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GILOSSARY O FTERMS AND ACRONYMS USED

AADC - Australian Antarctic Data Centre;

Advection — Predominantly horizontal movement of a mass of fluid;

Abbedo - The ratio of the reflected solar radiation fo the incident solar radiatfion, usually referring
eitherto the entire spectrum (broadband albedo) orjust to the visible part ofthe spectrum;
Altimetry - Measurementof altitude using remote sensing tec hnique, forexample a radarorlaser
instrume nt;

Antarctic Bottom Water- Cold dense water that is formed near the Antarctic coast, flows down
the continentalslope to the abyssalplainsand drivesglobalocean curents;

Antarctic Divergence - Afmospheric/oceanic boundary between the eastward-flowing
Antarctic Circumpolar Current and the westward-flowing Antarctic Coastal Current;
Arealextent—"The size ofthe area covered ( = sea ice extent);

ASAR-Advanced Synthetic Aperture Radar, an instrumenton board the European ENVISAT

sa te llite ;

ATS — Antarc tic Tre aty Syste m;

AUV — Autonomous UnderwaterVehicle, an independentrobotused formarne research;
AWI- Alfred Wegenerhstitute, Helmholtz Centre forPolarand Marine Research, Gemany;
CCAMIR- Commission forthe Conservation of Antarc tic Marine Living Resources, part of the
Antarc tic Treaty System;

Convection — Heat transfer by mass motion of a fluid;

Coupled climate model—Numericalmodelsofcomponentsofthe climate system coupled
together,

CPOM, UCL-Centre forPolarObservation and Modelling at Univesity College Iondon, United
Kingdom;

CRYOS, EPFL— Iaboratory of Cryospheric SciencesatFcole Polythechnique Fédérale de
Iausanne, Switze dand;

CSIRO - Commonwealth Scientific and Industrial Research Organisation, Australia;

Dense Shelf Water— Dense water mass formed on the confinental shelf from significant brine-
rejection during enhanced sea ice formation, such asin = polynyas;

Dim e thylsulfoniopropionate (DMSP) - Metabolite found in marine phytoplankton, seaweeds, and
some speciesofaquatic vascularplants;

Ekman transport - Wind-driven transport of surface seawater, to the left of the wind direc tion in
the Southem Hemisphere;

H-Nifio/ Southem Oscillation (ENSO) —A cycle of coherent and sometimes very strong year
to-yearvarationsin sea-surface temperatures, convective rainfall, surface airpressure and
atmospheric circulation that occur across the equatorial Pacific Ocean (source: NOAA);
Fastice —Sea ice thathasbecome "fastened"to the shore orbetween grounded icebergs;
Feedback — When a process friggers a change that in return influences the initial one;

Fim - Granular, partially consolidated snow thathascommenced the transition to ice;
Freeboard — A measure ofheightofanice (orsnow) surface above a reference level, typically
the sea level;

Hydrostatic equilibrdium — A fluid is in hydrostatic equilibrium (or balance) when it is at rest, which
meansthatextemalforcessuch asgravity and pressure are balanced;

Ice draft - Measurementofthe sea ice thicknessbelow the wateine;

Ice rafting — Horizontalpressure process whereby one piece ofsea ice ovemdes another;

Ice ridging — Sea ice floes collide and pile up along a line, causing a steep-sloped ridge to rise up
above the adjacentstretchesoflevelice, togetherwith a much largerkeelbelow sea level;

Ice shelf- A thick and extensive body of glacial ice attached to a coast and floating on the sea,
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that gains mass by flow from the grounded confinental ice sheet and by local snowfall;
Interannual - ime scale of more than one yearbut usually lessthan 10 years;
Interseasonal —Time scale between seasons;

IPCC AR5 — IntergovemmentalPanelon Climate Change Fifth Assessment Report;

LDAR- Light Detec tion And Ranging, one ofthe techniquesapplied forrange measure mentsin
altime try;

Meridional exchange — North-south exchange (along a meridian);

Meridional overtuming circulation — Globalocean circulation driven by te mperature and salinity
gradients (also referred to as = thermohaline circ ulation), whic h transpo 1ts lo w-d e nsity wate rs to
higherlatitudesin the upperlayerand retums high-density watersequatorward at depth.
Mixed layer— Wind-mixed and brine-forced convectionlayerbetween the ocean surface and a
depth usually ranging between 25 and 200 metresdepending on the season;

NASA — National Aeronautics and Space Administration, United States;

NOAA - NationalOceanic and Atmospheric Administration, United States;

Packice —Any area ofsea ice thatisnotlandfast;

Phenology - Timing of seasonalbiologicalevents;

Polynya - An anomalousregionofopen waterorlow ice concentration within the sea ice zone.
Polynyasaround the Antarctic coast are maintained where wind orocean currents move ice
awayand are regionsofenhanced ice produc tion;

Ocean forcing — Physicalconstraintsexerted by the ocean on the atmosphere orsea ice;
Outerpack — Northem partofthe sea ice zone around Antarctica, connectsto the marginalice
zone in the north and the mnerpack(closerto the coast) in the south;

ROV —Remotely Operated Vehicle,a dependentrmbotoperated through a tether;

Sea ice concentration - Poportion ofthe ocean surfface area actuallycovered by sea ice in a
given unit area, such as a satellite pixel. For example, 0% ice concentration signifies that 90% of
the given area iscovered with sea ice, with the remaining 10% being open water;

Sea ice extent - Area of the ocean covered by sea ice within the bounds of a specified minimum
threshold ice concentration (typically taken to be 15%) in any given sector;

Se a WiFS - Sea-viewing Wide Field-of-view Sensor, the only scienfific instrument on GeoEye's
O1bView-2 (also known as Se aStar) sate llite ;

Snow ice —Ice layeratthe interfface between sea ice and the snow on top formed from snow
and entrained seawater;

SIPEX 2 —'The second Sea ke Physics and Ecosystem e Xperiment, an inte ma tio nal multi-
disciplinary research voyage, intfo the Antfarctic sea ice zone in 2012 (the first SIPEX was in 2007);
Southem AnnularMode (SAM) - Pattem ofclimate varability between 402 Sand 65° S;
Synthetic Aperture Radar (SAR) - A form of radar whose defining characteristic is its use of relative
motion, between an antenna and itstargetregion, to provide distinc tive long-term c o he re nt-
signal variations, which are exploited to obtain finer spatial resolution than is possible with
conventionalbeam-sc anning means (source: Wikipedia);

Themohaline circulation » meridionalovertuming circ ulation;

TS - TenestriallaserScanner;

WHOI-WoodsHole Oceanographic Institute, MA, United States.



EXFC ULIVE SUMMARY

The annualexpansion and contraction of sea ice in the Antarctic represents one of the
biggest naturalchangeson Earth. Atits maximum annualextentin SeptemberOctober
seaice coverextendsabout 19 million square kilometresofthe ocean around Antarc tic a
—one and half times the size of the continent itself. Ih the summer sea ice shrinks to
armund 3 million square kilome tres.

Antarctic sea ice playsa majormle in the globalclimate system and in the ecology of
the Southem Ocean. The sea ice region isthe source of Antarc tic Bottom Water,a major
driver of global ocean overturning circulation. Sea ice is important in reflecting solar
energy backinto space. kisa habitatand a source of primary produc tion for Southem
Ocean ecosystems.

Sea ice coverin the Antarctic is changing. In the west Antarctic Peninsula region, sea
ice extent has dramatically reduced, and the length of the sea ice ‘season’ has also
shortened. In the Ross Sea region ofthe Antarctic, however,the maximum annualextent
ofsea ice coverhasincreased and its season extended. Overall, the maximum annual
extent of Antarctic sea ice hasincreased by around 1.5% perdecade since 1979 (orby
arund 285,000 square kilometres). Thiscomparesto a lossof 1.8 million square kilometres
ofsea ice maximum annualextent in the Arc tic.

One important aspect of Antarctic sea ice that we know very little about is change to
its volume. While satellites can measure the aeral extent of sea ice, reliable methods
to remotely measure sea-ice thickness are only just emerging. In contrast, data from
submarne sin the Arctic have allowed detailed monitoring ofregionalchangesto Arctic
sea-ice thicknessovera numberofdecades.

Whatis happening in the physical, chemical and biological systems beneath Antarc tic
sea ice is poordy understood. Because of the critical mle of sea ice, it is vital that we
develop a betterunderstanding of the future trendsin sea ice extent and volume, and
consequencesforAntarctic and Southem ocean ecosystems.

Australia iswellplaced to take a lead role in the se studies-especially in the East Antarc tic .
Australia has a mature Antarctic research program that has demonstrated thatit can
collaborate with other nations, and across scientific disciplines, to do the complex
science that is required to understand these important issues. Having the logistic and
infra struc ture capabilities wilbe vitalto ensuring that thisimportant region ofthe planet
isunderstood.
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WHATISSFA ICE

Sea ice isfrozen seawaterthatforms when the surfface ofthe oceancoolsto the pointof
freezing (atapproximately-1.8 °C). Every winter, e xte nsive fre e zing o fthe Southem Ocean
forms a vast sea ice coverthat surmounds the Antarctic continent - to drastic ally modify
the propertiesofthe ocean surface and the interactionbetween two key elementsofthe
globalclimate system,namely the oceanand atmosphere. Asitsdensity islessthan that
of seawater, sea ice floats on the ocean surface, where it forms a heterogeneous matrix
consisting mainly ofice and smallpockets(cells) of brine [Pe tric h and Eic ke n, 2010], and
its characteristics are modified by physical, chemical and biological processes.




