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Abstract
Since late 1978, Antarctic sea-ice extent in the East Pacific has retreated persistently over the
Amundsen and Bellingshausen Seas in warm seasons, but expanded in cold seasons, while an
almost opposite trend has occurred in the Atlantic. Previous studies have shown that the
contrasting sea-ice trends in the East Pacific and Atlantic could be explained by the
strengthening Southern Hemisphere (SH) subpolar low over West Antarctica and associated
cold- and warm-air advections and sea-ice drift. By using a surface-forced ocean and sea-ice
coupled model, here we show that wind-driven ocean processes also played a key role. In the
East Pacific, the strengthening SH westerlies in the region enhanced Ekman upwelling of the
warm upper Circumpolar Deep Water, which directly contributed to the retreat of sea-ice in
warm seasons, and increased the northward Ekman transport of cold Antarctic surface water,
which supported the expansion of sea-ice in cold seasons. In the Atlantic, the northern branch of
the Weddell Gyre strengthened due to the poleward intensification of SH westerlies in the
region. This in turn sharply increased the meridional thermal gradient across it as constrained by
the thermal wind balance. The associated cooling within the Weddell Gyre and warming to the
north contributed to the expansion of sea-ice within the Weddell Gyre in warm seasons, and the
retreat to the north in cold seasons. A positive feedback involving sea-ice, air-sea heat flux and
surface ocean temperature further amplified the changes in Antarctic sea-ice extent during warm

s€asons.
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1. Introduction

The satellite passive microwave data record since late 1978 shows that the Antarctic sea-ice
extent has overall expanded in all seasons [e.g., Turner and Overland, 2009], in stark contrast to
the retreating Arctic sea-ice extent [e.g., Stroeve et al., 2012]. Several studies have suggested that
the surface freshening and enhanced salinity stratification in the Antarctic seas, caused by the
melting of the Antarctic glaciers and ice-sheet related to anthropogenic global warming,
suppressed convective mixing with the warmer water at depth and thus inhibited the melting of
Antarctic sea-ice overall [e.g., Bintanja et al., 2015; de Lavergne et al., 2014; Bintanja et al.,
2013; Zhang, 2007]. However, around West Antarctica, the trend is not homogeneous throughout
the seasons or the longitudes [e.g., Parkinson and Cavalieri, 2012]. In particular, as shown in
Figures la and b, Antarctic sea-ice extent in the East Pacific (150°W - 60°W) has retreated
substantially over the Amundsen and Bellingshausen Seas during the warm seasons from
December to May (DJFMAM), but expanded during the cold seasons from June to November
(JJASON). In the Atlantic (60°W - 0°), on the other hand, Antarctic sea-ice extent has expanded
over the Weddell Sea during the warm seasons, but retreated during the cold seasons (see Figure

2 that shows the oceans and regional seas around Antarctica).

Antarctic sea-ice is intimately coupled to the atmosphere-ocean processes over the Southern
Ocean. For example, the expansion and retreat of Antarctic sea-ice exert a major control on
surface albedo and thus the atmospheric radiative energy balance [e.g., Ebert and Curry, 1993;
Walsh, 1983]. Antarctic sea-ice insulates the underlying ocean from the air-sea fluxes of heat,
momentum and carbon. Therefore, its long-term trend could either slow down or accelerate

ocean warming and acidification (see Wanninkhof et al. [2013] and Takahashi et al. [2009] for
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the global ocean carbon uptake, and Rysgaard et al. [2011] for the Antarctic sea-ice contribution
to the air-sea CO; flux in the Southern Ocean), and thus potentially modulate the Southern
Ocean’s response to the increasing anthropogenic greenhouse gases. Additionally, Antarctic sea-
ice affects the availability of food and shelter for Antarctic krill (Euphausia superba), the key
species in the Antarctic marine food web, during the early life stages and thus impacts their

survival [e.g., Pifiones and Fedorov, 2016; Brierley et al., 2002; Meyer et al., 2002].

Various hypotheses have been proposed to explain the spatially and seasonally inhomogeneous
trend of sea-ice extent around West Antarctica. Several studies have suggested that the positive
trend of the Southern Annular Mode (SAM) during the past decades, due to ozone depletion and
increasing greenhouse gases [e.g., Lee and Feldstein, 2013; Son et al., 2008; Shindell and
Schmidt, 2004; Gillett and Thompson, 2003], and El Nifo-Southern Oscillation (ENSO)
teleconnections, and their influences on wind-driven surface heat flux are mainly responsible for
the observed sea-ice trends [e.g., Matear et al., 2015; Ding et al., 2011; Stammerjohn et al., 2008;
Yuan and Li, 2008; Liu et al., 2004; Yuan, 2004; Kwok and Comiso, 2002; Renwick, 2002].
Many of these studies also pointed out that wind-driven surface heat flux alone is insufficient to
explain the magnitude and the spatiotemporal pattern of the observed Antarctic sea-ice trend
[e.g., Liu et al., 2004]. For instance, Holland and Kwok [2012] argued that wind-driven changes
in sea-ice drift are the main driver of the sea-ice trends around West Antarctica during 1992 -
2010, while Matear et al. [2015] suggested that anthropogenic warming is required to explain the

