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An oceanic heat transport pathway to the Amundsen Sea
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Abstract The Amundsen Sea Embayment (ASE) on the West Antarctic coastline has been identified as a
region of accelerated glacial melting. A Southern Ocean State Estimate (SOSE) is analyzed over the 2005-2010
time period in the Amundsen Sea region. The SOSE oceanic heat budget reveals that the contribution of
parameterized small-scale mixing to the heat content of the ASE waters is small compared to advection and
local air-sea heat flux, both of which contribute significantly to the heat content of the ASE waters. Above
the permanent pycnocline, the local air-sea flux dominates the heat budget and is controlled by seasonal
changes in sea ice coverage. Overall, between 2005 and 2010, the model shows a net heating in the surface
above the pycnocline within the ASE. Sea water below the permanent pycnocline is isolated from the influ-
ence of air-sea heat fluxes, and thus, the divergence of heat advection is the major contributor to increased
oceanic heat content of these waters. Oceanic transport of mass and heat into the ASE is dominated by the
cross-shelf input and is primarily geostrophic below the permanent pycnocline. Diagnosis of the time-mean
SOSE vorticity budget along the continental shelf slope indicates that the cross-shelf transport is sustained
by vorticity input from the localized wind-stress curl over the shelf break.

1. Introduction

The West Antarctic Ice Sheet (WAIS) contains 3.8 million km?® of ice [Oppenheimer, 1998] and has the poten-
tial to cause global eustatic sea level rise of more than 3 m [Bamber et al., 2009]. Thus, the stability of WAIS
has been the focus of much current research [Joughin and Alley, 2011; Joughin et al.,, 2014; Rignot et al.,
2014]. Satellite observations have shown that the most significant ice mass loss occurs along the Amundsen
Sea coastline where several outlet glaciers drain into the embayment [Rignot et al., 2008, 2013; Pritchard
et al,, 2012]. Ice flow in this region has increased by 77% since the 1970s [Mouginot et al., 2014]. Thinning of
the floating ice-shelves and glacial grounding line retreat have been attributed to basal melting forced by
heat input from inflowing Circumpolar Deep Water (CDW) [Payne et al., 2004; Walker et al., 2007; Wahlin
et al,, 2010]. CDW in the Amundsen Sea Embayment (ASE) is typically 3-4°C warmer than the in situ freezing
point and can be found as far south as the grounding zone of the Pine Island Glacier (PIG) [Jenkins et al.,
2010; Jacobs et al., 2011]. On monthly timescales, basal melt is thought to be driven largely by processes
outside the subice-shelf cavity [Schodlok et al., 2012; Heimbach and Losch, 2012]. Hence, knowledge of the
ocean state at the continental shelf slope is crucial to modeling studies of subice-shelf processes.

An understanding of the delivery mechanisms of CDW to the ASE is essential to predicting further influence
of ocean forcing on the outlet glaciers of the ASE. A modeling study by Thoma et al. [2008] linked cross-
continental-shelf CDW transport variability to zonal wind variability along the continental shelf edge due to
migration of the Amundsen Sea Low. Building upon these results, Steig et al. [2012] proposed that tropical
Pacific warming brought about the modern period of PIG retreat through a shift in the ASE zonal wind
regime.

This study aims to investigate the large-scale pathways of CDW delivery to the ASE. Our primary tool is a
Southern Ocean State Estimate (SOSE) [Mazloff et al., 2010], which provides a realistic model of the Southern
Ocean dynamics and physical properties, as well as atmospheric forcing, through assimilation of all available
observations. It uses the OCean Comprehensible Atlas (OCCA) global state estimate [Forget, 2010] to con-
strain the initial and northern boundary conditions and the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis (ERA)-Interim (http://www.ecmwf.int/) to constrain the meteorological bound-
ary conditions at the ocean-atmosphere interface. Because the SOSE solution includes the entire Southern
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Figure 1. (a) The Amundsen Sea bathymetry (m) with 2005-2010 CTD, Argo, and SEaOS observation locations. White diamonds indicate
observations north of the shelf break, while black diamonds indicate shallower observations. The magenta circle indicates the location of
the mooring data presented in Figure 3. The red 2600 m depth contour indicates the perimeter of the ASE. For the purposes of this analy-
sis, lateral boundaries of the ASE are at 124.25°W and 98.42°W. b). The 2005-2010 time-mean streamfunction (Sv) with 2005-2010 time-
mean wind-stress vectors. For reference, the 2600 m bathymetric contour of the continental shelf is also plotted in white to indicate the
location of the shelf break relative to the time-mean currents.

