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Abstract The spreading of dense shelf water (DSW) from Antarctic coastal margins to lower latitudes
plays a vital role in the ocean thermohaline circulation and the global climate system. Through enhanced
localized sea ice production in Antarctic coastal polynyas, cold and saline DSW is formed over the
continental shelf regions as a precursor to Antarctic Bottom Water (AABW). However, the detailed fate of
coastal DSW over the Southern Ocean is still unclear. Here we conduct extensive passive tracer experiments
using a circumpolar ocean-sea ice-ice shelf model to investigate pathways of the regional polynya-based
DSW from the Antarctic margins to the deep Southern Ocean basins. In the numerical experiments, the
Antarctic coastal margin is divided into nine regions, and a passive tracer is released from each region at
the same rate as the local sea ice production. The modeled spatial distribution of the total concentration of
the nine tracers is consistent with the observed AABW distribution and clearly demonstrates nine routes of
the DSW over the Southern Ocean along its bottom topography. Furthermore, the model shows that while
�50% of the total tracer is distributed northward from the continental shelf to the deep ocean, �7% is
transported poleward beneath ice shelf cavities. The comprehensive tracer experiments allow us to estimate
the contribution of local DSW to the total concentration along each of the pathways.

1. Introduction

Dense water formation in the polar regions is a key process for global ocean meridional overturning circulation
with timescales of more than 1000 years [Schmitz, 1995]. Antarctic Bottom Water (AABW) is the densest water
mass in global scale and occupies the largest volume on the ocean floor [Johnson, 2008]. The spreading of dense
water to lower latitudes from Antarctic coastal margins plays a major role in regulating the denser and southern
part of the meridional overturning circulation [Schmitz, 1995]. Along with this pumping of the ‘‘ocean conveyor
belt,’’ a vast amount of nutrients and atmospheric gases are transported from the ocean surface to the abyssal
layer, playing a pivotal role in the biogeochemical cycling of the Southern Ocean [Sigman and Boyle, 2000].

In the Southern Hemisphere, dense water is fundamentally formed around the Antarctic coastal margin as a
result of enhanced sea ice formation in latent heat polynyas (also known as ‘‘coastal polynyas’’) [Massom et al.,
1998; Morales Maqueda et al., 2004]. Here massive ocean heat losses due to the direct contact between the rela-
tively warm ocean surface and the very cold air from the Antarctic continent and ice sheet leads to high rates of
sea ice production in freezing seasons [Tamura et al., 2008]. The associated brine rejection (salinity input to the
ocean from the process of sea ice formation) can substantially increase the density of coastal waters over the
continental shelf regions. Thus, coastal polynyas can generate cold, saline dense shelf water (DSW) capable of
producing AABW [Morales Maqueda et al., 2004]. Once DSW is exported across the shelf break, its negative buoy-
ancy relative to the offshore water masses causes it to sink down the continental slope [Baines and Condie,
1998]. On the slope, dense water increases in volume and is modified in its properties through entrainment of
less dense ambient water masses, i.e., Antarctic Surface Water (AASW) and Circumpolar Deep Water (CDW).

Several studies based on oceanographic observations indicate decadal trends (particularly freshening sig-
nals) in deep and bottom water properties over the Southern Ocean that remain unexplained [e.g., Aoki
et al., 2005; Rintoul, 2007; Purkey and Johnson, 2013]. The changes in the deep ocean are not uniform in
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space, indicating regional changes in DSW formation processes over the continental shelf regions. Improved
knowledge about the detailed pathways of DSW on the decadal timescale is required for better understand-
ing these recent changes in the Southern Ocean bottom water properties.