Areal extent and seasonality

At its maximum annual extent in SeptemberOctoberand as depicted in Figure 1, this
seaice coverextendsoveran extraordinary ~19 million square kilome tre s o f the Southem
Ocean [Cavalieri and Parkinson, 2008; Comiso, 2010]; by comparison, the area of the
Antarctic continent is ~14 million square kilometres, while that of Australia is ~7.7 million
square kilometres. During summer, this are al e xte nt shrinks to ~3 million square kilome tre s
(in February). Asdescrbed below, thisseasonalexpansion and contraction isofimmense
climatic, biological and biogeochemical importance, and it follows that any significant
changesin sea ice arealextent and seasonality (and othercharacteristic s) have wide-
ranging and indeed global ramifications. Whereas areal extent is a measure of the area
of the ocean surface covered by sea ice at any given time, seasonality collectively
descrbesthe timingsofannualsea ice advance and retreat and the resultant duration
ofsea ice coverage fora particularlocation.

The width ofthe sea ice zone atmaximum e xte nt varie s sub stantially aro und the c ontinent
—from up to ~2200 km in the Weddell Sea sector(where it occupiesa deep poleward
embayment) to only a few hundred kilometresin some places, notably between 120° E
and 135° E In thisregion, the coast extends furthernorth than in otherregions (with the
exception ofthe roughly north-south trending Antarc tic Pe ninsula).

How does sea ice form?

The first stage in sea ice development is the formation of individual crystals comprising
fine spicules or platelets known as frazilice. With furtherfre e zing, frazilc rystals coagula te
into a soupylayeronthe ocean surfface known asgrease ice. Subsequentdevelopment
depends on whether calm or stormy conditions prevail Under calm conditions, frazil
and grease ice tend to consolidate into thin flexible sheets called nilas, which thicken
over time. Under stormier conditions, a widespread process of sea ice development
around Antarctica isthe pancake cycle. By this process and under the influence of wind
and wave action, frazil crystals coagulate to form small “pancakes” — or small floes with
uptumed edges-on the ocean surface (a floe is defined as a contiguous piece of ice
on the watersurface). These pancakessubsequently bond togetherand raft (override
by colliding with each other), to eventually form larger floes or a consolidated ice cover.
ke growthalso occurson the underside ofexisting sea ice asheatisconducted upwards
from the ice-ocean interface and through the ice, thatisby the rmodynamic growth. This
type ofice iscalled congelation orcolumnarice.

In general, the accumulation of snow on sea ice olderthan a few daysplaysa key mole
in detemmining the properties and development of the undedying ice, due to its strong
msulating characternsticsand high albedo [Sturm and Massom, 2010]. This in turn modifies
the overallclimatic, biologicaland biogeochemicalfunction ofthe ice.

Importantly, snow also makes a significant contribution to Antarctic sea ice formation
via the formation ofsnow ice [Maksym and Markus, 2008]. Thiswidespread phenomenon
largely occurs when the weight of the snow is sufficient to depress the ice surface below
sed level. The resultant influx of seawater saturates the lower snow layer, which may
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UNDERSTANDING HO W SEA IC ETHIC KNESS IS MEA SURED

Sea watar

The sea suffaice is indicaited by the thick black line ais a reference
surface. Sea ice (grey) floats at the surface of the ocean with a
snow cover on top (white). Black awows show the ice thickness,
blue amows snow thickness; the combination of both is refemred
to as total thickness. The ice freeboard is indicated by the red
line and typicailly sits @above the sea suface (at the interface
between the sea ice and the snow), but with sufficient snow load
can be suppressed below the sea sufface, which then leads to
snow ice formaition (light girey). The sum of snow thickness and ice
freeboard is called total freeboard. lce draft is measured below
the suiface (green amows). Different remote sensing technigues
can ‘see’ different surfaces. LIDAR reflects from the snow surface
(or ice surface in case of no snow cover) and therefore gives
an estimaite of snow freeboard. The RADAR penetraites the snow
cover and gives an estimaite of snow thickness. Hectiomagnetic
hduction (EMI) /systems give an estimate of total thickness
in combination with LIDAR. Space-bome remote sensing
technigues (LHDAR or RADAR) piovidle measurements of ice or
snow freeboard, fiom which ice thickness can be computed if
ice, snow and warter density and snow thickness are known.



subsequently freeze to form a type of salty and granularsea ice that accretes to the
surface ofthe existing ice [Jeffriesetal, 2001].

How old is the sea ice?

In contrast to the continental ice mass covering Antarctica, which has built up over
hundreds of thousands of years of accumulated snowfal, most of the sea ice around
Antarctica isseasonaland therefore less than one yearold - so-called first-year ice. This
type ofice has a thickness range of 0.3-2.0 m (typically), although greater thic knesses
canoccurbyice deformation.

Perennialsea ice (ice thatsurvivesone ormore summermelt se asons) isgenerally thic kerbut
is largely confined to the Weddell, Amundsen and eastern Ross seas (Figure 1). These are not
only some ofthe southemmostregions amund the continent, but they are also areas where
ice ispushed by windsand ocean curmentstoward the coast[Comiso and Nishio, 2008].

Ice motion and deformation

Ratherthan forming a static, unbroken veneeron the ocean surfface, mostofthe sea ice
around Antarctica comprises a highly-mobile aggregation of floes that constantly move
with the wind and c urre nts. Thisistermed packice. Due to the highly-dynamic response of
the packice zone to the passage ofstorms,itsc harac terstic salso change constantly. New
areas of open water between floes (termed e ads) freeze rapidly underwinterc o nditio ns
to form areasofnew ice, whereas existing ice thickensnot only thermodynamically (via
heat loss to the atmosphere) but also dynamically as floes are pushed together and
deform underconvergent conditions. Moreover, the characterstics ofthe outerpartof
the pack, called the marginalice zone, are strongly affected by ocean wavesthatnot
only generate new pancake ice formation but also break up existing floes.

Across the greater Antarctic pack, sea ice growth by thermodynamic processes alone is
self-imiting as the ice thickens to msulate the ocean surfface from the cold atmosphere. ke
motion and deformation then playa dommantrle in thic ke ning the ice beyond ~0.5m -ice
seldom attains a thickness 0f>0.1-0.2 m before being rafted orpiled into pressure ridges
by the action of wind, waves,ocean cuments and tides[Alison et al, 1993; Worby et al,
1998]. Suchisthe powerofthese mechanicaldeformation processesthatpressure ridges
can be up to ten or more metres thick in regions of first-year ice [Massom et al, 2006;
Williamsetal, 2013].

On horizontalscalesoftensof metresto tensofkilometres, the net result of thiscomplex
mterplay of thermodynamic (freeze/melt) and dynamic (deformation) processes is a
complicated mixture of different types, ages and thicknesses of ice. On the broader
scale of hundreds of kilometres, however, regions or zones with similar ¢ harac teristic s
become apparent[Massom et al, 1999; Massom and Stamme rjo hn, 2010].

Sea ice motionisalso a key factorin transporting sea ice (and its snow cover) from one

region to another, that is from an area of formation to an area of melt, to affect the
freshwaterbudgetofthe high-latitude Southem Ocean.
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As such, ice drft is one of the most important features of the Antarctic sea ice
zone. As discussed later, there are indications that regional pattems of ice dnft are
changing arund Antarctica [Holland and Kwok, 2012], with majorimplications forice
concentration, extent, thickness, age and seasonality. Sea ice concentmtion is defined
asthe percentage coverage ofsea ice (versusopenocean) withina givenoceanarea.

"o ¥ 0

Fe===

S

Figure 2. Mean sea ice motion in the Southem Ocean averaged overa 10-yearperod (1992-2001),
withice drftspeedsindicated bylengthsofvectorsand the background colours. Thislarge-scale map

ofice motion wasdernved from analysisofsatellite data. From Kimum [2004].
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As a background against which to
discuss recent ice motion change
(in Section 4), Figure 2 shows mean
Antarctic sea ice motion over
a 10-year period (derived from
satellite data). Being a long-termm
average, these ice-drft pattems
strongly reflect climatological
wind and ocean surface cument
pattems. Outstanding features are
the cimcumpolar band of mean
eastward ice motion centred on
~60° S in the Atlantic sector and
~65° S in the Pacific sector, and a
narrow westward-flowing coastal
cumrent that is predominantly in the
Atlantic and Indian sectors. These
two regimes, namely the Antarctic
Cicumpolar Cument to the north
and Antarctic Coastal Cument to
the south, are separated along
the Antarctic Dvergence [Heid and
Allison, 1999], but are connected
n certain regions by northward
retroflections, for example along
85° E[Rintoulet al, 2008]. Otherkey
features are major gyre systems in
the Weddell and Ross seas and the
PrydzBay region of East Antarctica.

Figure 3. Aprojec tionofthe East Antarc tic
coast, showing the meanpercentage of
time (per year) with fast ice coverage
from 2000 to 2008 (derved from sa te llite
data). A figure of 100% indicates fast ice
that persists thoughout each year(that
is multi-year fast ice, which can attain
considerable thickness). From Fruser et
al [2012].