Ocean, it provides a perspective on the delivery of warm water to the ASE that is physically consistent
with the Southern Ocean as a whole. This contrasts with previous regional modeling studies [e.g., Thoma
et al., 2008; Heimbach and Losch, 2012], which may be more sensitive to boundary and initial conditions.
Being large-scale, however, does come at the expense of resolution, and we discuss these limitations in
section 2.

The analysis tool, SOSE, is further discussed in section 2. In section 3, we compare SOSE to observations in
the Amundsen Sea near the continental shelf and within the ASE. We diagnose the heat budget of the ASE
waters along the continental shelf slope in section 4 with the goal of identifying the factors that most
strongly dictate changes in the heat content of these waters. In section 5, we quantify mass and heat trans-
ports into and out of the embayment, and find that the oceanic transport of heat to the ASE is dominated
by a time-mean geostrophic flow across the continental shelf slope. This transport is attributed to forcing
by a strong local wind-stress curl that drives waters poleward onto the ASE continental shelf in section 6,
followed by a summary and discussion in section 7.

2. The Southern Ocean State Estimate

SOSE, the primary tool in this study, is an eddy-permitting general circulation model constrained to observa-
tions. It uses the MITgcm configured with 1/6° horizontal resolution, 42 vertical levels of varying thickness,
and a time step of 900 seconds [Mazloff et al.,, 2010]. SOSE employs a sea ice model based on the work of
Semtner [1976] for the thermodynamics [Fenty and Heimbach, 2013] and on the work of Hibler and Bryan
[1987] for the dynamics [Zhang and Hibler, 1997; Losch et al., 2010]. SOSE observational constraints include
Argo floats, conductivity-temperature-depth (CTD) casts, Southern Elephant Seals as Oceanographic Sam-
plers (SEaOS) instrument mounted seal profiles, expendable bathythermograph (XBT) profiles, inverted
echo sounders (IES), radiometric sea surface temperature measurements, altimetric observations, and sea
ice cover observations.

For this study, we use a SOSE solution for the years 2005-2010. The output, denoted iteration 100, is avail-
able from sose.ucsd.edu. We define the ASE as the region extending from the Antarctic coast to the conti-
nental shelf slope defined by an along-shelf coordinate that follows the 2600 m depth contour of the SOSE
bathymetry between 124.25°W and 98.42°W, indicated by the red contour in Figure 1a. In situ observations
in the ASE region, which were minimal from 2005 to 2007, but prevalent from 2008 to 2010, are indicated
in Figure 1.
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Figure 2. Mean potential temperature profiles (blue lines) of the 2005-2010 observations at (a) shallow locations (filled black diamonds in
Figure 1a) and (b) deep locations (unfilled white diamonds in Figure 1a). N is the number of observed profiles for each regime. Also shown
are the standard deviations of the mean profiles (black lines), mean potential temperature profiles (cyan lines) of the model equivalents to
the observations, and standard deviation of the model misfit (model;—observation;) (red lines). (c) Time-mean model temperatures (cyan
line) and neutral density relative to 28 kg m~3 (blue-dashed line) averaged along the 2600 m bathymetric contour that defines the north-

ern edge of the ASE and temporal standard deviations (red and black-dashed lines, respectively).

While SOSE is eddy-resolving equatorward of the ACC, the horizontal resolution is too coarse to resolve
mesoscale structures at the latitude of the Antarctic continental shelf slope, where the first baroclinic mode
Rossby radius decreases to 5 km [Venaille et al., 2011]. However, the modeled heat transport into the ASE at
the continental shelf slope is necessarily physically consistent with the ACC to the north, which is con-
strained to observations. Thus, the analysis carried out here is able to reveal the large-scale (greater than
~75 km) pathways of heat transport to the ASE, as well as the dynamics governing these pathways on
time-scales greater than 2 days. Dynamics occurring at smaller scales, including eddies and tides, also play a
significant role in facilitating cross-shelf heat exchange in several different regions along the Antarctic conti-
nental shelf [Robertson, 2013; Martinson and McKee, 2012; Nast et al., 2011; Thompson et al., 2014; Stewart
and Thompson, 2015]. The roles of these processes, and their interaction with the large-scale flow over slop-
ing topography are beyond the scope of the present study.

3. Model Comparison to Observations

To determine if SOSE is consistent with the observed ASE properties, we use CTD, Argo, and SEaOS profiles
(depicted as diamonds in Figure 1a) taken between 2005 and 2010. All seasons are represented in the avail-
able data sets, with the majority of wintertime observations from the SEaOS program. The last three years
of the solution contain significantly more data than the first three years due to an increase in Argo profiling
floats in the region. Observations taken south of the 2600 m isobath are indicated by filled black diamonds,
while those just north of the ASE study domain are white and unfilled. Figures 2a and 2b depict the mean
(blue) and standard deviation (black) of the observed potential temperature on and off of the shelf, respec-
tively. Observed potential temperatures on the shelf exhibit a deeper mixed layer with a more gradual
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thermocline than those off of the shelf. Both regions show strongest variability in the thermocline. The dif-
ferences in structure between the model and observations are found in all seasons, with the greatest vari-
ability found above the 225 m permanent pycnocline.

