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[1] Using an ice‐ocean coupled model with fine horizontal resolution around East
Antarctica, sea ice production and dense shelf water (DSW) formation in coastal polynyas
are investigated. The model reproduces well the locations of coastal polynyas and the high
sea ice production there. DSW is formed over the continental shelves under a number of
coastal polynyas. A threshold density, beyond which net production of DSW takes place,
is largely different among coastal polynyas. The densest and most vigorous DSW
formation occurs in the Cape Darnley and Mertz‐Ninnis Glacier polynyas followed by
somewhat less but still significant DSW formation in the Prydz‐Barrier and Vincennes
polynyas. Assuming mixing of the DSW outflowing across the shelf break with typical
Modified Circumpolar Deep Water over the continental slope, the maximum possible
formation rate of Antarctic Bottom Water (AABW) is estimated to be 7.58 Sv around East
Antarctica between 60°E and 150°E, with the Cape Darnley and Mertz‐Ninnis Glacier
polynyas exhibiting the most active formation rates of 2.13 and 1.97 Sv, respectively.
From a series of numerical experiments, it is found that the treatment of coastline and
grounded icebergs has a large impact on both sea ice production and formation of DSW
and AABW.

Citation: Kusahara, K., H. Hasumi, and T. Tamura (2010), Modeling sea ice production and dense shelf water formation in
coastal polynyas around East Antarctica, J. Geophys. Res., 115, C10006, doi:10.1029/2010JC006133.

1. Introduction

[2] Coastal polynyas are areas of open water or newly
formed thin ice surrounded by coastline and consolidated
thick ice, which are formed by winds and/or oceanic currents
during the freezing period, and whose horizontal scale ran-
ges from a few to 100 km [Pease, 1987; Smith et al., 1990;
Morales Maqueda et al., 2004]. In coastal polynyas, large
heat loss occurs due to the direct contact of open water/thin
ice with colder air. As a result of the large heat loss, coastal
polynyas exhibit high sea ice production rates. Along with
sea ice formation, brine rejection occurs and leads to den-
sification of water under coastal polynyas. The modified
water over the continental shelf is often called dense shelf
water (DSW). Around Antarctica, many coastal polynyas
are identified from satellite remote sensing [Massom et al.,
1998; Arrigo and van Dijken, 2003; Tamura et al., 2007,
2008]. DSW formed in the coastal polynyas plays an
important role in the formation of Antarctic Bottom Water
(AABW) and thus is linked to the global thermohaline
circulation.
[3] Direct sea ice/oceanic measurement in coastal

polynyas around Antarctica is temporally and spatially

scarce due to logistical difficulties in association with harsh
climate conditions. Limited oceanic observations suggest
that the variation of DSW in coastal polynyas affects the
characteristics of bottom and intermediate waters in the
Southern Ocean [Rintoul, 2007; Orsi and Wiederwohl,
2009]. Numerical modeling in which processes in coastal
polynyas are well simulated would facilitate our under-
standing of variations in the Southern Ocean. In the previous
general circulation models with low horizontal resolution, it
has been difficult to explicitly capture coastal polynyas and
their impacts on the ocean due to their small areal extent
[Stössel and Markus, 2004;Wu et al., 2003].Marsland et al.
[2004] focused on the Mertz Glacier polynya, which is
known as one of the source regions for AABW, and
investigated sea ice processes and the DSW formation with
an ice‐ocean coupled model in which a regionally stretched
horizontal grid gives fine resolution over the Mertz Glacier
polynya.
[4] Tamura et al. [2008] derived sea ice production in

coastal polynyas all around the Antarctic continent from
satellite data and heat flux calculation for the first time.
Their result suggests that DSW is formed in several coastal
polynyas. The purpose of this study is to realistically
reproduce high sea ice formation in coastal polynyas with an
ice‐ocean coupled model and to investigate its impact on
the ocean through the DSW formation. Based on the
DSW formation in the model, we also discuss the maxi-
mum possible formation rate of AABW in coastal
polynyas. We focus on East Antarctica where most of the
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major Antarctic coastal polynyas outside the Weddell and
Ross Sea exist.

