nature
gﬁOSClCIlCC

ARTICLES

PUBLISHED ONLINE: 24 FEBRUARY 2013 | DOI: 10.1038/NGEO1738

Antarctic Bottom Water production by intense
sea-ice formation in the Cape Darnley polynya

Kay I. Ohshima'*", Yasushi Fukamachi'f, Guy D. Williams?', Sohey Nihashi3, Fabien Roquet*,
Yujiro Kitade®, Takeshi Tamura®, Daisuke Hirano®, Laura Herraiz-Borreguero?, lain Field’,
Mark Hindell®, Shigeru Aoki' and Masaaki Wakatsuchi’

The formation of Antarctic Bottom Water—the cold, dense water that occupies the abyssal layer of the global ocean—is
a key process in global ocean circulation. This water mass is formed as dense shelf water sinks to depth. Three regions
around Antarctica where this process takes place have been previously documented. The presence of another source has
been identified in hydrographic and tracer data, although the site of formation is not well constrained. Here we document
the formation of dense shelf water in the Cape Darnley polynya (65°-69° E) and its subsequent transformation into bottom
water using data from moorings and instrumented elephant seals (Mirounga leonina). Unlike the previously identified sources
of Antarctic Bottom Water, which require the presence of an ice shelf or a large storage volume, bottom water production
at the Cape Darnley polynya is driven primarily by the flux of salt released by sea-ice formation. We estimate that about
0.3-0.7 x 10 m3 s~ of dense shelf water produced by the Cape Darnley polynya is transformed into Antarctic Bottom Water.
The transformation of this water mass, which we term Cape Darnley Bottom Water, accounts for 6-13% of the circumpolar total.

in the abyssal layer, accounting for 30-40% of the global

ocean mass'. AABW production is a major contributor to
the global overturning circulation' and represents an important
sink for heat and possibly CO, (ref. 4). AABW originates as
dense shelf water (DSW), which forms on the continental shelf
by regionally varying combinations of brine rejection from sea-ice
growth and ocean/ice-shelf interactions. With sufficient negative
buoyancy and an export pathway across the shelf break, the
DSW can mix down the continental slope with ambient water
masses to produce AABW (ref. 5). At present, AABW production
is recognized in three main regions: the Weddell Sea®?’, the
Ross Sea'™? and off the Adélie Coast™!® (Fig. 1, inset map).
In the Weddell and Ross seas, large continental embayments
associated with major continental ice shelves were considered
necessary mechanisms to generate sufficient negative buoyancy
in local DSW for the production of AABW (refs 9,10). This
paradigm was broken when Adélie Land Bottom Water was
directly linked to coastal polynyas, thin ice areas of enhanced
sea-ice production and associated brine rejection. Although
many polynya regions exist, particularly in East Antarctica, the
storage capacity of the continental shelf in this region was
proposed as the reason this seemed to be the only polynya
region capable of forming sufficiently saline DSW for producing
AABW (refs 14,15).

Another independent variety of AABW, previously identified
in the Weddell-Enderby Basin (Fig. 1, inset map) from offshore
properties detailed in hydrographic and tracer studies'®?!, has
presented a puzzle in terms of its existence and DSW source. The
Prydz Bay region (71°-80° E) seemed the most likely candidate**,

Q ntarctic bottom water (AABW) is the cold, dense water

with its large continental embayment and the presence of the
Amery Ice Shelf resembling the Weddell Sea and Ross Sea AABW
regions. However, the results from several ship-based studies®! were
inconclusive and the export of DSW and its downslope transport
were never observed from this region.

Most recently, satellite-derived estimates of sea-ice production
suggest that the Cape Darnley polynya (CDP), located northwest
of the Amery Ice Shelf (Fig. 1), has the second highest ice
production around Antarctica after the Ross Sea Polynya®. This
satellite analysis provided the motivation for an extensive Japanese
mooring programme conducted in 2008-2009 as part of the
International Polar Year, to prove the production of AABW
from the CDP. Here we present the successful results of the
moorings and observations of new AABW on the continental
slope off the CDP. Furthermore, we confirm that the CDP is the
DSW source for this AABW based on instrumented seal data,
which has recently become an important source of hydrographic
profiles in logistically challenging regions/seasons around the
Antarctic margin®%. Finally, the contribution of this AABW to
total AABW is discussed.

