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[1] Polynyas are nonlinear-shaped openings within the ice
cover, ranging in size from 10 to 10° km”. Polynyas play an
important climatic role. First, winter polynyas tend to warm
the atmosphere, thus affecting atmospheric mesoscale
motions. Second, ocean surface cooling and brine rejection
during sea ice growth in polynyas lead to vertical mixing and
convection, contributing to the transformation of
intermediate and deep waters in the global ocean and the
maintenance of the oceanic overturning circulation. Since
1990, there has been an upsurge in polynya observations and
theoretical models for polynya formation and their impact on

the biogeochemistry of the polar seas. This article reviews
polynya research carried out in the last 2 decades, focusing
on presenting a state-of-the-art picture of the physical
interactions between polynyas and the atmosphere-sea ice-
ocean system. Observational and modeling studies, the
surface heat budget, and water mass transformation within
these features are addressed. INDEX TERMS: 4540
Oceanography: Physical: Ice mechanics and air/sea/ice exchange
processes; 4207 Oceanography: General: Arctic and Antarctic
oceanography; 3349 Meteorology and Atmospheric Dynamics:
Polar meteorology; KEYWORDS: polynya.
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1. INTRODUCTION

[2] The World Meteorological Organization [1970]
defines a polynya as ‘“‘any non-linear shaped opening
enclosed in (sea) ice... Sometimes the polynya is limited
on one side by the coast and is called a shore (or coastal)
polynya (e.g., St. Lawrence Island Polynya) or by landfast
ice and is called a flaw polynya (e.g., Laptev Sea Polynya).
If it recurs in the same position every year, it is called
a recurring polynya.” Polynya sizes range from 100 or
1000 m to 100 km [Smith et al., 1990] or, in terms of their
areas, from 10 to 10° km? [Barber et al., 2001a].

[3] According to their mechanism of formation and
maintenance, polynyas have been traditionally divided into
two classes: “sensible heat” polynyas and “latent heat”
polynyas. Sensible heat polynyas are thermally driven. They
appear as a result of oceanic sensible heat entering the area
of polynya formation in amounts large enough to melt any
preexisting ice and prevent the growth of new ice. Sensible
heat polynyas are therefore locations of low ice production,
and their size is determined by the dimensions of the warm
water anomaly that generates them.

[4] Latent heat polynyas are mechanically driven and are
created in areas where the ice motion is divergent because of
the prevailing winds or oceanic currents. Because the water
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inside the polynya is normally at the freezing point and heat
is lost across the air-sea interface, ice is continually generated
in the polynya region and advected away. By analogy with
the oceanic sensible heat mechanism that creates sensible
heat polynyas, it has been frequently stated that by slowing
the freeze-up process, the latent heat released upon ice
formation is responsible for keeping latent heat polynyas
opened, thereby leading to their name. This argument is,
however, misleading, as the latent heat of formation of ice is
“used up,” as it were, to maintain the water at the freezing
point, and therefore it exerts no control on the freezing rates.
The process that actually keeps this type of polynya open
is the export of ice. Consequently, latent heat polynyas
would be better termed ““wind-driven” or “current-driven”
polynyas, depending on the cause of the ice divergence.
Latent heat polynyas have high ice production rates, and their
extent is governed by the balance between the export of ice
from the polynya and the production of ice within it.

[5s] Polynyas tend to appear recurrently at fixed geograph-
ical locations and periods of the year. Regions of upwelling
or strong vertical mixing associated with tidal activity in
bays, straits, and channels and regions of interaction between
currents and topographic features, such as seamounts, are
preferred sites for the appearance of sensible heat polynyas.
Latent heat polynyas tend to form adjacent to coastlines
swept by offshore winds and downwind or down current of
landfast ice, glacier tongues, and grounded icebergs.

[6] A problem with the classification of polynyas into
sensible and latent heat types is that many polynyas are
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formed by a combination of the two mechanisms (although
one of them is normally predominant). Additionally, in
spring and summer, polynyas are mainly driven by solar
radiation entering the ocean surface and producing sea ice
melt in and around the polynya area [Ohshima et al., 1998;
Hunke and Ackley, 2001]. The distinction between sensible
and latent heat polynyas at this time of the year is therefore
not relevant. A pragmatic classification that does not present
ambiguities is one based on the location of occurrence:
“deep water” versus ‘“‘shelf water” polynyas. Deep water
polynyas are polynyas that form at or beyond the continen-
tal shelf break, while polynyas that occur over the shelves
are shelf water polynyas (Figure 1). This classification is
used in our review.

[7] Polynyas have the potential to play an important
climatic role. First, polynyas are sites of strong ocean-to-
atmosphere moisture and heat losses (up to several hundreds
of W m™?), which lead to a rapid warming of the air column
above and downwind of the polynya and therefore to
modifications in the mesoscale atmospheric motions [ Walter,
1989; Kottmeier and Engelbart, 1992; Dethleff, 1994; Alam
and Curry, 1995; Gallée, 1997]. In winter, about 50% of the
total atmosphere-ocean heat exchanged over the Arctic
Ocean occurs through polynyas and leads [Maykut,
1982]. During summer, leads (linear and narrow fractures
within the sea ice cover caused mechanically by shear and
divergent motion of the ice) and polynyas admit large
quantities of shortwave radiation into the oceanic mixed
layer, which ultimately impacts the heat and mass balance
of the ice pack and the ocean [Maykut and McPhee, 1995;
Maykut and Perovich, 1987]. Second, brine rejection
during the formation of frazil ice (spicules or plates of
ice suspended in water) within the polynya area increases
the salinity of the upper ocean (up to several tenths of 1
part per thousand), which affects the baroclinic circulation
in the vicinity of the polynya [Schumacher et al., 1983].
These cold saline waters may be transported by large-scale
currents and have considerable impact far away from their
source [Markus et al., 1998]. For instance, the Arctic
halocline might be maintained by advection of cold saline
water formed as a result of sea ice growth over the
continental shelves of the Arctic Ocean and the Bering
Sea [Aagaard et al., 1981; Cavalieri and Martin, 1994;
Winsor and Bjérk, 2000]. In coastal polynyas, large buoy-
ancy losses can cause downslope oceanic flows of dense,
saline, and cold water. This is an important mechanism for
ventilating deep and bottom water in both the Southern
Ocean [Grumbine, 1991; Emms, 1997; Baines and Condie,
1998; Comiso and Gordon, 1998] and the Arctic Ocean
[Schauer, 1995; Schauer and Fahrbach, 1999]. Third,
polynyas have effects on biogeochemical air-sea fluxes
and on tracer transport by the ocean as a result of vertical
mixing and convection. For example, polynyas are be-
lieved to act as sinks of atmospheric CO, because of both
physical-chemical processes and biological activity [Yager
et al., 1995; Bates et al., 1998; Arrigo et al., 1998, 1999].
In addition, turbulence and freezing within polynyas pro-
vide conditions for entrainment of sediments and pollutants
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by frazil and anchor ice (underwater ice formed on a shallow
ocean bottom or on a submerged object) as well as downslope
transport along the ocean floor [Nurnberg et al., 1994,
Reimnitz et al., 1994; Sherwood, 2000; Smedsrud, 2004].
Fourth, recurrent polynyas can be likened to “oases” in a
polar ocean desert, as they support a diverse range of marine
life forms from benthic populations through spring- and
summer-blooming phytoplankton and zooplankton to over-
wintering mammals and birds [ Grebmeier and Cooper, 1995;
Smith and Gordon, 1997; Stirling, 1997].

[8] Projections of climate models suggest that if global
warming occurs, polar regions are likely to experience
temperature changes that will be faster and larger than in
most other areas of the planet [Everett and Fitzharris,
2001]. Variations in the occurrence and size of polynyas
might then be suitable indicators of any ongoing climatic
alteration. Elucidating the interactions between polynyas
and their environment is important for determining the role
of high latitudes in global climate, especially with regard to
deep ocean ventilation, and is without doubt one of the
major challenges of present-day polar research.

[o] This paper reviews polynya studies carried out in
the last 20 years. Polynya field experiments and models
have been previously reviewed by Smith et al. [1990].
Compendia on the physics of polynyas, leads, and sea ice
are given by Untersteiner [1986], Leppdranta [1998], and
Wadhams [2000]. There is a growing body of descriptive
research on polynyas encompassing in situ and remote
sensing observations of polynya location and seasonality,
the atmospheric and oceanic conditions that create and
sustain them, their interactions with the boundary layers
above and below, and their surface heat, fresh water, and
ice budgets. Considerable understanding about the mech-
anisms of formation and maintenance of polynyas has also
been gained through the use of models of diverse com-
plexity, ranging from one-dimensional process models to
coupled three-dimensional models of the atmosphere-sea
ice-ocean system. All these studies will be highlighted
here. Outside the scope of our paper is the description of
polynya field experiments and observational tools. Never-
theless, it would be inappropriate not to make reference to
the advances in polynya research afforded by develop-
ments since the 1970s in the remote sensing of sea ice
[e.g., Zwally et al., 1983; Thomas et al., 1989; Gloersen et
al., 1992; Johannessen et al., 1998].

2. LOCATION, SEASONALITY, AND VARIABILITY
OF POLYNYAS

[10] The following describes many polynyas occurring
around the Earth with references to the relevant literature.
Readers who are primarily interested in the discussion of the
physics of polynyas and their impact on the ocean and
atmosphere may prefer to go directly to sections 3, 4, and 5
where polynya processes and impacts are reviewed.

[11] Recurrent polynyas owe their existence to the con-
junction of geographical factors (ocean floor topography,
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Figure 1.

Schematic representation of physical processes taking place in deep water and shelf water

polynyas. Deep water polynyas occur beyond the continental shelf break and are frequently created and
maintained by a sensible heat mechanism, whereby upwelling or vertical mixing of subsurface water
brings about sea ice melting or prevents ice from forming. Strong surface buoyancy losses through
cooling can lead to deep water formation. Shelf water polynyas appear over the relatively shallow
continental shelves. The majority of these polynyas are wind-driven. Offshore winds push the pack ice
away from the coast, exposing the freezing surface waters to the cold atmosphere. Frazil ice is thus
formed and herded downwind along Langmuir windrows. Brine-rich, cold water associated with sea ice
formation will accumulate over the shelf and eventually flow down the shelf break slope to form deep and
bottom water. Redrawn from Open University Oceanography Course Team [2001], with permission from
Elsevier. See color version of this figure at back of this issue.

shoreline geometry, and coastal orography), atmospheric
and oceanic features (strength, orientation and frequency
of winds and currents, and distribution of air and water
masses), and air-ice-water interactions (interfacial heat,
moisture, momentum, and salt fluxes). Conditions favorable
for the opening of polynyas occur intermittently within a
year, or from year to year, and only in very particular
locations. Figures 2 and 3 show all the geographical sites
referred to in this paper. For the major polynyas described
below, a summary of their types, together with a list of
post-1990 references on observational and modeling
studies, appears in Tables 1 and 2.

2.1.

[12] Deep water polynyas are often formed by a sensible
heat mechanism. They tend to occur in areas where surface
cold, fresh waters are separated from underlying warmer,
saltier waters by a weak pycnocline. Enhanced mixing or
convection brings the warm water to the surface causing
sea ice to melt or preventing it from forming. The
evolution of polynyas formed in this way is controlled
by their size [Comiso and Gordon, 1987]. The polynya
will be terminated if excess lateral ice inflow occurs. For
example, assuming that the ice around a polynya of radius
10 km is of depth 0.5 m and moves inward at 0.1 m s ",
the maintenance of the polynya requires the oceanic heat
flux to be ~3000 W m ™2, which is unfeasible. In contrast,

Deep Water Polynyas in the Southern Ocean

a polynya of radius ~300 km, such as the Weddell Sea
Polynya of 1974-1976 (see section 2.1.1), requires a
realistic ~100 W m 2 heat flux for its survival.

2.1.1. Weddell and Maud Rise Polynyas

[13] The giant Weddell Sea Polynya that occurred during
the winters of 1974 to 1976 (Figure 4) is often mentioned as
the archetypal deep water polynya. With a maximum extent
of ~350,000 km 2 [Carsey, 1980] this polynya, which has
never reappeared, is the largest ever to be observed.

[14] There is scarce observational evidence upon which
to establish the causes of the Weddell Polynya. Early
modeling work [Martinson et al., 1981; Motoi et al.,
1987] suggested that static instability promoted by cooling
and brine rejection over the area of the polynya could have
been sufficient to prevent ice growth. More recently,
Akitomo et al. [1995] and McPhee [2000, 2003] have shown
that the eastern Weddell Sea is an area susceptible to
thermobaric convection, an instability due to the increase
in the thermal expansion rate of seawater with pressure.
This propensity to instability would favor the formation of
deep water polynyas in the region.

[15] Other studies of the Weddell Polynya have stressed
the importance of atmosphere-surface interactions in the
development and maintenance of the polynya. According
to Parkinson [1983], low surface turbulent heat fluxes
associated with weak winds at the center of transient
pressure systems over the Weddell region slow sea ice
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Figure 2. Northern Hemisphere geographical locations referred to in the text, together with bathymetry
(in meters). See color version of this figure at back of this issue.

growth, thus making possible the appearance of the
polynya. Parkinson’s [1983] results were obtained with a
dynamic thermodynamic sea ice model forced by observed
winds, and therefore her simulations do not rule out an
oceanic contribution to the polynya opening mechanism.
Parkinson [1983] suggests that the lack of ocean coupling
may explain the shorter than observed lifespan of the
simulated polynya. Lemke et al. [1990] share the view that
the longevity of the Weddell Polynya was sustained by
anomalous meteorological or oceanic conditions.

[16] Goosse and Fichefet [2001] present a mechanism
whereby strong wind-driven ice divergence in autumn
creates conditions for hyperproduction of ice, thus destabi-
lizing the water column and initiating the polynya. Varia-
tions in surface freshwater fluxes have also been advanced
as a candidate for explaining large polynyas in the Weddell

Sea. Marsland and Wolff [2001] discuss coupled ice-ocean
simulations in which a ‘“Weddell Polynya” appears
when the surface freshwater flux falls below a value of
0.35 m yr—'. Timmermann et al. [1999] elaborate the theme
of atmosphere-ocean interactions and explain the persist-
ence of the polynya as the result of ice divergence associ-
ated with thermal wind cyclonic circulation, which, in turn,
is stimulated by turbulent heat release over the polynya.
Their simulations suggest that in cases where the atmo-
spheric cross-polynya flow is weak (<1 m s ), the thermal
wind field can prolong the polynya event: A self-preserving
low-pressure system develops and promotes repeated
occurrence of the polynya.

[17] It does not seem probable that a divergent wind
stress field alone can account for the presence of the
Weddell Polynya, simply because the rate of sea ice export
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required to maintain the polynya in this fashion would
require unrealistically large wind speeds. Assuming ice
production rates of ~10—12 m yr~' [Cavalieri and Martin,
1985], unrealistically large wind speeds of the order of
20 m s~ would be required to maintain the polynya by ice
advection alone.

[18] A third line of research hypothesizes that the
Weddell Polynya arose from the interaction between the
oceanic circulation/stratification and the Maud Rise, a
seamount located near the Greenwich Meridian rising from
a depth of 5000 m to within 2000 m of the surface. Ou
[1991] shows that when the vertical stratification falls below
a critical value and, at the same time, the circulation is
blocked by a seamount, sufficient surface cooling leads to
deep convection and polynya formation. Muench et al.
[2001] suggest, in contrast, that upwelling of warm deep

water induced by the interactions between the circulation
and the topography is responsible for the polynya appear-
ance. Another theory for polynya generation related to the
presence of the seamount is that of Holland [2001a, 2001b],
who demonstrates how variations in the oceanic flow past
Maud Rise cause shedding of cyclonic eddies that transmit a
divergent Ekman stress to the sea ice, leading to the creation
of an area of open water. Holland [2001b] predicts that a
dipole structure of cyclonic-anticyclonic vorticity is created
by interactions of mean currents with Maud Rise and that
this cyclone-anticyclone generation process has been
detected in hydrographic data by Bersch et al. [1992].

[19] In a modeling study by Beckmann et al. [2001] the
interaction between tidal motions, steady ocean currents,
and winds leads to the generation of negative sea ice
anomalies and positive mixed layer temperature anomalies

5 of 37



RG1004

POLYNYA DYNAMICS—OBSERVATIONS AND MODELING

Morales Maqueda et al.