Fastice

Notallsea ice is constantly moving in response to winds and cunents. A relatively namow
(up to ~200 km wide) but generally consolidated band of stationary orlandfast sea ice
(fastice) occurs around the coastal margins of the continent (Figure 3), where it is held
in place by coastal promontories, embayments and/or grounded icebergs [Gies et al,
2008]. Fastice can form and breakoutannually [He @, 2006; Fluseretal, 2012],orcan attain
greatagesand thicknessesin regions where the ice ismore tightly locked to the coastal
margins [Massom et al, 2010].

THEROIEOFANTARCTIC SEA ICEIN THE C LIMATE SYSIEM

Why is sea ice important?

Antarctic sea ice forms a relatively thin but seasonally-extensive and highly-dynamic
cover on the surface of the high-latitude Southem Ocean that is intimately tied to
pattemsofatmospheric and oceanic temperature and circulation. Asa result, it is one
of the most sensitive indicators of climate change and varability on Earth. Crucially,
the ice coverisnotonly affected by a changing and variable envimnment, it also plays
an active though poordy-understood role in modulating such change and varability via
its influence on the ocean and atmosphere. Thus the sea ice, ocean and atmosphere
form a complex interactive system. On shorter time scales, it is intimately tied to the
weather,and respondsrapidly to changesin wind direc tion and strength associated with
the passage of synoptic systems. In thisway, the ice edge location can vary by tensof
kilometres from one day to the next.

The climatic significance of Antarctic sea ice lies in the major modifying effect it has
onatmosphere-oceaninteraction processesand the surfface radiation budget, with the
annualcycle ofarealexpansion and contraction constituting one ofthe largestseasonal
geophysicalchangeson the surface ofthe planet. Primarily, the ice actsasan insulating
blanket between the cold atmosphere and relatively warm ocean, and as a physical
bamer to the exchange of moisture, gases and momentum between the two. Being
white, sea ice also reflects substantially more sunlight back into space than does open
ocean,whichisdarkand therefore absorbsmore sunlightand heatsup. Thishigh albedo
(reflectivity) characteristic of seaice is important for climate feedback and amplification
processes[Perovich et al, 2008]. These effects are strongly modified by the presence of
substantial accumulations of snow on the surface of Antarctic sea ice, given the even
greater insulating and reflective properties of the snow [Sturm and Massom, 2010]. In
general, the degree to which sea ice affectsocean-atmosphere mteractionsdepends
on the ice extent, its conc entration and its thic kne ss distrib utio n.

Antarctic sea ice also plays a key role in ocean water mass modification and formation.
Asitformsand grows, the ice expels salt into the underying ocean asbrine, to increase
the salinity and density ofthe watercolumn [bggweide rand Samuels, 1995]. Conversely
and in spring, sea ice melt releases fresher water, to form a stable low-salinity ocean
surface layer.
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WHATHAS THE MERTZ GIACIER CALVING SHOWN US?

Sea ice pioduction in coastal polynyals, which is ciitical to the
formation of Antarctic Bottom Water (AABW), has declned
significantly off George V Land in East Antarctica since the calving of
the Menz Glacier Tongue in Febriary 2010. From Tamura et al. [2012).

Scientists from the ACE CRC used saitellite daita to detect regions
of thin ice and attribute the associated heat flux to estimate
seal ice prodiuction (colour shaded above in metres per year). A
14 — 20% decrease (relative to the mean from 2000—2009) wais
detected in sea ice production off George V. Land in the two
winteis after the glacier tongue’s calving and the associated re-
alignment of vasticeberg B?B [Tamura et al., 2012]. These findings
sugigiest that 50% of this decrease in sea ice production can be
attributed to the changes in the icescape post-cailving (thick red
line) impacting the distiibution and strengith of polynya activity.
The Menz Glacier Polynyal is imporant o global climate as a site
of significant AABW formation [Rintoul, 1998].

Another ACECRC studly, by Shadwick et al. [2013], has highlighted
strong links between this abript natural event and biclogical
productivity and/carbon drawdown in the region. Specifically,
breakout and meli of thick mulii-year fast ice released by the
movement of iceberg BIB and the Merz Glacier Tongue led
to significant input of meltwater into the ocean surface layers.
This likely enhanced the availability of light and iron, supporting
digtom bloom that doubled carbon uptake relative to pre-
calving conditions.



Particulady high rates of ocean-atmosphere heat loss and resultant ice formation and
brine rejection occurin recurrent and persistent areas of open water and thin ice at
certain locations around the Antarctic coast known as polynyas. Within these regions,
sea ice is swept away by strong winds and cunents as quickly as it forms. In this way,
polynyas act as “ice factores” for the wider sea-ice zone. This enhanced sea-ice
formation and comesponding salt rejection forms cold, saline De nse Shelf Waterthat in
discrete locations can be transported northward across the shelf break, with sufficient
density to mixdown the continentalslope and produce Antarctic Bottom Water(AABW).
This AABW in tum playsa key role in driving globalocean thermohaline circulation. As
suc h, Antarctic coastalpolynyasin the southem Weddelland Rossseasand adjacentto
the Mertz Glacier tongue and Cape Darnley in East Antarctica are of global significance
in spite of being relatively small (10s to 100s of kilometres across). In this way, the influence
ofseaice reachesthe oceanabyssaswellasthe tropics[Rintouletal,2001]. Moreover,
High-Salinity Shelf Water associated with sea ice formation contolsciculation and melt
processesunderice shelves[Galton-Fenzi et al., 2012]. kfollows thatany lasting change
to polynya systemscould have farreaching climatic consequences.

Although fastice comprses a relatively smallfraction ofoverallsea ice area — it varies
seasonally between 5% (in winter) and 35% (in summer) for East Antarctica (Figure 3)
[Fraseret al., 2012] - it is important for a numberof key reasons. For one thing, it too
is a sensitive indicator of climate change and varability around the Antarctic coastal
margins [Murphy et al, 1995; Heil, 2006]. tcan also attain a considerable thickness, of
>5m in places [Massom et al, 2010], and thus represents a significant freshwater store.
Moreover, fast ice plays an indirect role in global thermohalne ocean ciculation by
forming a majorcomponentin coastalpolynya systems[Tamura et al 2012], and it may
in certain regions around the Antarctic coast act to mechanically stabilise floating glacier
tongues and ice shelves [Massom et al, 2010]. Last but not least, its presence can both
mpede and facilitate logisticalaccessto Antarctic bases.

In addition to its important physicalrle, sea ice dominates the physical and chemical
seasonal dynamics of the high-latitude Southem Ocean and plays a crucial mle in
marine ecosystems [Snetacek and Nicol, 2005; Thomas and Diec kmann, 2010]. Around
the coast, fastice formsa crucialbreeding platform forEmperrpenguins (Apte nodytes
forsteri) and Weddellseals (Ieptonychotesweddell) [Kooyman and Bums, 1999], and its
breakup and the resultantrelease of nutrients and freshwaterinto the watercolumn has
been associated with algalblooms [Shadwicket al, 2013].

Important changes

Inthe pastfew years,anincreasing numberofheadlneshave reported dramatic changes
occuming in the high latitudes (both north and south) - with Arc tic summertime (minimum
annual) sea ice extentreaching a record minimum in 2012 since satellite recordsbegan
m 1979 [Smmonds and Rudeva, 2012] and ice shelves disinte grating along the Antarc tic
Peninsula [Cook and Vaughan, 2010]. This indicates that climate change is occuming
aleady,and ina way that wasnotforeseenonly a few yearsago.
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In response to a warmming climate, annual mean Antarctic sea ice extent and volume
isforecast to reduce by 24% and 34%, respectively, by 2100 [Arzelet al, 2006], with the
most pronounced reduction being at the end of summer. This could have farreaching
effectson globalclimate and marne ecosystems. t would also allow greateraccessto
Antarctic watersforboth commercialand research vessels.

RECENTCHANGESIN ANTARCTIC SEA ICE

Sea ice extent: Antarctic versus Arc tic

Since 1979, when reliable sea ice data became available from satellite sensors, the two
polarregions have experienced markedly different trends in the overall (cic umpolar)
extentofseaice coverage. Inthe Arctic,the extraordinarydecline inannualsea ic e extent
- of 3.5-4.1% per decade (95% confidence level) for the period 1979-2012 [IPCC, 2013] - is
one ofthe most dramatic and conspicuousexamplesofclmate change anywhere on
Earth [Perovic h, 2011]. The rate of sea ice loss in the Arctic, which is particulady strong
n summer, iseven more rapid than that predicted by models[Stroeve et al, 2007], and
has initiated strong climate feedbacks that have enhanced the warming in the region
[Screen and Smmonds, 2010].

By contrast and as depicted in Figure 4a, annual sea ice extent around Antarctica has
shown a small increasing trend of 1.2-1.8% per decade (around 95% confidence level)
for 1979 to 2012 [IPCC, 2013]. The cause of the contrasting responses of the two polar
sea-ice coversis subject to lively debate, but is thought to relate to differences in their
geographical settings, respective sea ice growth and decay processes, large-scale
climate interactions, and ice-ocean interactions and feedbacks [Tumerand Overand,
2009; Maksym et al 2012].