The mean of the SOSE equivalent to the 2005-2010 observations of potential temperature is also plot-
ted (cyan), along with the root-mean-squared difference of the model-observation misfit (red). In both
regions, SOSE exhibits a mixed layer that is too thin, leading to a modeled thermocline that is shal-
lower than observed. However, all observed water masses are exhibited in SOSE. Thus, though SOSE'’s
mixed layer is biased shallow, it has the same structure and temperature as seen in observations. We
are primarily interested in the movement of deep warm water across the continental shelf slope, as
this is thought to be the primary source of heat driving increased basal melt rates of ASE outlet gla-
ciers. Although an elevated thermocline indicates that the warm water reaches too high in the water
column in SOSE, the modeled ocean temperature does have the same structure and magnitude as
observed.

In SOSE, the potential temperature profile, referenced to 0 dbar, averaged along the continental shelf slope
is near freezing (~—1.7°C) at the surface and warms quickly with depth to peak at ~1.6°C at 439 m depth
(Figure 2¢). The profile then decreases with depth approaching 0°C at the bottom. These water tempera-
tures have significant atmospheric-driven temporal variability in the upper 225 m but are relatively constant
below that depth, as indicated by the temporal standard deviation (Figure 2c). Therefore, when discussing
calculations involving model temperature, we separate the analysis into surface and subsurface boxes, sepa-
rated in depth at 225 m.

The 2005-2010 time-averaged SOSE neutral density along 225 m depth differs between the west end of
the shelf and the east end by only 0.014 kg m~3, with slightly warmer, lighter water to the east. Density
classes below 225 m differ even less in the horizontal. Temporal variability below 225 m is minimal as well,
as indicated by the black-dashed line in Figure 2c. Whitworth et al. [1998] define CDW to be the water mass
with neutral density between 28.00 and 28.27 kg m 3. Several studies suggest that this water mass is the
most significant to thermal forcing of ASE marine-terminating glaciers. We find this water mass along the
continental shelf slope in SOSE, indicated by the mean neutral density profile (blue-dashed line). This curve
is shifted by the upper limit of CDW in the ASE [Whitworth et al., 1998] (" —28 kg m ), and thus, negative
values found in the upper water column indicate water masses lighter than CDW. The variability of water
mass properties above and below 225 m depth is the basis for vertical separation of the heat budget and
transport analysis described in sections
4 and 5.

The model velocity field from the year
2010 is compared to mooring observa-
tions located at 72.46°S, 116.35°W (Fig-
ure 1a). Figure 3 shows spectral
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Figure 3. Comparison of salinity and temperature data observed from a mooring

located at 72.46°S, 116.35°W [Wahlin et al., 2013] (black lines) to the SOSE equiva- averaged velocity, salinity, and temper-
lents (magenta lines). The figure shows spectral density of the salinity compo- ature in SOSE resolves spectral density
nents (dashed lines) and temperature components (solid lines) of mass transports at frequencies of 05 cycles per day
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506 m depth. Vertical bars correspond to the 95% confidence interval that the and lower, while higher frequency vari-
estimated spectra is the true spectra. ability is not resolved. At the resolved
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frequencies, the model is consistent with observations. The variance in the salinity component of modeled
mass transport, 2.4 X 10~ 2 (kg s~ ' m~?)? is five orders of magnitude higher than the variance of the tem-
perature component of mass transport, 6.9 X 10~7 (kg s ' m~?)?, indicating that temperature at this depth
is relatively steady during 2010 at this location. For the remainder of the analysis presented here, we focus
on dynamics governing the heat budget on monthly time-scales and longer at spatial scales of 75 km and

larger.

While SOSE captures the structure and magnitude of observed temperature in the ASE, as well as the
energetics of the circulation, it does not employ an ice-shelf model, and thus, while the oceanic heat
budget is closed, it does not involve ice/ocean interactions that occur along the ice-sheet margin. In addi-
tion to modifying the continental shelf circulation that we do not adequately resolve, this interaction
would decrease the total temperature tendency and input freshwater to the ocean system. Though ice-
shelf and ocean interaction changes water mass properties and is important to quantify, its role in gov-
erning the transport of heat across the continental shelf slope is probably small and left for further
investigation.

