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Abstract In the Arctic Ocean, the observation of mesoscale eddies is impeded by the presence of sea
ice. To address this problem, we develop a new method of ocean eddy detection based on their signature
in sea ice vorticity retrieved from synthetic-aperture radar (SAR) images. We examine the case of one

eddy in October 2017 in the marginal ice zone of the Canadian Basin, which was sampled by mooring
observations. Although the eddy could not be identified by visual inspection of the SAR images, its
signature is revealed as a dipole anomaly in sea ice vorticity, which suggests that the eddy is a dipole
composed of a cyclone and an anticyclone, with a horizontal scale of 80-100 km and persisted over a
week. The robustness of our method will allow us to detect more eddies as more SAR observations become
available in the future.

Plain Language Summary Mesoscale eddies are routinely observed by satellites in the
ocean. Yet, in the ice-covered Arctic Basin, the presence of sea ice makes it challenging to characterize the
eddy field. Here, we present a detection method of surface ocean eddies based on their signature in the
displacement of sea ice, using high spatial resolution satellite images. A dipole composed of a cyclonic and
an anticyclonic eddy is identified over a week in mid-October 2017 with a horizontal scale of 80-100 km.
Its presence is confirmed by high values of ocean speed in the surface layer during the same period. This
work demonstrates that processing is required for identifying the signature of eddies in sea ice, which is
not always obvious at first sight.

1. Introduction

For decades, many studies have reported on the presence of mesoscale eddies in the ice-covered Arctic,
randomly captured by in situ measurements (e.g., Manley & Hunkins, 1985; Newton et al., 1974). Recently,
observations of high temporal and spatial resolution temperature and salinity profiles from Ice-Tethered
Profilers (ITP; Toole et al., 2011) and moorings have allowed for the first time a census of the eddy character-
istics (Carpenter & Timmermans, 2012; Zhao et al., 2014, 2016), revealing the presence of numerous small
scale eddies at all depths in the Arctic interior, with horizontal length scales ranging from 5 to 20 km. Yet,
the sampling of the Arctic Ocean by ITPs remains uneven, preventing us from obtaining a full description
of the mesoscale activity at a Pan-Arctic scale. Moreover, in the ice-covered regions, satellites primarily re-
turn observations of the sea ice conditions, which do not allow for the usual identification of eddies based
on the detection of their signature on surface properties (anomaly of sea level, temperature or tracers).
Satellite-based detection of eddies is thus restricted to the ice-free regions of the Arctic and the marginal
ice zone (MIZ).

There is growing evidence in the literature that the Arctic mesoscale activity and the sea ice might mutu-
ally influence each other. Aerial surveys (Johannessen et al., 1987) or high resolution satellite observations
(Kozlov et al., 2019) of the Arctic MIZ have revealed swirling movements of sea ice that are the signature of
ocean eddies. An example is shown in Figure 1a for October 2018 in the MIZ of the Canadian Basin. Using
an idealized process model representing the MIZ, Manucharyan and Thompson (2017) have rationalized
the imprint of (sub-)mesoscale eddies on sea ice, suggesting that, in the MIZ, sea ice tends to be trapped
and accumulated in surface cyclonic eddies. Sea ice transported by eddies can locally affect the sea ice drift,
producing strong sea ice deformation (Zhang et al., 1999). So far, the eddy detection in the MIZ was mostly
based on visual inspection of satellite images (e.g., Kozlov et al., 2019), and may have missed a significant
number of eddies when their signature is not directly recognizable. This method of detection is also based
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Figure 1. Examples of synthetic-aperture radar (SAR) images in the marginal ice zone (MIZ) of the Canadian Basin
for (a) October 19, 2018 (centered around 76°N, 160°W) and (b) October 9, 2017 (centered around 78°N, 150°W). The
inset map indicates the position of the two images (gray shading for (a) and purple for (b)), and the green dot is the
position of mooring B. Colors visualize the SAR backscatter, with dark blue indicating ocean and green and yellow the
presence of sea ice.

on the overly strong assumption that the signature of one eddy on sea ice would mimic exactly the shape
and scale of the ocean feature itself, which is likely not the case in many instances (Gupta et al., 2020).

