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Global view of sea-ice production
in polynyas and its linkage to dense/bottom
water formation

Kay I. Ohshima'", Sohey Nihashi? and Katsushi Iwamoto?

Abstract

Global overturning circulation is driven by density differences. Saline water rejected during sea-ice formation in pol-
ynyas is the main source of dense water, and thus sea-ice production is a key factor in the overturning circulation. Due
to difficulties associated with in situ observation, sea-ice production and its interannual variability have not been well
understood until recently. Methods to estimate sea-ice production on large scales have been developed using heat
flux calculations based on satellite microwave radiometer data. Using these methods, we present the mapping of sea-
ice production with the same definition and scale globally, and review the polynya ice production and its relationship
with dense/bottom water. The mapping demonstrates that ice production rate is high in Antarctic coastal polynyas, in
contrast to Arctic coastal polynyas. This is consistent with the formation of Antarctic Bottom Water (AABW), the dens-
est water mass which occupies the abyssal layer of the global ocean. The Ross Ice Shelf polynya has by far the highest
ice production in the Southern Hemisphere. The Cape Darnley polynya (65°E-69°E) is found to be the second highest
production area and recent observations revealed that this is the missing (fourth) source of AABW. In the region off
the Mertz Glacier Tongue (MGT), the third source of AABW, sea-ice production decreased by as much as 40 %, due

to the MGT calving in early 2010, resulting in a significant decrease in AABW production. The Okhotsk Northwestern
polynya exhibits the highest ice production in the Northern Hemisphere, and the resultant dense water formation
leads to overturning in the North Pacific, extending to the intermediate layer. Estimates of its ice production show a
significant decrease over the past 30-50 years, likely causing the weakening of the North Pacific overturning. These
regions demonstrate the strong linkage between variabilities of sea-ice production and bottom/intermediate water

polynya, Overturning, Microwave radiometer, AMSR-E

formation. The mapping has also provided surface boundary conditions and validation data of heat- and salt-flux
associated with sea-ice formation/melting for various ocean and coupled models.
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Background

Global overturning circulation is driven by density dif-
ferences: water sinks in dense water formation areas and
then gradually upwells in other areas. Deep water in the
world originates from two formation areas: the North
Atlantic and Southern Ocean, and the resulting dense
water masses are termed North Atlantic Deep Water
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(NADW) and Antarctic Bottom Water (AABW), respec-
tively. Sinking of these two dense water masses drives the
thermohaline circulation (overturning) on a timescale of
1000-2000 years. NADW can be produced only by the
cooling of saline water advected from the Gulf Stream,
without sea-ice formation. By contrast, for production of
AABW, sea-ice formation is essential.

When sea ice is formed, most of the salt content (70—
90 %) is rejected from the ice and thus cold and saline
water (brine) is released into the ocean below. The colder
the seawater or the higher its salt content, the denser it
becomes. Saline water rejected during sea-ice formation
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is the main source of dense water. AABW originates as
dense shelf water (DSW), which forms on the continental
shelf by regionally varying combinations of brine rejec-
tion from sea-ice production and ocean/ice-shelf inter-
actions (Orsi et al. 1999). AABW is the densest water
mass in the world’s abyssal layer, accounting for 30—40 %
of the global ocean mass (Johnson 2008). Thus, AABW
production represents an important sink for heat and
possibly CO, (Sigman and Boyle 2000). Although dense
water that can reach the deep layer is not produced in the
North Pacific, dense water that reaches the intermediate
layer (about 200—800 m deep) can be produced by sea-ice
formation in the Sea of Okhotsk (Shcherbina et al. 2003).
Sinking of this dense water creates overturning down to
intermediate depths in the North Pacific (Warner et al.
1996). Therefore, where and how much sea-ice forma-
tion occurs is a key factor in the global overturning
circulation.

High ice production and subsequent dense water for-
mation occur in limited areas known as coastal (or latent
heat) polynyas, which are thin ice or open water areas
formed by divergent ice motion due to prevailing winds
and/or oceanic currents (Morales Maqueda et al. 2004;
Gordon and Comiso 1988). The length scale of the pol-
ynya in the downwind direction, typically 10-100 km,
is set by a balance between the production of new ice
within the polynya, its export downwind to the pack ice
edge, and the subsequent upwind growth of the piled up
new ice (Pease 1987; Martin 2001). Since the insulating
effect of sea ice is very sensitive to ice thickness, heat loss
in regions of thin ice is one or two orders of magnitude
greater than that in thicker ice regions in winter. During
winter, coastal polynyas are regarded as important ice
production factories and sites of dense water formation,
through the brine rejection process.

Due to logistical difficulties in in situ polynya obser-
vations, sea-ice production and its interannual variabil-
ity have not been well understood. Detection of coastal
polynyas on large scales has been achieved using sat-
ellite microwave radiometer data, which are available
globally regardless of darkness or cloud cover. In sea-ice
concentration algorithms, coastal polynyas are gener-
ally shown as low ice concentration areas. Cavalieri and
Martin (1985) and Massom et al. (1998) showed the dis-
tribution of coastal polynyas, defined as recurring low
ice concentration areas in East Antarctica. Cavalieri and
Martin (1994) showed the distribution of coastal polyn-
yas similarly for the Arctic Ocean and Bering Sea. A map
of coastal polynya all over the world (Martin 2001) was
based on these studies. Under winter conditions, how-
ever, open water in coastal polynyas often freezes very
rapidly. Thus, most of the polynya area in winter is cov-
ered with thin ice, except within about 1 km from the
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coastline in winter. With 6—-50 km resolution (depending
on sensor and frequency) microwave radiometer data,
the open water in a coastal polynya is usually too small to
be resolved; hence coastal polynyas should be identified
as areas of thin ice, not as areas of low ice concentration.