RG1004

(€002 (6—8)0S) 11 Y24pasay vag doay Jo anssi [e1oads ‘eonorejuy jseq ‘ulSIew [LIUSUNRUOD pue|
A 981090) pue BAUA[OJ ZMSJA U} JO SUOLBINSIAUL JUIIAI Y} Ul PUNoy 9q ued BAUAJOJ ZUIJA Y} JO SAIpMIS Joyuny [0661] 72 12 yj1uig JO S90USI9JAI AU UIIM PUNOJ 3¢ UBD SAIPNIS SUI[DPOW PUB [BUONBAIIS]O (66 [-91d,,

189y 2qIsus ‘1ajem doop

[1002] fiom puv puvjsivpy [q100z “©100T] PUvIjOH
‘[1002] 22foy1.4 puv 255009 (66611 1v 12 uuvwLLWLL]
‘[s661] 17 12 oworryy (16611 70 ‘[0661] 17 12 ayuaT

(197eM TE[OdWNOID Jo Surfomdn) jeay oqIsuss pue

(USALIPp pUIM) JB3Y JUJB] PAUIqUIOD “IdJeM J[OUS

(101em Jejodwnoaid jo Jurjemdn) jeay 9[qIsuds pue
(USALIp PUIM) 1BIY JUAJB] PAUIQUIOD ‘IAJBM J[US

(UQATIp PUIM) JY JUJE] TJeM JOUS

(USALIP puIM) JB3Y JUJE| ‘1JeM JUS
(USATIp PUIM) JEY JUJE] TJeM J[OUS
(USALIp pUIM) 1BIY JUAJE] TJeM J[OUS
(¢1orem rejodwnond jo Surjjomdn) jeay dqisuds ‘rorem doap

[a6661] 12041 unq pue [Le61] 221170 “[S661] 17 12 4q.ivq

[6661] 2ss00D puv jafoyo1.1

[100¢] 4opyop puv ayungy

[1002] 77 12 youanyy pue
‘Toooz] 22ygom ‘(66611 10 12 22ygoW
‘[e661] uosuryng [g661] 10 12 yosiog
[o00z] v 12 uojpng pue [0p0z] 21zods
puv uopjipng ‘[q6661] o041 unq “[L661] 221vD
[000¢] v 12 uopion pue
‘[8661] v 12 saig “[8661] v 12 03LLy
‘[L661] uoptony puv yiug [L661] sydjopy puv
saLffor “[8661 ‘€6611 v 12 yormuorg
[100¢] v 12 s12qoy pue
[co0z] v 12 ny ‘[1o0z] 77 12 apaT “[1002] 10 12 fJopurg
[2002] v 12 maufuay pue
‘[1002] 42py2p pup ayungy [100¢] 77 12 Aopyop
[2661] 1pqIadusg puv 42121330y
[6661] 10 12 orysp) pue [8661] v 12 wossopy
[1002] v 12 d3p10g [9661] uopton puv ostuo)

asIy pnejy pue
9L6T—VLOT €3S T[PPPOM

Keg ©AON BIIQ[,

JI9YS 99T 8aG Ssoy
(eonoIBIUY ISBH) IOIOR[D) ZMIIA

J19US 29] Iouyd1-ouuoy
SOAJOUS BAS [[OPPIAN UIRISEH
SOA[QUS BONOIRIUY ISBH

BOS INBUOWSO))

SYADUIDY

sa1pnig Sutjapopy §21pNJS [PUOIDALDSG()

uonpo07 vdudjoq

AIYASIWAY wIdy)nog ay) ur s

ufjod jo Arewwng ‘7 FIIVL

(L661 “01) swaisdg aurwpy fo [puinor gy ut pue (S661 (€2)001) Y2vasay
o154y doany Jo puinor dy) Jo uondds [eroads seAUA[0d pue SPeaT Y Ul PUNOJ 9q UL IJBA\ ISBAYLION o) JO sa1pnys Joynnyg (€002 (€2—22)6#) 11 Y24vasay vag daay pue (1007 ‘6€) uvasp-a4aydsoun Jo Apms eAukjod
(MON) 191BA\ YLION [BUONBUISIU] Y} UO INsSI [B103ds Yy Ul punoj aq ued I9JeAy YLON Y} JO SAIpms Joyung [0661] 7P 12 ypus Jo S9OUSIJRI AU} UIYIM PUNoj 9q Ued SIIPMIs SUI[OPOW PUB [BUONBAIISAO (66 [-91d,,

(1orem onuepy jo Surxiw premdn)

189y Q[qISUIS

(UQALIP puIM) JBIY JUdIE[

(USALIP PUIM) T8 JUI)E]

(Jonuod [epn) 1eay judje|
(UQALIP JUDLIND) JBIY JUd)e|

182y Judre] Apueurwopaid
(Jonuod [epn) jeay 9[qISuds

(USALIP puIM) 1By JUd)e|

‘orem doap

‘Io)em JIoUS

‘Io)em JIoUS

‘Io)em J[ays
Jojem JIoUs

‘Io)em J[oys
‘orem doap

‘Io)em J[oys

(€007 “9duosnuew paysiqndun)
ueSneyy pue ylosSoyg pue
[1002] v 12 H2upUIDdIDDE]
[0002] v 12 s331g pue
00021 Howziy
pup vpanbopy sappiop (L6611 10 10 youdy

[L661] 10 12 nowypy pue [S661] 1v 12 puvjjof
[1002] nowypiy puv s3s1g pue

‘[r661] 17 12 Agav “[T661] Suvnpy pun yvsapy

[0002] unwpy puv aoyvajoq

[000T] 310l puv tosuiy

[0002] v 12 uast2124-y)0,]
(€007 9duosnuew paysiqndun)
uegneH pue yassoys pue ‘[100g] 7v 12 woupundivoyy
‘l6661] woupuivd.ivvpy (66611 yovqyv.] puv 12nvysg [S661] 1onvyss
[L661] v 12 youdT pue [1661] v 12 ni7
‘[s661] w2doo) puv 1o10WGa.1D) [$661] UL} puv
11pav) ‘[1661] s2aoin puv 4a3urys (06611 v 12 0zoy
[0002] 7 12 a2ysdpviH pue
‘[86611 17 12 unaopy [0661] unwpy puv wonswyoy
[L661] 1 12 nouupy pue [y661] snapng pup .1oprauysg

[1002] 77 12 ovaa7
(86611 v 1o un.wpy pue [L861] uywpy pun sujnfiy

[000¢] y40lg puv 1osuiy pue ‘[Se61] v 12 uupuilfd ‘[y6611 Jo1y1oa
‘(6611 utrivpy puv roypan) ‘[1661] soaoin pup 1a3uLyg

(preqres jo yuou) Keg s 1o[eym

(preqreas jo yinos) uapiofjiolg

pue[s] 2oudIMET IS

SOAJOUS BIS SIOPO
I0JEAN ISBOULION

IoJeA YMON
(8ag JSI0O) Nueg AOIBAIYSEY]

SOA[OUS UBISBING

SYADUDY

sa1pnig Suljopoy

S2IPNIS [PUOIDALISG()

uonv20T vdudjoq

A PYASIUH wIdy)IoN dYy) ur se

K104 jo Arewwing ‘| FIIVL

6 of 37



RG1004

Morales Maqueda et al.: POLYNYA DYNAMICS—OBSERVATIONS AND MODELING

RG1004

135°E

SEPTEMBER

= OCTOBER

Figure 4. Monthly mean Southern Ocean ice concentration contour from July to October 1974, based
on Electrically Scanning Microwave Radiometer brightness temperatures showing the Weddell Sea
Polynya just offshore and centered on the Greenwich Meridian [Zwally et al., 1985].

in the region. Tidal flow over Maud Rise enhances upward
oceanic heat fluxes, while westward winds and steady ocean
currents transport the anomalies downstream.

[20] The mechanisms advanced by Holland [2001a,
2001b] and Beckmann et al. [2001] do not fully explain
the persistence and large scale of the mid-1970s Weddell
Polynya, since the simulated sea ice anomalies have a
shorter life and are of a smaller scale. Nevertheless, a
polynya with characteristics close to those simulated by
Holland [2001a, 2001b] has been observed over Maud Rise
in 1980 [Comiso and Gordon, 1987] and 1994 [Drinkwater,
1996]. The mechanisms that account for the formation and
decay of the polynya have not yet been identified, although

its existence has been attributed to storm-induced Ekman
pumping and drift-induced turbulent mixing that seem to
cause oceanic heat fluxes large enough to reduce ice
concentrations. Comiso and Gordon [1987] argue that
the primary process for the termination of the polynya is
wind-driven inflow of ice into the polynya, where it melts,
creating a low-salinity cap that suppresses vertical mixing.
2.1.2. Cosmonaut Polynya

[21] Satellite observations have revealed that a recurrent
polynya forms east of the Weddell Gyre, offshore of
Enderby Land. In this area, known as the Cosmonaut Sea,
the water reaches depths of 3000—4000 m. The Cosmonaut
Polynya has been observed virtually every year since 1973.
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Figure 5. Mechanism for the Cosmonaut Polynya accord-
ing to Comiso and Gordon [1996]. As water columns B
(transported by the Antarctic Circumpolar Current (ACC))
and B’ (transported by the Coastal Current) move both
toward the polynya formation area A located over the
Antarctic Divergence (AD), along XX’ they must stretch in
order to conserve absolute vorticity. Upwelling of warm
deep water ensues. Reprinted from Comiso and Gordon
[1996].

Comiso and Gordon [1987, 1996] and Gordon and Comiso
[1988] have studied the polynya’s morphology, behavior,
and variability. The Cosmonaut Polynya is a polynya
system with two patterns of formation. The first occurs
only in early winter, is located west of the 45°E meridian,
and seems to be caused by strong cyclone activity leading,
presumably, to upwelling and the formation of an embay-
ment of the ice edge. The second pattern develops farther to
the east in both winter and early spring and is preceded by
the formation of a coastal, wind-driven polynya. The
maximum area of the polynya system oscillates between
35,000 and 115,000 km?, with the effective area of open
water within the polynya amounting to 30—45% of the total
extent. The duration of a polynya event ranges from days to
weeks, and the interannual variability of polynya size and
timing is considerable. The polynya can occur with about
equal probability any time between July and October.
Comiso and Gordon [1996] note from an analysis of Special
Sensor Microwave Imager (SSM/I) data from 1973 to 1993
that interannual variability of the polynya area about a long-
term mean is ~65%.

[22] The occurrence of the western Cosmonaut Polynya
seems to be linked to the action of storms that force ice to
leave the region. The polynya ends as the center of the
cyclones moves eastward, giving way to southerly winds.
The eastern Cosmonaut Polynya might have an oceano-
graphic origin. Comiso and Gordon [1996] surmise that the
polynya may be caused by upwelling of warm water
associated with a stretching of the water column that results
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from compression of the westward flowing coastal current
by the eastward flowing southern edge of the Antarctic
Circumpolar Current (Figure 5, see also section 3). How-
ever, modeling and observational data that could support
this mechanism still need to be provided. Bailey et al.
[2001] suggest that the Cosmonaut Polynya does not form
through ocean forcing alone. Rather, divergent wind stress
would drive sea ice and ocean current divergence, the latter
inducing upwelling that would maintain the polynya.

2.2. Deep Water Polynyas in the Arctic Ocean and
Subarctic Seas

2.2.1. Kashevarov Bank Polynya

[23] A recurrent polynya has been revealed by satellite
imagery over the 100-m-deep Kashevarov Bank, in the Sea
of Okhotsk [Alfultis and Martin, 1987; Martin et al., 1998].
In December an embayment of ice-free water appears over
the bank. It persists for several weeks before being covered
by sea ice or else becomes fully enclosed and is transformed
into a polynya. Even when the polynya is not present, the
area is often characterized by low ice concentrations (see
charts given by Gloersen et al. [1992, pp. 46—71]). Tidal sea
level oscillations and currents, together with the attending
vertical mixing and upwelling, are important in the genera-
tion and maintenance of the polynya. Tidal currents of up to
2 ms ' cause widespread and intense vertical mixing that
leads to an almost homogeneous vertical structure in salinity
and temperature, bringing heat to the surface and causing
polynya formation [Kowalik and Polyakov, 1998]. In addi-
tion, tidal residual currents create an anticyclonic ice drift
that maintain the polynya [Polyakov and Martin, 2000].
2.2.2. Whaler’s Bay Polynya

[24] The Whaler’s Bay Polynya forms north of Svalbard,
close to the ice edge, over the shelf break of the Eurasian
Basin. The polynya is highly variable [Falk-Petersen et al.,
2000], and its formation is probably due to strong mixing of
cold surface waters with warm (3°-4°C) Atlantic water
transported at a depth of 200—300 m by the West Spitsber-
gen Current [4agaard et al., 1987].
2.2.3. Odden and Nordbukta

[25] Odden (Norwegian for “The Cape”) is an extension
of the East Greenland Ice Stream that forms north of Jan
Mayen Island over a deep oceanic region (2000—3500 m)
located along the northeastward flowing Jan Mayen Current
and that often extends beyond the Greenwich Meridian (see
Figure 6). The Jan Mayen Current is cold and transports
comparatively fresh water derived from ice melt, which
facilitates sea ice formation in the area [Shuchman et al.,
1998]. Odden forms almost every year in November—
December, reaches its maximum extent in February
(250,000 km* on average and up to 330,000 km? some-
times), and normally disappears by May [Shuchman et al.,
1998; Wadhams and Comiso, 1999; Comiso et al., 2001].
Associated with Odden and located to the northwest is a
bight of relatively warm open water called Nordbukta
(“North Bay”).

[26] Comiso et al. [2001] hypothesize that frazil ice is
formed in the Nordbukta region and then removed from the
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Ice concentration in the northern Greenland Sea from Special Sensor Microwave Imager

(SSM/I) data on 16 March 1993. White areas are caused by masking of land. The Odden is the area of
relatively low ice concentration stretching northeast from the landfast ice adjacent to the Greenland coast.
Image courtesy of M. Lundhaug, Nansen Environmental and Remote Sensing Center, Bergen, Norway.

area and transported over to Odden by westerly winds, very
much as ice is blown offshore from a coastal polynya and
then collected at the polynya edge. In contrast to coastal
polynyas, Odden is not surrounded by ice but by the open
ocean and hence is exposed to wave activity and warm
surface waters. As a result, Odden ice cover is fragmented
and consists mainly of frazil ice and pancakes (circular
pieces of ice up to 10 cm thick and 0.3—3 m in diameter).
Note therefore that although Odden is frequently connected
to the East Greenland Ice Stream, the source of its ice is
mostly thermodynamic and hence local. Only on rare
occasions (e.g., in 1987 and 1996) is first year or multiyear
ice from the East Greenland Current advected during spring
and summer into the region, where it melts [Wadhams and
Comiso, 1999]. The Odden-Nordbukta system has a marked
interannual variability. According to Shuchman et al. [1998]
and Comiso et al. [2001] the two major controls of Odden-
Nordbukta are the air temperatures, with lower temperatures
leading to larger sea ice extents, and the wind, which
influences the size and shape of the feature and the
formation of the Nordbukta embayment.

[27] Carsey and Roach [1994] have inferred from remote
sensing imagery the occurrence of convection episodes in
the area during winter 1989. They attribute the creation of
Nordbukta and polynya-like features in Odden ice cover to
melting caused by convection.

2.3. Shelf Water Polynyas in the Southern Ocean

[28] Most shelf water polynyas are mechanically driven
and fall therefore in the traditional class of latent heat
polynyas. There are, however, exceptions. Many polynyas
in the Canadian Arctic Archipelago, for example, are caused
by surfacing of warm Atlantic water. In other cases, shelf

water polynyas are maintained by a mixed sensible-latent
heat mechanism.

[29] Two conditions are required for the formation of a
purely mechanically driven shelf water polynya. First, net
divergence of the pack ice must occur. Second, surface heat
losses need to be large enough to freeze the seawater, so that
frazil ice formation can take place. The frazil ice is then
removed from the region by the same mechanism that
produced the initial ice divergence. The ice divergence is
caused by winds and currents and necessitates the presence
of an obstacle (e.g., a shoreline, landfast ice, an ice bridge, a
glacier tongue, or an iceberg) that prevents the pack ice
from invading the polynya from upwind or upstream. These
polynyas form primarily along coastlines or in channels
obstructed by sea ice, and, accordingly, the water column
beneath the polynyas tends to be shallow and well insulated
from oceanic sources of heat.

[30] We can distinguish two regions in a mechanically
driven polynya (Figure 7): (1) an inner region of open water
where frazil ice grows and (2) an outer region surrounded
by first-year ice and occupied by new and young ice floes
that have formed by accretion of frazil ice. Liu et al. [1997]
call regions 1 and 2 the “active polynya” and “young ice”
regions, respectively.

