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1. Executive Summary

This National Science and Implementation Rlas been witen to guide the development of

ldza G NJ £ Al Qa Ly 3dSaNI G§SR “aHumNPeds 8f péoplaifdmiddrosséthe { e A G SY ¢
Australian marine and climate science community have contributed to it, andthk ddey

components have been internationally peeviewed. At 500 pagedt represents a major body of

work that will continue to evolve over the life of IMOSresponse to national needs and global

trends.

The Plan is structuredtimsevencomponentsg a national overview (~10@ages), and sigcence
Node chapters (averaging ~70 pages). Each of the components can be read as standalone
documens, but it is in combination that they provide the rationale for current and ongoing
investment in a national scale integrated marine observing system.

ThePlan briefly introduces IMOS, sets the context for sustained ocean observing in Auatrdlia
explains theole and structure ofMOS science NodeBoth thenational overviewand themore
detailed Node chapters@rethen organigd along the followindines

The scientific background is discussed under major themes of research, setting out our current state

of knowledge andrticulaing gaps which lead to the developmentszienceguestions.

Observations required to address these questiaresthenidentified, and an implementation plan

articulated Uptake and use of the datais discuséel t KAy GKS O2y GSEG 2F | dza i |
Innovation System

It is important to highlight that this is a science and implementation plan to guide the develdpmen

of aresearch infrastructur@rogram. As such it is not meant to define the research projects that will
use the infrastructure, but rather to define the data streams required to address highelscience
guestionsin order to underpima wide varietyof current and futureesearch It is thereforeessential

that the Plan is well aligned with NI YS g 2 NJ & 3 dzéatbhaylFovatiolzSystdt dvér th@ & b
longer term, such as the National innovation Agernta,National Framework for Marine Research

and Innovationthe NationalClmate Change Science Rrawork.

The timeframeof the Plans 200913, and beyond.

This reflects the fact that IMOS is currently funded until-20d.3, and that much of the effort to
develop the Plan to this level of maity was undertaken to guide investment of the second phase
of funding provided in mie2009.

It also reflects the fact that the Plan provides a compelling science caserfiimued investment by
the Australian Government in a natiorstale, irsitu marine observing systenintegrated from the
open ocean into the coast, and across physical, chemical and biological variables.

LAl acronyms used in this document are explained at first use, and again in Attachment 1.



IMOS is designed to deliver critical information about ocean change over multiple decades, climate
variability and weather extmes, major boundary currents ardntinental shelf processes, and
marine ecosystem response$hisinformationwill be necessary if the Australian marine and climate
science community is to meet current and emerging needs for new knowledge about @mrspse

as to better support evidenebased decision making on issudfational significancthat will have
intergenerational impact.

As data streams develop and grow, and long time series of key variables are constructed, there will
be opportunities tarefine and focus the observing system. Important gaps will also need to be
addressed.In the bluewater hese include the deep oceathe high latitudes (including the sea ice
zone),and the tropics.In the coatal zone they include improveageographichcoverage andpatial
resolution andgreater understanding of theustained observationgquired tounderpin
ecosysterrbasedmanagemenin the marine environment The potential of¥ 2 Y &r@ atieer
capabilities to transfornour capacityto observethe functioning of marine ecosystems will need to

be carefullyevaluated.

April, 2011



2. Introduction
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behalf of the Australian marine and climate science communityvas established in 2007 under

the National Collaborative Research Infrastructure Stratagg,has attracte102Mfrom

Australian Governmenmnesearch infrastructurénvestmentprograns, and ceinvestmentby partners

of up to $110M(i.e. ~$212M in ttal). IMOSis currently funded to June 2018ut is intended to

continue beyond this date assustainedin-situ oceanobserving system. Planning for the next

stage of Australian Government research infrastructure investment (beyond) 200.8ccur dumg

2011

IMOSFacilities araleploying a range of observing equipment in the oceans around Australia, and
making all of the datéreely and openly available throughe electronic Marine Information
Infrastructure(eMll) Facility Thesedata streams, log-time-series okey physical, chemical and
biological variablegepresent a national research infrastructure that is being created and developed
for use bythe Australian marine andiolate science community aridternational collaboratorso

tackle bigstrategic, science questiomd relevance to Australian society

IMOShas been designeaccording taGlobal Ocean Observing System (GOOS) principitdinked
openocean and coastal componentsihe operocean componenis firmly embedded in relevant
international programs, and theoastal componentomprisesa national backbone and seriesof
regional nodes.Collaboration with relevanterrestrial, freshwater, geological, cryospheric, and
atmosphericobserving systems &so being pursued within an elrsystem science context.

To successfully establish and sustadtional collaborativeesearch infrastructurén the form of an
in-situ ocean observing systemhias beennecessary for IMOS to engage the Australian maaimg
climate research communifyand wak with its leaders to developonsensus owhat to observe,
where, when, how and why. This has been achieved by creatiegwork ofsciencecommunity
RNA B&lgQ Wi KI G LINRGJARS GKS dedelop tiescledcdga@stididsand 2 y | £ S T2
thereby identify the needor IMOS Facilitie® obtain specific data streams usiagpropriate
technology platforms.There are six Nodes, one openean and five coastal:

Bluewaterand Climate(openocean)

WesternAustralia (WAIMOS)

Queensland (QMOS)

New South Wales (NSWOS)

Southern Australia (SAIMOS)

Tasmania (TasIMQS)

ook whNRE

ThisIMOSNational Science and Implementation Pamsolidatesscience planningutput from
theseNodesoverthe lastfive years all of whch hasbeen benchmarked through international peer
review. It provides clear evidence thalhté Australian marine and climate science community has
matured © a pointwhere it can collectively suppost hationalapproach tointegrated marine
observing throughcommunitywide ownership ofa single national plan witNode components that
reflect regional priories Australiais attracting significant international interest and support for this
ambitious and exciting approach



3. The AustralianContext

This ction includes:

1.

arwDn

3.

The need for ocean observing in Australia

1 The need for ocean observing in Australia

dza G NI f A A a-

Australian ocean observing in a global context

Research and operational observing systems in Australia
Structure of the Australian marine and climate science commuaitg
The position of IMOS the Australian National Innovation System

ah islaHdrdortideryt Bith thiéhifd Aagygsbcean territorgn earth.
This marine estate is much larger than the terrestrial landmass, and more than 70% of Australian

territory lies beneath the ocean. However Australia has a relatively small population, making
stewardship of this large marine estate both a graggbortunity, and a grand challenge.

Australia extracts huge economic benefit from its ocean territory, through industries such as

offshoreoil and gas, marine tourism, shipping, fishing & aquaculture.

According to the latest Australian Institute of
Marine Science (MS Index of Marine
Industries:

G¢KS G20kt YSI adaNIF o
activity based in the marine environment il
Australia in 20089 was around $44 billion
The sector grew by 6 per cent between
2007-08 and 200809. This was largely
driven by significant growth in natural gas
production (72 per cent) but overall, marin
industries held their ground in the face of
the global economic downturrOffshore ail
and gas makes up over 50 per cent of the
economicvalu@ ¥ ! dza G NJ £ A |
industry andcontinues to grow, increasing
in value by 12 per cent between 2008

and 200809 ¢
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Safe and efficient operation of marine industries relies on ocean observations.

2 http://www.aims.gov.au/source/publications/pdf/AIMS%20Index%200f%20Marine%20IndDstc$6202010. pdf



http://www.aims.gov.au/source/publications/pdf/AIMS%20Index%20of%20Marine%20Industry-Dec%202010.pdf

Australia has a variable climate which is strongly
influenced by itsurrounding oceans. xEeme
eventssuch as tbught, flood,and tropical
cyclones are regular occurrences, with large soc
and economic impacts. Improved understanding
of ocean processes has the greatest potential to
increase skill in forecasting thesgents, and
therefore tohelp mitigate negative socio
economic consequences.

2 A0K YdzOK 27F ! dza G NI £ Al
semtarid, the population is concentrated in
temperate coastal regions of the south east and
west. This contributes to Australbeing one of
the most highlyurbanisedcountries on earth, with
88% of the population living in major cities and
surrounding innerregional areas Coastal oceans
are therefore of vital importance to most
Australians, in providing ecosystem services an(
recreational value, and as a source of informatic
about vulnerability to extreme events and long
term change (e.g. sea level rise).

Climate Classification

of Australia -
&
Fy . \

Climate Classes

Australian Population by
Remoteness Area
st
Australian
Bureau of N
Statistics AF | ‘

Australia is also the custodian ofanne
biodiversityassets with globallgignificant
conservation valuerangingfrom the high tropics
to Antarctica The recently completed Census
Marine Lifedetermined that marine biodiversity
in the Australian region is amongst the highest
on eartlf. World Heritage Areas include the
Gred Barrier Ree{GBRand Shark Bay, and the
Australian Government and all coastal State al
Territory Governments are implementing
networks of marine protected areas within a

Marine Planning Regions

broader context of marine bioregional planning

These factors combine to makestainedobservingof the ocean a matter of national significance

for current and future generations of Australians.

3 http://www.abs.gov.au/ausstats/abs@.nsf/Products/3218.0~281B-Main+Features~Main+Features?OpenDocument#PARALINK?2

* http://www.coml.org/pressreleases/census2010/PDF/Highligh€d 0 ReportLow-Res.pdf
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3.2 Australian ocean observing in a global context

Ocean observing is a global enterpriaad
international cooperation ifundamental to
success The majority of the ocean is in the
southen hemisphere (~57%jut it is relatively
poorly sampledwith heavy historical bias
towards observations in the oceans around the
United States, Europe and Japan.isT -
reflected in tre diagram oppositeshowing \—//
moored and shigbased platforms reporting to :
the GlobalTelecommunications Systef@TS). P e e

Australiatherefore has a key role to plays weHarticulated by one eminent reviewer of IMOS Node
Sciene Plangreviewestanonymitywill be maintained)

ldza N> f A Qa Lah{ZX Fta I O2yGNAodzirazy G2 GKS
major regional step toward satisfying these societal mandates. Moreover, its role is an
especially critical onef enabling the global implementation. Australia is the strongest

southern hemisphere partner in the global enterprise, with a broad regional perspective

in addition to sharing the global one.