Intense sea-ice production in the polynya

A new high-resolution satellite data set is used here to enhance
understanding of the CDP from previous studies®***. A typical
synthetic aperture radar image of the CDP (Fig. 1) clearly reveals
the extent of the CDP (>10* km?), in which the newly formed sea
ice appears as white streaks (high radar backscatter). The annual
ice-production estimate from the Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) data (Supplementary Section S1)
details the extremely high ice production of 195 =+ 71km?, with
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Figure 1| Intense sea-ice production in the CDP, revealed from satellite data. The background ENVISAT ASAR image is from 7 August 2008. The
black-white graded scale bar in the top left indicates the backscatter coefficient. Annual sea-ice production in 2008, estimated from the AMSR-E data, is
indicated by red (=10 myr~") and pink (=5myr~") contours. Fast ice areas, as detected by the AMSR-E algorithm, are highlighted in green. The
bathymetry is indicated by blue contours. Mooring locations are indicated by orange symbols, with the mean velocity at the bottom and top of the mooring
shown as orange and yellow vectors, respectively. CTD station lines A, B and C are denoted by squares, circles and crosses, respectively. The Nielsen (N.B.)
and Burton (B.B.) basins are as shown. The inset map shows the location of the study area (red rectangle).
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Figure 2 | Observations of new AABW production in Wild Canyon offshore from the CDP. a, Daily sea-ice production in the CDP estimated from AMSR-E
data and a heat-flux calculation. b-e, M3 mooring time-series of potential temperature () at depths of 26 m (blue) and 224 m (red) from the bottom (b),
salinity (orange) and neutral density (", green) at 26 m from the bottom (¢), the velocity component of the mean (dominant) flow direction at 20 m
(blue) and 226 m (red) from the bottom (d) and the estimated layer thickness (red, 15-day running mean) and volume transport per unit width (light blue,
daily mean; dark blue, 15-day running mean) of new AABW (e). The value in parentheses on the left axis shows the volume transport (Sv=10° m3s~") for
an assumed current width of 20km ine.
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Figure 3 | Bottom salinities of DSW and mSW from the instrumented
seals. a, Salinities of bottom-of-dive data for all available seal profiles with
the bottom depth >250 m and potential temperature 6 < —1.7 °C over the
continental shelf off Cape Darnley and in Prydz Bay. All other dive
locations are indicated by small grey points. It is noted that, for these
temperatures and depths, salinity >34.5 approximately corresponds to

y" > 28.27 kgm=3, threshold of AABW density?. b, Spatial and temporal
variation in salinities of bottom-of-dive data shown in a. Symbols follow
those in a, coloured according to the regional outlines in a. ¢, Bottom
salinities for overflows of mSW (6 < —0.8 °C, bottom depth >800 m) in
the region between 67° and 71° E. The annual sea-ice production is
contoured as in Fig. 1.

local production rates exceeding 10myr~'. The dark zone with
small white patches just east of the polynya is a grounded iceberg
tongue® (highlighted in green). With the prevailing ocean currents
directed westward and dominant offshore winds, newly formed
sea ice accumulates to the east of this barrier and is advected
away to the west. This mechanism makes this polynya the second
largest in area in the Antarctic, with a large associated salt flux
(Supplementary Table S1).