observed sea-ice retreat in the Amundsen and Bellingshausen Seas since 1979.
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A recent study by Clem and Renwick [2015] suggested that the increasing tendency of
atmospheric convection over the South Pacific Convergence Zone forced stationary Rossby
waves to strengthen the Southern Hemisphere (SH) subpolar low over West Antarctica, which in
turn could bring cold Antarctic air northward over the East Pacific and warm subtropical air
southward over the Atlantic. This hypothesis is indeed consistent with the increasing Antarctic
sea-ice fraction in the East Pacific and the decreasing Antarctic sea-ice fraction in the Atlantic
during the cold seasons (Figure 1b), although it does not explain the opposite trends during the
warm seasons (Figure 1a). Meehl et al. [2016] proposed a similar hypothesis to suggest that the
increasing Antarctic sea-ice extent during 2000 - 2014, the period known as the global warming
hiatus [e.g., Meehl et al., 2011], is linked to the negative phase of the Interdecadal Pacific
Oscillation (IPO). Purich et al. [2016] used coupled model simulations to present a consistent
result. They stressed that the phase change in the IPO from positive to negative over 1979-2013
contributed to the observed strengthening of the SH subpolar low over the Amundsen Sea and
the associated cold- and warm-air advections, thereby increasing the sea-ice in the Ross Sea and
decreasing in the Bellingshausen Sea. Founded on a similar mechanism, Li et al. [2014]
proposed that warm tropical North Atlantic sea surface temperatures (SSTs), associated with the
Atlantic Multidecadal Oscillation (AMO) [Enfield et al., 2001], could produce interhemispheric
teleconnections [Ji et al., 2014; Simpkins et al., 2014; Lee et al., 2013; Wang et al., 2010] to
strengthen the SH subpolar low over the Amundsen Sea. This could in turn melt the sea-ice over
the Antarctic Peninsula by warm-air advection and increase the sea-ice over the Ross Sea by
cold-air advection. Zhang et al. [2016], using a fully coupled climate model, also reported that
North Atlantic SSTs could influence the changes in Antarctic sea-ice extent emphasizing the

Atlantic Meridional Overturning Circulation as the main driver.
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Previous studies, as discussed above, have collectively shown that changes in local winds,
induced by the positive trend of SAM and stationary Rossby waves emanating from the tropical
Pacific and Atlantic, together with a warming-induced surface freshening, caused the spatially
and seasonally inhomogeneous sea-ice trend around West Antarctica. They stressed wind-driven
surface heat fluxes (i.e., warm- and cold-air advections) and sea-ice transport, and enhanced
salinity stratifications, as the key forcing mechanisms. However, in many of these studies the
potential role of wind-driven ocean thermal and dynamic processes were either neglected or not
fully incorporated, partly due to the scarcity of in-situ ocean observations in the Antarctic seas
[e.g., Legler et al., 2015; Rintoul et al., 2012]. Since both the atmosphere and ocean processes
are involved in the seasonal formation and melting of Antarctic sea-ice [e.g., Gordon and Taylor,
1975], it is likely that regional ocean thermal and dynamic processes played an important role in
shaping the spatially and seasonally inhomogeneous sea-ice trend around West Antarctica.
Therefore, our main goal in this study is to investigate if and how the recent trends of West
Antarctic sea-ice were affected by regional ocean thermal and dynamic processes. To achieve
this goal, here we utilize satellite-derived sea-ice data and a surface-forced ocean and sea-ice
coupled model to present potential mechanisms involving ocean thermal and dynamic processes
that have not been fully explored, but could further explain the inhomogeneous sea-ice trends

around West Antarctica during the recent decades.

Section 2 describes the observational data, the model, and the model experiments that were
utilized. Section 3 shows the modeled sea-ice trends around West Antarctica and compares them

with the observations. Then, the model results for the East Pacific (150°W - 60°W) and Atlantic
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(60°W - 0°) are analyzed in section 4 and 5, respectively. Based on these analyses, three
processes (or mechanisms), namely (1) Ekman heat transport and upwelling, (2) the strength of
the Weddell Gyre, and (3) a positive feedback involving sea-ice, air-sea heat flux and surface
ocean temperature, are presented as key contributing factors to the inhomogeneous sea-ice trends
around West Antarctica. Section 6 further presents and discusses the interannual variability of
Antarctic sea-ice around West Antarctica by using the leading Empirical Orthogonal Function
(EOF) modes of detrended Antarctic sea-ice variability. Section 7 provides a summary and

discussion.

2. Data and Model Experiments

The Hadley Center sea-ice and SST data sets [Rayner et al., 2003] were used to derive monthly
observed sea-ice fraction data for the period of 1979 - 2014. The monthly sea-ice fraction data
were reconstructed by blending and adjusting all available digitized sea-ice data including the
passive microwave satellite data from late 1978 onward measured from several sensors [Rayner
et al.,, 2003]. There is no reliable long-term in-situ ocean observation system in place in the
Antarctic seas [Legler et al., 2015; Rintoul et al., 2012]. Therefore, we used the global ocean and
sea-ice coupled model of the NCAR Community Earth System Model version 1 (CESMI1;
Danabasoglu et al., 2012) forced with the Modern-Era Retrospective analysis for Research and
Applications (MERRA; Rienecker et al., 2011) surface flux fields for the period of 1979 - 2014
in order to reproduce the observed Antarctic sea-ice trends and to further explore the role of

ocean thermal and dynamic processes.
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The ocean component of CESMI1 is based on the Parallel Ocean Program version 2,
[Danabasoglu et al., 2012]. The sea-ice component of CESM1 is based on the Community Ice
Code version 4, which is a dynamic-thermodynamic model that treats the ice pack as a flow-
dependent elastic-viscous-plastic material [Hunke and Lipscomb, 2008]. The ocean model is
divided into 60 vertical levels. Both the ocean and sea-ice model components have 360
longitudes and 384 latitudes on a displaced pole grid, with a longitudinal resolution of about 1.0°
and a variable latitudinal resolution of approximately 0.3° near the equator. An important
advancement in CESM1 from earlier versions is the specification of a spatially variable
coefficient in the Gent and McWilliams eddy parameterization, rather than a constant value; the
ocean response (e.g., strengthening of the Antarctic Circumpolar Current) to increasing SH
winds is in reasonable agreement with experiments using ocean models with much higher
resolution that do not use this eddy parameterization [Gent and Danabasoglu, 2011].
Danabasoglu et al. [2012] provide a more detailed description of the CESM1 ocean model. See

Landrum et al. [2012] for the CESM1 simulation of Antarctic sea-ice climatology.