There are significant benefits to Australigpliaying this rde.

Asnotedini KS Hnny NBGASS 2F GKS blridA2ylf Lyy20FGA2Y
FYR Ayy20FGA2Yy S| OK & $He huality ®f the 2 peid@htihatYve prédificé and:> | Y F
its usefulness to the rest of the world will eportant determinants in our ability to access the

other 98 percentg’

By making strategic investments in globally significaoetanresearch infrastructure, Australia
attracts strong international collaboration on issues of nati@ighificance, ang@ositions Australian
marine and climate science to be world clasthis respect, oulocationin the southern
hemisphereprovides Australian marine agh climate science with a natural advantage tbhahbe
exploited

®Venturous Australia, p26ttp://www.innovation.gov.au/lInnovation/Policy/Documents/NISReport. pdf



http://www.innovation.gov.au/Innovation/Policy/Documents/NISReport.pdf

3.3 Research and operationabserving systema Australia

IMOS has been established under an Australian Government research infrastructure program, to
deliver ocean observations to the marine and climate science commsmitlyat they carundertake
research of national significancdt is not an operational systenmHowever the broader utility of
research infrastructure investments has been recognised in a recent evaluafiodzf (i NI f A I Q&
National Collaborative Research Infrastruct@teategy(NCRIS)

It also needs to be recognisthat infrastructure is often not exclusively reseafotused. In
many areas, the infrastructure may have a complementary function for other purposes, such
as supporting operation uses and applicatifns

The Bureau of Meteorologghe Bureau or BOM isthe main Australian Government agency

providing marine and oceanographic services to the Australian commumnigrineweather

warnings, forecasts of winds and waves, tide predictions, forecasts of sea surface temperature (SST)

and currents, and tsunamiavnings (seéttp://www.bom.gov.au/marine/index.shtm). This is in
FRRAGAZY (G2 GKS . dzZNBl dzQa NBalLRyaAoAtAdASa F2NI g¢
provision of climate informationirfcluding seasonal prediction) that also rely on ocean observations.

The Bureau draws on its own observational systems, as widll@Sand otherdata that goes onto
the GTS (e.drom the globalArgoprogram). IMOS and the Bureau are therefareclose
collaborationto ensure that synergies between the research and operational systems are
maximised.

This relationship will increasin importancean the near futureas the Bureau is the process of

being given much greater responsibility for environmeitérmation in Australigincluding

information on marine ecosystems and ocean resources. Under the National Plan for Environmental
Information(NPEN, the Bureawand the Environment Department will work together during 2a10

to develop a frameworkdr producing national environmental accounsd (eventuallypational
environmentaloutlooks.

A number of Australian Government agencies other than the Bureau currently have operational
responsibilities that rely on ocean observations, such as the &istrMaritime Safety Authority,

the Royal Australian Navy, Australian Fisheries Management Authority, and Great Barrier Reef
Marine Park Authority. Various State and Territory Government departments undertake regular
monitoring programs in order to managdheir responsibilities in coastal waters. Large marine
industries such as offshore oil and gas also make significant investments in ocean observing in order
to manage and grow their operations.

A key element of IMOS strategy is to lead the developméa national marine information
infrastructure that will enable IMOS data and other Australian research and operational ocean data
to become discoverable, accessible and interoperable for the benefit of the nation as a whole. In
this way, valid differeces between research and operational needs can be respected, and synergies
between research and operational systems cariubg-exploited over time

® NCRIS Evaluation Report, lg#p://ncris.innovation.gov.au/eval/Pages/default.aspx
" http://www.environment.gov.au/npei/index.html
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In terms of looking ahead, it is also important to consider global trends. The GOOS Panel for
Integrated Coastal Observation (P1G@} identifiedsevenWigh Priority Phenomena of Inter€sor
g KA OKcto'EAdySBlution@ O02dzf R 6S RS@St 2LISRY

1. Impacts of oastal inundation & sea level rise on coastal ecosystems

Coastal eutrophication & hypoxia

Loss of bitogically structured, benthic habitats

Declining living marine resources

Ocean acidification

Exposure to waterborne pathogens

Exposure to Algal toxins

No akswd

In the US, the Integrated Ocean Observing System@@S) is in the process of developirgof of
Concept Initiativedn four areas:

1. Coastal Inundation Forecasting & Operational Wave Observation Plan

2. National Surface Current Mapping 8gHFequencyRadar Network

3. Harmful AlgalBloom (HABJorecasting

4. Integrated Ecosystem Assessments & Marine & Cb&giatial Planning

Within the Australian context,aastal vulnerability and marine spatial planning aheady

significant issuesHowevemwe are not yet at the point of beginning to considetionatevelW Sy R
to-SY R a2f dzii A 2 y & Q ®l vulnergbilityi, & ClibdteiCEange Bepabtthénthésinoted
that:

Coastal adaptation is at an early stage in Australia, and decision makers are seeking
information about climate change risks to inform adaptive response. A coastal priority is to

LINE SARSIYNOBHNS Y2RStfAy3a FyR RIFEIGFASGA (G2 F RRNBaA

In summary,tiis important to emphasisthat Australia needs to invest both:

¢ theresard infrastructure required to provide sustained ocean observations for the marine and
climate science community address large, loaterm questions of national significancand

o the operational ocean observing systems requif@dsafe and efficient operain of Australian
industries and communities on a day to day basis.

8 Climate Change Initiatives, presentation to OPSAG by lan Carruthers, Department of Climate Change and
Energy Efficiency, 21ctober 2010



3.4 Structure of he Australian marine and climate science community

Providers ofAustralian marine and climate scienoeludeAustralian Government agencies, State
and Territory Goverment agencies, Universitiegnd Private Industry.

This in part reflects the fact that, broadly speaking, State and Territory Governments are responsible
for coastal waters (to the three nautical mile limit), and the Australian Governmeasp®nsible for
GKS NBaid 2F ! dzad NI t A Ma differeniiblgs 6f thBswaridusséctbrs. L G | £ & 2

CKS ! YyAOGSNEAGE aSOG2NNa 1Se NRfSa I NB-divgh NBaSH NI
science. The Australian Governmagencies tend to undertake strategic and more applied science.

The State and Territory Government agencies tend to be focused on applied scieno&€and

partner with both Universities and Australian Government agencies). Private Industry tends to be

involved with the extension afcience through commercial application.

Australian Government agenciggludeboth:

e Research agencies i.e. AIM8dthe Commonwealth Scientific and Industrial Research
organisation CSIRY) and

e Operational agencies witkignificant research capacity iBOM Australian Antarctic Division
(AAD) Geoscience Austral{@A) Australian Bureau of Agricultural and Resource Economics and
Science$ABARESand Defence Science and Technology Orgamis(DSTQ)

All Australiarcoastal States and Territoehdave some marine and climate science capability i.e.
Western AustraliaNorthern Territory, Queensland, New South Wales, South Australia, Victoria, and
Tasmanialt is organised somewhat differentlyade by state, but in gneralis clustered around

e environment & natural resources,

o fisheries/primary industry/economic development, and

¢ in some case<limate change.

Of the 39 Universities in Australie23 (or 60%have a tangible focus on marine and climate science
Thesenclucel £ f 2 F G KS (akDaltrdef kadirf AgstkalbK Unfersitieand six of the
a S @ SegearthintensivUniversitieswithin the sector

In addition to the providers of marine and climate science, the users of this science arpatant

part of the community. Thse include

e Australian Government departmentssponsiblgor Climate Change, Emonment, Fisherie&
Aquaculture Defence, Bsources|nfrastructure Scienceand Education

e State and Territory Government departmentsitwthe equivalent responsibilities at State level)

e Marine Industries andtber climatesensitive Industries (such as Agricultyexd

e the Australian people.

10



Themajor centres of marine and climate science capability in Australia are shown folkbving
diagram:

Major centres of marine and climate
science capability in Australia

3 Anstitutions involved in leading IMOS showrbisid i
i ACrossinstitutional initiatives shown in (brackets) |

AIMS
Ccbu
ﬁ?‘é [ B [ NEW CUER AIMS
OVt | LSS * aesn |, ) Jcu
(ATRF) B Ry | S (TMN)
- D o e
WoAN arwin fa, cu B (AIMS@JCU
v Ay b : CSIRO
AIMS L 1 | Z. Uo
CSIRO | ice spgings | e 3 Griffith
Curtin L DERM
Murdoch I~ — v 8 DEEDI
i | Brlsbane/ . X
Edith Cowan | [T (EcoscienceBrecinct)
WA DEC \ iy
WA Fisheries| yrert W o ONSW
WA DoT ] AdONED ™ | U sydney
(WAMSI) st | vicranial YNDEMa Macquarie
(IOMRC) Melyommg uTsS
' . (SIMS)
O 300 Y TASMANIA
SARDI L~ % lsomi ! 'p—mban ﬁggﬁ\g
Flinders DSTO
U Adelaide BOM /
SAENR CSIRO UTASITAF] CSIRO
PIRSA (CAWCR) CSIRO GA
(MISA) U Me!bourne AAD ANU
Deakin ACE CRC ABARES
Ve £ (MAs)

IMOS has engaged this diverse and dispersed community throusgietsceNodestructure, which
is further explained in Sectidn

A key ingredient in this procesasibeen partnering with emerging, regispecific collaborations
which have helped to shape the IMOS Node structgre

in WA, the Western Australian Mae Science Institute (WAMSI) and Indian Ocean Marine
Research Centre (IOMRS$2)sed at the Universitof Western Australia (UWA)

in Queensland, the Tropical Marine Network (TMN) Atld S@ James Cook UniversityGlin
the north, and the Boggo Road Ecosciences Precinct in the soutmealsing CSIRO and
Queensland State Government adjacent to thavdrsity of Queensland (UQ)

in NSW, the Sydney Institute of Marine Science (SI&h is a partnership between the
University of NSW (UNSW), University of Sydney, Macquarie University and University of
Technology Sydney (UTS),

in SAthe Marine Inrovaion South Australia (MISA) program led by the South Australian
Research and Development Institute (SARDK),

in Tasmania, the Institute of Marine and Antarctic Studies (IMAS).