New AABW production off the polynya

The moorings were deployed at four locations: at M1 (water depth:
2,923 m) and M3 (depth: 2,608 m) within the Daly and Wild
canyons, predicted to be the DSW/AABW pathways, and at M2
(depth: 1,439 m) and M4 (depth: 1,824 m) over the continental
slope (see Fig.1 and Supplementary Table S2). M3, located at
the centre of Wild Canyon just off the CDP, showed the most
prominent downslope current (orange vector in Fig.1). The
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mean flow was directed downslope, as determined by multi-
beam bathymetry measurements during deployment, and had
prominent bottom intensification (Fig. 1). In May, two months
after the onset of active sea-ice production (Fig.2a), a colder,
less saline, and denser signal abruptly appeared at all instruments
(up to 224 m from the bottom) and became dominant after June
(Fig. 2b,c). The current speeds across this layer intensified in
conjunction with the cold and dense signal (Fig. 2d). Thereafter,
downslope current speeds of up to 0.5ms™! fluctuated coherently
with these water properties. Spectral analysis reveals strong peaks
at periods of 4 and 5 days. The thickness of the cascading
AABW layer was estimated by linear extrapolation to increase
up to ~400m from May to October and to remain >300m
to January (Fig. 2e and Supplementary Section S5a). With these
properties (neutral density " > 28.27kgm™) at this depth
range (>2,500m), these observations represent new AABW that
would be within the range of AABW in the Weddell Sea?
(Supplementary Fig. S8a).

We consider the observed downslope flows, with cold, dense
properties and strong bottom intensification, to be gravity
currents (Supplementary Section S2c¢). Together with analysis of
a salinity budget estimated from the satellite data (Supplementary
Section S6a), we propose that after two months of high sea-ice
production in the CDP, the salinity and hence density of the shelf
water is sufficient to descend the slope, channelled by the canyons.
The fluctuating signal at M3 probably originates from a periodic
outflow due to the baroclinic instability associated with the front
between this DSW and the less dense ambient water offshore’.
Thereafter, the DSW can descend in the form of an eddy or
plume®*'. The cold dense water could descend to even greater
depths with the aid of thermobaricity®**.

The moorings at M1, M2 and M4 also reported varying degrees
of new AABW production. Cold and dense water was observed
at moorings M1 and M2 shortly after the onset of active sea-ice
production (Supplementary Fig. S3a—d). These data indicate that
DSW from the CDP is initially just advected westwards along the
slope (M2) and that new AABW is also transported down Daly
Canyon (M1). A cold and dense signal was also found at M4
(Supplementary Fig. S3e,f) and possibly indicates the influence of
DSW formed upstream of the CDP. However, the near-bottom
signal is much thinner (Supplementary Fig. S5), suggesting that its
contribution is minor relative to the CDP.

DSW revealed by the instrumented seals

Southern elephant seals (Mirounga leonina) equipped with
conductivity—temperature—depth (CTD) sensors (Supplemen-
tary Section S4) reveal the spatial distribution and seasonal
evolution of DSW properties over the continental shelf off
Cape Darnley and to the east in Prydz Bay. Hydrographic data
were post-processed using a set of delayed-mode techniques®,
yielding sufficient accuracies for the characterization of DSW,
that is, about 0.03°C in temperature and 0.05 or better in
salinity. The bottom-of-dive salinity (Supplementary Section S4c)
for all available seal profiles with bottom depth >250m and
potential temperature 6 < —1.7°C is shown in Fig. 3a,b. The
spatial distribution clearly reveals the high-salinity DSW over the
CDP region (Fig. 3a), consistent with the high ice production
(Fig. 1). We identify six regional subsets that cover the conti-
nental shelf in this region (Fig.3a) and find the most saline
DSW in the inshore region of the continental shelf west of
Cape Darnley (red outline in Fig. 3a), with actively forming
(late June through early July) and remnant (January—February)
DSW salinities >34.8 (red data in Fig. 3b). These are among
the most saline and therefore densest shelf waters observed
around Antarctica'#!'>?*3%_ This region overlaps with the high
annual ice production of >5myr~' (Fig. 1). In contrast, there
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Figure 4 | Schematic of CDBW production. Enhanced sea-ice production
(red shading) in the CDP formed leeside of the grounded iceberg tongue
causes DSW formation through the high brine (salt) rejection. The
downslope pathway from DSW to new AABW is represented by the purple
arrows. The primary DSW descends down Wild Canyon. The remainder
flows westwards over the shelf and slope with geostrophic balance and
then downslope elsewhere in the west (mostly along Daly Canyon). DSW,
through mixing with overlying CDW, is gradually transformed into new
AABW (CDBW). B.B., Nielsen basin; N.B, Burton basin.

is a lower-salinity (34.5-34.6) variety of DSW observed over
the Prydz Bay shelf from March to mid-June (green, blue and
purple data in Fig. 3b).