2. Numerical Model and Experiments

2.1. Coupled Ice‐Ocean General Circulation Model

[5] We use an ice‐ocean coupled model, named COCO
[Hasumi, 2006]. The sea ice model adopts a two‐category
thickness representation. Its thermodynamics is based on
Bitz and Lipscomb [1999], with one layer for ice and a no
heat capacity layer for snow. Prognostic equations for
momentum, mass and concentration are taken from Mellor
and Kantha [1989]. Internal ice stress is formulated by
the elastic‐viscous‐plastic rheology [Hunke and Dukowicz,
1997].
[6] The model domain is global. To realize high resolu-

tion in the focal region, the two singular points of the hor-
izontal curvilinear coordinate are placed on East Antarctica
(70°E 70.5°S and 143°E 68°S). The horizontal grid size
over the coastal area in East Antarctica is between a few
kilometers and 15 km. The vertical coordinate system of the
ocean model is a hybrid of s (normalized depth) and z.
There are 32 vertical levels; s coordinate is applied to the
uppermost five grid points between the free surface and
50 m below the mean surface level, and z coordinate is
applied below. The vertical spacing is 5, 5, 8, 12, 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 180, 200,
200, 200, 300, 300, 300, 400, 400, 400, 400, 500, and
500 m from top to bottom. The partial step representation
is adopted for bottom topography [Adcroft et al., 1997].
[7] The ocean model includes the uniformly third‐order

polynomial interpolation algorithm for tracer advection
[Leonard et al., 1993], isopycnal diffusion, isopycnal layer
thickness diffusion [Gent et al., 1995], and a surface mixed
layer parameterization based on turbulence closure [Noh and
Kim, 1999]. The isopycnal diffusion coefficient is 1.0 ×
102 m2 s−1 and the thickness diffusion coefficient is 1.0 m2 s−1.
The background vertical diffusion coefficient is 1.3 ×
10−5 m2 s−1 at the surface and gradually increases up to 2.9 ×
10−4 m2s−1 with depth (case III of Tsujino et al. [2000]). The
background vertical viscosity coefficient is 1.0 × 10−4 m2s−1.
Horizontal eddy viscosity is parameterized by a Laplacian
form, and its coefficient spatially varies so as to resolve the
Munk layer. The bottom friction is parameterized by a simple
quadratic law with a constant drag coefficient of 1.3 × 10−3.
Convection is represented by a simple convective adjustment
scheme.
[8] The ice‐ocean drag coefficient is 3.0 × 10−3, and the

turning angle for ice‐ocean drag is −10° relative to the
direction of the uppermost layer velocity in the ocean
model. To parameterize subgrid‐scale leads, the maximum
sea ice concentration is set 0.98. Salinity of sea ice is fixed
at 5 practical salinity units (psu).
[9] In the framework of a two‐category sea ice model, the

open/newly formed ice area and the consolidated sea ice
area coexist in one grid, and a minimum thickness of the
consolidated sea ice (demarcation thickness) must be spec-
ified. We use the demarcation thickness of 10 cm in this
study. This value is consistent with an observational finding
that young ice thermodynamically grows to 10 cm thick
in open water before thickened by dynamical processes
[Toyota et al., 2007].

[10] Model bathymetry and coastline in East Antarctica
are shown in Figure 1a. The bathymetry is derived from
GEBCO [Jones et al., 1994] and the data around the Adélie
Sill (142.0°E–145.0°E, 66.2°S–65.7°S) are modified by
recent ship track data [Porter‐Smith, 2003]. To realistically
reproduce the horizontal topographical features, the coast-
line around Antarctica is modified by ice shelf and iceberg
tongue edges identified by MODIS Mosaic of Antarctica
Image Map [Haran et al., 2005].
[11] Surface boundary conditions for the model are wind

stress, wind speed, air temperature, specific humidity,
downward shortwave radiation, downward longwave radi-
ation, fresh water flux, and sea level air pressure. When the
surface air temperature is below 0°C, precipitation is treated
as snow. Outside of the area within 100 km from the coast
of East Antarctica between 50°E and 160°E, sea surface
salinity is restored to monthly mean climatology with a
10 day damping time scale 4 to suppress biases of deep
convection in offshore region. To calculate wind stress and
sensible and latent heat fluxes, we use the bulk formula of
Kara [2000]. In the northern hemisphere, temperature and
salinity are restored to monthly mean climatology [Steele
et al., 2001] throughout the water column. After an 18
year integration with the daily surface air climatology of
Röske [2006], a quasi steady state is obtained. Initiated by
this state, we perform a simulation for the period from 1990
to 2007 with surface boundary conditions calculated from
daily NCEP‐NCAR reanalysis [Kalnay, 1996]. The model
results for the last 16 years (1992–2007) are utilized for the
following analysis. We use monthly and daily averaged
values for oceanic and sea ice variables, respectively. In some
of the analyses for the ocean, we use monthly climatology
during the above period.