There have been several modeling studies on the pathways of AABW across the Southern Ocean. Doney
and Hecht [2002] and Santoso and England [2008] investigated modeled AABW pathways, using passive
tracers in coarse resolution models. Their horizontal resolutions (>3:6�) were suitable for long-term integra-
tion, but too coarse to realistically resolve the bottom topography of the Southern Ocean and to reproduce
Antarctic coastal processes for dense water formation. Sasai et al. [2004] showed that a global eddy-
resolving ocean model (0.1�) could realistically reproduce the observed distribution of chlorofluorocarbon
compounds (CFCs) [Orsi et al., 1999]. However, their model did not have a sea ice component and mimicked
the Antarctic coastal processes by restoring observed temperature and salinity near the southern coastal
boundary. In a different approach, Van Sebille et al. [2013] used Lagrangian parcels, which were constantly
released near the surface south of 60�S, and traced the parcels to identify the circulation of the deep and
bottom waters. These studies clearly demonstrated that numerical modeling is a useful tool for better
understanding the behavior of dense waters over the Southern Ocean. However, until now, there has been
no modeling study which resolves the key coastal processes along Antarctic margins, i.e., high sea ice pro-
duction and DSW formation in coastal polynyas, the interplay with ocean-ice shelf interactions and the con-
nection of dense water from the continental shelf to the deep ocean. Moreover, there has been no work on
regional dense water pathways.

Here in order to investigate detailed pathways of the dense water over the Southern Ocean, we use a high-
resolution ocean-sea ice-ice shelf model to represent associated Antarctic coastal processes and bottom
topography. In particular, we focus on DSW spreading from Antarctic coastal margins to the deep Southern
Ocean on the decadal timescale. Using this model, we conduct extensive passive tracer experiments to
identify not only the distribution of coastal DSW in deep Southern Ocean basins but also the regional contri-
bution to the total bottom tracer distribution.

2. Numerical Model and Passive Tracer Experiments

This study used a coupled ocean-sea ice-ice shelf model described in Kusahara and Hasumi [2013, 2014].
The model domain was the circumpolar Southern Ocean. The northern boundary was placed at around
35�S as a solid wall. The horizontal resolution was 10–20 km over Antarctic coastal regions, allowing the rep-
resentation of coastal protrusions, which provide an important ‘‘blocking effect’’ on sea-ice advection from
upstream that promotes the formation of Antarctic coastal polynyas (persistent areas of open-ocean or
thin-ice downwind/downstream of the boundaries). Subsequently, the model can reproduce high sea ice
growth rates in key polynya regions and the associated dense water formation over the continental shelves
[Marsland et al., 2004, 2007; Kusahara et al., 2010, 2011]. We used the RTopo-1 data set [Timmermann et al.,
2010] to specify bathymetry and ice shelf draft in the model. The model has 89 vertical levels: 4 grids for
the surface r layers, 49 grids with 40 m thickness between 40 and 2000 m, and 36 grids with 100 m thick-
ness below 2000 m. Within six grids of the artificial northern boundary, ocean properties (e.g., temperature
and salinity) were restored to the monthly mean climatology [Steele et al., 2001] throughout the water col-
umn with a 10 day damping timescale. Sea surface salinity in the offshore region (>120 km from the Antarc-
tic coastline) was restored to the monthly climatology to suppress deep convection in some regions (the
Weddell and Ross Seas). A surface mixed layer parameterization based on turbulent closure [Noh and Kim,
1999] was used except where turned off under the ice shelves. Unstable stratification was removed by a
simple convective adjustment scheme. We calculated surface boundary conditions from a climatological
atmospheric surface data set (which has daily variability and a correction for katabatic winds) [R€oske, 2006],
and performed a 40 year simulation. With this configuration, sea ice production and modeled ice shelf basal
melting reached a quasi steady state after a 15 year integration [Kusahara et al., 2015].

We performed online passive tracer experiments, in which each coastal tracer was released at the same rate
as the local sea ice production (SIP, seawater equivalent) and was passively transported by ocean currents
in the model. The tracer was released only when sea ice formed. The tracer concentration represents the
fraction of the source water, which comes from coastal sea ice formation. We diagnosed the salinity associ-
ated with brine rejection, by multiplying the tracer concentration and a factor (Sref 2 SI), where Sref and SI
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were reference salinities of the ocean (34.5 psu) and sea ice (5 psu), respectively. This method allows us to
clearly trace high salinity water released from the coastal sea ice formation process, and thus we used the
unit of salinity for the passive tracer.

We categorized the Antarctic coastal region into nine groups based on location (labels a–i in Figure 1a) and
independently released the passive tracers to investigate the behavior of the regional dense shelf waters.
With this grouping, we could discriminate the high sea ice areas and identify the origin of dense waters
located offshore on the ocean floor. We performed a 25 year integration (16–40th model year) for the tracer
experiments. The initial condition for the passive tracers was set to zero over the entire model domain. Out-
side the tracer source regions, the passive tracers were removed at the surface six grids (i.e., 120 m layer)
and throughout the water column at the northern artificial boundary to avoid contamination of the surface
and border effects.

