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Abstract Previous studies have shown evidence of atmospheric extratropical wave trains modulating sea ice area in the Weddell
and Amundsen/Bellingshausen seas on intraseasonal time-scales (20—-100 d). Here we investigate mechanisms relating
intraseasonal extreme sea ice extent and Ekman layer dynamics with emphasis on the Weddell Sea. This study extends from 1989
to 2013 and focuses on the winter season. Wind stress 7 is calculated with winds from the Climate Forecast System reanalysis
(CFSR) to evaluate momentum transfer between the atmosphere and the Ekman layer. Lag-composites of the anomalies of Ekman
transport and the Ekman pumping indicate that divergence of mass in the Ekman layer and upwelling lead the occurrence of
extreme sea ice contraction on intraseasonal time-scales in the Weddell Sea. Opposite conditions (i.e., convergence of the mass and
downwelling) lead extreme sea ice expansion on intraseasonal time-scales. This study suggests that the Ekman pumping resulting
from the anomalous wind stress on intraseasonal time-scales can transport these warmer waters to the surface contributing to sea
ice melting. Additionally, high resolution sea ice fraction and ocean currents obtained from satellite and in situ data are used to
investigate in detail mechanisms associated with persistent extreme sea ice expansion and contraction on intraseasonal time-scales.
These case studies reveal that atmospheric circumpolar waves on intraseasonal time-scales can induce contrasting anomalies of
about £20% in sea ice concentration at the Weddell and western Antarctica Peninsula margins within less than 30 d. This study
shows that extreme anomalies in sea ice may lag between 525 d (15 pentads) the ocean-atmospheric forcing on intraseasonal
time-scales.
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1 Introduction

The influence of global climate on Antarctic sea ice has
been well documented (e.g, Raphael, 2007; Gillet and
Thompson, 2003; Yuan and Martison, 2000). Many studies
have shown the impact of atmospheric circulation at
midlatitudes on sea ice extent. The majority of these studies
relate the intensity of westerly winds and local winds to
Antarctic sea ice variability (Holland and Kwok, 2012;
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Gillet and Thompson, 2003; Wunsch, 1998; Streten and
Pike, 1980; Gordon et al., 1977). The Southern Hemisphere
westerly winds have been strengthening and shifting
poleward since 1950s, likely induced by global warming
and stratospheric ozone-depletion (particularly in the
summer) (Spence et al., 2014; Thompson et al., 2011; Fyfe
et al., 2007; Arblaster and Meehl, 2006). Spence et al. (2014)
showed with simulations that a poleward wind shift near
Antarctic Peninsula can produce an intense warming of
subsurface coastal waters that exceeds 2°C at 200-700 m
depth. This confined heat could affect sea ice extent if it is
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brought up by enhanced Ekman pumping. Some numeric
simulations suggest that drastic changes in winter Antarctic
sea ice extent generate significant impacts on the Southern
Hemisphere climate. For instance, Mitchell and Hills (1986)
observed that when removing all existing sea ice below
66°S, there is a large increase in the sensible heat flux at
low levels of the atmosphere in these regions. This heat
confined above Antarctica implies in a reduction of about
2 ms”" of the westerly flow along the new sea ice margin.

The most important role of the sea ice in the climate
system is related to the reflection of incident solar
radiation. Moreover, sea ice is an efficient isolator, which
limits momentum, heat and mass exchanges between the
atmosphere and adjacent ocean (Parkinson, 2004).
Furthermore, sea ice plays an important role in upper
ocean temperature and salinity changes and, therefore, in
adjacent water density and the formation of intermediate
and bottom ocean waters (Brown et al., 2001). The
Antarctic sea ice is characterized by a pronounced
seasonal cycle (Thomas and Dieckmann, 2003), even
though trends are observed in some seasons (Zwally et al.,
2002). Although some studies have examined the role of
the oceans in the Antarctic sea ice variability, many
scientific questions remain to be investigated to understand
atmosphere-ocean-sea-ice coupling mechanisms on various
time-scales. To illustrate the importance of these issues,
Gordon (1981) estimated that the heat stored below the
ocean’s pycnocline is responsible for 50% of the necessary
heat for spring sea ice melting. Therefore, mechanisms
inducing upwelling could also enhance melting at the sea
ice margins.