The slight expansion observed in overall Antarctic sea-ice areal extent in fact masks
dramatic regionally-contrasting changes that have occumed i both the extent and
seasonality of sea ice coverage [Comiso et al, 2011; SSammerohn et al, 2012]. For
ice extent, these regionaldifferences in trends are shown in Figure 4. Most notably, sea
ice extent hasincreased in the Ross Sea sectorby 5.0 £0.6% perdecade (forthe period
1979-2008), while majorloss has occuned in the Bellingshausen/Amundsen seas sector
(ata rate 0f-7.1% £0.9% perdecade). By comparison, trends in the re maining Antarc tic
sectorsare similarto the overallcic umpolartrend.

As such, the observed trend towards mcreased Antarctic sea ice extent overall is in
fact the sum of similar trends in East Antarctica and much largerand opposing trends
i West Antarctica. A numberofhypotheseshave been proposed; all suggest that the
response of Antarctic sea ice to climate change (and varnability) is far from simple. A
recent satellite-based study, forexample, suggests that wind-driven changesin sea ice
advection are a dominant driver of trends around much of West Antarctica, whereas
wind-driven thermodynamic changes dominate elsewhere [Holland and Kwok, 2012].
Otherstudies have proposed thatchangesin atmospheric temperature and wind stress
[forexample Liuetal, 2004; Tumeretal, 2009; e febvre and Goosse, 2008] togetherwith
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Figure 4. Tendsin monthlyice extent, derved from satellite data and expressed asanomaliesagainst
the long-term mean (1978-2008), in the (a) entire Southem Ocean, (b) WeddellSea, (c) hdian Ocean,
(d) Western Pacific Ocean, (e) Ross Sea, and (f) Bellingshausen/Amundsen seas. From Comiso et al,
2011.Iocationsare marked on Figure 1.
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changesin precipitation [Lu and Cury, 2010],0ocean temperature [Jacobsand Comiso,
1997; Me re dith and King, 2005], and atmosphere and/oroceanfeedbacks[Zhang, 2007,
Stammerohn et al, 2012] are responsible. There may also be an important link to the
ice sheet. Bintanja et al [2013] propose that enhanced mput of meltwater from basal
melting of Antarctic ice shelves (Pritchard et al [2012]) into the upperocean leads to
the formation ofa relatively cooland fresh surfface layerthat shields the surface ocean
from the wamerdeeperwaters. These surfface layerscan then freeze more easily, which
could explain why observed overall Antarctic sea-ice extenttrendspeakin autumn and
eany winter.

Undempinning the changes and regional contrasts outlned above are large-scale
pattems of atmospheric forcing associated with the Southem Annular Mode (SAM)
and to El Nifio-Southem Oscillation (ENSO)-related teleconnections across the southem
Pacific Ocean [for example Re nwic k, 2002; Yuan and L, 2008; Stammegohn et al, 2008;
Tumeretal, 2009; Pezza et al, 2012]. Crucially, the dominant circ umpolar we ste dy wind
beltoverthe Southem Ocean hasstrengthened by 15-20% and hasmigrated polewands
by 1-2° of latitude since the late 1970s[Korhonen et al, 2010; Tume rand Marshall, 2011].
This change hasbeen linked to a change in the atmospheric pressure gradient in the
Southem Hemisphere: pressure hasincreased atmid-latitudesbutdecreased around the
Antarctic coast[Thompsonetal, 2011]. The SAM, whichisa measure ofthisgradient and
is the dominant mode of varability in atmospheric circulation at high southem latitude s
[Smmonds, 2003], has changed to a more positive phase in the austral summer and
autumn over the past half century. This change has been linked to ozone depletion
[Gillettetal, 2009; Thompsonetal,2011] and ncreased greenhouse gasconcentrations
in the atmosphere [Marshallet al, 2004]. Ehasbeen noted elsewhere that change and
varability in key large-scale climate modessuch SAM and ENSO could also arise through
naturalvanability [Ho land and Kwok, 2012].

A key factor affecting the dramatic changes in sea ice extent in the West Antarc tic
sectorhas been the deepening of the Amundsen Sea Iow (ASD, which is a recunent
low atmospheric pressure anomaly in the South Pacific, due to the increased intensity of
westerly winds and the geographical configuration of the Antarctic continent [Tumeret
al, 2013a]. Resultant strongerand/ormore persistent southery (colder) winds along the
western flank of the ASL have generated more extensive sea ice in the Ross Sea, while
northerdy (wamer) winds in the Bellingshausen Sea have led to less extensive ice there.
Proxy information on historical sea ice extent which can be obtained from ice cores
from the Antarctic Ice Sheet[Cunmun et al, 2003] and sourcessuch as whaling data [de
la Mare 1997, 2008] are crucial in terms of extending the satellite data record back in
time (before the 1970s) - to place recentchange/varnability into longerterm context. For
example,ice core data from the Antarctic Peninsula suggestthatsea ice decline in the
Belingshausen Sea since 1979 ispart of a trend that has persisted since the eardy 1900s
due to a progressive deepening ofthe Amundsen Sea low [Abram et al, 2010].

Sea ice seasonality
In addition to sea ice extent,changesin sea-ice seasonality are crucially importantfora
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numberofreasons[Massom and Stamme rjo hn, 2010; Maksymetal,2012].Ice-free summer
duration controlssolarheating and wind-mixing ofthe upperocean [Montes-Hugo ef al,,
2009; Perovich et al, 2008], thus affecting sea-surfface temperatures[Me redith and King,
2005] and ocean upwelling [Martinson, 2012]. Moreover, the life cycles of high-latitude
marine organisms (from micro-organisms to whales) are specifically adapted to sea ice
and itsseasonalrthythms[Thomasand Dieckmann,2010], and seriousconsequencescan
arise when these thythmschange (see Section 4).
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Strongly contrasting regional changes have also occumred in timings of annual sea-ice
advance and retreat and resultant sea ice duration around Antarctica (Figure 5). In
contrast to the Arctic, where most regions show trendstowards shortersea ice duration,
pattemsofregionalscale change in Antarctic sea ice seasonality are accentuated by
two regionsin particular [Smpkinset al, 2013; Ssammermohn et al, 2012]. These are the
Antarctic Peninsula-Bellingshausen Sea (AP-BS) and Westem Ross Sea (WRS) regions. Of
majorconcemfrom botha physicaland biologicalperspective isa substantialsho rte ning
of the sea ice season (lengthening of the open waterseason) n the AP-BSregion —of
3.3 months over the period 1979/80 to 2010/11. This extraordinary change results from
lateradvance (by ~2 months) and earierretreat (by ~1.3 months). In fact, the rate of
increase inice-free conditionsin the Belingshausen Sea region (0f3.1 t1.0 daysperyear
asdepicted in Figure 5)iseven greaterthan thatwhichisoccumng inregionsofgreatest
ice lossin the Arctic [SSammerohnetal, 2012].
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In stark contrast, the annual seaice season in the WRS region has significantly lengthened,
by ~2.6 months overthe period 1979/80 to 2010/11. Here, earlier sea ice advance (by
~1.4 months) isfollowed by a laterretreat (by ~1.2 months).

By comparison, and as shown in Figure 6, pattems of change in the relatively narmow
East Antarctic sea-ice zone are farmore complex, comprsing mixed signalson regional
to ocalscales[Massom et al, 2013]. hdeed, pockets of strongly positive and negative
trendsinice season duration (of+2-3 daysperyear) occurin nearjuxtaposition in ¢ ertain
regions, forexample Prydz Bay. A negative trend in sea ice duration (of -1 to -3 days
perannum) occurs in faidy isolated pockets in the outersea ice zone at ~60° Sto 62° S
and ~95°Eto 110°E and in variousnearcoastalareas, ncluding an area of partic ulady
strong and persistent change nearDavis Station and between the Amery and West ke
Shelves. These areas are largely associated with coastal polynyas that are regionally-
mporntantassitesofenhanced sea ice production/melt.

Longitude, °E
40 60 80 100 120 140 160

54/ Trend in Duration, 1979/80-2009/10
58|
»
el
3 A - 2
E 62 'l’ F‘ L 2 .
= = . ) Figure 6. Map of trends in
- e ¢ b _ A sea ice season duration
661 1 2 : _r" '*.I_T“-'[.f: B across East Antarctica, for
: - ¥ '-Casey| ' the perod 1979/80-2009/10.
Mawson™s ? Contours denote statistical
o Syowa Davis significance at the 95% level.
70 Shorter | | DD is Dumont d’Uwille and
3 2 -1 0 1 2 MGT Mertz Glacier Tbngue.
Days per year Fom Massom etal [2013].