Recently algorithms that detect thin-ice areas and
estimate ice thickness have been developed. Once
the ice thickness is obtained, ice production can be
inferred from the calculation of surface heat flux. Such
an investigation has been made independently for each
polar ocean. In this paper, we present the mapping of
coastal polynya and ice production, using the AMSR-E
algorithm developed by Nihashi and Ohshima (2015)
for the Southern Hemisphere and by Iwamoto et al.
(2014) for the Northern Hemisphere, with the same
definition and scale for both hemispheres. Based on
this unified presentation, we review the polynya ice
production and its relationship with bottom/inter-
mediate water from the global view. The mapping has
led to the discovery of unknown formation areas of
AABW and elucidation of strong linkage between sea-
ice production and bottom/intermediate water forma-
tion and their variabilities.

Microwave radiometer algorithm for sea-ice
thickness and production estimation

The most effective means of detection of thin-ice area
and estimation of sea-ice production on large scales is
satellite remote sensing using passive microwave sen-
sors, e.g., the Special Sensor Microwave/Imager (SSM/I)
and Special Sensor Microwave Imager/Sounder, oper-
ating between 1987 and the present, Advanced Micro-
wave Scanning Radiometer-Earth Observing System
(AMSR-E), which operated between 2003 and 2011, and
Advanced Microwave Scanning Radiometer 2, operating
between 2012 and the present. This is based upon their
ability to gain complete polar coverage on a daily basis
irrespective of clouds and darkness.

The microwave (SSM/I) algorithm that discriminates
thin ice from thick ice was first proposed by Cavalieri
(1994) for the Bering Sea, followed by Martin et al. (1998)
for the Sea of Okhotsk. To estimate thin-ice thickness
specifically, the polarization ratio (PR) has been generally
used, where PR is defined as (TBy, — TBy)/(TBy + TBy)
with TB,, and TBj, being the vertically and horizontally
polarized brightness temperature (TB), respectively. This
is because PR is negatively correlated with ice thickness
of <~0.2 m (Hwang et al. 2007). It has been shown that
the salinity of the ice surface is strongly correlated with
thin-ice thickness, suggesting that the negatively cor-
related relationship between the PR and ice thickness
is primarily caused by the ice surface salinity (Cox and
Weeks 1974; Toyota et al. 2007).
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A thin-ice thickness algorithm has been developed
from comparisons between the PR and ice thickness. The
ice thickness is derived from heat flux calculations using
ice surface temperatures from satellite thermal infrared
images, such as the Advanced Very High-Resolution Radi-
ometer (AVHRR) and the Moderate Resolution Imaging
Spectroradiometer (MODIS), with ECMWEF or NCEP
atmospheric data. A procedure of the algorithm construc-
tion is schematically shown in the upper part of Fig. 1.

Most algorithms have used the thermal ice thick-
ness for which the calculated total heat flux using infra-
red (AVHRR or MODIS) data would be realized under
the assumption of uniform ice thickness in the micro-
wave (SSM/I or AMSR-E) footprint (Drucker et al. 2003;
Tamura et al. 2007). The thermal ice thickness does not
exactly coincide with the arithmetic average of the thick-
nesses that are calculated at infrared data pixels within
the microwave data footprint. This thermal ice thickness
is suitable for heat loss calculation in the estimation of ice
production.

To date, and based on the above relationships, several
algorithms have been developed for estimating thin-ice
thickness up to 0.1-0.2 m from SSM/I (Martin et al. 2004;
Tamura et al. 2007; Tamura and Ohshima 2011) and from
AMSR-E (Nihashi et al. 2009; Iwamoto et al. 2013; Scott
et al. 2014; Nihashi and Ohshima 2015). It should be
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noted that microwave radiometer can only detect thin ice
of <~0.2 m and thicker ice should be measured by other
ways such as satellite laser or radar altimetry (e.g., Kurtz
and Markus 2012).

The thin-ice thickness retrieval algorithm generally
uses two frequencies: 37 and 85 GHz for SSM/I, and 36
and 89 GHz for AMSR-E. Although the higher frequency
(85 or 89 GHz) data have higher spatial resolution, they
tend to be affected by water vapor and cloud liquid water
content in the atmosphere, especially in relatively warm
conditions. To minimize such problems, a water vapor
correction is proposed and 85 or 89 GHz data contami-
nated by water vapor are removed (Tamura et al. 2007;
Iwamoto et al. 2013).

Another problem is the misinterpretation of the sig-
nal from ice shelves, landfast ice, and icebergs as that
from areas of thin ice. These types of ice generally exist
adjacent to coastal polynyas, and their microwave char-
acteristics can be similar to those of thin ice. To over-
come this problem in the Antarctic, ice shelves, landfast
ice, and icebergs are discriminated from thin sea ice by
using a scatter plot of vertical versus horizontal polariza-
tion brightness temperatures (TBs) (Tamura et al. 2007,
2015; Nihashi and Ohshima 2015). The TB signatures of
ice shelves, landfast ice, and icebergs are similar to that of
the ice sheet on the scatter plot.

