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Abstract The submesoscale processes, including submesoscale eddies and fronts, have a strong vertical velocity, can thus
make important supplements to the nutrients in the upper ocean. Using legacy multichannel seismic data AP25 of cruise
EW9101 acquired northeast of the South Shetland Islands (Antarctic Peninsula) in February 1991, we identified an oceanic
submesoscale eddy with the horizontal scale of ~4 km and a steep shelf break front that has variable dip angles from 5° to 10°.
The submesoscale eddy is an anticyclonic eddy, which carries warm core water, can accelerate ice shelves melting. The
upwelling induced by shelf break front may play an important role in transporting nutrients to the sea surface. The seismic
images with very high lateral resolution may provide a new insight to understand the submesoscale and even small-scale oceanic
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phenomena in the interior.
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1 Introduction

Heat and material transports in oceans play a dominant role
in regulating global climate and in controlling the oceanic
absorption of greenhouse gases that are responsible for
global warming (Zhang et al., 2014). Oceanic eddies have
been recognized as key contributors in transporting heat,
dissolved carbon, and other biogeochemical tracers
(McGillicuddy et al., 2007; Dong et al., 2014). Surface-
intensified mesoscale eddies have been studied extensively
using altimetric observations (Chelton et al., 2007).
However, we know much less about the contribution of
subsurface eddies, particularly submesoscale ones, due to
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their small spatial and temporal scales (McWilliams, 2016).
Same as submesoscale eddies, oceanic fronts are also
submesoscale processes (Capet et al., 2008; McWilliams,
2016). The  submesoscale  processes, including
submesoscale eddies and fronts, have a strong vertical
velocity that can even reach 100 m-d™'. These submesoscale
processes can sustain vertical secondary circulation with
time scales comparable with the nutrient uptake by
phytoplankton, thus make important supplements to the
nutrients in the upper ocean (McGillicuddy et al., 2007;
Zhang et al., 2019).

Oceanic eddies can be divided into cyclonic and
anticyclonic eddies based on their different rotation modes.
The cyclonic and anticyclonic eddies rotate counterclockwise
(clockwise) and clockwise (counterclockwise) in the northern
(southern) hemisphere, respectively (Pingree and Le Cann,
1992). There are downwellings in anticyclonic eddies for

www.aps-polar.org



Research on submesoscale eddy and front near South Shetland Islands using seismic oceanography data 111

the Coriolis force induced by the earth’s rotation, thus can
form concave isopycnal/isothermal surfaces (Zhang et al.,
2014).

Different from oceanic eddies and fronts in the low and
middle latitudes, those in polar regions are more important
in regulating global climate for a large number of ice
shelves in polar regions. A study by NASA found that ocean
waters melting the undersides of Antarctic ice shelves are
responsible for most of the continent’s ice shelf mass loss
(Rignot et al., 2013). The eddies can carry warm-core water
mass for a long distance, while almost maintaining the
properties of core water. Thus, the core water mass that is
warmer than surface waters will melt the undersides of
Antarctic ice shelves (Gunn et al., 2018). Up to now,
however, there are few researches on imaging water
columns using seismic data in polar regions except Gunn et
al. (2018).

