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MA, United States, 2 Geophysical Fluid Dynamics Institute, Florida State University, Tallahassee, FL, United States

We infer circumpolar maps of stress imparted to the ocean by the wind, mediated by sea-
ice, in and around the Seasonal Ice Zone (SIZ) of Antarctica. In the open ocean we
compute the wind stress using surface winds from daily atmospheric reanalyses and
applying bulk formulae. In the presence of sea ice, the stress imparted to the underlying
ocean is computed from satellite observations of daily ice concentration and drift velocity
assuming, first, that the ocean geostrophic currents beneath are negligible, and then
including surface geostrophic ocean currents inferred from satellite altimetry. In this way
maps of surface ocean stress in the SIZ are obtained. The maps are discussed and
interpreted, and their importance in setting the circulation emphasised. Just as in parallel
observational studies in the Arctic, we find that ocean currents significantly modify the
stress field, the sense of the surface ageostrophic flow and thus pathways of exchange
across the SIZ. Maps of Ekman pumping reveal broad patterns of upwelling within the SIZ
enhanced near the sea ice edge, which are offset by strong narrow downwelling regions
adjacent to the Antarctic continent.

Keywords: Southern Ocean, Antarctica, physical oceanography, sea ice, meridional overturning circulation

1 INTRODUCTION

The Antarctic Circumpolar Current (ACC) is driven by the prevailing zonal westerlies. The effect of
these winds is not only to impart zonal momentum, but also to drive water away from Antarctica in
the surface Ekman layer which, by continuity, draws water up from depth. To the south of the ACC,
however, there is a large seasonal sea ice zone (SIZ), in to which much of the upwelling water is
drawn. Moreover, within the SIZ the direction of the prevailing winds, and the sea-ice which it
drives, changes from eastward to westward. This line, known as the Antarctic Divergence (Deacon,
1933; Deacon, 1937; Wyrtki, 1960a; Wyrtki, 1960b), lies within the SIZ between 60-65°S: north of it
we find the eastward-flowing Antarctic Circumpolar Current and south of it the westward-flowing
Antarctic Slope Current. The state of affairs is summarised in the observations of surface winds, and
ice drift in the SIZ presented in Figure 1.

The Antarctic Divergence (hereafter “Divergence”) might also be expected to mark the surface
expression of the separatrix between the upper and lower cells of the meridional overturning
circulation (MOC), where warm circumpolar deep water upwells along steep sloping isopycnals.
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North of the divergence water is driven equatorward to feed the
upper cell; south of it, water is driven polewards and ultimately
transformed from light to dense Antarctic bottom water in the
process (Marshall and Speer, 2012; Abernathey et al., 2016). The
two cells are empirically separated by, roughly, the 27.6 kg m™
neutral density contour which outcrops in the SIZ — see
Figure 1 of Marshall and Speer (2012). The geographical
location of the separatrix between the two cells plays an
important role in the dynamics of the MOC in the SIZ.
However, the separatrix is difficult to directly observe due to
the extreme sparsity of thermodynamic (temperature and
salinity) observations in the Southern Ocean, especially in
the SIZ.

Previous studies of the climatological state of the upper ocean
around Antarctica, such as those by Abernathey et al. (2016) and
(Pellichero et al. 2017; 2018), have taken a buoyancy budget and
water transformation perspective, with an emphasis on the role
of freshwater and sea-ice formation/export in sustaining the
upper cell of the MOC. There has also been important work
on trends in circumpolar properties. Holland and Kwok (2012)
report on wind-driven trends in Antarctic sea ice drift in the