SSM/I
(PR-37,PR-85)

AMSR-E
(PR-36,PR-89)

Construction of thin ice thickness algorithm from microwave data

or ECMWF, NCEP

Heat flux calculation

AVHRR or MODIS
| |

Sea ice surface temp.
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-
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>

| Sea ice thickness (thermal thickness)
i Compare & validate
(excludes pixels being affected by water vapor)

Sea ice thickness algorithm for < 0.2 m
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Creation of value-added sea-ice product from passive microwave
Thin ice thickness algorithm of SSM/l or AMSR-E
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Estimate of sea ice production assuming no oceanic heat

Estimate of salt flux due to brine rejection by ice production

Fig. 1 Schematics for (upper part) construction of thin-ice thickness algorithm and (lower part) creation of value-added product from the algorithm
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The mapped spatial resolution of AMSR-E is about
6.25 km at 89 GHz and about 12.5 km at 36 GHz. The
pixel density of AMSR-E is four times higher than that of
SSM/I. This advantage of AMSR-E is critical for the mon-
itoring of coastal polynyas because of their fairly small
areal extent (i.e., from 10 to 100 km at most). To obtain
the spatial distribution of thin-ice thickness, combined
use of two frequency channel data is often exploited. For
the case of AMSR-E, 89 GHz data are first used for the
thinner range (e.g., 0-0.1 m) and then 36 GHz data for
the thicker range (e.g., 0.1-0.2 m). The false thin-ice sig-
nals over landfast ice areas are mostly eliminated by this
method. This method is expected to enable retention of
the finer resolution of 89 GHz data near the coast and
landfast ice, because they are preferentially used for the
thinner ice area.

For detection of coastal polynyas from microwave data,
a completely different algorithm has been also developed
by Markus and Burns (1995). This algorithm, named as
the Polynya Signature Simulation Method (PSSM), is
based on simulating microwave images of polynya events
by convolving an assumed brightness temperature dis-
tribution with the satellite antenna pattern. Based on the
PSSM algorithm, the circumpolar mapping of the Ant-
arctic coastal polynyas was presented by Arrigo and van
Dijken (2003) and Kern (2009), and that of the Northern
Hemisphere polynyas by Barber and Massom (2007).
The advantages of the PSSM algorithm are its ability
to correct for atmospheric effects and its higher spatial
resolution.

By using satellite-derived ice thickness data, ice
production over thin-ice areas can be estimated from
heat budget analysis, assuming that all of the heat loss
goes into ice formation (lower part of Fig. 1). We first
assume that the sum of radiative and turbulent fluxes
at the ice surface is equal to the conductive heat flux
in the ice, whose thickness is derived from the thin-ice
algorithm. Using the empirical formula of the radiative
and turbulent fluxes, the ice surface temperature can be
solved. Then the heat loss can be obtained as the con-
ductive heat flux. In this way, mapping of sea-ice pro-
duction has been made, for the first time by Ohshima
et al. (2003) with SSM/I in the Sea of Okhotsk, fol-
lowed by a series of papers; for the Southern Ocean
with SSM/I (Tamura et al. 2008) and AMSR-E (Nihashi
and Ohshima 2015); for the Arctic Ocean with SSM/I
(Tamura and Ohshima 2011) and AMSR-E (Iwamoto
et al. 2014); and for the Sea of Okhotsk with AMSR-E
(Nihashi et al. 2009, 2012) and SSM/I (Kashiwase et al.
2014). If there is oceanic heat flux from below, calcu-
lated ice production will be overestimated. Therefore,
these mappings provide the upper bound of sea-ice
production.
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In this review, we introduce the mapping of coastal
polynya, using the AMSR-E thin-ice thickness and
fast-ice detection algorithms by Nihashi and Ohshima
(2015) for the Southern Hemisphere, and the AMSR-
E thin-ice thickness algorithm by Iwamoto et al. (2014)
for the Northern Hemisphere. Both thin-ice thickness
algorithms adopt an exponential curve which best fits
into the scatterplot of the PR versus thermal ice thick-
ness. Although the algorithm by Iwamoto et al. (2014)
was derived from the Arctic coastal polynyas, this algo-
rithm is assumed to be applicable to the entire Northern
Hemisphere in this paper. Further, the mapping of ice
production is presented based on the ice thickness by
these algorithms and near-surface atmospheric data from
the ECMWTF interim reanalysis dataset. The results pre-
sented here are basically identical to those by Nihashi and
Ohshima (2015) and Iwamoto et al. (2014). According to
the PR-thickness scatterplots, both thin-ice thickness
algorithms contain an error of ~5-6 cm at maximum. For
estimation of ice production in both hemispheres, the
largest ambiguity arises from the ice thickness data, by
~30 % at maximum.

Mapping of coastal polynyas and sea-ice
production
Southern Hemisphere
Antarctic Bottom Water (AABW) originates from
dense shelf water (DSW), which forms on the continen-
tal shelf by brine rejection from sea-ice formation. To
generate sufficient negative buoyancy for the produc-
tion of AABW, a storage mechanism of rejected brine to
increase the DSW density is also necessary. The Weddell
and Ross Seas have large continental embayments asso-
ciated with major continental ice shelves, providing the
storage mechanism (Foldvik et al. 2004). The region off
the Adélie Coast has a large depression which provides
sufficient storage of DSW (Williams et al. 2008). These
three regions were considered as the main production
areas of AABW. The circumpolar total of DSW ventila-
tion rate, that is the volume flux of DSW exported from
the continental shelf that ultimately produces AABW, is
estimated to be about 5.4 Sv (1 Sv = 10° m® s™!) based
on chlorofluorocarbon data (Orsi et al. 2002). These
DSWs mix down the continental slope with overlying
Circumpolar Deep Water to produce AABW, increasing
its volume. Thereby the total AABW production rate is
estimated to be 15-20 Sv, consisting of 50—-60 % in the
Weddell Sea, 30—40 % in the Ross Sea, and the remaining
10 % off the Adélie Coast (Orsi et al. 2002). However, the
estimation is approximate and the origins of DSWs and
their volumes have not been well identified.