[31] Shelf water polynyas have been referred to as “ice
factories,” because the constant removal of frazil ice results
in large ice formation rates. Those polynyas that remain
open during spring and summer tend to transform into “ice
melt factories” as waters inside the polynya absorb large
amounts of solar radiation, leading to melting of ice
[Ohshima et al., 1998]. The link between ice decay and
solar heating is powerful and is not confined to polynya
regions. Nihashi and Ohshima [2001a, 2001b] show that
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First-year ice

Figure 7. Schematic diagram illustrating a mechanically driven shelf polynya (latent heat polynya).
Frazil ice grows in the area of nearly open water adjacent to the coast, the polynya proper, and is
transported downwind, as schematically represented by the arrows inside the polynya area. The frazil ice
arriving at the polynya edge piles up and forms consolidated new ice, which, in general, will move in a

different direction from that of the frazil ice (arrows
Morales Maqueda and Willmott [2000].

sea ice melting in the Southern Ocean is driven by oceanic
solar input, and they speculate that interannual variability of
sea ice can lead to changes in the yearly storage of heat in
the ocean, which, in turn, will affect the advance and retreat
of the ice cover in following seasons and years.

2.3.1. Weddell Sea Polynyas

[32] Shelf water polynyas in the Weddell Sea are primarily
wind-driven. Along the eastern flank of the Antarctic
Peninsula, winter winds of up to 20 m s~ ' cause polynyas
to open. The oceanic area occupied by these polynyas
decreases toward spring and summer, as the offshore
component of the winds weakens and ice is pushed against
the coast by the Weddell Gyre. Polynya seasonality along
the seaward edge of the Ronne-Filchner Ice Shelf is similar
to that of polynyas along the Antarctic Peninsula ice
shelves, although winter polynya formation is larger there
and more polynyas remain open in summer (Figure 8).
Typical offshore polynya dimensions are 1-2.5 km
[Markus et al., 1998].

[33] The frequency of winter and spring polynyas along
the Weddell Sea coast east of the Filchner Ice Shelf is
comparable to that encountered in front of the ice shelves
[Kottmeier and Engelbart, 1992]. Satellite-derived esti-
mates of open water area adjacent to the coast during winter
are 12%, 20%, and 16% for polynyas along the Antarctic
Peninsula, the Ronne-Filchner Ice Shelf, and the eastern
Weddell Sea, respectively [Comiso and Gordon, 1998].
However, the uncertainty of these figures is large (Markus
et al. [1998] report values that are 20—40% smaller).

[34] The water-albedo feedback is crucial in controlling
polynya area in spring and summer. Heating of the upper
ocean by solar radiation prevents frazil ice formation and
promotes melting at the polynya edge. At this stage the
polynyas cannot reach equilibrium, and they increase in size
for as long as winds are directed offshore. An example of
such a summer polynya occurred in January—February 1998
off the Ronne Ice Shelf. The polynya extended 500 km
north of the shelf occupying an area of 400,000 km?. The

inside the consolidated new ice area). Adapted from

opening was driven by south-southwesterly winds and
sustained by absorption of solar radiation [Ackley et al.,
2001; Hunke and Ackley, 2001]. Ackley et al. [2001] and
Marshall and King [1998] speculate that the anomalous
spring-summer event of 1997—1998 could be associated
with a circulation pattern induced by the El Nifio-Southern
Oscillation (ENSO).

[35] Another case of a summer polynya in the Weddell
Sea is a polynya that forms off Queen Maud Land. Ramesh
Kumar and Sadhuram [1989] have found that solar radia-
tion is the most important component of the polynya’s
surface heat budget, although it would appear that most of
the heat absorbed by the ocean is advected away by tidal
currents, resulting in stable sea surface temperatures.

[36] The interannual variability of polynya area in the
Weddell Sea is thought to be related to atmospheric
mesoscale and synoptic features: storm tracks, cyclones,
barrier forced winds, and katabatic winds [Renfrew et al.,
2002]. It is unclear whether this variability is generated
locally [Venegas and Drinkwater, 2001] or whether it
is related to larger-scale modes such as the Antarctic
Circumpolar Wave [White and Petersen, 1996]. Grounding
of icebergs over shallow bathymetry, where they act as
temporary islands, is also a cause for interannual polynya
variability [Comiso and Gordon, 1998; Nost and Osterhus,
1998].

2.3.2. Ross Ice Shelf and Terra Nova Bay Polynyas

[37] With an average (maximum) area of 27,000 km?>
(50,000 km?) the Ross Ice Shelf Polynya is the largest
polynya to regularly form around Antarctica [Zwally et al.,
1985; Gloersen et al., 1992]. It extends along the entire ice
shelf, although its maximum width is attained westward of
the Date Line. Between May and October the polynya
waxes and wanes with a periodicity of roughly 1 month,
and even when the polynya region is not ice-free, ice

thickness tends to be small in this region (Jeffries and
Adolphs [1997] reported 0.2 m in May 1995). The opening
of the polynya has been attributed to the influence of
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Figure 8. Open water areas in Weddell Sea coastal polynyas derived from SSM/I daily average data
by Comiso and Gordon [1998]. (a) Polynyas along the Antarctic Peninsula. (b) Polynas along the
Ronne-Filchner Ice Shelf System. (c) Polynyas along the ecastern Weddell Sea coast. Reprinted from

Comiso and Gordon [1998].

synoptic weather systems that force ice divergence
[Zwally et al., 1985; Jacobs and Comiso, 1989]. Bromwich
et al. [1993, 1998] stress rather the role of northwestward
katabatic airflow, with velocities >30 m s~ ', in the forma-
tion of the polynya. They estimate that for the winters of
1988—1991, about 60% of polynya events are linked to
katabatic surges. However, katabatic wind intensification is
related to the passage of synoptic cyclones, and hence both
weather systems and gravitational winds appear to be
important in controlling polynya activity. The polynya is
also influenced by upwelling of warm Circumpolar Deep
Water onto the continental shelf [Pillsbury and Jacobs,
1985; Jacobs and Comiso, 1989].

[38] Commencing in early spring, the ice cover decays
from south to north, and the polynya increases in size (see
charts given by Gloersen et al. [1992, pp. 163—177]). By
January the polynya edge reaches the ice margin. This rapid
expansion is mostly due to warming of the upper ocean
caused by absorption of solar radiation in the polynya
area (heat gained by the ocean in January amounts to
196 W m ™ [Budillon et al., 2000]), although wind forcing

11 of

and upwelling probably continue to contribute to enhancing
the polynya size [Fichefet and Goosse, 1999].

[39] The Terra Nova Bay Polynya, located between the
Drygalski Ice Tongue and the land, is also created and
maintained by katabatic winds. The polynya is oriented in a
north-south direction, with the winds blowing from the west
and the ice tongue preventing sea ice from invading the
polynya from the south [Bromwich and Kurtz, 1984; Kurtz
and Bromwich, 1983, 1985; Parish and Bromwich, 1989;
Bromwich and Geer, 1991]. Van Woert [1999a] shows that
sensible and longwave heat fluxes explain up to 50% of the
observed variance in polynya area.

[40] The polynya area oscillates with a period of 15—
20 days. The average area of open water is 1000 km?, and
maximum values are ~5 times larger. Estimated cumulative
ice production over the winter is around 40—60 m of ice
(50—80 km®), which represents ~10% of the annual ice
production over the Ross Sea continental shelf [Kurtz and
Bromwich, 1985; Van Woert, 1999b]. The polynya is
important for the modification of High-Salinity Shelf Water
(HSSW), as brine plumes created during ice formation
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Figure 9. Coastal polynyas along the coast of East
Antarctica. The grey shadowing indicates the approximate
maximum extent of each polynya. Over the continent,
thin lines are contours of surface elevation, and bold ones
are streamlines of near-surface gravity drainage winds.
From Massom et al. [1998]. Reprinted from the Annals
of Glaciology with permission of the International Glacio-
logical Society.

salinize the ~1 sverdrup (Sv) (1 Sv=10°m®s~") of HSSW
exported from the polynya [Kurtz and Bromwich, 1985; Van
Woert, 1999b; Budillon and Spezie, 2000].
2.3.3. East Antarctica Polynyas

[41] Massom et al. [1998] used satellite imagery to map
the distribution of 28 polynyas along the coast of East
Antarctica between 1987 and 1994 (Figure 9). Their anal-
yses revealed that the combination of bathymetry, land
relief, and winds is responsible for the occurrence and
characteristics of these polynyas. The polynyas appear in
areas where north-south oriented obstacles, such as land or
landfast ice protrusions, glacier tongues, or icebergs
grounded over shallow banks and shoals, prevent the
advection of sea ice into the polynya area from the east.
Katabatic winds [Adolphs and Wendler, 1995; Wendler et
al., 1997] and synoptic winds provide the mechanical
forcing to remove ice from the polynyas. In all cases,
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polynya maximum areal extents occur in winter (June—
October). Their average size oscillates between 1000 km?
(Cape Hudson Polynya) and 23,000 km? (Mertz Glacier
Polynya). Small polynyas tend to appear only occasionally
during the year or not at all, while the larger polynyas are
more stable and highly recurrent. Because the continental
shelf around East Antarctica is not wide, the landfast ice
margin is sometimes located over or beyond the shelf break.
Oceanic mixing in coastal polynyas adjacent to the edge of
the landfast ice can therefore connect surface and deep
waters via turbulent entrainment. This is the case for the
winter polynyas that appear in Breid and Liitzow-Holm
Bays off Enderby Land, where winter mixed layer depths of
350 m have been observed [Ushio et al., 1999].

[42] In spring and summer these polynyas become
regions of enhanced melt within the ice cover, so that the
ice pack in East Antarctica decays simultaneously from the
north and from the south. Massom et al. [1998] report two
examples of this process occurring at the latitudes of Terra
Nova Island and Mertz and Ninnis Glaciers. By December
most coastal polynyas have merged with the open waters of
the ice edge.

2.4. Shelf Water Polynyas in the Arctic and
Subarctic Seas

2.4.1. Polynyas Over the Arctic Ocean Shelves

[43] Active and mostly wind-driven coastal polynyas
occur every winter over all the seas peripheral to the central
Arctic [Gloersen et al., 1992]. Although these polynyas are
generally small (their overall mean width is ~6 km [Winsor
and Bjork, 2000]), they are an important source of new ice
growth and dense shelf water contributing to Arctic inter-
mediate and deep water production [Swifi et al., 1997].
Martin and Cavalieri [1989], Cavalieri and Martin [1994],
and Winsor and Bjérk [2000] have studied the seasonality
and interannual variability of these polynyas with the goal
of determining their contribution to the maintenance of the
cold halocline layer of the Arctic Ocean (see section 3).
2.4.1.1. Barents Sea Polynyas: Storfjorden Polynya

[44] A persistent polynya has been observed over several
winters in Storfjorden, a large bay situated in the south of the
Svalbard archipelago [Haarpaintner, 1999; Haarpaintner et
al., 2001]. The polynya opens under northerly winds, and
strong tidal currents probably help widen the polynya
by breaking off ice floes from the landfast ice area that
delineates its northern boundary. Remote sensing images for
1997/1998 (Figure 10) indicate that the polynya can be
active over periods of weeks. At its largest extent it encom-
passes an area of 6000 km” of open water and new ice.

[45] The polynya is probably the source of brine-enriched
waters flowing from Storfjorden toward the western shelf
edge of the Barents Sea and into the Nansen and Norwegian
Basins [Schauer, 1995]. Lee polynyas are also found west
and southwest of Kviteya and Franz Josef Land [Falk-
Petersen et al., 2000].
2.4.1.2. Kara Sea Polynyas

[46] A flaw polynya forms in winter seaward of the
landfast ice that covers the estuaries of the rivers Ob’ and
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Figure 10. European Space Agency Remote Sensing Satellite (ERS-2) synthetic aperture radar
estimates of the winter 1997/1998 partition of Storfjorden into fast ice, polynya, and pack ice normalized
to an area of 10,000 km?. Reprinted from Haarpainmer et al. [2001].

Yenisey. The polynya recurs in 80% of winters and extends
in 65% of the cases west of the Yamal Peninsula [Buzov,
1991]. This zone is swept by offshore winds and is believed
to produce most of the ice formed over the shelf (up to 1.5—
2 m [Pavlov and Pfirmann, 1995]). An open water region
coinciding with the location of the winter polynya is
observed in summer and may represent increased melting
due to the lower albedo in the remnant of the flaw polynya
[Pfirmann et al., 1995].
2.4.1.3. Laptev Sea Polynyas

[47] The winter ice regime of the 500-km-wide Laptev
Sea shelf is controlled by offshore Siberian winds that
generate a quasi-perennial flaw polynya extending almost
2000 km along a shelf of landfast sea ice several hundreds
of kilometers wide. The polynya width oscillates between
10 and 100 km. Reimnitz et al. [1994] speculate that this

polynya might result in the Laptev Sea being the major
contributor to sea ice reformation in the whole Arctic,
although the ice production estimates of Winsor and Bjork
[2000] suggest that Beaufort Sea polynyas might generate
almost twice as much ice. With summer warming the
Laptev Sea polynya turns into an area of high heat gain,
resulting in the retreat of the ice edge to a higher latitude
and greater distance (500 km) from the mainland than in any
other area of the Arctic [Reimnitz et al., 1994].
2.4.1.4. Chukchi Sea Polynyas

[48] Stringer and Groves [1991] have identified
10 recurrent polynyas in the Chukchi Sea. Eight of them
are coastal polynyas, while the remaining two form in the
open ocean over shoals. The prevailing winds in the vicinity
of the coastal polynyas are from the north and east, and
polynyas opening in the lee of coasts under these wind
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regimes are frequent and persistent. Polynyas opening off
north facing coasts appear only sporadically. Winds and
currents might be equally important in explaining genera-
tion and extent of polynyas in the area. Polynyas in the
Chukchi Sea have been identified by Winsor and Bjork
[2000] as contributors to deep water formation in the Arctic.
Cold salty eddies have been observed below the Canada
Basin mixed layer that might have been formed in associ-
ation with polynyas along the Alaskan Chukchi Sea coast
[Muench et al., 2000].

2.4.1.5. Canadian Arctic Archipelago Polynyas

[49] A large system of polynyas forms in the shallow
straits, bays, sounds, and channels of the Canadian Archi-
pelago. Arctic surface waters flow southeastward, and their
temperature and salinity are modified as they proceed
toward Baffin Bay. Most polynyas result from tide-induced
mixing in the channels that brings warm Atlantic water to
the surface [Melling et al., 1984]. A polynya appearing at
the northern end of Nares Strait, over the Lincoln Sea, has,
however, a hybrid origin [Kozo, 1991]. It occurs in autumn
to the lee of a sea ice arch that forms immediately north of
the strait. Newly formed ice is advected southward through
the still open Nares Strait. Once the strait closes, open water
areas, nevertheless, remain because of tidally induced
upward mixing of warm water.

2.4.2. Bering Sea Polynyas

[s0] Characteristic ocean currents on the eastern Bering
Sea continental shelf are slow (<0.02 m s~ [Kinder and
Schumacher, 1981]). Consequently, sea ice drift and coastal
polynya formation in this region are dominated by wind
systems [Kozo et al., 1990]. Thus formation of polynyas
adjacent to the generally south facing coasts of the
St. Matthew, St. Lawrence, and Nunivak Islands and along
the east-west oriented coastlines of the Chukchi and Seward
Peninsulas takes place mainly as a result of north-north-
easterly winds that push the thin ice cover of the Bering Sea
southward [Overland, 1985]. Polynyas also form occasion-
ally on the north facing coasts under southerly winds. These
latter polynyas tend to be large because winds blowing from
the south bring warmer and cloudier air masses over the
region, thus reducing sea ice growth. In agreement with a
mainly wind generation mechanism, when the north coast
polynyas are open, the south coast polynyas are either not
present or very small [Stringer and Groves, 1991].