4, The Vertically Separated Heat Budget

In order to understand the processes most affecting the heat content of the ASE shelf waters during the
years 2005 to 2010, we compute the time-varying potential temperature, referenced to 0 dbar,
0{ = _UGX_V(‘)y_W(‘)Z +V- KVH-i—VZ . K4v29+DKPP+D,‘ + -7:atm +-7:ice
~~ N —

tendency advection diffusion forcing ()]

= —u-Véb + D + ]:7

where u=ui+vj+wﬁ is the velocity vector, xk and x4 are the harmonic and biharmonic diffusion coeffi-
cients, Dgpp represents the parameterization of mixed-layer turbulence by the K-Profile Parameterization
(KPP) [Large et al., 1994], D; represents implicit diffusion in the model, and Fi. and F,, represent ocean
exchanges with sea ice and the atmosphere. Here the model assumes incompressible flow (V - u=0). SOSE
solves for each individual term in 1. We group the divergence of the advective terms into one advection
term (u - V0); the harmonic, biharmonic, parameterized, and implicit diffusion terms into a diffusion term
(D); and fluxes from both sea ice and the atmosphere into one forcing term (F). Since we separate surface
and subsurface waters by depth, not density, the advective term includes adiabatic vertical advection
between the two boxes, discussed in greater detail in subsection 5b on heat transports. Profiles of Dgpp dif-
fusion coefficient (not shown) indicate strong mixing in the top 50 m of the water column and rapid decay
to a constant value of 107> m? s~ ' below 150 m depth. However, Dk has not been validated or tuned for
the conditions found on the Amundsen Sea Continental Shelf. The shallow thermocline bias identified in
section 2 is likely a result of too shallow parameterized mixing.

We consider three components governing the temperature tendency: advection by ocean currents, parame-
terized turbulent mixing, and external forcing. Over the 6 years analyzed, the net mass divergence in the
modeled ASE is negligible, so the ASE heat budget is well approximated by integrating equation (1) over
the volume of the ASE and multiplying by the specific heat capacity, C, = 3985 J kg~ '°C~', and mean sea-
water density, po = 1035 kg m 3. This formulation is consistent with that of Warren [1999].

Time series of the surface heat budget terms integrated over the volume of the ASE study domain reveal that
at times of low ice concentration atmospheric forcing dominates the budget, with heat input reaching a mag-
nitude of 46.3 TW (Figure 4b). Heat input from advection has a maximum of 17.2 TW and governs the heat con-
tent when sea ice is insulating the ocean from the atmosphere. The diffusive heat flux is an order of magnitude
smaller than the tendency throughout 2005-2010. Temporal integration of the surface heat budget terms via a
cumulative sum in time confirms that the temperature tendency primarily tracks atmospheric forcing through-
out 2005-2010 (Figure 4d). Strong atmospheric cooling in the fall combined with relatively weak cooling in
winter and spring dominate significant atmospheric heating in austral summer, resulting in a net heat flux
from the ASE to the atmosphere. Oceanic heat transport compensates the atmospheric cooling, averaging 1.29
TW and thus contributing 24.5%X10'° J of advective heating between 2005 and 2010. The combined effect of
ocean heat transport and atmospheric and sea ice exchange is a net increase in heat content of the ASE surface
waters of 8.24X10'? J, equivalent to a warming of 0.34°C, over the 6 year simulation.
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Figure 4. (a) Potential temperature averaged along the 2600 m isobath at four depths near the ocean surface with bold black lines placed

at the maximum temperature value depicting the length of time that sea ice covers less than 65% of the ASE. (b) Heat budget above

225 m depth (surface). (c) Heat budget below 225 m depth (bottom). The blue lines in Figure 4b and c are the same as the blue lines in Fig-
ures 5a and 5b, respectively. (d) Time-integrated surface heat budget. (e) Time-integrated bottom box heat budget. For Figures 4b-4e, the

red-dashed line is the total tendency, the black line is the atmospheric forcing, the blue line is advection, and the cyan line is diffusion.

Below 225 m depth advection and diffusion govern the heat budget, since atmospheric fluxes do not
directly reach these depths. Advective heat transport dominates over the diffusive heat fluxes and therefore
dictates the tendency (Figure 4c). The time-integrated subsurface heat budget (Figure 4e) shows a cooling
trend between July 2005 and April 2007 with a subsequent increase and decrease over the next year, lead-
ing to a consistent warming trend between July 2008 and December 2010. The time-integrated tendency
yields a total change in heat content of 1.57X10'° J, equivalent to a volume average change in 0 of 0.02°C,
in the waters in the ASE below 225 m depth over the 6 year simulation, with much of this heating occurring
between 2008 and 2010.

