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Executive Summary

The NSW Marine Estate is a vital natural asset that supports extraordinary biodiversity,
sustains Aboriginal cultural values and provides essential ecosystem services for communities
across the state. It underpins significant social and economic activities, including tourism,
fishing and aquaculture, shipping and industry, and delivers critical environmental functions
such as carbon storage, nutrient cycling, and shoreline protection (Barbier, 2015; Carnell et
al., 2018). Yet, this system is under threat from anthropogenic climate change, as highlighted
in the NSW Marine Estate Threat and Risk Assessment (NSW MEMA, 2017).

Changes to the global ocean resulting from climate change have been recently summarised in
the Sixth Assessment Report (AR6) from the Intergovernmental Panel on Climate Change
(IPCC, 2023). However, for management purposes, it is necessary to understand how waters
are changing at the jurisdictional level.

This report was commissioned to provide a NSW-level assessment of the changes in the
marine estate over the past few decades, including ocean temperature, salinity, circulation,
acidification, biogeochemistry, estuarine impacts and sea level rise and is focussed on abiotic
variables related to climate change. The major findings of this review show:

1. Climate change is altering circulation patterns along the NSW coast, predominantly
through the intensification and southward extension of the East Australian Current
(EAC). This western boundary current has warmed and strengthened significantly over
the past 60 years (Cai et al., 2005; Wu et al., 2012; Li et al., 2022b), shifting the EAC
separation zone southward by up to 100 km (Li et al., 2022b; Cetina Heredia et al.,
2014). These changes are altering hydrodynamics across the three major NSW marine
regions—the northern region upstream of the EAC separation, the central region
encompassing the separation zone, and the southern region downstream—affecting
vertical mixing, nutrient delivery, and larval transport and retention. The continuation
of this trend under high-emissions scenarios is projected to increase eddy activity and
enhance bottom-driven upwelling, with implications for nutrient enrichment and
ecosystem productivity, particularly in central and southern NSW (Oliver and
Holbrook, 2014; Bull et al., 2020; Roughan and Middleton, 2002).

2. Rising ocean temperatures compound these circulation changes. Surface warming
along the NSW coast is non-uniform, with the southern region exhibiting the highest
rates—up to 0.45°C per decade off Batemans Bay—while northern waters have
warmed more slowly at ~0.15°C per decade (Malan et al., 2021). Subsurface warming
is also marked, with rates up to 0.9°C per decade at 20 m depth in southern sites and
0.4°C per decade at 110 m depth (Malan et al., 2021). These trends are consistent
with observed global warming patterns but are amplified in regions influenced by the
EAC because the EAC itself is also warming (Wu et al., 2012). Projections suggest that
even under a very low emissions scenario (SSP1-2.6), global sea surface temperatures
will rise by 0.86°C relative to a 1995-2014 baseline, while under the high emissions
scenario (SSP5-8.5), warming could exceed 2.89°C (Ranasinghe et al., 2021). Given
that western boundary currents are warming at two to three times the global average,
these values likely underestimate future warming in NSW waters. Moreover, warming
is already contributing to more frequent, intense and prolonged marine heatwaves
along the NSW coast, with extreme temperature events projected to increase,
particularly in southern waters (Schaeffer et al., 2023; Hemming et al., 2024).



3. Salinity regimes in NSW waters are also becoming increasingly variable, shaped by
intensifying rainfall extremes, storm-driven river discharge and outflows into coastal
waters, and the resulting formation of low-salinity plumes. These events, particularly
prominent in northern and central regions, alter stratification, reduce light
penetration, and influence primary productivity. They also carry sediment, nutrients
and contaminants into the marine estate, generating conditions that stress nearshore
ecosystems (Li et al., 2022a; Malan et al., 2024; Zabarte-Maeztu et al., 2021). River
plumes can create biogeochemical hotspots (Li et al., 2022a), but there is limited
understanding of how episodic freshwater inflows interact with marine heatwaves
and circulation anomalies—a critical knowledge gap as compound events become
more frequent.

4. Ocean biogeochemistry is being reshaped by both circulation shifts and local inputs.
Biogeochemical properties of NSW waters are influenced by the episodic intrusion of
the EAC onto the continental shelf, EAC eddies and local coastal processes (Schaeffer
et al., 2013, 2014). In locations such as Port Hacking (central region), the longest time-
series station within the NSW marine estate, there has been a significant decline in
the macronutrient dissolved silicate (an essential element for diatom microalgae
growth). This has been accompanied by a decrease in dissolved oxygen inferred from
the increasing fraction of EAC water in this region (Thompson et al., 2009) and
supported by the measured decline in dissolved oxygen at Maria Island, a long-term
coastal monitoring station on the east coast of Tasmania. Despite these changes,
there has been no observed change in chlorophyll-a, an index of the abundance of
ocean primary producers (phytoplankton). According to large-scale projections, the
EAC is intensifying (Cetina Heredia et al. 2014), which is expected to drive increased
upwelling of nutrient-rich waters in waters north of the EAC separation zone but
higher EAC velocities in this region may lead to greater poleward transport, and hence
dilution, of these enriched waters (Everett et al. 2014). In southern NSW, seasonal
effects are a more significant driver of chlorophyll-a than upwelling and EAC-derived
eddies, suggesting that changes in the EAC may have less impact on lower trophic
levels in this region, but this remains to be determined (Everett et al. 2014). Based on
empirical observations in multiple water masses, it is expected that the warmer NSW
waters become, the less dissolved oxygen and nutrients for phytoplankton growth
they will contain.

5. Ocean acidification is progressing steadily. Since 2009, pH at Port Hacking has
declined from ~8.10 to 8.07, consistent with a broader ~0.12 pH unit global decrease
since the industrial era (IPCC, 2021; BOM, 2022). This trend will continue, with
surface ocean pH projected to decline by a further 0.1 pH units under the best-case
low emissions scenario SSP1-1.9, or by up to 0.45 units under the worst-case
scenario SSP5-8.5 by 2100 (IPCC, 2021). Acidification reduces carbonate ion
availability, impairing shell and skeleton formation in calcifying organisms such as
oysters, echinoderms and corals (Eyre et al., 2018; Byrne and Fitzer, 2019). Estuarine
and intertidal species may exhibit some tolerance due to high baseline variability in
pH (Wolfe et al., 2020), but this resilience is uncertain in the context of multiple
simultaneous stressors such as warming and MHW events.