[s1] The polynya that opens along the southern coast of
St. Lawrence Island has received particular attention [Pease,
1987; Walter, 1989; Kozo et al., 1990; Stringer and Groves,
1991; Liu et al., 1997]. The St. Lawrence Island Polynya
(SLIP) is highly active. Winsor and Bjérk [2000] estimate a
frequency of up to 30 polynya events per season, with a
mean duration of 3 days and a maximum of 21 days. Owing
to the form of the coastline the SLIP is often divided into
two subregions that are separated by the 171°W meridian
[Cavalieri and Martin, 1994]. The SLIP tends to be narrow
(~10-20 km), but it can extend up to 270 km alongshore.
Estimates of annual mean ice production in the SLIP
oscillate between 22 and 32 km® [Schumacher et al.,
1983; Cavalieri and Martin, 1994; Morales Maqueda and
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Willmott, 2000]. Pease [1980] calculated that the ice grown
in the SLIP is enough to regenerate the entire Bering Sea ice
cover 2—6 times per season.

2.4.3. Okhotsk Sea Shelf Polynyas and

Polynyas Over the Sea of Japan

[52] Coastal polynyas occur along the eastern coast of
Sakhalin Island, on the northwest and northern shelves of
the Okhotsk Sea, and in Shelikhov Bay. These polynyas are
caused by the north-northeasterly winds created by the
Aleutian Low and their associated cold air temperatures
(below —15°C). The polynya in Shelikhov Bay might also
be controlled by tidal motions and mixing, as large tides
(up to 13 m) occur in that region [Kowalik and Polyakov,
1998]. Martin et al. [1998] have determined the mean
characteristics of the polynyas for the years 1990—1995.
Taken together, the average open water area amounts to
25,500 km?, and the area of surrounding thin ice totals
70,000 km?®. The polynya located along the northwest shelf
has large interannual variability, since small changes in the
almost alongshore geostrophic wind direction can lead to
large variations in polynya width. Water modified in the
polynyas contributes to a cold, low-salinity intermediate
water mass in the Okhotsk Sea and a similar one in the
Pacific [Gladyshev et al., 2000].

[53] Northerly cold winds lead to low ice concentrations
and enhanced ice production in the Tatarskiy Strait, Sea of
Japan, between Sakhalin Island and the mainland [Martin et
al., 1992]. Each winter, storms create particularly strong
northerly winds and low temperatures that lead to the
formation of a transient polynya. The polynya is estimated
to produce about 25% of the total amount of ice grown
in a season and contributes to the generation of Sea of
Japan bottom water. Interdecadal variability in the frequency
of the storms suggests that the polynya might exhibit
variations on similar timescales.

2.4.4. North Water

[s4] The North Water Polynya (NOW) appears in north-
ern Baffin Bay during winter and spring months. This
polynya has recently been the focus of a Canadian-led field
study conducted between 1997 and 1999. The physical
processes group within the project has extensively reported
their results [Barber et al., 2001b; Ingram et al., 2002].
Three processes are involved in the formation of the NOW.
First, an ice bridge forms across the northern Smith Sound
(southern Nares Strait) connecting Ellesmere Island and
Greenland and prevents ice from the north entering Baffin
Bay [Dunbar and Dunbar, 1972; Dunbar, 1981; Mundy and
Barber, 2001]. Second, northerly winds channeled parallel
to Smith Sound [Muench, 1971; Ito, 1982; Barber et al.,
2001c] and a southward flow of cold water from the Arctic
[Melling et al., 2001] mechanically remove ice from over
the NOW area at a rate of around 4 km® d~' or 600 km? d~*
[lto and Muller, 1982]. Downwind fetch in the NOW can
exceed 100 km at times [Smith et al., 1990]. Third, oceanic
upwelling contributes to sustaining low ice concentrations
[Steffen, 1985, 1986, 1991], although studies on the forma-
tion of Baffin Bay bottom waters suggest that sensible heat
accounts for a small amount of the heat loss to the
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Figure 11. Average ice formation and decay in the North Water Polynya for 1979—-1996. (left) Week of

the year in which ice concentration becomes >70%. (right) Week of the year in which ice concentration
becomes <30%. Note the late ice formation date along the western coast of Smith Sound (see Figure 1).
Reprinted from Barber et al. [2001c] with kind permission of the Canadian Meteorological and

Oceanographic Society.

atmosphere in winter and spring [Bourke and Paquette,
1989]. Mundy and Barber [2001] and Ingram et al. [2002]
conclude a latent heat mechanism for the NOW, with the
exception of the part of the polynya adjacent to the west
Greenland coast, where advection of warm waters from the
south and higher air temperatures lead to thinner winter ice.
[ss] The NOW occurs in a fluctuating manner throughout
winter and spring, driven by modifications in the Smith
Sound ice bridge and the passage of synoptic meteorolog-
ical systems. The polynya generally contains a considerable
amount of ice, most of it consisting of thin young ice and
thin-to-medium first-year ice [Steffen, 1986; Mundy and
Barber, 2001]. Typical ice coverage in the NOW region is
80% between the second half of November and January,
dropping to 60% in February, and rising again to ~90% in
March; with the onset of ice melt the concentration decays
steadily to values under 10% in July, at which stage the
opening polynya merges with the reduced ice cover of
Baffin Bay to create a predominantly open ocean area
during August and September (Figure 11). Ice concentration
starts increasing again in October [Gloersen et al., 1992].
[s6] Interannual variability in the NOW is large. A
“bridge dipole” operates in Nares Strait and Smith Sound:
When ice anomalies increase (decrease) in the former, they
decrease (increase) in the latter. Between 1979 and 1996
this dipole has tended to operate more frequently in a
negative (positive) mode in Nares Strait (Smith Sound),
which suggests that the duration of the ice bridge has
decreased annually over that period [Barber et al., 2001c].
This raises the question of whether the stability of the bridge
is related to the distribution of the ice floes (i.e., the
percentages of first and multiyear ice) entering Kane Basin,
which, in turn, could be related to the large-scale Arctic

Ocean circulation. Two distinct paths of the Transpolar
Drift Stream on decadal and longer timescales are shown
to be related to the large-scale atmospheric circulation in
high northern latitudes [Polyakov and Johnson, 2000;
Mpysak, 2001]. In one path configuration the Transpolar
Drift Stream directly transports sea ice and relatively fresh
water from the Laptev Sea to Fram Strait. In the second
path configuration the Transpolar Drift Stream is curved
toward the Beaufort Sea before exiting the Arctic Ocean
[Mysak, 2001].

2.4.5. Northeast Water

[s57] The Northeast Water (NEW) Polynya appears over
the northeast Greenland shelf between 77°N and 81°N. It
is the northernmost of several polynyas along the east
Greenland coast. A German-led study project on the NEW
was carried out during three field seasons (1991—-1993), and
its results have been reported in the Journal of Geophysical
Research (100, 1995) and the Journal of Marine Systems
(10, 1997).

[8] Minnett et al. [1997] and Schneider and Budéus
[1997] summarize the knowledge regarding the formation
and seasonality of the NEW. The polynya owes its presence
to two ice features: the Ob’ Bank Ice Shelf to the north and
the Norske Qer landfast sea ice shelf to the south. The Ob’
Bank, made preponderantly of grounded icebergs and
massive pieces of sea ice (floebergs), prevents sea ice
drifting southward through Fram Strait with the East Green-
land Current from entering the polynya. The floating
Norske @Qer Shelf allows water transported by the northward
flowing Northeast Greenland Coastal Current to flow into
the polynya but not sea ice. Thus the region downstream of
the barrier is protected from ice import while current-driven
ice export continues [Schneider and Budéus, 1995; Johnson
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TABLE 3. Annual Ice and Dense Water Production in Selected Polynyas

Annual Ice Production,

Polynya(s) m® yr! Dense Water Production, Sv Source
All Arctic 6.8 x 10" 0.7-12 Cavalieri and Martin [1994]
2.7-3.3 x 10" 0.2 Winsor and Bjérk [2000]
Okhotsk Sea shelves 2 x 10" 0.2-0.4 Martin et al. [1998]
Southern Weddell Sea 0.7-1.5 x 10" Renfrew et al. [2002]
Storfjorden 0.05 Schauer [1995]
2.12-3.88 x 10'"° Skogseth and Haugan (unpublished manuscript, 2003)
0.11 Jungclaus et al. [1995]
Terra Nova Bay 5-8 x 10'° 1 Kurtz and Bromwich [1985], Van Woert [1999b],
and Budillon and Spezie [2000]
Weddell Sea 1974—1976 1.6-3.2 Gordon [1982]

Martinson et al. [1981]

*Value is for Alaskan, Siberian, and Canadian coastal polynyas only.

and Niebauer, 1995]. Satellite imagery suggests that the
area between the Henrik Kreyer Islands and Ob’ Bank is
characterized in late winter by a relatively thin ice cover,
which could be interpreted as the fingerprint of a latent
heat polynya created by the stormy outburst of offshore
northeasterly winds [Schneider and Budéus, 1995; Minnett,
1995].

[59] In early summer, open water areas start developing
over the NEW induced by high winds and a positive air-
sea heat flux, which is controlled by shortwave and long-
wave radiation, with summer mean net values of 105 and
—24.5 W m 2, respectively [Minnett, 1995]. The polynya
stays open from May to September, with an area between
59,000 and 120,000 km?. Bohm et al. [1997] have estimated
that the heat budget explains up to 86% of the polynya
interannual variability. Enhanced evaporation in summer
leads to increased snow precipitation over the adjacent
coastline [Schneider and Budéus, 1997].

3. WATER MASS TRANSFORMATION PROCESSES

[60] In the polar seas, water mass transformation occurs
primarily in leads and polynyas. The three key water mass
transformation processes are (1) surface heat and moisture
loss, (2) brine input into the upper ocean associated with sea
ice production during the freezing season, and (3) freshwater
input into the upper ocean during the melt season.

[61] Polynyas on the continental shelves are sites of large
sea ice formation. Episodic breakouts of cold polar air
[Backhaus et al., 1997; Bromwich et al., 1998] generate
polynyas in the lee of islands and ice tongues. On the
continental shelves of Antarctica the dense water formed
in polynyas ultimately flows onto the continental slope,
mixing with ambient fluid as it does so [Baines and Condie,
1998]. Prior to reaching the slope, the dense water some-
times sinks beneath ice shelves [Nicholls and Makinson,
1998], thereby modifying the water mass characteristics. If
the density of the mixed fluid on the slope becomes equal to
the ambient density of the ocean at a given depth, it will
leave the slope, forming Antarctic Intermediate Water.
If the mixed fluid reaches the bottom of the slope, it
becomes Antarctic Bottom Water (AABW), the densest
water mass of the ocean (excluding some of the waters

formed in the Greenland, Iceland, and Norwegian Seas,
which, nevertheless, do not spread to the global ocean, as
they are constrained by the relatively shallow sills of the
Greenland-Shetland passageway).

[62] The dense water formed on the Arctic continental
shelves is thought to be responsible, in part, for maintaining
the cold halocline layer [4dagaard et al., 1981; Martin and
Cavalieri, 1989; Cavalieri and Martin, 1994; Winsor and
Bjork, 2000]. This section contains a selection of studies on
water mass transformation and polynyas. A wealth of
literature exists on the subject, and the reader is advised
that the exposition is not exhaustive. Direct measurements
of the physical oceanography within polynyas are sparse,
and consequently estimates of dense water production rates
are often based on modeling studies that utilize whatever
data are available. Table 3 presents annual mean sea ice
production and dense water production rates for several
Arctic and Antarctic polynyas. It is clear that at the
beginning of the 21st century our knowledge of these
quantities is still minimal.

3.1. Deep Water Polynyas in the Southern Ocean

3.1.1. Weddell and Maud Rise Polynyas

[63] Convective overturning within the Weddell Polynya
of the mid-1970s produced deep water temperatures in
1977 typically 0.8°C colder than in 1973 (prior to the
polynya formation) to a depth of 2500 m [Gordon, 1982;
Gordon and Comiso, 1988]. A model estimate for the
rate of dense water production within the Weddell Polynya
is 1 Sv [Martinson et al., 1981; Marshall and Schott, 1999]
in comparison with the range of values 1.6—3.2 Sv estimated
from observations by Gordon [1982]. Ou [1991] and
Alverson and Owens [1996] theorize that trapping of water
in Taylor columns directly above Maud Rise could precon-
dition the region for open ocean convection. Intense surface
cooling and brine input due to ice production reduce the
temperature and increase the salinity of the shallow mixed
layer to the point where the stable stratification is destroyed.
At this point, vertical mixing brings warm salty water to the
surface, thereby maintaining the Weddell Polynya.

[64] This picture of the formation and maintenance of
the Weddell Polynya has two notable deficiencies. First,
the area of the polynya was greatly in excess of the typical
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area of open ocean convection cells [Killworth, 1979;
Marshall and Schott, 1999]. It is possible that numerous
convection cells (or “chimneys”) were located within the
polynya. However, Marshall and Schott [1999] show that in
the Labrador and Greenland Seas these cells are separated
by regions of downwelling fluid. Perhaps the heat brought
to the surface by mixing is subsequently diffused into the
ambient fluid, thereby suppressing ice production over a
region larger than the area of a chimney. Second, the
location of the Weddell Polynya did not remain fixed; each
winter it formed westward from its location in the previous
winter. How did this phenomenon come about? There is
speculation that water masses can to a large degree retain
their stratification from one winter to the next, perhaps
because of the long diffusive timescale of salinity. Thus, at
the onset of spring the weakly stratified waters within the
Weddell Polynya could be advected westward by the gyre
circulation at the same time retaining their stratification. At
the onset of the next winter a polynya is likely to form
westward of its location in the previous winter. To date, no
modeling study has correctly simulated the area and drift of
the Weddell Polynya.

3.1.2. Cosmonaut Polynya

[6s] The formation of the eastern Cosmonaut Polynya
near Cape Ann at least once during the July to late August
period is postulated by Comiso and Gordon [1996] to be
regulated by the interaction of the Antarctic Circumpolar
Current (ACC) with the westward flowing coastal current. In
the neighborhood of Cape Ann the offshore width of the
coastal current decreases as it is constrained to flow west-
ward between the cape and the eastward ACC. The decrease
in the coastal current width enhances the magnitude of the
lateral current shear. Assuming that columns of fluid in the
upper (mixed) layer of the coastal current conserve potential
vorticity, the increase in magnitude of the lateral shear will
lead to deepening of the fluid columns. Entrainment of warm
deep water into the upper ocean then accompanies this
deepening (Figure 5). However, the fact that the deep water
in the Cosmonaut Sea is not anomalously cold indicates that
convection does not occur in the polynya.

[66] The boundary separating the westward flowing
coastal current from the eastward flowing ACC is called
the Antarctic Divergence (AD). Along the AD, warm salty
water is upwelled to the surface driven by the divergent
surface wind stress field. Comiso and Gordon [1996]
observe that the AD has its closest approach to Antarctica
at Cape Ann, and this will tend to reduce sea ice production
rates. Further, they speculate that cyclonic eddies within the
AD create local upwelling, thereby forming highly transient
polynyas.

3.2. Deep Water Polynyas in the Arctic Ocean and
Subarctic Seas: Odden-Nordbukta

[67] The Iceland, Greenland, and Norwegian Seas are
regions where open ocean convection creates deep water.
The triggering of convection is sensitive to processes that
determine the buoyancy of the upper ocean, such as surface
cooling and the creation or melt of sea ice.
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[68] From the point of view of predicting the upper
ocean stratification it is crucial to determine whether the
frazil and pancake ice that make up Odden is formed locally
or whether it is advected into the area from the East
Greenland Current. In the former case, there may be no
net freshwater flux in the Odden region; brine input during
the freezing season is mitigated by freshwater input in
the melt season [Brandon and Wadhams, 1999]. In the
latter case a net contribution of fresh water to the gyre is
likely to occur, enhancing vertical stability and inhibiting
convection.

[69] The ice-free Nordbukta is a region of convective
activity and dense water production [Visbeck et al., 1995].
In early winter, ice forms in the bay and is advected to the
southwest by northerly winds. Brine release induces “haline
convection,” assisted by the ice export from the Nordbukta,
reducing the insulation of the surface waters from the
atmosphere. As the mixed layer deepens, it entrains warm
intermediate Atlantic water. Local ice production is sup-
pressed as warm water is mixed to the surface and the
Nordbukta becomes established. At this time, Greenland
Sea Deep Water is formed by “thermal convection™ in the
Nordbukta. Convection in the Odden-Nordbukta region has
been reported to occur in several years during the late 1970s
and throughout the 1980s [Shuchman et al., 1998].