Observational studies focusing on sea ice and
atmosphere interactions have shown strong coupling on a
broad range of scales (Lima and Carvalho, 2008; Wendler
and Nagashima, 1987; Walsh, 1983). Lima and Carvalho
(2008) showed that intraseasonal anomalies in atmospheric
circulation were related to extreme variability in sea ice
area observed also on intraseasonal time-scales. These
events were associated with midlatitude wave trains
propagating from the tropics to the extratropics (Mo and
Paegle, 2001; Lau et al., 1994; Ghil and Mo, 1991). Hall
and Visbeck (2002) suggested that the Antarctic Oscillation
(Gong and Wang, 1999) may cause significant impacts on
sea ice due to mass exchanges between Polar Regions and
the extratropics and impacts on Ekman layer dynamics on
intraseasonal time-scales.

Furthermore, atmospheric teleconnection mechanisms
generated by tropical phenomena on intraseasonal
time-scales, such as the Madden-Julian Oscillation (MJO)
(Madden and Julian, 1994) affect global circulation and
cause impacts on the Antarctic sea ice (Jin et al., 2013; Jia
etal., 2011; Jones et al., 2011; Carvalho et al., 2005; Zhang,
2005). Carleton (2003) suggests that convective anomalies
propagating longitudinally induce a Rossby-wave train
pattern known as Pacific South American (PSA), which
affects the extratropical Pacific. Lima and Carvalho (2008)
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related the PSA to variations in sea ice area on intraseasonal
time-scales on the Weddell, Amundsen and Bellingshausen
seas. They identified that extreme contraction (expansion)
anomalies of sea ice area on intraseasonal time-scale are
associated with opposite phases of the PSA and are related
to warm (cold) temperature advection at low levels and
warm (cold) sea surface temperature anomalies. Interactions
that occur in the Southern Ocean between the atmosphere,
ocean, and cryosphere greatly influence the dynamics of the
entire climate system through the formation of water masses
and the sequestration of heat, freshwater, carbon, and other
properties (Weijer et al., 2012; Rintoul et al., 2001). The
Weddell and Ross oceanic basins are considered key
regions for the formation of bottom waters masses (Thoma
et al., 2006; Gordon et al., 2001; Comiso and Gordon, 1998;
Markus et al., 1998; Martinson and Iannuzzi, 1998; Jacobs
et al.,, 1970), and trends in sea ice extent on the Weddell
and Ross seas could directly affect oceanic circulations.
More (less) ice production in these seas could strengthen
(weaken) deep flow of Atlantic and Pacific Meridional
Overturning Circulation by changing surface temperature
and density (which affect local oceanic stratification)
(Tomczak and Godfrey, 2003). Therefore, the present study
focuses on the Weddell Sea, given its importance for the
global oceanic circulation.

The main objective of this study is to examine
mechanisms associating ocean-atmospheric interactions
with sea ice variability on intraseasonal time-scales. More
specifically, this study examines the response of the
Southern Hemisphere Ocean (Southern Ocean for
simplification) to the propagation of atmospheric waves on
intraseasonal time-scales and the role of these interactions
in the Weddell sea ice variability.

2 Data

Daily sea ice extent (SIE) in the Weddell Sea (Figure 1) is
estimated from the Scanning Multichannel Microwave
Radiometer (SMMR) and Special Sensor Microwave/
Imager (Nimbus-7 SMMR; DMSP-F8, F11, and F13 SSM/I)
at a grid cell size of 25 x 25 km?, available from the US
National Snow and Ice Data Center (NSIDC; Stroeve 2003).
The ice-extent indicates whether ice is present; here, ice is
considered to exist in a pixel if the sea ice concentration
exceeds 15 percent. The SIE data originally begin in
October 1978; however, data before 1989 was not included
because of gaps and availability every 2 d. The SIE data
investigated here are daily estimates and cover the
19892013 period.