6. Sealevel rise, one of the most certain and pervasive impacts of climate change,
presents both environmental and infrastructure risks. By 2100, medium confidence
projections indicate that sea level at Fort Denison (Sydney Harbour; central region)
will rise by 0.34 m under a very low emissions scenario (SSP1-1.9) and by 0.78 m
under a very high emissions scenario (SSP5-8.5) (Fox-Kemper et al., 2021; Kopp et al.,

9



2023; Garner et al., 2021). These changes may threaten properties (Hanslow et al.,
2018) and place significant pressure on intertidal ecosystems, which may be unable to
vertically accrete at the same pace as sea level rise (Kirwan et al., 2016; Saintilan et
al., 2024). Where upslope migration is obstructed by infrastructure or steep
topography, saltmarsh and mangrove ecosystems are at risk of decline due to ‘coastal
squeeze’ (Wen et al., 2023). Subtidal habitats such as seagrass meadows are also likely
to decline, as increased water depth and turbidity reduce light penetration (Davis et
al., 2016).

7. Estuary temperatures and pH will be impacted by climate change due to changes in
the ocean and changes in local catchments. In estuaries, recent research has
determined that temperatures are increasing while pH levels are decreasing (i.e.
becoming more acidic) (Scanes et al., 2020). Based on aggregated statewide data, over
an 11-year period (between 2007 and 2019) temperatures were observed to increase
on average by 2.16 °C (0.2 °C/year), while over a five-year period (between 2013 and
2019) pH levels were observed to decrease on average by 0.5 pH units. While there is
uncertainty in these rates, the temperatures and pH within estuaries appears to be
changing at a faster rate than in the ocean (Scanes et al., 2020). The impacts of
climate change are expected to vary estuary by estuary, dependent on factors such as
their typology and location along the NSW coastline. Intermittently Open and Closed
Lakes and Lagoons (ICOLLs) have been identified as the most vulnerable estuary type
to changes in temperature and pH (Glamore et al., 2016, Heimhuber et al., 2019a).
This is expected to particularly impact saltmarsh habitat, shellfish ecosystems and
coastal freshwater ecosystems (Dominguez et al., 2019b). A significant uncertainty
remains regarding the co-dependency of estuarine ecosystems and a clear plan for
managing estuaries under climate change is required.

Knowledge Gaps and Recommendations

Across the seven thematic sections of this report, 35 discrete knowledge gaps were identified
(see Section 8, Appendix A ‘Compiled Knowledge Gaps’, Table 8.1), each paired with targeted
recommendations to improve monitoring, modelling and decision-making for the NSW
Marine Estate. The following seven recommendations represent high-priority, cross-cutting
actions that emerged consistently across multiple chapters. They highlight foundational
needs to strengthen observational infrastructure, deepen understanding of subsurface and
biogeochemical processes, and improve climate adaptation planning—particularly in the
under-studied but rapidly changing southern NSW region. These priorities should be
interpreted as the most critical and widely supported actions to build climate resilience across
the marine estate. Additional recommendations addressing more specific or localised issues
are detailed at the end of each section in the full report and should be considered in
conjunction with this summary when planning policy, management, and investment
responses.

1. Observational coverage for key climate variables is limited, especially in southern
NSW.
Low data density for ocean acidification, biogeochemistry, surface heat flux, and
subsurface temperature limits our ability to detect, attribute and forecast climate
change impacts across the NSW Marine Estate. These deficiencies are most
pronounced in southern NSW—an ocean warming hotspot—where spatial and depth-
resolved observations are sparse. While IMOS National Reference Stations provide
invaluable time series data, their geographic focus on central NSW leaves large areas
under-observed.
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Recommendation: Expand IMOS mooring arrays to include key gaps such as the
Forster-Newcastle EAC separation zone and Lord Howe Island. Extend the glider
network into southern NSW shelf waters, and co-locate new sensors (e.g. for pH,
oxygen, nutrients) with existing infrastructure to enhance biogeochemical and
carbonate system monitoring.

Sub-surface ocean changes that affect benthic ecosystems remain poorly
understood and under-monitored. Benthic and near-bottom habitats are sensitive to
thermal stress, oxygen depletion and nutrient changes, yet long-term observations at
depth are limited. Subsurface marine heatwaves, stratification and deoxygenation
events can lead to widespread ecological disruption but are not systematically
detected or tracked.

Recommendation: Develop robust vertical climatologies of temperature, salinity, and
dissolved oxygen across the shelf, identify single and compound extremes, and
conduct targeted investigations of subsurface marine extremes and their impacts on
benthic communities. Prioritise the development of monitoring protocols that account
for depth-specific exposure and ecological sensitivity.

Interactions between large-scale climate drivers and regional ocean processes are
not well resolved and their implications for marine ecosystems are little

understood. The El Nifio-Southern Oscillation (ENSO), the Southern Annular Mode
(SAM) and EAC variability all influence oceanographic conditions off NSW, but their
combined effects on upwelling, eddy formation, shelf circulation, and stratification
remain poorly understood. Furthermore, most available in situ data have been
collected under ‘average’ conditions, with few studies focusing on extreme events
such as cyclones, east coast lows, floods, or marine heatwaves. This limits our ability
to forecast, prepare and respond to anticipated marine heatwaves, coastal flooding, or
biogeochemical anomalies.

Recommendation: Undertake targeted, multi-year research into the compound
impacts of climate drivers on NSW shelf processes. Develop fine-scale dynamical
models that incorporate observed variability and enable predictive capacity for key
physical and biogeochemical responses. Increase investment in real-time monitoring
and process studies to quantify impacts of extreme events and long-term ecological
and other (socio-economic) consequences.

Southern NSW remains both a rapidly changing and under-studied region of the
marine estate. Despite being strongly influenced by the EAC’s southward
intensification and warming, southern NSW lacks comprehensive monitoring and
targeted research. The ecological implications of this trend—such as changes in larval
transport, productivity of different trophic levels, or climate refugia—are largely
unknown.

Recommendation: Prioritise southern NSW for investment in observational
expansion, field programs, and modelling efforts. Use this region as a testbed for
understanding and anticipating high-impact climate changes in shelf ecosystems.