The goal of this paper is to present a new method to detect the signature of ocean surface eddies in sea
ice vorticity, based on the analysis of high resolution images from synthetic-aperture radar (SAR). Here
we mostly focus on one case study shown in Figure 1b, located in a MIZ of the Canadian Basin (around
78°N-150°W) in October 2017. This case is chosen as both sea ice and ocean observations are available at
that time and location. Although no eddy imprint can be seen at first sight, we will show how further pro-
cessing of the SAR images can reveal the presence of an ocean eddy. This paper is structured as follows. Sec-
tion 2 briefly presents the data sets analyzed in this study. In Section 3, an ocean eddy is detected from moor-
ing observations. The processing of SAR images and the eddy signature in sea ice vorticity are presented in
Section 4. The robustness of the method is discussed in Section 5 and conclusions are given in Section 6.

2. Data

The primary in situ data used in this study are mooring observations from the Beaufort Gyre Exploration
Project (BGEP; https://www.whoi.edu, Proshutinsky et al., 2009). Four moorings are deployed over the
Beaufort Gyre since 2003. Upward-looking acoustic Doppler current profilers (ADCPs) are installed on
the top of each mooring, returning profiles of ocean horizontal currents in the top ~30 m of the water
column, with a resolution of 1 h and 2 m. Additionally, upward looking sonars (ULSs) are installed on the
same moorings and provide a time series of ice draft with uncertainty of 5-10 cm (Krishfield & Proshutin-
sky, 2006). In the following, we use data from mooring B located at 78°N-150°W during 2017.

The sea ice response to the presence of mesoscale eddies is investigated using SAR imagery. The Senti-
nel-1 imaging radar mission, led by the European Space Agency (ESA), includes two satellites equipped
with C-band SAR sensors: Sentinel-1A and Sentinel-1B launched in 2014 and 2016, respectively. The data
product used here is the Level-1 Extra-Wide Swath mode ground range detected with medium resolution,
available at the Copernicus Open Access Hub (scihub.copernicus.eu). The swath width is 400 km and the
pixels are spaced by 40 X 40 m. HH (horizontal emission, horizontal receive) and HV (horizontal emission,
vertical receive) polarization modes are used separately. The temporal resolution over the mooring location
is uneven and depends on various factors such as the satellite’s orbit or the acquisition mode. Hence, the
time interval between two images varies from a few hours to a few days.
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Figure 2. (a) Time series of ice draft (blue), KE (0-30 m, red) from the Acoustic Doppler Current Profiler (ADCP) and
wind speed (black) in 2017. A stick diagram of the ocean current anomalies (relative to the mean over October 7-13) is
shown in the orange box. (b) Ocean speed profiles from the ADCP.

We also make use of the Polar Pathfinder Sea Ice Motion Vectors version 4 from the National Snow and Ice
Center (NSIDC, https://nsidc.org), which provides daily sea ice drift at the pan-Arctic scale with a resolu-
tion of 25 km over 1978 to 2019 (Tschudi et al., 2019). The error variance associated tends to be particularly
large in the MIZ (Tschudi et al., 2020).

Finally, we estimate wind speed using the hourly averaged u,, and v,, wind speed at 10 m (U,, = (u + v )
from the ERA5 reanalysis data with a spatial resolution of ~0.25° (provided by ECMWF; Hersbach et al., 2020).

3. Ocean Eddy Detection from Mooring Observations

The first step of this study consists of the detection of an ocean eddy under sea ice. Zhao and Timmer-
mans (2015) have shown that mesoscale eddies contribute to most of the kinetic energy sampled by the
BGEP moorings below 60 m. Here, we follow the same method and apply it to the surface layer to identify
an eddy passing by the mooring location by a large anomaly of kinetic energy. Using velocity measurements
from mooring B’s ADCP, we compute a time series of the depth-integrated kinetic energy (KE, normalized
by the thickness of the surface layer h) as:

KE = J(%(ui - vﬁ)dzj /h )

with u, and v, the ocean horizontal velocity components. Note that we have first filtered the high frequency
fluctuations (likely induced by the inertial motion) in ocean velocity by applying a moving average with a
12 h moving window, as we are only interested in events that last over a few days.