3.3. Shelf Water Polynyas in the Southern Ocean

3.3.1. Coastal Polynyas in the Southern Weddell Sea

[70] The Ronne-Filchner Ice Shelf is one of the most
active arcas of the Weddell Sea for coastal polynyas
[Markus et al., 1998; Comiso and Gordon, 1998]. Strong
episodic offshore wind outbursts open polynyas adjacent to
the ice shelf front. The presence of abundant frazil ice in sea
ice cores from the Weddell Sea [Weeks and Ackley, 1986;
Eicken and Lange, 1989] suggests that an important portion
of Weddell ice originates in coastal polynyas. Comiso and
Gordon [1998] note the coherence between peak values of
coastal polynya areas and Weddell ice extent, which would
indicate a strong role for polynyas in the production of sea
ice. Indeed, while coastal polynyas in the southern Weddell
Sea represent only 0.2% of the ice-covered area of the
Weddell Sea [Markus et al., 1998], they account for
between 2.5% and 9% of the total Weddell ice production
[Renfrew et al., 2002]. The large heat losses over these
polynyas (winter monthly average of 400 W m™?) create ice
production rates as large as ~10—12 m yr ', which is a
factor of 10 greater than ice production rates in the central
Weddell Sea [Cavalieri and Martin, 1985; Zwally et al.,
1985; Markus et al., 1998; Renfrew et al., 2002]. Renfrew et
al. [2002] note that the total annual ice production within
these polynyas has pronounced interannual variability,
ranging from 0.71 x 10" m® in 1994 to 1.11 x 10'"' m?
in 1995. However, given the uncertainties in both the
observational data and modeling tools employed by
Renfrew et al. [2002], the figures above must be taken with
caution.

[71] Together with the Ross Sea [Koshlyakov and
Tarakanov, 2003] and the area off Adélie Coast [Gordon
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Figure 12. Schematic of circulation under an ice shelf.
High-Salinity Shelf Water flows into the sub-ice cavity
along the seabed and undergoes mixing and cooling through
ice melting near the grounding line. The resulting less
dense Ice Shelf Water (ISW) rises along the base of the
ice shelf, and some of it freezes, forming marine ice at the
base of the ice shelf. The remaining ISW emerges from
the cavity and contributes to the formation of bottom water.
Image courtesy of D. M. Holland (http://fish.cims.nyu.edu/
~holland/project oisi/motivation/ice shelf pump.gif).

and Tchernia, 1972; Rintoul, 1998; Fukamachi et al.,
2000], the Weddell Sea is one of the few known regions
where AABW is produced. Broecker et al. [1998] have
estimated from chlorofluorocarbon inventories that deep
waters formed along the Weddell Sea coast, presumably in
polynyas, are 1-5 Sv, i.e., not more than ~30% of
ventilated deep water flux in the whole Southern Ocean.
At most sites where AABW is formed, coastal polynyas
play a role in the production process [Foldvik and
Gammelsrod, 1988]. In the Southern Weddell Sea, HSSW
is formed in the polynyas adjacent to the Filchner-Ronne
ice front. Intense cooling of the ocean and brine input
during sea ice formation are responsible for the creation of
HSSW [Nicholls and Makinson, 1998]. The fraction of
HSSW that flows beneath the ice shelves is subsequently
modified [Williams et al., 1998] (see Figure 12) by the
exchange of heat, fresh water, and momentum at the ice
shelf base, forming Ice Shelf Water (ISW). The primary
outcome of the interaction of HSSW with the underside of
the ice shelves is the production of a colder and fresher
water mass [Baines and Condie, 1998].

[72] Seasonal and interannual variability of sea ice for-
mation within the polynyas adjacent to the ice shelf front
influences the water mass properties in the deep cavities
beneath the ice shelves [Nicholls and Makinson, 1998].
For example, a reduction of ice formation leads to a
reduction in the flux of warm water entering the cavities.
As a consequence, ISW occupies a greater volume of the
cavity. Thus warmer conditions at the ice shelf front lead to
colder conditions beneath the ice shelf [Nicholls, 1997,
Nicholls and Makinson, 1998].

[73] In the eastern Weddell Sea (30°W to 20°E), there is
no evidence to support downslope flows of dense water,
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formed originally in coastal polynyas [Baines and Condie,
1998]. The absence of these flows is attributed to the
narrowness of the continental shelf [Fahrbach et al.,
1994]. Coastal polynyas formed in this region would extend
over the deep water. Brine associated with ice production is
unlikely to accumulate because of the presence of the
coastal current at the shelf edge flushing away the water
within the polynyas. In addition, circumpolar deep water is
more likely to intrude upon the continental slope, promoting
melting.

[74] Although the offshore katabatic wind events are
considered to be primarily responsible for the formation
of polynyas adjacent to the Filchner-Ronne ice front, the
impact of tidal currents cannot be neglected [Robertson et
al., 1998; Makinson and Nicholls, 1999] in the maintenance
of these features. Ice divergence created by tidal currents
produces open water regions, thereby increasing the upper
ocean salinity in response to sea ice formation [Kowalik and
Proshutinsky, 1994]. Tides in the Weddell Sea also play a
role in the production of AABW by increasing benthic shear
stresses and mixing rates. The former process modifies the
ocean circulation, while the latter process changes the water
properties of the dense water that flows off the shelves.
3.3.2. Ross Ice Shelf and Terra Nova Bay Polynyas

[75] In a manner similar to the Weddell Sea polynyas,
polynyas in the Ross Sea are formation sites of HSSW.
Because HSSW evolves into other water masses (e.g.,
AABW), temporal changes in HSSW are likely to be
observed in the characteristics or volumes of bottom water
emanating from the Ross Sea. Since the 1960s, HSSW has
freshened by 0.15 practical salinity units (psu) [Jacobs and
Giulivi, 1998]. Sea ice extent in the Ross Sea oscillates with
a 4- to 5-year period. The resulting interannual cycles of sea
ice can be correlated with regional air temperature, shelf
water salinities, and meridional winds. Since the 1950s, air
temperature has increased at a rate of 0.25°C per decade;
salinities on the shelf freshened by 0.03 psu per decade.
Changes in the shape and location of polynyas might be
responsible for these trends. Brine production in coastal
polynyas is likely to vary with the dimensions of upstream
ice tongues, icebergs, and ice fronts. The steady northward
advance of the western side of the Ross Ice Shelf front may
have gradually reduced the size of the Ross Sea Polynya.
Some coastline changes will also move their adjacent low-
salinity coastal currents, and this could affect upwelling and
sensible heat sources maintaining polynyas. In addition,
polynya development is often associated with katabatic
surges. The interannual variability of the katabatic winds,
possibly related to ENSO events [Bromwich et al., 1998],
hence creates year to year variability in the dense water
production within these polynyas.

3.3.3. Mertz Polynya

[76] The Adélie coast has been identified as a production
site of AABW [Rintoul, 1998]. This region is not, a priori, a
site where we would expect the production of AABW to
occur. In contrast with the Weddell and Ross Seas, there are
no broad shelves bordered by land to the west that assist in
the accumulation of brine-enriched shelf waters. Indeed, the
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continental shelf is relatively narrow. However, a major
factor in the formation of AABW in this region is the
presence of the Mertz Polynya, which forms in the lee of the
Mertz Glacier Ice Tongue. Large amounts of brine are
thought to be produced in this polynya. In addition, the
salinity of the shelf waters is increased by intrusions of
Circumpolar Deep Water, which probably help as well in
maintaining the polynya. The Mertz Polynya has recently
been the object of an ambitious international field experi-
ment, results of which have been published in Deep Sea
Research II (50(8—9), 2003).

3.4. Shelf Water Polynyas in the Arctic Ocean and
Subarctic Seas

3.4.1. Polynyas Over the Arctic Ocean Shelves

[77] An important subsurface water mass in the Arctic is
the cold halocline layer (CHL), characterized by tempera-
ture close to freezing and salinities that typically increase
from 32.5 psu at 50 m to 34 psu at 150 m. The CHL
thermally insulates the surface cold, fresh Arctic layer from
the deep warm, saline Atlantic waters. The extent of the
CHL has a major impact on sea ice. During the 1990s the
CHL retreated from the Eurasian Basin into the Makarov
Basin. Steele and Boyd [1998] conjecture that the retreat
of the CHL was due to a shift in ice drift and upper ocean
circulation forced by the strengthening of the Eurasian low-
pressure cell. These changes are believed to occur on a
roughly decadal timescale [Proshutinsky and Johnson,
1997; Mysak, 2001].

[78] Three possible mechanisms for maintaining the CHL
are discussed by Winsor and Bjérk [2000]: first, lateral
advection of cold, saline water formed on continental
shelves by ice growth in the seasonal pack and polynyas;
second, cooling and freshening of water from the Atlantic
by ice melting [Steele et al., 1995; Steele and Boyd, 1998];
and, third, formation of halocline water in the Eurasian
Basin when Atlantic water is transformed by melting ice
and atmospheric cooling in regions where deep convection
operates.

[79] We will focus on dense water production in polynyas
over the continental shelves of the Arctic Sea and its role in
maintaining the CHL and ventilating the water beneath the
CHL in the deep Arctic Basin. The combination of a
perennial halocline and winter sea ice cover in the central
Arctic prevents deep-reaching convection. However, slope
convection of dense water masses produced on the shelves
leads to significant ventilation of intermediate and deep
water masses beneath the halocline [Schauer, 1995; Schauer
and Fahrbach, 1999]. It is recognized that polynyas
and leads on the shelves are important sites of dense
water production, although the lack of hydrographic data
from these sites prevents reliable estimates of the annual
production rate of dense water.

[s0] Attempts to quantify the annual dense water produc-
tion from all the Arctic polynyas using remotely sensed sea
ice statistics have been carried out by Martin and Cavalieri
[1989], Cavalieri and Martin [1994], and Winsor and Bjérk
[2000]. This exercise is fraught with problems such as lack
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of in situ temperature and salinity data within the Arctic
polynyas; difficulties in estimating the aggregate polynya
areas during the freezing season from passive microwave
satellite data [Van Woert, 1999a]; and low reliability and
poor spatial coverage of meteorological data that are re-
quired to estimate ice production rates.

[81] Cavalieri and Martin [1994] estimate the average
annual production of dense water within the polynyas of the
western Arctic to be 0.5 £ 0.2 Sv. Interannual variability of
this production rate of dense water is 40% of the annual
average. The dense water production (with a salinity of
32.85 psu) for all the polynyas in the Arctic is estimated to
be in the range of 0.7—1.2 Sv, with the Kara, Barents, and
Chukchi Polynyas supplying the largest part and Chukchi
Polynyas possibly contributing to deep water formation
(Figure 13) [Winsor and Bjork, 2000]. According to
Aagaard et al. [1981] and Bjork [1989, 1990], 1-2 Sv of
dense water are required to maintain the CHL, and it
appears that a significant fraction of this amount can be
supplied by water mass transformation within Arctic
polynyas. Winsor and Bjork [2000] identify the Kara,
Barents, and Chukchi Polynyas as the major sources of
dense water, with the last being the only candidate for deep
water formation.

[82] It is likely that the width of the shelf over which a
polynya forms is a crucial parameter for determining
whether the site is one of deep water production [Schauer
and Fahrbach, 1999]. Although high-salinity shelf water
is efficiently produced in the Barents and Laptev Seas
[Golovin, 2002], with density comparable to that of the
deep Arctic Basin, the distance of these dense water sources
from the shelf edge is relatively large. As a consequence, as
the dense water flows toward the shelf edge, there is
considerable mixing with the ambient shelf waters, thereby
reducing the density of the former. When the dense waters
cascade down the slope, they do not reach the deep basin.
Backhaus et al. [1997] also consider the role of sediments in
possibly enhancing slope convection in the Arctic Ocean.

[83] The Storfjorden coastal polynya in the Svalbard
Archipelago has been identified as a site where dense shelf
water plumes are formed [Schauer and Fahrbach, 1999;
Haarpaintner et al., 2001; R. Skogseth and P. M. Haugan,
Ice freezing and brine production in Storfjorden from four
winters of satellite and in situ observations, unpublished
manuscript, 2003, hereinafter referred to as Skogseth and
Haugan, unpublished manuscript, 2003] through entrain-
ment of Atlantic water. These plumes can double their
volume en route to the shelf edge where they subsequently
sink down to ventilate the deep Norwegian Sea. The water
mass characteristics of the plumes vary from year to year
[Schauer and Fahrbach, 1999; Skogseth and Haugan,
unpublished manuscript, 2003], probably because of inter-
annual variability of ice production in Storfjorden. Skogseth
and Haugan (unpublished manuscript, 2003) propose that
the strength of the southwesterly winds from the North
Atlantic is an important factor in the ice production rate.
When the southwesterly winds are strong, less Arctic ice is
advected into the Barents Sea, resulting in higher surface
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Figure 13. Estimates of flow rate distribution as a function of salinity for waters produced in polynyas
in (a—h) different Arctic areas and (i) the entire Arctic Ocean. Polynya surface waters are assumed to be
replenished by a constant surface current of 2 cm s~ ' normal to the coast [Winsor and Bjork, 2000].

Reprinted from Winsor and Bjork [2000].

salinity in Storfjorden. It is possible that the North Atlantic
Oscillation (NAO) could be implicated in the interannual
variability of this region. Strong northerly (southerly) winds
over Storfjorden are perhaps associated with a low (high)
NAO index.

3.4.2. Bering Sea Polynyas

[84] Salt fluxes due to ice formation in polynyas over the
shallow northern Bering Sea shelf modify water masses in
the area. Since the circulation over this part of the Bering
Sea is directed into the Arctic [Schumacher et al., 1983;
Overland and Roach, 1987], the dense water thus formed is
likely to contribute to the Arctic halocline [4agaard et al.,
1981].

[s5] Typical ice production rates in the St. Lawrence
Island Polynya are 0.1 m d~', equating to an aggregate
winter ice production of the order of 5 m. Brine input into
the shelf waters, associated with sea ice production, modi-
fies the cross-shelf pressure gradient [Schumacher et al.,
1983]. As a consequence, flow reversals of the shelf water

are observed during the winter from the mean weak east to
west flowing current, with typical speeds of 0.035 m s~ .
These flow reversal events could also be partly wind-forced.

[s6] If efficient vertical mixing over the shallow shelf of
St. Lawrence Island (30—40 m) takes place, freshwater
input during the melting season would be large enough to
counterbalance the brine input during the winter. In practice,
the counterbalance does not operate because the strong
northward flow (current speeds ~0.15 m s~ ') to the
northwest of St. Lawrence Island is capable of transporting
salinity-enriched shelf waters into the Arctic before the
onset of the melt season. It is therefore understandable that
Cavalieri and Martin [1994] included the dense water
formed within the SLIP in the total estimate of the dense
water formed within polynyas in the western Arctic.
3.4.3. Okhotsk Sea Shelf Polynyas

[87] The North Pacific Intermediate Water, an isopycnal
layer characterized by a salinity minimum within the North
Pacific subtropical gyre, is ventilated mainly from the
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Okhotsk Sea and the Kuril Straits [7alley, 1997]. During the
passage of North Pacific waters through the Okhotsk Sea,
water mass modification takes place mainly in the coastal
polynyas [Wakatsuchi and Martin, 1990; Martin et al.,
1998]. Martin et al. [1998] estimate the dense water
production to be in the range of 0.2—0.4 Sv, most of which
takes place on the northern shelf of the Okhotsk Sea. The
lower bound for this production rate is a significant fraction
of the 0.5 Sv of dense water estimated by Yasuda [1997] to
be required to maintain the North Pacific Intermediate
Water. Large interannual variability of sea ice cover and
dense water production in the Okhotsk Sea is likely to be
related to interannual variability in the intensity of the
Aleutian low [Martin et al., 1998].

3.4.4. North Water

[s8] The waters passing through the Canadian Arctic
Archipelago into Baffin and Hudson Bays from the Arctic
are modified by buoyancy fluxes associated with ice growth
and melt and land drainage [Ingram and Prinsenberg,
1998]. Ultimately, these waters will reach the Labrador
Sea and affect convective activity in the area [Marshall
and Schott, 1999].

[so] Within the archipelago region is the annually recur-
ring North Water Polynya (see section 2). The pycnocline
within the NOW is generally too deep to be eroded by wind-
generated turbulence [Melling et al., 2001], thus excluding
oceanic sensible heat as a mechanism for the polynya
maintenance, with the exception of one region. Along the
Greenland coast the surface mixed layer depth generally
attains a minimum. Potentially, the contributions from
oceanic sensible heat in maintaining the NOW are likely
to occur here, as the stratification of the mixed layer base is
weak and the equatorward winds are upwelling favorable.
Nevertheless, Melling et al. [2001] conclude that the warm-
est waters within the West Greenland Current remain
subsurface. Vertical mixing of the warm subsurface waters
into the mixed layer does not exceed 18 m d~' [Melling et
al., 2001], equivalent to a maximum heat flux of 300—
400 W m 2. Although this sensible heat flux sounds
impressive, it is overshadowed by the magnitude of the
latent heat liberated to the atmosphere. At best, oceanic
sensible heat delays the onset of ice formation along the
Greenland coast, but it is insufficient to promote ice melt.
On the western side of the NOW (adjacent to Ellesmere
Island) the stratification is stronger, and the entrainment rate
of subsurface water into the mixed layer is correspondingly
smaller than on the eastern side.