Here, we found a submesoscale eddy and a shelf break
front in north of the South Shetland Islands (SSI) using a
new method named seismic oceanography (SO). SO uses
multichannel seismic (MCS) reflection data to produce
detailed images of the water column (Holbrook et al., 2003;
Holbrook and Fer, 2005; Ruddick et al., 2009). Seismic
imaging (i.e., acoustic reflection) can be approximately
thought to be the smoothed vertical gradient of seawater
temperature (Ruddick et al.,, 2009). Compared with the
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traditional physical oceanography methods, SO has the
advantages of high acquisition efficiency, very high lateral
resolution (~10 m) and full depth imaging of seawater
column (Dong et al., 2010; Song et al., 2021). Many
researchers have used seismic data to image oceanic eddies
in different regions, including the west exit of the
Mediterranecan Sea (Biescas et al., 2008; Pinheiro et al.,
2010; Song et al., 2011), South China Sea (Huang et al.,
2013), Gulf of Alaska (Tang et al., 2014, 2020), southeast
of New Zealand (Gorman et al., 2018), Bellingshausen
Sea (Gunn et al., 2018), Middle Atlantic Bight (Gula et
al., 2019), Southwest Atlantic Ocean (Gunn et al., 2020),
Northwest Pacific Ocean (Zhang et al., 2021) and the
Pacific coast of Central America (Yang et al., 2021).
Compared with eddies, the researches on oceanic fronts
are less and mainly consist of Newfoundland Basin of
Northwest Atlantic Ocean (Holbrook et al., 2003), east of
Japan (Nakamura et al., 2006), and Southwest Atlantic
Ocean (Gunn et al., 2020). They used seismic data,
combined with in-situ station observations such as
Conductivity-Temperature-Depth (CTD) and eXpendable
Bathy-Thermograph (XBT), remote sensing observations
of sea surface temperature (SST), sea surface height
(SSH), chl-a concentration, and sometimes numerical
simulations of fluid dynamics, to study the oceanic
eddies and fronts.
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Figure 1 Bathymetry of the study region. The red line is seismic line AP25, and the 5 red dots are CTD stations in February. The isolines
are isobaths of 100, 200, 500, 1000, 2000, 3000, 4000, and 5000 m, respectively. SSI = South Shetland Islands and EI = Elephant Island.

2 Oceanographic setting

SSI is located in southern Drake Strait and the northern tip
of the Antarctic Peninsula (AP). Due to the complex

topography, the water masses and circulations around the
SSI are complex and variable (Zhou et al., 2006). The
dominant circulations north of the SSI are the northeastward
Antarctic Circumpolar Current (ACC) and Antarctic Slope
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Current (ASC) that flow southwestward along the outer shelf.
As the only eastward circulation connecting the major oceans,
ACC consists of a series of oceanic fronts. From north to
south, these fronts are Subantarctic Front (SF), Polar Front
(PF), Southern ACC Front (SACCF), and Southern Boundary
(SB) (Orsi et al., 1995; Zhou and Zhu, 2020).

The waters associated with the ACC are the warm
Antarctic Surface Water (ASW), the cold Winter Water
(WW) below the ASW, and the warm Circumpolar Deep
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Water (CDW). The CDW can be further separated into the
Upper CDW (UCDW) and the Lower CDW (LCDW) based
on their origins from the Indian-Pacific oceans and the
Atlantic Ocean, respectively (Zhou et al., 2010). WW is
caused by the salt precipitation of sea ice, the sensible heat
dissipation to the atmosphere, and the vertical mixing of
seawater driven by wind (Zhou and Zhu, 2020). Figure 2
shows the properties of these water masses surrounding
SSI.
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Figure 2 The legacy CTD data.

a, Temperature; b, Salinity; ¢, Sound speed profiles; d, 7-S diagram. ASW = Antarctic Surface Water,

WW = Winter Water, and CDW = Circumpolar Deep Water. The color of the dots indicates the depth of the samples. The contours are
corresponding density anomalies calculated by the equation of the state of seawater.

3  Seismic data and hydrographic
data

3.1 Seismic acquisition and processing

Multi-channel seismic data was acquired during R/V
Maurice Ewing Expedition EW9101 conducted in February
1991. The original purpose of the seismic data acquisition is
the geophysical study of the Pacific margin of Antarctica,
including the Antarctic Peninsula and areas south to the
intersection of the Heezen Fracture Zone with the margin.
The acoustic source is an airgun array with a capacity of
136.9 L (8353 cu in). The shot interval was 20 s for ~50 m,
and the nominal distance between the shot and the nearest
channel is 263 m. There are 144 channels originally
recorded, and group spacing is 25 m. The sample interval is
4 ms, and the record length is 12 s. Here we only use
seismic line AP25 that acquired on 22 February 1991, to
analyze the water masses. Note that there are only
120 channels available because the nearest 24 channels are
empty and no data is recorded, hence the actual distance
between the shot and the nearest effective channel is 863 m.