The atmospheric dynamics is characterized with the
National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR; Saha et al.,
2010) at 1° latitude/longitude grid spacing from 1 January
1989 to 31 December 2013. The following variables are
examined: daily averages of the zonal and meridional
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Figure 1 Map of Antarctica and surrounding seas (60°S—90°S) in
stereographic polar perspective (obtained from Turner and
Pendlebury, 2004). Weddell Sea is highlighted by the ellipse in red.

components of the winds at 10 meters (U10 and V10,
respectively). The advantages of CFSR relative to the
previous NCEP reanalysis include high horizontal and
vertical resolutions, improvements in data assimilation, and
first-guess fields originated from a coupled atmosphere—
land—ocean—ice system (Higgins et al., 2010; Saha et al.,
2010).

Daily average zonal and meridional components of
wind stress at 10 m (z, e 7,, respectively) were calculated
using the bulk formula (Eq. 1), where u is the wind velocity,
Pair 18 the air density (considered here as 1.2 kg~m_3) and Cp
is the drag coefficient for the ocean (considered here as
1.2x107%). More details about bulk formula, wind stress and
the drag coefficient for the ocean can be seen in Large and
Pond (1981), Yelland and Taylor (1996) and Kara et al.
(2006).

T:pairCDu|u| (1)

The case studies that represent the most negative and
positive sea ice extreme intraseasonal anomaly events,
respectively, are chosen using 5-d average (pentad) data of
surface ocean currents from National Oceanic and
Atmospheric  Administration (NOAA)/Ocean Surface
Currents Analyses—Real Time (OSCAR). The OSCAR
product is a direct computation of global surface currents
using satellite sea surface height, wind, and sea surface
temperature. Currents are calculated using a quasi-steady
geostrophic model along with an eddy viscosity based
wind-driven ageostrophic component and a thermal wind
adjustment. The model calculates a surface current averaged
over the top 30 m of the upper ocean (Bonjean and
Lagerloef, 2002). Data used in this study are spatially
filtered to 1 degree grid space resolution and was obtained
from Earth Space Research (ESR) (https://www.esr.org/).

Daily high resolution data estimated from
radiometers and in situ observations of sea surface
temperature (SST) and sea ice fraction (http://mur.jpl.
nasa.gov) are also used to correlate ocean currents to
surface warm or cold anomalies. SST data are produced by
the Group for High Resolution Sea Surface Temperature
(GHRSST) as a retrospective dataset (four day latency)
and near-real-time dataset (one day latency) using wavelet
basis functions in an optimal interpolation approach on a
global 0.01 degree grid (Chin et al., 2014, 2010, 1998;
Vazquez-Cuervo et al., 2013; Armstrong at al., 2012; Dash
et al., 2012; Haines et al., 2007; Mariano and Brown, 1992;
Mariano, 1990). The ice concentration data are from the
archives at the EUMETSAT Ocean and Sea Ice Satellite
Application Facility (OSI SAF) High Latitude Processing
Center and are also used for an improved SST
parameterization for the high-latitudes. All this data were
examined here in the Southern Ocean, for all longitudes
and latitudes from 40°S to 90°S.

