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Abstract The Southern Hemisphere (SH) westerly winds have intensified and shifted poleward since the 1970s and this trend
is projected to sustain under future anthropogenic forcing. The influences of intensified SH westerlies on the Antarctic coastal
waters are still not clear. The variability of Antarctic Continental Shelf Bottom Water (ASBW) temperature is crucial for ice
shelf basal melting and hence ice shelf mass balance in Antarctica. In order to understand the impacts of SH westerlies on the
variability of ASBW temperature, atmospheric forcing in 1992 with weak westerlies and in 1998 with strong westerlies are used
to drive a high-resolution ocean-sea ice general circulation model, MITgecm-ECCO2. Our simulated results show that under the
atmospheric forcing in 1998, the ASBW becomes warmer in most regions around Antarctica except the coastal region between
60°—150°W, than for the case under atmospheric forcing in 1992. The warming of ASBW around Antarctica is due to the intense
shoaling and warming of CDW induced by enhanced Ekman pumping as well as strengthened subpolar gyres. The strengthened
subpolar gyres favor the transportation of warm water to the coast of Antarctica. The cooling of ASBW along the coast of the
western Antarctic Peninsula is caused by stronger coastal currents, which bring colder water downstream from the northwest
flank of the Weddell Sea.
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1 Introduction

The strength of the Southern Hemisphere (SH) westerly winds
is found to be closely related to the phase of the Southern
Annular Mode (SAM), the dominant atmospheric mode in the
SH. The SH westerlies have strengthened and shifted poleward
since the 1970s when the SAM index became more positive,
and this trend is projected to continue under future
anthropogenic forcing (Thompson et al., 2011; Wang et al.,
2011; Oke and England, 2004; Marshall, 2003; Thompson and
Solomon, 2002; Rind, 1998). Previous model studies
investigating the impact of SH westerlies on the temperature of
Antarctic coastal waters employed idealized wind forcing by
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scaling the wind strength with a constant factor and/or by
changing the position of the winds by a few degrees in the
meridional direction (Fogwill et al., 2014; Spence et al., 2014).
Decreased Ekman transport near the coast induced by a
poleward wind shift at the latitudes of the Antarctic Peninsula
was found to contribute to the warming of subsurface coastal
waters (Spence et al., 2014; Gill, 1973). The subpolar gyres
induced heat transport variability under a poleward shift of
winds during the Last Interglacial and this has been suggested
to contribute to subsurface warming around Antarctica
(Fogwill et al., 2014). However, the response of coastal water
temperature around Antarctica to the recent variability of SH
westerlies and the responsible mechanisms are still not clear
(Spence et al., 2014).

The Antarctic Continental Shelf Bottom Water (ASBW)
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overlies the sea floor of the Antarctic continental shelf. It
originates from Circumpolar Deep Water (CDW),
bottom-reaching Winter Water (WW) or their mixing
(Schmidtko et al., 2014). The variability of ASBW
temperature is crucial for ice shelf basal melting and hence
ice shelf mass balance of Antarctica under continued
anthropogenic forcing (Schmidtko et al., 2014; Rignot and
Jacobs, 2002). CDW intrusion onto the Antarctic continental
shelf can change the ASBW temperature. Both warming and
the shoaling of CDW contribute to ASBW warming over the
continental shelf of the Bellingshausen and Amundsen seas
(Schmidtko et al., 2014). Model studies also indicate the
importance of ocean currents in transporting the warm water
into the ice shelf cavity, contributing to basal melting (Liu et
al., 2017; Webber et al., 2017; Hellmer et al., 2012; Jacobs et
al.,, 2011; Jenkins and Jacobs, 2008). The subpolar and
Antarctic continental shelf circulations could also be crucial
for the ASBW temperature variability by affecting the heat
transport. Therefore, the relationships between SH westerlies,
subpolar gyres, CDW intrusion, and ASBW temperature
variability around Antarctica needs to be examined.

This paper aims to investigate the response of ASBW
temperature variability to the strengthened SH westerlies
and to explore the underlying mechanisms. For this purpose,
we use realistic atmospheric forcing in different years with
different SH westerly wind strength to drive the
high-resolution ocean-sea ice model, MITgem-ECCO2. The
paper is structured as follows. The model and the
experimental design are described in Section 2. In Section 3,
the response of ASBW temperature to the changes in SH
westerlies and the underlying mechanisms are analyzed.
Finally, a discussion is presented in section 4.