Further effort is required to manage NSW estuaries under a changing climate. Water
quality data monitoring programs often have limitations and where they occur are
often underutilised. This has meant that opportunities to identify and manage risks
associated with climate change have not been realised. For example, there is
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significant uncertainty about how the impacts of climate change will occur across
different interdependent ecosystem types. The NSW Government has made progress
towards holistic estuary management through the NSW Marine Estate Management
Strategy and local estuary management through Coastal Management Programs.
Despite a growing understanding of the broad implications of climate change in
estuaries, additional work is required to manage the significant residual risks to
estuaries across the state .

Recommendation: Review the existing state-wide estuarine monitoring infrastructure
and develop an updated program supported by suitable long-term funding to monitor
the impacts of climate change. Fund multi-ecosystem research programs, especially
focussed on ecosystem co-dependency within the context of climate change. Improve
the approach to estuary management planning, to address high-risk impacts already
observed and expected in response to climate change. This may include, for example,
through the work underway to respond to the Audit of the NSW Coastal
Management Framework.

Consideration of sea level rise in land use management and adaptation decision
making process remains reactive and inconsistent across the state. Despite improved
hazard mapping, there are no cohesive and equitable pathways for managing the
impacts of sea level rise. Without clear guidelines and legislative pathways, local
governments have few tools available to proactively manage change in vulnerable
areas. The integration of catchment management within coastal floodplain and
estuarine planning is limited. Management approaches require review in order to
support proactive, integrated planning across land, freshwater and marine systems.

Recommendation: Provide clear guidance on sea level rise thresholds, and their
consideration in land use management and adaptation processes by land owners, land
managers and public authorities. Explore options for alignment of catchment and
coastal zone management approaches that enable the protection or restoration of
transitional habitats like coastal wetlands, as well as built infrastructure.

Substantial gaps remain in our understanding of how climate change affects marine
biodiversity and ecosystem services. Most existing research on climate stressors has
focused on a narrow group of species, particularly those that are commercially
important (e.g. key fishery and aquaculture species) and/or calcifying (e.g. molluscs
and coral reefs), with limited investigation into broader ecological groups. There is
limited knowledge of how climate stressors affect microbial communities, larval
stages, or non-commercial taxa, and little understanding of the cascading effects on
food webs and ecosystem services.

Recommendation: Broaden species coverage in climate impact studies to include
understudied taxa and trophic levels, including threatened and endangered taxa listed
under the NSW Biodiversity Conservation Act 2016 and the Fisheries Management Act
1994. Support ecosystem-scale research into species interactions, biodiversity
resilience, and functional responses to warming, acidification and nutrient stress.

In response to these interconnected climate stressors, coordinated and integrated action is
needed. It is clear that the physical and biogeochemical changes in the NSW coastal and
oceanic environment—driven by rising greenhouse gas concentrations—are outpacing our
capacity to observe, understand and respond. These changes are complex, spatially variable,
and increasingly shaped by extreme and compound events. Addressing the knowledge gaps
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identified across monitoring, modelling, and ecological understanding will require strategic
investment in observational infrastructure, interdisciplinary research and co-designed
decision support tools. In particular, prioritising southern NSW for research and investment,
developing a statewide estuary management plan, and standardising sea level rise planning
are essential steps in strengthening climate adaptation pathways. Greater emphasis must also
be placed on implementing targeted strategies to mitigate the impacts of climate change on
marine ecosystems—through habitat protection, restoration, climate-resilient infrastructure,
and integrated coastal planning.

In addition, it is essential that NSW remains responsive to emerging evidence-based climate
mitigation strategies. For example, carbon dioxide removal (CDR) is increasingly recognised as
a necessary complement to emissions reductions in achieving Australia’s net-zero
commitments. Marine-based approaches (mnCDR), including blue carbon restoration and
ocean alkalinity enhancement, are gaining traction as potentially viable options (NSW
Government, 2022; Geerts et al., 2025; Oschlies et al., 2025). The NSW Blue Carbon Strategy
provides a roadmap, supporting blue carbon projects in NSW that restore coastal and marine
biodiversity and ecosystems (NSW Government, 2022).

To inform decision-making for the NSW marine estate, targeted research is needed to
evaluate the feasibility, effectiveness and risks of mCDR approaches in the regional context.
This includes identifying suitable scalable implementation sites, assessing ecological and
cultural sensitivities, and ensuring regulatory alignment. Doney et al. (2025) further
recommend the development of regionally coordinated pilot programs underpinned by robust
governance, long-term monitoring, and co-designed evaluation frameworks. Embedding
Indigenous community knowledge systems will also be critical to ensure that testing and
deployment are scientifically rigorous, ethically sound and socially inclusive.

A science-informed, whole-of-system approach—one that integrates observation, mitigation

and adaptation—wiill be critical to safeguarding the health, biodiversity and adaptive capacity
of NSW’s coastal and estuarine environments in the decades ahead.
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Introduction

Written by Martina A. Doblin (Climate Change Cluster, University of Technology Sydney; Sydney Institute of

Marine Science), Isobel Lerpiniere (Sydney Institute of Marine Science)

The NSW Marine Estate comprises around one million hectares of estuary and ocean and is

one of the most significant natural resources in NSW (see Figure 0.1). Incorporating five
bioregions adjacent to the mainland coast (Tweed-Moreton, Manning Shelf, Hawkesbury
Shelf, Batemans Shelf, Twofold Shelf), as well as a sixth surrounding Lord Howe Island, it
supports the economic, social, and cultural activities of over six million people, including
numerous coastal Aboriginal nations who are intimately connected to their Land and Sea

Country.
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Figure 0.1: Map of the NSW Marine Estate. Figure from ‘Marine protected areas within the NSW marine estate - their
role & purpose’ (NSW Marine Estate Management Authority, 2017).

Knowledge about how the ocean has changed from pre-industrial times to today, and how it
is projected to change in the future is needed to help inform management of the NSW
Marine Estate.

The burning of fossil fuels and changes in land use have increased atmospheric carbon
dioxide (CO,) by approximately 50% since pre-industrial times (Friedlingstein et al. 2020).
This has impacted the Earth’s radiative balance, generating excess heat. More than 90% of
this heat has been taken up by the ocean, thereby warming it (Cheng et al. 2017) and
changing its circulation, including the western boundary currents. The increase in ocean
temperature causes a reduction in the solubility of oxygen in seawater, leading to
deoxygenation. Furthermore, the rise in atmospheric CO; has also driven increased uptake of
CO; by the ocean, leading to a reduction in oceanic pH, a process described as ocean
acidification.

