kHz pulse repetition frequency. The radar pulses associated with

each complete antenna rotation are mapped onto a Cartesian grid

T T T

y [km]
o

SIVK;' 19/06/2015, 06:56'06:57 uT using bilinear interpolation. The Cartesian grid has 7.5 m resolution

UL 15

(the MR’s range resolution) along both the x and y axes, which have
west-east and south-north orientations, respectively. Pixels with data
points from multiple pulses are averaged according to each data
point’s interpolation weight. Image pixels where the ship was in the
very near range include measurements from ~30 pulses or more. The
pulse-by-pulse georeferencing (as opposed to a nearest neighbor
approach) therefore greatly improves a MR target's signal-to-noise
ratio. The result of the georeferencing is a three dimensional (x, y, t)
array of ship motion corrected backscatter intensity images, which
forms the basis of the sea ice drift retrieval described in the next
subsection.
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3.2. Maximum Cross Correlation

Figure 3 gives an example of a 1 min averaged MR sea ice image
acquired from R/V Sikuliag on 6 October 2015, 06:56 UTC. The image
includes a 55° sector toward the stern that is shadowed by the main
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Figure 3. Example of a MR sea ice image
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2 4 mast. At the image acquisition time, the ship was traveling east-
75.440284, —156.4684 northeast into the pack ice with a 5 m s~ ' wind from north-northeast.
The ice concentration at the ship position (based on AMSR2, visual,
and radiometric estimates) was 99% and the AMSR2-based distance
from the ice edge was —144 km. The MR image confirms a full ice

collected from R/V Sikuliag on 6 Octo-
ormalized radar return is shown on a

square marks one sea ice drift analysis window. The corresponding wind direc-  cover with alternating patches of first-year and multiyear ice, which

tion, ship heading, and the image’s geog
arrows in the corners of the reference fra

raphic orientation are given by the offer well defined features for sea ice drift retrieval.
me. The position of the coordinate

frame’s origin (latitude and longitude in decimal degrees) is printed in the bot-  Cross correlation between two normalized images that are separated

tom right.

in time (here referred to as reference and search images) is a

LUND ET AL.



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC013769

y [km]

(a)

100

50

0.6

y [km]
y lag [m]

N
'S

Cross correlation

-50

400k . . W
-100 -50 0 50 100
(c) x lag [m]

0.2 0.

Figure 4. (a) Reference image within the sea ice drift analysis window marked in Figure 3 and (b) corresponding search image acquired 75 s later. The larger search
image is centered around the reference image location, which is marked by a red dashed square. Both images use the same gray scale as in Figure 3. (c) Cross cor-
relation of reference and search image on a color scale from black (no correlation, r = 0) to red (perfect correlation, r = 1). The MCC is marked by a black cross.

commonly used technique for automated sea ice drift retrieval (e.g., Emery et al.,, 1986; Fily & Rothrock,
1987; Karvonen et al., 2010). Figure 4 illustrates the technique for one analysis window, covering the same
period as Figure 3. The reference image in Figure 4a has an edge length of 960 m (128 pixels), its location is
outlined by the red square in Figure 3. The choice of image size is a compromise between the desire for
high spatial resolution on the one hand and the necessity to have sufficient sea ice signal under a broad
range of conditions on the other hand. The search image in Figure 4b was acquired 75 s later and has an
edge length of 1,155 m (154 pixels), it is centered around the reference image’s location. The size of the
search image is determined by the maximum expected sea ice speed, which here is set to 1.25 m s 1, and
the separation time (75 s). Both reference and search images represent 1 min averages, i.e., they are based
on 48 consecutive scans (given a 1.25 s antenna rotation period). Compared with a single scan, the averag-
ing greatly enhances the sea ice signatures (it also serves to obscure surface wave signatures, see section
3.4). Karvonen et al. (2010) use a median filter to a similar effect.

In this study, the