High ice production in a coastal polynya can produce
DSW that contributes to AABW formation. The Ross
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Ice Shelf polynya and Terra Nova Bay polynya are iden-
tified as source areas of Ross Sea Bottom Water (Fusco
et al. 2009; Comiso et al. 2011) and the Mertz polynya
is identified as the source of Adélie Land Bottom Water
(Williams et al. 2008). Mapping of coastal polynya and
sea-ice production would provide valuable information
to identify DSW that contributes to AABW formation
and to estimate its volume. Regarding the ice production
estimates using microwave data in the Southern Ocean,
some regional studies have been undertaken along the
Antarctic Wilkes Land coast (e.g., Cavalieri and Martin
1985), along the Weddell Sea coast (e.g., Markus et al.
1998), and in the Ross Sea (Martin et al. 2007; Comiso
et al. 2011); Tamura et al. (2008) mapped sea-ice produc-
tion over the entire Southern Ocean for the first time.
According to this study, about 10 % of sea ice is produced
in the major coastal polynyas, although the total area of
the polynyas is only about 1 % of the maximum sea-ice
area.

Figure 2 shows the frequency of occurrence of coastal
polynyas and landfast ice based on the AMSR-E thin-ice
thickness and fast-ice detection algorithms by Nihashi
and Ohshima (2015). This mapping was the first com-
bined circumpolar mapping of Antarctic coastal polyn-
yas and landfast ice. The combined map clearly reveals
their close relationship: large polynyas, the Cape Darn-
ley, Barrier, Shackleton, Vincennes Bay, Dalton, Dibble,
and Amundsen polynyas are formed on the western (lee)
side of landfast ice, while the Mertz and Terra Nova Bay
polynyas are formed adjacent to glacier tongues with fast
ice. These findings suggest that landfast ice and glacier
tongues are essential elements for the formation of most
Antarctic coastal polynyas. Comparison with the wind
data suggests that wind diverging from a boundary com-
prising both coastline and fast ice is the primary determi-
nant of polynya formation (Nihashi and Ohshima 2015).
The blocking effect of fast ice on westward sea-ice advec-
tion by the coastal current is another key factor.

A map of annual sea-ice production is shown in Fig. 3,
based on Nihashi and Ohshima (2015). Although the
spatial features of Figs. 2 and 3 are generally consistent
with other studies from SSM/I (Arrigo and van Dijken
2003; Tamura et al. 2008), the AMSR-E can reveal more
detailed spatial distribution, with fast ice being better
resolved. Table 1 lists the annual ice production for the
13 major Antarctic polynyas. The Ross Ice Shelf polynya
has by far the highest ice production. This is consist-
ent with the fact that AABW with the highest salinity
is formed in the Ross Sea (Orsi et al. 1999). By contrast,
in the Weddell Sea (Ronne Ice Shelf polynya), which is
a major source region of AABW formation, ice produc-
tion is not prominent. This contrast is partly caused by
the difference in prevailing wind direction (Drucker et al.
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2011; Nakata et al. 2015). What we found in the map-
ping is that the second highest production is in the Cape
Darnley polynya (65°E—69°E), located west of the Amery
Ice Shelf. The third highest is the Mertz polynya, which
produces DSW as an ingredient of Adélie Land Bottom
Water (Rintoul 1998). High ice production polynyas are
concentrated in East Antarctica (40°E-160°E), where
more than the half of the total ice production occurs.

Since high ice production is the primary condition
for the formation of DSW or AABW, this mapping sug-
gests an investigation of the less-observed area of the
Cape Darnley polynya as a possible AABW formation
area. Motivated by the first mapping by Tamura et al.
(2008), the Japanese program of the International Polar
Year 2007-2008 planned to focus on this polynya. Then
the mooring observations discovered overflows of newly
formed AABW, bottom-intensified, cascading down the
canyons north of Cape Darnley (Ohshima et al. 2013).
This fourth type of AABW is termed Cape Darnley Bot-
tom Water (CDBW). High salinity DSW, which can be
a source of CDBW, was also observed over the shelf off
Cape Darnley, from the instrumented seal data, which
has recently become an important source of hydro-
graphic profiles in logistically challenging regions/sea-
sons around the Antarctic margin. Based on the mooring
observations and a salinity budget from satellite-derived
ice production, it is proposed that DSW of 0.3-0.7 Sv
is ventilated in this region. This corresponds to 6-13 %
of the circumpolar DSW ventilation rate of 5.4 Sv (Orsi
et al. 2002). CDBW migrates westward and increases its
volume by gradual mixing with overlying Circumpolar
Deep Water, to ultimately constitute part of the AABW
in the Weddell Gyre. The contribution of CDBW is esti-
mated to be about 15-30 % of the AABW production in
the Weddell Gyre. This is consistent with the result of the
box inverse model (Jullion et al. 2014): up to 30 % of the
AABW in the Weddell Gyre is imported from the Indian
Ocean sector, likely the Cape Darnley region.

The Cape Darnley region demonstrates that a relatively
narrow section of continental shelf with limited DSW
storage capacity can produce AABW from polynya-
driven sea-ice production alone. This suggests that there
could be further AABW-formation discoveries in similar
polynyas, particularly those in East Antarctica. It is sug-
gested that DSW formed in the Vincennes Bay polynya
(the sixth highest ice production area from Table 1) con-
tributes to the upper layer of AABW in Australian-Ant-
arctic Basin (Kitade et al. 2014), although its volume and
density is less compared to CDBW.