Together, these stressors are fundamentally reshaping marine environments. Ocean warming,
acidification, deoxygenation and sea level rise are altering species distributions, predator-
prey dynamics and ecosystem productivity (Doney et al., 2012; Poloczanska et al., 2013;
Pinsky et al., 2020). Coral reefs, shell-forming organisms, and coastal habitats are particularly
vulnerable (Munday et al., 2008; Eyre et al., 2018; Spalding et al., 2014).

Marine heatwaves and altered ocean circulation are driving mass mortality events, reducing
productivity and shifting ecological balances in ways that affect biodiversity, ecosystem
functioning and fisheries (Jones et al., 2018; Garrabou et al., 2022; Smith et al., 2022).
Coastal and shelf environments are particularly exposed, facing habitat loss, salinity changes
and increased storm impacts (Harley et al., 2006; Osland et al., 2015; Guild et al., 2024).
Species are shifting poleward or to deeper waters, leading to novel interactions and local
extinctions (Perry, 2005; Pinsky et al., 2020; Melbourne-Thomas et al., 2021). Moreover,
these pressures rarely occur in isolation—compounding stressors, such as pollution and
overfishing together with climate change, further weaken ecosystem resilience, reducing the
capacity of marine ecosystems to recover and sustain the services they provide (Cabral et al.,
2019; Issifu et al., 2022; Angelini et al., 2024).

While the Sixth Assessment Report (AR6) from the Intergovernmental Panel on Climate
Change (IPCC) provides an overview of global and national level changes to oceans, there is a
need to understand how regional waters are changing, including those within 3 nautical miles
of the coast and within estuaries.

The narrow continental shelf along southeast Australia (15-50 km wide) is strongly
influenced by the East Australian Current (EAC), which separates from the coast north of
Sydney and generates a dynamic field of eddies. This separation zone causes substantial
variability in temperature, salinity and nutrient availability along the coast, influencing sea
level, larval dispersal, and productivity (Suthers et al., 2011). As the EAC intensifies with
climate change, its influence is expected to increase, with implications for ecosystem
structure, fisheries productivity, and coastal communities (Phillips et al., 2022).

This report was commissioned to provide a regional level assessment (based on literature
review and any appropriate data analysis) of the changes in NSW coastal and estuarine
waters, including ocean temperature, salinity, circulation, acidification, biogeochemistry and
sea level rise.
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To support our analysis and discussion, we divide the NSW Marine Estate into three broad
regions (as seen in Figure 0.1):

e Northern Region: upstream of the EAC separation zone, comprising the Tweed-
Moreton bioregion.
Central Region: the EAC separation zone, comprising the Manning Shelf bioregion.
Southern Region: downstream of the EAC separation zone, comprising the
Hawkesbury Shelf, Batemans Shelf and Twofold Shelf bioregions.

For each chapter, we provide a synthesis of current knowledge of the temporal trends in
ocean properties within the NSW Marine Estate, future projections, and likely impacts.
Knowledge gaps and recommendations for future research are also provided.
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Section 1: Circulation

Report provided by Moninya Roughan and Robert Mason, UNSW Sydney.

Introduction

The dominant ocean current along the coast of New South Wales (NSW) is the East
Australian Current (EAC). The EAC is the western boundary current (WBC) of the South
Pacific subtropical Gyre. It is a swift flowing dynamic ocean current, that transports warm
water and biota from north to south along the coast of southeastern Australia. The EAC flows
poleward along the coast of NSW until it separates from the coast, typically anywhere from
Forster to Newcastle (around a latitude of 30-32.5°S, Figure 1.1). When it separates, it sends
water and heat southward in the EAC southern extension (typically through large rotating
bodies of water known as eddies) or eastward towards Lord Howe Island and New Zealand
along the EAC eastern extension (Oke et al., 2019) as shown in Figure 1.1.

The position of the separation latitude impacts the circulation and temperature structure in
coastal waters of NSW. For example, where the EAC is ‘attached’ to the coast - north of the
separation point - it drives strong southward currents and warm waters along the shelf
(Figure 1.1) (Oke et al., 2019). Whereas south of the separation point, large eddies can exist
adjacent to coastal waters and can be either warm or cold (anti-clockwise or clockwise
rotating) with currents travelling either northward or southward (Oke et al., 2019). The
creation of large (10s-100s km-wide) warm eddies can occur during the process of EAC
separation and results in a northward movement of the separation latitude (Cetina Heredia et
al. 2014). Additionally, (less active) wind-driven coastal flows can drive coastal currents
(Mantovanelli et al., 2017), and northward flows occur that are associated with cyclonic
eddies forming inshore of the EAC (Kerry et al. 2020).

Li et al. (2022b) shows that an unstable EAC separates more readily to the north (Figure 1.1a)
whereas a stable EAC can penetrate further south along the coast of NSW, driving a
poleward shift in the separation latitude (Figure 1.1b).
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Figure 1.1: Snapshots of sea surface temperature from the SEA-COFS modelling suite and streamlines showing the
direction of transport in the East Australian Current System. a) shows a ‘northern’ EAC separation, where the main jet
(High Mean Kinetic Energy, MKE) region leaves the coast towards northern NSW and a large anticyclonic (warm, anti-
clockwise rotating body of water) is found off southern NSW. b) shows a more southern EAC separation, and the
anticyclonic eddies are further south, also shown are cooler cyclonic eddies. Figure from Gwyther et al 2022.

The EAC has a profound impact on the circulation, hydrodynamics and physico-chemical
properties of the coastal waters of New South Wales (NSW). The EAC has been warming and
extending further south over the past 60 years (Cai et al., 2005; Wu et al., 2012; Li et al.,
2022) contributing to the observed changes in circulation, temperature, and biogeochemistry
along the NSW coast (Ridgway, 2007; Thompson et al., 2009). Therefore, it is essential that
we continue to measure and monitor the current and the hydrography above and below the
surface.