3. Modeled Sea Ice Production, Mixed Layer Depth, and Overturning Circulation

3.1. Sea Ice Production Along Antarctic Coastal Margins
Sea ice production is the surface boundary condition for the passive tracers. A map of the modeled annual
sea ice production averaged over the final 10 years (31–40th model year) is shown in Figure 1b. The mod-
eled and observed sea ice edges in winter (an average over July-September) are superimposed on Figure 1
to show the model’s representation of sea ice. Although there are some regional biases in the winter sea
extent, the model reproduces the observed seasonal cycle of Antarctic sea ice in a reasonable fashion
[Kusahara et al., 2015]. Looking at the map of sea ice production, several active sea ice formation regions
are identified along the Antarctic coastal margins. These high production areas correspond to winter coastal
polynyas, which are located in coastal shelf regions shallower than 1000 m. The Ross Sea has an extensive
area of very active sea ice production (>20 m/yr) in front of the Ross Ice Shelf. In the East Antarctic region,
several small but productive coastal polynyas on the western side of topographic features are realistically
reproduced, including important coastal polynyas at Cape Darnley, Mackenzie Bay, Barrier Bay, Shackleton
Ice Shelf, Vincennes Bay, and Mertz Glacier. The broad Weddell Sea Polynya region has intermediate sea ice
production of about 10 m/yr. The Eastern Weddell Sea and Amundsen-Bellingshausen seas are character-
ized by relative low sea ice production. Overall, the modeled distribution of sea ice production is consistent
with satellite-based observations [Tamura et al., 2008; Nihashi and Ohshima, 2015], although there are some
differences between the two. For example, the modeled sea ice production area in the Weddell Sea is wider
than that observed. The difference may be due to an absence of fast ice-polynya interaction in the model
[Nihashi and Ohshima, 2015] and/or underestimation of the observed sea ice production in thick ice regions
[Tamura et al., 2008; Kusahara et al., 2010].

3.2. Annual Maximum Mixed Layer Depth
Consistent with the locations of high sea ice production in the coastal polynyas, areas of deep convection
are produced over the Antarctic continental shelf regions (Figure 2a). We used a potential density threshold
of 0.01 kg m23 to define the surface mixed layer depth. Denser surfaces outcrop in several continental shelf
regions (particularly in the Weddell and Ross Seas and the region 140–150�E) and the surface mixed layer is
deep enough to reach the bottom (Figure 2b). These results clearly show that Antarctic coastal polynyas
play an important role in connecting the ocean surface to deep and bottom layers.

Except for Antarctic coastal regions, the mixed layer depth in the seasonal sea ice zone is shallow (�100 m).
North of 55�S, a relatively deep mixed layer is present in the Indian and Pacific Ocean sectors. The modeled
pattern of the surface mixed layer depth over the Southern Ocean is consistent with that estimated from
observational data sets [de Boyer Mont�egut et al., 2004; Violaine et al., 2017].