11



3.5 Theposition of IMOSin the Australian National Innovation System

l dza G NI £ Al Qa L(301020PentitlddBPgweting I8eaR An Innovation Agenda for the 21st
Centur® A y Of dzRSa (i K Nprdrindaseds] d8eN\af véhiChiliayin® &n@ climate sciente
(withti KS 2 (i K Spdde scieicd ahdastino@gnd4uture industrie). Thisdecadalagenda

laid the platform fora $388M Australian Government investment in marine and climate research
infrastructureover fouryears (2009L3), includingthe second stag852M investment in IMOS, a
$150M reinvestment in blue water research vessel capabi$t,20M investment in marine
laboratories in support of regiespecific collaborations noted in the previous section, and
investmentin related terrestrial observing sigsns andnationalcomputing and information
infrastructure. Further marine and climate super sciengeestment is antipated beyondJune
2013within the context of the decadal agen@201G620).

IMOSis thein-situ ocean observing systet2 YLR2 y Sy i 2F 1 dzZA G NI f Al Q& Yy I GA2
NE&ASEFNOK AY TN &dGNHzOG dzNB @ Lid KFa I WRIGFE OSYydNRC
research infragucture, which maifeststhroughthe discoverability and accessibility aif itsdata

viathe eMIl @cean Port&httd://imos.aodn.org.au/webportal/). IMOS is partnering with other

ocean observing activities in Austrakiand withthe operatorsof dza G NI £ A} Qa4 NBaASF NOK
platforms andusingthe eMIl information infrastructure téead the development cdin Australian

Ocean Data NetworfAODN}Yhat will enable IMOS data and other Australian research and

operational ocean data to become discoverable, accessible and interoperable for the benefit of the

nation as a whole

Thispackage ofnarine and climate research infrastructurevestmentis intended to mderpin

research education anddining activiyy across the University sectand its partnersand research
activity (both experimentabased, and moddbased) across the broader marine and climate science
community. It is also expected that this strelhghing of marine and climate research capability
within Australia will help to establish a mustronger basidor further development of improved
marine environmental information and operational ocean productd services.

The position of IMOS withiAudralian marine and climate scienazn be illustrated as follows

Operational Ocea
® operaional Products &Serviceq

Marine Environmental o systems - -
Information (Accounts, Outlooks) [t (e.g. Ocean Forecastin

wwwwwwwwwwwwww
frameworks

Marine and Climate Research Research Infrastructurer:
Asustained irsitu and remote observing
Avesselbased activities
Ainformation management

Australian
Ocean .
Data Modelling,

Network "
Reanalysis,

Research ‘
Vessels " ’

Process

Studies,

Pilot Studies Algorithm

Development

Other Observations

(incl. satellite remote
sensing)

Research Education and Training L~

o http://www.innovation.gov.au/Innovation/Policy/Documents/Poweringldeas.pdf
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Two points about the relationship between IMOS dinel other components need to be
emphasised.

Firstly, @rticular attention will be paid to integration of obsving system development with the
relevant modelling frameworks. While this has been a strategic priority in IMOS from the outset,
international peer reviews have consistently encouraged us to strengthen the relationship. In the
words of one eminent reewer:

The Pls might consider a specific task to integrate the observations with the model
development, since otherwise each set of experts tends to treat the others' findings as a
black box. Experience shows that tight integration of model developmemblyitervations
improves the relevance and applicability of both.

Secondly, IMOS is intended to provide the sustained obsesyistgmcomponent, and cannot fund
the process studies and pilot studies required to investigeatures that need to be better
understood before we cadesign futire components of the observing system. It is imperative that
the institutional partners continue to undertake these studies. By way of example, CSIRO
participated in theinternational Nisantara Stratification and Transport (INSTANT) proftdming
20036 in collaboration with the US, Netherlandsranceand Indonesia Experience gained through
the INSTANT project has enabled IMOS to beginvasting in monitoring the Indonesian
Throwghflow on a sustained basis in collaboration with the US and KeesaSection 6.3.3)

Thegreatly enhanced collaboration and integration within Australian marine and climate science
that is a feature of recent initiativesas many obvious advantages fosparsely populated nation
with a huge ocean teitory, but it does requiredditional effort in establishing and maintaining
effective interfaces between the major components of the national collaborative system.

Given thecentralposition ofIMOSIntheWY I NA Yy S I dgRain@ AuEINI GE S Q& y I GA2Y | f
innovation systemit is particularly important thaattention is paid to establishing and maintaining
multiple pathways to uptake and use ibiOSdata and products These pathways need teork
across e sectors of the national systeriversiy, Australian Government, State and Territory
Government, and Private Indusjrandlink through to relevant international activés.

Pathways to uptake and use of Pathways to uptake and use of IMOS data and products
IMOS data and products are < Australian
cean Data
summarised in the idgram vessel Network
. .. . . data (AODN)
opposite. This is explained in IMOS data &
- . products
more detail in Section 9.

Research

via the GTS

IMOS now has systems in place Research ) Research ~ Multi- Research
) education & PrOJects decadal modelling
to monitor deployment status of trainin 163 years { analyses J \ { systems J
. t2ald R20Q& ARC eanalyses ‘
equipment, and availability of { K508 w5/ 0a Clmatologies

Bluelink
ACCESS
Shelfscale
Regional

t2ail DN} RQa DCC

\

data via the Ocean Portal. L W’b 5 RSB
ERF Hubs|

Increasing emphasis is being national Jomtvemures Programs

and Partnerships | 3—7 ears

placed on developing systems tc | international

monitor uptake and use of data : Conference : : " | g -

ia these multiple pathways roteators o oo e pen assimiaton
via ultl Wi y . posters

10 http://www.marine.csiro.au/~cow074/INSTANT compesidf

- Remote (" Operational |
Ammew sensmg sweine| forecasting
Ocean Colou roducts POAMA|__ systems
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4. The role ofNode science plans guiding IMOS
Investment

One of he most obvious rigdn establishing a research infrastructure program liKEOSis therisk

off WodaAt R Al | yR (IKNGiexpliitlyrhanagiaghis i3kthroudhits Ridd®© K @
Science and Implementation PEnThe Node planning process has enabitedAustralianmarine

and climate science community provide the scientific ratioale for anational scaléntegrated

marine observing systendevelopsciencequestionsbased on current understanding and knowledge
gaps and thereby identify the need to obtain specific data streams usjipgopriate technology
platforms The Node plans haggaduallybeen strengthered since the inception of IMQ$cluding
through international peer review.

Nodes are not directly funded undtris model Rather, the Node plans are used to guide
investment in technologypased national &cilities operated by relevant institutions within the
national innovation systemThis helps to avoid regional competition, eresuthat Nodes are able to
take multiplatform approaches to major questions, addves broad utility of IMOS Facilities asso
Nodes to delivebetter value for money.

IMOS has estaished the followind-acilitiesand SubFacilitieswith Operating Institutions noted

1. Argo Float{CSIRD

2. Ships of Opportunity SOORCSIRD e Multidisciplinary Underway NetworikBTand
BiogeochemicalCSIRD

e Continuous Plankton Recorder Sur¢ed/CSIRO

and AAD

Sensors on Tropical Research Veq#did9

Sea Surface Temperatu@OM

RealTime AirSea Fluxe@BOM

Bioacoustic§CSIRD

3. Deep Water MooringgUTAS/CSIRO

Air-Sea Flux Stmns (BOM
e Southern Ocean Time SerigsTAS/CSIRO
e Deepwater Array$CSIRD

4. Ocean GlidergUWA

o

Autonomous Underwater Vehicle AUV(SIMS

6. National Mooring Network(CSIRD ¢ Queensland and Northern AustrafialM9
e New South Wale(SIMS

e SouthernAustralia(SARDI

e Western AustraligCSIRD

e Acoustic Observatorig€urtinUniversity
e National Reference Statio€SIRD

e Ocean Carbon and Acidificati¢g@SIRD

7. Ocean RadafIJCVy

8. Animal Tagging and Monitorin¢SIM3

9. Wireless Sensor Network@AIMS

10. Satellite Remote SensingSRYCSIRD e Sea Surface Temperatuf@OM
e Ocean ColoufCSIRD
e Altimetry Calibration¥/alidation(UTA$

11. e-Marine Information Infrastructure (UTA$ e Australian Ocean Data NetworldTAS$
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The profile of investment by Facilityssown below. These figures are based on total investment
(i.e. including cenvestment) of ~$22M over ~6 yearsTo give some indication of scale of
investment, eac0%WY & K eghideQtoan average 0£$35M per annumover the period

SOOP

o% 11%

Sensor

Network
4%

Investment by Facility
Taggin

Other
9% Deep

eMIlI/AODN 4%
Moorings
11%
Radar
4% Gliders
AU

%
SRS

VA%
3%

Most Facilitis deliver across multiple Nodes, as shown inftllewingtable below.