3.4.5. Northeast Water

[90] The pronounced upper ocean stratification within the
NEW prevents production of bottom water [Budéus and
Schneider, 1995]. An upper ocean water mass with temper-
ature below 0°C and salinity below 34.4 psu, referred to as
Polar Water (PW), is formed locally. The depth distribution
of the PW is determined by a geostrophic balance with the
anticyclonic gyre over the shelf. Thus the PW layer has a
maximum depth (typically 140 m) at the center of the NEW.
Budéus and Schneider [1995] speculate that the PW salinity
is controlled in the long term by a balance between summer
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freshwater inputs, winter brine-release inputs, and mixing
with adjacent water masses. Below 150 m, water mass
properties within the trough system traversing the continen-
tal shelf are controlled by salinities and temperatures at the
trough entrances.

4. SURFACE HEAT AND MOISTURE FLUXES OVER
POLYNYAS AND ATMOSPHERE-POLYNYA
INTERACTIONS

[o1] The existence of leads and polynyas within the ice
cover greatly affects the air-ice-ocean interactions. During
winter the turbulent heat loss to the atmosphere and the rate
of ice growth depend strongly on ice thickness. For exam-
ple, sensible and latent heat fluxes are up to 2 orders of
magnitude larger over a refreezing lead or polynya than
over the surrounding pack ice, which is usually snow-
covered [Maykut, 1978, 1982; Ledley, 1988]. In the central
Arctic, roughly as much ice is produced in winter in leads
and polynyas (1% of the total pack ice area) as under
perennial ice. In summer several times more shortwave
radiation enters the upper ocean through leads and polynyas
than through the ice, and this affects the mass balance of the
ice cover and the oceanic heat balance [Maykut and
Perovich, 1987; Maykut and McPhee, 1995]. Leads and
polynyas also modify the surface freshwater and momentum
balances since they allow a fraction of the falling snow to
reach the ocean, enhance the average evaporation rates, and
put the mixed layer in direct contact with the surface winds.

[92] Over open water or thin ice (<10 cm thick, so that
ice thermal inertia can be neglected) the surface heat
balance O, (positive if the water column gains heat) can
be decomposed as

Q.y +Ql+ Qlw + (1 - &)st + Qp = _(Qo +LfPf) = Qnetu
(1)

where Q; and Q; are the turbulent sensible and latent heat
fluxes, respectively, Oy, is the net longwave radiation, « is
the surface albedo, Qs is the downwelling shortwave
radiation, O, is the heat flux associated with precipitation,
0, is the upward oceanic sensible heat flux, Ly (~0.33 x
10° J kg™ ') is the latent heat of formation of ice, and Py is
the sea ice production rate. Note that P, differs from zero
only if (Ot + O,) 1s negative and the ocean temperature is
equal to or less than the freezing point 7. Below we
examine the relative importance of the different processes
represented on the left-hand side of equation (1) in the
evolution of a polynya. Table 4 displays a compilation of
net turbulent and radiative heat fluxes over selected
polynyas reported in the literature.

[03] If an initially ice-free ocean reaches the freezing
temperature, supercooling and ice formation start. Nucle-
ation of ice takes place on solid impurities and on snow
crystals deposited on the surface [Weeks and Ackley, 1986],
the ice particles thus created being mixed down to depths of
several meters because of vertical turbulence [Martin and
Kauffinan, 1981]. However, the rate of ice production is at

21 of 37



RG1004

TABLE 4. Net Turbulent and Radiative Heat Fluxes in Selected Polynyas®
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Area, Turbulent Flux, — Averaged Net  Radiative Flux,
Polynya(s) Observation Period 1000 km’ Wm™? Heat Flux Wm? Source
Bennet Island 18 February 1983 0.3-0.375 —458 —105 Dethleff [1994]
Dundas Island March 1980 1 —-270 —60 Topham et al. [1983]
-270 den Hartog et al. [1983]
Okhotsk Sea coast December 1978—1982  25° —471 —94 Alfultis and Martin [1987]
(southwest)

Okhotsk Sea coast January—March 25.4° —256 Martin et al. [1998]

1990-1995
Queen Maud Land coast December 1986 3 142 Ramesh Kumar and

to February 1987 Sadhuram [1989]
Ronne Ice Shelf winter 1992—1998 4.893 —272 —47 Renfrew et al. [2002]
Ronne Ice Shelf summer 1992—1998 36.20 -1 160 Renfrew et al. [2002]
St. Lawrence Island winter 1981 —535 Schumacher et al. [1983]
St. Lawrence Island February 1982—1983 - —192/—-412°¢ —79/91°¢ Pease [1987]
Northeast Water July—August 1992 10-18 —7.1¢ 80.9¢ Minnett [1995]
Northeast Water spring 1993 —31 195 Schneider and Budéus [1995]
Storfjorden 7 March 1998 6 —300 —100 Haarpaintner et al. [2001]
Terra Nova B. May — September 1 —-790 —38 Kurtz and Bromwich [1985]
Weddell Sea coast May—October 1992 15 —100/-300° 50/—100° Markus et al. [1998]

(60°W —20°E)

“Negative values indicate heat loss from the polynya to the atmosphere.
®Value does not include area of thin ice.

“Values are for the 1982 and 1983 events, respectively.

9Values are weighted by observed ice cover.

first small because of the tiny ice area exposed to the
supercooled water. The supercooling therefore increases to
temperatures of 0.05°—0.1°C below 7 until the volumetric
concentration of ice in the water column becomes large
enough so that more heat is released by freezing than is lost
at the surface. The water temperature then rises to the
freezing point, and an equilibrium is eventually reached,
ie, Ly = Onet + O, [Omstedt and Svensson, 1984].
In relatively calm weather (surface wind speeds less than
~5m s~ [Pease, 1987)), ice reaching the surface will form
a continuous thin skim of ice (congelation ice), which will
later break into pans; under windier conditions the surface
frazil ice will be herded downwind into a mixture of
coagulating ice and salt water termed grease ice. Although
the presence of new ice substantially reduces the atmo-
sphere-ocean exchanges, significant fluxes still occur over
the partly frozen oceanic area thus formed. An accurate
knowledge of ice production rates and the accompanying
surface fluxes is essential for the determination of the mass
balance of sea ice and the energy budget of the atmosphere.
Unfortunately, concurrent in situ observations of ice growth
and surface exchanges over polynyas do not yet exist.

[04] From a meteorological point of view the moisture
and turbulent fluxes resulting from air-sea interactions over
a polynya during cold weather periods is paramount.
Turbulent heat losses are the single most important compo-
nent of the surface heat balance over winter polynyas,
contributing up to 75% of the total heat loss [Winsor and
Bjork, 2000]. Values of sensible and latent heat fluxes over
leads can exceed 400 W m ™2 and 130 W m ™2, respectively
[Andreas et al., 1979]. In contrast, sensible heat fluxes over
mature central Arctic ice hover around 30 W m ™ (they are
downward because of the strong winter polar inversion),
while latent heat fluxes are negligible [Maykut, 1982]. The
turbulent latent heat flux is normally several times smaller,

with typical values for the Bowen ratio (Q,/Q)) reported in
the literature oscillating between 2 and 4 [e.g., den Hartog
et al., 1983; Pease, 1987; Renfrew et al., 2002].

[o5] Since (in a polynya) the ocean surface will normally
be close to the freezing point during winter, variations in Qg
are almost exclusively associated with changes in air
temperature and wind speed. Likewise, because the air
specific humidity is very small at the low winter air temper-
atures, the surface specific humidity ¢; dominates the
humidity balance [Andreas and Cash, 1999]. However, g
is equal or close to the saturation value at the freezing point,
and hence wind speed is the main controlling factor of the
latent heat fluxes. Pease [1987] notes that the saturation
specific humidity for ice is slightly smaller than the satura-
tion specific humidity for water (by up to 3 g kg™ '), so that
cold air that is saturated with respect to ice upwind of a
polynya becomes undersaturated with respect to the water
over the polynya and finally becomes supersaturated with
respect to the ice downwind of the polynya.

[o6] Both sensible and latent heat fluxes depend in
addition on fetch from the upwind polynya edge [Andreas
and Murphy, 1986]. The reason for this is that a thermal
internal boundary layer (IBL) is formed over the warm
surface of a lead or polynya [Andreas et al., 1979; Topham
et al., 1983; Andreas and Murphy, 1986; Walter, 1989;
Glendening and Burk, 1992; Serreze et al., 1992; Andreas
and Cash, 1999; Renfrew and Moore, 1999]. As the near-
surface air crosses the polynya, it is gradually warmed and
moistened, leading to a reduction in turbulent heat fluxes
(of the order of 20% over fetches of tens of kilometers
[Renfirew et al., 2002]) and a rapid growth of the height of
the thermal IBL with fetch. Exchanges at the IBL upper
boundary are weak, and therefore the air above tends to
retain the characteristics it had before the polynya opened.
In addition, for fetches smaller than ~100 m, turbulent
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Figure 14. Sensible heat flux H, and surface minus air
temperature at 2 m (7;—7>) data for (top) short fetches from
Andreas et al. [1979] and (bottom) long fetches from Smith
et al. [1983] and Makshtas [1991]. Reprinted from Andreas
and Cash [1999].

transfers are mediated by mixed forced and free convection,
since the heat input from the surface is not enough to
destabilize the atmospheric column during the short period
it takes for the air to cross the warm polynya. In contrast, for
large fetches, convective elements are given the opportunity
to grow, and free convection then dominates the heat
transfer [Andreas and Cash, 1999] (see Figure 14).

[97] As warm moisture-laden air rising from a polynya
mixes upward in the IBL, it cools and recondenses, releas-
ing the latent heat recently lost by the ocean surface. This
process leads to fog layers over and downwind of the
polynya that can rise tens to hundreds of meters [Smith et
al., 1983; Walter, 1989]. Upper tropospheric (~7 km)
buoyant atmospheric plumes observed in the vicinity of
Bennett Island (East Siberian Sea) in the winter of 1983
have been identified by Dethleff [1994] as originating from
a large polynya in the area. Heat release to the atmosphere
was estimated to be up to 683 W m 2 and would have
caused strong turbulent updrafts and plume formation.
Plumes, presumably produced by the same mechanism over
Arctic leads, have been reported by Schnell et al. [1989].
Formation of moist convective plumes over Southern Ocean
polynyas has been simulated by Dare and Atkinson [1999,
2000] with a nonhydrostatic turbulent kinetic energy model.
The plumes extended from the surface to a height of 600—
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1000 m above and downwind of the polynya area and were
associated with the presence of convective clouds at the
base of the elevated inversion over the polynya. It is worth
mentioning that convective clouds and plumes are a feature
frequently observed in satellite images of polynyas. Fett et
al. [1997] present an instance of remote sensing detection of
cloud development over the Laptev Sea Flaw Polynya.
These authors used an algorithm based on visible data to
establish the presence of open and refrozen water in the
polynya area. The concurrent observation of cloud plumes,
as inferred from midinfrared and infrared imagery, provided
indirect evidence for verification and validation of their
polynya detection technique. Plumes can exist even in the
refreezing process, until the new ice becomes sufficiently
thick so that moisture fluxes become negligible.

[98] The net longwave surface absorption can be decom-
posed into an upward emission from the ocean surface Q)
and an absorbed downward radiation from the atmosphere
Oiwa- Over a polynya that is entirely ice-free the surface
temperature is near the freezing point, and therefore the
range of variation of the outgoing longwave radiation is
small. A typical value for Qiy, is 298 W m™ > for a surface
temperature 7, = 7, = —1.8°C. However, if frazil ice
accumulates inside the polynya, the emissivity of the
surface can rise from ~0.96 (the emissivity of seawater)
to ~0.99 (the emissivity of ice) and, for the same surface
temperature as before, Oy, Will increase to 304 W m 2 It
is instructive to compare these values for the longwave
emission with those over consolidated sea ice. The winter
mean temperatures of the sea ice cover in the Arctic and
Antarctic are around —25°C and —10°C, respectively
[Comiso, 1994]. The infrared emissions associated with
these temperatures are 213 W m 2 and 269 W m 2,
respectively, namely, 30—85 W m ™2 weaker than the typical
upward longwave radiation over open water. The absorbed
downward longwave emission from the atmosphere is more
variable than the upward longwave component, as the
former depends not only on air temperature but also on
water vapor content and cloudiness distribution up to
heights of at least 30 km. Differences in Oy, between
overcast and clear conditions are around 40 W m™? for
air temperatures within the range from —20° to 0°C (see
Figure 15). The impact of clouds on (), has, however,
some other important ramifications. Clouds play a leading
role in determining not only the longwave but also the
shortwave radiative transfer in the atmosphere, and cloud
properties, such as area, height, optical thickness, water
vapor content, and size and shape of cloud particles, are
strongly coupled to sea ice and open water conditions and to
the surface and planetary albedos. The coupling has two
competing manifestations.

[99] 1. On the one hand, it leads to a positive feedback
known as the sea ice/cloud/longwave radiation feedback,
which can be outlined as follows. The presence of clouds
leads to an increase in the downward longwave radiation
that slows down freezing rates and can cause ice ablation,
enhanced surface moisture fluxes, and cloud formation,
thus supporting a positive feedback (let us mention that
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Figure 15. Comparison of the effects of cloudiness and air
temperature (°C) on incoming longwave radiation as
predicted by parameterizations developed for polar condi-
tions. Reprinted from Maykut [1986], with kind permission
of Kluwer Academic Publishers.

an important source of downwelling longwave radiation in
the Arctic during winter seems to be lower tropospheric ice
crystal clouds, known as “diamond dust” [Curry and Ebert,
1992]). Conversely, the opening of a polynya, irrespective
of its mechanism of generation, promotes local cloud
formation, thereby moderating surface heat losses and
fostering the expansion of the polynya.

[100] 2. On the other hand, clouds also contribute to the
positive ice/cloud/shortwave radiation feedback. Owing to
their high albedo, clouds formed over a polynya partly
screen the surface from the incoming shortwave radiation,
which leads to cooling and hinders polynya growth.
Modeling studies indicate that in the Arctic the longwave
radiation feedback is dominant, so that clouds have a net
warming effect over the course of the year [Curry and
Ebert, 1992; Uttal et al., 2002]. This is in contrast to
oceanic areas at lower latitudes where clouds seem to cool
the surface [Ho et al., 2002]. The difference is explained
by the fact that solar heating is absent during a long part
of the year and that the sea ice albedo is very high. Note,
however, that the situation is different over a spring-
summer polynya, where the surface albedo is significantly
smaller. Indeed, a study on the effects of clouds on the net
radiative forcing of the NOW polynya during spring and
summer indicate that the cloud forcing of the surface
radiation at this time of the year is mostly negative (i.e.,
clouds cool the surface when the Sun is in the sky
[Hanafin and Minnett, 2001]).
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[101] The net shortwave radiation is the dominant com-
ponent of the surface heat budget in the summer period,
at least during the part of the day when the Sun is
high enough above the horizon. In the Arctic, for example,
O, attains maximum values of ~320 W m~2, with clear-
sky peaks of up to ~390 W m > [Marshunova, 1966;
Hanesiak et al., 2001]. The shortwave flux absorbed
through polynyas and leads largely contributes to hinder-
ing springtime ice growth [Perovich and Richter-Menge,
2000] and driving summer melting. However, part of this
heat can be stored in the oceanic pycnocline and can be
released only in fall, thus retarding the growth of the ice
cover [Perovich and Maykut, 1990]. The cloud cover
largely controls the surface shortwave radiation budget.
Minnett [1995] reports variations in the July—August
midday insolation over the NOW Polynya from 500 to
<200 W m~? depending on whether the sky is clear or
whether clouds or fog are present. Note that for clear skies
the ocean surface albedo o depends on the zenith angle.
Albedos as high as 0.33 occur when the Sun is close to
the horizon, while at noon the albedo can descend to
~0.04 [Payne, 1972; Coakley, 1979].