Wind stress t affects the oceanic Ekman layer
(approximately between 0 to 100 m) by transferring
momentum by friction. The balance of forces in the Ekman
layer is obtained between friction, pressure gradient force
and Coriolis force (Cushman-Roisin and Deleersnijder,
2005; Tomczak and Godfrey, 2003). However, describing
the dynamics of the Ekman layer is a complex problem that
often requires turbulent mixing coefficients that are difficult
to determine. One alternative approach to investigate the
Ekman layer dynamics is by evaluating mass transport. The
component of water transport layer induced by the wind is
perpendicular to the average direction of the wind (and 1),
whereas the Coriolis force deflects the Ekman transport to
left in the SH and to right in the NH. Considering the
balance of forces in the Ekman layer, we can derive Eqgs. 2
and 3, where p, is sea water density (considered here as
1025 kg'm™), f is the Coriolis parameter, U, and V, are
zonal and meridional components of Ekman mass transport,
respectively, u# and v are zonal and meridional components
of Ekman’s velocity and z. is the base of the Ekman layer
(considered here as the depth of 100 m). Descriptions of
zonal and meridional Ekman layer mass transport for global
ocean and for individual oceanic basins can be seen in
Levitus (1987). Applications of Egs. 2 and 3 can be seen in
Chereskin and Roemmich (1991).
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The resulting convergence and divergence of water
masses due to Ekman transport is known as the Ekman
pumping. Using the continuity equation (Eq. 4), it is
possible to calculate the vertical movement of water in the
oceanic Ekman layer (w.) resulting from the average Ekman
mass transport (Egs. 5 and 6), where:
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By rewriting the terms of the Ekman transport as a
function of 7z, we obtain the relationship between Ekman
pumping w, and the rotational of wind stress, where
positive (negative) rotational of 7 is associated with
divergence (convergence) in oceanic Ekman layer and
upward (downward) movement or upwelling (downwelling)
due to Ekman pumping (Tomczak and Godfrey, 2003; Large
and Pond, 1981).

3 Results

The relative importance of intraseasonal variability in SIE
was demonstrated by performing spectral analysis. The
spectrum of the Weddell SIE variability was obtained based
on the Fourier Transform. First and foremost, long-term

trends and the annual cycle of the time series were removed.

The spectral analysis was performed for the winter period
(June, July and August—JJA). The spectrum was obtained as
an ensemble of the spectra of the 25 winters (1989-2013).
This study focuses on the Austral winter (JJA) because
previous studies indicated that links between atmospheric
perturbations and SIE on intraseasonal time-scales (20—
100 d) are stronger during this season (Lima and Carvalho,
2008). The ensemble winter spectrum of the Weddell SIE
shows peaks above the 95% confidence level on
intraseasonal time-scales approximately between 10 to 60 d
(Figure 2). The 95% confidence level was calculated based
on red noise values multiplied by the value obtained from a
Qui-Square table (according to the number of degree of
freedom) and normalized by the number of degree of
freedom.

Based on these results, the Weddell SIE data were
bandpass-filtered to retain anomalies between 20—100 d. A
Fast Fourier transform (FFT) filter was used for this
purpose (e.g. Helms, 1967). The relatively wide 20—100 d
band was chosen to avoid including synoptic-scale variance
(i.e, highest frequency retained should be less than 1/20 d)
and to account for the fast decrease of the response function
(from 1 to 0.5) of the filter near the border of the band (not
shown).

Extreme intraseasonal SIE anomalies were then
defined based on the quartiles of the distribution of
anomalies following Lima and Carvalho (2008). Extreme
positive intraseasonal sea ice anomalies related to
expansion (negative related to contraction) are defined here
when the SIE intraseasonal anomalies are greater or equal
than the upper quartile (less or equal the lower quartile) of
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Figure 2 Winter ensemble spectral density of Weddell SIE total

anomalies (annual cycle removed) during 1989—2013 (black line).