Bluewater WA QLD NSW SA TAS
& Climate
\%

Argo

SOOP Y Y, Y, Y, \% \%
Deep Y,
Moorings

Ocean Vv \ \% \% A% V
Gliders

AUV
Shelf \Y Y, \% \%
Moorings

Ocean \% \% V V
Radar

Animal \Y \Y \Y \Y V V
Tagging

Sensor \%

Networks

SRS
eMI/AODN \%

It should be noted that:

¢ While data streams from opeocean Facilities like Argo and Deepwater Moorings are generally
only used within the Bluewater @nClimate Node, outputs from this Nodsing these data
streamsprovide broad scale context for the coastal Nodes.

e The fact that the Wireless Sensor Network Facility is currently restrict@dkOSis largely due
to the fact that the Queensland Stateo@rnment has to date been by far the largest cash co
investor in IMOS.
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Asexplainedabove, ceinvestment by partners is fundamental to the ability of IMOS to operate at its
current scale. Approximately 55% of the total resources required come freinvestment by

partner institutions, by related Australian Government programs, andditg Sovernments.The
spreadof co-investmentby Facility is shown in the figure below:

Coinvestment by Facility

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

m Coinvestment
m DIISR

Significant additional leverage is gained2dz3 K | dzA G NI f A Q& LI NGAOALI GAZ2Y
collaborative programs. This is not accounted for in the abovewestment figures, but is
Foaz2ftdziSte WNBFIEtQ Ay (GSNya 2F RIFIGF RStAGSNBR (KN

Examples include:

e A doubling ofArgo floats in the Australian region through international partner contributions.

o Direct investment by the global Ocean Tracking NetwO/kN in acoustic animal tracking arrays
off south west WA and east coast Tasmania.

e Access toatellite remote sensing dat and products, fosea surface temperatur@cean surface
topography andocean colour.
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5. TheIMOSScienceNodes

This section covers:

1. The IMOS Node structure

Bluewater and Climate Node

Regionatoastal Nodes

Node governance, and

Major research themes thantegrateacross Nodes

ok own

5.1 The IMOS Node structure

IMOS has been designed accordings00S
principles, with linked opemcean and coastal IMOS Node Structure

components. The opeaceancomponent
Open Ocean @
Go)
—— 5 Regional

(Bluewater and Climatislode) is firmly
embeddedm relevant international programs,
Blue;/ater /C %:5%1;\?:1&?“\ @

and the coastal componembmprisesa national
Climate @

backbone and a series of regional nodes
Western Australia (WAIMOS), Queensland (Q S
IMOS), New South Wales (NSMOS), Southern

Australia (SAIMOS) and Tasmania (TasIMOS)

CKS YILI 6St2¢ aK2ga (GKA& O2yOSLXidzZ f FNI YSg2N]
blue lines indicating the boundaries lofdza (i NEixdugivie Bcdnomic Zone (EEZ), and the white and
black lines showing regiowd interest for each IMOS Node

Bluewater &
- Climate Node
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5.2 Bluewater and Climate Node

The Bluewater and Climate Node has

research interests in the tropical and J—

western Pacific, the Indian Ocean, and SIS :

the Southern Ocean (to the Antarctic it i ‘

coast). o e - e
Pacific . ) Ocean

Ocean

These interests extend to regional

features such the East Australian g Infiian Ocean
Current, the Leeuwin Current, the Coral : /—‘—’—I— T o,-m,.\L

and Tasman Sea regmmand the Inde
Pacific Througfhow.

5.3 Regional coastal Nodes

Establishing a series mgional coastal Nodes that ai@egrated with theopen ocearandwhich
together take a truly national perspective@a major challeng for alarge nationsuch as Australia
This challenge as wellarticulated by one eminent reviewer of IMOS Node Sci¢tlaaswvho
recommended anational planning process for the coastal ocean

There is a tendency in large nations for coastal observing systems to be designed piecemeal,
as the sum of what the participating coastal institutions would each like to do in their

patch.. There needs to be first a carefully articulated national vision of the requirements for
coastal observations, including the transitions from coastal to blue water zones. Regional
planning should be a recognizable application of the national foldéine local setting using

local knowledge and expertise.

e YS& NBIAZ2YIf FSIGdzNB3§g 2F ! dzad NI tAlFQa O2F ad

e ¢KS yIF{idzZNBE 2F ! dzAGNI f Alaga O2F adlrf {GlFdGSa |

e Locations of multinstitutional strength in Australian marine and clte science, where there is
the capability to both operate and use a national scale observing system.

In addressing this challenge, IMOS has considered:

Regional features:

Taking into account factors such as tl
G02L123INF LIKE 27F | dz3 g . »
shelf and slope, the interaction of e 2 v ) Jeac R lagoo

influence

shallow waters

major boundary currents with the el - stcaly distint

shelf, phytoplankton provinces, and
marine bioregions (which are BN Sounviest '
A L . ~ 7 7 AN A:elfwinscirrentinﬂuence sefijéhgzrgﬁl
S |J dZA Q I' f S y u u 2 qu I % \ Afropical oceanic communities| Aeeuwir{lFIinders
3 current influence |
SO2 aé auete@ ot least fiueK | W Sk
RAZGAY Ol NBIA2ya |t A ]
oceans tropical north, GBRagoon e
southeast, southwest, and south

central
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Coastal States and TerritoriesAustralianCoastal States and Territoriese slown below, along
with some key physical, demographic and economic information;

% of coastexcl. % ofAustralian % oftotal Gross State
offshore islands) population Product (GSP)
Western Australia 36% 10% 15%
Queensland 19% 20% 20%
Northern Territory 15% 1% 1%
South Australia 11% 7% 6%
Tasmania 8% 2% 2%
New South Wales 6% 32% 31%
Victoria 5% 25% 23%

Points to note include the size of WA and its above average GSP per head of population, and the
concentration of population ancelatedeconomic activityn the south easfNSW and Victoria)

Science capabilityConcentrations of muHinstitutional strength in Austradin marine and climate

science ee outlined in Section 3. In summary, here is significant existing capability and significant
new investment (both imarine laboratoriedo supportregionspecific collaborationsand new
regionspecific research programs) in Townsville and Brisbane (Queensland), Sydney (NSW), Hobart
(Tasmania), Perth (WAgnd Adelaide (SA).

Consideration of the above factors has led IMOS to establishdijienalcoastal Nodes with the

followingkey characteristics:

1. Western Australia (WAIMOS) Strong focus on the Leeuwin Curraysstem and relatedlimate
variability, with increasing emphasis in the tropical northwest where there will be massive
regional development over the coming decadaecludes Northern Territory waterdntegrated
with Bluewater and Climate Node interest in InBacific Throghflowand Leeuwin Current

2. Queensland (&MOS)¢ Strong focus owmceanicinfluences on the Great Barrier Reef from the
western Pacific, with increasing emphasis on southerly flow of the East Australian GE#ke€)t
into South East Queensland. Longgmm planto also consider northerly flow including
exchange through Torres Strait and into the Gulf of Carpentaria. Integrated with Bluewater and
Climate Node interest in the tropical and western Pacific incluttiegCoral Sea, anieh the EAC.

3. New South W&es (NSWMOS)¢ Strong focus on the EAC separation zone and eddydietd)
the narrow continental shelf of NSWntegrated withEAQnterests of Bluewater and Climate,
QIMOS and TasIMOS Nodes.

4. Southern Australia (SAIMO&)Strong focus on hidi-productive upwelling zones alorige
coastof South Australia and Victoridntegrated with Bluewater and Climate Node interest in
the Southern Ocean, and with both Leeuwin Current and EAC interests of adjacent Nodes.

5. Tasmania (TasIMO&)Strong focus on theast coast of Tasmania whichoiseanographically
complex and is undergoing rapid warming and ecological change. Integrated with Bluewater
and Climate Node interest in the Tasman Sea and the Southern Ocean, and with both EAC and
Leeuwin Current interestsf adjacent Nodes.

¢CKS Wyl A2yttt ol O10o2ySQ Ay Ay Marinednfoamétiob 2 RS&a Ay Of
Infrastructure Facility, a nation&htellite Remote Sensing Facility (linking regionatsitu observing
with regional validation), and Hational network of moored coast&keferenceSations. It also

includesa nationally consistent approach thelf Mooring deploymentsand plans to strengthen
nationaklevel planning for AUV aratoustictracking array deployments.
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Regions of interest ofteseT A S Lah{ b2RSa y2¢ O20SNI ! dAGNI Al Q
the diagram below:

Tropical North

Broad, shallow shelf seas
Aridal influence
Aropicalneritic communities

JEACHiri current
influence
Kloristically distinct
shallow waters

South West
MANarrow shelf South Central
A eeuwin Current influence GAB, SA Gul
Arropical oceanic communities A eeuwin/Flinders
current influence
AUpwelling system:

Aemperateneritic | &
communities /

7

However two important points need to beade
e Firstly, he Node plans identify a number of stdgional gaps thaill need to beconsideedi.e.
o WA, in the Kimberley and Pilbara regions, #melArafura Sea
0 Queensland, in Torres Strait and the Gulf of Carpentaria
o NSW, in Stockton Bight
0 Southern Australia, along the Bonney and Otway coasts
o Tasmania, on the west coast.

e Secondly, thén-situ observationprovided by IMO®vill always be relatively sparse acresgh
largeareas of the ocean. To ensure that the national observing system can deliver meaningful
information at regional level, it will be imperative for the coastal Nodes to:

0 Work together to make optimal use of the national backbdge®klll, remote sensing
national reference stations),

o Engage fully with the IMOS stratetgydevelop and populate a national marine
informationinfrastructure (see page 8), and

o Engage fully with th&MOS strategy to strengthen integration between the observing
system and relevant modelling frameworks (see page 13).

2 KAfTS Lah{ A& AYy®dSa (coagtd ocdayst reedsitS ieleaagsad thadza 0 NI € A | Q3

collaboration withthe terrestrial, freshvater, geological, and atmosphegciencecommunitiesis

essential in the coastal zone. IMOS will parthe necessary collaborations throui$ coastal

Nodes (with particular attention to information and modelling, as noted above), and by

1. Workingwith! dz& G NI £ A Qa ¢ SNNS & (i NA ITERNeSQablsked undeivthew S a S I NJ
same Australian Government program as IMOS. TERN has recently established a new coastal
ecosystemdacility.

2. Building partnerships with relevant national prograragg( BOMNater Division) andegional
initiatives (e.gSEQ Healthy Waterways Partnersliderwent Estuary Program).
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5.4 Node governance

The IMOS Node structure is goverriadprocesses that draw on the strengths of the Australian
marine and climate science community. Each Node hadextedleadership pair (leader and

deputy, or celeaders) andan institutional sponsor. The twelve Node leadeisng with the IMOS
Diredor, IMOS Scientific Officer and eMII Facility Leafdem a National Steering Committeleat
oversees thenationalscience planning proces&ach Node also has a more broadsed scientific
reference group that assists with science plan developmant,raeets periodically to review
progress. Nodes also have a larger membership base that is kept informed of developments, and
enabksother members to become more involved as required or desired.

The current IMOS Node leadership is as follows:

Bluewater & Climate Susan Wijffels Ken Ridgway
(CSIRO) (CSIRO)

WAIMOS Chari Pattiaratchi Jamie Oliver
(UWA) (AIMS)

QIMOS Peter Doherty Russ Babcock
(AIMS) (CSIRO)

NSWIMOS Moninya Roughan Martina Doblin
(UNSW) (UTs)

SAIMOS John Middleton Sophie Leterme
(SARDI) (FlindersUniversity

TasIMOS Peter Thompson Kerrie Swadling
(CSIRO) (UTAS)

The current Node leadership is drawn from eight different institutions across the Austnadiene

and climate science communitytwo Australian Government research agencies (CSIRO and AIMS),

five Universities (UWA, UNSW, UTS, Flinders and UTAS) and one State Government agency (SARDI).
There is also a good mix of broaderale and regional expertise as well as disciplinary breéadim

physics to biology.