FIGURE 1 | Key observations in the Antarctic SIZ for the austral winter months (JAS) for the period 2011-2016. Sea ice fraction o is contoured and shaded in blue.
The 10m wind velocity vector field is plotted using green arrows outside the SIZ and yellow arrows inside the SIZ (the arrows inside the ice zone are twice the length
as the arrows outside the ice zone for clarity). The sea ice drift velocity vector field is plotted using red arrows. The two black contours indicate the climatological
positions of the September (maximum extent) and February (minimum extent) sea ice edge as defined by the location of 15% sea ice fraction contour.
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context of the slight areal expansion of Antarctic sea ice cover in
recent decades. Haumann et al. (2016) explores the role of sea ice
transport in driving Southern Ocean salinity and its recent
trends, which are among the most prominent signals of
climate change in the global ocean. In this study we bring in a
dynamical perspective by exploring the important role of winds
and particularly sea ice which, in the SIZ, mediates the stress
imparted by the winds to the underlying ocean. We use
observations of surface winds, sea ice fraction, sea ice drift
velocity, and geostrophic ocean currents, to estimate the stress
applied to the ocean surface in the SIZ both by the surface wind
and the motion of the ice driven by those winds. The resulting
fields help us to map out the geography of the Antarctic
Divergence zone, Ekman transport, and Ekman pumping rates
in the SIZ.

In a recent observational study of the Beaufort Gyre of the
Arctic ocean by (Meneghello et al. 2017; 2018), the presence of
surface geostrophic flow had a marked effect on estimates of ice-
ocean stress. There, sea ice, driven by the wind, drags the ocean
along and the ocean currents ‘catch the ice up’, reducing the ice-
ocean stress. This feedback between ice drift and surface currents
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was dubbed the ‘ice-ocean governor’. The Antarctic is rather
different from the Arctic in that the sea-ice is thinner (order 1m)
than the multi-year ice that grows in the closed basin of the
Arctic Ocean, and is generally more mobile and loosely packed.
Nevertheless one might expect that, as in the Arctic, estimates of
stress in the SIZ could be very different if surface geostrophic
currents are taken in to account. Our study can also be
considered to be an extension of the regional mapping of
Dotto et al. (2018) in the Ross Gyre. They assess its circulation
using satellite altimetry and compute the surface stress and stress
curl acting on the gyre, but do not consider the role of surface
geostrophic flow or take a circumpolar view.

Our paper is set out as follows. In section 2 we describe the
observational datasets used and the manner in which the data is
processed. In section 3 we present maps of surface ocean stresses
in the SIZ taking into account the effect of the surface ocean
geostrophic flow rubbing against the ice in modulating the
surface stress. In section 4 we present maps of Ekman
pumping rates including its seasonal cycle. In section 5 we
discuss some of the implications of our study and conclude.

2 OBSERVATIONAL DATA AND METHODS

Figure 1 (data sources used are described in detail below) shows
key observations of the July-August-September (JAS) mean
surface winds, sea ice drift velocity, and sea ice fraction,
together with the position of the summer and winter ice edges
around Antarctica. We see the generally eastward surface winds
blowing over the open ocean to the north (green arrows). The
winds continue to blow eastward as one enters the SIZ (yellow
arrows), but change over to westward right in to Antarctica. The
red arrows show the observed ice drift. Note how the ice is
generally moving northward close in to Antarctica, but swings
around in a clockwise sense to acquire a slight eastward
component further out. The ice fraction (shaded in blue)
reveals complete ice cover close to Antarctica which decays to
zero in the open ocean north of the winter ice edge. Daily values
of these fields are used to compute the stress acting on the ocean,
directly from the wind in the open ocean, and through the
motion of the ice over the interior ocean in the SIZ. The method
we used is now described.

We follow the approach of (Yang 2006; 2009) and Meneghello
et al. (2017) where the surface ocean stress 7 is estimated using a
linear combination of the ice-ocean and air-ocean stresses
weighted by the observed local sea ice fraction 0 < o < I:

T=0T,+ (1 -0a)T, (1)

Here the ice-ocean stress T;, and the atmosphere-ocean stress
felt between sea ice floes 7,, are computed using the following
quadratic bulk drag laws