Northern Hemisphere
Although bottom water is not considered to be formed
in the Arctic Ocean, dense water originating from the
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high ice production in the coastal polynyas intrudes the
subsurface and maintains the cold halocline layer, which
is a major subsurface water mass in the Arctic Ocean
(Aagaard et al. 1981; Winsor and Bjork 2000); Cavalieri
and Martin (1994) showed the distribution of coastal pol-
ynyas as reduced ice concentration areas for the Arctic
Ocean and Bering Sea and discussed the contribution of
the Chukchi, Bering, Beaufort, and Barents Sea polynyas
to the cold halocline layer of the Arctic Ocean. Martin
et al. (1998) showed the distribution of coastal polynyas
in the Sea of Okhotsk and discussed their contribution to
the Okhotsk Sea Intermediate Water and further to the
North Pacific Intermediate Water.

The frequency of occurrence of coastal polynyas in
the Northern Hemisphere (Fig. 4) is shown in the same
color scale as that of Fig. 2, based on the AMSR-E thin-
ice algorithm by Iwamoto et al. (2014). In contrast to the
Southern Ocean, polynya activity is much weaker in the
Arctic Ocean, because the Arctic Ocean is surrounded
by lands and thus divergent ice motion is greatly sup-
pressed. Instead, relatively large coastal polynyas occur
in the marginal seas, the Bering, Okhotsk, and Barents
Seas, where the adjacent ice edge provides room for ice
divergence.

The annual cumulative ice production in the North-
ern Hemisphere (Fig. 5) is shown in the same color scale
as that of Fig. 3. The ice production is estimated only in
shallow shelf regions (<500 m) to avoid the effect of oce-
anic heat from below. In the Arctic Ocean, high ice pro-
duction is largely confined to the major Arctic coastal
polynyas: the North Water (NOW), Chukchi polynyas,
and along the coasts of Novaya Zemlya, Franz Josef Land.
Among the major polynyas, the NOW polynya has by
far the highest ice production (Table 1), although it may
be overestimated because the oceanic heat flux from the
underlying warmer water partly contributes to the pol-
ynya occurrence (Steffen 1986). Most polynya regions
exhibit maximum ice production in autumn (October—
November), before areas offshore have been covered
with consolidated pack ice, and then gradual decreasing
production toward March (Tamura et al. 2012; Iwamoto
et al. 2014). The areas offshore from these polynyas are
covered with heavy pack ice in midwinter, and thus off-
shore-ward expansion of these polynyas could be limited.

In the Bering Sea, large polynyas occur in the Anadyr
Gulf and south of St. Lawrence Island. The combined
cumulative ice production becomes the second or
third highest in the Northern Hemisphere (Table 1).



Ohshima et al. Geosci. Lett. (2016) 3:13

Page 7 of 14

AN

\
\

Weddéll Sea  \
/ D

\
\\
\

L

/
N /
Va

. . y
Ice production (m) \/74

246 810 /sy

Ross Sea

;_,Drygalski Glacier Tongle
o3 \
Mertz Glacier Tongue
k. N / \ c 9‘ "y
SN R P etz

Fig. 3 Map of annual sea-ice production in the Southern Hemisphere. Sea-ice production cumulated from March to October is calculated, aver-
aged over 2003-2010, based on the AMSR-E algorithm and atmospheric input data from ECMWF interim reanalysis dataset (Nihashi and Ohshima
2015). The fast ice areas shown in Fig. 2 are superimposed in sky blue

9]
‘St’{’\a\tm
‘t

,..Q/D\ bble

Prominent polynyas also occur along the Siberian coast
south of the Bering Strait and along the Alaskan coast.
Warner and Roden (1995) found high chlorofluorocar-
bon concentration in the abyssal layer of the Bering Sea,
suggesting the possibility of temporary bottom water
formation. The climatology of the bottom water over the
Bering Shelf shows that saline and cold water extends
from the Anadyr Gulf (Danielson et al. 2011). Therefore,
bottom water formation, if it really occurs, might origi-
nate from high sea-ice production in the Anadyr Gulf.

As shown in the map of the polynya occurrence (Fig. 4),
polynya activity is overall higher in the Sea of Okhotsk
than in the Arctic Ocean, because of the dominance of
divergent ice motion. In particular, the Okhotsk North-
western polynya, driven by the prevailing northwesterly
wind, is the largest polynya in the Northern Hemisphere
(Martin et al. 1998; Kawaguchi et al. 2010). This north-
westerly wind transports very cold air over the sea from
the continent upwind, which recorded the lowest air
temperature in the Northern Hemisphere and is called as
“Cold Pole” (Nihashi et al. 2009). This makes the Okhotsk
Northwestern polynya the highest sea-ice production
polynya in the world (Table 1; Fig. 5), according to the
present AMSR algorithm and definition of the polynya

area (area with the production rate of >3 m/year). High
ice production in the Okhotsk coastal polynyas leads
to large amounts of brine rejection, and DSW is sub-
sequently formed (Shcherbina et al. 2003). The DSW is
transported southward via the East Sakhalin Current
(Fukamachi et al. 2004) and then mixed with intermedi-
ate water entering the sea from the North Pacific (Glady-
shev et al. 2003) and thereby Okhotsk Sea Intermediate
Water (OSIW) is formed. OSIW is considered the main
ventilation source of the North Pacific Intermediate
Water (Talley 1991; Warner et al. 1996; Shcherbina et al.
2003). In this way, sea-ice production in the Okhotsk
coastal polynyas drives the overturning in the North
Pacific down to intermediate depths (to approximately
200-800 m depths).