International peer review has been undertaken in order to improve the quality and coherence of
IMOS sciencelanning across Nodes. Bluewater and Climate and WAIMOS were reviewed in late
2009, and GMOS, NSWMOS, SAIMOS afiésIMOS in late 2010. Feedback from reviewers has
been incorporated into this national science plan as appropriate.
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5.5 Major research themes that integrate across Nodes

Perhaps the mosmportant mechanism used to driveationalscience planningvithin IMOShas
been development ofmajor researchtiemesthat cut across the Nodes, integrating Nesigecific
science gestions into a larger framewoyknking the operocean and coastal components, and
linkingacross the physics, chemistry and biology

Five major research themes have been identified:

Multi-decadal ocean change,

Climate variabilityand weather extremes

Major boundary currentand interbasin flows

Continental shelf processes, and

Ecosystem responségroductivity, abundance and distributian)

a s wDh e

The theme omulti-decadal ocean changets the broad scale context for tracking ocean
temperature, salinity and carbon. Questions under this thexmee froma global perspectivand
arerelated to the Australian regignvhich sitsat the nexus of thé®acific, Indian and Southern
Oceans.

The theme otlimate variability and weather extremémsoks at the three coupled ocean
atmosphere modes of climate variabilityat most affect Australig El Nino/Southern Oscillation
(ENSO), Indian Ocean Dipofe), and the Southern Annular Mode (SAM).

The theme ofnajor boundary currents and intdyasin flowss a significant integrator within IMOS.
Questions under this theme link between largeale, offshore, remotelgriven variability, and
responses on the continental shelf and slope. They are therefore crucial to understanding local
manifestations of glbal ocean processes and their influence on regional marine ecosystems.

The theme otontinental shelf processésf f 264 dza G2 GlFAf 2N jdzSadGA2ya
varied continental shelf environment withanbroadscale context, srelevant toregional priorities.

The theme oEcosystem responsédsings together understanding of physical and chemical
processes at various scales with biological observatiensss trophic levels order to answer
guestions about productivity, abundance andgtdbution of marine ecosystems.
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These five major research themes are summarised in the following diagram:

IMOS Research Themes

Southern
Pacific
Indian

1. Multi-decadal
ocean change

temperature

salinity
carbon

3. Major
boundary

currents

and interbasinflows nutrients

microbes|

5. Ecosystem response
productivity, abundance, distribution|

2. Climate
variability

and weather extremes

plankton
nekton

EAC
apex predators

(+Tasman Outflow,
Flinders Current,
Hiri Current)
Leeuwin Current
IndonesianThroughflow
Antarctic Circumpolar Current

benthic
pelagic

4. Continental
shelf processes

eddy encroachment

upwelling,downwelling
cross shelf exchange

coastal currents
wave climate

seasonal
intraseasonal

NwWP

In the following section, the scientific background for each of these megmarch themes is fully

elaborated and related to the detailed science and implementation plans for each Node.
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6. Scientific Backgroundoy Major Research Theme

6.1. Multi-decadal ocean change

The global oceans regulate our climate. They are the main source of thermal inertia in the climate
system moderating our climate on diurnal, seasonal and rdegitiadal timescales. They also contain

the largest pool of active carbon in the planetary systé&hs, they are a key player in setting the

rate at which anthropogenic gases build up in the atmosphere, and how fast the surface of the
planet warms in response to the radiative forcing that results. Tracking and understanding the
processes by which carvh and heat are sequestered into the global oceans is essential for
Y2YAG2NRAY3 NIXiGSa 2F 3f2o0lf OKI y 3thatare/bRingusedtd NY A y 3
projed future climate andAustralia has a substantial effort in developingeBMcapabiity in the

form of the Australian Community Climate and Earth System Simulator (ACOE&E)ng and
understanding ocean salinity is also essential for monitoring changes in the global hydrological cycle,
as most precipitation and evaporation occurepthe ocean surface where few historical

observations are available.

6.1.1. The global energy balance (temperaturahd sea level budget

The oceans absorb over 90% of the extra heat trapped in our climate system due to thefbafld
greenhouse gases (Litus et al., 2005). Current estimates of midléicadal ocean heat content

change are limited to the upper 700m over past decades, and down to 2000m (the sampling depth
of Argo) over the last 5 years. Warming below 2000m is now being widely detectedddattral

.,2006, 2007, 2008, 2009) and the deep ocean is being recognised as a significant global heat sink.
Thus both the global patterns and rates of ocean warming are needed to track the rate of climate
change and inform ESMgatrticularly for testingheir ability to sequester and distribute heat into

the ocean accurately.

Ocean circulation patternsfluencehow heat is distributed spatially and with deptfhe global
average surface ocean warming is aron@0.9°Cper century, calculated sind00 andl960
respectively (Casey and Cornillion, 2001; Smith and Reynolds, Z0@%uth Tasman Sea is
warming at a rate of 2.°& per century equivalerfRidgway, et al., 200,/and the Great Barrier Reef
at 1.3C per century (since 1960) (source: LoddNIS). These regional variations, in addition to
inter-annual to decadal variations abotlite trendwill be important in understanding the impact of
increasel temperatures on both Australian climate and weather patterns, and impacts on regional
ecosysters. Increase stratification caused by increased surface warming is likely to have impacts
on nutrient availability in the euphotic zone (see section 6[6¢ Great Barrier Reef is particularly
vulnerable to increased temperatures which causequid bleahing events (see section §.5

Ocean warming and its associated thermal expansion is also a key contributor to both the global rate
and regional patterns of sea level rise (Cazenave et al., 2009). While global rates reflect both ocean
thermal expansiontad land ice melt, regional rates are affecteddmeanprocesses distributig

heat, such as subduction and wind changes.
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Figure 6.1 Total observed selavel rise and its
components. a, The components are thermal AL L L

expansion in the upper 700m (red)etmal 20 7]
expansion in the deep ocean (orange), the ice L

sheets of Antarctica and Greenland (cyan), 10 .
glaciers and ice caps (dark blue) and terrestrii i 1
storage (green). b, The estimated sea levels ¢ ol .

indicated by the black line (this study), the _
yellow dotted ihe from Jevrejeva et al., (2006) E
and the red dotted line (from satellite altimetel b
observations). The sum of the contributions is 3
shown by the blue line. Estimates of one
standard deviation error for the sea level are
indicated by the grey shading. Foethum of

components, we include our rigorous estimate 20

of one standard deviation error for uppecean r

thermal expansion; these are shown by the th O = ]

blue lines. All time series were smoothed with TN S R R R R T AT TN
. . 1860 1970 1880 1890 2000

three-year running average and are relative to Year

1961 [FromDomingues et al., 2008].

Figure6.2. Sea level rise (mm/yr) from 1993 to
June 2009 (source
www.bom.gov.au/ntc/IDO60202/IDO60202.2009.

pdf)

Sea level rise is not uniform from plate

place Accurate estimates of regional sea
level variability and change are available from
satelite altimeters and tide gaugesn
northwestern Australia, sea levels have risen
from 7-10mm per year since 1993, but only
1.53mm per year in Queensland.

6.1.2. The global ocean circulation

The primary means by which the ocean sequesters and transports heat and carbon is through the
mean ocean circulatiog both the wind driven shallow subduction systems and associated western
boundary currents operating in oceaubtropical gyregsuch as the EA@hd the deeper reaching
density driven global overturning circulation (GOC). While monitoring large scale changes in storage
of heat and other properties is already challenging, measuring the low frequency variabddgan
circulation is even more difficult. Some aspects of the mean ocean circulation and its role in the
climate system were quantified during the World Ocean Circulation Experiment (WOCE) (Siedler et
al., 2001), major intebasin fluxesuch as the Inghesian ThroughflofiTH and Tasman Outflow
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(TO and water mass conversion rates remain poorly constrained. In addition, the role of eddies in
the sustaining the mean state is still poorly understood.
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Figure6.3. The interbasin gyre system for tRacific and Indian Oceans as shown by the flow at the (a) surface (the main
connection is the Indonesian Throughflow) and (b)}®0@vel (Tasman Outflow).

How the ocean circulation will change in the future domhceits ability to sequester and transport
heat and carbon is a critical questioBvidence suggests that both surface and deep circulation
patterns are changind?ecent studies show that the South Pacific subtropical ig\g@nning up in
response to a sengthening and contraction south 8buthern Hemisphere westerly winds
(Roemmich edtl., 2007, Cai et al., 2005)he response of the other Southern Hemisphere
subtropical gyres is still being explored. One consequence of this trendpstietial forintensified
heat transport from the tropics to the poles via the western boundary currents such as the East
Australian @rrent. Furthermore evidence from IPCC models suggestouthward shiftand
broadening of the South Equatorial Current (Ganachaud9p@@ich is also expected to intefisi
the East Australian Current (see section 5.3

9{aQa adaA3Sad GKrdG az2yS ftAvyoa 2F GKS Dh/ gAfft
(IPCC, 2007). This has resulted in a huge effort to monitor this fithie &OC (Bryden et al. 2005,
Cunningham et al. 2007). Less attention has been focussed on the Southern Hemisphere component
of the GOC, which is of equal importandntarctic Bottom Water (AABW) formation occurs around

the Antarctic shelf, driven by aéce formation regions known as Polysya@ABW thermoves north

to ventilate the deep water fthe Indian and Pacific Ocean®bservations from hydrographic

crusesh y G KS I (S ™ dgsugyestitat AdBMgipeshenjidgRintoul /2007)

Obsevations also show deep ocean waters ventilated by A&BMalso warmingRurkey and

Johnson, 2010) These change needto be put into the context of variability on interannual to

decadal timescales.
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6.1.3. The global hydrological cycle (salinity)

Besidesvarming, changes to the global hydrological cycle (patterns and rates of precipitation and
evaporation) driven by anthropogenic greenhouse gases is a major source of concern and likely to
have serious societal impacts. The current generation of(E&iMwless agreement on the patterns

and rates of precipitation changes compared to those for temperature (IPCC, 2007). Historical
measurements of precipitation and evaporation on a global scale are inadequate for constraining
ESM behaviourmost of the hydrologal cycle occurs over the ocean surface where few historical
observations are available. In addition precipitation is both sporadic in space and time, making it
difficult to extrapolate point time series into spatial integrals. The ocean salinity fielgrates

spatially and temporally the major hydrological fluxes through the atmosphere. Thus, changes in the
ocean salinity field can be used to test and constrain the hydrological response of ESMs.