While the interplay between large-scale atmospheric pattems (ke SAM and ENSO) to
some extent explains sea ice variability in the South Pacific sector of the Southern Ocean,
tdoesnotexplain regionalchangesobserved else where around Antarctica. Moreover,
itfailsto accountforthe potentially importantwle ofocean forcing and feedbacks. The
observed magnitude and timing of seasonal/regionalsea ice changesin fact point to
mvolvement of strong positive feedbacks. Forexample, a strong relationship between
spring sea ice retreatand subsequentautumnadvance observed in the AP-BS(and WRS)
regionsisconsistent with an earier(later) spring retreatleading to increased (decreased)
solarheating ofthe upperocean, which then resultsin a later(earier) sea ice advance
in the following autumn [Stammerohnetal, 2012].
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Sea ice thickness and volume

In the Arctic, a combimation of submarne sonar and extensive satellite altimeter data
hasrevealed a substantial thinning ofthe ice coverthere that is c onsiste nt with the loss
of perennialice from the Arctic Basin [Rothrock et al, 2008; Kwok and Rothrock, 2009].
However, no such data are available forthe Antarctic sea ice zone, where our current
knowledge of sea-ice thickness is limited to compilations of various in-sifu and remote
sensing observations [for example Worby et al, 2008] that are characterised by large
spatio-temporalgapsand maybe biased towardsthinnerice [Maksym et al, 2012], and
ice chart and satellite altimeter data that are lmited to certain sectors or short time
periods [forexample Zwally et al, 2008; De iberty et al, 2011; Yiet al, 2011; Kurtz and
Markus, 2012]. As such, important large-scale changes in Antarctic sea-ice thickness
and volume may be going unnoticed. Satellte remote sensing, using laserand radar
altimeters such as those onboard ICESat and CryoSat 2 to accurately measure surface
elevationrelative to sea level[Yietal, 2011;laxonetal, 2013], cleary re pre se nts the only
practicalmeansofbridging thiscrticalgap [Figure 7]. Unfortunately, however, there are
considerable challenges to deriving accurate and reliable sea-ice thickness estimates
from these data in the Antarctic compared to the Arctic. These challengesare assessed
laterin this document.

Fgure 7. Estimates (uncalbrated)
of Antarctic sea ice freeboand
(sufface height above sea
level) at the end of winter n
October 2011, derved from
CryoSat 2 radar altimeter data.
Converting satelite freeboard
measurements to ice thicknesses
remains a pressing chalenge,
requirng accurate mdependent
information on snow thic kness
and volume and ice densiy
[Zvally et al, 2008]. Data such
as these only recently became
available and present an
exc iting new development
in satelite remote sensing,
providing the thid dimension of
sea ice estimates. Figure courte sy
Rachel Tlng, Katharne Giles,
Sea ice freeboard (m) Andy Ridout(al CPOM, UCD) and
Nathan Kurtz (NASA).
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AN INTEGRATED AIRBORNE IMAGING SYSTEM:
BRIDGING THE GAP BEIWEEN HIG HLY DETAILED IN-
SITU OBSERVATIONS AND IARGE SCAIE SATEIIITE
REMO TE SENSING .

The Australian Antarctic program deploys an aibome miulii-
sensor plaiform io determine @ range of sea ice physical
parameters. The instrumented helicopter shown -camies a
downward-looking) -scanning) - LIDAR and themal infrared
temperature sensor (pyrometer) under the cowling in the front,
and a downwaird looking high-resolution, medium formart digital
camera in the.camera bucket below the floor of ithe helicopter.
The LIDAR providiles informartion on combined sea ice and snow
cover suface elevation (from which sea ice thickness can be
computed); the pyrometer measures the tempemaiure of the
sufface; and the camera records areal coverage of sea ice and
roughness characierstics. A snow thickness radar is a crucial
fourth scientific payload and is being developed. This will enable
more precise estimaites of the snow cover thickness on sea ice,
which is one of the important variables when computing sea ice
thickness from surface elevaition data.

All of these instruments are being used to calibraie and validaite
saitelliie remote sensing data, for example fiom CryoSat-2
(camying a radar aliimeter), or thermal infrared data from polar-
orbiting saitellites. Such alitbome capability is key to linking in-situ
observations made on a very smalil local scale (100s of metres)
with satellite daita on much larger (regionall to hemispheric) scales.
- 1o improving) geophysical products derived fiom the laitter.



While satellites hold the key to the large-scale monitoring of sea ice thickness, in-sifu
monitoring programmes remain crucially important in the fast-ice zone, where the
ice thickness is intimately associated with atmospheric and oceanic ciculation and
temperature. Under the auspices of the intemationally coordinated Antarctic Fast-
ke Network (AFIN) [Heid et al, 2011a], sustained measurements of fast-ice thickness,
freeboard and snow thicknessare conducted atsixlocationsoffthe Antarctic coast.

Measurements are taken about once a week Several AFIN locations indicate
mcreased interannual varability in annual maximum ic e thic knessoverthe last 15 years,
accompanied by more fast-ice breakout events throughout a year— which reduce the
mtegrated fast-ice volume.

Ice dynamics

In-situ observations of East Antarctic sea-ice drnft have shown that atmospherc forcing
is the mam drnverofice motion [Heid et al, 2009, 2011b], with recent intensification of
storm activity in certain regionsof East Antarctica leading to mcreased deformation and
ridging (and therefore thic kening) ofthe ice cover[Heidetal, 2011b].

On the broader cicum-Antarctic scale, satellite-derived ice motion analysis [Holand
and Kwok, 2012] hasrevealed regionalincreases in autumn-wintersea ice speed of up
to 30% from 1992 to 2009 — most notably in the sectors 20° W-20° E and 90° W-140° E
with decreases of similar magnitude in the westem-central part of the Weddell Gyre,
the Bellingshausen Sea and off much of East Antarctica (Figure 8). These large and
statistically-significant changes are linked to observed changes in surface wind speed
and direction associated with change in large-scale modes of climate vanability, such
as SAM and ENSO [Ho land and Kwok, 2012]. Otherworkcamied out within the ACECRC
(Heidetal, n progress) hasrevealed high interannual varability in ice mo tion.

Figure 8. Antarctic autumn-winter (Apuk
October) sea ice motion trend vectors for the
period 1992-2010, derved from satellite data
and ovedain oncolburcoded 19-yearchange
in merdionalice speed. Figure adapted from
Holland and Kwok [2012].
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SIPEX 2: A MIESIONE IN UNDERSTANDING ANTARCTIC
SEA ICE

The Sea Ice Physics & Ecosystems eXperiment 2 (SIPEX 2) wals
jointly coordinated by the ACE CRC and the Australian Antarctic
Division. This ‘multi-disciplinary study was specifically designed
to address major knowledige gaps in Antarctic-sea ice zone
processes as identified by national and international'end-users.
k wais conducted using) RSV Aurora Australis in the region of 100°
E to 120° E off East Antarctica fiom September to November
2012, and brought together over 50 scientists from nine nations.
The intemational team measured the physical, biological and
biogeochemical properies of sea ice on smal-ito-regional
scales using classical methods and state-of-the-ant technology,
including ice coting surveys, remotely-operated and autonomous
underwatervehicles, diifting) buoys and insttumented helicopters.
Data fiom ‘the voyage being processed by ACE CRC and
intemational researchers will enhance our understanding of the
role of searice in Antairctic climate and ecosystem processes.
These data will also be utilised in the validaition of saitelliie-derived
sea ice thickness products and the parameterisation of sea ice
processes in climaite and ecosystem models.



An example of the collaborative and integraitive datal collected
during SIPEX 2 is shown in the graphic below. At the locaill scale
(over @ 100 m % 100 m grid), coincident measurement of the
ice draft, freeboard and snow loading can provide cricial
three-dimensional information at sub-floe scale. This is now
possible through the new methodologies for in-situ fieldwork
using atonomous underwater vehicles (AUV) and laser and
GPS technologies [Willimms et al., 2013]. An AUV from the Woodls
Hole Oceanographic hstitution (WHOI), equipped with a swath
multi-beam sonar, obtained high-resolition geolocated 3-D
maps of Antarctic sea ice draft. Coincident, high-resolution
3-D measurements of snow and ice surfface morphology were
obtained using temwestrial laser scanners (ILS) and an automated
snow probe. The next steps in this approach are to extend
the methodology beyond sub-floe scale - to provide regional
saimpling using, for example, powerful autonomous underwater
and airborne instrument packages. The success of these floe-scale
missions could pave the way for a new era of field experiments
capable of exploring ocean and sea ice processes on scales
up to 10-100 kilometres. This increaise in scale is important for the
goal of directly linking in-situ data with saitellite sensor footprints
and coupled climaite model gind cells and ecosystem studies.
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Fastice

Recent work conducted at the ACE CRC produced the first high-resolution time series
offastice mapsforthe East Antarctic coast (covering the Indian Ocean and Westem
Pacific Ocean sectors) [Fraser et al, 2012]. This study shows that fast-ice coverage
displays large inter-annual variability, but no statistically-significant frend, in the Western
Pacific Ocean sector. In contrast, the Indian Ocean sector showed relatively smaller
variability, but a statistically-significant positive frend in fast ice extent of 4.1 £0.4% per
year. However, these calculations are based on a short period only (~9 years, 2000-
2008), and a longer time series is required to conclusively identify long-term trends.

Extending the fastice record both temporally and to circum-Antarctic is an ongoing
focusofworkatthe ACECRC.

SEA IC EIN SO UTHERN O C EAN BIO G FO CHEMIC ALC YC IESAND EC O SYSIEMS

Seaice isa keydrverofSouthem Oceanbiogeochemicalcyclesand playsan important
role in structuring Antarctic marne ecosystems [Thomas and Dieckmann, 2010].
Antarctic sea ice coveraffectsthe Southem Ocean chemicaland biologicalprocesses
in variable and complex ways [Massom and Stamme rjohn, 2010; Vancoppenolle et al,
2013]. Changesin sea ice will therefore have multiple impacts on the Southem Ocean
by affecting its elemental cycling, productivity and food web struc tures. While many
coupled sea ice physical-chemical-biological processes have been identified, they are
not generally well understood or quantified at large scales. The potential future impacts
ofchanging sea ice on Southem Ocean biogeochemistry and ecosystem struc ture and
func tion are therefore highly uncertain.