Variability of bottom/intermediate water linked
with ice production

Changes in polynya ice production would substantially
affect the DSW production, and thus AABW produc-
tion. In the era prior to the large-scale estimation of sea-
ice production from Tamura et al. (2008), the linkage
between the ice production and AABW could not be dis-
cussed. Now that sea-ice production has been estimated
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Table 1 Annual cumulative sea-ice production for major
coastal polynyas

Polynya Total ice Averaged ice
production? production®
(km3/year) (m/year)
Southern Hemisphere
Cape Darnley 127 £12 82+08
Mackenzie Bay 57+5 80+038
Barrier 58+£7 6.8 £08
Shackleton 7947 6.5+ 06
Vincenness Bay 60 £ 4 69=£05
Dalton 31+3 57405
Dibble 5248 6.1+£09
Mertz 125+19 76£12
Terra Nova Bay 53+£5 84+08
Ross Ice Shelf 253 +£17 75+£05
Amundsen 83+13 6.6+ 10
Bellingshausen 52+12 6.1+£14
Ronne Ice Shelf 27 £ 11 47+19
Northern Hemisphere
Storfjorden 15£2 40+£05
Franz Josef Land 44 £5 40+£05
Novaya Zemlya 71+16 38+09
Chukchi Sea 25+7 37+10
Canadian Archipelago 20+ 4 42+07
North Water (NOW) 152+ 24 53+08
Northeast Water (NEW) 15+6 55422
Anadyr & St. Lawrence 140 4+ 27 46409
Okhotsk Northwestern 400 £ 52 47 +£06

Mean values are presented with their standard deviations. The calculation was
performed for the 9 winters (September-May) of 2002/2003-2010/2011 in the
Northern Hemisphere and for the nine winters (March-October) of 2003-2011 in
the Southern Hemisphere, using ERA-interim data. The locations of the polynyas
are indicated in Figs. 2, 3,4, 5

@ The cumulative production is integrated over the polynya area defined as the
area of pixels with the annual ice production of >3 m/yr

b The annual ice production, represented by ice thickness (m), is averaged over
the polynya area

globally, such discussion is possible and their strong link-
age has been clarified.

The most prominent linkage recently found is the
drastic change caused by the calving of the Mertz Gla-
cier Tongue (MGT) in February 2010. This calving led
to a substantial decrease in the Mertz polynya area and
sea-ice production (Tamura et al. 2012). The most recent
estimate (Nihashi and Ohshima 2015) showed that the
amount of sea-ice production decreased by as much as
40 %, and the Mertz polynya dropped from the third-
largest to the fifth-largest Antarctic ice production pol-
ynya. The hydrographic observations before and after
the calving have clarified the significant reduction in
dense water export and AABW (Aoki et al. 2013; Lacarra
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et al. 2014), which was also simulated and predicted in a
numerical modeling study (Kusahara et al. 2011). Further,
significant changes in biogeochemical conditions also
occurred (Shadwick et al. 2013). Campagne et al. (2015),
based on a 250-year long sediment core in this region,
suggested that large and abrupt changes in local sea ice
and bottom water conditions occur with a 70-year perio-
dicity, associated with the MGT calving and regrowth
dynamics. These demonstrate the strong linkage between
the glacier tongue and AABW production.

High sea-ice production in the Cape Darnley polynya
results from the ice barrier (grounded iceberg tongue)
blocking the westward advection of sea ice. The change
or collapse of the barrier can cause a pronounced
change in sea ice and AABW production. Such a sce-
nario can be applied to other high ice production polyn-
yas which are potentially areas of AABW source. These
imply that a drastic change in fast ice extent, which is
vulnerable to climate change (Fraser et al. 2012), causes
dramatic changes in the polynyas and possibly AABW
formation that can potentially contribute to further cli-
mate change.

One of the striking facts recently revealed in the Ant-
arctic is that the AABW is significantly warming in a
circumpolar domain (Purkey and Johnson 2010; Kouk-
etsu et al. 2011), and freshening at least in Ross Sea and
Australian-Antarctic Basin (Aoki et al. 2005; Rintoul
2007; Katsumata et al. 2015; Purkey and Johnson 2013).
Globally, warming of deep water is by far the most domi-
nant in the Southern Ocean, particularly near the sea
floor where the AABW influence is strongest (Purkey
and Johnson 2010; Rhein et al. 2013). This warming and
freshening suggest the contraction of AABW (Purkey and
Johnson 2012; van Wijk and Rintoul 2014), which will
potentially result in weakening of global thermohaline
circulation. The other striking fact recently revealed in
the Antarctic is that mass loss from Antarctic ice shelves
is accelerating in West Antarctica (Rignot et al. 2013;
Pritchard et al. 2012; Paolo et al. 2015). Recent freshen-
ing of AABW can be partly explained by this enhanced
melting of ice shelves (Purkey and Johnson 2013). On the
other hand, numerical model simulations (e.g., Kusahara
and Hasumi 2013) suggest that sea-ice production in the
coastal polynyas controls the onshore intrusion of warm
Circumpolar Deep Water and thus melting of the ice
shelves. All these findings suggest that precise polynya
processes should be addressed by next-generation mod-
els to produce more accurate climate projections, par-
ticularly on a longer time scale.