2.2. Blocking of Sea Ice Advection by Grounded
Icebergs

[12] Observations indicate that coastal polynyas are also
formed at the downwind/downstream side of grounded
icebergs, as well as along coastlines and floating ice tongues
[Massom et al., 1998]. To incorporate blocking of sea ice
advection by such grounded icebergs into the model, we
prescribe the grid points of grounded icebergs where sea ice
velocity is set to zero. It should be noted that oceanic flows
are permitted below these grid points. This effect is tested at
the Cape Darnley polynya, the Mertz Glacier polynya, and
the Ninnis Glacier polynya (see Figure 2 for the location of
grounded icebergs). The experiment including this blocking
effect is the control case (CTRL).
[13] To investigate impacts of the blocking effect on sea

ice and oceanic fields, two additional numerical experiments
are performed. One is an experiment without the blocking
(NO‐GIB), and the other is an experiment where the grid
points of grounded icebergs are treated as land points which
block ocean flows (LAND).

3. Results of Control Case

3.1. Sea Ice Production, Sea Ice Fields Around
Grounded Icebergs, and Oceanic Bottom Density

[14] Spatial distributions of cumulative sea ice production
in the model and that estimated from satellite data and heat
flux calculation are shown in Figures 1b and 1c, respectively.
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For convenience, we use “observation” to mean “satellite‐
based estimate” in this section. The cumulative sea ice pro-
duction is calculated by the sum of sea ice production
between March and October both for the model result and the
observation [Tamura et al., 2008]. Note that a contribution of
sea ice melting is not taken into account for the calculation of
the cumulative sea ice production, and that the sea ice pro-
duction is calculated by its daily averages.
[15] A number of patches of high sea ice production are

found along the coastline over East Antarctica (Figure 1b).
Coastal polynyas are formed on the western (downwind/
downstream) side of protruding features, as recognized in
satellite data [Massom et al., 1998; Arrigo and van Dijken,
2003; Tamura et al., 2007, 2008]. Generally, the model
reproduces the locations of coastal polynyas around East
Antarctica well.
[16] However, there are four notable differences between

the model and observational results. First, the high ice
production area around Cape Darnley in the model is wider

than in the observation. This is partly explained by the
absence of landfast ice in the western part of the area in the
model. The landfast ice exhibits a seasonal cycle of the
extent with a maximum in winter, which is not reflected in
MODIS. The landfast ice blocks sea ice advection and
modifies the shape of coastal polynyas. Second, the region
of high sea ice production on the western side of grounded
icebergs in the Cape Darnley polynya (69°E, 67.3°S) does
not extend sufficiently to the west in the model. In reality,
small icebergs ground there, and secondary coastal polynyas
are considered to be formed on the western side of grounded
icebergs. Third, the Mackenzie polynya (70°E, 68.5°S) in
the model is much smaller than in the observation. In the
model, sub‐ice‐shelf processes are not incorporated and
areas of ice shelves are treated as land grid points. In reality,
however, there are oceanic flows under the ice shelves. This
size difference suggests that oceanic surface currents from
the Amery Ice Shelf could be linked to the formation of
the coastal polynya just off the ice shelf. Fourth, sea ice

Figure 1. (a) Bottom topography of the model in East Antarctica (m) and control volumes used for the
calculation of sea ice production (A–H, red and blue bounded regions). Spatial distribution of (b) cumu-
lative sea ice production in the model (m/yr) and (c) that estimated from satellite data and heat flux cal-
culation [Tamura et al., 2008]. Area of cumulative sea ice production smaller than 2 m is masked out. The
names of major coastal polynyas are shown in Figure 1b. (d) Spatial distribution of seasonal maximum
potential density at bottom (s�, kg m−3). Squares in Figure 1b show the areas for Figure 2.
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production in offshore area is larger than in the observation,
i.e., blue areas in Figure 1b are larger than in Figure 1c. A
possible reason for this difference is described below.
[17] Annual net and cumulative sea ice productions in

each polynya are shown in Table 1. All of the control vo-
lumes show positive annual net sea ice growth, indicating
that these coastal polynyas are effective formation areas of
sea ice. The cumulative sea ice production in the model is
larger than in the observation. The observed sea ice pro-
duction, estimated by the method of Tamura et al. [2008],
has a ±25% uncertainty in the absolute value due mainly to
an error (standard deviation) of ±5 cm in estimating thin
ice thickness. Their algorithm is tuned for thin ice areas
(<20 cm) and the observational sea ice production is
counted only when the sea ice thickness is smaller than
20 cm. In the offshore area sea ice thickness is typically 1 m
and sometimes thin ice areas are formed by the divergent ice
field due to atmospheric synoptic disturbances. Therefore,
the sea ice production in the offshore area tends to be
conservative estimate and there is large uncertainty in thick
ice area. Taking account of these circumstances, the mod-
eled cumulative sea ice production in each coastal polynya
is in reasonable agreement with the observation.
[18] Figure 2 shows average sea ice thickness and sea ice