3.3. Overturning Circulation in the Southern Ocean
Salt input from active sea ice formation along Antarctic coastal margins is one of the essential processes in
forming the lower limb of the deep meridional overturning circulation over the Southern Ocean (Figure 3).
The modeled deep meridional circulation is reproduced in potential density larger than 27.82 kg m23, with
a maginitude of approximately 18 Sv. It should be noted that while there is a wide range of estimates in the
literature for the deep meridional circulation in the Southern Ocean (i.e., circumpolar AABW production
rates from near-zero to 28 Sv), recent estimates tend to converge near 20 Sv [Jacobs, 2004]. The modeled
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Figure 1. (a) Model bottom topography and (b) modeled annual sea ice production. In Figure 1a, nine coastal regions (labels a–i) are
shown by different colors (red, green, or blue), and the observed and modeled wintertime (July–September average) sea ice edges are
shown as color lines (red: satellite observation for 1979–2014, blue: the modeled average for the last 10 years). In Figure 1b, areas of sea
ice production less than 2 m/yr are masked out. Place names used in the text are shown in Figure 1a: Argentine Basin (ArB), Scotia Sea
(SS), Weddell Abyssal Plain (WAP), Mid-Atlantic Ridge (MAR), America-Antarctica Ridge (AAR), Atlantic-Indian Ridge (AIR), Agulhas Basin
(AgB), Southwest Indian Ridge (SwIR), Conrad Rise (CoR), Crozet Basin (CB), Enderby Abyssal Plain (EAP), Kerguelen Plateau (KP), Southeast
Indian Ridge (SeIR), Australian-Antarctic Basin (AAB), South Australian Basin (SAB), Tasman Abyssal Plain (TAP), Southwestern Pacific Basin
(SwPB), Pacific-Antarctic Ridge (PAR), Ross Sea (RS), East Pacific Rise (EPR), Southeastern Pacific Basin (SePB), Amundsen Sea (AS), Belling-
shausen Sea, (BS) and Drake Passage (DP). The black lines show depth contours, with a 1000 m interval.
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Figure 2. Maps of (a) annual maximum mixed layer depth and (b) the percentage of the mixed layer depth to local water depth. In Figure
2b, potential density surfaces of 27.8, 27.5, and 27.2 kg m23 are shown by red, yellow, and green contours, respectively. The back lines
show 1000 and 3000 m depth contours.
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northward volume transport of the deep cell
across 60�S is approximately 10 Sv, consis-
tent with an observational AABW transport
across the continental rise of 8.1 Sv [Orsi
et al., 2002]. Coastal passive tracers are
advected from the Antarctic coastal surface
to the deep Southern Ocean at lower lati-
tudes within this deep meridional
circulation.

4. Passive Tracer Distributions

4.1. Total Tracer (Sum of the Nine
Regional Tracers)
Here we show vertical and horizontal distri-
butions of a total tracer at the end of a 25
year integration of the passive tracers experi-
ments to examine pathways of DSW originat-
ing from coastal polynyas. The total tracer is
a sum of the nine regional passive tracers.
Zonal mean distribution of the total tracer in
the density-latitude domain is shown in Fig-
ure 4. Along selected longitudes (08, 908E,
1808, and 908W), vertical tracer distributions

in the depth-latitude domain are shown in Figure 5. The percentage of the total tracer distribution based
on the location and density/depth is summarized in Table 1. Since the surface inputs of the passive tracers
occurred repeatedly every year, the amount of the total tracer in the model domain increases almost line-
arly with the model integration. Thus, it is difficult for a regional Southern Ocean model to obtain a steady
state for the passive tracer fields. However, after a 15 year integration, the distribution of the total tracer
tends to converge in terms of regional and vertical tracer ratios to the total amount of the total tracer in the
model domain (Figure 6), enabling us to examine the distributions of the tracers in detail at the end of the
integration. Horizontal distribution of the total tracer at the ocean floor (the bottom-most cell) at the end of
the integration is shown in Figure 7. A movie of the total tracer for the 25 year integration is available in
supporting information, and clearly shows the time evolution of the total tracer distribution at the ocean
floor.

While here we use the tracer distribution at
the ocean floor to describe the DSW path-
ways, distributions of the tracer integrated in
the layer denser than 27.80 kg m23 are
shown in Appendix A. These two distribu-
tions are generally similar but the integrated
tracer distribution is more extensive than the
tracer at the ocean floor, reflecting rapid
transport at intermediate depths by the Ant-
arctic Circumpolar Current.

Looking at Figures 4–6 and Table 1, more
than 70% of the total tracer is present in the
higher density classes (r0> 27.80 kg m23). A
northward extension of the high concentra-
tion (>1022, yellow to red) is found in the
potential density range of 27.84–27.86 kg
m23 (Figure 4), and the signal is also con-
firmed in the bottom layers along the 908E
and 1808 sections (Figures 5b and 5c). At the

Figure 3. Stream function of zonally integrated meridional overturning
circulation in the latitude-density space for the period from the 31st to
the 40th model year. The vertical axis is potential density anomaly refer-
enced to the surface, and the scales are different above and below the
potential density of 27.80 kg m23. Negative values of the stream function
(shown by dashed contours) indicate anticlockwise circulation. Red
contours with labels indicate the zonal-average depth of the potential
density.
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Figure 4. Vertical distribution of the zonal mean of the total tracer at the
end of a 25 year integration (40th model year) in the latitude-density
domain. Scales of the vertical axis are different above and below the
potential density of 27.80 kg m23.
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initial stage of the tracer experiments, more than half of the total tracer remains in the source regions and
ice shelf cavities (Figure 6). After the 15 year integration, the portion of the tracer near source regions
becomes less than 20%, likely approaching an asymptotic state in the regional Southern Ocean system.