[102] The effects on the heat flux associated with precip-
itation into polynyas have not been investigated in any
detail. However, this component is likely to be very small in
general. As an illustration, consider a quite large snow
precipitation rate equivalent to the rate of 1 m of water
per year. The latent heat needed to remove this snow
amounts to only ~10 W m ™2,

5. MODELING OF POLYNYAS

[103] Coupled sea ice, ocean general circulation models
(OGCMs) do not have enough resolution, in general, to
represent polynyas, and thus it is reasonable to enquire
whether such models support realistic water masses and
thermohaline circulation. This raises the question of
whether it is possible to parameterize the water mass
transformation processes that take place within polynyas
in OGCMs. In order to develop a parameterization of this
type it is vital to be able to predict how the area of a given
polynya will evolve in time.

[104] A polynya model requires accurate inputs (e.g.,
wind stress field, cloud cover, surface ocean currents, and
ocean temperature distribution) and realizations of the
processes involved (e.g., frazil ice drift and pileup).
Depending on the complexity of the model, some of the
inputs and processes may be assumed to be unimportant
and may be ignored or at best crudely parameterized. The
quality of the output fields (e.g., polynya area and dense
water production rates) is clearly related to the sophisti-
cation of the model adopted. Nevertheless, simple models
can be of great use and can shed light on the key
mechanisms.

[105] We now discuss in turn polynya flux models, models
consisting of a dynamic-thermodynamic sea ice model
coupled to an ocean and/or atmosphere model, and boundary
layer models. Section 5.4 deals with the parameterization
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of water mass transformation and ice production within
OGCMs that do not resolve polynyas.

5.1. Flux Models

[106] Flux models for polynyas were first formulated by
Pease [1987], embracing an idea of Lebedev [1968] that
wind-generated coastal polynyas attain a maximum size.
Lebedev proposed that this maximum size is determined by
a balance between ice production within the polynya and
the flux of ice out of the polynya.

[107] Polynya flux models idealize ice dynamics in a
number of ways. Within the polynya interior, frazil ice is
assumed to grow at a rate determined from the surface heat
budget. The frazil ice is then herded downwind by the
action of the surface currents and/or the wind stress and
“piles up” as consolidated new ice at the offshore edge
of the polynya. Pease [1987] describes a model for the
opening of a coastal polynya in which alongshore variations
in the forcing fields and the coastal boundary are neglected
(a one-dimensional model). In the long-time limit the
polynya approaches the equilibrium width X.qm. In the
special case when the offshore frazil and consolidated ice
velocities, u and U, respectively, and the frazil ice produc-
tion rate F are all constant, X.q, = HU/F, where H is the
thickness of consolidated new ice at the polynya edge, also
assumed to be constant.

[108] Typically, U is taken as 3% of the wind speed, and
H = 0.1 m. The frazil ice production rate F is calculated in
terms of the radiative and turbulent heat fluxes at the ocean
surface [Pease, 1987; Simonsen and Haugan, 1996]. Above
a coastal polynya the typical surface air temperature is
—20°C, the sea surface temperature is at the freezing point
(—1.8°C), and F ~ 0.34 m d"'. In this case the equilibrium
width is then X.qm ~ 18 km, and the polynya takes about
1 day to open. Polynya size in the Pease [1987] model is a
strong function of air temperature, but it is only weakly
dependent on wind speed, since an increase in the latter
increases both the ice advection rate and the frazil ice
production rate, and the two effects cancel one another.

[100] A weakness of the Pease model is that frazil ice that
forms within the polynya is assumed to instantancously pile
up against the downwind polynya edge. To overcome this
deficiency, Ou [1988] develops a model incorporating a
finite drift rate for frazil ice within the polynya, together
with time-varying winds and air temperature. An equation
for the polynya width is readily derived in the Ou
[1988] model by noting that Lebedev’s [1968] ice balance
hypothesis holds for all times when considered in the
reference frame moving with the polynya edge itself. An
alternative derivation of the polynya width equation is
presented by Biggs et al. [2000].

[110] Mysak and Huang [1992] coupled a one-dimen-
sional Pease-type model to a reduced gravity, coastal
upwelling model in order to study the formation of the
NOW in northern Baffin Bay. They concluded that the
upwelling of comparatively warm water along the west
coast of Greenland provides an upward heat flux that melts
the ice near the coast and causes the polynya to have greater
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meridional extent adjacent to Greenland than at its western
edge at Ellesmere Island, as observed [/fo, 1982].

[111] Darby et al. [1994] extend the Mysak and Huang
[1992] model by coupling a two-dimensional steady state
polynya model to a nonlinear reduced gravity upper ocean
model of northern Baffin Bay. The location of the polynya
edge is determined by a balance between the components,
normal to the edge, of the frazil ice flux reaching the
polynya edge and the consolidated ice flux leaving the
edge. A more realistic diverging channel geometry is also
adopted, which better reproduces the northern reaches of
Baffin Bay. It is found that, with the exception of late
spring, the sensible heat flux associated with the upwelling
along the Greenland coast plays no role in the maintenance
of the NOW. Interestingly, the physical oceanography
component of the NOW program [Barber et al., 2001a;
Ingram et al., 2002] reached the same conclusions as this
modeling study.

[112] Darby et al. [1995] and Willmott et al. [1997]
investigate the fundamental behavior of the two-dimension-
al steady polynya model introduced by Darby et al. [1994].
Darby et al. [1995] derive analytical solutions for the steady
state polynya edge adjacent to a variety of idealized coastal
geometries. These solutions allow identification of an
alongshore length scale (L,), over which the polynya adjusts
to its asymptotic width; perturbations in the coastline of
length scale <L, are not reproduced in the shape of the
polynya edge. By assuming a free-drift frazil ice momentum
balance, Willmott et al. [1997] model the impact of surface
ocean currents on the frazil ice trajectories.

[113] The Pease [1987] model has been used in a
number of polynya modeling studies because of its simple
formulation. Chapman [1999] uses a Pease-type model to
calculate polynya size and surface buoyancy flux from air
temperature and wind speed data in order to study the
production of dense water below an idealized coastal
polynya (Figure 16). The work extends previous studies
[Gawarkiewicz and Chapman, 1995; Chapman and
Gawarkiewicz, 1997] wherein the polynya is assumed
steady. Subsequently, Chapman [2000] again adopts the
steady state polynya assumption and investigates the
influence of an along-shelf current on dense water pro-
duction. The volume of dense water formed is given by
Chapman [1999] to be a strong function of wind speed but
a weak function of polynya width and atmospheric tem-
perature. The ocean is shown to respond to the buoyancy
forcing on timescales longer than those associated with
polynya opening and closing (>10 days compared with
1-2 days), suggesting that reasonable estimates of dense
water production may be obtained from steady seasonally
averaged forcing. Chapman [2000] demonstrates that in
the presence of an along-shelf current the basic ocean
response is unchanged, and the total volume of dense
water formed is not appreciably altered, although small-
scale eddies are formed which carry the dense water from
the polynya region.

[114] Markus and Burns [1995] compare the area of a
polynya in the southern Weddell Sea estimated from an
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Figure 16. Density anomaly at ocean bottom given
persistent periodic forcing. Contours are 0.075-1.2 by
0.075 kg m > with the minimum contour farthest offshore
(the coastline is at y = 0 km). Polynya width is 65, 25, and
70 km after 10, 20, and 30 days, respectively. Reprinted
from Chapman [1999].

analysis of passive microwave data with the area calculated
using the one-dimensional Pease [1987] polynya model.
Variants of the Pease [1987] model have also been used to
model the Terra Nova Bay Polynya [Van Woert, 1999b]. Van
Woert [1999b] compares simulations of three variants of a
one-dimensional flux model. The first and second models
use the unsteady and steady state versions of the Pease
[1987] model, respectively, while the third model positions
the polynya edge at the point where the frazil ice depth
exceeds a specified depth. No significant differences in the
modeled mean polynya width were observed between the
three models, suggesting that fluctuations in the extent of
the Terra Nova Bay Polynya are usually in near equilibrium
with the imposed forcing. It is also shown that taking
account of the offshore decay of both wind speed and air
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temperature results in a more realistic estimate of open
water fraction.

[115] Haarpaintner et al. [2001] and Skogseth and Hau-
gan (unpublished manuscript, 2003) study the Storfjorden
polynya during the winter of 1997—1998. Once again, a
one-dimensional Pease [1987] model is used to interpolate
between polynya width measurements estimated from
satellite images. The impact of surface ocean currents on
the ice motion is neglected in both studies. However,
Haarpaintner et al. [2001] and Skogseth and Haugan
(unpublished manuscript, 2003) take into account the con-
tinuous ice growth that takes place below the consolidated
ice-covered region when estimating the total growth and
the associated brine production. The authors estimate that
~40 km® of ice is produced in the region over the winter, of
which half originates in the open water region; this is
sufficient to increase the salinity of the Storfjorden waters
by 1.2 psu.

[116] Morales Maqueda and Willmott [2000] present a
two-dimensional unsteady flux model of the opening of a
wind-driven coastal polynya. The theory is an extension of
previous one-dimensional unsteady and two-dimensional
steady theories. Given surface winds, heat fluxes, and coast-
line geometry, the frazil ice depth distribution is determined,
and the relative magnitudes of frazil ice and consolidated
new ice fluxes normal to the polynya edge govern its
evolution. The alongshore length scale L, defined by Darby
et al. [1995] is rigorously derived employing a perturbation
method. The opening of a polynya adjacent to a prototype
island, represented by a straight coastal barrier of finite
length, is studied in detail by Morales Maqueda and Willmott
[2000]. They found that if the length of the coastal barrier is
comparable to L, then the timescale for the polynya to reach
equilibrium can be very different from that obtained from a
purely one-dimensional formulation. A simulation of the
SLIP is also presented, using realistic coastal geometry
(Figure 17). The model reproduces some of the salient
features of the SLIP, in particular the splitting of the polynya
into two subpolynyas during the winter months.

[117] The prescription of a constant value for the collection
thickness of frazil ice at the polynya edge H, a practice
adopted by all studies so far described, can lead to frazil ice
depths at the polynya edge /i exceeding H, which is
unrealistic. Is there any a priori reason to expect H to be
constant along the edge of a coastal polynya? The value of H
partly governs the opening time and the area of a coastal
polynya. In view of these facts it would be desirable to
determine H from measurements. Routine field campaigns to
coastal polynyas will not become a reality, and unfortunately,
H is unlikely to be determined by remote sensing techniques.
All these factors have motivated Biggs et al. [2000] to
formulate a parameterization for A that does not contain
any poorly determined variables. The Biggs et al. [2000]
parameterization for H is based upon the work of Martin and
Kauffman [1981] and Bauer and Martin [1983]. In a two-
dimensional context the parameterization takes the form

H=he+c/(u="U)-n, (2)
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Figure 17. Simulation of the St. Lawrence Island Polynya on 16—18 February 1983, pictured 2 days
after commencing opening from zero initial area. The polynya has reached 99% of its steady state area.
The bold (thin) vector represents the consolidated new ice (frazil ice) velocity. Adapted from Morales

Magqueda and Willmott [2000].

where u and U are the velocities of frazil ice and
consolidated new ice, respectively, ¢ is a constant deter-
mined from the densities of sea ice and water with the value
~0.665 m ™' s, and n is a unit vector perpendicular to the
polynya edge. H is thus coupled to the unknown polynya
edge and must be determined as part of the problem. The
flux equations incorporating the new parameterization for
H are robust, as it is clear that H > h.

[118] The one-dimensional nonconstant A polynya edge
evolves to its asymptotic width more slowly than the
constant H edge. More striking discrepancies occur between
the two classes of solution when the effects of varying
the air temperature and offshore wind speed on the one-
dimensional asymptotic width and opening time are exam-
ined. In contrast to the constant H polynya edge solution,
which is a weak function of wind speed, the nonconstant
H edge grows quadratically with increasing wind speed. As
a consequence, the opening time increases linearly with
growing wind speed, compared to a corresponding linear
decrease in opening time for the constant H polynya edge
solution.

[119] In light of the noted advantages of employing the
nonconstant H parameterization, Biggs and Willmott
[2001] incorporate it into the NOW model of Darby et
al. [1994]. Biggs and Willmott [2001] address how
sensitive the area of the NOW is to variations in wind
stress orientation, equatorward oceanic volume transport
through Nares Strait, and the frazil ice-water drag coeffi-
cient. In addition to the treatment of H, principal mod-
ifications to the Darby et al. [1994] model are the
inclusion of a more realistic wind stress and frazil ice
trajectories. Sensible heat is again shown to play little or
no part in the maintenance of the NOW; while in order to
reproduce the observed tongue of open water adjacent to
the west Greenland coast, the new parameterization of H

is required. The polynya edge incorporating constant H
does not do so.

[120] The parameterization of equation (2) is not robust in
the unsteady problem because there are parameter regimes
(e.g., frazil and consolidated ice drift orientations) for which
the characteristic curves of the first-order partial differential
equation governing the evolution of the polynya edge do
not intersect the entire edge. To overcome this problem, the
right-hand side of equation (2) could be modified by the
addition of a small (typically 5 cm) constant depth term,
associated with the contribution to frazil ice pileup at the
polynya edge due to wave radiation stress [Martin and
Kauffman, 1981]. This has been achieved by Biggs and
Willmott [2004].

[121] Alternative empirical parameterizations for H as a
function of wind velocity and polynya width [Alam and
Curry, 1998] and wind velocity only [Winsor and Bjork,
2000] have been proposed. However, there is currently
discussion on whether the use of a constant H might be
better after all given the uncertainties associated with wind
and waves effects.

[122] Flux models can be adapted to describe the closure
of a coastal polynya. Coastal polynya closure will occur
when (1) ice is driven onshore or (2) in situ ice growth takes
place within the polynya during a period of slack winds.
Mechanism 1 is documented by Winsor and Bjork [2000]
for a polynya adjacent to the north coast of Svalbard, while
mechanism 2 operates within the polynya system in the
Weddell Sea during periods of slack winds [Markus and
Burns, 1995].

[123] Tear et al. [2003] present one-dimensional flux
models for the closure of a coastal polynya when the ice
is drifting onshore. Two processes contribute to polynya
closure: the onshore advection of pack ice and the pileup of
frazil ice at the coastal boundary. For most parameter
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regimes the closing timescale is shorter than the opening
timescale. In these cases it is found that the heat released
from the polynya to the atmosphere during opening exceeds
that during closing. However, when the ice drift rate
onshore (closing) is significantly smaller than the offshore
(opening) drift rate, the closing time exceeds the opening
time. Parameter regimes are also identified by Tear et al.
[2003] for which the pileup of frazil ice at the coast plays a
minor role in the closing process; in these cases the closing
time is approximately equal to the advective time associated
with the polynya edge moving onshore.

[124] Biggs et al. [2004] have extended the one-dimen-
sional polynya closure model of Tear et al. [2003] to two
dimensions and have examined the closure of a polynya
formed in the lee of an idealized island consisting of a
straight line barrier of finite length. For most parameter
regimes (i.e., ice drift orientations and frazil ice production
rates), polynya opening times are found to again exceed
closing times. In addition, the closing time for the two-
dimensional polynya is for all cases greater than the
corresponding one-dimensional polynya closure time of
Tear et al. [2003], because of persistent two-dimensional
lead-like features which develop near the barrier ends.

5.2. Coupled Ice-Ocean and Ice-Atmosphere Models

[125] The adoption of coupled sea ice-ocean-atmosphere
models for the simulation of polynyas has both advantages
and disadvantages over flux theory. While it is clear that the
inclusion of a dynamic-thermodynamic sea ice model
(DTSIM) will better describe the consolidated ice pack,
the ability of such models to represent frazil ice is at present
severely limited. Kantha [1995] allows frazil ice to grow in
the water column and immediately accrete at the underside
of thicker ice above, but no provision is made for surface
regions occupied solely by frazil ice. In a study of air-sea
interaction over the Terra Nova Bay, Gallée [1997] includes
a rudimentary parameterization of frazil ice based on the Ou
[1988] model. Gallée [1997] suggests that the unexpectedly
strong modeled heat losses from the polynya surface are a
consequence of the idealized frazil ice model and concludes
that a better representation of frazil ice is required.

[126] A more immediate advantage of DTSIMs is their
more complete treatment of a number of physical pro-
cesses. For example, consolidated new ice motion is
specified a priori in flux models, while DTSIMs determine
the motion of the entire sea ice field. Further, thermody-
namical processes are described explicitly, and feedback
between thermodynamics and dynamics is represented.
Thermodynamical processes enter flux theory only via the
ice production rate, which is often taken as uniform and
usually neglected within the consolidated new ice zone. A
further factor to be taken into account is the relative
computational effort required for the two approaches.
Flux theory is simple to use, and the computer time
required for calculations is negligible. On the other hand,
DTSIMs are complex to implement and computationally
expensive. As a consequence of this difference in computa-
tional effort a theory based on polynya flux models offers
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an attractive method of parameterization of polynyas within
nonpolynya-resolving large-scale coupled ice-ocean models
(see section 5.4).