Trends and Future Projections

Western boundary currents (WBCs) such as the EAC are displaying a trend of generating
more eddies (Martinez Moreno et al., 2021) in response to changes in global-scale wind
forcing (Li et al., 2022). The East Australian Current has penetrated further southward over
the past 60 years (Cai et al. 2005, Wu et al. 2012). Cetina Heredia et al. (2014) show
significant positive trends in the southward flow along the coast of SE Australia, including an
increase in the southward movement of water within eddies, with a sharp increase from 2005
onward. More recently, Li et al. (2022) showed that in the past three decades, the large-scale
circulation in the South Pacific (the South Pacific subtropical gyre) has shifted south by ~100
km (~33 km per decade), notably increasing the southward movement of warm water in the
EAC Southern Extension (offshore from NSW coast).
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The strengthening and poleward shift of the EAC is associated with an atmospheric (wind)
pattern known as a positive Southern Annular Mode (SAM, a contraction of the band of wind
over the Southern Ocean towards Antarctica). This is contributing to a poleward shift of
easterly winds along the coast of NSW (Li et al., 2022). These changes in wind patterns are
associated with a stabilising of the EAC off Brisbane, and a decrease in the strength of the
southward transport along the northern NSW coast. This has resulted in a poleward shift of
the whole EAC system, with the EAC now penetrating further south—a change reflected in a
poleward shift of the EAC separation latitude of up to 100 km over the past 30 years (Li et al.,
2022b).

In line with the recent historical trends described above, the EAC southern extension is
projected to get stronger and warmer in the future (Oliver and Holbrook 2014; Bull et al.,
2020). With more water flowing south along the coast of NSW, less warm water is expected
to flow eastward across the Tasman Front/ EAC Eastern Extension (towards Lord Howe
Island).

Climate change projections for the ocean are typically coarse in resolution, both in time
(decadal) and space (~100 km scale) and are therefore not regionally relevant. Along the coast
of NSW, this means that the effects of regional processes are not considered under climate
change scenarios. These processes include local winds, tidal mixing and the impacts of EAC
separation and eddies (driving non-uniform warming rates). This is an active area of research
for the climate community and is much needed for coastal communities to better understand
current and future impacts of climate change on coastal waters.

Impacts

An increase in the poleward penetration of the EAC could result in increased or prolonged
near-bottom current-driven upwelling, which would result in an increase in nutrient transport
onshore (towards the coast) near the bottom of the water column. This process is known as
current driven upwelling and is commonly associated with a strong EAC (Roughan and
Middleton 2002). Changes in local wind forcing may also drive changes in wind driven
upwelling (Wood et al. 2016). Although an increased supply of nutrients through upwelling
can increase productivity, increased stratification may restrict nutrients from reaching the
surface. Hence, the resulting broader ecological implications of long-term changes in
upwelling and stratification are unknown. The projected changes to upwelling scenarios need
to be explored in the face of regional changes in the EAC System.

The increased southward extension of the EAC is anticipated to intensify the EAC eddy field
along SE Australia, with large eddies (those on the order of 100 km in diameter) playing a
crucial role in retention (within the rotating eddies themselves) and thus transport of heat and
larvae (Cetina Heredia et al. 2014). These eddies are projected to become more prevalent and
influential in shaping regional oceanography (Martinez-Moreno et al., 2021), driving marine
heatwaves, and potentially affecting marine ecosystems and species distribution. For
example, as circulation changes in the EAC System, it will affect the exchange of water
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between the open ocean and inshore regions, alter marine habitats, and affect seasonally
dependent ecological processes (Phillips et al., 2020). It may also influence nutrient supply
and larval dispersal in inshore regions, affecting connectivity, settlement and recruitment of
some marine species (e.g. Cetina-Heredia et al., 2014).

The EAC separation point refers to the part of the coast where the current deflects eastward
away from the coast. With an increase in the poleward penetration of the current with
climate change, the separation point is moving further south, or the current is staying along
the coast for longer. As the EAC separation point moves further south (due to the increased
poleward penetration of the current with climate change) and the length of time that the
current stays along the coast increases, we expect to see altered patterns of larval dispersal
and settlement particularly for species with longer lived larvae and those that spawn in the
EAC. For example, Cetina Heredia et al. (2015) used a climate downscaling model to show a
poleward shift in lobster larval settlement (under a 2060s climate change scenario) of ~300
km southward. These shifts will occur in the context of possible temperature impacts on
post-larval life phases of lobster, such that high larval settlement may not necessarily lead to
population establishment (Cetina Heredia et al., 2015). Larval distribution changes have real-
world implications for lobster fishers whose livelihoods depend on larval settlement and
recruitment into the fishery.

Climate-driven changes to upwelling are having flow-on effects for primary and secondary
productivity (Ajani et al. 2020) and fisheries. Further impacts may occur through the food
web for larger marine animals (e.g. turtles, sharks and seabirds). For example, Lee et al.
(2019) explored the relationship between SST and the presence of bull sharks and found bull
sharks were present when SST was 20-26°C, with peak abundance at 24°C, and low
chlorophyll-a. There was a higher abundance of sharks in months when SST was higher than
the long-term average. Therefore, ocean warming and an increased poleward penetration of
the EAC could have an impact on the range and abundance of these predatory animals, with
possible trophic impacts in the newly-intruded areas. However, changes to ranges and
species abundance can be counterintuitive to projections based solely on temperature, as the
indirect effects of climate change and ecological processes can complicate predictions
(Pacifici et al. 2017). These dynamics should therefore be explored in a bioregional context.
For example, in northern Australia changes in turbidity in regions susceptible to river plume
intrusion may affect ability of large pelagic (eyesight-dependent) fish to forage (Hobday et al.
2009), an effect that could occur further south if rainfall increases due to future La Nifia
intensification.
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Knowledge Gaps and Recommendations

Further research is needed to explore long-term variability and trends in coastal circulation
on the NSW shelf. While we now have more than a decade of velocity observations on the
NSW coastal shelf (at instrumented moorings), there has been no investigation of changes in
the long-term mean, variability and trends in coastal circulation from this dataset. Large-scale
transport along the coast, and the poleward increasing trends in current transport, have been
studied using a southeastern Australia-specific ocean model (SEA-COFS), but without an
explicit focus on the NSW state and coastal waters (Malan et al., 2022, Li et al., 2021). Using
the Integrated Marine Observing System (IMOS) mooring datasets and other approaches,
research should address the coastal impacts of climate drivers on temperature and circulation
on the NSW shelf, and changes to these, north and south of the EAC separation region.