2 Model description and the experiments

The high-resolution ocean-sea ice general circulation model
used here is the Estimating the Circulation and Climate of the
Ocean, Phase II (ECCO2, Losch et al., 2010; Menemenlis et
al., 2008). The configuration of ECCO2 is based on the
Massachusetts Institute of Technology general circulation
model (MITgem), which is a three-dimensional coupled
ocean-sea ice model based on the Boussinesq approximation
and hydrostatic assumption (Marshall et al., 1997a, 1997b).
The cube-sphere grid structure with relatively even grid
spacing is used to avoid polar singularities (Adcroft et al.,
2004). The mean horizontal grid resolution is 18 km with
eddy permitting at high latitudes. It has 50 layers in the
vertical direction, with intervals ranging from 10 m near the
surface to about 450 m at the deepest level of 6135 m. The
atmospheric forcing is from the Japanese 25-year Reanalysis
dataset (JRA2S5; Onogi et al., 2007) with six-hourly intervals,
including downward short wave and long wave radiation, 10
m surface winds, 2 m air temperature, 2 m humidity and
precipitation with a spatial resolution of 1.125°x1.125°.
Optimized control parameters are obtained by using the
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Green function approach to reduce model-data misfit
(Menemenlis et al., 2005).

To investigate the response of ASBW temperature to the
strengthened SH westerlies, two idealized experiments were
designed. Six-hourly atmospheric forcing from weak
westerlies in 1992 and from strong westerlies in 1998 is used
to drive the model according to the station-based SAM index
from Marshall (2003). The model is integrated over 28 years
under fixed atmospheric forcing in 1992 and 1998 with an
output frequency of 5 days. The model outputs of the last five
years (model year 24 to 28) are analyzed in this study.

3 Results

Figure 1 shows the mean zonal wind stress (a—c) and wind
stress curl (d—f) under atmospheric forcing in 1992 (a, d),
1998 (b, e) and their differences (c, f) in the Southern
Ocean. The mean zonal wind stress under atmospheric
forcing in 1998 (Figure 1b) is stronger than that in 1992
(Figure la) in the Southern Ocean from around 40°S to
60°S especially in the Pacific section (Figure 1c). The
positions of axes of maximum SH zonal wind stress are
very close to each other under atmospheric forcing in 1992
and 1998 as shown by the blue (Figure la) and black
(Figure 1b) lines. The values of the mean wind stress curl
under atmospheric forcing in 1998 (Figure le) are much
smaller than those in 1992 (Figure 1d) in the subpolar ocean,
indicating stronger SH cyclonic wind forcing in 1998 in
regions such as the Weddell Gyre (WG), Ross Gyre (RG),
and the deep Antarctic-Australian Gyre (AG) (Figure 1f).

ASBW is defined as the water mass occupying the sea
floor on the Antarctic continental shelf for depths shallower
than 1500 m. The temperature of ASBW is defined as the
temperature of the water mass just above seabed. Under
weak atmospheric forcing in 1992, the ASBW temperature
is generally positive around West Antarctica, but negative
around East Antarctica (Figure 2a). But under strong
atmospheric forcing in 1998, the ASBW temperature
becomes positive broadly around Antarctica (Figure 2b).
Figure 2c shows warming of ASBW under strong SH
westerlies around Antarctica except for the coastal region
from 60.125°W to 150.125°W. The cooling of ASBW from
60.125°W to 150.125°W is consistent with a colder ASBW
temperatures in the Bellingshausen Sea in 1998 than that in
1992 as found by Schmidtko et al. (2014).

The temperature of CDW, defined as the maximum
water mass temperature below 90 m at places where ocean
depth exceeds 1500 m, is shown in Figures 2d-2f and the
core depth of CDW, defined as the depth of the warmest
water mass, is shown in Figures 2g-2i. Broad warming and
shoaling of CDW under strong SH westerlies are found in
most regions around Antarctica (Figures 2f and 2i), which
contribute to the warming of ASBW. The warming and
shoaling of CDW is due to increased Ekman pumping under
more cyclonic wind stress forcing in 1998 (Figure 1f).
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Figure 1 The mean zonal wind stress (N-m 2, a—c) and wind stress curl (N'm >, d—f) under atmospheric forcing in 1992 (a, d) and 1998 (b, e).
¢ shows b minus a. f shows e minus d. The axes of the maximum zonal wind stress are marked by blue and black lines in panels a to c.