Tio = pocio|ur|ur> Tao = pacuolua‘ua (2)

where p, = 1.25 kg m™ and p, = 1027.5 kg m "> are atmospheric
air and surface ocean water densities (assumed constant),
respectively. The ice-ocean drag coefficient C;, varies

considerably, by over an order of magnitude, due to under-
ice topography and other factors (Cole et al., 2014). However, in
the absence of the observational data required to diagnose C;,
we will assume a constant C;, = 0.0055 to facilitate comparisons
with previous studies and which was found to be close to the
modal value obtained in the observational study of Cole et al.
(2014). The air-ocean drag coefficient C,, depends on the sea
ice fraction, and thus the season, as well as the surface
morphology (Liipkes et al., 2012); however we again assume a
constant C;, = 0.00125 (Liipkes and Birnbaum, 2005) following
previous studies. The 10m atmospheric wind velocity vector is
denoted by u, while u, is the relative velocity between the ice
and ocean

u,=u;—u,

if geostrophic currents are neglected

u—u,
{ u; — (ue + ug), if geostrophic currents are included
3)
where u, is the surface ocean velocity, u; is the sea ice drift
velocity, u, is the Ekman velocity, and u, is the geostrophic ocean
current velocity. Note how the ocean velocity [O(10 cm/s), see
Figure 3] is neglected with respect to the much larger wind
velocity [O(10 m/s) , see Figure 1], but not with respect to the
comparable ice velocity [O(10 cm/s), also see Figure 3].

We make two choices for the reference ocean velocity; first we
set u, = u, and later include surface geostrophic current effects,
U, = g + U,. To estimate the Ekman component of the surface
ocean velocity we use the surface Ekman velocity (which is 45° to
the left of the surface stress in the Southern Hemisphere)

2 —inm/4
u(z=0) = ‘;jDr,

where f is the Coriolis parameter and we assume a fixed Ekman
layer depth D, = 20 m following previous studies: see (Yang,
2006; Yang, 2009).

Equations (1)-(4) form a nonlinear system of equations for T
and u,, which we solve using the stationary (or modified)
Richardson iteration with constant parameter [see Richardson
(1911) for the original description and Ryaben’kii and Tsynkov
(2006) for a modern treatment]. Using a Richardson relaxation
parameter of 0.01 the procedure always converges after ((10)
iterations within an absolute tolerance of | 7F-7*=1 |
< 107°N m > where ©¥ is the iterate produced at iteration k.

In the above procedure we must make use of several
observational datasets. The 10 m atmospheric surface winds u,
are obtained from the National Center for Environmental
Prediction/National Center for Atmospheric Research (NCEP/
NCAR) Reanalysis 1 (Kalnay et al., 1996). Observations of sea ice
fraction, ¢, are obtained from the Nimbus-7 SMMR and DMSP
SSM/I-SSMIS Passive Microwave Data Version 1 (Cavalieri et al.,
1996). Sea ice velocity vectors u; are obtained from the Polar
Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors

(4)

'These previous studies investigated the dynamics of the Arctic Ocean. We
assume the same value of D, pertains in the Southern Ocean.
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version 3 (Tschudi et al., 2016)%. When used, geostrophic ocean
current velocities u, are obtained from monthly composites of
dynamic ocean topography and sea level anomalies from
CryoSat-2 covering both the ice-covered and ice-free regions of
the Southern Ocean spanning 2011-2016 (Armitage et al.,
2018)>. Observations of neutral density y", averaged over the
mixed layer are obtained from monthly climatological fields
produced using ship observations, Argo floats, and animal-
borne sensors (mainly Southern elephant seals) (Pellichero
et al., 2017; Pellichero et al., 2018). Before going on we should
note that a number of atmospheric reanalysis products are
available, but we chose NCEP/NCAR not least because it was
the one used in deriving sea-ice velocity estimates.

Daily surface stress and Ekman transport fields are calculated
on a 0.25° x 0.25° latitude-longitude grid from 40°S to 80°S over
the period 2011-2016. To facilitate this calculation the individual
daily data sets are linearly interpolated onto a 0.25° x 0.25°
latitude-longitude grid. Climatologies are computed by summing
the daily fields and dividing by the number of days of available
data at each geographical position. We now present and describe
the resulting maps of surface ocean stress.