The change in bottom/intermediate water would affect
the thermohaline circulation on a longer timescale, and
thus the linkage between sea-ice production and bottom/
intermediate water is quite an important issue in climate
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same color scale as that of Fig. 2 (Southern Hemisphere)

Fig. 4 Map of coastal polynyas in the Northern Hemisphere. The calculation is based on thin-ice thickness algorithm of AMSR-E (Iwamoto et al.
2013, 2014). Frequency of occurrence during the freezing period (September-May) of 2002/2003-2010/2011 is shown by color shadings, with the
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change. The SSM/I data have the advantage of longer
record period, over more than 20 years, while the disad-
vantage is their low spatial resolution, when compared to
AMSR-E. Quantitative comparison of SSM/I and AMSR-
E data and their combined study would partly overcome

the disadvantage, which will enable us to conduct climate-
change related analyses. The linkage between sea-ice
production and bottom/intermediate water on a longer
timescale has just begun to be discussed. A prominent
linkage has been revealed in the Sea of Okhotsk as follows.
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Fig.5 Map of annual sea-ice production in the Northern Hemisphere. Sea-ice production cumulated from September to May is calculated, aver-
aged over 2002/2003-2010/2011, based on the AMSR-E algorithm and atmospheric input data from ECMWF interim reanalysis dataset (Iwamoto
etal. 2013, 2014). The color scale is the same as that of Fig. 3 (Southern Hemisphere)
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During the past 50 vyears, the intermediate layer
(between 26.8 and 27.0 oy isopycnal surfaces) in the
North Pacific has warmed, and its dissolved oxygen
content has decreased (Ono et al. 2001; Nakanowatari
et al. 2007). These changes likely originated in the Sea of
Okhotsk, and weakening of the overturning in the North

Pacific is suggested (Nakanowatari et al. 2007). Kashi-
wase et al. (2014) made careful comparison of AMSR-E
and SSM/I data and discussed the longer term variabil-
ity on ice production in the Okhotsk Sea. The annual ice
production from 1974 to 2008 was estimated based on
heat flux calculation from SSM/I-derived ice thickness
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and key atmospheric parameters that control the ice pro-
duction. The reconstructed ice production shows a sig-
nificant decreasing trend of 11.4 % over 34 years, which is
mainly explained by the warming of autumn air tempera-
ture in the northwest of the Okhotsk. Further, the varia-
tion of the ice production is found to be linked with that
of the OSIW property (low ice production corresponds
to high OSIW temperatures). This first observational evi-
dence of a linkage between the annual ice production and
OSIW supports a hypothesis that decreasing ice produc-
tion in the Okhotsk coastal polynyas, at least in part, has
led to weakening of the overturning in the North Pacific.

Discussion

Improvement of the algorithm

Although the satellite passive microwave dataset is a
strong tool for obtaining the spatial distribution of sea-
ice production on a large scale, the estimated ice pro-
duction has relatively large uncertainty in its absolute
value, because of ambiguity in the satellite-derived ice
thickness, to which the estimation has the highest sen-
sitivity among all the input data (Nihashi and Ohshima
2015; Iwamoto et al. 2014). The relationship between PR
and thermal ice thickness depends to some degree on the
region. Such differences probably arise from a dominant
sea-ice type (e.g., frazil ice, grease ice, or nilas) in each
region. The dominant sea-ice type would be determined
by local atmospheric and geographical conditions such
as the wind speed and surface air temperature. Develop-
ment of a more generalized or unified algorithm remains
for future work. For a more reliable algorithm, com-
parison and validation with ice thickness data by in situ
observations will be ultimately required, although such
observations in the polynya areas have been quite limited
until now. To validate and improve the estimation of heat
flux or ice production from the algorithm, comparison
with airborne observations over the polynya area (e.g.,
Roberts et al. 2001; Fiedler et al. 2010; Tamura et al. 2015)
will be very effective. In these validations, the difference
in scale from the satellite footprint should be taken into
consideration.

Impact on material cycle and biological productivity

When dense water sinks to deep or intermediate layers,
various kinds of materials are also transported. Of par-
ticular interest is iron, which is considered the key ele-
ment in determining biological productivity (Martin and
Fitzwater 1989). Thus, the overturning can contribute to
the material cycle and subsequent biological productiv-
ity through the supply of nutrients such as iron. It has
been recently revealed in the Sea of Okhotsk that when
DSW formed by the polynya ice production sinks to the

Page 11 of 14

intermediate layer, re-suspended iron from sediment
over the continental shelf is also brought to this layer
(Nishioka et al. 2013). The iron is considered to originate
from the land through the Amur River. One hypothesis
says that the iron from DSW is also supplied to the west-
ern area of the North Pacific and supports high biologi-
cal productivity there (Nishioka et al. 2013). As such, the
land or the Amur River possibly feeds the ocean through
the supply of iron in the western North Pacific. This sys-
tem is termed the “Giant Fish-Breeding Forest” (Shiraiwa
2012). As described, over the past 30-50 years, polynya
ice production and accordingly DSW production have
declined in the Sea of Okhotsk, thereby weakening the
overturning at the North Pacific. Thus, the following
scenario might be possible: Decline of sea ice and DSW
production due to the global warming decreases the
iron supply in the North Pacific as well as in the Sea of
Okhotsk, thereby reducing levels of biological productiv-
ity and fishery resources.