Red (green) solid line represents the background red noise (95%

confidence limit) spectrum. Daniell window (L = 3) was applied to

the spectrum.

the distribution of anomalies observed during JJA.
Independent extreme events were separated according to
“persistence”. Persistence was defined as the number of
consecutive days that satisfied the threshold conditions
discussed above. Figure 3 shows the distribution of
persistence (in days) of extreme intraseasonal SIE
contraction and expansion events from 1989-2013. For the
sake of simplification, extreme intraseasonal SIE
contraction (expansion) will be referred to as SIECig
(SIEEjg). During the period of study we found 42 (51)
SIECs (SIEE;s) events. The most persistent SIEC s (SIEEs)
event lasted about 35 (38) d. Figure 3 also shows that the
distribution of intraseasonal SIEE;s anomalies is displaced
toward more persistent events compared to SIEC;s The
average and standard deviation of the duration of SIECg
(SIEEs) is 14.0+ 7.7 (17.5+£9.4) d.

Variations in the Ekman dynamics on intraseasonal
time-scales associated with extreme SIE;s are examined
with lag composites of zonal and meridional Ekman mass
transport and Ekman pumping anomalies. The objective of
the lag composites is to show how extratropical wave trains
propagating in the atmosphere force the upper ocean on
intraseasonal time-scales and how these changes can be
conducive to extreme SIEC;s and SIEE;s anomalies. Lag-0
corresponds to the date when sea ice anomalies were
classified as SIEC;s and SIEE;s (Figures 4-9). Negative
(positive) lags indicate that the observed patterns lead (lag)
the events by the number of days indicated at the top of
each figure. All variables analyzed in these composites were
bandpass-filtered (20—100 d band was retained). The
statistical significance of the anomalies was assessed using
a t-Student test at 5% level. The degrees of freedom were
estimated considering all independent events with
persistence = 2 d.
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Figure 3 Persistence (unit: d) of extreme negative (contraction)
and positive (expansion) sea ice anomalies

Figures 4 and 5 show lag composites of intraseasonal
anomalies of the zonal Ekman mass transport (Ujs). Lag
composites are shown poleward of 1° because of the
Coriolis parameter f. Focusing on the Weddell Sea
(centered approximately at 45°W), we observe during
SIEC;s (Figure 4) positive Ujs anomalies (westerly
anomalies) east of the Weddell sea ice edges and negative
anomalies (easterly anomalies), west of the Antarctica
Peninsula leading the events (negative lags). This
configuration persists and propagates eastward between
lag = —15 d (not shown) and lag = 0. The combination of
positive Ujg anomalies associated with the wave train and
the Antarctica Peninsula acting as a barrier characterize
the zonal divergence of the Ekman layer water mass. After
lag = 0, we observe an opposite phase of the wave train
acting on the same region leading to a pattern of anomalies
that favors convergence of Ui in the vicinity of Weddell
Sea for positive lags.

The main difference between extreme SIEC;s and
SIEEs events (Figures 4 and 5) is that these events are
characterized by opposite phases of the wave train as
indicated by the opposite sign of the anomalies at all
lags.

Figures 6 and 7 complements the previous analysis by
showing lag composites of intraseasonal anomalies of
meridional Ekman mass transport (Vis) associated with
extreme SIEC;s and SIEEjg events (Figures 6 and 7,
respectively). Positive anomalies are observed north and
negative south of the Weddell Sea leading the event (lag =
-8 d) and during the event (lag = 0). Consistent with the
propagating characteristic of the phenomenon, opposite
pattern of Vi is observed a few days after the event. The
configuration of the anomalies indicates meridional
divergence of the Ekman layer mass transport leading the
SIEC;s events. Conversely, Vs anomalies observed during
extreme SIEE;s events indicate that these events are
associated with the opposite phase of the wave train acting
on the Weddell Sea, as it propagates from tropical to
extratropical Pacific. This phase favors convergence of
Ekman mass transport leading these events.
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Figure 4 Lag composites of intraseasonal anomaly of zonal
Ekman mass transport (Ujs) during periods of winter extreme
intraseasonal Weddell sea ice extent (SIE) associated with sea ice
contraction (SIECjs). Solid (dashed) lines indicate positive
(negative) values. First contour 0.15 Sv (—4.5 Sv) with an interval
of 0.15 Sv to Ujs. Shades show statistically significant anomalies at
5% significance based on z-Student test. Lags are indicated at the
top of the figure. Lag = —8 (—4) d represents 8 (4) d prior the event,
lag = 0 is the day of the event and /ag = 8 is 8 d after the event.