velocity fields around the Cape Darnley polynya and the
Mertz‐Ninnis Glacier polynyas. In these regions, the block-
ing effect of sea ice advection by grounded icebergs is
incorporated into the model. On the eastern side of grounded
icebergs or coastline, stagnant sea ice thicker than 2 m exists.
Sea ice tongues extend from the northern side of the line of
grounded icebergs. On the western side of grounded icebergs
or coastline, areas in which sea ice is thinner than 50 cm with
a divergent velocity field are formed. In the Mertz Glacier
polynya, the modeled characteristics of sea ice fields agree
with those of observation [Massom et al., 1998, 2001] and a
previous model study [Marsland et al., 2004].
[19] To investigate impacts of coastal polynyas on oceanic

water property, a spatial distribution of the seasonal maxi-
mum potential density (s�) at bottom, calculated from the
modeled monthly climatology, is shown in Figure 1d.

Waters whose densities are significantly higher than those
offshore are found under the coastal polynyas. These results
suggest that dense waters formed under coastal polynyas
have a potential to be sources of AABW in the deep ocean.
Relatively dense waters are found in the Cape Darnley and
Mertz‐Ninnis regions.

3.2. Dense Shelf Water Formation

[20] In this section, we focus on water mass exchanges
between the continental shelves and the open ocean across
shelf breaks. To estimate formation rates of DSW in coastal
polynyas, we define control volumes (A–H in Figure 1a)
that enclose high sea ice production in coastal polynyas over
East Antarctica. To define these control volumes, we use the
500 m depth contours as the offshore boundary because the
contours trace shelf breaks well. Deeper depth contours, up
to 1000 m, are also used where the 500 m depth contours do
not represent shelf breaks well. We use a “threshold density”
(sth) beyond which net production of dense water (positive
water mass conversion) takes place in each control volume.

Table 1. Mean and Standard Deviation of Sea Ice Production for
Major Coastal Polynyas in East Antarcticaa

Control
Volume Polynya Net Cumulative Observation

A Darnley 534.2 ± 57.4 542.9 ± 49.4 300.4 ± 30.9
B Prydz‐Barrier 386.8 ± 49.6 460.0 ± 34.1 457.3 ± 51.8
C Davis 273.1 ± 44.1 316.5 ± 39.0 245.4 ± 42.5
D Shackleton

Ice Shelf
60.6 ± 26.1 91.6 ± 19.4 60.9 ± 19.0

E Vincennes 209.8 ± 51.5 243.1 ± 45.7 209.2 ± 31.2
F Dalton 108.8 ± 34.3 158.1 ± 30.4 100.1 ± 18.4
G Dibble 189.7 ± 44.6 204.2 ± 42.1 197.7 ± 18.9
H Mertz‐Ninnis 384.6 ± 51.6 424.3 ± 49.9 366.4 ± 38.3

aUnits are given in km3. The names of control volumes and coastal
polynyas are shown in Figure 1. The cumulative sea ice production is
the sum of positive sea ice production between March and October both for
the model result and the observation [Tamura et al., 2008]. The net sea ice
production is the sum of sea ice production through the year including sea
ice melting.

Figure 2. Spatial distribution of monthly averaged sea ice thickness (colors) and sea ice velocity
(vectors) for August 1998 in (a) the Cape Darnley polynya and (b) the Mertz‐Ninnis Glacier polynyas.
Some vectors are thinned out to distinguish them, and yellow open circles show the locations of grounded
icebergs.
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To estimate the threshold density, we calculate a conversion
rate for each potential density bin of 0.02 kgm−3 interval.
The conversion rate is net volume flux within each density
bin across boundaries. It should be noted that volume flux of
dense water between two adjacent control volumes (e.g., the
control volumes A and B) is negligible. The conversion
rate is calculated for each year, and its mean is shown in
Figure 3. The threshold density is estimated from the mean
conversion rate. Table 2a shows the threshold density,
formation rate (with the standard deviation of interannual
variations), and mean density of the outflowing DSW for
each control volume. The formation rate is the sum of the
conversion rates of waters denser than the corresponding
threshold density in each control volume.
[21] The threshold density of DSW is largely different

among coastal polynyas (Table 2a and Figure 3). In the
control volumes A and H, the threshold densities are rela-
tively high (sth = 27.78 kg m−3), and the DSW formation
rates are 1.11 and 0.87 Sv, respectively. There are signifi-
cantly larger DSW formation rates with relatively high‐
threshold density in the control volumes E (sth= 27.70 kgm