Figure 3 shows the speed of ASBW (a—c), barotropic
streamfunction (d, e, contour lines), and meridional heat
transport of the upper 1007.2 m (d-f, colors) under
atmospheric forcing in 1992 (a, d), 1998 (b, e) and their
differences (c, f). An increased speed of ASBW under
strong SH westerlies is found in many regions around
Antarctica, such as from 60.125°W to 150.125°W (Figures
3a—3c). The cooling of ASBW around the coast of the
Bellingshausen Sea and Amundsen Sea (Figure 2c¢) under
strong atmospheric forcing in 1998 is caused by the
enhanced coastal currents, which bring in much colder
water from the northwest of the Weddell Sea.

The WG, RG, and AG are well captured by the
simulations, as illustrated by the barotropic streamfunction
under different atmospheric forcing (Figures 3d and 3e).
Gyre strengths are defined as the maximum barotropic
streamfunction values at the gyre centers (Table 1). The three
gyres are much stronger under atmospheric forcing in 1998
than in 1992 (Figures 3d vs 3e), which is due to more

cyclonic wind forcing in 1998 in the subpolar region (Figures
1f). The strengths of the WG are respectively 62.86 Sv and
70.74 Sv under atmospheric forcing in 1992 and 1998. The
measured westward transport of 568 Sv across the Prime
Meridian, based on 4.5 year-duration moored current
measurements (Klatt et al., 2005), is close to the WG strength
simulated in our model experiments. The strengths of the RG
are respectively 46.04 Sv and 57.10 Sv under atmospheric
forcing in 1992 and 1998 in our calculation. Total transport in
the subpolar region estimated from hydrographic data across
150°W is 8.5 Sv (Gouretski, 1999), although this is
underestimated because it ignores the barotropic component
of velocity (Wang and Meredith, 2008; Park and Gambéroni,
1995). The strengths of the AG are respectively 15.28 Sv and
27.28 Sv under atmospheric forcing in 1992 and 1998, which
are much lower than the westward flow across 110°E of
7626 Sv estimated from summer hydrographic data and
direct velocity measurements (McCartney and Donohue,
2007). The simulated strengths of the RG and AG are very
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Figure 2 The mean temperature (°C) of ASBW (a, b) and CDW (d, e), core depth (m) of CDW (g, h) under atmospheric forcing in 1992
(a, d, g) and 1998 (b, e, h). ¢ shows b minus a. f shows e minus d. i shows h minus g. The ASBW temperature is the temperature of water
mass at the seabed for depths shallower than 1500 m (a—c). The temperature of CDW is the maximum water mass temperature at the places
where ocean depth exceeds 1500 m (d—f) and the core depth of CDW is the depth of maximum water mass temperature (g—i). Only regions
with the ocean depth exceeds 1500 m and the warm core of CDW is cooler than 2.8°C are shown (d—i).

different from the observational results, but are
comparatively close to the ensemble means of the RG and
AG strengths from CMIP5 models of 24+15 Sv and
19£10 Sv, respectively (Wang, 2013). Accurate estimates
of gyre strengths are limited in the subpolar ocean due to a
lack of long-time observations. More observational data is
needed to compare with the simulated strengths of subpolar
gyres and to help improve the simulation in the future. We
focus on the variability of the gyre strengths under different
atmospheric forcing in this study. The gyres are much
stronger under atmospheric forcing in 1998 than in 1992
with the differences for WG, RG and AG being 7.88 Sv,
11.06 Sv and 12.00 Sv, respectively (Table 1).

Vertically integrated oceanic meridional heat transport
(F) is calculated by the formula

F=p0cp”v~edxdz, (1)

where p, is the reference seawater density with po= 1.035 x
10° kg'm™, ¢, 1s the specific heat capacity of seawater at
constant pressure with ¢, = 4.187 x 10’ J-(kg-"C)"", v is the
meridional velocity, 0 is the potential temperature, x is the
horizontal coordinate and z is the vertical coordinate.
Vertically integrated meridional heat transport in the upper
1007.2 m is assessed under atmospheric forcing in 1992
(Figure 3d) and 1998 (Figure 3e). The gyre circulation
transports warm water to the Antarctic coast in the eastern
branches of the gyres, and cold water is transported away
from the Antarctic coast in the western branches of the
gyres (Figures 3f). Increased ASBW speed under strong
atmospheric forcing in 1998 (Figure 3c) tends to transport
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Figure 3 The mean speed of ASBW (a—c, ms), barotropic streamfunction (d, e, contour lines, 1 Sv=10°m
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transport (MHT) of the upper 1007.2 m (d—f, colors, | PW=10'>W) under atmospheric forcing in 1992 (a, d) and 1998 (b, e). ¢ shows b
minus a. f shows MHT is equal to e minus d. The contours for the barotropic streamfunction start from the Antarctic coast at 5 Sv with an

interval of 10 Sv.