To spin up the ocean and sea-ice coupled CESMI, it was initialized using temperature and
salinity fields obtained from the polar hydrographic climatology [Steele et al., 2001] and
integrated for 400 years using the 20th century reanalysis (20CR) surface flux fields from the
period of 1948 - 1977 [Compo et al., 2011]. In the spin-up run, the 6-hourly surface wind
vectors, air temperature and specific humidity, daily shortwave and downward longwave
radiative heat fluxes, and monthly precipitation rate were specified. The upward longwave
radiative heat flux and turbulent surface fluxes were determined interactively by using the 6-

hourly surface wind speed, air temperature and specific humidity, along with the model-
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produced SSTs. To incorporate the impact of atmospheric noise during the spin-up, which plays
a crucial role especially in thermohaline convection and deep-water formation in the North
Atlantic sinking regions [e.g., Wu et al., 2016; Kirtman et al., 2012], the surface forcing fields in
each model year were randomly selected from the period of 1948 - 1977, following the spin-up
methodology used in Lee et al. [2011] and others [e.g., Liu et al., 2015; Lee et al., 2015]. In the
spin-up run and also in other runs, the long-term mean values of freshwater discharge from
continents derived from Dai and Trenberth [2002] were prescribed. A constant freshwater flux of
0.073 Sv (10° m’s™), which was derived based on a freshwater flux budget of the Southern
Ocean [Large and Yeager, 2009], was uniformly distributed along the Antarctic coast - Jacobs et

al. [1992] estimated a slightly larger value of 0.083 Sv.

After the 400 years of the spin-up run, the 20CR surface flux fields were used to force CESM1
for the period of 1948 - 1978, while the MERRA surface flux fields were used to continue the
model run for 1979 - 2014. Note that the 20CR surface flux fields were corrected (i.e., monthly
climatologies and 5-day high-pass filtered) by using the surface flux fields obtained from the
common ocean—ice reference experiments version 2 [Large and Yeager, 2009]. Additionally, to
ensure a smooth transition of the model simulation during the late 1970s, the MERRA
climatological surface flux fields were adjusted to match the bias-corrected 20CR climatological
surface flux fields. The 36-year ocean and sea-ice coupled CESM1 simulation forced with the

adjusted MERRA surface flux fields is referred to as the control simulation.
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3. West Antarctic Sea-Ice Trends in CESM1 Control Simulation

The linear trends in Antarctic sea-ice fraction over the period of 1985 - 2014 for the warm and
cold seasons obtained from the control simulation are shown in Figures 1c and d, respectively.
Note that the first six years (1979 - 1984) of the model results were excluded to prevent any
potential model drift in the beginning of the control simulation from affecting the modeled sea-
ice trend (hereafter, a linear trend in any variable multiplied by 35 years is simply referred to as a
trend or a linear trend). Overall, the control simulation reasonably reproduced the spatial patterns
of Antarctic sea-ice trend for both the warm and cold seasons, such as the largely decreasing
Antarctic sea-ice fraction over the East Pacific in the warm seasons and over the Atlantic in the
cold seasons, although it did not well reproduce the increasing Antarctic sea-ice fraction over the
West Pacific. Since the linear trends of West Antarctic sea-ice fraction are regionally coherent
within the East Pacific (150°W - 60°W) and within the Atlantic (60°W - 0°), and reasonably
reproduced in the control simulation, the linear trends of West Antarctic sea-ice fraction are

zonally averaged and explored for each of the regions in the following sections.

4. Antarctic Sea-Ice Trend in the East Pacific

Figures 3a and b show the linear trends of Antarctic sea-ice fraction averaged over the East
Pacific for each calendar month obtained from the control simulation and the observations,
respectively. The two green lines in each panel represent 5 and 90% climatological sea-ice
fractions. Although the control simulation underestimates the decreasing sea-ice fraction in the
warm seasons and overestimates the increasing sea-ice fraction in the cold seasons, the model
reasonably well reproduced overall the spatiotemporal pattern of Antarctic sea-ice trend in the

East Pacific. It should be noted that the changes in Antarctic sea-ice fraction over the East

10
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Pacific during the recent decades occurred mainly in the outer edge of sea-ice (i.e., between 5
and 90% sea-ice fraction), while the inner-core (i.e., greater than 90% sea-ice fraction) that

mainly forms in the cold seasons was nearly unaffected.

To address if and how ocean processes affected the seasonally distinctive Antarctic sea-ice
trends over the outer edge in the East Pacific, we first looked at the linear trends of ocean
temperature zonally averaged over the East Pacific. As shown in Figures 4c and d, the upper
ocean temperatures north of 68°S decreased considerably (up to -1.0°C) in both the cold and
warm seasons in line with the increasing sea-ice fraction in the outer edge during the cold
seasons (Figure 4b). This suggests that the colder upper ocean temperatures favored the
increased sea-ice fraction in the outer edge in the cold seasons (i.e., larger surface ocean area at
temperatures below freezing point). Note that the opposite scenario (i.e., the increased sea-ice
fraction affecting the upper ocean temperatures in the cold seasons) should have resulted in
warmer upper ocean temperatures (i.e., due to smaller ocean area exposed to the seasonal surface
cooling). As shown in Figure 5a, the year-round cooling trends of the upper ocean north of 68°S
(Figures 4c and d) are largely driven by the increasing northward advection of cold Antarctic
surface water (see Talley et al. [2011] for the water mass distribution in the Southern Ocean).
The increasing northward velocity in the upper 100 m matches quite well with the overall
positive trends of zonal wind stress (tx) and the implied Ekman transport. This suggests that the
increasing northward advection of cold Antarctic surface water is driven by the increasing SH
westerlies over the East Pacific enabled by the strengthening SH subtropical high and SH

subpolar low in the region (Figures 6a and b).
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Perhaps, the most striking feature in the ocean temperature trends of the East Pacific (Figures 4c
and d) is the large warming of subsurface water between 100 and 300 m (up to 0.9°C). The
subsurface warming south of around 65°S is largely due to the enhanced regional upwelling of
the warm upper Circumpolar Deep Water (CDW) - the climatological ocean temperatures are
warmer with depth in this region because the upper ocean is relatively fresh and exposed to cold
Antarctic air. Indeed, as shown in Figure 5b, the outer edge of sea-ice is exposed to the year-long
Ekman upwelling trend, induced by the negative wind stress curl tendency associated with the
increasing SH westerlies over the East Pacific (Figures 6a and b). The subsurface warming and
the concurrent decrease in the sea-ice south of 68°S in the warm seasons (see Figures 4a and c)
suggest that the warm upper CDW is responsible for (or at least contributed to) the melting sea-
ice in the warm seasons, which is possible during austral fall in March - May (MAM) when the
surface mixed layer deepens. More specifically, the seasonal cooling at the surface and
seasonally enhanced vertical mixing in austral fall could entrain the warm upper CDW to
increase the mixed layer temperature and thus slow down (or disrupt) the seasonal formation of
sea-ice. In austral spring and summer, the surface layer is too stratified and stable to bring the

warm upper CDW to the surface.