Sea ice biogeochemistry

Recent observations show that lon accumulates in sea ice during autumn and winter
and isreleased backinto the ocean in spring [lannuzeletal, 2007, van derMermwe etal,
2011]. lon isan essential nutrient foralgalgro wth. The Southem Ocean is a high-nutre nt-
low-chlorophyll area, which is characterised by high concentrations of macronutrie nts
(for example nitrate and phosphate) but low concentrations of iron. Therefore iron
availabilityisa key factorcontrolling algalgrowth in the Southem Oceanand sea ice can
actasa majormon store [lannuzeletal, 2007]. Release ofron during ice melt contribute s
to the development ofice-edge blooms which serve asecological hotspots providing
food for Antarc tic knll (Eup hausia superba). The krllare in tum exploited by many higher
predatorsincluding seals, seabidsand whales, which oftencongregate atretreating ice
edges(forexample Nicolet al [2008]).

Previously, sea ice was believed to be impermmeable to gases. laige-scale ocean-
atmosphere carbon dioxide (CO;) exchange wasthoughtto occuronly during the open
water season. However, recent studies point tfowards significant CO, fluxes through sea
ice, modulated by a permeable sea ice coverand dynamic bioclogicaland chemical
processes within the sea ice [Delille et al, 2007; Nomura et al, 2010; Rysgcaard et al,
2007]. Current knowledge suggests that sea ice is permeable to gas fluxes and can act
asbotha source ofCO,in winterand a sinkin summerand autumn, and thus affec ts the
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oceanic uptake of thisimportant greenhouse gasin complex ways. On-going research
isaimed at detemmining the processesresponsble forthe release and uptake of various
climate relevantgasesfrom ice-covered oceans[Vancoppenolle et al, 2013].

Sea ice processes are also considered to make a significant contribution fo the sulphur
cycle through the high production of dime thylsulfonio propionate (DMSP) by ice algae.
DMSP serves as a precursorof sulphate aersols, which are cloud condensation nuclei
and have a potentialcooling effect on the planet by increasing cloud albedo [Maln
and Kirst, 1997; Stefelset al, 2007; Tre ve na and Jones, 2006].

Sea ice algae and phytoplankton

Sea ice formation starts in autumn when there are substantial concentrations of micro-
organisms in Antarctic surfface waters. These organisms are incormporated into the newly
forming sea ice by physical processes and create diverse, ice-associated microbial
communitie s (Thomasand Diec kmann, 2010 and referencestherein). ntermsofbiomass,
these communitiesare generally dommated by microalgae. Infact, the algae cangrow
to such high biomassesthatthey discolourthe sea ice (Figure 9).

Fgure 9. An overturmned first-year sea ice floe showing the high concentration of algae growing on the
undeside. Photo by Jan L Lieser(November2009, East Antarctica).
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Observations and model results indicate that 10-20% of the total annual primary
production in the ice-covered partsofthe Southem Oceanisderived from algae which
live within, or are attached to, the bottom of the sea ice [Amgo and Thomas, 2004;
Legendre etal, 1992]. However, these estimatesare subjectto considerable unc ertainty
as field observations, which are necessary to validate newly emerging models, remain
sparse and are costly to obtain (see Figure 10) [Meinersetal, 2012].

leni-a (Mg M2)
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Figure 10. Colour coded dots
showing the locationofice coresand
the associated ice-algal pigment
(ice-algal pigment is measured
as miligrams of chlorwphyl-a
per metre squared). The spatial
coverage across six sectors around
Antarctica is quite heterogeneous,
demonstrating the need for more
comprehensive data collection.
From Meinersetal [2012].
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While the contrbution of sea ice algae to overall pimary produc tivity in the Southem
Oceanisconsidered to be relatively low, these algae provide a crticalfood source for
marine herbivores such as Antarctic kill, especially during winterand eady spring when
food in the watercolumnisscarce [Floreset al, 2012]. A killlfeeding at the underside of
an ice floe is shown in Figure 11.

When sea ice meltsduring spring and summer, low-salinity and less-dense waterisadded
to the ocean surface, which creates stratified conditions that are favourable to algal
growth. The melting ic e rele ase snutrients,including lmnaswellasice algae,into the stable
surface layerofthe ocean where the microalgae can continue to grow. ncombination,
these processescontrbute to the formation ofmajorspring-time phytoplankton “blooms”
in the vicinity of retreating sea ice edges.
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Figure 11. Kilundersea ice. Photo courte sy Hauke Flores (AW].
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Figure 12. Satellite data composite from
January 2009 showing surface ocean
colour indicative of algal pigment
concentration, which is measured in
miligrams of chlorophylla per cubic
metre. Data are taken from the SeaWiks
satellite project, indicating patchiness in
the ice-edge bloom armund Antarctica.
The sea ice is shown in dark grey.
Unfortunately, satellites cannot me asure
algalbiomass in the sea ice zone. Figure
courtesy Ben Raymond (AAD).
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Ice-edge blooms can provide, at times and in distinct regions, a highly productive
envimnment supporting higher trophic levels and biogeochemical cycling [Amgo et
al, 1998; Smith and Nelson, 1985]. Figure 12 shows the patchiness of chlorophyll-a in a
composite of satellite ocean colourdata for January 2009, with some hot spots of high
produc tivity forexample in the Amundsen Sea, easterm Ross Sea and eastem Davis Sea.

Changesinsea ic e e xtent, thicknessand/ordurationaffectboththe timing and magnitude
ofseaice algalproduction and phytoplankton produc tion in the Southem Ocean [Smith
and Comiso, 2008; Montes-Hugo et al., 2009]. Modelsindicate thata decrease in sea ice
extent may resultin an increase in overallmarine primary produc tion due to higherlght
availability in the ice-free areas[Amgo and Thomas, 2004; Amgo et al, 2008]. However,
otherresearch indicates that a decrease in sea ice may reduce Southem Ocean on
supply and may reduce overallproduction [lancebtet al, 2009; lannuzelet al, 2010].
Importantly, a decrease in sea ice extent will result in a reduction in the springtime ice-
edge algalblooms. While research in the west Antarctic Peninsula region has shown a
generaldecrease in phytoplankton production in relation to decreasing sea ice extent
and duration, this response varies significantly along a north-south gradient [Montes-
Hugo etal, 2009].

Wildlife and fisheries

Sea ice isa key habitatforAntarc tic marne
e c o syste ms,no tjustin winte rb utthro ugho ut
the year[Thomas and Dieckmann, 2010].
Some species such as Crabeater seals
(Iobodon carcinophagus) breed on the
mobile packice while others, such as the
Weddell seals (Ieptonychotes we dde llii)
and Emperr penguins (Aptenodytes
forsteri) (Figure 13) rely on stable landfast
ice asa breeding platform [Kooyman and
Bums, 1999]. Sea ice can actasa bamier
separating animals from theirfood source,
and can also affectthe food source itself.
Adélie penguins (Pygoscelis adeliae) and
Emperr penguins must cross many tens
of klometres of coastal landfast ice from
their colonies on the Antarctic continent
to reach food supplies forthemselves and
their newly hatched offspring [Emmerson
and Southwell, 2008; Massom et al, 2009].
In fact, a close relationship has been
shown to exist between annual fast ice :
extent/trekking distance and Emperr Figure 13. Empermr Penguin (Aptenodytes
penguin breeding success at Dumont forsten) mating pair with newly hatched chick
d’ Urville Station [Massom et al, 2009]. Photo by Jan L Lieser.
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A close relationship between winter sea ice extent and the biomass, condition and
reproductive success of kil has been demonstrated in the Antarctic Peninsula region
and off East Antarctica [Atkinson et al, 2004; Nicolet al, 2000]. Sea ice provides ice
algae asa food source forkrlland also servesasa refuge from predation forair-bre athing
vertebrates, which have difficulty accessing the population during the winter [Flores et
al, 2012; Nicol, 2006]. Baleen whale smigrating south from theirtropicalwintering grounds
aggregate along the edge of the packice asit retreats in spring, to feed on kil that
have spenttheirwinterunderthe frozensea [Nicoletal, 2008]. Changesin sea ice extent
are therefore likely to affectice-associated baleen whale speciessuch as Minke whales
(Baloenoptera bonaerensis) and Blue whales (Baloe nopte a musc ulus), aswellas Orca
whales (Orcinusorca).

Changes in sea ice extent in the west Antarctic Peninsula region have also had
consequences for the Antarctic krill fishery. In particular, reduced ice cover has allowed
increased access to fishing grounds during winter [Kawaguchi et al, 2009; Nicol et
al, 2012]. The ecosystem consequences of changes in fishing activity combined with
changesin sea ice habitats are somewhatunclear, however[Melbourne-Thomas et al.,
2013; Thve lpiece et al, 2011].