All lag composites seem to indicate that anomalies are
stronger, more spatially coherent and consistent from
event-to-event for negative lags, that is, prior to the
occurrence of SIE (Figures 4—7). Finally, lag composites of
intraseasonal Ekman pumping anomalies (wjs) associated
with extreme SIE events are shown in Figures 8 and 9.
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Figure 5 Lag composites of intraseasonal anomaly of zonal
Ekman mass transport (Ujs) during periods of winter extreme
intraseasonal Weddell sea ice extent (SIE) associated with sea ice
expantion (SIEE[s). Solid (dashed) lines indicate positive (negative)
values. First contour 0.15 Sv (—4.5 Sv) with an interval of 0.15 Sv
to U, Shades show statistically significant anomalies at 5%
significance based on 7-Student test. Lags are indicated at the top
of the figure. Lag = —8 (—4) d represents 8 (4) d prior the event,
lag = 0 is the day of the event and /ag = 8 is 8 d after the event.

Lag composites of Uis and Vs examined in our
previous analyses (Figures 4—6 and 7) indicated that Ekman
mass divergence is observed in the vicinity of Weddell Sea
prior to the occurrence of extreme SIECs (negative lags).
Figure 8 suggests that the divergence is related to positive
Ekman pumping or upwelling all over the Weddell Sea.
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Figure 6 Same as Figure 4, but for intraseasonal anomalies of
meridional Ekman mass transport (Vig). Solid (dashed) lines
indicate positive (negative) values. First contour: 0.15 Sv (—4.5 Sv)
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the top of the figures.

According to Gordon (1981), sea-air heat exchange between
latitudes of 60°S and 70°S in ice-free regions corresponds to
50% of the total heat necessary to melt winter sea ice during
the austral spring. The remaining heat necessary to melt sea
ice is supplied by the oceanic heat stored below the
pycnocline of the Southern Ocean. This heat is transferred
to sea surface by the Ekman pumping. Thus, we suggest
that relatively warmer waters in oceanic sub-surface layers
are pumped into shallower waters near the Weddell sea ice
margins induced by the propagation of wave trains,
contributing to sea ice contraction. Conversely, extreme
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SIEEg are associated with Ekman mass convergence and
negative Ekman pumping or downwelling all over the
Weddell Sea (Figure 9). The hypothesized coupled
mechanism is that extreme SIEE;g events are associated
with more saline and denser surface waters (due to less sea
ice melting), that generate downwelling in the vicinity of
the Weddell Sea.

Figure 10 summarizes the mechanisms describing
the Ekman dynamics on intraseasonal time-scales related
to extreme Weddell SIE. In this figure, i, and g,
represent zonal and meridional wind stress, respectively.
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Figure 8 Same as Figure 6, but for intraseasonal anomalies of
Ekman pumping (wis). Solid (dashed) lines indicate positive
(negative) anomalies starting at 0.015 m*s™' (=0,09 m*s ') with
-8 (-4) d
represents 8 (4) d before the event, lag = 0 represents the day
along with the event and /ag = 8 d represents 8 d after the event.

0.015 m*s' interval. In the composities, lag =

Figure 10a (10b) schematically illustrates the conditions
leading to SIEC;s (SIEE;s) and shows how wind stress,
caused by intraseasonal anomalies associated with
extratropical wave trains, induces upwelling (downwelling)
that contributes to the observed anomalies in sea ice. In sea
ice covered regions, the winds exert stress on sea ice first
and then sea ice movement exerts stress on the ocean
surface.
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Figure 9 Same as Figure 7, but for intraseasonal anomalies of
Ekman pumping (wis). Solid (dashed) lines indicate positive
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4  Case study: persistent extreme SIEC,g
and SIEE s events