Estimates of surface salinity changes to date basedamaring Argo data with historical archives
suggest large and coherent changes are already underway (Hosoda et al, 2009; Durack and Wijffels,
2010. These changes acensistent withan amplification of the global hydrological cycle over past
decades (i.ewet areas are getting wetter and dry areas are getting dryehjch isin qualitative
agreement with ESM results. Deep ocean salinity changes, in particular the warming and freshening
of Antarctic Bottom Waters may also track changes associated witlingéte sheets. The changes

in the production rate of these bottom waters impacts on deep ocean ventilation rates, deep oxygen
levels and the efficacy of the deep ocean in sequestering heat and carbon.

6.1.4. The global carbon cycle (Inventory, air sea fluxesygical controls)

The oceans play a key role in the global carbon budget, taking up and storing the equivalemiof
30% of annual anthropogen&arbon Dioxide (GiemissiongdDoney et al 2009, Takahashi et al
2009) The subtropical to suntarctic banl has the largest zonal inventory of anthropogenic

carbon dioxide (C withthe Southern Ocean being the single most important uptake region of the
oceans accounting for about one third of the total ocean uptal&abine et al.,2004)

Changes in oceastratification, warming, winds and the buffering capacity of the ocean all have
capacity to change the ocean uptake of carbon. The same processes could also influence the
biological export of carbon and carbonate production providing biological feedbabk @ir-sea
exchange of C&hat could be positive or negative (e.g. Gruber et al, 2004). Many ESMs are including

an active ocean carbonmodel dza G N» £ Al Qa !/ / 9{{ AYyAGAlI GAGBS A&

models require key data sets on ocean carlstorage and cycling for tuning and validation.

Fundamental questions remain about the mean and seasonal distributions of the nattsabaiQ)
fluxes. Available climatologies are coarse resolution (4 x 5 degrees) and the shelves and large areas
of the ocean, including waters around most of Australia, contain little or no data. For the Southern
Ocean, LeQuere et al (2007) suggestet &in increased upwelling of @&h deep waters due to

more intense westerlies (in response to the Southern Annular@)idés reduced Southern Ocean
uptake.However, this estimate is based on carbon models and atmospheric observations, and
remains controversial (Boning et al, 2008).addition, regional variability ithe partial pressure of
CQ(pCQ) incoastal regionsgs seen and the role of shelf waters in uptake and export of, &hot
articulated.Upwelling zones are a region of Qidt-gassng and already have enhanced £O
concentrations due to the input of cold €@ch water deep waters. There is also evidenteense
water outflows around the Australian shelf, which have the potential to export caftoon the shelf
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regionsinto the deep ocean (see section 6.4 &)side effect of this CO2 uptake is a reduction in the
pH of the ocean, which has consequencesoiganisms which secrete carbonate skeletons such as
plankton and coral (see section 6.5).

Ocean observations are requiréal resolvespatial and temporal patterns in asea pCO2 fluxes and
storage to help understand the role of the ocean in buffeth@ygreenhouse effect and to inform
assessments of the knock on effect on vulnerable ecosysténtgiantitative description of the air
sea carbon flux is a key data set for carbon model development and validation.

The following higHevel science questits will guide the IMOS observing strategy in this area:
Science Questions Multi-decadalocean tiange

e How are the global energy balance and broadscale ocean temperature patterns changing, and
what is the contribution to observed sea level iisthe Australian regioh
0 What is the spatial (including with depth) and temporal distribution of temperature
changes in the ocean?
0 How are open ocean temperature changes related to temperature changes on the shelf?
e How is the global ocean circulatiohanging?
0 What is the contributiorf key limbs of theurface wind driven) andleep ¢lobal
overturning) circulation in the Australian region, and how are they varying in time?
A Surface circulationinterbasin flows: Indonesiarhfoughflow, Tasman Outflo,
Antarctic Circumpolar current;
A Deep circulationAntarctic Bottom Wateformation.
¢ What is the response of the global hydrological cycle to climate change?
0 How are spatial patterns of salinity (and hence evaporation/precipitation) changing?
¢ What is the global ocean carbon inventory, and how is it changing on decadal timescales?
0 How are CO2 fluxes on the Australian shelves and regional seas ewanlgdihgw are
fluxes on the shelves related to the open o&an
0 What are the keypiologicaland physical processes involved ins#a C@exchange in
the Southern Ocean and Australian region and how sensitive are they to climate change?

28



6.2. Climate variability and weather extremes

There are three major well described coupled ocean atmospinesites which account for a
significant portion of Australian seasonal climate variabgiBl Nino/Southern Oscillation (ENSO),
Indian Ocean Dipole (I0OD) and the Southern Annular Mode (SAM), with centres of action in the
equatorial Pacific, equatorial Irah, and Southern Oceans, respectively (Risbey et al. 2BRSO is
the strongesimode both globally and in terms of impact on Australia. In addition, the intraseasonal
atmospheric wave mode in the tropics known as the Madden Julian Oscillation is seereasingly
important in terms its role in monsoon rain patterns, but also it is thought to have an influence on
coupled modes such as the I0OD.

The upper ocean thermal distribution is the largest source of predictability at seasonal timescales for
all mupled modes due to the large ocean thermal inertia and its predictable dynasaissyvard
propagatingequatorial ocean longvavescalled Kelvin waves and westward propagating
extratropicalRossby waves). It is now recognised that prediction systems sheujtbbal (not just

for the Pacific basin). Progress partly hinges on better initialising the ocean component of prediction
systems using ocean observations and in better understanding (and parameterisation) of the
coupled and ocean processes involvederEhis a need for continuous time series to observe the fast
intra-seasonal variability in equatorial oceans (such as Madhllian Oscillatign

Major weather patterns are strongly influenced by ocean conditions; tropical cyclones and east coast
lows {n southern Queensland and NSW coast) draw energy from surface ocean temperatures, and
temperature patterns may also influence storm paths. Hence, the frequency and intensity of these
storms are linked to cqaled climate modes such as ENSO.

6.2.1. El Niio ¢SouthernOscillation (ENSO)

The EI Nifissouthern Oscillation is a coupled ocestmospheric mode with a timescale off2years,
centred on the tropical Pacific. The positiyer El Nifio (negative or La Nifia) phase is associated
with weak (strong) trade winds evin the Pacific, and warmer (colder) than normal ocean
temperatures in the eastern tropical Pacific. It is the dominant climate mode globally on inter
annual timescales, with far reaching impacts on climate and key fisheries. In AuEikgi@, has a
strong influence omegional rainfall patterns El Niio (La Nia) events are associated with droughts
(heavy rainfall) across much of Australia.

Normal Conditions El Nifio Conditions
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Figure6.4. Schematic showing the oceanic and atmospheric state during (a) normal, (b) El Nino amdir{a) La
conditions in the Pacific Ocean SST.
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The key role of the ocean ENSQvas recognisedore than 40 years ago (Bjerknes, 19@8)e to

GKS AYLX SYSyGlrdAzy 2F (GKS 9b {pnimanilpchdrSpNsBdiofftle aeaid Sy
Pacific TAO/TRITON/TOA tropical Pacific Array and the TOGA repeat XBi l#irgs and active

research community is focussed on ENSO prediction,matture prediction systems being trained

and tested on the 20 year data sets supplied by this network. Key research questions around ENSO

and ocean processes remain.

ENSO is known to impact on the strength of the Leeuwin Current via the equatorial wieregu

through the Indonesian Archipelago, continuing as a coastally trapped wave around the west coast

of Australia (see section 6.3.2.), but less is known about the relationship between ENSO and the EAC
system on the east coast

Decadal timescale varialjliwith an ENSO like pattern is prevalent in the Pacific, kn@awouslyas
the Pacific Decadal Oscillation, the Intkrcadal Pacific Oscillation and decadal ENSO which are
defined in slightly different ways. This is the dominant low frequency moderibiity in the

Pacific, which has a spatial pattern similar to EN& a broader equatorial tongue and a stronger
mid latitude responséPoweret al., 1999) In the South Pacific, decadal ENSO manifests through a
tele-connection between the tropics arthe region of the subtropical westerly winds via the Pacific
South American atmospheric wave patté@asaket al., 2008) Research suggests that on decadal
timescales, low frequency ENSO variability can be related to decadal variability in the Swofith Pa
subtropical Gyre and EAC system @{ilil., 2011; see section 6.3.1). Understanding modes of
variability and their relationship with regional currents is important for understanding changes in
regional ecosystems; particularly their capacity t@pid

Pacific Decadal Oscillation El Nino/Southern Oscillation
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Figure 6.5. Comparing the spatial and temporal patterns of the Pacific Decadal Oscillation and the El Nino
Southern Oscillation.
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6.2.2. Indian Ocean Dipole (I0OD)

Inter-annual variability in the tropical Indian Ocean has been recognised as aifagtobal and
Australian seasonal climate variability after an intensive decade of research t@Qii8chott et al
2009) A positive (negative) IOD has cooler (warmer) than normal waters in the tropical eastern
Indian Ocean, and warmer (cooler) than normal waters in the tropical western Indian Ocean.
Improved understanding of IOD and improvingsitaulation in the Austradin seasonal climate
prediction model are researepriorities. IODLINB RA Ol o Af A G & | LIS NB (2
which may be due to inadequatepresentation of its slow physics in models, inadequate
observations in the Indian Oceé@LIVARSOOS Indh Ocean Panel, 2006), andfoherently more
chaotic physicsThe IOD remains an active area of international research, with challenges in
observing, describing, understanding and prediction. An improved understanding of the 10D and
improving its simulaon in the Australian seasonal climate prediction model are Australian research

priorities.