It is interesting to note that the subsurface warming also prevails during the cold seasons (Figure
3d). However, it has little impact on the sea-ice in the inner core during the cold seasons because
the surface water in the inner core is almost completely insulated from cold Antarctic air, thus
preventing vertical mixing, which is required to bring the warm upper CDW to the surface and
melt the sea-ice. Consistent with this reasoning, the surface ocean temperatures south of 68°S did

not change appreciably in the cold seasons (Figure 4d).
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The above analysis suggests that the enhanced Ekman upwelling of the warm upper CDW and
the increased northward cold water transport in the East Pacific, driven by the increasing SH
westerlies in the region, changed the surface ocean temperatures in the outer edge and thus the
sea-ice fraction. However, air-sea heat flux could also affect the surface ocean temperatures in
the outer edge and thus the sea-ice fraction, and be affected by the changing sea-ice fraction.
Figure 5c shows the linear trends of net air-sea heat flux (positive downward) and Antarctic sea-
ice fraction, both averaged over the East Pacific for each calendar month, derived from the
control simulation. Over the outer edge of sea-ice, the seasonal surface cooling in June -
September tends to weaken (i.e., surface heating trend), which is a response to the increased sea-
ice fraction in the region (i.e., due to smaller ocean area exposed to the seasonal surface cooling).
On the other hand, the seasonal surface cooling in austral fall (MAM) tends to strengthen (i.e.,
surface cooling trend) over the outer edge in response to the decreasing sea-ice fraction (i.e., due
to larger ocean area exposed to the seasonal surface cooling). During the months of November -
January, the seasonal surface warming tends to weaken over the area of decreasing sea-ice
fraction south of 70°S and intensify over the area of increasing sea-ice fraction north of 70°S,

both in response to the regional changes in the sea-ice fraction.

The air-sea heat flux trends over the outer edge of sea-ice in the East Pacific represent a response
rather than a driver. There is a negative feedback involving sea-ice, air-sea heat flux and surface
ocean temperature during the months of climatological surface cooling in March - September
(e.g., an increased sea-ice fraction could lead to surface ocean warming, which could in turn

decrease sea-ice fraction), and a positive feedback during the short window of climatological
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surface warming in November - January (e.g., an increased sea-ice fraction could lead to surface
ocean cooling, which could in turn further increase sea-ice fraction). This positive feedback
appears to be a contributing factor to the large surface warming trend south of 70°S during the

warm seasons (Figure 4c).

5. Antarctic Sea-Ice Trend in the Atlantic

As indicated in Figures 3c and d, the inner core of Antarctic sea-ice in the Weddell Sea is almost
unaffected, in agreement with the earlier reports that the Weddell Polynya of the mid-1970s has
not repeated afterward [e.g., Gordon et al., 2007; Cheon et al., 2015]. More importantly, the
seasonality of the Antarctic sea-ice trend in the Atlantic is almost perfectly opposite to that in the
East Pacific (Figures 4a and b). The upper ocean temperatures became colder (up to -0.6°C) over
the outer edge of sea-ice in the warm seasons (Figure 7c) consistent with the increasing sea-ice
fraction (Figure 7a). Similar to the East Pacific, a large warming occurred below the surface (up
to 0.7°C) north of 65°S. However, it appears that the subsurface warming has little impact on the

upper ocean temperatures during the warm seasons, in contrast to the East Pacific.

As shown in Figure 6a, the SH westerlies increased south of around 50°S over the Atlantic
during the warm seasons due to the strengthening of the SH subpolar low over the Antarctic
Peninsula and SH subtropical high over the Atlantic. Due to this poleward intensification of the
SH westerlies in the Atlantic [e.g., Lee and Feldstein, 2013; Thompson and Solomon, 2002], the
northward velocity in the upper 100 m increased during the warm seasons (Figure 8b), which
coincides with the cooler upper ocean temperatures and the increasing sea-ice fraction north of

65°S over the outer edge (Figures 7a and c). However, the northward velocity in the upper 100 m
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did not increase south of 65°S, and thus could not explain the cooler upper ocean temperatures or
the increased sea-ice fraction south of 65°S over the outer edge. Figure 8c shows that the
seasonal surface warming during November - January tends to weaken, thus reinforcing the
increasing sea-ice trend in the outer edge. This positive feedback could explain the large surface
cooling trend south of 68°S during the warm seasons (Figure 7c). However, it is unlikely that the
positive feedback involving sea-ice, air-sea heat flux and surface ocean temperature is what

caused the increasing Antarctic sea-ice fraction in the Weddell Sea during the warm seasons.