Southem Ocean food webs and the life cycles of many Antarctic marne animals are
closely attuned to the seasonal thythms of their physic al environment, in partic ular the
annualadvance and retreatofsea ice. The sensitivity o fAntarc tic e c o systemsto c hanging
sea ice conditions hasbecome increasingly apparent in recent years. Forexample, in
the west Antarctic Peninsula region, the trend towards reduced sea ice has resulted
in population changes for ice-dependent Adélie penguins. Specifically, there is some
evidence that populationsofthese penguinshave moved southwards—to be replaced
by Gentoo penguins (Pygoscelispapua) and Chinstrap penguins (Pygosce lis antarc tica)
that previously bred predominantly on northedy sub-Antarc tic islands [Mc Clntocket al,
2008]. However, the ecosystem consequencesofchangesinsea ice habitatson the west
Antarctic Peninsula region are complicated [Melbourne-Thomas et al., 2013; Montes-
Hugo etal, 2009; Thve lpiece et al, 2011], and it is unlkely that observations made in this
region can be extrapolated to other regions of the Southern Ocean. Regionally-specific
processand modelling studies,and importantly long-term and coordinated observations,
are needed to understand and predict the impacts of changing sea ice on Antarc tic
ecosystem struc ture and func tion.

FUIURE MPACTSOFCUMATECHANGEON ANTARCTIC SEA ICE

Modelissues and predic tions

Accurately predicting the future state and distrbution of Antarctic sea ice represents
a considerable challenge for climate modellers. Although sophisticated, the cunment
generation of coupled climate models exhibit a wide range of Antarctic sea ice
climatologies, with few reproducing the increase inoverallsea ice extentobserved since
the late 1970s [Ese nman et al, 2011; Maksym et al, 2012; Tumeret al, 2013b]. Most
climate modelsfailto accurately simulate mean ice extent, particulardy in summer, and
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overestimate itsyearto-yearvanability [Maksym etal, 2012]. These factors, which suggest
that key processes are being simulated incomectly and/or neglected, unfortunately
undermine the degree of confidence that can be placed in predictions of likely sea-ice
conditions overthe coming decades[Tumeretal, 2013a]. They also underine a critic al
need to cany out coordinated in-situ measurement programs to betterunderstand sea
ice-atmosphere-ocean processesatplay.

February 1981-2000 February 2081-2100

Figure 14. Predicted changes in Antarctic sea ice extent and concentration from the Australian
Community Climate and Earth System Smulator. Figure courtesy Sobhan O’Famell(CSIRO).

ACECRC ANTARCTIC SEA ICEAND CIIMATE CHANGE PO SION ANALYSIS



Nevertheless, climate modelsgenerally predict an overallreduc tion in Antarctic sea ice
by the end of this century, as the effects of greenhouse gasincreases become more
significant and seasonal influences of stratospheric ozone loss decline (due to recovery
ofthe Antarctic Ozone Hole). Smulationsand projectionsfrom one model, the Australian
Community Climate and Earth-System Simulator or ACCESS model (Biet al, 2013), are
shown in Figure 14. An ensemble mean ofthe IPCC AR4 modelssuggestthatthe annual
average totalsea ice area wildecline by a third by 2100 [Bucegirdle et al, 2008]. This
retreatispredicted to be greatestin spring and winterwhen annualice extentislarge st,
which would decrease the amplitude of the seasonal cycle of sea ice areal extent.
However,cumentclimate modelsare unable to provide a precise regional(and seasonal)
assessment of expected changes [lefebvre and Goosse, 2008; Tumeret al, 2013al. In
terms of seasonality, Ssammernjohn et al [2012] speculate that cument trends towards
laterautumn advance and earierspring retreat may well continue. Future coverage of
fastice isunknown, asitisnotincluded in globalclimate models.

Modelresults suggest thatice thicknessmay be even more sensitive to climate change
than ice extent [Arzel et al, 2006]. In their study of ensemble output from IPCC AR4
coupled climate models, Sen-Gupta et al. [2009] showed a mbustdecrease in average
ic e thicknessand volume acrossthe modelsforboth summerand winter. The multimodel
mean furtherindicatesthat forthe winterseason, substantialsea ice losswiloccuratall
longitudes, with the greatest loss occuming in the westem Antarctic - particulardy from
the outeredge ofthe Weddellregion (0° W to 30° W) and between 90° W and 150° W. In
summer, the greatestice lossispredicted to be to the east ofthe Antarctic Peninsula. As
highlighted eardier, accurate assessments of change in Antarctic sea ice thic kness and
volume are severely hampered by the lackofbaseline information [Maksym et al, 2012].

Otherlikely impacts

Predicted increases in wind strength/storminess in summer and autumn in particular
[Bacegidle et al, 2008; Tumer et al, 2013a], waviness and snowfall [Bucegidle et
al, 2008; Emon and Bown, 2005; Meehlet al, 2006] are likely to have a majoreffect
on the future Antarctic sea ice envimnment, and in a complex fashion [Massom and
Stamme rjo hn, 2010]. Strongerwinds and/orgreaterprevalence of extreme wind events
would lead to more ice rafting and ridging and increased ic e thicknessin some areas(for
example Massom et al [2006]), while greatly affecting the floe size distribution of the sea
ice cover. Greaterwave energy generated by an increase in storminess would affect
the width and characteristics of the marginalice zone and even the characterstics of
the inner pack (for example Massom et al, 1999), as well as the breakup of fast ice
(particulardy when the latteris unprotected by an extensive packice cover, seasonally
orotherwise). Fast-ice formation and seasonality are also highly sensitive to wind speed
and direction [He i, 2006; Massom et al, 2010]. ke conditions, especially in bays, wilbe
substantially differentin a climate with different wind patte msthan atpresent. The break-
up orenhanced meltoffastice could, however,be countertbalanced by the increased
discharge of icebergs since grounded icebergs act as key anchor points for fast ice
formation in many locations [Giles et al, 2008]. Increased sheet discharge (potential
iceberg production)ispredicted to occurunderwarmming conditions[Bentley et al, 2007].
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Impactofincreased snow

Increased snow accumulationonsea ice could potentiallylead to anincrease in surface
flooding by depressing the ice surface below sea level and warming the ice (a warmer
ice coverismore permeable to the passage ofseawaterthroughit[Goldenetal, 1998]).
In thisway, ncreased snowfallcould lead to enhanced formation of snow ice [Fic hefet
and Momles Maqueda, 1999]. This can be a more efficient means of ice thickening,
given that freezing occurs on the ice surface rather than the base [Iytle and Ackley,
2001]. h otherwords, enhanced snow ice formation could maintain sea ice thic kness to
some (unknown) extent by counterbalancing any increase in ice basal melting under
ocean warmming conditions [Maksym and Markus, 2008; Wu et al, 1999].

At the same time, the presence ofa thickersnow covercould delay the summerice melt
due to itshighalbedo —to potentiallylengthenthe seaice seasonincertainre gions[Eic ke n
etal, 1995;Iedley, 1991]. Anotherpotentialimpactofgreatersnow accumulation isan
increase in freshwater flux into the ocean when the ice melts, leading fo increased ocean
surface stratification. This could in turn lead to reductions in the upward flux of ocean heat
forbasalsea ice melt, mplying that sea ice duration and extent may actually increase
under warmming conditions (forexample Zhiang [2007]). These potential scenarios once
again underine the complexity ofthe sea ice-ocean-atmosphere interaction system.

FUIURE C HAILENG ES

Improving the performance of models

In spite of majoradvancesin ourunderstanding of Antarctic sea ice overthe pastthree
decades, there is still much to be leamed about its c harac terstic s; its interac tions and
connections with the atmosphere, ocean and ecosystem; and its complex response
to, and mle in, present and future climate change [Maksym et al, 2012]. A key
challenge isto inprove the performance of numerical models in simulating recent, and
predic ting future, Antarctic sea ice distrbution and state, and to mclude seasonal and
regional sensitivitie s in the models [Maksym et al, 2012; Tumeret al, 2013a]. Inproved
parametersation and understanding of change and varnability not only requires more
and improved observations. It also necessitates identification and better understanding
of processes and mechanisms involved. These include ocean forcing and feedbacks
[Russell et al, 2006], as well as the role that sea ice itself may play in modulating the
response to external (atmospheric and oceanic) forcing [Raphaelet al, 2011; Maksym
etal, 2012].

Estimating sea ice thickness

A majorstumbling blockatpresentisourlackofknowledge ofthe cument distribution of
the thickness of Antarctic sea ice and its snow cover, and of how these are changing
and what processes are involved; that is, the relative contributions of dynamic and
thermodynamic processes (including snow-ice formation). The ice thic kne ss distrib ution
provides an integrated measure of total sea ice production and, thus, total ocean-
atmosphere heat loss, the surface salinity flux in winter and freshwaterinput intfo the ocean
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SEAIS, POLYNYAS AND A 30-YEAR-OID MYSIERY O F THE DEEP

Scientists believed that the cold, dense bottom waters of the global ocean oxginated
ait three different locations in Antarctica - the Weddell Sea, the Ross Sea and the Adélie
Coast of East Antarctica. Thity years ago, a fourth source was speculaied to exist
somewhere in the Prydz Bay region, but until now scientists have been unable to confirm
if, where and how it is being formed.

Now, through sophisticated saitelite data, oceanographic moornngs and tagged seals,
team involving ACE CRC reseaichers hais discovered that a fourth siream of “Antaictic
Bottom Water” (AABW) is being produced from intense sea ice formation in the Cape
Darnley Polynya (65° E-69° E, 67.5° S), north-west of the Amery lce Shelf. Oshima et
al. [2013] estimaite that this source of AABW represents between 6% and 13% of the
circumpolar total. lts significance is underlined by the fact that AABW is a key driver of
the global ocean circulation and therefore of the Earth’s climate.