Looking at Figure 7, extensive zones of high passive tracer concentrations (>1022, yellow to red) occur not
only in coastal regions but also in the deep ocean basins (see also supporting information Movie S1). A large
part of the total tracer (>70%) is directly transported to the continental slope/rise and basin regions (see
the line of the total tracer in Table 1), with the pathways being controlled by the bottom topography. The
tracer concentration is high over the continental shelf regions and becomes lower on the deep ocean floor,
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Figure 5. Vertical distribution of the total tracer at the end of a 25 year integration (40th model year) in the depth-latitude domain along
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Table 1. Distribution (%) of the Passive Tracers: Total and Regional Tracers at the End of a 25 Year Integration of the Tracer Experiments

Source
Region

Ice
Shelf

r0< 27.8 kg m23 r0 � 27.8 kg m23

d< 2000 m
r0 � 27.8 kg m23

d � 2000 m

Total (sum of the nine tracers) 14.3 6.6 8.2 25.4 45.5
Tracer a (Antarctic Peninsula) 9.8 2.9 13.1 31.6 42.6
Tracer b (Filchner-Ronne Ice Shelf) 8.0 12.1 6.2 27.3 46.4
Tracer c (Eastern Weddell Sea) 22.1 16.0 14.3 19.3 28.3
Tracer d (Cape Darnley) 6.7 0.1 11.2 27.2 54.8
Tracer e (Prydz Bay) 11.8 7.4 11.7 24.3 44.8
Tracer f (80–130�E) 14.4 3.2 14.7 28.9 38.8
Tracer g (Wilkes Land) 7.2 0.5 5.0 27.3 60.0
Tracer h (Ross Sea) 10.4 9.2 1.7 23.4 55.3
Tracer i (Amundsen-Bellingshausen seas) 33.8 9.8 7.3 23.8 25.3
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indicating active mixing
between the dense shelf water
with less dense ambient waters
over the continental slope/rise
and basin regions. High concen-
tration regions of the total
tracer (>1021, pink) are also
found under the ice shelf cavi-
ties (�7% of the total tracer),
confirming that the newly
formed DSW contributes to
melting processes at the ice
shelf base [Jacobs et al., 1992;
Kusahara and Hasumi, 2013].
There is a sharp contrast in the
total concentration on the con-

tinental shelf in the Amundsen-Bellingshausen seas. As shown in Figure 1b, sea ice formation is less in the
Amundsen-Bellingshausen seas, and thus there is no active local DSW export to the deep ocean there.

The model clearly demonstrates nine main routes of the total tracer over the Southern Ocean, as shown in
Figure 7. There are: (A1) a northward extension along the western flank of the Argentine Basin; (A2) a path-
way from the Scotia Sea to the Argentine Basin in the Weddell Abyssal Plain; (A3) an eastward extension
along the southern flank of the America-Antarctica Ridge; (E1) a northward extension between the south-
western Indian Ridge and the Kerguelen Plateau in the Enderby Abyssal Plain; (E2) a northward retroflection
along the eastern side of the Kerguelen Plateau; (E3) a leakage through gaps in the Southeast Indian Ridge,
in the Australian-Antarctic Basin; (E4) a northward extension along 160�E; (P1) a northward extension
toward the New Zealand; and (P2) a northeastward route from the Ross Sea along the Pacific-Antarctic
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Figure 6. Time evolution of the ratio of the location and density/depth of the total tracer.
See Figure 1a for the source regions and ice shelf cavities.

Figure 7. Horizontal distribution of the total tracer at the ocean floor at the end of a 25 year integration. The white lines show depth con-
tours, with a 1000 m interval. The labels A1, A2, A3, E1, E2, E3, E4, P1, and P2 indicate the main pathways over the Southern Ocean. Red,
green, and blue lines on the fringe indicate the Atlantic, Indian, and Pacific oceans, respectively.
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Ridge in the southeastern Pacific Basin. The model successfully reproduces the detailed spreading of DSW
from Antarctic coastal margins to the deep oceans, with the distribution being consistent with the observed
AABW flow patterns inferred from the distribution of CFCs [Orsi et al., 1999]. These results in sections 3 and
4 provide confidence in the modeled DSW formation and spreading processes, allowing for further investi-
gation of the regional pathways.