During the cold seasons, the upper ocean temperatures in the outer edge of sea-ice are much
warmer (up to 0.7°C) especially north of 60°S (Figure 7d) in line with the decreasing sea-ice
fraction (Figure 7b). As shown in Figures 6b and 8b, the SH westerlies over the Atlantic
weakened considerably during the cold seasons due to the weakening SH subpolar low over the
Atlantic-Indian sector, which could be traced back to deep tropical convections in the tropical
Atlantic [Simpkins et al., 2014; Lee et al., 2013] and Indian summer monsoon regions [Lee et al.,
2013]. The weakening SH westerlies in the Atlantic sharply reduced the northward Ekman
transport, which in turn resulted in an anomalous southward Ekman transport of warmer surface
water. In addition, the seasonal surface cooling and vertical mixing in the cold seasons could
entrain the warmer upper CDW to increase the mixed layer temperatures in the outer edge of sea-
ice. Therefore, it is likely that both the anomalous southward Ekman transport of warm surface
water and the vertical mixing with the warm upper CDW contributed to the retreat of sea-ice
extent in the cold seasons over the Atlantic. Figure 8c shows that the air-sea heat flux over the
outer edge of sea-ice tends to suppress the sea-ice trends (i.e., a negative feedback) during the

months of climatological surface cooling in March - August. However, the air-sea heat flux
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immediately north of the outer edge of sea-ice tends to increase in May - July. Due to the
seasonal expansion of the sea-ice during these months, the surface warming tendency north of
the outer edge could precondition the upper ocean temperatures and thus contribute to the

melting sea-ice in the outer edge in austral winter (June - August).

It is clear that Ekman dynamics and air-sea heat flux are not sufficient to explain the seasonality
of the Antarctic sea-ice trend in the Atlantic, particularly the increasing sea-ice fraction in the
Weddell Sea during the warm seasons. Although other mechanisms such as sea-ice transport and
cold- and warm-air advections could potentially contribute, there could be an alternative way that
ocean thermal or dynamic processes could affect the seasonality of Antarctic sea-ice trend in the
Atlantic. Unlike the East Pacific, the ocean temperature changes in the Atlantic are not limited to
the upper few hundred meters, but extend down to 2000 m or even deeper (Figures 7c and d).
The ocean temperatures in the upper 2000 m over the Atlantic decreased south of 65°S ~ 58°S
and increased north of 65°S ~ 58°S, producing a sharp anomalous meridional thermal gradient in
between. Constrained by the thermal wind relationship, the northern branch of the Weddell Gyre
strengthened across the increased meridional thermal gradient between 65°S and 55°S (Figures
7e and f). The large increases in the eastward-flowing branch of the Weddell Gyre and the
associated meridional thermal gradient indicate that the Weddell Sea is in a geostrophic
equilibrium with the poleward intensification of the SH westerlies in the region (Figures 6a and
b) [e.g., Lee and Feldstein, 2013; Thompson and Solomon, 2002]. Therefore, we hypothesize
that the strengthening northern branch of the Weddell Gyre and the associated increase in the
meridional thermal gradient led to the cooler ocean temperatures within the Weddell gyre (i.e.,

the cold water column pushed toward the north) and the warmer ocean temperatures north of the
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Weddell Gyre (i.e., the warm water column pushed toward the south). This hypothesis is
consistent with the expansion of sea-ice south of 60°S in the warm seasons and the retreat north

of 65°S in the cold seasons (Figures 7a and b).

6. Interannual Variability of West Antarctic Sea-Ice

Our analysis indicates that the increasing SH westerlies in the East Pacific and the poleward
strengthening of the SH westerlies in the Atlantic, aided by a positive feedback involving sea-ice,
air-sea heat flux and surface ocean temperature, contributed to the seasonally and spatially
inhomogeneous sea-ice trends around West Antarctica during the past decades. It should be
noted that the long-term trends of the SH westerlies to a certain extent are residuals of local and
remotely forced atmospheric modes of variability from synoptic to interannual time scales, such
as the SAM, the Pacific-South American patterns [Mo and Higgins, 1998; Lau et al., 1994; Ghil
and Mo, 1991] and ENSO-forced extratropical Rossby waves. In particular, the SAM is largely
intrinsic atmospheric variability with e-folding time (or de-correlation time) of up to 20 days in
the warm seasons and less than 10 days in the cold seasons below the tropopause [e.g., Baldwin
et al., 2003]. This suggests a possibility that the long-term trends in Antarctic sea-ice extent are
the footprint of decadal changes in the frequency and amplitude of interannual Antarctic sea-ice

variability.

Figures 9a and b show the leading EOF modes of detrended Antarctic sea-ice variability for the
warm and cold seasons, respectively, derived from the observations. The leading EOF modes
show a contrasting pattern of spatial and seasonal sea-ice variations around West Antarctica,

which is surprisingly similar to the spatiotemporal pattern of the linear trends (see Figures 1a and
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b). Interestingly, the leading EOF modes of detrended sea-ice variability around East Antarctica
are much weaker. The leading EOF modes derived from the control simulation (Figures 9¢ and
d) are quite consistent with those from the observations. The principal components (PCs) of the
leading EOF modes are also highly correlated between the observations and the control

simulation (Figures 9¢ and f).

The apparent similarity between the leading modes of detrended Antarctic sea-ice variability and
the linear trends indeed suggests that the linear trends in West Antarctic sea-ice fraction are the
residuals of interannual variability in West Antarctic sea-ice driven by similar wind-driven ocean
thermal and dynamic processes. However, the leading EOF modes explain only about 20% of the
total variance (Figures 9¢ and f). Therefore, higher EOF modes should be investigated together
with the leading modes to better understand the interannual variability of West Antarctic sea-ice
and the role of wind-driven ocean thermal and dynamic processes versus other potentially
important mechanisms identified in previous studies. Such an in-depth analysis of interannual

variability in West Antarctic sea-ice is a subject of future study.

7. Summary and Discussion

We present the potential role of wind-driven ocean thermal and dynamic processes in the
spatially and seasonally inhomogeneous sea-ice trends around West Antarctica during the recent
decades, using a surface-forced ocean and sea-ice coupled model that reasonably reproduces the
observed sea-ice trends around West Antarctica. Our analysis of the model simulation shows that
wind-driven ocean thermal and dynamic processes played a crucial role in the summer-fall

retreat and winter-spring expansion of Antarctic sea-ice extent in the East Pacific (150°W -
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60°W) during the recent decades. As summarized in Figure 10a, the enhanced Ekman upwelling
of the warm upper CDW followed by vertical mixing directly contributed to the summer-fall
retreat of Antarctic sea-ice extent in the East Pacific over the Amundsen and Bellingshausen
Seas, while the increased northward Ekman transport of cold Antarctic surface water contributed
to the winter-spring expansion. Both the enhanced upwelling and northward transport were

driven by the increasing SH westerlies over the East Pacific.