Figure 2 displays time series of sea ice draft, KE integrated from 0 to ~30 m depth and wind speed during
September and October 2017, as well as the ocean speed profiles at mooring B. Before October 7, there is
no sea ice at the mooring location (the sea ice draft is zero). High values of KE (close to 1.3 x 10*m*s™%)
are observed on two instances on September 28 and October 7. These two periods of high KE are related
to increases in ocean speed from 0.15 to 0.3 m-s™* (Figure 2b). After October 7, the sea ice draft increases
drastically from 0 to more than 0.6 m while the KE decreases largely. The background flow under sea ice
is weak, with mean velocities of 0.05 m-s™' directed northward. After October 16, KE remains lower than
0.5 X 107m*s™2. The time in between (October 7-13, the orange box) corresponds to the transition from
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a period with high kinetic energy and no sea ice to a period with sea ice and very low kinetic energy on
average. The anomaly in KE during that period suggests that the mooring is sampling an eddy passing by in
the surface layer. The stick diagram of the ocean current anomalies (with respect to the mean over October
7-13; top inset in Figure 2) reveals a sign change, typical of the structure found in the core of an eddy. The
ADCP data (and lack of associated density measurements) are not sufficient to allow a direct determination
of the eddy’s direction of rotation nor of its length scale. Using hydrographic data from CTD cast gathered
during the deployment or recovery of the mooring, we estimate that the first deformation radius R, in the
interior of the Canadian Basin is on the order of ~13 km, similar to the values suggested by Nurser and Ba-
con (2014) and Zhao et al. (2018). Following for instance Tulloch et al. (2011), this would imply that eddies
generated by geostrophic turbulence would have a length scale around 27R; ~ 82 km.

Figure 2b also reveals two deep excursions of the ADCP on October 10 and 19, which are most likely the
signature of eddies passing by the sub-surface layer, dragging the ADCP deeper (Krishfield & Proshutin-
sky, 2006). Note that the moorings are also equipped with a McLane Moored Profiler (MMP) that samples
velocity, temperature and salinity profiles below 50 m. An examination of the MMP data confirms the
presence of an anticyclonic eddy below the mixed-layer on October 18, with a core at 160 m depth (not
shown). We are therefore in presence of two eddies propagating on top of each other under sea ice, with
an anticyclone as the subsurface component. We hypothesize that these two eddies are the two parts of a
dipole, as such features are frequently observed in the Arctic basin (Zhao et al., 2014). Indeed, results from
idealized process models have suggested that dipoles are generated at surface front under sea ice (Brannigan
et al., 2017), resulting in a cyclone in the surface layer on top of an anticyclone. In our case, it would mean
that the surface part of the dipole sampled by the ADCP is a cyclone too.

It is worth noting that, during the full period considered here (September 25-October 30), wind speed re-
mains relatively constant and weak at the mooring location, with an average of 6 m-s™" directed southwest-
ward and no storm (Figure 2a). The lack of correlation between wind speed and kinetic energy suggests that
the winds are not directly driving the evolution of the kinetic energy.

4. Ocean Eddy Detection from Its Signature in Sea Ice Vorticity

Now that we have detected a pair of eddies from the mooring observations, the next step is to examine the
sea ice conditions over that period. According to the OSISAF product (Tonboe et al., 2017, not shown), sea
ice concentration at the mooring location is increasing rapidly as the sea ice starts freezing and the draft
starts to increase after October 6, and reaches more than 50% from October 7 onward. Over October 7-13,
eightSAR images covering the mooring position are available (one for the 7th, 8th, 9th, 10th, two for the
12th and 13th). Consecutive pairs of raw SAR images are first processed with the open-source software
Nansat (Korosov et al., 2016). Sea ice drift is then estimated using an algorithm combining feature tracking
and pattern matching techniques (Korosov & Rampal, 2017; Muckenhuber et al., 2016). The calculation is
performed on a regular orthogonal grid of 4 km. The accuracy of this algorithm is below 300 m (Korosov &
Rampal, 2017), resulting in an uncertainty of less than 0.3 cm-s™" for the sea ice drift. An example of a sea
ice drift field for October 12-13 is presented in Figure 3a. The drift is directed westward and does not present
a visible signature of swirling movement characteristic of the presence of mesoscale eddies.

We further compute the relative vorticity of sea ice, which presents the advantage of being a scalar, as:

aVi ce aMice
gi ce = -
ox Oy

)

with u;.. and vy, the horizontal components of sea ice velocity. The sea ice vorticity estimated for October
12-13 is presented in Figure 3b. West of the mooring (green dot), there is a cyclonic signal (positive vortic-
ity) with a horizontal scale of ~80 km and values reaching more than 2 x 107° s™*. The background sea ice
vorticity over most of the domain is negative (i.e., anticyclonic) with an intensity varying between —2 x 10~
s'and —6 x 107%s7%.