Vertical distributions of the total tracer along 508S, 608S and the shelf break are shown in Figures 8 and 9,
respectively, to investigate the vertical structure of the northward extensions from the Antarctic coastal
regions along the main pathways. The 1000 m contour around the Antarctic continent is used as the bound-
ary between the Antarctic continental shelf and open ocean (i.e., as the shelf break). Along 508S (Figure 8a),
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high concentrations of eight pathways (A1, A2, A3, E1, E2, E3, E4, and P1) are found in bottom layers denser
than the potential density 27.80 kg m23. These are strongly constrained by bottom topography (gaps or
slopes). The eastward extension of the total tracer from the Ross Sea to the Pacific Ocean (P2) does not
reach this latitude. A small amount of the tracer is identified in the Weddell Sea in the potential density
range between 27.2 and 27.80 kg m23, reflecting the portion of the coastal tracer entrained in the Antarctic
Circumpolar Current. Along 608S (Figure 8b), trunks of these DSW pathways are identified with greater verti-
cal extent and higher concentration. Looking at the eastern sides of several large basins (e.g., EAP, SwPB,
and SePB), near-zero concentration zones (<1024, dark blue) are present near the ocean floor. These
regions correspond to the southward flow of large-scale/regional-scale ocean gyres, which transport zero
concentration water (at the initial condition) from the north.

The vertical profile of the total tracer along the shelf break (Figure 9) gives us information about DSW export
regions from the Antarctic continental shelf (see also supporting information Movie). Consistent with areas
of the modeled high sea ice production (Figure 1b) and the deep mixed layer depth over the continental
shelf (Figure 2), high concentration zones (>1021, pink) are confirmed in the Weddell Sea, several parts of
East Antarctica, and the Ross Sea. There are relatively low concentration zones (�1022, green) near the
ocean floor in some places (108W–608E and 908W–608W). These correspond to regions where southward
flow of the large-scale gyre occurs. Note that since the defined position of the shelf break is located either
inside or outside the tracer source regions, the surface tracer outside the source regions shows zero
concentration.

4.2. Contributions of the Regional DSW to the Total Tracer
We have shown the nine routes of the total tracer over the Southern Ocean (Figure 7). Here we examine the
contribution of each coastal dense shelf water source to the total tracer along the main pathways at the
end of the integration (Figure 10). The time evolution of the ratio of each regional tracer, relative to the
total, converges to some extent after 15 years integration. As an example, the time evolution of the ratio of
tracer h is shown in Figure 11.
4.2.1. The Atlantic Ocean Routes (A1, A2, and A3)
The passive tracers released from the coastal regions a–c (Figure 1a) contribute to the bottom distribution
of the total tracer along the two pathways to the Atlantic Ocean (A1 and A2) and the eastward extension
along the America-Antarctica Ridge (A3) (Figures 10a–10c). The regional tracer a (east of the Antarctic Pen-
insula) accounts for 20–40% of the total tracer in the Argentine Basin, while the regional tracer b (in front of
the Filchner-Ronne Ice Shelf) accounts for approximately 60% there. The regional tracer c (Eastern Weddell
Sea) does not spread to the bottom layer near the formation region due to the low local sea ice production
(Figure 1b), but the tracer dominates the bottom tracer in remote locations, i.e., under the Filchner-Ronne
Ice Shelf, and in the continental shelf regions on the western side of the Weddell Sea, and the southern part
of the eastward extension of A3. This indicates that dense water formation together with weak sea ice pro-
duction in region c preconditions the southern and western parts of the Weddell Sea.
4.2.2. The Four Pathways to the Indian Ocean (E1, E2, E3, and E4)
The regional tracer d (from the Cape Darnley Polynya) spreads westward over the continental shelf and
slope regions in the Eastern Weddell Sea, showing a dominant contribution (�80%) over the southern part
of the Weddell Sea. A part of the tracer winds northward at about 60�E toward the Crozet Basin (E1). About
55% of the tracer from region d effectively penetrates to the deep ocean (Table 1). The distribution of the
regional tracer e (Prydz Bay) is similar to that of the tracer d, but the contribution is small (�20%). Regional
tracer f (80–130�E East Antarctic region) accounts for 40–50% of the total tracer on the western side of the
Kerguelen Plateau and 20–30% in the coastal region of the Enderby Abyssal Plain. The low contribution of
tracer e compared to tracers d and f indicates larger contributions of the coastal polynyas in the Cape Darn-
ley region and 80–130�E East Antarctic regions to the bottom layer water than in the Prydz Bay regions.