This section examines individual cases of extreme Weddell
SIE;s events with the objective of investigating in detail
patterns of anomalies obtained in lag composites previously
discussed. The focus of this analysis is on the magnitude of
these variations and spatial extent of the Weddell sea ice
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Figure 10 Representation of 75, 75, Uis € Vis vectors and
relationships with upwelling in Ekman layer associated with
extreme SIECis (a) and downwelling in Ekman layer associated
with extreme SIEEg (b).

concentration. Additionally, this section compares results
obtained from two independent data sets (reanalysis used in
lag composites, and satellite and in situ data investigated in
the case-studies). Cases were selected based on the
persistence of the intraseasonal anomalies of expansion and
contraction as discussed before. We investigated the two
most persistent SIEC;s and SIEEjg events, which lasted
approximately 35 and 38 d (super-cases), respectively. The
most persistent SIECg event started on July 5, 2006; while
the most persistent SIEE g event started on August 15, 2010.
The beginning of the event refers to the date when
intraseasonal anomalies of sea ice extent exceeded (were
below) the 75th (25th) percentile of the anomalies, as
discussed in section 3.

Figure 11 shows the evolution of intraseasonal
anomalies of surface ocean currents (vectors) and
Antarctic sea ice concentration (colors) during the SIEC;g
super-case. The eastward propagation of sea ice anomalies
is evident in the lag-composites (from 1la to 11h). For
instance, from lag = —5 pentads to lag = —2 pentads the
anomalies of sea ice concentration change from less than
—20% to +20% at the margin of the Weddell sea ice. This
represents a variation of more than 40% of the sea ice
concentration in a period of about 15 d. Notice that west of
the Antarctica Peninsula anomalies also change from
positive to negative during the same period and with
variations exhibiting similar magnitude. Between lag = —1
pentad and lag = 0, positive anomalies propagate eastward
and are progressively replaced by negative anomalies.
Over time, negative anomalies in sea ice concentration
(—20%) dominate the Weddell winter sea ice edges in
positive lags (lags=1 to 2 pentads). The propagation of the
anomalies is consistent with the circumpolar propagation of
wave train on intraseasonal time-scales. Additionally,
surface ocean currents seem to intensify next to negative
sea ice concentration anomalies at the Weddell sea ice
margin and western Antarctica Peninsula during /ag=—1 and
lag=0. This intensification could be associated with the
intensification of heat advection and Ekman Ilayer
divergence and upwelling.
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Figure 12 shows the temporal evolution of
intraseasonal  anomalies of Antarctic sea ice
concentration related to the super-case SIEEs. Similarly,
this event shows a gradual change in sea ice
concentration anomalies at the margin of the Weddell Sea
and western Antarctica associated with the circumpolar
propagation of atmospheric wave train (from 12a to 12h).
Anomalies change from predominantly negative (>—20%
in concentration) to positive (>20% in concentration)
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from lag=—5 pentads to lag=—1. A complete reverse in
the anomalies is observed approximately from Ilag=0
pentad to lag=2 pentads. In general, we observed
divergence (convergence) of surface ocean -currents
associated with SIEC;s (SIEE;s) anomalies. We also
observed that surface ocean currents are less intense
during SIEE;s compared to the SIEC;s event. We recall
that this discussion focuses only on anomalies at the
margin of the Weddell Sea.
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Figure 11  Intraseasonal anomalies of Antarctic sea ice concentration (in color) and surface ocean currents (vectors) associated
with the most persistent event of extreme Weddell sea ice extent contraction (SIEC;g) on intraseasonal time-scales for 5 (a), 4 (b), 3
(¢), 2 (d) and 1 (e) pentad(s) before the SIECs, during the first pentad of the occurrence of extreme SIECs (f), and 1 (g) and 2 (h)
pentad(s) after the SIEC;s. The range of the anomalies (in colors) is given by a factor divided by 100. Only the vectors above
0.01 m's”! were displayed.
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5 Conclusions