Several of the instrumented seals foraged on the continental
slope to depths as great as 1,800 m. These returned very rare
wintertime measurements of overflowing DSW, also referred to
as modified Shelf Water'>” (mSW), in the region just off CDP
and southeast of M3, between 67.5° and 71.0°E. The bottom
salinities from available profiles with strong mSW signatures
(colder, fresher and denser relative to the ambient slope water,
see Supplementary Fig. S6) are shown in Fig. 3c. The key feature
here is the clear shift to more saline and denser (>34.64)
bottom values from east to west, in particular west of ~68.5°E.
These results, along with the mooring results, confirm that
high-salinity DSW from the CDP region is the main source of
the new AABW cascading down the canyons. Although there
is likely to be some weak contribution or pre-conditioning
by low-salinity DSW exported from Prydz Bay, it cannot be
quantified at this point.

Implications of Cape Darnley Bottom Water production

Our discovery of new AABW production offshore from the CDP
is a major missing piece of a 30-year-old puzzle regarding the
source of recently ventilated AABW in the Weddell-Enderby Basin.
We propose to name this AABW Cape Darnley Bottom Water
(CDBW) and summarize its production schematically in Fig. 4.
DSW produced in the CDP descends down Wild and Daly canyons
and is transformed into CDBW through mixing with overlying
Circumpolar Deep Water (CDW). On the basis of its observed
properties, relative to the water masses reported in the Weddell
Sea'*2 CDBW should migrate further westward, and increase
its volume by gradual mixing with CDW, to ultimately constitute
part of the AABW in the Weddell Sea referred to as Weddell Sea
Deep Water (WSDW).

We now investigate the DSW ventilation rate, which is the
volume flux of DSW exported from the continental shelf that
ultimately produces CDBW, and thereafter the contribution
of CDBW to total AABW. The annual transport of CDBW

238

down Wild Canyon is estimated from mooring data at M3 to
be 0.52 £ 0.26Sv (Sv = 10°m’s~!; Methods). In conjunction
with another estimate using a salinity budget from satellite
data, we propose that 0.3-0.7Sv of DSW is ventilated in this
region (Methods). This represents ~6—13% of the circumpolar
contribution based on the total DSW ventilation rate of 5.4 Sv
determined from chlorofluorocarbon data® and is of the same
order of magnitude as DSW export reported from Adélie Land™.
This significant surface-to-bottom injection is consistent with the
local maxima of near-bottom chlorofluorocarbon and oxygen
concentrations offshore and to the west of Cape Darnley, as
shown in the detailed hydrographic atlas®®. To examine how
much WSDW is renewed through CDBW, we adopt the mean
property of AABW in the Atlantic sector?, which is close to
that of WSDW (Supplementary Fig. S8a). Using the DSW
ventilation rate estimated above and the mixing ratio of CDBW
and CDW to this mean property, the contribution of CDBW
is estimated to be 0.65-1.5Sv (Methods). There have been
several estimates>*>*® for total AABW production in the Atlantic
sector, in the ~3-10Sv range. Taking the well-referenced value
of 4.9Sv (ref. 2), the CDBW contribution is ~13-30% of the
Atlantic AABW production.

In comparison to the other AABW formation regions, we note
that the periodicity of the overflows is similar to that reported
in the Weddell*> and Ross®* seas and the AABW layer thickness
is comparable to that in the Ross Sea'"!?. One difference is
that the influence of tides is much weaker here (<0.05ms™!)
relative to the Ross Sea'"'2. Most importantly, the Cape Darnley
region demonstrates conclusively that a relatively narrow section
of continental shelf with limited DSW storage capacity can produce
AABW from polynya-driven sea-ice production alone. We therefore
speculate that there could be further AABW-formation discoveries
in similar polynyas, particularly those in East Antarctica'>*
(Supplementary Table S1).