The total tracer on the eastern flank of the Kerguelen Plateau (E2) is roughly explained by the two tracers g
(Wilkes Land, �60%) and h (Ross Sea, 20–40%). The bottom total tracer over the Australian-Antarctic Basin
is also dominated by these two regional tracers. Although regional tracer h contributes 20–60% off the
Wilkes Land coast, most of the region in the Australian-Antarctic Basin is dominated by regional tracer g.
This tracer accounts for 60–80% of the total tracer in the leakage from the gap in the southeastern Indian
Ridge (E3).
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Looking at the contribution on E4, tracers g and h account for 30–40% and 20% of the concentration,
respectively. Almost half of the total tracer on the route is explained by the remote sources of tracers d and
f. A part of the remote tracers is transported by the eastward flowing Antarctic Circumpolar Current at inter-
mediate depths and contribute to this route in an indirect way.
4.2.3. The Two Routes to the Pacific Ocean (P1 and P2)
Regional tracers g and h play a major role in the two routes to the Pacific Ocean. Since there is strong sea
ice formation in front of the Ross Ice Shelf, tracer h is effectively transported to the bottom layer (Table 1)
and largely contributes to the two branches toward the Pacific Ocean. Regional tracer g contributes to the
northern parts of the branches through a deeper part of the Antarctic Circumpolar Current. Regional tracer i

Figure 10. Maps of regional tracer at the ocean floor (percentage relative to the total tracer). Figures 10a–10i correspond to the coastal regions where each passive tracer was released
(Figure 1a). Areas of the total tracer smaller than 1026 are masked out. The black lines depict the 1000 and 3000 m depth contours.
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(Amundsen-Bellingshausen seas) is confined to the continental shelf region, but a part of the tracer is
advected westward to the Ross Sea over the continental shelf region and partly contributes to the total
tracer in the southern and western parts of the Ross Sea.

5. Summary and Discussion

We have conducted a detailed investigation of the pathways of DSW on the decadal timescale over the
Southern Ocean, based on passive tracer experiments of dense shelf waters released over Antarctic conti-
nental shelf regions in a coupled ocean-sea ice-ice shelf model (see Figure 1a for the defined coastal
regions). The total tracer is effectively transported into the bottom layer through deep convection over the
continental shelf regions (Figure 2), across the shelf break (Figure 9), and spreads northward (Figures 4, 5,
and 8) with deep thermohaline circulation (Figure 3). The bottom distribution of the total tracer (Figure 7) is
similar to the observed distribution of AABW, inferred from the distribution of CFCs [Orsi et al., 1999]. The
model shows nine main pathways of the passive tracer over the Southern Ocean along the bottom topogra-
phy: three routes toward to the Atlantic Ocean, four routes toward to the Indian Ocean, and two routes
toward to the Pacific Ocean. The comprehensive tracer experiments enable a quantitative examination of
the detailed pathways of DSW spreading from local source regions to the deep ocean (Figure 10). The
model demonstrates that the distribution of DSW to deep layers strongly depends on the coastal formation
regions (Table 1). These results suggest that local changes in sea ice production and DSW formation on the
continental shelf propagate to the deep ocean along the particular pathway of the regional DSW.

While we could examine the detailed pathways of DSW from Antarctic coastal polynya based on passive tracer
experiments, our focus in this study is limited to the decadal timescale (Figures 6 and 11 and supporting infor-
mation Movie) rather than a steady state or centennial timescale, due to our use of a regional Southern Ocean

Figure 11. Snapshots of the ratio of the regional tracer h at the ocean floor (17, 20, 25, 30, 35, and 40 model year). Areas of the total tracer at the ocean floor smaller than 1026 are
masked out. The black lines depict the 1000 and 3000 m depth contours.
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model. An integration over hundreds to a thousand years with a high-resolution global ocean-sea ice model
is required to fully analyze spreading of Antarctic dense waters to the world ocean abyss.