5. Transport Calculations

5.1. Vertically Separated Mass Transports

Strong currents, which are associated with the Southern Antarctic Circumpolar Current Front (SACCF), are
found north of the continental shelf (Figure 1b). The southward meander of the Antarctic Circumpolar Cur-
rent (ACC) in this region can be explained, in part, by wind-stress curl, which is consistent with the local
Sverdrup balance. The 2005-2010 time-averaged winds over the Amundsen Sea are westerly and almost
completely zonal north of 65°S. Over the ASE the mean winds are katabatic, blowing from the continent in
the northward direction. The mean winds between the ASE and 65°S transition from northward to eastward,
and thus exhibit a significant curl. A measure of how the ASE circulation couples with the Southern Ocean
to the north can be evaluated by quantifying the total mass transport across each boundary of the study
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Table 1. Mass Transports

Transports (Sv) Along-Shelf From the West at 124.25°W Along-Shelf From the East at 98.42°W Cross-Shelf
2005 —0.05*+222 —1.27 =093 1.32 = 0.64
2006 0.72 +0.72 —1.36 = 0.69 0.64 = 0.51
2007 —0.65 = 1.08 —0.75 +1.00 1.40 +0.81
2008 —0.71 =130 —033 %122 1.04 = 0.58
2009 —1.02+1.20 —0.25 + 1.00 1.27 £ 0.65
2010 —1.81+£1.13 —0.10 + 0.94 1.71 £ 0.67
6 year —0.59+1.36 —0.64 +1.10 123+0.73

domain (Table 1). The 6 year mean and standard deviation of the transports reveal an on-shelf flow of 1.23
Sv = 0.73 Sv, with highly variable compensating outflows at the lateral study domain boundaries. The
annual means of the on-shelf flow are low in 2005 and 2006, but significant for the remaining years. The
annual means of the along-shelf flow have the same sign over most of the time period, but these transports
are so variable that the mean is insignificant.

5.2. Vertically Separated Heat Transports

The ocean currents of the Amundsen Sea carry significant amounts of heat on and off the shelf. The advec-
tive term in equation (1) is given by the divergence of potential temperature transport into and out of the
ASE. We calculate this transport at each domain boundary by integrating the normal component of uf in
the vertical and along the length of the boundary. The sum of temperature transports across each domain
boundary is equal to the advective contribution to the temperature tendency and can be expressed in units
of heat by multiplying by the C, and po.

The heat transport between the upper and lower boxes is taken into account when calculating the net
transport, and is shown in Figure 5. By definition, the vertical flux that decreases heat content in one box,
increases the heat content of the other box. The 2005-2010 mean vertical advective flux is 0.35 TW from
the deeper box to the shallower box. However, this transport is adiabatic and not directly indicative of dia-
pycnal fluxes. While this value is comparable to the net transport in the time-mean, the time-varying vertical
transport remains an order of magnitude smaller than the horizontal transports.

Time series of the heat transports within the surface box (Figure 5a) show large temporal variability relative
to the mean, particularly in the cross-shelf advective transport (green line) with a maximum net transport of
11.05 TW and a minimum of —8.43 TW. Consequently, the net heat transport divergence (blue line) in the
ASE also varies significantly from month to month. Heat transports into the bottom box have lower variance
(Figure 5b). With the exception of two short periods in 2007, the cross-shelf heat transport remains positive
throughout 2005-2010, with a maximum of 13.81 TW occurring in December 2008. As with the mass trans-
ports, heat generally flows out of the ASE at the east and west study domain boundaries, offsetting the
cross-shelf input.

Table 2 provides a summary of the annually averaged heat transport across each border of the study
domain, as well as the corresponding net advective heat transport divergence. In the surface box, annually
averaged total net fluxes remain positive from 2005 through 2010. Mean values indicate that heat is
advected in from the west across 124.25°W with an outflow at 98.42°W. However, these fluxes are highly
variable with large standard deviations compared to the mean values. This is also the case for the cross-
shelf transport with a 6 year mean flux of 0.20 TW and a standard deviation of 2.74 TW. At depth, the heat
advection follows the same circulation pattern as the mass transports, into the ASE across the shelf, and
out of the bay at both lateral study domain boundaries except in 2005 and 2006, when heat and mass
transport are into the domain from the west across 124.25°W. There is significant variation in the along-
shelf flow, as indicated by the standard deviations listed in Table 2. The cross-shelf flow, however, main-
tains a significant positive annual mean, with a 6 year average magnitude of 5.85 TW and standard devia-
tion of 3.35 TW. The dynamics driving cross-shelf advection into the ASE are further examined in the
following sections.