Ocean eddy are often identified through their strong anomaly in ocean vorticity. One would logically expect
that an eddy advected under sea ice would exert a strong stress onto sea ice, possibly generating this way an
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Figure 3. (a) Sea ice drift field and (b) sea ice vorticity from one pair of SAR images for October 12-13; (c) average

of sea ice vorticity from five pairs of SAR images for October 7-13 and (d) from the National Snow and Ice Center
(NSIDC) for October 7-13. The green dot indicates the position of mooring B, and the black box indicates the window
of (a, b, and c).

anomaly in sea ice vorticity (Manucharyan & Thompson, 2017). Nonetheless, we do not expect fully similar
ocean and sea ice vorticity fields, as both the wind forcing and the sea ice internal stress are also playing a
role in the determination of the sea ice drift and vorticity (Hibler, 1979). In order to attribute the origin of
anomaly in sea ice vorticity, we examine the different possible drivers. Our region of interest corresponds
to the MIZ with low concentration and highly fractured sea ice, meaning that the rheology effects are rela-
tively small. Over the period considered, there is no storm passing by the location of the mooring, while we
have previously identified the presence of a surface eddy (Figure 2), suggesting that the eddy is most likely
the primary driver of the sea ice vorticity signal.

Based on simple scaling arguments, we reinforce this attribution of the relative roles possibly played by the
wind and the ocean eddy. First, the spatial scale of the cyclonic signal in sea ice vorticity (~80 km) is roughly
similar to the expected length scale of the surface eddy. In contrast, atmospheric mesoscale features found
in the Arctic have much larger characteristic scales. Polar lows (the most intense category of mesoscale
atmospheric eddies), for instance, have scales ranging from 200 to 1,000 km (Terpstra et al., 2020; Wagner
et al., 2011). Second, these storms have very short lifetime (typically a day or two). The availability of SAR
images allows us to examine the persistence of the signal. Figure 3c shows the sea ice vorticity averaged over
aweek (October 7-13), estimated from all available SAR images (five pairs). The pattern is similar to the one
obtained from any single pair of SAR images, although the intensity tends to be more pronounced when
we average over a week (compare panels b and c of Figure 3). On average, two strong anomalies are visible
close to the mooring: a cyclonic signal West of the mooring and an anticyclonic one East of it, both with
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a horizontal scale of 80-100 km. Considering that our ocean dipole would be advected by the background
flow with velocity of ~0.05 m-s™", it would have roughly travel northward by only 30 km over the week
considered, consistent with the persistence of the sea ice vorticity pattern.

Finally, the intensity of the sea ice vorticity itself indicates that the ocean eddy is the most plausible driver.
Following D’Asaro (1988) and Manley and Hunkins (1985), the ocean relative vorticity associated with a

U
, with U the maximum azimuthal velocity of the eddy and R its radius. In the

2%
cyclonic eddy scales to

case of the cyclone sampled by mooring B, U'is 0.3 m-s™, R is 41 km (corresponding to half the eddy length
7R

scale T")), resulting in a relative vorticity associated with the eddy of 1.5 x 107> s™', larger than the

intensity of the sea ice vorticity anomalies, which are around 3 X 10™°s™" and —5 x 107°s™" for the cyclone
and the anticyclone, respectively. In order to estimate the order of magnitude of the sea ice vorticity driven
by the wind, we compute the wind driven sea ice drift solely estimated from the wind, making used of the
rule-of-thumb formulae of Thorndike and Colony (1982), that sea ice drifts at 2% of the wind speed with a
direction of 45° to the right of the wind. Applying this computation to the ERAS5 winds over the period con-
sidered (October 7-13), we obtain a widespread anticyclonic wind-driven ice vorticity over the region of the
mooring, with a weak intensity of ~—2 x 1077 s™* (not shown). This is an order of magnitude weaker than
the strong sea ice vorticity detected by the SAR images, and a hundred time weaker than the vorticity found
in the ocean eddy. It does, however, match well the intensity of the background sea ice vorticity (Figure 3c).
More generally, the spatial pattern of the wind-driven sea ice vorticity matches closely the NSIDC vorticity,
related to the large scale anticyclonic sea ice circulation within the wind-driven Beaufort gyre, suggesting
that the NSIDC data set (with its resolution of 25 km and its large uncertainty of 5 cm-s™" for the period
and region considered) is only able to capture the large scale wind driven drift, but not the smaller scale
features driven by the ocean.

The combination of the sea ice vorticity anomaly and the presence of eddies captured by the mooring,
the lack of a significant wind forcing over that period, and the scaling arguments presented before, allow
us to attribute the signal to the signature of the ocean mesoscale eddies. The presence of two vorticity
anomalies with opposite signs indicates that the signal is indeed a dipole, composed of a cyclone and an
anticyclone.