−3,
0.59 Sv), B (sth = 27.68 kg m−3, 0.87 Sv), and C (sth =
27.66 kg m−3, 0.91 Sv). In the control volume D, there is no
conversion rate (the threshold is not clear) or DSW forma-
tion rate (the mean value and standard deviation of the
formation rate are of a comparable magnitude). In the control
volumes F and G, the threshold densities are relatively low.
The highest DSW mean density is found in the control
volume A (s� = 27.933 kg m−3), and the second highest one
in the control volume H (s� = 27.854 kg m−3). It should be
noted that only 0.55 Sv of DSW outflows across the

northern boundary for the control volume A. The rest of
DSW outflows on the continental shelf across the western
boundary. The mean density of the northward outflowing
DSW from the control volume A is 27.988 kg m−3, which is
denser than that calculated by using the outflowing DSW
across all other boundaries.
[22] To examine potential temperature‐salinity character-

istics of waters that are exchanged across shelf breaks, the
conversion rate is calculated in the potential temperature‐
salinity space with bin intervals of 0.1°C and 0.02 psu
(Figure 4). In Figure 4, the threshold density in each control
volume is superimposed, together with gn = 28.00 kg m−3

and 28.27 kg m−3 surfaces (gn: neutral density of Jackett
and McDougall [1997]) which correspond to the highest
density (vertically lower limit) of Antarctic Surface Water

Figure 3. Conversion rate (Sv) of water in the control volumes. The name and location of the control
volumes are indicated in Figure 1. Star in each panel shows the threshold density in the control vol-
ume. Gray bars in Figure 3a show the transport across the northern boundary of the control volume A.

Table 2a. DSW Formation in the CTRL Casea

Control
Volume

Threshold
Density

sth (kg m−3)

Formation
Rate

s� > sth (Sv)

Mean
Density of Outflow

(kg m−3)

A 27.78 1.11 ± 0.19 27.933
0.55 ± 0.18 (North) 27.988 (North)

B 27.68 0.87 ± 0.18 27.789
C 27.66 0.91 ± 0.28 27.765
D (27.68) 0.10 ± 0.07 27.776
E 27.70 0.59 ± 0.19 27.808
F 27.64 0.35 ± 0.11 27.770
G 27.62 0.56 ± 0.18 27.744
H 27.78 0.87 ± 0.12 27.854

aFor the control volume A, the formation rate and mean density of DSW
across the northern boundary are also listed.
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(AASW) and the lowest density (vertically upper limit) of
AABW, respectively [Orsi et al., 1999; Bindoff et al., 2000;
Orsi and Wiederwohl, 2009]. The layer between the two
neutral density surfaces is Modified Circumpolar Deep
Water (MCDW). Shelf Water (SW) originates from brine
drainage when sea ice is formed and has near freezing
temperatures and high salinities. Modified Shelf Water
(MSW) is a mixing product of the SW and MCDW pene-
trating onto the shelf region. These water masses are indi-
cated in Figure 4b.
[23] The dominant component of inflows is near freezing

AASW for all control volumes. Potential temperature‐
salinity characteristics of the outflowing DSW differ sig-
nificantly from one location to another. In the control
volume A, the main component of the outflowing DSW is
SW. In the control volume B, the center of the outflowing
DSW (34.5 psu, −1.7°C) corresponds to near freezing
MCDW and SW. In the control volume C, the outflowing
DSW is distributed over MCDW from freezing temperatures
to −0.5°C. In the control volume D, there is no significant
outflow of DSW. In the control volume E, the center of the
outflowing DSW is around salinity of 34.55 psu and
potential temperature of −1.2°C, and the outflow takes place
along the gn = 28.27 kg m−3 surface from freezing tem-
peratures to −0.5°C. In the control volumes F and G, the
magnitude of outflow is small, although the outflowing
DSW is found on the water type corresponding to MCDW.
In the control volume H, the center of the outflowing DSW
has salinity of 34.6 psu and potential temperature of −0.8°C
and ranges over MSW.

[24] Of the waters outflowing from the control volumes,
those which have densities higher than gn = 28.27 kg m−3

have a potential to be a source of AABW [Williams and
Bindoff, 2003; Williams et al., 2010]. Significant amounts
of such dense water outflow are found in the control vo-
lumes A, B, E, and H. Potential temperature‐salinity char-
acteristics of these outflows depend strongly on the location.
The difference can be expected to influence the density or
the formation rate of the resulting AABW.