The linear trends of Antarctic sea-ice in the Atlantic (60°W - 0°) are also strongly affected by
wind-driven ocean thermal and dynamic processes. Ekman dynamics still played an active role in
the Atlantic particularly in the retreat of sea-ice during the cold seasons. However, the way in
which wind-driven ocean dynamics affected the sea-ice trend is quite different and unique in this
region. As summarized in Figure 10b, the poleward intensification of SH westerlies in the
Atlantic strengthened the eastward-flowing northern branch of the Weddell Gyre. Constrained by
the thermal wind relationship, the meridional thermal gradient increased sharply across the
northern branch of the Weddell Gyre, cooling the water column within the Weddell Gyre (i.e.,
the cold water column pushed toward the north) and warming the water column to the north of
the Weddell Gyre (i.e., the warm water column pushed toward the south). The colder ocean
temperatures within the Weddell Gyre could therefore lead to the expansion of sea-ice extent in
the warm seasons, while the warmer ocean temperatures north of the Weddell Gyre could lead to

the retreat in the cold seasons.

Although not shown in this study, we have performed an additional CESM1 simulation using the

European Centre for Medium-Range Weather Forecasts - Interim (ERA-Interim) surface flux
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fields [Dee et al., 2011], and another ocean and sea-ice coupled model simulation using the
Modular Ocean Model version 5 [Griffies, 2012] with the ERA-Interim surface flux fields. These
two additional simulations with different sets of models and surface flux fields provided results
that are quite consistent with those presented in this study (not shown), indicating that our
conclusions are not restricted to our particular choice of model and surface flux fields.
Nevertheless, it is important to point out some of the important limitations in this study. In
particular, as discussed in section 2, a constant value of freshwater flux was uniformly
distributed along the Antarctic coast in the model simulations. However, recent studies showed
that approximately half of the melting water comes from small, warm-cavity ice shelves in the
East Pacific occupying only a small fraction of the total Antarctic ice-shelf area [e.g., Rignot et
al, 2013]. Additionally, the global sea surface salinity fields, including those in the Antarctic
seas, were slowly relaxed to the monthly climatological fields to prevent the model salinity fields
from drifting away from the observed climatology. Such treatments of the freshwater discharge
and sea surface salinity fields could limit the model’s ability to simulate the increasing salinity
stratification in the Antarctic seas and its impact on Antarctic sea-ice. It is quite possible that the
model’s inability to simulate the large Antarctic sea-ice gain in the West Pacific is linked to this

limitation in the CESM1 control simulation.

The main conclusion of this study is that the strengthening SH westerlies in the East Pacific and
the poleward intensifying SH westerlies in the Atlantic contributed to the inhomogeneity of sea-
ice trends around West Antarctica during the past decades via wind-driven ocean thermal and
dynamic processes. Given that the observed changes in the SH westerlies over the East Pacific

and Atlantic are linked to both the anthropogenic forcing (i.e., the positive trend of SAM due to
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ozone depletion and increasing greenhouse gases) [e.g., Lee and Feldstein, 2013; Son et al.,
2008; Shindell and Schmidt, 2004; Gillett and Thompson, 2003] and natural variability (i.e.,
induced by the phase changes in the [IPO and AMO) [e.g., Lopez et al., 2016; Meehl et al., 2016;
Purich et al., 2016; Zhang et al., 2016; Simpkins et al., 2014; Lee et al., 2013], we cannot
conclude whether the observed Antarctic sea-ice trends are of anthropogenic origin or due to

natural variability.

The results of this study leave open some important scientific questions, which deserve future
investigation. Most importantly, the wind-driven ocean thermal and dynamic processes identified
in this study should work in concert with various other mechanisms identified in earlier studies,
particularly wind-driven sea-ice transport [Holland and Kwok, 2012] and cold- and warm-air
advections linked to IPO, AMO and SAM [Purich et al., 2016; Meehl et al. 2016; Clem and
Renwick, 2015; Li et al., 2014] and warming-induced surface freshening [e.g., Bintanja et al.,
2015; de Lavergne et al., 2014; Bintanja et al., 2013; Zhang, 2007]. A more consistent and
thorough mechanism will emerge when all the key factors and their interactions are considered
together. For example, our analysis suggests that there exists a positive feedback involving sea-
ice, air-sea heat flux and surface ocean temperature during the months of seasonal surface
warming in November - January in both the East Pacific and Atlantic. Such positive feedback
will amplify Antarctic sea-ice loss or gain in the warm seasons regardless of the triggering

mechanism.

Finally, the new findings reported in this study support the ongoing international efforts to

implement a sustained in-situ ocean observation system in the Southern Ocean including the
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Antarctic seas [Russell et al., 2014; Rintoul et al., 2012]. Since standard Argo floats are hindered
from transmitting data under sea-ice, alternative observation platforms suitable for sub-ice ocean
profile measurement, such as ice-tethered profilers, underwater gliders and polar profiling floats
[Abrahamsen, 2014] are being tested and used to augment the existing ocean observation
systems such as the repeated high-density Expendable Bathythermographs (XBT) transects along
AX22, AX25, and IX28. Establishing a sustained in-situ ocean observation system in the
Antarctic seas will increase our ability to better monitor and predict future changes in Antarctic
sea-ice and their far reaching impacts on the global thermohaline ocean circulation [e.g.,
Abernathey et al., 2016], deep water formation and warming in the Southern Ocean [e.g., Cheon
et al., 2015; de Lavergne et al., 2014; Gordon, 2014], the global carbon cycles [e.g., Rysgaard et

al., 2011], and the Antarctic marine ecosystem [e.g., Brierley et al., 2002].
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Figure 1. Linear trends of Antarctic sea-ice fraction during (a,c) the warm (December - May)
and (b,d) cold (June - November) seasons, obtained from (a,b) the Hadley Center sea-ice and sea
surface temperature data sets over the period of 1979 - 2014 and (c,d) the CESMI1 control
simulation over the period of 1985 - 2014. The first six years (1979 - 1984) of the model results
were excluded to prevent any potential model drift in the beginning of the control simulation

from affecting the modeled sea-ice trend. The units are % in 35 years.
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Figure 2. The oceans and regional seas around Antarctica. The thick red lines indicate the

boundaries of the East Pacific (150°W - 60°W) and Atlantic (60°W - 0°) used in this study.