Table 1 Gyre strengths of the Weddell Gyre (WG), Ross
Gyre (RG), and Australia-Antarctic Gyre (AG)
under different atmospheric forcing

a: gyre strengths  b: gyre strengths
under 1992 under 1998 (b—a)/Sv
forcing/Sv forcing/Sv
WG 62.86 70.74 7.88
RG 46.04 57.10 11.06
AG 15.28 27.28 12.00

warmer water westward. Wind stress close to and parallel to
the Antarctic coastline and the corresponding Ekman
transport under different atmospheric forcing are also
calculated to investigate the local forcing effects on ASBW
temperature. The cooling effects of local forcing can be
neglected compared to the warming effects from the

oceanic heat transport (not shown). Both increased
poleward heat transport and ASBW speed contribute to the
intense warming of ASBW under strong SH westerlies in
1998.

4 Discussion

The SH westerlies have been strengthening and shifting
poleward since the 1970s. However, the impact of recent
SH westerly variability on the temperature changes around
Antarctica is not clear. This study investigated the response
of ASBW temperature to the strengthened SH westerlies. In
our model results, the ASBW under the atmospheric forcing
with strong SH westerlies in 1998 is warmer in most
regions around Antarctica, except the region from
60.125°W to 150.125°W, than that under the atmospheric
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forcing with weak SH westerlies in 1992. This is consistent
with the observational results obtained by Schmidtko et al.
(2014). They showed increased ASBW temperature in the
Weddell Sea, Ross Sea and Amundsen Sea, with decreased
ASBW temperature in the Bellingshausen Sea in 1998
compared with the results in 1992. The main reasons for the
warming of ASBW in most regions around Antarctica are
the shoaling and warming of CDW accompanied with
strengthened subpolar gyres. The intense shoaling and
warming of CDW is due to increased Ekman pumping
under stronger SH wind stress curl. Also, strengthened
gyres transport more warm water to the coast of Antarctica,
contributing to the warming of ASBW. In the future runs of
CMIP3 and CMIP5 models, overall strengths of gyres are
intensified under strengthened SH westerlies, particularly in
the CMIP5 models (Wang, 2013), which is consistent with
the results of our simulation. The cooling of ASBW among
the coast of the western Antarctic Peninsula is caused by the
stronger coastal currents, which transport colder water from
the northwest sector of Weddell Sea to the coast of the
western Antarctic Peninsula.

Warm ocean water that circulates below the ice shelves
leads to basal melting and can cause the instability of ice
shelves and the ice sheet (Schoof, 2007). The melting rates
near the grounding lines of ice shelves have a strong
positive correlation with ocean thermal forcing (Rignot and
Jacobs, 2002). The intrusion of CDW onto the continental
shelf delivers heat to the base of ice shelves (Jacobs S et al.,
2012; Jacobs S S et al., 2011), which enhances the
sensitivity of ice-shelf melting to water temperatures at
intermediate depth in the Amundsen Sea (Dutrieux et al.,
2014; Heimbach and Losch, 2012). Stronger SH westerlies
can lead to more CDW intrusion around East Antarctica,
which has potential influences on the future stability of ice
shelves around East Antarctica (Hellmer et al., 2012).

Our model results indicate that the heat transported by
subpolar and Antarctic continental shelf circulations is
crucial for ASBW temperature variability. Studies using
idealized ocean models, with finer resolution, show that
mesoscale eddies and tides can also affect the heat transport
and stratification around the Antarctic slope front (Flexas et
al., 2015; Stewart and Thompson, 2013; Nest et al., 2011).
In order to get more accurate simulations of the Antarctic
coastal environment in the future, the horizontal resolution
of the models needs to be increased to higher than 1/50° to
resolve the first baroclinic deformation radius (Hallberg,
2013). Iceberg calving and basal melting of ice shelves,
which are not included in our model, can also affect the
temperature and salinity of ASBW (Rye et al.,, 2014;
Hellmer, 2004). Results derived from a high-resolution
regional ocean-sea ice-ice shelf model of the west Antarctic
Peninsula indicate that strengthening westerlies, CDW
intrusion and ice shelf basal melt rate play important roles
in modulating ASBW temperature (Dinniman et al., 2012).
To better understand the variability in ASBW temperature,
the influences of mesoscale eddies, tides, iceberg calving
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and basal melting of ice shelf on the Antarctic coastal ocean
environment need to also be investigated in the future.
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