The IMOS mooring array has provided a comprehensive long-term view of ocean warming at
three latitudes along the NSW coast, Coffs Harbour, Sydney and Batemans Bay. However,
there is a monitoring gap at the Forster / Newcastle region (32°S) where the EAC is pushing
further south. Ideally, a mooring array would be established in this region to understand
changes to the EAC at this important separation point. The IMOS glider program has
provided broad spatial and temporal coverage over the top two-thirds of NSW shelf waters,
but the southern third of the state remains unsurveyed—an obvious area for expansion.
Similarly, long-term monitoring of ocean temperatures at Lord Howe Island is important for
understanding the potential for climate change refugia.

It has been difficult to identify a clear link between large scale climate drivers and the forcing
of variability and change in coastal temperatures and shelf circulation. For example, while
Holbrook et al. (2011) showed some relationship between El Nifio-Southern Oscillation
(ENSO) and sea level elevation along the NSW coast, the link is tenuous due to the highly
dynamic nature of the circulation and the eddy shedding (the formation and detachment of
eddies from the EAC jet). Effort could be placed in understanding the coastal impacts of
climate drivers on temperature and circulation of NSW shelf waters and how these impacts
vary up and downstream of the EAC separation latitude. These climate drivers interact in
complex ways to create the observed non-uniform warming patterns along the NSW coast
(Malan et al., 2021), highlighting the importance of high-resolution, long-term studies in
understanding coastal ocean dynamics in the context of climate change. This may provide
some insight into predictability and future trends.
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NB: * Indicates also included in other sections.

1.2

1.4

1.5

Knowledge Gaps
Limited research into
circulation along
southern NSW, an
ocean warming
hotspot
Observational data
gaps for sustained
monitoring

Limited understanding
of the interaction
between climate
drivers and regional
processes and the
impacts on regional
circulation

Limited understanding
of trends and regional
climate change
projections for coastal
ocean circulation

Limited knowledge of
changes in ocean
connectivity impacts
on marine biodiversity
beyond a handful of
species.

Recommendations Significance Feasibility

Further research to explore long-term
variability and trends in coastal circulation in
southern NSW using IMOS moorings and
SEA-COFS models.

Very High

Expand the IMOS mooring array to include
moored observations around latitude 32°S
and Lord Howe Island, expand the glider
program to include southern NSW shelf

surveys. Very High

Conduct targeted research to understand the
combined impacts of ENSO, SAM local
variability in the EAC, resulting in changes to
ocean circulation and stratification.

Very High

Analyse existing downscaled ocean
projections for southeast Australian waters
(HighRESMIP coupled runs, further details in
Appendix A) or develop high-resolution
climate downscaling models to explore
changes to circulation (current strength,
eddy formation, shedding, EAC separation
latitude). High
Broaden investigations into climate change
impacts on ocean connectivity and larval
transport across a wider range of species and
habitats to improve future management
strategies.

High

Very High

Moderate

High

Moderate

Moderate
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Section 2: Temperature
Report provided by Moninya Roughan and Robert Mason, UNSW Sydney

Introduction

The ocean has absorbed approximately 90% of the excess heat generated by anthropogenic
(human-caused) global warming. Since the industrial revolution, this has led to significant
ocean warming, particularly in the upper 700 meters but also extending into the deep ocean.
This warming is not uniform, with the Atlantic and Southern Oceans experiencing the most
heat uptake (IPCC Sixth Assessment Report (AR6), 2021). This ocean heat uptake has major
consequences for ocean physics, chemistry and biology, including sea level rise, stronger
marine heatwaves, reduced oxygen levels, and altered ocean circulation patterns.

Western boundary currents such as the East Australian Current (EAC) are warming at 2-3
times the global average (Cai et al., 2005; Wu et al., 2012; Li et al., 2022). However, the
patterns of spatial and temporal variability in ocean warming both at the surface (Figure 2.1)
and at depth are non-uniform (Malan et al. 2021), which means that in situ regional
monitoring and assessment of ocean temperature is important.
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Figure 2.1: An image showing warming trends in sea surface temperature (SST) from 1992-2016, overlaid with a
schematic diagram illustrating the path of the East Australian Current (EAC), its downstream eddy field and the EAC
separation region. Five key oceanographic monitoring sites off southeastern Australia are marked from north to south:
North Stradbroke Island, Coffs Harbour, Port Hacking/Sydney, Batemans Marine Park, and Maria Island. The figure
displays decadal SST trends from the SST Atlas of Australian Regional Seas (SSTAARS) (Wijffels et al., 2018). Broad-
scale circulation patterns, including the EAC and associated eddies, are superimposed. Satellite map imagery sourced
from ©Google Maps, 2022. Figure from Hemming et al. (2023).
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2a: Sea Surface and Sub-surface Temperature

Sea Surface Temperature Summary

The ocean heat budget is driven by two main factors: heat exchange with the atmosphere at
the ocean surface and ocean currents. The sum of heat exchange at the surface of the ocean
is driven by short- and long-wave solar radiation, latent heat flux associated with evaporation
and condensation, and direct heat exchange between the ocean and atmosphere (referred to
as sensible heat flux). In NSW waters, the movement of heat by ocean currents (referred to
as advective heat transport) is dominated by the EAC and its eddy field (Figure 2.1). Vertical
mixing, which includes wind-driven mixing of the upper ocean layers and convective mixing
due to surface cooling, is a third ocean heat exchange process, though is minor compared to
the first two factors.

Sea surface temperatures approximate the temperature within the mixed layer. Across NSW
coastal waters, sea surface temperatures have been progressively warming for the past 3
decades. The rate of surface warming is greatest in southern NSW (up to 0.45°C per decade
or 1.5°C over the past 30 years) and slowest in waters off northern NSW (0.15°C per decade
or 0.45°C over the past 30 years) whilst trends in sea surface temperatures around Lord
Howe Island indicate potentially weak cooling (Hemming et al. 2023, Wijffels et al., 2018).

Non-uniform warming patterns are driven by an increasing southern extension of the EAC
(Malan et al., 2021, Li et al., 2022). Climate projections indicate a further warming of up to
1.2°C by 2040 (relative to a 1986-2005 baseline) along the NSW coast (CSIRO, 2015).