Data collected by instrumented Southemn elephant seals allowed scientists to pinpoint
the paith of the dense salty water aind therefore identify the area fiom which it orginates.
This oceanographic data collected by the seals is-part of @ larger ecological project
at Institute for Marine and Antaictic Studies (IMAS) to study their behaviour. When the
sealls suiface, their instrument tags relay information (via satelite) back to land, where
it is collected by the Integrated Marine Observing System (IMOS). The newly identified
souice of AABW is different from the other three sources. lis existence demonstrates thait
polynyas are capable of forming sufficiently dense Shelf Water over a namow section of
continental shelf without the tiaditional assistance of a large ice shelf or coastal storage
volume. This opens the possibility for furher discoveres of AABW pioduction from the
other polynya regions around the Antarctic coastline.

69°E 72°F T8°E 78°E

L
. 345 34.6 347 348
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in summer. Current large observational uncertainties in these quantities (of 50%-100%)
severely compromise the ability to effectively evaluate models- and thusundermine our
confidence in the accuracy of future predictions [Maksym et al, 2012].

Given these factors, it is critical to derive more accurate baselne information on the
thic kness and volume of sea ice on regional to cicumpolarscales by satellite remo te
sensing. Thiscanonlybe achieved through effective calbrationand validation programs
mvolving carefulcoordinationofin-siftUobservationswith coincidentsatellite, aitbome and
underice remote sensing (forexample Iieseretal [2011,2013], Willamsetal [2013]). This
mnitse frepresentsa considerable challenge, giventhe range ofscalesinvolved. Otherkey
challengesto the derivation of sea ice thic kne ss info rma tion from sate llite altime try (both
laserand radar) are the relatively smallfreeboard of Antarctic (compared to Arctic) sea
ice, the widespread (though as yet unquantified) occurrence of surface flooding, and
the need foraccurate mdependent nformation on snow thickness and density and ice
density [Gileset al, 2008a; Maksym and Markus, 2008].

Otherchallenges

Cleady, improved knowledge of the precise mechanisms involving, and feedbacks
between, snowfall, ice growth and melt, and upper-ocean stability (stratification) and
vertic alhe a ttransp o rtisc ritic a Ifo rund e istand ing the ¢ urmre ntbe haviourand ¢ harac te ristic s
of Antarctic sea ice and its future trajectory [Maksym et al, 2012]. This again re pre se nts
a considerable challenge, given the complexities and regionaland se asonalse nsitivitie s
mvolved. Fortunately, we are on the cusp of an exciting new era in observational
capability for monitoring the Antarctic sea ice environme nt, using autonomo us drifting
and ice-tethered platforms[Maksym et al, 2012]. These can provide ¢ ontinuo us, se ason-
long observationsofatmosphere-ice-ocean interactionsand the evolution ofthe sea ice
and itssnow coverthathave beenlargelylacking to date. While suc h platformshave the
potentialto re volutio nise ourunderstanding ofthe severely undersampled Antarc tic sea
ice zone, relatively few have been deployed to date. The challenge isagain to step up
deployment, butin a coordinated fashion around Antarctica (including on fastice and
in the marginalice zone).

Given the rapid decline in Arctic sea ice and ouruncertain knowledge of Antarctic sea
ice,there isstrong impetusforprocessstudiesand more sustained integrated observations
that span disciplines and a range of space and fime scales. The contfinuation of field-
based observationsusing icebreakersiscrucialin thisrespect[Maksym et al, 2012].

SIRATEG IC FOCUS

The IntergovemmentalPanelon Climate Change concluded in its Fifth Asse ssmentReport
[[PCC, 2013] that the observed wamming of the Earth is strongest in the polar regions.
Surface temperaturesoverlarge areasofthe Antarc tic Peninsula have risenconsiderably
fasterthan the globalaverage. The Southem Ocean isalso warmming more rapidly than
the globalocean average.
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Antarctic and Southern Ocean processes influence weather and climate on both
regionaland globalscales,and impactthe widerenvironment and ec osyste ms.

The Antarctic sea-ice zone isa majorcomponent ofthe Earth’s climate system, and we
know that it is changing. As this Position Analysis shows, there are key components of
Antarctic sea ice that we know little about. Filling thislack of knowledge of such a vital
region ofthe globe isan imporntantresearch taskforthe coming decade.

In recent years, the technology needed to observe the ocean hasdeveloped rapidly.
The use of thisnew technology has the potential to reduce the cost of research in the
region. Platforms ranging from drfting buoys, to autonomous underwater ombots and
remotely-operated amcraft can be used to complement traditional (and essential)
icebreaker research platforms and aircraft. These on-site fieldwork measurements can
be matched with satellite technologiesto observe the sea-ice zone on the hemispheric
and globalscale.

kEwilbe essentialto include many different discipline s in this effort, asfeedbacksacross
varousregionalscaleswillinkinto the differentspheresofthe globalsystem. Thisresearch
must be mtegrated with national and intemational efforts in the region. While sate llite s
can measure sea-ice extent, it wil be important to get a measure of and develop
methods for predicting sea ice thickness in the entire sea-ice zone of the Antarctic.
This new knowledge wil support inprovements to numerical models of the coupled
atmosphere-ocean-cryosphere system, and through this, the predic tability o fthe c imate
system and, asan extension, also thatofecosystem models.

Australianresearchisimportantinunderstanding impac tsarsing from c hange sin Antarc tic
sea ice, but Australia also has a key le in ensuring that such research is available in
relevant forums of the Antarctic Treaty System (ATS), most notably the Antarctic Treaty
Consultative Meeting and the Commission for the Conservation of Antarctic Marne
Living Resources (CCAMIR).

Eadier work by the ACE CRC noted that changesin sea ice are likely to impacton a
numberof activitie s within the Antarctic Treaty area. Reductions in sea ice wil reduce
‘natural’ barriers to shipping access in high latitudes and open up otherwise difficult
areasformarine resourcesharvesting. While these activitiesare managed underthe ATS,
Australia hasan intere st in ensuring thatthese decisionstake accountofcumentscience.
Australia’s commitment to imtegrated research, for example the two SIPEX voyages
(in 2007 and 2012), provides crucially important c ontributions to inte mational e fforts to
understand observed and potentialchangesto sea ice. Thisresearch and its outcomes
are direc tly inked to Australian intere stsand govemmentgoalsforthe Australian Antarc tic
Program.

Australia’s work on sea ice builds on a lengthy commitment to marne science and

Antarc tic infrastruc ture. While such commitments are challenging, Australia wil be well
served by maintaining capacity and assets in high-latitude marine science with sufficient
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capacity to undertake winter sea ice expeditions. This means maintaining sufficient
icebreaking capacity in its ongoing Antarctic logistics and infrastruc ture planning, and
embracing the use of new technologies that greatly aid measurement and mo nitoring
of the difficult sea-ice environment.

Suc h inve stments provide o pportunities to work with mtemationalpartnersin challenging
environments and to continue a century of scientific endeavour that addresses critical
questions and supports managementofa region thatisofdirectinterest to Australa.

CONCIUSION

Antarctic sea ice isregarded asa sensitive indicatorofclimate change. ks presence at
the interface between the atmosphere and the ocean in polarlatitudes makes it highly
susceptble to dynamic and thermodynamic changes and varations from above and
below. It responds to changes in the envimnmental conditions in a complex way. For
example, whie a wamming atmosphere and increased heat content in the ocean wil
have a thinning effect on the sea ice, greaterwind and wave energycanbreakup sea
ice to potentially increase the ice thicknessby rafting and ridging.

Anincrease in snow coveron top ofthe sea ice willhelp to thermally insulate the ocean
from the atmosphere and therefore reduce freezing rates of sea ice, but at the same
time can suppress a thinnerice coverbelow the waterline and faciltate mcrease inice
thic kness by snow-ice formation.

The observed pattemsofchange in Antarctic sea ice are manifold and no tuniform across
the region. While the overall extent of sea ice, for example, shows a slight increasing
trend (panela. in Figure 4), there are starkly contrasting trendson oceanic basin scales
(RossSea versus Bellingshausen/Amundsen seas). Smilarheterogeneouspattemscanbe
found in mapsoftrendsin sea ice duration/seasonality (Figures 5 and 6).

Sea ice playsa crtical wle in biogeochemicalcycles and the marne ecosystem in the
high-latitude Southem Ocean. The life cyclesofmany marine animalsare closely linked to
the seasonalrhythm ofthe physicalenvimnment, and changing sea ice conditions might
have beneficial effects for some species, but can be potentially devastating for others.

Recent advances in space-borne remote sensing enable a first assessment of large-
scale sea ice thickness (and subsequently sea ice volume) based on surface elevation
(frereboard) measurements. Such measurements will enable a reliable estimate of sea
ice volume overtime ifcamied outin the same area repeatedly with c onstant pre cision.

In orderto betterunderstand the influence of a changing environment on the geophysical
properties of sea ice and flow-on effects on the ice-associated ecosystem, as well as to
calbrate and validate established and emerging remo te-sensing products, a continued
mtemationally collaborative and interdisciplinary in-sifU monitoring and research effort
iscrucial
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Scientists and support staff at work on East Antarctic sea ice durng the second Sea ke Physics &
Ecosystems e Xperiment (SIPEX 2) in 2012. Photo by Brian Walpole
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