3 DISTRIBUTION OF SURFACE STRESSES
ACTING ON THE OCEAN

3.1 Stresses Neglecting Geostrophic
Currents

Figure 2 shows a winter climatology (JAS) of the surface ocean
stress in the absence of geostrophic ocean currents,
corresponding to an ocean velocity u, = u, where u, is given
by equation (4). Note that the zonal component of the surface
stress dominates outside the sea ice zone, a consequence of the
prevailing zonal westerlies, while both the zonal and meridional
components of the ice-ocean stress are important in the SIZ.
Typical stress magnitudes in the SIZ are 0.1 N m™.

The zonal component of surface ocean stress changes sign
from eastward to westward between the ice edge and the
Antarctic continent. We define this as the Divergence line, and
is marked by the thick green line shown in Figure 2. This
Divergence line exists almost everywhere around the Antarctic
continent except at the Antarctic Peninsula, and circumscribes
the Antarctic continent well within the SIZ, typically 500 km oft
shore. As the Divergence line lies between the Antarctic
continent and the ice edge, its position consequently varies
with the seasonal ice cycle. Figure 2 (top) shows that close to
the Antarctic coast, the stress is directed westward (blue shading
in the figure) and drives flow westwards. North of the
Divergence, the stress is eastward.

The red line shown in the two panels of Figure 2 is the
climatological position of the y* = 27.6 kg m™ neutral density

*Persistent Eulerian and Lagrangian artifacts have been found in this dataset
related to the incorporation of buoy data which especially impacts the Arctic. This
mainly impacts the evaluation of sea ice motion gradients (Szanyi et al., 2016)

* Armitage et al,, (2018) identify north-south striping artifacts in the sea level
anomaly field, but these seem to be confined to the region of the Weddell Gyre.

contour as it outcrops into the mixed layer. Marshall and Speer
(2012) argue that this can be taken as the separatrix between the
upper and lower cells. Note that there is very rough
correspondence between the outcrop and the Divergence line
around Antarctica except in the region of the Weddell and Ross
Sea gyres where it meanders considerably. We now include
geostrophic ocean currents in our estimates and discuss their
effect on modulating the surface ocean stress field.

3.2 Effect of Surface Geostrophic Currents

Figure 3 shows winter climatologies of the zonal and meridional
components of both the geostrophic current velocity u, and the
sea ice drift velocity u;. Note that the geostrophic ocean current
field, even in the climatological mean, exhibits a high frequency
meridional variability. This is due perhaps to the dominant
presence of mesoscale eddies in the Southern Ocean and the
meandering path of the ACC, or perhaps it is the effect of the
bathymetry on the ACC. In the SIZ, the geostrophic ocean
currents are slower than outside the SIZ but u, and u; are of
roughly the same magnitude. The ice velocity field exhibits a
more robust pattern: eastward zonal drift in the northern half of
the SIZ and westward zonal drift in the southern half of the SIZ
following the wind patterns (Figure 1) which tend to blow the ice
around. The sea ice drifts northward in the climatological mean.
This is to be expected from a simple picture of sea ice forming
near the Antarctic continent, being blown northward by the
wind patterns, and melting near the ice edge where sea surface
temperatures are above freezing.

With the inclusion of its geostrophic component, the surface
ocean current is u#, = u, + u,. The geostrophic currents affect the
surface ocean stress within the SIZ where the speed of ocean
currents and ice drift are comparable. The resulting surface
ocean stress fields are presented in Figure 4. The inclusion of
the geostrophic currents introduces additional spatial structure
to the surface ocean stress field which in turn complicates the
position of the Divergence line. The line is less distinct than
before and meanders in position within the SIZ, often moving
right in toward the coast. This is evidence of the ice-ocean
governor in action around Antarctica, a consequence of the
ocean currents and sea-ice having comparable speeds, resulting
in the frequent vanishing of the ice-ocean stress.