Climate change-driven ocean warming in the mixed layer has already had a range of
ecological consequences in NSW waters (Verges et al. 2014, Ajani et al. 2020), and also
reflects changes in circulation patterns related to changes in the EAC. Ecosystem impacts
include an increase in stratification (a larger thermal gradient) that reduces mixing and hence
reduces nutrient delivery into the surface ocean. This will likely result in a decline in surface
primary productivity (Kwiatkowski et al. 2020). Other ecosystem impacts include range
shifting of species due to the need to track geographic shifts in their thermal limits, changes
in habitat types and composition (Verges et al., 2014).
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Past Trends in Surface Temperatures

Significant effort has been placed on understanding baseline ocean temperatures, the
changes in ocean temperature, and the rates of warming along the coast of NSW using
available long timeseries data.

Sea surface temperatures approximate the temperature within the mixed layer and are
observable by remote sensing via satellite. These data can be validated using in situ
temperature observations such as timeseries data from moored ocean sensors at IMOS
moorings. In addition to in situ sampling, data are also available from ship-mounted sensors
(CTDs) and autonomous platforms see Appendix A for more details on data collection.

Along the coast of NSW, the impacts of climate-driven warming are non-uniform, with some
of the greatest impacts observed in the coastal waters of southern NSW due to changes
associated with the advection of heat from the EAC poleward. This has profound implications
for ocean warming along the coast of NSW. Satellite data from 1992-2016 show that the
rate of warming along SE Australia is greatest in southern NSW (Wijffels et al. 2018; Figure
2.2). This means that different areas along the coast are experiencing temperature increases
at varying rates.

Data from ocean moorings along the coast of SE Australia show that rates of coastal warming
off Brisbane and Coffs Harbour are the lowest within the region (0.15-0.17°C per decade),
with rates of 0.43 and 0.45°C per decade off the coast of Sydney and Batemans Bay,
respectively (Malan et al. 2021, Figure 2.2). This agrees with findings from Hobday and Pecl
(2014) showing a warming hotspot over southeastern Australia in the HadSST2 and ERSSTv3
reanalyses for 1950-1999. These in situ data confirm a warming ‘hotspot’ exists in southern
NSW that is particularly important for understanding potential impacts of ocean warming on
marine ecosystems and fisheries.

Sea surface temperature warming rates (from satellite data) offshore at Lord Howe Island
(LHI, Figure 2.2 at ~ 31.5°S, 159°E) are notably lower than along the NSW near-coastal
region. For example, Figure 2.2 shows rates of warming at LHI as near zero, compared to
rates of 0.45°C per decade off Batemans Bay (Wijffels et al. 2018, Malan et al. 2021). This
suggests that effort should be placed in understanding the non-uniform rates of change, the
drivers and impacts of ocean warming regionally, e.g. around LHI.
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Figure 2.2: Rates of sea surface temperature (SST) warming from remotely sensed satellite data along the coast of NSW
(over 1992-2023) adapted from Malan et al. (2021). These warming rates are consistent with data from the long-term
moorings (location shown in Figure A1). Red, orange, green, dark blue, and light blue represent locations of North
Stradbroke Island, Coffs Harbour, Port Hacking, Batemans Bay and Maria Island, respectively.

The increased poleward penetration and increasing southern extension of the EAC over
1954-2023 is a primary driver of the non-uniform warming patterns (Wu et al., 2012, Malan
et al., 2021; Li et al., 2022a, Hemming et al. 2023). This change in the EAC's behaviour has
led to differential warming rates along the NSW coast (Figure 2.2). Eddies are generated in
the region where the EAC separates from the NSW coast, and these play a significant role in
creating variability in warming rates. Variations in the EAC and its southern extension have
been linked to changes in winds across the South Pacific. Specifically, Li et al., (2022b)
identified a poleward shift in the SE trade winds, which is driving an increased poleward
penetration of the EAC along the coast of SE Australia. These large-scale patterns are having
a significant impact on the circulation and temperature of coastal waters along NSW, which
affect regional warming patterns.

Natural climate oscillations, such as ENSO and the Indian Ocean Dipole, are expected to
contribute to interannual variability in warming rates. However, in the EAC it appears that the
Southern Annular Mode (SAM) exerts the most dominant role among the climate drivers, as it
is responsible for changes in wind that influence the EAC southern extension (Cai et al.
2005). The influence of climate modes on EAC dynamics could be explored further.
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Sub-surface Temperature Summary

Sub-surface ocean temperatures are important as they form the bulk of the heat content of
the water column. Sub-surface ocean temperatures play a role in key processes impacting
upper ocean ecosystems, such as thermoclines and mixed-layer depth, which are controlled by
mixing and heat transport.

Variable warming rates at different depths of the water column, and continuing changes in
the dynamics of the EAC, mean that understanding sub-surface temperatures is important for
predicting changes to NSW marine systems including nutrient supply over the coming
decades.

IMOS moorings have revealed some recent trends in sub-surface temperatures. Warming
rates vary with depth, being generally lower at depth than at the surface. As with sea surface
temperatures, warming rates at depth vary along the coast (Hemming et al. 2023).

Sustained IMOS observations are essential to understanding changes in sub-surface
temperature as satellite remote sensing cannot be used.

Past Trends in Surface Temperatures

The Port Hacking (PH) - Sydney National Reference Station (NRS) sites have some of the
longest sub-surface temperature measurements in the Southern Hemisphere, with records
dating back to 1944 at PHA (Port Hacking A 50 m water depth site) and 1953 at PHB (Port
Hacking B 100 m water depth site). The PHB site is now referred to as the NRSPHB, referring
to its inclusion in the IMOS National Reference Station network (Figure 2.3 and Appendix A).
These data have been used in many studies exploring rates of warming. Figure 2.3 shows
linear warming trends at three depths measured at the NRSPHB and, for comparison, the
Maria Island National Reference Station site (NRSMAI) in Tasmania.

Linear warming trends of 0.14, 0.07 and 0.11 °C per decade (from 1953-2022) have been
observed at Port Hacking (the NRSPHB site in 100 m of water) at depths of near-surface, 22
m and 99 m, respectively (Hemming et al., 2023, Figure 2.3) with total warming of 0.98, 0.49
and 0.77°C since 1953. Mid-waters have warmed at slower rates than the surface and
bottom on average over the entire time period. It is likely that bottom waters have warmed
through reduction in upwelling (which typically drives the coldest bottom temperatures
upwards during the summer season (Wood et al., 2013; Roughan et al., 2022), with additional
circulation influences as the EAC warms offshore (Malan et al., 2021; Li et al., 2022a).