4. Impacts of Grounded Icebergs on Sea Ice
and Oceanic Fields

[25] To investigate impacts of the blocking effect of sea
ice advection by grounded icebergs on sea ice and oceanic
fields, we compare results among the three experiments
(CTRL, NO‐GIB, and LAND). In the NO‐GIB case, coastal
polynyas on the western side of grounded icebergs disappear,
and thus the sea ice productions decrease there (cumulative
sea ice production, A: 487.3 ± 52.6 km3, H: 369.8 ±
45.8 km3). In the LAND case, the sea ice fields and sea ice
productions increase slightly with respect to the CTRL case
(cumulative sea ice production, A: 550.2 ± 48.1 km3, H:
451.5 ± 52.8 km3).
[26] As for the influences on the oceanic fields, we focus

on the Mertz‐Ninnis region, because the Adélie Depression,
which is located in the control volume H, is the only area
where there are direct in situ observations in winter [Bindoff
et al., 2001; Williams and Bindoff, 2003]. Figure 5 shows a
spatial distribution of the seasonal maximum potential

Figure 4. Conversion rate of water in each control volume in the potential temperature‐salinity space.
Red line shows the threshold potential density (sth) in the corresponding control volume. Black lines
show neutral density of 28.00 kg m−3 and 28.27 kg m−3 and 0.0°C. Water masses are indicated
in Figure 4b. Gray shading with circles in Figure 4a indicates the range of MCDW to be mixed with the
outflowing DSW. Labels A and M in Figure 4a show typical water properties of MCDW in the Amery
and Mertz regions, respectively. In Figure 4a the transport across the northern boundary is shown.
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density at bottom in the CTRL case and those of the dif-
ference of the NO‐GIB and LAND cases from the CTRL
case. Major place names in the control volume H are also
shown in Figure 5a. A number of observational studies in
the Adélie Depression use a single cutoff potential density
of 27.88 kg m−3 to separate DSW from MCDW penetrating
on the continental shelf [Bindoff et al., 2001; Williams and
Bindoff, 2003; Williams et al., 2008]. Waters denser than
27.88 kg m−3 are considered to be dense enough to sink into
the abyssal ocean and to form AABW by being mixed with
ambient less dense waters over the continental slope. In the
spatial distribution in the CTRL case (Figure 5a), the area of
waters denser than 27.88 kg m−3 spreads over the Adélie
Depression and the Mertz Depression, and the fronts reach

the Adélie Sill and the Mertz Sill where outflows of DSW
dominantly occur. Additionally, an area of relatively dense
water is found near the western side of the grounded ice-
bergs along 147°E. The bottom potential density over the
two depressions in the NO‐GIB case is lower by approxi-
mately 0.07 kg m−3 than in the CTRL case (Figure 5b). The
difference of bottom potential density in the LAND case is
small all over the control volume H, except the western side
of the grounded icebergs (Figure 5c).
[27] Figure 6 shows a vertical section of potential density

in August in the CTRL case and the difference of the NO‐
GIB and LAND cases from the CTRL case. The section is
parallel to the Mertz Glacier Tongue, from the Mertz Bank
to Buchanan Bay. The southern two‐thirds of this section is
almost identical to an observed section of Bindoff et al.
[2001] and Williams and Bindoff [2003]. In Figure 6a, the
sloping isopycnal surfaces indicate that a dense water is
formed near the Buchanan Bay. Less dense waters exist to
the offshore, wherein a relatively dense water is found on

Figure 5. Spatial distribution of (a) seasonal maximum
potential density at bottom in the CTRL case and difference
of the maximum potential density of the (b) NO‐GIB and
(c) LAND cases from the CTRL case. Contours indicate
depth, and black open circles show the locations of grounded
icebergs. Abbreviations of the place names in Figure 5a stand
for Adélie Sill (AS), Adélie Depression (AD), Adélie Bank
(AB), Mertz Bank (MB), Commonwealth Bay (CB), Bucha-
nan Bay (BB), Watt Bay (WB), Mertz Glacier Tongue
(MGT),Mertz Depression (MD),Mertz Sill (MS), and Ninnis
Bank (NB).

Figure 6. (a) Potential density for the CTRL case and differ-
ence of potential density for the (b) NO‐GIB and (c) LAND
cases from the CTRL case in August along the section shown
in the inset of Figure 6a. MB and BB stand for Mertz Bank
and Buchanan Bay, respectively. Open circles show the loca-
tion of the vertical grid cell center points of the model.
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the top of the Mertz Bank (Figure 5a). An isopycnal surface
of 27.88 kg m−3 is located on the southwestern flank of the
Mertz Bank in this section and agrees with observational
results [Bindoff et al., 2001; Williams and Bindoff, 2003].
The potential density along the section in the NO‐GIB case
is lower everywhere than in the CTRL case. Moreover, there
is a large difference of approximately −0.10 kg m−3 over the
Mertz Bank (Figure 5b), which indicates that the relatively
dense water on the Mertz Bank found in the CTRL case is
the result of dense water formation along the grounded
icebergs. The difference of potential density in the LAND
case is small, except near the bottom over the Mertz Bank
(Figure 6c). These results indicate that the blocking effect of
sea ice by grounded icebergs has its major impact on water
masses over the depressions, while their effect on oceanic
flows underneath has localized impacts near the grounded
icebergs.
[28] To examine differences of water property, we show a