COLDER WATER

WARMER WATER
COLDER WATER

NEGATIVE PHASE

Figure6.6. Upper panel shows the positive phase of the IOD, with warm water in the western Indian Ocean and
increased rainfall in the region. The lower painvgs the negative phase with the warm water in the east
and associated increased regional precipitation.

6.2.3. Southern Annular Mode (SAM)

SAMdescribes variability in #h"anomalous" atmospheric floawver the polar region. In the pressure
field, it is charactdézed by northsouth shifts in atmaspheric mass between the polagions and the
middle latitudes(Solomon and Thompso8002) This manifests in the wind field as noghuth
vacillations in the exa-tropical zonal wind with cemgs of action located 560 and ~365

degrees latitude. Variations are seen on timescales of 10 days and longer. SAM exerts a dynamic
influence over ocean circulation, waterass formation and the distribution of heat and energy
around the entire planet (Figu® 6, SenGupta ¢ al., 2006). However, the reasons for its existence
are not clear, nor is the extent of predictability.
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Figure6.7. Regression of sea level pressure (colourbar) and wind vectors (1m/s shown) from a climate model
onto the SAM indexSgnGupta et al.2006)

From an Australian perspective when SAM is in its positive mode, it drags low pressure systems
southwards reducing rainfall over southwest Western Australia, Tasmania, Victoria and South
Australia (Hendon et al., 2007h the Southern Ocean the SANso0 modulates changes in biological
productivity (Lovenduski and Gruber, 2005).

A number of studies have noted a positive trend in the SAM since the 1970s (during the summer
autumn seasons) corresponding to an intensification and southward shift of tthdatitude

westerlies. This has been attributed primarily to ozone depletion but is also consistent with
enhanced greenhouse forcing (e.g. Arblaster and Meehl 2006 and references therein). Tha$8CC
climate models suggest that this trend will continieough the next century with significant
implications for atmosphere and ocean circulation in the Southern Hemisphereteogias (e.g.

Sen Gupta et al., 2009). There is strong evidence that the SAM trend has dspierug and

southward shift of thesouth Pacific subtropical gyr€4i , 2006; Roemmich et al., 2061il et al.,

2008 resulting in a shift in the distribution certain marine species (e.g. an expansion of a mainland
sea urchin species, C. rodgersii, to Tasmania, Ling et al., 2009)

Uncetainty remains however regarding the influence of stratospheric ozone recovery on the future
evolution of the SAM trend (e.g. Son et al., 2008). Further uncertainty is associated with how the
ocean circulationparticularly the Antarctic Circumpolar Curtewill respond to changes in the
westerlies when smalcale ocean eddies are accounted for (e.g Meredith and Hogg, 2006). Such
eddies are not accounted for in IPCl@ss models and a lack of observations preclude drawing any
conclusions regarding lortgrm changes. Given that the Southern Ocean is a major sink for
anthropogenic CO2 and source for natural upwelled CO2, understanding changes in the overturning
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circulation is of great importance for understanding how CO2 concentrations will evolve into the
future.

6.2.4. Intra-seasonal variability and severe weather (Madddulienne Oscillation (MJO) ,
Monsoons, Cyclones and East Coast Lpws

Relatively rapid intraseasonal variability (etige MJO) affects thevolution and predictability of
seasonal signals. Impred representation of intraseasonal variabilgya high priority in

development of the Australian seasonal prediction mo&eedictive Ocean Atmosphere Model for
Australia POAMA. The MJO ia key phenomenon for both weather and climate forecastirigrsie,
and it spans and links bothe areas in the Indian and Pacific Oceans that have greatest impact on
Australian climate. It is propagating coupled convective disturbance which migrates from the
central western tropicalndian Ocean eastwards acrakg maritime continent and out to near the
dateline in the Pacifi©cean(Zhang, 2005)Having a dominant time period near 50 days, and
imbedded in theseasonally migrating interopical convergence zones, the MJO is suggested to play
a role in theinitiation and evolution of ENSO aldD eventg§McPhaden et al., 200@nodulation of
the ITRH(Sprintall, 2009)and at leastpartly in the dry break events withithe monsoongWheeler

and McBride, 2005)At present, coupled models do not capture thasiability very realisticallyLin

et al., 2006) Recognition of the importance of the MJO for botimerical weather prediction and
seasonal climate forecasting is drivingeamand for observing systems which resolve these
phenomena andncreased processnalerstanding to improve model simulatian

Tropical Cyclones impact much of the Northern Australian coast. Differences in the strength of
summer monsoon circulation over northern Australia correlated with ENSO cycles result in strong
interannual variabity in tropical cyclone activity; during Elfidithe cyclone season is less active in
the western Pacific, when the tropical warm pool has receded to the east. Cyclones require SST
higher than 28C to form, in addition to favourable atmospheric conditioResearch shows that an
understanding of the ocean temperatures and atmospheric conditions at and following formation is
requiredfor accurate prediction of track and intensity; which requires tracking these systems and
the associated ocean and atmosplweconditions throughout their lifetimef aweek or longer.
Cyclones impacting the Queensland coast generally undergo a period of intensification over the
Coral Sea, gathering energy from the warm waters. In turn, cyclones inject energy into the upper
ocean, causing enhanced mixing eve(iorty et al.,2008)

33



P i mat a.
P T e
V’—’/‘ S
AN P
N,

Figure 6.8. Tracks of tropical cyclones in the Australian region from 1989/90 to 20Q2608ce: Bureau of
Meteorology)
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close to the coast and last only a few dailsey are most common along the coast of New South

Wales and southern Queenslamdwinter andwhile not as intense as tropical cyclonase

associated with significant floodirad coastal erosion.

9/ [ Qa NS RNAGSY 0@ GSYLISNI (GdzZNB INI RASyida Ay (KEC
Importantly, the SST gradient between the coast and the EAC offshore appears to be critical in the
evolution of these system(.eslie et al.1987; Speer and Leslie, 200@cently there has been some
researchfocus onwhetheti KS 91 / g+ Ny O2NX SRRASa &I @S | Neft S

6.2.5. Interactions between modes of variability.

The nature of the interaction of the Pacific and Indian baam ENSO and IOD modes, both

through atmospheric teleconnections and the ocean link via the Indonesian Throughflow, is how
being hotly pursued in the research community. Most models used for seasonal forecasting are of
low spatial resolution, and thus daf biases in their representation of the magnitude, pathways and
variability of the Indonesian Throughflow, which is filamented by the complex topography of the
Indonesian Seas. In addition, the interactions between the |IOD and MJO are not well understood

The relationship between SAM and ENSO in the South Pacific has been the focus of recent research
exploring decadal variability in the South Pacific wind driven gygeutlined in section 6.2.3

positive SAM index is associated with an intensificatind contraction south dhe westerly wind

belt in the Southern Hemispherdn addition, ENSO also projects onto the westerly wind belt in the
South Pacific, via an atmospheric teleconnection called the Pacific South American mode; with El
Nino events bing associated with stronger windsttle is understood about the nature of the

interaction, beyond that fact that both modes project onto the same region of the wind field (Sasaki

et al., 2008) The nature of SAM/ENSO interactions in this region ar@itapt because hie strength

of the westerly winds strongly influence tisérength of the Southern Hemisphere subtropical gyres,
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and hence the strength of western boundary currents such as the East Australian QHillezttal.,
2008;2011)

6.2.6. Modes ofVariability in a changing climate

The impact of modes of variability on the Australian region has been discussed above. Less is known
about how these modes will change in a warming world. Observations and ESMs suggest
continuingtrend towards a more posve SAM, driven by both reduced ozone levels and greenhouse
forcing (Gillet and Thompson, 20033riving a poleward shift and intensification in the circumpolar
westerly winds, and a trend towards reduced rainfall across Southern Australia. There is les
certainty about how ENSO will evolve in a warmer world. Low frequency variability in the Pacific
Basin related to ENSO means that long tseees are needed to separate out variability from
change(Collins et al., 2010)n the Indian Ocean, 2@Centuy simulations suggest that the mean is
shifting towards a more positive 10D; that is a cooler dryer eastern Indian Ocean and thus a dryer
Australia(Cai et al., 2009; Ummenhofer et al., 200B)ese modes also feed back into the ocean
circulation. Both tle trend in the SAM and decadal ENSO variability have been related to a long term
positive trend and decadal variability in the South Pacific Gyre strength and circulation pattern (see
section on boundary currents).

The following higHevel science quesins will guide the IMOS observing strategy in this area:

ScienceQuestions- Climate \ariability and weather extremes

¢ How do interactions between the atmosphere and the ocean surface layer, e.g. the exchange of
heat and moisture, affect climate processes?

o ldentify the mechanisms that control SST in different climate modes at different times
through heat budget studies.

o0 Are we able to improve the data assimilation and initialisation systems in POAMA?

¢ Can we improve dynamical understandofgENSO

0 e.g. subtropicatropical interaction through oceanic pathways, heat transport by tropical
instability waves, dynamics die different flavours of ENSO

o Can waeuse this understanding to investigate and correct errors in the representation
(including parameterisation) of physical processadymamical models?

¢ Are we able to improve dynamical understanding of IOD? How do deweritads of high IOD
activity depend on the déip of the thermocline ofSumata as a precondition?

e How does the Southern Ocean circulation respond to changes in the strength and latitude of the
westerly winds associated with the Southern Annular Mode?

e How could the Madden Julian Oscillation be used to predict climate (e.g. rainfall patterns) at
intraseasonal to interannual timescales?

e How are the developmemwf cyclones, East Coast Lows and severe winter storms on the eastern
seaboard of Australia refed to ocean variabilitysich asSST patterns including eddies)?

e Can we clarify the dynamical relationship between 10D and ENSO?