4 PATTERN OF EKMAN CURRENTS AND
ASSOCIATED EKMAN PUMPING

Maps of the winter-mean (JAS) Ekman transport U,, which is 90°
to the left of the surface stress in the Southern Hemisphere,

UE_A ue(z)dZ—fpo <—Tx> (5)

are presented in Figure 5. We see a northward Ekman transport
north of the Divergence, and a southward transport south of the
Divergence. This is particularly clear in Figure 5 (left) where the
effect of the underlying ocean circulation is not included. When
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FIGURE 2 | Winter (JAS) climatologies of the zonal (top) and meridional (bottom) components of the surface ocean stress T over the period 2011-2016. Eastward

zonal stresses and northward meridional stresses are positive. The green contour indicates the zero zonal stress line while the black contour indicates the sea ice
edge as defined by the location of 15% sea ice fraction contour. The red contour indicates the position of the ¥ = 27.6 kg m™ neutral density contour averaged over

the mixed layer. These surface stress fields are calculated assuming no geostrophic ocean currents (u, = Ug)
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such effects are included, however, as in Figure 5 (right), the
large-scale pattern remains largely the same, albeit with more
small-scale variation. The meridional component of the Ekman
transport dominates outside the SIZ. Both zonal and meridional
Ekman components are equally important in the SIZ where the
flow is weaker and predominantly towards the southwest, as
expected from an inspection of the surface stress maps (the mean
Ekman transport is 90° to the left of the surface stress).
The Ekman pumping rate

W, =V x (é) ©)

associated with the ocean surface stress in the Southern Ocean is
plotted in Figure 6 in the absence and presence of geostrophic
ocean currents. The maps reveal large-scale upwelling within the
SIZ but with many smaller-scale features appearing where the
effect of ocean currents is of importance. It should be noted that
equation (6) assumes that the Rossby number is small, allowing
neglect of the contribution of the relative vorticity considered by
Stern (1965) and Gaube et al. (2015). Computation of the Rossby
number from the monthly-mean surface geostrophic currents
(not shown) indicates that this is indeed small (less than 0.1) in
the seasonal ice zone, at the resolution of the available data. Thus
equation 6 is a very good approximation.

A striking feature, appearing both in the absence and presence
of geostrophic ocean currents, is the zone of upwelling that
follows the sea ice edge being especially prominent in the Eastern
Hemisphere. A sharp decrease in sea ice fraction (Figure 1), and
thus in the ice-ocean stress, occurs as the ice edge is traversed
northward, which in turn produces a large divergence of stress at
the ocean surface around the ice edge bringing up ocean water
from depth. A second feature, prominent in the absence of
geostrophic ocean currents, is a second zone of upwelling
closely following the zero zonal stress line. This is where the
zonal component, and to a lesser extent the meridional
component, of the surface stress (Figure 2), changes sign and
produces a large gradient in the surface stress perpendicular to
the zero zonal stress line, again leading to a divergence of stress
and subsequent upwelling. Note how, in the presence of u,
Ekman pumping has changed sign — from upwelling to
downwelling — over large parts of the Weddell Sea. There is
also a region of pronounced downwelling all the way around the
continental margin which is almost entirely absent when the
effects of ocean currents are neglected.

In summary, then, in the presence of surface ocean currents,
the SIZ is a region of large-scale upwelling in the wintertime with
typical values of 40 m yr™' which is intensified to values in excess
of 100 m yr'' near the ice edge. This is balanced by a circumpolar
band of intense downwelling adjacent to the boundary where
rates in excess of 200 m yr™' are found.

Figure 7 shows the Ekman pumping field season by season.
Note that in the top left panel (already presented in Figure 6) the
SIZ is at its largest winter extent (JAS). The spring pattern
(OND) is broadly similar with upwelling over the outer flank
of the SIZ, with downwelling on the inside. In the summer (JEM)
ice has been replaced by open ocean and there is broad upwelling

over almost all of the circumpolar domain. Downwelling in the
inner circumpolar domain returns in the fall (AM]). The ice edge
in all seasons coincides with a region of strong upwelling, a
consequence of the change of the stress across the ice edge,
inducing a large curl.

For completeness, Figure 8 shows the annual mean
climatology of zonal surface stress and Ekman pumping. The
main patterns of the winter (JAS) mean Ekman pumping field —
distributed upwelling over the SIZ balanced by intense
downwelling around the continent — imprint themselves on
the annual mean, but amplitudes are diminished due to the
temporal averaging. The Divergence meanders considerably over
the SIZ, often approaching the Antarctic margin. Thus ice-ocean
effects appear to be important in climatological means, not just in
the winter season.