5. Robustness of the Method

The analysis of our case study has revealed that the signature of the eddy (captured by the mooring ob-
servations) can be detected in the form of strong anomalies of sea ice vorticity over a few days. In order to
ensure the robustness of our method, one must check that such anomalies in sea ice vorticity are not found
in periods without ocean eddy detected by the mooring. As an example, we analyze a period of 4 days at the
end of May 2018, during which 6 SAR images are available at the location of the mooring. Note that the low
availability of Sentinel-1 SAR images largely limits the number of cases that can be examined. Between May
23-26, the sea ice draft fluctuates between 1.3 and 1.8 m and the KE remains very low, suggesting that no
eddy is passing by during that period (Figure 4a). Applying the method described in the previous section,
we estimate the sea ice drift for three pairs of SAR images and then the average ice vorticity (Figure 4b).
The negative vorticity estimated from the SAR images matches well the amplitude of the vorticity estimated
from the NSIDC sea ice drift, with values around —0.5 x 10~® s™* (Figure 4c). In contrast with the previous
case, no local anomaly of ice vorticity is observed here, except for a localized positive anomaly whose shape
suggests that is most likely the signature of a fracture in the ice pack. The results thus suggest that our meth-
od does not generate an eddy signature in sea ice vorticity when no eddy is captured in the surface layer,
making us confident that our detection method is robust.

6. Conclusion

Mesoscale eddies are ubiquitous features in the Arctic Ocean but they are not easily observed from space
because of the presence of sea ice. As a consequence, the detection of eddies has been limited to open water
regions and MIZ. In this paper, a new methodology of ocean eddy detection has been presented, based on
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Figure 4. Time series of ice draft (blue) and KE (0-30 m, red) from the ADCP in 2018 (a). The orange box in (a) shows
the period of interest between May 23-26. Average of sea ice vorticity from three pairs of SAR images (b) and from
NSIDC (c) for May 23-26, 2018. The green dot is the position of the mooring and the black box in (c) indicates the
window of (b).

the response of the sea ice drift to the passage of an ocean eddy. A case study is presented for October 2017
in the Canadian Basin: in situ data from one mooring have efficiently allowed us to detect eddies under
sea ice in the MIZ. Pairs of SAR images are used to determine the sea ice drift and vorticity at a spatial res-
olution high enough to detect the signature of mesoscale features. The sea ice vorticity indeed reveals the
presence of a dipole with two anomalies of different signs. These are the signatures of eddies detected by a
mooring, which samples two anomalies that are likely a dipole composed of a cyclone and an anticyclone.
We suggest that the method presented here could be efficiently used to perform semi-automatic detection
of ocean eddy in the surface layer of the ice-covered Arctic, in the MIZ and beyond. The main limitation
is the availability of data which severely constrains the number of cases that can be captured. However, as
moorings and ITPs are routinely deployed in the Arctic and the spatiotemporal coverage of SAR satellites
is improving, future data will be available for identifying other cases of eddy imprint. Sea ice conditions
are also an important factor limiting the detection. In late spring and summer, the sea ice drift cannot be
recovered from the algorithm used here as sea ice is largely fragmented or covered by numerous melt ponds.
Conversely, in winter, thicker sea ice tends to dissipate surface eddies (Meneghello et al., 2020). As the sea
ice pack transitions toward a thinner, more mobile pack, the dissipation exerted by sea ice on eddies will
likely decrease, possibly modifying the nature of the Arctic mesoscale activity. Improving the observability
of the Arctic eddy is a major challenge in order to better understand the functioning of the Arctic system
and predict its evolution.

Further investigations should also focus on the mechanisms at play for the eddy signature on sea ice, in
order to improve the method presented here. Anomalies of vorticity presented here suggest that the ocean
dipole generates regions of strong sea ice deformation and divergence. Zhang et al. (1999) simulated such
sea ice behaviors in the presence of ocean eddies, resulting in thinner and less compact ice and even in
regions of open water when ice deformation becomes large, in which we expect intensified air-sea heat
exchanges and sea ice melt. Besides, vertical heat fluxes located in cyclonic eddies could bring warm wa-
ters in the surface layer and contribute to sea ice melt (Manucharyan & Thompson, 2017). In addition to
the dynamical effects, such thermodynamical mechanisms could modify the sea ice conditions and thus
enhance the eddy signature (Gupta et al., 2020). All these possible interactions between mesoscale eddy
and sea ice need to be better understood in order to explain the different signals found in satellite obser-
vations of sea ice.
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