The data quality of distant channels is poor because of
far offset and seawater reflections are much weaker than
strata reflections, so we used the nearest channel (120th

channel) of each shot to produce the common offset gathers
(COGs). Then COGs are processed with normal moveout
correction with a constant velocity of 1460 m-s'. The
velocity is referenced from the legacy sound speed of this
region shown in Figure 2c. In addition, 1D and 2D filterings
are needed to suppress the noise. To avoid strata
interference during filterings, it is necessary to mute the
reflections below the seafloor before filterings.

3.2 Hydrographic data

The seismic data was acquired in 1991, which is too early to
find coincident hydrographic data. We used legacy CTD
data to distinguish water masses and calculate sound speed
using the equation of state of seawater. The temperature-
salinity relationship of these CTD casts is shown in
Figure 2d. Water masses surrounding SSI can be divided
into ASW, coldest WW below ASW, and warm CDW below
WW. The CTD data is collected from February 1994 to
1996, and from the National Center of Environmental
Information (NCEI) of National Oceanic and Atmospheric
Administration ~ (NOAA)  (https://www.ncei.noaa.gov/
access/global-temperature-salinity-profile-programme/gwi.

html). We also used monthly mean chl-a concentration data
in February 2001 by MODIS-terra sensor from NASA’s
Ocean Color Web (https://oceancolor.gsfc.nasa.gov/). The
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resolution of Chl-a data is 4 km. We used daily sea ice area
fraction on February 22, 2003 by multi-sensor satellites
from Natural Environment Research Council (NERC) Earth
Observation Data Acquisition and Analysis Service
(NEODAAS,  https://www.neodaas.ac.uk/Home).  The
horizontal resolution of sea ice data is 1 km.

4 Results

4.1 Submesoscale eddy

Seismic line AP25 with a length of ~156 km is almost

1500 2000

perpendicular to the coastline of SSI and passes through the
shelf, slope and trench from southeast to northwest
(Figure 1). From Figure 3a, we can identify these submarine
topography. Figure 3b shows the water column reflections
in the box in Figure 3a after special processing for the
seawater column (described in subsection 3.1). There are
two obvious features, which are concave reflections and
oblique reflections in the left and right, respectively. We
enlarge these reflections in Figures 3¢ and 3d, respectively.
Based on previous researches on oceanic eddies using
seismic data (Biescas et al., 2008; Pinheiro et al., 2010;
Song et al., 2011; Gorman et al., 2018), we suggested that
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Figure 3 The seismic image of line AP25. a, Sub-seafloor reflections after stack and migration. The shot spacing is ~50 m. The position
of shelf break is marked. b, Water column reflections in the box in (a). The image shows oceanic eddy and front. The reflections below the
seafloor are muted. ¢, Seismic image of submesoscale eddy in the box in (b). d, Seismic image of shelf break front in the box in (b). The
reference slope angles of 2°, 5°, and 10° are shown. The reflections below the seafloor are muted. The reflections in the upper 100 m are

also muted for the processing of direct wave suppression.
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the concave reflections (Figure 3c) are the lower boundary
of an eddy. This eddy should be anticyclonic. Unfortunately,
the upper boundary of the eddy is muted during the
processing of water direct wave suppression.

The eddy has a maximum depth near 500 m, and the
upper boundary is shallower than 100 m. Therefore, the
vertical scale of the anticyclonic eddy is more than 400 m.
The reflections of the left boundary are narrow and steep,
while there are a series of sub-horizontal reflections on the
right of the right boundary. The eddy has a horizontal scale
of 4 km (equals to ~80 shots). The reflections of the core
and the boundaries are weak and intense respectively, which
demonstrates that the interior water is homogeneous and
different from that around it.

Submesoscale eddies have the radii smaller than the
first baroclinic Rossby radii of deformation Lg; and larger
than turbulent boundary layer thickness (Mcwilliams, 1985,
2016). Lr,; is a function of the Brunt—Viisdld frequency
(density stratification), the scale height, and geographic
latitude (Chelton et al., 1998; Nurser and Bacon, 2014). The
Ly is about 9 km in the shelf of SSI (Chelton et al., 1998).
Here, the eddy has a horizontal scale of ~4 km, which is
smaller than the local first baroclinic Rossby radius, thus is
a submesoscale eddy.