5 DISCUSSION AND CONCLUSIONS

We have attempted to infer from observations patterns of stress
applied by atmospheric winds to the ocean below, as mediated by
the presence of ice in the SIZ around Antarctica. Unlike previous
studies, for example the regional study of Dotto et al. (2018), we
have explored the role of surface geostrophic currents in setting
the amplitude and pattern of Ekman pumping and brought a
circumpolar Antarctic perspective.
Our main conclusions are:

1. If surface currents are neglected, the climatological position
of the Antarctic Divergence in JAS (the line at which the
zonal stress changes sign) is contiguous and circumnavigates
the globe roughly 500 km oft shore, within the SIZ.

2. Inclusion of surface geostrophic currents makes a zero-order
contribution to estimates of surface stress and Ekman
pumping. The Antarctic Divergence is no longer
contiguous or organized, but instead meanders within the
SIZ. This is because surface current speeds approach that of
the drifting sea-ice above, tending to ‘turn off’ the ice-ocean
stress. In this sense there is a generalised ‘ice-ocean governor’
in operation around Antarctica in which surface currents and
sea-ice drifts are comparable to one-another.

3. The SIZ is found to be a region of generalised upwelling,
typically 40 m yr™', enhanced near the sea-ice edge where it
can exceed 100 m yr™'. This is balanced by a band of intense
downwelling close in to the boundary, all the way around
Antarctica, which can reach several 100 m yr .

Finally, the current study is suggestive of several lines of
further enquiry to answer questions that stem from it. What are
the uncertainties in our estimates and do similar patterns emerge
if different reanalysis products are used? If true, what are the
consequences for the large-scale ocean circulation of the new and
rather different Ekman pumping patterns presented here? The
geostrophic gyre structure as revealed by altimetry ought to
reflect the actual forcing which must include the sea-ice
influences explored here. Are monthly geostrophic currents
consistent with the implied geostrophic flow due to the
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FIGURE 6 | Winter (JAS) climatologies of Ekman pumping in the absence of geostrophic ocean currents (top) and with their inclusion (bottom) over the period
2011-2016. The green contour indicates the zero zonal stress line while the black contours indicates the minimum and maximum sea ice edge as defined by the
location of 15% sea ice fraction contour. The plot on the bottom has been smoothed using a 5-point 2D box filter.

Frontiers in Marine Science | www.frontiersin.org 10 June 2022 | Volume 9 | Article 864808



BIO"UISIONUOI MMM | 80USIOS BULBJ Ul SIOIUO.

808798 8oy | 6 8WnN(oA | gzog sunp

90°E

I zero zonal stress line
H 15% ice edge
seasonal 15% ice edge

FIGURE 7 | Seasonal cycle of Ekman pumping including the effect of geostrophic ocean currents averaged over the period 2011-2016. Clockwise from top left: JAS, OND, JFM and AMJ. Red indicates upwelling
and blue downwelling. The green contour indicates the zero zonal stress line while the black contours indicates the minimum and maximum sea ice edge as defined by the location of 15% sea ice fraction contour.

The white contour marks the ice edge in that season. The fields plotted have been smoothed using a 5-point 2D box filter.

180°

90°E Mm/year

200

120

40

-120

—200

‘|e 18 Ueypewiey

BONOJRIUY PUNOIY Bulemumo pue Bulemdn



Ramadhan et al. Upwelling and Downwelling Around Antarctica

— 0.1 N/m? (inside ice zone) Zonal stress Ty
L 0°

— 0.1 N/m? (outside ice zone) 0.20
0.12
0.04

90°W 90°E
-0.04
-0.12
-0.20
180°
Il zero zonal stress line
N 15% ice edge Ekman pumping we
m/year
200
120
40
90°W
-40
-120
-200
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(modified) integrated wind stress curl? Can we connect the wind
driven upwelling, particularly near the ice edge, to heave or
vertical motion of isopycnals from Argo data? All these and more
would seem to be valuable areas for future enquiry.
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