Figure 3. Linear trends of Antarctic sea-ice fraction averaged in (a,b) the East Pacific (150°W -
60°W) and (c,d) Atlantic (60°W - 0°) for each calendar month, obtained from (a,c) the CESM1
control simulation over the period of 1984 - 2014 and (b,d) the Hadley Center sea-ice and sea
surface temperature data sets over the period of 1979 - 2014. The two green lines in each panel

represent 5 and 90% climatological sea-ice fractions. The units are % in 35 years.

Figure 4. Linear trends of (a,b) Antarctic sea-ice fraction and (c,d) ocean temperatures averaged
in the East Pacific (150°W - 60°W) for (a,c) the warm and (b,d) cold seasons over the period of
1985 - 2014, obtained from the CESM1 control simulation. Linear trends of observed Antarctic
sea-ice fraction over the period of 1979 - 2014 averaged in the East Pacific are also shown in
(a,b). The black lines in (c,d) indicate the climatological temperatures. The units are % in 35

years for sea-ice fraction and °C in 35 years for ocean temperature.

Figure 5. Linear trends of (a) meridional velocity averaged in the upper 100 m (shades) and
zonal wind stress (contours), (b) vertical velocity at 100 m (shades) and wind stress curl
(contours), and (c) sea-ice fraction (shades) and net air-sea heat flux (contours) over the period of
1985 - 2014 averaged in the East Pacific (150°W - 60°W) for each of calendar month, obtained
from the CESMI1 control simulation. These fields are not shown for the inner edge of

climatological sea-ice extent (i.e., above 90% sea-ice fraction). The units are 107 ms™ in 35
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Figure 6. Linear trends of sea level pressure (shades) derived from MERRA and surface wind
stress vectors (arrows) derived from the CESM1 control simulation over the period of 1985 -
2014 during (a) the warm and (b) cold seasons. The units are hPa in 35 years for sea level

pressure, and 10” Nm? in 35 years for wind stress vectors.

Figure 7. Linear trends of (a,b) Antarctic sea-ice fraction, (c,d) ocean temperatures, and (e,f)
zonal velocity averaged in the Atlantic (60°W - 0°) for (a,c,e) the warm and (b,d,e) cold seasons
over the period of 1985 - 2014, obtained from the CESM1 control simulation. Linear trends of
observed Antarctic sea-ice fraction over the period of 1979 — 2014 averaged in the Atlantic are
also shown in (a,b). The black lines in (c,d) and (e,f) indicate the climatological temperatures and
zonal velocity, respectively. The units are % in 35 years for sea-ice fraction, °C in 35 years for

ocean temperature and cms™ in 35 years for zonal velocity.

Figure 8. As in Figure 5, but for the Atlantic (60°W - 0°).

Figure 9. Leading Empirical Orthogonal Function (EOF) modes of detrended Antarctic sea-ice
fraction variability during (a,c) the warm and (b,d) cold seasons, obtained from (a,b) the Hadley
Center sea-ice and sea surface temperature data sets over the period of 1979 - 2014 and (c,d) the
CESMI1 control simulation over the period of 1985 - 2014. The normalized principal components

(PCs) of the leading modes are also shown in (e,f). The percentage variance explained by each of
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the leading modes, and the correlations between the PCs derived from the observations and the
control simulation are indicated in (e,f). The units in (a-d) are % per two units of the normalized

PCs.

Figure 10. Sketch of the physical mechanisms linking the wind-driven ocean dynamics and the
Antarctic sea-ice trends in (a) the East Pacific and (b) Atlantic. In the East Pacific, the
strengthening SH westerlies enhanced Ekman upwelling of the warm upper CDW and increased
the northward Ekman transport of cold Antarctic surface water, thus contributing to the
expansion of sea-ice in the cold seasons and to the retreat in the warm seasons. In the Atlantic,
the poleward intensification of SH westerlies strengthened the northern branch of the Weddell
Gyre. Constrained by the thermal wind balance, the meridional thermal gradient increased across
the northern branch of the Weddell Gyre, cooling the water column within the Weddell Gyre and
warming the water column to the north of the Weddell Gyre, thus contributing to the expansion
of sea-ice within the Weddell Gyre in the warm seasons, and to the retreat north of the Weddell

Gyre in the cold seasons.
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Linear Trend of Sea—Ice Fraction
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Figure 1. Linear trends of Antarctic sea-ice fraction during (a,c) the warm (December - May)
and (b,d) cold (June - November) seasons, obtained from (a,b) the Hadley Center sea-ice and sea
surface temperature data sets over the period of 1979 - 2014 and (c,d) the CESM1 control
simulation over the period of 1985 - 2014. The first six years (1979 - 1984) of the model results
were excluded to prevent any potential model drift in the beginning of the control simulation
from affecting the modeled sea-ice trend. The units are % in 35 years.
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Figure 2. The oceans and regional seas around Antarctica. The thick red lines indicate the
boundaries of the East Pacific (150°W - 60°W) and Atlantic (60°W - 0°) used in this study.



Monthly Linear Trend and Climatology of Sea—Ice Fraction
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Figure 3. Linear trends of Antarctic sea-ice fraction averaged in (a,b) the East Pacific (150°W -
60°W) and (c,d) Atlantic (60°W - 0°) for each calendar month, obtained from (a,c) the CESM1
control simulation over the period of 1984 - 2014 and (b,d) the Hadley Center sea-ice and sea
surface temperature data sets over the period of 1979 - 2014. The two green lines in each panel
represent 5 and 90% climatological sea-ice fractions. The units are % in 35 years.