5.3. Total Cross-Shelf Heat Transport Decomposition
The main source of heat to the ASE is the divergence of temperature advection in the waters below 225 m. The
volume-integrated heat budget is highly variable, but further analysis of the circulation of mass and heat in the
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Figure 5. (a) Surface box advective heat transports. (b) Bottom box advective heat transports. The blue line is the net transport, the dark
green line is the cross-shelf transport, the orange line is the along-shelf transport from the east across 98.42°W, the magenta line is the
along-shelf transport from the west across 124.25°W, and the light green line is the vertical transport between the two boxes. The thick
lines are a 1 month moving average for easier visualization.

ASE reveals that the variance is due to the outflow of heat along the shelf at the longitudinal boundaries, while
the cross-shelf transports are comparatively steady in time. The cross-shelf transports can be decomposed into
geostrophic and ageostrophic components such that u*=ug +ug, where u;=(fp) "' (—p,i+pj) and uy is
the component of velocity normal to the continental shelf cross section that is in balance with the pressure
gradient. The ageostrophic velocity, u,, includes all motions not in balance with the pressure gradient.
Additionally, the total transport can be decomposed into the time-mean and eddy components, such that
ut = ul + ul’, where the bar denotes the time-mean and the prime denotes deviations from this

mean. The temperature transport then becomes
ull0=ul0+ul0/+ul
ut0=ug0+u 0/ +uz 6. )

Temperature transports coming into the embayment across the continental shelf slope are dominated by
the time-mean geostrophic flow, E 0 (Figure 6). The majority of this transport is a result of the meridional
flow across the slope toward the ASE ice-shelves. Unsurprisingly, given the resolution of SOSE, the eddy
contribution is small, and ageostrophic motions, such as Ekman transport, are surface intensified. Though
the shelf slope is steep enough to act as a strong topographic barrier, there is nonetheless significant time-
mean cross-shelf flow.

Table 2. Advective Heat Transports

Along-Shelf From the Along-Shelf From the
Upper Box Fluxes (TW) West at 124.25°W East at 98.42°W Cross-Shelf Total Net Flux
2005 1.54 = 0.96 —0.38 £ 1.06 —0.79 =2.03 0.78 =2.85
2006 0.77 = 0.89 —0.30 £ 0.96 —0.30*+2.32 0.32 = 3.00
2007 191 =191 —0.56 £ 1.57 —0.40 = 2.40 1.11*+284
2008 242 +2.07 —1.37 £1.65 1.03 £ 3.07 2,67 =3.84
2009 228 *+1.63 —2.18 £1.20 0.80 £3.17 1.19*+4.26
2010 211247 —1.61£1.15 0.85*+ 274 1.86 * 3.64
Along-Shelf From the Along-Shelf From the
Bottom Box Fluxes (TW) West at 124.25°W East at 98.42°W Cross-Shelf Total Net Flux
2005 1.12£4.12 —5.80 = 3.49 4.88 =276 —0.21+0.71
2006 3.84 =281 —5.64 =272 1.40 =231 —0.54 £0.46
2007 —0.77 = 3.66 ——6.19 £3.21 737 =270 0.22 = 0.86
2008 —0.71 =4.39 —4.85 *+ 467 6.06 + 2.90 —0.10 £ 1.16
2009 —2.06 = 3.81 —5.56 +3.75 8.17 = 2.00 0.26 = 0.80
2010 —4.81*+422 —1.27 = 4.06 7.13 %220 0.53 + 1.06
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Figure 6. Temperature transports, in °C m s~ ', across the continental shelf given by equation (2), smoothed with a ~160 km running
mean. The along-shelf distance is pictured by the red contour in Figure 1a from west to east. (a) Total time-mean transport. (b) Total ageo-
strophic component of the total time-mean transport. (c) Time-mean geostrophic component of the total time-mean transport. (d) Geo-
strophic eddy transport.

6. The Total Vorticity Budget

In order to identify the dominant mechanism driving the time-mean cross-shelf transport shown in Figure
6, we assess the full SOSE vorticity budget along the continental shelf slope. The vorticity tendency is

T
Lo+ pv - VX-=— — fw, +VX(u-Vu)—VX(V)=0. (3)
~—~ ~—~ P ~—~ —_——— e —
tendency  mean transport SN—— stretching advection viscosity

wind forcing

A derivation and description of this equation is given in Appendix A. Cross sections of the time-mean vorticity
budget terms as a function of along continental shelf distance are shown in Figure 7. The time-mean total vor-
ticity tendency is negligible compared to the other terms in equation (3). The meridional transport term, fv,
provides the dominant contribution to cross-shelf heat transport when the shelf is zonally oriented, as is pri-
marily the case in the Amundsen Sea. In most regions, the continental shelf slope serves as a barrier to flow
penetrating the shelf region due to vorticity constraints. Here, however, this is not the case. Figure 6 shows
temperature transport normal to the shelf-slope to be strong in many regions along the length of the ASE.