A dimensionless number, Burger number, for
oceanographic flow expressing the ratio between density
stratification in the vertical and the earth’s rotation in the

horizontal: Bu =(NH/ fL)2 , where N is the Brunt-Viisild

frequency, f'is the Coriolis frequency, H is the scale height
of the flow, L is a horizontal length scale of typical motions.
Take N = 2x107° s ' (Figure 4c), H = 300 m (the eddy
extends from ~100 m to ~400 m vertically), / (60°S) =
1.26x10* s7', L = 4 km, we can estimate Bu = 1.4x107*,
which is much less than 1, indicating that the earth rotation
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plays a greater dominant role than stratification in
governing vertical and other motions of this eddy.

4.2 Shelf break front

As shown in Figure 3d, there are a series of oblique
reflections near the shelf break. The dipping direction of the
reflections is opposite to that of the continental slope. The
foot of the reflections locates the upper slope and near the
shelf break. We interpreted that the oblique structure is shelf
break front. The front is located near the southern ACC
boundary (SB) (Orsi et al., 1995). It is noted that the front is
steep and has variable dip angles of ~50 in the upper part
and ~10o in the lower part (Figure 5). The foot of the front
reaching the slope is ~550 m deep. The front may reach the
sea surface if the reflections in the upper 100 m were not
muted.

The seismic reflections can be approximately
considered to coincide with or parallel to the isopyclines
(Sallarés et al., 2009). Here the front is inclined towards the
continental shelf (Figure 3d). Based on the geostrophic
theory, geostrophic velocity is into the paper at the front, i.e.
the northeast. This is consistent with the geostrophic
velocity calculated from the sea surface height (Figure 5b).
As shown in Figure 6b, the slope angle of the upper part of
the front is ~5° and the lower part is ~10°, and there is a
sudden transition between them. The horizontal velocity

shear Gl = —ia—ptana can be estimated from the slope

Oz pof Oz
of the seismic event (Sheen et al., 2011; Huang et al.,

2013), where p isthe density, p, is the average density
on both sides of the isopycnal, g is gravitational
acceleration, f'is the Coriolis parameter, v is the horizontal
velocity perpendicular to the transect, « is the slope angle
of the isopycnal, and z is the vertical coordinate. As shown
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Figure 4 a, Density profiles calculated from the legacy temperature and salinity data shown in Figure 2; b, Vertical density gradient
calculated from the density in (a); The black solid lines are measured data, and the green solid line is the smoothed data; ¢, Brunt-Véisila
frequency calculated from the density in (a). The black solid lines are measured data, and the green solid line is the smoothed data.
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Figure 5 Monthly mean sea surface temperature (a) and velocity (b) in February 1993. The solid black line is seismic line AP25. The
black arrow indicates the reference velocity. The temperature and velocity data is from CMEMS.
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Figure 6 a, Distribution of shelf break front picked from the
seismic profile; b, The slope angle of the shelf break front.

in Figure 4b, the vertical density gradient is ~0.005 kg'm™*
at the depth from 200 m to 500 m. Take g = 9.8 m's %, Po=
1028 kg'm >, and £ (60°S) = 1.26x10* 5!, we can estimate
the horizontal velocity shear are 0.033 and 0.066 m's > for
slope angles of 5° and 10°, respectively. Generally, the
slope angle of the isopycnal of seawater is less than 1°,
therefore the one greater than 5° should be induced by the
strong velocity shear based on the geostrophic balance. That
is, the current around this front is strong.

Shelf-break front is frontal formations where
cross-shelf waters encounter slope waters from the deeper
oceans, often associated with upwelling (Condie, 1993;
Gawarkiewicz and Plueddemann, 2020). The seasonally

transitional features are sites of high temperature, salinity,
and density gradients and often of high productivity where
deep upwelled water contributes high nutrients.