Linear Trends of Sea—lIce Fraction and Ocean Temperature in East Pacific
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Figure 4. Linear trends of (a,b) Antarctic sea-ice fraction and (c,d) ocean temperatures averaged
in the East Pacific (150°W - 60°W) for (a,c) the warm and (b,d) cold seasons over the period of
1985 - 2014, obtained from the CESM1 control simulation. Linear trends of observed Antarctic
sea-ice fraction over the period of 1979 - 2014 averaged in the East Pacific are also shown in
(a,b). The black lines in (c,d) indicate the climatological temperatures. The units are % in 35
years for sea-ice fraction and °C in 35 years for ocean temperature.



Linear Trends of Key Atmosphere & Ocean Fields (East Pacific)

(a) v (O . 100m? and T, (b) w (1|00m) onld Curlr (c) Sea—Ice and ?NH

DEC DEC :‘\/ DEC /| v 50
ocT ocT [~ | 30
AUG AUG =1 10
JUN JUN -

—10
APR APR =

—30
FEB FEB —

—50

80S 70S 60S 50S 80S 70S 60S 50S 80S 70S 60S 50S

Figure 5. Linear trends of (a) meridional velocity averaged in the upper 100 m (shades) and
zonal wind stress (contours), (b) vertical velocity at 100 m (shades) and wind stress curl
(contours), and (c) sea-ice fraction (shades) and net air-sea heat flux (contours) over the period of
1985 - 2014 averaged in the East Pacific (150°W - 60°W) for each of calendar month, obtained
from the CESMI1 control simulation. These fields are not shown for the inner edge of
climatological sea-ice extent (i.e., above 90% sea-ice fraction). The units are 10~ ms™ in 35
years for meridional velocity, 10* ms™ in 35 years for vertical velocity and 10° Nm™ in 35 years
for wind stress curl, % in 35 years for sea-ice fraction, and Wm™ in 35 years for air-sea heat flux.



Linear Trends of Sea Level Pressure and Wind Stress
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Figure 6. Linear trends of sea level pressure (shades) derived from MERRA and surface wind
stress vectors (arrows) derived from the CESM1 control simulation over the period of 1985 -
2014 during (a) the warm and (b) cold seasons. The units are hPa in 35 years for sea level
pressure, and 10 Nm? in 35 years for wind stress vectors.



Linear Trends of Sea—Ice Fraction and Ocean Temperature & Zonal Velocity in Atlantic
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Figure 7. Linear trends of (a,b) Antarctic sea-ice fraction, (c,d) ocean temperatures, and (e,f)
zonal velocity averaged in the Atlantic (60°W - 0°) for (a,c,e) the warm and (b,d,e) cold seasons
over the period of 1985 - 2014, obtained from the CESM1 control simulation. Linear trends of
observed Antarctic sea-ice fraction over the period of 1979 — 2014 averaged in the Atlantic are
also shown in (a,b). The black lines in (c,d) and (e,f) indicate the climatological temperatures and
zonal velocity, respectively. The units are % in 35 years for sea-ice fraction, °C in 35 years for
ocean temperature and cms™ in 35 years for zonal velocity.
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Figure 8. As in Figure 5, but for the Atlantic (60°W - 0°).



Leading EOF Modes of Sea—Ice Fraction

Warm Seasons (DJFMAM) Cold Seasons (JJASON)

180

(@) 0BS 4 (b) 0BS  §
1979:2014 2 . 1979:2014
ik 150E *,
Lsow
120W " ‘j‘-.\,pow
150w ¢
; 180 | :
(c) CESM1 ; (d) CESM1
1985:2014 ) 1985:2014
R 150E *, ;
=15 -10 -5 0 5 10 15
(e) PC1 Cor = 0.87 (f) PC1 Cor = 0.89
4 Lo b b aaa by 4 Lo b by aaa by
—a— CESM1 (21.9%) —&=— CESM1 (24.0%)
3 —o—o0Bs (18.3%) B 3 —o—o0Bs (22.0%) B
o 4
T 2+ - 2 o o
° 2 g9 c

e adAlohaant AR i

s odel i i/ £1% s R 0 i

- o )

S -1 [} OEJOV V %Oyy B 14 & | |
—2 - I} - _2_0 -
=3 =TT T T T =3 T

1980 1990 2000 2010 1980 1990 2000 2010

Figure 9. Leading Empirical Orthogonal Function (EOF) modes of detrended Antarctic sea-ice
fraction variability during (a,c) the warm and (b,d) cold seasons, obtained from (a,b) the Hadley
Center sea-ice and sea surface temperature data sets over the period of 1979 - 2014 and (c,d) the
CESMI1 control simulation over the period of 1985 - 2014. The normalized principal components
(PCs) of the leading modes are also shown in (e,f). The percentage variance explained by each of
the leading modes, and the correlations between the PCs derived from the observations and the

control simulation are indicated in (e,f). The units in (a-d) are % per two units of the normalized
PCs.
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Figure 10. Sketch of the physical mechanisms linking the wind-driven ocean dynamics and the
Antarctic sea-ice trends in (a) the East Pacific and (b) Atlantic. In the East Pacific, the
strengthening SH westerlies enhanced Ekman upwelling of the warm upper CDW and increased
the northward Ekman transport of cold Antarctic surface water, thus contributing to the
expansion of sea-ice in the cold seasons and to the retreat in the warm seasons. In the Atlantic,
the poleward intensification of SH westerlies strengthened the northern branch of the Weddell
Gyre. Constrained by the thermal wind balance, the meridional thermal gradient increased across



the northern branch of the Weddell Gyre, cooling the water column within the Weddell Gyre and
warming the water column to the north of the Weddell Gyre, thus contributing to the expansion
of sea-ice within the Weddell Gyre in the warm seasons, and to the retreat north of the Weddell
Gyre in the cold seasons.
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