The cross sections shown in Figure 7 depict noisy regions near the ocean floor extending into the water col-
umn, where the balance is complex. Here the on-shelf flow (fv) reduces to a minimal value, and bottom
boundary layer theory may more appropriately describe the dynamics. Figure 7e shows the along-shelf inte-
gral of the terms in equation (3) vertically integrated from the surface to 1904 m depth and divided by X
108 so that the units are that of volume transport in Sverdrups. Negative values indicate southward trans-
port, i.e., toward the ASE. From this line plot, it is clear that the net transport is primarily negative, as is the
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Figure 7. Time-mean vorticity budget, in X107 '3 572, along the continental shelf given by equation (3). The along-shelf distance is pic-
tured by the red contour in Figure 1a from west to east. (a) Mean transport: fiv. (b) Wind forcing + stretching: —V X (t/p)—fw,. (c) Advec-
tion: VX (u - Vu). d) Viscosity: —V X (V). e) Vertically integrated terms as a cumulative integral along the shelf slope, divided by $x10°,
giving units of transport (Sv).

stretching term, while the wind-stress curl, nonlinear advection, and viscous terms are primarily positive,
balancing the vorticity budget to give 0.31 Sv total tendency over the 6 year mean. The 6 year mean bal-
ance integrated along the shelf is

(Bx109)7'( C,+ﬁv—V><%—fwz+V><(u~Vu)—V><(V))=O
—0.31 Sv-1.50 Sv+29.34 Sv-47.35 Sv+16.64 Sv+3.18 Sv=0.

Thus, wind forcing, —V X(t/p), along with non-linear and viscous terms, are primarily balanced by water col-
umn stretching, —fw,. The residual sustains a time-mean meridional flow, fv, across the shelf slope. Stretch-
ing strongly counteracts on-shelf flow, but the input of vorticity from the wind-stress curl, augmented by
interactions with open ocean currents, is enough to drive a ~1 Sv flow into the ASE from the open ocean.

7. Summary and Discussion

Ice mass loss from the WAIS outlet glaciers along the Amundsen Sea coastline has been attributed to basal
melting forced by CDW found on the ASE continental shelf [Walker et al., 2007; Jenkins et al., 2010; Pritchard
et al,, 2012; Wahlin et al., 2013]. Changing oceanic circulation may play a significant role in delivering heat
to the grounding zone of the ASE outlet glaciers [Holland et al., 2008]. We have used a state estimate of the
Southern Ocean to identify a heat transport pathway to the ASE. Though we do not attempt to describe the
circulation that occurs on the continental shelf in detail, we do identify a physical mechanism that delivers
CDW to the shelf slope where it crosses into the embayment. In the Amundsen Sea region, the southern
branch of the Antarctic Circumpolar Current system veers southeastward with a transport of over 1 Sv just
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north of the shelf break (Figure 1b). Relatively warm CDW crosses the steep continental shelf into the ASE at
several places along the shelf, with a consistently positive integrated temperature transport throughout
2005-2010. We find that heat is transported across the shelf at all depths. Our primary focus, however, is on
the warm CDW found at depths below the permanent pycnocline (" > 28 kg m™3), as these waters are of
the density class most likely to have direct bearing on basal melting. On the ASE shelf, the permanent pyc-
nocline in SOSE is found at about 225 m. Below this depth, the ASE heat budget is dominated by the diver-
gence of heat advection across the ASE boundaries, while diffusion acts to cool the shelf waters to a lesser
extent. The result that heat diffusion across the permanent pycnocline is small should be taken with caution
until observations can confirm or refute this hypothesis. Below 225 m depth, heat primarily enters the ASE
from across the continental shelf break, exiting along the coast across the longitudinal boundaries of our
ASE study region, 124.25°W and 98.42°W.