potential temperature‐salinity diagram of water in August on
the western side of grounded icebergs (Figure 7, see the
inset for the location). In the NO‐GIB case, water denser
than 27.88 kg m−3 does not exist in accordance with the
absence of the coastal polynya on the western side of
grounded icebergs. In the CTRL and LAND cases, the water
denser than 27.88 kg m−3 is formed. However, the water in
the LAND case is much denser than in the CTRL case,
owing to higher salinity in the LAND case. Maximum
salinity in the CTRL case is close to that observed in the
Mertz Glacier polynya in winter (about 34.7 psu [Bindoff et
al., 2001; Williams and Bindoff, 2003]). In the LAND case,
mixing of the high‐salinity brine with less dense water from
the eastern side of grounded icebergs is blocked by the wall
of grounded icebergs.

[29] To examine impacts of grounded icebergs on the
formation rate of DSW, we calculate the conversion rate in
the NO‐GIB and LAND cases as well. Figure 8 shows the
conversion rates of the three experiments in the control
volume H. Conversion rates of the NO‐GIB case are sig-
nificantly reduced in denser classes (s� ≥ 27.82 kg m−3). In
the LAND case, the conversion rates is enhanced in the
classes denser than 27.90 kg m−3. The threshold density, the
formation rate, and the mean density of the outflowing DSW
in the control volume H for the three experiments are shown
in Table 2b. The threshold density of the NO‐GIB and
LAND cases is 27.74 and 27.72 kg m−3, respectively.
Although both values are smaller than that of the CTRL
case, they are still relatively high compared with the other
control volumes.

5. Discussion

5.1. An Estimate of AABW Formation Rate

[30] Potential temperature, salinity, and potential density
of the outflowing DSW from the control volumes depend
largely on the locations (Figures 3 and 4). Using potential
temperature‐salinity characteristics of the outflowing DSW,
we estimate the maximum possible formation rate of
AABW from each control volume. In this estimate, AABW
is defined to be water denser than gn = 28.27 kg m−3 [Orsi et
al., 1999] and lower than 0.0°C in potential temperature.
The AABW formation rate is calculated under the following
three assumptions. First, we assume that the AABW is a
mixing product of the the outflowing DSW (SW or MSW)
and MCDW over the continental slope. Second, we assume
that MCDW lies between 28.00 kg m−3 and 28.27 kg m−3 in
neutral density and between 0.2°C and 1.0°C in potential

Figure 7. Potential temperature‐salinity diagram in the
western side of grounded icebergs in the Mertz Glacier
polynya in August (gray shading in the inset shows the sam-
pling area). The black contours show the potential density,
and a red curve shows thepotential density of 27.88 kg m−3.

Figure 8. Conversion rate (Sv) of water in the control
volume H in the three experiments.
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temperature (gray‐shaded area in Figure 4a). Labels A and
M in Figure 4a show typical water properties of the MCDW
in the Amery and Mertz regions, respectively [Orsi et al.,
2002]. Third, we assume that all of the outflowing waters
denser than gn = 28.27 kg m−3 and lower than 0.0°C mix
with the prescribedMCDWand form uniformAABWof gn =
28.27 kg m−3. In other words, the water properties of the
estimated AABW is determined by the intersection between
the neutral density curve or the potential temperature zero
line (green curve in Figure 4a) and the line that connects two
water mass characteristics in the potential temperature‐
salinity space. The mixing ratio of the outflowing DSW to
the prescribed MCDW is given by the ratio of distances
between the cross point and the source waters in the
potential temperature‐salinity space.
[31] Table 3 shows the maximum possible formation rates

of AABW in each control volume. To show sensitivity to
the definition of AABW, the AABW formation rate with gn =
28.30 kg m−3 is also listed in Table 3. The AABW formation
rate is estimated against a number of MCDW samples
(67 points in the gray‐shaded area in Figure 4a), and the
mean and the standard deviation are calculated for each
control volume. It should be noted that the AABW forma-
tion rate in the control volume A is estimated using the
outflowing DSW across the northward boundary. There are
active formations of AABW in the control volumes A and
H, with formation rates of 2.13 and 1.97 Sv, respectively.
The control volumes B and E also show significant forma-
tion of 1.29 and 0.93 Sv, respectively. Although the DSW
formation rate in the control volume A (0.55 Sv) is smaller
than in the control volume H (0.87 Sv), the AABW for-
mation in these control volumes are comparable to each
other, because high salinities and low potential temperatures
of the outflowing DSW from the control volume A lead to
the large mixing ratio of DSW relative to MCDW. The total
maximum possible formation rate of AABW is 7.58 Sv
around East Antarctica between 60°E and 150°E.