[127] The work of Bjornsson et al. [2001] provides a
connection between these two approaches. Here a DTSIM
forced by a uniform wind stress is spun up to a steady state
in a rectangular channel, closed at one end. Bjornsson et al.
[2001] demonstrate that if the ice is driven against one of
the channel side walls by the applied wind stress, a
consolidated ice pack region forms downwind of a zone
of strong ice velocity convergence. The consolidated ice
region is characterized by a reduction in ice velocity and an
increase in ice concentration and depth compared with the
upstream frazil ice region. In these circumstances a clear
polynya edge is obtained; that is, a region emerges in which
there are large gradients in ice thickness and concentration.
The position of the polynya edge so obtained is then
compared to a polynya edge solution found from the flux
model of Darby et al. [1995]. The flux model and DTSIM
results show admirable agreement.

[128] Of particular note, however, are the results for a
wind stress orientated along the channel in the direction of
the open end. In this case, ice drift is along channel, and
there are no regions of convergence. Consequently, no clear
polynya edge is produced. This result has far reaching
consequences for simulations of polynyas that feature no
obvious regions of ice convergence, such as those formed
in the lee of an island in the open ocean (e.g., the SLIP).
Using the present generation of DTSIMs, contours of
simulated ice thickness and concentration downwind of
the island will not display the large gradients characteristic
of a polynya edge.

[129] An opening of the SLIP in February 1992 is
modeled by Lynch et al. [1997], who use a DTSIM coupled
to a model of the atmosphere. In this study the issue of
determining a clear polynya edge is not addressed, and open
water is defined as regions covered by sea ice <30 cm thick.
When the wind is strong and from the north, the simulated
SLIP opening event shows good agreement with satellite
data. The introduction of an air-ice drag coefficient depen-
dent on the stability of the atmosphere provides a more
accurate simulation. Further improvement is achieved by
adding average surface currents to the forcing on the ice
drift.

[130] An additional Arctic polynya, the NEW, is simu-
lated by Holland et al. [1995]. Ice flowing south along the
northeast Greenland coastline is squeezed and constricted
by Fram Strait and forms an effective barrier to further
southward flow. Doubts have been cast on previously
proposed mechanisms for the NEW’s formation. Upwelling
does not appear to play a role, while the interaction of the
Northeast Greenland Coastal Current (NEGC) with an ice
barrier to the south, as hypothesized by Schneider and
Budéus [1994], does not seem crucial, as no NEGC is
simulated in the Holland et al. [1995] study. However,
more recent observational studies of the NEW [Minnett et
al., 1997; Schneider and Budéus, 1997] suggest that the
formation of the NEW in the Holland et al. [1995] study
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was fortuitous and that the northward flowing NEGC does,
indeed, play an important role.

[131] The application of two- and three-dimensional
numerical models, based on the primitive equations for
ocean circulation, to the formation of dense water within
a coastal polynya and its subsequent collapse and spread
have been reviewed by Baines and Condie [1998]. These
studies include those by Chapman and coworkers discussed
in section 5.1, the simulations of small-scale convection and
ice formation within polynyas by Backhaus et al. [1997]
and Kdmpf and Backhaus [1998], and an investigation
of the Terra Nova Bay polynya by Buffoni et al. [2002].
The majority of the numerical experiments by Backhaus et
al. [1997] used a two-dimensional (vertical slice) nonhy-
drostatic ocean model to study water mass formation due to
episodic polar air outbursts over a polynya. However, they
make no attempt to model the polynya area in response to
the polar air outbursts but instead assume the scale of the
polynya is large compared to the model domain. Backhaus
et al. [1997] demonstrate that cold air outbursts contribute
to the formation of dense shelf bottom water, provided
the entire water column has been cooled to the freezing
point. Ice patterns due to the interaction with oceanic
convection are found to be similar in the model simulations
to those observed in remotely sensed imagery [Kdmpf and
Backhaus, 1998]. Buffoni et al. [2002] also employ a
vertical slice ocean model but prescribe a fixed polynya
width. Simulated salinity and velocity distributions are,
however, consistent with observations, and HSSW export
is in reasonable agreement with the estimated 1 Sv of Van
Woert [1999a].

[132] The work of Gallée [1997] contains a simulation of
the Terra Nova Bay Polynya using an atmosphere-polynya
model, the polynya portion of which is essentially that of
Ou [1988]. Simple dynamics and thermodynamics are also
included to describe the consolidated pack. The modeled
heat fluxes are very strong (up to 1348 W m~?), which is
believed to be due to the idealized representation of frazil
ice. The heat fluxes warm the katabatic airstream above the
polynya, and an ice breeze is generated, which reinforces
the wind coming off the ice sheet. Interestingly, a rapid
decay of the offshore component of the atmospheric flow
occurs at a distance commensurate with the Rossby radius
of deformation, although as this far exceeds the polynya
width, no effect is felt by the polynya itself.

[133] Notable among other studies of polynya evolution
and maintenance that make use of DTSIMs are those
addressing the formation and maintenance of the Weddell
Polynya of the mid-1970s. The models used in these studies
range from either regional or global stand-alone DTSIMs
[Parkinson, 1983] through coupled ocean mixed layer
models-DTSIMs-atmospheric boundary layer models
[Timmermann et al., 1999] to coupled DTSIMs-OGCMs
[Goosse and Fichefet, 2001; Marsland and Wolff, 2001,
Holland, 2001a, 2001b; Beckmann et al., 2001]. To our
knowledge, no investigation of the Weddell Polynya has
yet been carried out with a DTSIM coupled to a primitive
equation atmosphere-ocean model. Despite the large
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number of modeling studies on the Weddell Polynya the
ultimate causes of this extraordinary sea ice feature remain
unclear.

[134] The formation mechanisms of many polynyas
present in the Southern Ocean off the coast of Antarctica
have both a latent and sensible heat component. The
investigations of Fichefet and Goosse [1999] and Goosse
and Fichefet [2001] of the Ross Sea spring polynya and of
the Maud Rise polynya, respectively, are cases in point. The
climatological monthly wind stresses imposed in both
regions are such that a sea ice divergence is induced. In
addition, an inflow of relatively warm water from the ACC
melts the ice present and restricts further ice growth. The
polynyas predicted by the model form at times and locations
that are slightly incorrect, almost certainly as a consequence
of the coarse model resolution.

[135] In contrast, the coastal polynya which opened in the
summer of 1997—1998 in the southern Weddell Sea, and
studied by Hunke and Ackley [2001], is a purely wind-
driven feature, at least initially, due to an anomalous wind
stress pattern for that period. Solar heating of the mixed
layer (the open water-albedo feedback process) then plays a
crucial role later in its maintenance. Upwelling from the
deep ocean was shown by Hunke and Ackley [2001] to be
insignificant in the polynya’s maintenance.

5.3. Boundary Layer Models

[136] So far, models of the convective internal boundary
layer (CIBL) over a polynya have not been coupled to a
prognostic polynya model; polynya area is, instead, simply
specified. Nevertheless, surface flux estimates from these
models show good agreement with observations, so the
CIBL approach offers a means to parameterize heat and
moisture injection into the lower atmosphere.

[137] Models for the CIBL profile have been developed
by Lo [1986], Pinto et al. [1995], and Renfrew and King
[2000]. Lo [1986] includes heat and vapor equations,
together with the momentum, mass, and turbulent energy
ones. Numerical results display good agreement with
experimental data from a polynya located off Dundas Island
in the Canadian Arctic. The model of Pinto et al. [1995] is
one-dimensional in the vertical but includes a detailed
description of radiative transfer, a second-order turbulence
closure scheme, and bulk cloud microphysics. A notable
result is the exponential decay of CIBL height with time
under stable conditions. The model of Renfiew and King
[2000] is steady state and two-dimensional and assumes a
balance between advection and turbulent heat flux conver-
gence. Microphysical and radiative processes are ignored,
but the omission only proves significant in a simulation
containing cloud cover, in which discrepancies with
observed data increase with fetch. In other case studies,
modeled boundary layer heights and surface heat fluxes
show good agreement with those observed.

5.4. Polynya Parameterization Within OGCMs

[138] The majority of polynyas have a horizontal extent
far smaller than the resolution of the current generation of
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OGCMs. Consequences of polynya processes are thus
clearly not adequately reproduced in such models, and
hence no proper account is taken of either the heat and
moisture injected into the atmosphere above polynyas or of
the substantial deep water production that occurs in the open
water regions, both in the Arctic [Winsor and Bjork, 2000]
and in the marginal seas of Antarctica [Grumbine, 1991].
A procedure for parameterizing polynyas within large-
scale coupled sea ice-OGCMs (which we assume for
completeness to be coupled to some sort of atmosphere
model) might be derived by extension of the work of
Bjornsson et al. [2001]. Within each grid cell and at each
time step it is first determined whether conditions are
favorable for polynya formation, for example, for coastal
polynyas whether the wind stress is oriented offshore,
whether the air temperature is sufficiently low, or whether
the upwelling and oceanic sensible heat flux are small
enough. If these criteria are met, then a steady state polynya
flux solution can be calculated from fields interpolated from
the surrounding grid points. Van Woert [1999b] finds that
simulations of the Terra Nova Bay Polynya with steady and
unsteady one-dimensional flux models do not differ signif-
icantly, so it might reasonably be hoped that a steady state
model would suffice. Frazil ice will be transported by the
surface ocean currents that will need to be diagnosed. The
“pileup” thickness of frazil ice at the polynya edge can
either be prescribed or parameterized as given by Biggs et
al. [2000]. The velocity of consolidated new ice is to be
taken from the averaged OGCM-derived ice drift or from
climatological data. From the results of the flux model, ice
production, brine release, and the resulting surface buoy-
ancy flux can be estimated [Winsor and Bjork, 2000], as
can the injection of heat and moisture into the lower
atmosphere.

[139] Within our parameterization scheme, dense water
production can be calculated from the results of the flux
model following Chapman [1999]. Encouragingly, Chap-
man finds that the volume of dense water formed is a
comparatively weak function of polynya width, so that the
approximate polynya edge determined by the flux model
may prove sufficiently accurate for reasonable dense water
production estimates. A possible alternative to the approach
of Chapman [1999] is the adoption of integrated axisym-
metric plume models [Paluszkiewicz and Romea, 1997;
Thorkildsen and Haugan, 1999], although these models
might not be entirely relevant for shallow shelf convection.

[140] Clearly, the effect of polynyas in the lower atmo-
sphere can be wide reaching, and a small number of these
features can dominate winter regional budgets. These effects
should be derived from the polynya flux model and fed back
into the OGCM. A candidate for such a parameterization is
the model of Glendening [1995] that describes the vertical
distribution of the horizontally integrated heat flux into the
atmosphere above an Arctic lead, based upon large-eddy
simulations of its convective plume, and discusses a param-
eterization of this distribution in large-scale models. Similar
models are described by Alam and Curry [1995] and Pinto
et al. [1995]. Glendening [1995] demonstrates that except
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under weak cross-lead wind regimes the horizontally inte-
grated heat flux fits an exponentially decaying profile. It is
estimated that the height at which 86% of the heat is
expected to remain is typically smaller than the upper height
of the lowest layer for coarse vertical-resolution climate
models.

6. CODA

[141] It is likely that the dramatic increase in polynya
studies that occurred during the 1990s will continue apace.
Bearing in mind that fields such as surface temperature in
the polar regions show pronounced sensitivity in climate
change simulations, it is pertinent to address the following
questions. First, how will climate change impact the fre-
quency of polynya events, their area, the rate of dense water
production, and the transfer of gases across the air-sea
interface within these features? Second, will the diverse
ecosystems supported within polynyas be sustained in
future climatic regimes? A related question is whether
present-day human inhabitants (e.g., the Inuit) who rely
on the ecosystems supported by polynyas can be sustained
in future climatic regimes.

[142] Underpinning research aimed at answering the
above questions is the requirement for long-term monitoring
of key variables in “key polynyas.” From a logistical point
of view it is almost certain that a monitoring program of this
type would focus on the Arctic. The NOW is the best
documented of all Arctic polynyas, and for this reason alone
it should continue to be observed. There is relatively little
data from the polynyas over the Eurasian continental shelf.
Yet polynyas in these seas are important sites for dense
water production. Thus we would advance the idea that a
major polynya in one of these seas should become the focus
of a long-term monitoring program.

[143] A concentrated effort should be undertaken to
address whether the omission of polynya processes in
nonpolynya-resolving climate models really matters.
Specifically, how important is it to model dense water
production and the ocean-to-atmosphere heat flux within
polynyas in order to be able to realistically simulate the
global thermohaline circulation and atmospheric circulation
and hydrological cycle? Polynya flux models provide a
promising method of parameterizing the aforementioned
quantities in nonpolynya-resolving OGCMs/climate models.
However, a drawback with all flux models in the literature
is that they do not include an ice concentration field.
Instead, flux models characterize frazil and consolidated
ice types by their depth distributions. In practice, polynyas
are identified as regions of low ice concentration, and
therefore caution is required when comparing flux model
polynya results with observations. Further research on
parameterizations for the collection depth of frazil ice is
also urgently required.

[144] Many deficiencies exist in the way sea ice is
modeled. One such deficiency concerns the lack of feed-
back between ice motion, brine input into the ocean, and
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ocean pressure gradients. Brine fluxes modify the cross-
shelf pressure gradient, which, in turn, modifies the shelf
circulation and hence the ice motion. To address this
problem rigorously, attention must be given to the way in
which brine drains from sea ice. When sea ice forms, the
salt-enriched water remains within its crystalline structure
until the layer of ice exceeds a certain thickness [ Wettlaufer
et al., 1997, 2000]. Subsequently, salt-enriched water drains
out, and this means that the buoyancy forcing of the shelf
waters is highly episodic.

[145] In the Antarctic a number of interesting polynya
problems remain to be solved. For example, will the major
ice shelves remain intact in a warmer climatic regime or
not? This, in turn, requires knowledge of the under-ice shelf
circulation in changing climatic regimes, and this problem is
related to the existence of Antarctic coastal polynyas.
Take the Ronne-Filchner Ice Shelf System as an example.
A fraction of the dense water formed in the polynya system
adjacent to the ice shelf front sinks beneath the ice
shelves. Thus processes within this polynya system drive
the under-ice shelf circulation. During the next decade or so,
combined observational and modeling programs (e.g., the
U.K. Autosub Under Ice programme [Clarke, 2003]) will
address the problem of the stability of the Antarctic ice
shelves.

[146] Another unsolved problem is determining the pro-
cesses controlling the formation and quasi-steady extent of
deep water polynyas (e.g., Weddell and Cosmonaut
Polynyas). We note from sections 2, 3, and 5 that many
aspects of this problem have been addressed in process
studies. What is lacking is a process model for deep water
polynyas capturing the key physics operating in a coupled
atmosphere-ocean-sea ice system. Indeed, it may well be
that to simulate the evolution of any “large” polynya a
three-component atmosphere-ocean-sea ice model will be
required. We are confident that during the next decade
further pieces in the jigsaw puzzle of polynya processes
will fall into place.
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Figure 1. Schematic representation of physical processes taking place in deep water and shelf water
polynyas. Deep water polynyas occur beyond the continental shelf break and are frequently created and
maintained by a sensible heat mechanism, whereby upwelling or vertical mixing of subsurface water
brings about sea ice melting or prevents ice from forming. Strong surface buoyancy losses through
cooling can lead to deep water formation. Shelf water polynyas appear over the relatively shallow
continental shelves. The majority of these polynyas are wind-driven. Offshore winds push the pack ice
away from the coast, exposing the freezing surface waters to the cold atmosphere. Frazil ice is thus
formed and herded downwind along Langmuir windrows. Brine-rich, cold water associated with sea ice
formation will accumulate over the shelf and eventually flow down the shelf break slope to form deep and
bottom water. Redrawn from Open University Oceanography Course Team [2001], with permission from
Elsevier.
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Figure 2. Northern Hemisphere geographical locations referred to in the text, together with bathymetry
(in meters).
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Figure 3. Southern Hemisphere geographical locations referred to in the text, together with bathymetry
(in meters). Adélie coast (not shown) is the coastal area west of Victoria Land.
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