5 Discussion

5.1 The influence on climate and ecosystem

According to the traditional view, ablation from Antarctic
ice shelves occurs mostly by iceberg calving, with basal
melting only contributing 10%—28% of the total mass loss
(Jacobs et al., 1992). New research indicated that ocean
waters melting the undersides of Antarctic ice shelves are
responsible for most of the continent’s ice shelf mass loss
(Rignot et al., 2013). In the Southern Ocean, the lower
CDW, which are warmer than upper ASW and WW, can
transport warm water across the shelf and intrude the ice
shelves. The cross-shelf transportation of warm water may
increase the melting of the foundation, thereby promoting
splitting glacier and ice loss (Rignot et al., 2008). The
anticyclonic eddy can carry warm core water for a long
distance, while almost maintaining the properties of core
water (Mcwilliams, 1985). Thus, apart from the lower warm
CDW, the core water mass that is warmer than surface
water and surrounding water will melt the undersides of
Antarctic ice shelves (Gunn et al., 2018). In this work, this
submesoscale eddy may trap warm core water. This may
promote the melting of sea ice.

Submesoscale processes including submesoscale
eddies and fronts are particularly relevant to phytoplankton
productivity because the time scales on which they act are
similar to those of phytoplankton growth (Zhang et al.,
2019). The vertical secondary circulations in the fronts and
the lateral boundaries of the eddies tend to destroy the
lateral buoyancy gradient and restore the oceanic density
stratification, which can induce upwelling (Capet et al.,
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2008; McWilliams et al., 2009; McWilliams, 2016)
(Figure 7). The upwelling can transport nutrients from the
bottom to the surface. Especially in the shelf-break front
zone, there is almost the highest primary productivity
(Gawarkiewicz and Plueddemann, 2020). A study in the
Cosmonaut Sea found that half of the cumulative krill
density across that survey was found within 80 km of the
1000 m isobath (the shelf break), and 40% within 40 km
(Jarvis et al., 2010). Many researchers found that the
zooplankton and related biological quantity are quite high
near the shelf break of the SSI (Corzo et al., 2005; Reiss et
al., 2008; Joiris and Dochy, 2013). As shown in Figure 8a,
chl-a concentration observed from MODIS-Terra near
shelf-break is obviously higher than that north of shelf.

<« —
light

<_
dense

<— secondary circulations
—— isopycnals
< upwelling

Figure 7 Sketch of vertical secondary circulations of the
anticyclonic eddy (left) and the shelf break front (right).

5.2 Limitations of seismic data

In this study, seismic data has some limitations. As shown in
Figure 8b, there may be some thin ice covering the sea surface,
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which will increase the difficulty of seismic acquisition, and
reduce the quality of seismic data. In addition, the minimum
distance between the shot and geophone is 863 m, which is too
far to acquire high signal-noise ratio data.

The difference of water columns at middle and low
latitudes is mainly caused by the temperature difference,
while in polar regions, it is mainly caused by salinity
difference. The seismic reflection coefficients are more
affected by temperature than salinity (Ruddick et al., 2009).
Therefore, seismic oceanographic imaging in polar regions
will be more difficult. Sea ice cover will also have a certain
impact on seismic acquisition and data signal-to-noise ratio.
We may use a larger capacity airgun to collect seismic data
in the ice-free period as far as possible to improve the
signal-to-noise ratio.

6 Conclusion

Using legacy multichannel seismic data AP25 of cruise
EW9101 acquired on the northeast of SSI in February 1991,
we identified the oceanic submesoscale eddy with the
horizontal scale ~4 km and a steep shelf break front that has
variable dip angles from 5° to 10°. The submesoscale eddy
is an anticyclonic eddy, which carries warm core water, can
accelerate ice shelf melting. The upwelling induced by shelf
break front may play an important role in transporting
nutrients to the sea surface. The seismic images with very
high lateral resolution may provide a new insight to
understand the submesoscale and even small-scale oceanic
phenomena in the interior.
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Figure 8 a, The monthly mean Chl-a concentration around SSI in February 2001 from MODIS-Terra. The black line is seismic line AP25.
Note that the color scale is displayed in logarithm. b, The daily area fraction of sea ice around SSI on February 22, 2003 from NEODAAS.
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