Dataset of heat/salt flux associated with ice production/
melt
Sea-ice formation, its transport, and its melting cause
the redistribution of heat and salt, which plays an impor-
tant role in the climate and biogeochemical systems. In
the formation area, sea ice loses latent heat to the atmos-
phere and releases salt into the ocean, whereas in the
melting area, sea ice gains latent heat from the atmos-
phere and releases freshwater into the ocean. The esti-
mates of sea-ice production are based on calculation of
heat flux with the assumption of no oceanic heat flux, as
described. Thus, this estimation can be converted into
the estimate of heat/salt fluxes associated with sea-ice
formation (lower part of Fig. 1). We will be able to obtain
the net heat/salt fluxes associated with sea-ice processes,
if we can also estimate the heat/salt fluxes associated
with sea-ice melting, which is more difficult to calculate.
Tamura et al. (2011) presented the first investigation
that creates a dataset of heat/salt fluxes, both by sea-
ice production and melting on a hemispherical scale
(Southern Ocean). In that study, the amount of melt-
ing ice is calculated from the daily decrease in SSM/I
sea-ice concentration, taking account of the effect of ice
drift and heat flux. The thickness of the melting ice is
adjusted so that the total ice melting is balanced by the
total ice production in the entire Southern Ocean. That
study demonstrates that sea ice formed via losing latent
heat with salt release in the coastal regions is transported
offshore, where it gains latent heat from the atmosphere
and releases freshwater by melting. Annual cumulative
heat and salt contents show a large heat loss (11 x 10?°])
and salt release (64 x 10'? kg) in the coastal regions. This
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64 x 10'? kg of annual cumulative salt content implies
that ~1900 Gt/yr of freshwater is supplied to the region
outside of the coastal zone. This value is comparable to
the annual ice loss from the Antarctic Ice Sheet (Rignot
et al. 2013).

A similar heat/salt flux data set was created for the Sea
of Okhotsk, using AMSR-E ice concentration, thin-ice
thickness and ice drift data (Nihashi et al. 2012). The spa-
tial distribution of the annual fluxes shows the significant
ocean cooling with salt supply in the northern coastal pol-
ynya region, while ocean heating with freshwater supply in
the south. This clearly demonstrates the role of sea-ice for-
mation/melting with its prominent southward transport
by the prevailing northerly wind and current (Fukamachi
et al. 2009; Simizu et al. 2014) on redistribution of heat and
salt. It is pointed out that this redistribution system by sea
ice has weakened. A recently constructed hydrographic
dataset from the Okhotsk Sea reveals a prominent fresh-
ening to depths of 500 m during the past four decades,
with the maximum in the northwestern part of the sea
(Ohshima et al. 2014). It is proposed that the freshening is
caused by the weakening of salt/freshwater redistribution
through a decrease in sea-ice production. In conjunction
with a recent freshening in high latitude oceans, previous
studies have mainly examined changes in the enhanced
global hydrological cycle due to changes in net evaporation
and precipitation (Durack et al. 2012). It is demonstrated
that sea-ice decline can be an important contributor to
freshening in ice-covered regions of the world ocean.

These large-scale datasets of heat/salt fluxes associated
with sea-ice growth and melt will provide new informa-
tion with which to validate ice-ocean (and ice-ocean—
atmosphere) coupled models while providing important
boundary conditions for the various models, particularly
because the redistribution of heat and salt—freshwater
contents by sea ice is quite important for thermohaline
circulation in the ocean (e.g., Komuro and Hasumi 2003;
Marsland and Wolff 2001). Some of the datasets for ice
production and heat/salt fluxes using microwave data are
now archived at the website of the Institute of Low Tem-
perature Science, Hokkaido University (http://wwwod.
lowtem.hokudai.ac.jp/polar-seaflux). These datasets have
been used for validating the ice-ocean coupled models.
The flux dataset can also be used as surface boundary
conditions for ice-covered seas in ocean general circula-
tion models. Once the heat and salt flux data associated
with ice production and melting are given, ocean circu-
lation models can represent the thermohaline circulation
caused by ice formation, even without a sea ice model.
Actually, these flux data sets have been used as the sur-
face boundary conditions for several numerical mod-
els that reproduce AABW formation (e.g., Galton-Fenzi
et al. 2012; Nakayama et al. 2014).
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Conclusions

Mapping of coastal polynya and sea-ice production is
presented with the same definition and scale globally,
based on satellite-derived ice thickness and heat flux cal-
culations by Nihashi and Ohshima (2015) and Iwamoto
et al. (2014). The mapping demonstrates the strong link-
age between sea-ice production and bottom/intermedi-
ate water formation. Antarctic coastal polynyas generally
show high ice production due to dominance of divergent
ice motion, particularly on the lee side of landfast ice or
glacier tongues. The Ross Ice Shelf polynya has by far
the highest ice production in the Southern Hemisphere,
consistent with formation area of saline AABW. The
Cape Darnley polynya (65°E-69°E), the second highest
ice production area, was recently found to be the miss-
ing (fourth) source of AABW in the East Antarctica. In
the Mertz polynya, the third highest ice production area,
the production decreased by as much as 40 %, due to
the MGT calving in early 2010, resulting in a significant
decrease of AABW production. The Okhotsk North-
western polynya exhibits the highest ice production in
the Northern Hemisphere, and the resultant dense water
formation leads to the overturning in the North Pacific.
Its ice production shows a significant decrease over the
past 30-50 years, likely causing the weakening of North
Pacific overturning. When compared to the Southern
Ocean and the Sea of Okhotsk, Arctic polynyas generally
show much lower ice production, because the surround-
ing land suppresses the divergent ice motion. Fairly high
ice production occurs in the Anadyr Gulf and St. Law-
rence Island polynyas, providing the possibility of tempo-
rary bottom water formation in the Bering Sea.
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