5.2. Impacts of Grounded Icebergs on the AABW
Formation Rate

[32] In the NO‐GIB case, the AABW formation rates of
the control volume A and H are 1.87 ± 0.54 and 1.46 ± 0.48
Sv, respectively, and these rates are smaller than those in the
CTRL case. They are 2.14 ± 0.61 and 1.77 ± 0.53 Sv,
respectively, in the LAND case. In the control volume A,
the AABW formation rate in the LAND case is similar to
that in the CTRL case. In the control volume H, the AABW
formation rate in the LAND case is smaller by 0.2 Sv than
that in the CTRL case. This comes from the decrease of the
DSW formation rate and the change of the threshold density
(Figure 8 and Table 2b). The AABW formation rate in the
experiment without blocking grounded icebergs (NO‐GIB

case) decreases by 12–26% when compared with the
experiments including grounded icebergs (CTRL and LAND
cases), suggesting importance of water mass formation on the
lee side of the grounded icebergs.

6. Conclusion

[33] Using an ice‐ocean coupled model with regionally
fine horizontal resolution around East Antarctica, we
investigated sea ice production and DSW formation in
coastal polynyas. The model which includes the blocking
effect of sea ice advection by grounded icebergs reproduces
well the locations of coastal polynyas and high sea ice
production there, and DSW is found under these coastal
polynyas (Figures 1b and 1c and Tables 1 and 2a). From a
series of numerical experiments, we demonstrated that a
treatment of grounded icebergs has large impacts on the sea
ice and ocean fields and the formation rates of DSW and
AABW (Figures 5–8 and Table 2b).
[34] The density and potential temperature‐salinity char-

acteristics of DSW are largely different among coastal
polynyas (Table 2a and Figures 3 and 4). Corresponding to
the high sea ice production (Table 2a), high formation rates
of the densest DSW are found in the Cape Darnley and
Mertz‐Ninnis Glacier polynyas (control volumes A and H).
Significant formation of relatively dense DSW are also
found in the Prydz‐Barrier and Vincennes polynyas (control
volume B and E). This result suggests that these coastal
polynyas are possible source regions for AABW, supporting
observational results of dense water formation [Rintoul,
1998; Bindoff et al., 2000; Meijers et al., 2010].
[35] We estimate the maximum possible formation rate of

AABW by assuming mixing of the outflowing DSW from
the continental shelves with typical MCDW over the con-
tinental slope. It is found that Cape Darnley and Mertz‐
Ninnis are significant source regions of AABW with the
formation rates of 2.13 and 1.97 Sv, respectively. The total
AABW formation rate all around East Antarctica is 7.58 Sv
and is comparable to that in the Weddell Sea [Naveira
Gaarabato et al., 2002], indicating the importance of the
water mass transformation in coastal polynyas there.
[36] However, it should be noted that only a part of the

outflow of DSW would in reality sink to greater depth as a
dense water plume tends to flow along an isobath due to the
Earth’s rotation, and the formation rate of AABW strongly
depends on the mixing process of DSW with less dense

Table 2b. Sensitivity of DSW Formation for the Control Volume
H to the Treatment of Grounded Icebergs

Experiment
Name

Threshold
Density

sth (kg m−3)

Formation
Rate

s� > sth (Sv)

Mean Density
of Outflow
(kg m−3)

CTRL 27.78 0.87 ± 0.12 27.854
NO‐GIB 27.74 0.79 ± 0.13 27.832
LAND 27.72 0.85 ± 0.14 27.857

Table 3. Maximum Possible Formation Rate of AABW in the
Control Volumes A–H

Control
Volume

gn > 28.27 &
� < 0.0 (Sv)

gn > 28.30 &
� < 0.0 (Sv)

A 2.13 ± 0.61 1.97 ± 0.51
B 1.29 ± 0.53 1.05 ± 0.32
C 0.59 ± 0.20 0.45 ± 0.11
D 0.18 ± 0.07 0.15 ± 0.05
E 0.93 ± 0.31 0.71 ± 0.17
F 0.27 ± 0.11 0.20 ± 0.05
G 0.22 ± 0.07 0.16 ± 0.03
H 1.97 ± 0.61 1.64 ± 0.41
Total 7.58 6.33
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ambient waters over the continental slope. In the present
model, due mainly to the coarse vertical resolution, the
mixing process over the slope is not reproduced well. To
reproduce the formation and the path of AABW, we need a
model with much higher resolutions both in the horizontal
and vertical directions which explicitly resolves the bottom
boundary layer over the steep continental slope around
Antarctica.
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