A study of AABW pathways by Van Sebille et al. [2013] showed a spatial map of probability of Lagrangian
parcels in AABW layers and concluded that approximately 70% of AABW experiences at least one loop in
the Antarctic Circumpolar Current regions before reaching subtropical basins. Our DSW distribution (Figure
7) is somewhat different from their AABW distribution (see Figure 2 in Van Sebille et al. [2013]) because the
targeted water masses are disparate in the two studies. In this study, we traced water masses transformed
by high salinity input in coastal polynyas over the Antarctic continental shelf, while they traced water
masses modified over continental shelf, slope, and rise (i.e., including mixing processes of DSW, AASW, and
CDW south of 60�S) to assess all water masses contributing AABW to lower latitudes. The main difference in
the two studies suggests that our results correspond to the denser part of AABW which is transported
directly to the subtropical basins (30% of AABW estimated in Van Sebille et al. [2013]), being strongly con-
strained by bottom topography.

There are some limitations to the model configuration used in this study. Although our model does repro-
duce high sea ice production and DSW formation in Antarctic coastal polynyas with a horizontal resolution
limited to 10–20 km near the Antarctic coast, the resolution is not sufficient to resolve ocean eddies and
small-scale bottom topography (a few kilometers). These unresolved processes and topography could fur-
ther modify water-mass exchange across the shelf break and the offshore transport of the oceanic tracers
[St-Laurent et al., 2013; Stewart and Thompson, 2015]. A similar limitation is also present in the vertical reso-
lution. We have a z-coordinate system in the ocean model, where high vertical resolution is necessary to
represent the downslope flow of dense water [Wang et al., 2008]. While we used a relatively high vertical
resolution of 40 m over the upper continental slope regions, this is insufficient and leads to excessive dilu-
tion of coastal DSW through mixing with different water masses over the continental slope and rise regions.
In fact, our modeled deep meridional circulation decreases in magnitude from 10 Sv at 608S to only a few
Sv at 558S (Figure 3). This pronounced reduction may be caused by the model’s resolution.

Furthermore, our tracer experiments also have limitations. Although our modeled DSW pathways have shown
similarities with the observed AABW flow patterns, in reality, several other water masses (e.g., CDW, ice shelf

Figure A1. Horizontal distribution of the total tracer integrated in the layer denser than 27.80 kg m23.
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water, and intermittent dense water formed in open water convection) also play important roles in AABW
formation processes. Therefore, our coastal DSW tracer experiments, combined with the limitation of the
decadal integration in a regional Southern Ocean model, cannot be used for a full assessment of AABW
production.

Sea ice production along Antarctic coastal margins is a key critical parameter for dense water formation and
basal melting at ice shelves, both of which contribute to the strength of ocean’s thermohaline circulation.
Monitoring changes in the coastal icescape [Barber and Massom, 2007] and associated sea ice production,
as well as direct ocean properties, is necessary for a better understanding of Antarctic and the Southern
Ocean climate. Numerical modeling with continuous development is an invaluable tool for detecting,
assessing, and understanding the Southern Ocean system and its change and variability.

Figure A2. Same as Figure 10, but for the tracer integrated in the layer denser than 27.80 kg m23.
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Appendix A: Tracer Distributions in the Layer Denser Than 27.80 kg m23

In the main text, we use the horizontal distributions at the ocean floor to describe pathways of the
total and regional DSW tracers. In this appendix, we show horizontal distributions in the layer denser
than 27.80 kg m23. As shown in Figure 6, more than 70% of the total tracer at the end of the inte-
gration is in this dense layer. Regarding general patterns, both the horizontal distributions of the
total tracer (Figure A1) and the ratio of the regional tracers (Figure A2) are similar to those at the
ocean floor (Figures 7 and 10). However, the integrated tracer distribution is more extensive than the
bottom one due to the rapid transport by the eastward flowing Antarctic Circumpolar Current at
intermediate depths. Therefore, the contrast of the regional ratios becomes smaller than those at the
ocean floor (Figure A2).
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