0 e.g.to what extent are the internal variations in the Indian Ocean the response to an
atmospheric teleconnection from the ééc and to what extent do they self generate
within the Indian Ocean.

e How does MJO interact with other recurrent climate processes, such as ENSO, 10D and the
Australian monsoon?
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0o How does intraseasonal variability interact with the upper ocean off nashw
Australia?
o How can the observed correlation of interannual tropical cyclone activity to seasonal SST
be incorporated into dynamical prediction models?
e How will the spatial, temporal and amplitude characteristics of key modes of variability change
with climate change?
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6.3. Major boundary currents and intebasin flows

The waters around Australia form a complex intersection of the Pacific and Indian Oceans. The main
large-scale influences on this ocean region arise from the two major subtropicabgstems- the

South Pacific in the east and the Indian Ocean in the west. These 'gyres' are the pathways followed
by the flow in each ocean basiustralia is therefore influenced by two major boundary current
systems; the East Australia Current, whiainfs the western boundary current of the South Pacific
gyre, and the Leeuwin Current, a uniqualewardflowing eastern boundary current of the Indian
Oceangyre Thereare also two major ‘gatewayst inter-basin flows between these ocean regions;

the Indonesian Throughflow (ITF), an ocean pathway through the deep channels connecting the
western Pacific and the northeast Indian Ocean, and the Tasman Outflow (TO) which provides a
trajectory around Tasmania for the residue of East Australian Current (Ep&)etrate into the

Indian Ocean (Ridgway and Dunn, 20@dhnecting the Pacific and Indian Ocean subtropical gyres
¢t2 GKS {2dziKZ A& GKS y2NIKSNYy SEGSYydG 2F GKS 'yl
current. The southern Australiamast, and particularly Tasmania forms a complex interaction

between the EAC from the east (which is stronger in summer), the Leeuwin Current/Zeehan Current
from the west(which is stronger in winter), and the subtropical front (STF) to the south.
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Figure6.8: Boundary Currents in the Australian region.

6.3.1. East Australian CurrerEAC}ystem (including Tasman Outflow, FlindeCsirrent
and Hiri Currens)

The East Australian Current (EAC) is the major western boundary current of the South Pacific
subtropical gre. As the South Equatorial Current (SEC) reaches the Australian shelf in the Coral Sea
it bifurcates to form a northward limb called the Hiri Current. The southward limb forms the East
Australian Current. The flow then intensifies off the coastathern NSW (2235°S) before

separating from the coasB(-33 °S to form the eastward Tasman Front which flows to the north of
New Zealand, and the southward EAC Extension which flows south to Tasgitheiaturning

eastward as part of the southern limb thfe subtropical gyre or westward as thiasman Outflowat
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depth, which feeds into the Flinders Curreand is thought to then form the Leeuwin Undercurrent
(LUC)

¢KS 9!/ A& !'dAGNIfAlIQa fFNBSald OdznaNSliggluptb4 R A &
knots (2 ms), with amean transport variously estimated as 282 Sv(Mata et al., 2000, Ridgway

and Godfrey, 1994) and net transport through the Tasman Sea estimated as 9.5Sv (Ridgway and
Godfrey 1994, 1997The EAC has ~5 fold greateslume transport than the seasonally flowing

Leeuwin Current on the wesbast.

Off NSW, the mesoscale variability is so large that very often a single continuous current cannot be
identified. This characteristic of the EAC distinguishes it from otheteweboundary currentslts
seasonal cycle is also large compared to the mean flow, with estimates of transport ranging from a
maximum of 36.3 Sv in summer and a minimum of 27.4 Sv in winter (Ridgway and Godfrey 1997).
Thesenon-inear processes also me#mat the EAC is difficult to monitor, as traditional mettsady

to capture the geostrophic transport which is not likely to be an accurate representation of the total
transport. Nonlinear processes also govern the separation zone. Many theories hanepbee

forward as to what drives the separationgcluding the pattern of basin scale wind stress curl,
coastline curvature, and blocking of westward propagating Rossby VBavése research has not

been conclusive.

The Flinders currentis a slope curiien 4 KA OK ¥t 2ga Ff2y3 ! dzaGNIfAlFQa
remnant of the EAC via the Tasman Outflow. @tpeator wardSverdrup transport in the Southern

Ocean reinforces the current. Limited data suggests it extends to depths of 500m and forms the
LeeuwinUndercurrent (LUC). Further observations are required to explore the structure and

variability of the current, and how it relates to the EAC and LC.

Little is alsc&known about thestrength or variability imorthern branch of the EAC system known as
the Hiri Current. The Hiri systemfed bythe North Queensland Current (NQ@)ich flows north
from the bifucation point of the SEC along the northgueensland coast. The Torrésa is too
shallow for the current to pass through, and the NQC contiralesg the coast of Papua New
Guinea as the Hiri current, entering the Solomon.Sea

The impact of ENSO on the EAC remains an active area of residgliay et al (20@J suggests
that ENSO has very little impact on the EAC, as the signal follows thguiger¢hrough the
Indonesian archipelago and continudewn the west coast of Australia. However, on decadal
timescales, the strength of the EAC Extension and the Tasman Front aceragkated,
representing two gyre scale circulatiorat#s. This has lem related to @cadal ENSO variability
projecting onto the South Pacific westerly winds (Hill et al., 2011).

Evidence shows that the EAC is strengthening in response to strengthening and contraction south of
South Pacific westerly winds (related to SAMQY &ence a stronger South Pacific Gyre over the last

60 years, and models suggest this strengthening will contfhlileet al., 2008; Cai et al., 2005he

impact of this is already being seen in Tasmanian ecosystems, as the warm current brings new
specBa (2 ¢ & YAsyulline@id seciénl6.d.8.,a projected broadening and southward

shift in the SEC is likely to further strengthen the ER&w direct observations have been made of

the Hiri current systempased on observed and predictetianges irthe SEC and the EAfhanges

in the HiriCurrentare likely.
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6.3.2. TheLeeuwin Curren{LC)system (including the Zeedn Current)

The Leeuwin Current (L&@jginates off the North WesCapeand flows down the WesterAustralian
coast in winter, binging warm, relatively fresh waterThe LC is generated by the formation of a high
pressure ridge in the upper ocean near -I5°S assaiated eastward currents flovoward

northwest Australia. The current turns southward approaching the coast (undaemnaig control of

the poleward Kelvin wave guideandflows down the pressure gradient along the whole length of
Western Australia past Cape Leeuwin. It is the only subtropicalveend flowing boundary current

on the eastern side of an ocean in the wbiThe Leeuwin Current extends along the south coast of
Australia as a shelf current and down the west coast of Tasmania as the Zeehan Ciiigent.
represents a 5500km patthe longest continuous ocean gent system in the world.

The meridional presse gradient in the southeast Indian Ocean, set up bylTikén the tropics and
by latent heat fluxes (cooling) in the miatitude, accounts for the existence of the (@bdfrey and
Ridgway, 1985)The source of the Leeuwin Current water is from the talfsubtropical Indian
Ocean from the west ana component from the northeasintinental shelf. The southea3rade
Winds, in the Pacific Ocean vl the SE@estwards advecting warm surface waters towards
Indonesia. This results in the flow of warm, lsalinity water from the western Pacific Ocean
through the Indonesian Archipelago into tropical regions of the Indian Qaelaich feeds into the
LC.

The LC also is highly variable on seasonal andameunal timescales. The seasbeycle of the L&

driven by a combination of pressure gradient and wind stress, which reinforce one arieémer et

al., 2003) During Octber to March the L& weaker as it flows against the maximum southerly

winds resulting in transports of 1.5 Sv, whesdmtween Apriand August thewrrent is stronger as

the southerly winds are weaker resulting in transports of up to 7 Sv. The mean volurapdrais
estimatedtobe3.4Sw KS f 20F A2y 2F (KS WO2NBQciawintei KS OdzNN
the core of thecurrentislocated close to 200m contour whilst under the actiorttad southerly

wind stress, thewrrent is pushed offshore.

On interannual timescales, variation in the depth of the thermocline associated with ENSO

propagates through the Indonesianchipelagoin the equatorial waveguide, and thgmle-ward in

the coastal waveguide, affecting the entire Westerntfali@n coast and into th&reat Australian

Bight GAB. La Niiaevents arenence associated with a stronger IAhservations suggest thtie

LC has been getting gradually weaker over the last 60 years, but recent research suggests that this
GNBYR NBJSNASR Ay GKS SINIe& mdppnQa oCSy3a Si |t o3
6.3.3. The Indonesian ThroughfloliTF)

The ITRlows between the Pacific and Indian Oceans throughitidenesian archipelago. This flow

has a major influence on both the climate of the Indian Ocean and the global odéenBlF is
generated by the wind field over the Pacific Ocean, primarily the Trade Winds, which pile up water
on the western side of thecean creating a pressure gradient from the Pacific toward the Indian
OceanThe ITF flows through passages between islands in the archipelago. Observations of the ITF
inflows and outflows were carried out under a 3 year process study called INSWANTIts net

mass (volume) transport is moderate (~10 Sv), the current transports a significant amount of heat

39



because it is the only location in the global ocean where warm tropical water flows from one basin
to another, and ultimately has to be replacbkd cold water at higher latitudes.

Figure6.9. A map of the ITF, showing where observations were made during the INSTANT process study (2003
2006).

The largest and most persistent mode of variatiorthe ITHs associated with the El Nino Southern
Oscillation (ENSO) phenomenon. This signal, as far as it is observed at this stage, is largely consistent
with linear dynamical theory. The coastal (Kelvin) wave guide off Western Australia runs northward
(followingthe 200m depth contour) to a point off nortbastern Papua New Guinea where it joins

the Pacific equatorial (Rossby) wave guide. The confluence of waveguides allows large perturbations
in depth of the thermocline during the ENSO cycle to propagate irdrttdian Ocean andown the

West Australia coast.

6.3.4. Antarctic Circumpolar Current

The Antarcticircumpolar current (AC® the largest current in the world, carrying 150eagtward

around the entire globén the Southern Ocean. It has a majofluence on9 | NXlig&eiThe ACC
thermally isolates Antarctica; much of the flow occurs along narrow jets or fronts, across which
water properties change dramatically while properties are quite uniform between frdRézent

research has focussed orhather the ACC will shift south and increase in strengith the

strengthening and contraction south of the southern hemisphereter§swinds associated with

SAM. A shift south has been observed (Gille, 2008; Boning et al., 2008; Sokolov and Rintoul, 2009a)
however, the link to changes in winds from observations is not conclusiteether or not the ACC

is spinning upn response to increased windsalsoa topic of active debate. IP@&ss models

which are not eddy resolving suggest the ACC will spifigoretical and modedtudies suggeshe
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