This study aimed to explore mechanisms associated with
extreme intraseasonal Antarctic sea ice extent focusing on the
ocean’s response to atmospheric forcing on intraseasonal
time-scales. Previous studies have shown that perturbations
in the surface wind caused by atmospheric wave trains on
intraseasonal time-scales propagating toward high-latitudes
of the Southern Hemisphere can cause oscillations in sea ice
extent on similar time-scales (e.g., Lima and Carvalho, 2008).
The present study specifically investigates resulting
interactions between wind stress and ocean currents
associated with intraseasonal wave trains and implications for
the meridional Ekman transport. The winter average spectrum
of Weddell SIE (obtained between 1989 and 2013) clearly
revealed the relative importance of sea ice fluctuations on
intraseasonal time-scales. Lag-composites of zonal and
meridional Ekman transport, which are perpendicular and to
the left of the wind stress in the SH, show that mass divergence
in the Ekman layer north of the Weddell Sea and Antarctica
Peninsula occur prior to the observation of extreme SIECs
(negative lags), while mass convergence is observed prior to
extreme SIEEjs. Consistent with divergence (convergence) of
mass in the Ekman layer, we observed intraseasonal anomalies
of Ekman pumping related to upwelling (downwelling) prior to
the occurrence of extreme SIEC;s (SIEE;s). Gordon (1981)
showed that intermediate Antarctic waters, which are warmer
in winter compared to surface waters, are directed toward the
ocean surface by Ekman pumping, causing the Austral spring
sea ice to melt. Our study suggested that coupling mechanisms
inducing intraseasonal variability in sea ice margins can be
largely explained by the Ekman pumping: warmer intermediate
waters enhance sea ice melting (SIEC;s) whereas water mass
convergence induces the expansion of the sea ice (SIEEjs)
probably due to wind-driven sea ice advection.

Case studies were examined in details to verify
mechanisms and better understand the magnitude of
variations in sea ice concentration (%) associated with
persistent SIEC;s and SIEE;s events. This analysis was
carried out by examining the two most persistent events
during 1989-2013. Coupled mechanisms proposed to explain
variations in sea ice extent based on lag-composites were
reproduced in the case-study. Crucially, we observed
variations of 40% in sea ice concentration at the margin of
the Weddell and western Antarctica Peninsula sea ice within a
period as short as 2—4 pentads. These fast changes in sea ice
concentration are associated with the eastward propagation of
wave train on intraseasonal time-scales. This study also
suggested that surface ocean currents intensify next to the
coastal regions during extreme SIEC;g event. This
intensification could be associated with heat advection or
intensified Ekman layer divergence and upwelling. Conversely,
Spencer et al. (2014) showed that the warming of subsurface
waters is associated with weak near-shore Ekman pumping and
weak coastal currents; our results suggest that this mechanism
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is likely related to SIEEg events. Although this study focused
on the Weddell sea ice, mechanisms coupling atmospheric
midlatitude wave trains to variations in sea ice investigated
here could be important for all circumpolar seas and could be
relevant at other temporal scales.

The Antarctica Peninsula has been experiencing one of
the largest rates of warming in high latitudes of the Southern
Hemisphere (Vaughan et al., 2003; Smith and Stammerjohn,
2001). The collapse of immense sea ice-shelves in the
vicinity of Weddell Sea like Larsen A, Larsen B ice-shelf and
the north part of Larsen C in recent (Glasser and Scambos,
2008; Rignot et al., 2004; Scambos et al., 2004; Vaughan and
Doake, 1996) have demonstrated how fast and unpredictable
the cryosphere changes in a warming planet (Vaughan et al.,
2003). Understanding mechanisms associated with the
coupling between atmospheric circulation and ocean currents
and implications for sea ice patterns on multiple time-scales
is crucial to evaluate the evolution of the cryosphere and to
realistically assess future projections of climate change.
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