Previous studies have concurred that there is an oceanic heat transport pathway to the ASE [Assmann et al.,
2013; Martinson and McKee, 2012; Stewart and Thompson, 2015; St-Laurent et al., 2013; Walker et al., 2013].
However, there has been no consensus as to what dynamics govern this pathway. There are many possible
mechanisms including upwelling facilitated through surface Ekman transport, eddies, tides, and frictional
processes [Thoma et al., 2008; Assmann et al., 2013; Robertson, 2013; Walker et al., 2013; Stewart and Thomp-
son, 2015]. Here we have posed the hypothesis that there is a large-scale advective pathway of heat from
the open ocean to the ASE. To address this, we diagnose the dynamical budgets in a model of the entire
Southern Ocean that is consistent with available observations. We find a cross-shelf heat transport that is
primarily geostrophic below the permanent pycnocline. The SOSE vorticity balance indicates that cross-
shelf transport is driven by the local wind-stress curl, which is a dynamically relevant quantity that has previ-
ously been overlooked in favor of wind-stress [Thoma et al., 2008; Spence et al., 2014; Schmidtko et al., 2014].
The large-scale wind-stress curl forcing that we have identified is not the only mechanism at play. Future
work must diagnose the relative importance of this large-scale pathway to the other mechanisms. Further-
more, the interplay of the dynamics at different scales needs to be addressed, including how the system
responds to extreme or sustained wind changes.

While no study has explicitly examined vorticity dynamics driven by wind-stress curl in this region, the
importance has been alluded to in other studies [e.g., Dutrieux et al., 2014; Thoma et al., 2008; Wahlin et al.,
2013], supporting our hypothesis. Thoma et al. [2008] find that temporal variability of cross-shelf CDW trans-
port is related to wind forcing over the shelf break. Though vorticity constraints are not identified within
their proposed possible transport mechanisms, the evidence for such a pathway presented here is not
inconsistent with the model results of Thoma et al. [2008]. During their observational period, Dutrieux et al.
[2014] found decreased glacial melt rates due to a depression of the thermocline forced by a weakened
wind-stress curl over the shelf break. Additionally, the pseudo wind-stress correlation maps calculated by
Wahlin et al. [2013], exhibit a spatial structure characteristic of a system controlled by wind-stress curl, with
correlations to the zonal wind that are positive to the south and negative to the north and correlations to
the meridional wind that are positive to the east and negative to the west.

The realism of the reanalysis winds in this topographically complex region has only been validated by the
few intermittent mean sea-level pressure measurements available in the near-by Bellingshausen Sea [Brace-
girdle, 2012]. Further verification with long-term in situ wind measurements in the Amundsen Sea would be
useful. Westerly winds over the Amundsen Sea have been shown to correlate strongly with the El Nino
Southern Oscillation (ENSO) (Nino 3.4) during spring, and to a lesser extent, with the Southern Annular
Mode (SAM) during the summer on decadal time-scales [Bracegirdle, 2012; Steig et al., 2012], while on multi-
decadal scales, the North Atlantic Oscillation (NAO) is the more important driver of atmospheric variability
in the Amundsen Sea [Li et al., 2014]. Future work must now determine how the local wind-stress curl over
the Amundsen Sea Embayment, and consequently the input of vorticity into the ocean system, is sensitive
to changes in modes of large-scale atmospheric variability such as SAM, ENSO, and the NAO.

Appendix A: Vorticity Budget Derivation

Ocean circulation generally follows contours of constant f/h, where f is the Coriolis parameter and h is the
water column height. However, flow from the open ocean across the Amundsen Sea shelf decreases h and
increases f, defying this general concept. This change in f/h necessitates either an increase in relative vortic-
ity, which we do not find, or vorticity forcing through local time-mean wind-stress curl [Sverdrup, 1947].
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The vorticity balance stands in contrast to the momentum balance, which provides a natural framework for
evaluating the geostrophic currents that balance the pressure gradient term. The vorticity balance provides
a means to evaluate deviations from the geostrophic balance that are associated with the curvature of the
wind stress. In this context, we are primarily interested in the southward flow onto the ASE continental shelf,
which is explicitly isolated in this equation. In the presence of strong bottom flows or steep topography,
one must also consider the vorticity forcing induced from frictional boundary layers and pressure torques
[Hughes and de Cuevas, 2001; Spence et al., 2012].

The full SOSE vorticity budget is:

LAV - (fu)+ VX (u- Vu)=V X (%-ﬁ-v), (A1)

where u is the horizontal velocity vector, 7 is wind-stress, and V is the parameterized viscous term. Utilizing
the nondivergent flow constraint (V - u=0), allows isolation of the meridional flow in the planetary advec-
tion term:

V- (fu)=(fu),— (=fv),=—fw,+pv, (A2)
where f=f,. Due to the model discretization on a spherical grid, the pressure term does not vanish. In con-

sistency with the model pressure solver formulation, we have added this contribution to the divergence
term, and thus, it appears as a stretching term, —fw, in the vorticity budget.

Substituting 5 into 4 and rearranging, we find the following vorticity balance

Lo+ Py — VXS — fw, +VX(u-Vu)— VX(V)=0. (A3)
~—~~ N~~~ —————— e

NG 0
mean transport SN~
wind forcing

tendency stretching advection viscosity
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