High sea-ice production in the CDP results from Cape Darnley
ice barrier (iceberg tongue) blocking the westward advection of
sea ice. This mechanism is similar to that of the Mertz Glacier
Tongue and Drygalski Ice Tongue on the Mertz and Terra Nova
Bay polynyas, respectively. As demonstrated by the calving of
Mertz Glacier Tongue in 2010, the rapid change (collapse) of
such a barrier can cause a pronounced change in sea-ice and
AABW production*"*?. Although the iceberg tongue and sea-ice
production in the CDP were relatively stable during the AMSR-
E period from 2003 to 2010 (Supplementary Section S1), any
significant change to the structure of the ice barrier would strongly
impact CDBW production.

This study now raises the profile of CDBW to that of an
important contributor to WSDW, a major component of the
AABW driving the lower limb of the meridional overturning
circulation (MOC) of the Atlantic Sector®’. It has been reported
that WSDW has been warming since the 1980s (ref. 44), with
its volume possibly contracting®®, and that this could result in
a weakening of the MOC. Furthermore, sediment-core records
taken around the CDP indirectly suggest that there has been
millennium-scale variability in the local AABW production®. It
is vital that CDBW be incorporated into the global assessment
of the MOC, a key element of the climate system. This will
improve numerical simulations predicting its response to long-
term climate change.

Methods

Estimation of the DSW ventilation rate. We make two estimates of the DSW
ventilation rate. The first estimate is based on the transport of AABW down
Wild Canyon using velocity and temperature data from M3 (Supplementary
Section S5). New AABW is defined as water with potential temperature

0 < —0.4°C, based on the bimodal distribution of near-bottom temperature
that separates around —0.4°C (Supplementary Fig. S7). The AABW layer
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thickness and speed are inter/extra-polated from the available instrument
range. The layer thickness and velocities from this single mooring provide the
transport of new AABW (CDBW) per unit width (Fig. 2e). When the width
of the downslope current is assumed to be 20 km based on the canyon width,
the annual transport of CDBW is 0.52 4 0.26 Sv. Using this transport, the
DSW ventilation rate is estimated to be 0.3040.15 Sv on the assumption that
CDBW (8 = —0.65°C, S = 34.635) is a 42:58 mixture of CDW (6 =1.05°C,
S=34.71) to DSW (8 = —1.9°C, S = 34.58) from observed water properties
(Supplementary Fig. S8a).

The second estimate of the DSW ventilation rate is based on a salt budget
from sea-ice production (Supplementary Section S6b), where we assume that
summer water masses are directly transformed into winter DSW by the salt flux
from sea-ice production in the CDP. Using the annual sea-ice production derived
from the satellite data and heat-flux calculation (Supplementary Fig. S2), the
salt-budget calculation yields an annual DSW ventilation rate of 0.70 £0.25 Sv.
The 0.30 Sv estimated from the CDBW transport down Wild Canyon represents
a lower bound for the entire CDP region because there is further CDBW
transport mainly down Daly Canyon. Meanwhile, the 0.70 Sv derived from
the salt budget represents an upper bound, because the sea-ice production
in the CDP does not directly equate to DSW formation and export for
CDBW production.

Estimation of the CDBW contribution to AABW production. The AABW
produced off the CDP (CDBW) is further mixed with overlying warmer water to
become general AABW in the Weddell Sea. We evaluate the flux of CDBW that
contributes to the final output of AABW in this sector. When the averaged property
of AABW in the Atlantic sector? (mainly in the Weddell Sea; 6 = —0.30°C,
§=134.66) is plotted in the 6—S diagram of Supplementary Fig. S8a, it is located near
the mixing line linking DSW, CDBW and CDW. Assuming that CDBW is finally
mixed with the CDW to become the averaged AABW, the mixing ratio of CDBW
and CDW is calculated to be 79:21, based on 6. Using this mixing ratio and the
estimated annual transport of CDBW down Wild Canyon (0.52 Sv), the ultimate
contribution of CDBW to the AABW in the Weddell Sea would be 0.65 Sv. Further,
if we use this mixing line and ratio for the original end point of DSW and apply
them to the upper bound estimation of DSW from the sea-ice production, the
ultimate contribution of CDBW would be 1.5 Sv (=0.65 % 0.7/0.3 Sv).

Animal ethics. Animal ethics for all animal handling was approved by
the University of Tasmania and Macquarie University’s Animal Ethics
Committees.
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