It should be noted that measured trends in warming rates are sensitive to timeseries length,
data types and time periods used. Hence, care should be taken when making comparisons
across studies. A comparison between the calculated rates of warming published in the
literature along the coast of NSW at different depths is shown in Figure 2.4 (Figure 6 from
Hemming et al. (2023)). The results show that sub-surface warming rates are greatest at the
Batemans Bay moorings, which recorded a rate of 0.9 °C per decade over the past two
decades at ~20 m depth. Deep warming rates are also the fastest at the Batemans Bay
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moorings, with a rate of up to 0.4°C per decade at the bottom (110m) of the shelf since 2011.
Generally, warming rates in northern NSW are lower than those in southern NSW and
warming rates below the surface are lower than the rates of warming at the surface. This
three-dimensional perspective on ocean warming provides an essential understanding of
changes in the coastal environment, suggesting that migration to depth could occur in
response to high rates of near-surface warming in southern NSW.
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Figure 2.3: Long time series temperature observations from two of the long-term national reference stations on the
east coast a) at Port Hacking, Sydney (NRSPHB/ PH100) and b) Maria Island, Tasmania (NRSMAI). Figure Adapted

from Hemming et al. (2023). Temperatures and trend lines are at 3 (2) depths at PHB (MAI) (as shown by the colour
bar).
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Figure 2.4: A comparison of temperature trends derived from long-term observations presented in the literature at (a)
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(a) between 1944 and 2020 at Maria Island). Note that different time series lengths were used for the short-term
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the legend refers to Hemming et al. (2023), from which this figure was reproduced.
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with median warming of 1.8°C by 2041-2060, and 3.6°C by 2081-2100, compared to 1850-
1900.

While this view is broadscale, encompassing the length and breadth of the EAC, high-
resolution downscaled projections of warming are available for select NSW marine parks
(Champion et al., 2024), and this approach should be replicated for all NSW coastal waters.
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Figure 2.5: Projections of change in sea surface temperature for eastern Australia, covering the eastern Australian
region shown in Figure 2.6, under the SSP1-2.6 climate scenario (a), SSP2-4.5 climate scenario (b), or SSP5-8.5 climate
scenario (c), relative to the 1850-1900 period (Gutierrez et al., 2021). Individual climate model results for each of 26
(a), 28 (b), or 27 (c), CMIPé6 climate models are shown as light grey lines. The central, solid line shows the median across
the models. The light-grey shading, light-blue and light-red shading around the central line show the region between
the 10th and 90th percentiles, and the dark-grey shading and dark-blue and dark-red shading show the region
between the 25th and 75th percentiles.

Mapping of surface ocean warming under the SSP2-4.5 scenario using same collection of
CMIP 6 climate models as above shows an increase of 1 to 1.5°C by the 2041-2060 period
broadly along the coast (Figure 2.6 middle left), and under a high emissions scenario, warming
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of 1.5 to 2°C by 2041-2060 (Figure 2.6 bottom left), both compared to 1986-2005 levels. In
addition, an early onset and lengthening of the warm ocean season has been observed
(Milovac et al. 2024). These results are shown in Figure 2.6 at coarse spatial resolution,
further highlighting the need for high-resolution climate change projections for coastal
waters.
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Figure 2.6: Showing the changes in sea surface temperature (°C) for 2041-2060 relative to the period 1986-2005 (left
column) or the period 1850-1900 (right column) for SSP1-2.6 (top), SSP2-4.5 (middle) and SSP5-8.5 (bottom)
(Gutierrez et al., 2021).

Impacts

The geographic distributions of marine species are changing rapidly, with leading range edges
following the direction of advection-driven warming (poleward and deeper) and trailing range
edges often contracting (Pinsky et al., 2020; Gervais et al., 2021). The biological impacts of
ocean warming are well documented with observed tropicalisation of temperate waters
associated with a range shifting of species along the coast of NSW (Vergés et al., 2014). For
example, ocean warming hotspots are enabling the range expansion of tropical herbivorous
fish species into temperate regions. The range expansion of tropical herbivores is causing a
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new type of phase shift in temperate marine ecosystems resulting in overgrazing of
temperate macroalgae and seagrass beds by tropical herbivorous fishes combined with
potential deforestation of temperate algal forests and a decline in temperate seagrass beds.
While there is evidence of ocean warming influencing shallow marine ecosystems and species
distributions, the impacts on deeper marine ecosystems remain unclear.

Increased ocean warming at the surface is expected to drive a change in ocean stratification
and layering. This has the potential to result in a narrowing (towards the surface) of the
surface mixed layer and could result in a decline in the vertical supply of nutrients, thereby
reducing primary productivity at the surface. However, recent observations showed a
thickening of the summer mixed layer in global waters (Sallée et al., 2021), and local changes
driven by the horizontal flow of the EAC across the shelf will also impact the mixed layer
depth. Additionally, with rapid warming of bottom waters, there are likely changes in
upwelling, which will also affect nutrient supply, with direct impacts on primary productivity.
Therefore, an investigation into regional trends in mixed layer depth, changes to upwelling
and the vertical structure of the water column locally is desired.

Changes to ocean temperatures, nutrient uplift and primary productivity will have flow-on
effects for primary and secondary productivity and fisheries. Further impacts may occur
through the food web for larger marine animals (e.g. turtles, sharks and seabirds) whose
ranges are also partially determined by temperature. Changes in temperature patterns are
expected to have significant implications for marine biodiversity, fisheries and coastal
ecosystems along southeastern Australia (Verges et al., 2014; Hobday and Pecl et al., 2014).
Some of these changes are represented in Figure 2.7 (Figure 1 from Cheng et al., 2022),
noting that this information is from a global study and is not specific to NSW waters.

There is a need for concomitant information on species threshold tolerances to fully
understand potential impacts on marine ecosystems, primary productivity, larval transport,
fisheries and coastal communities. For example, connectivity of kelp among NSW MPAs was
found to increase in a poleward direction but decrease in an equatorward direction, whilst
connectivity of urchins among NSW MPAs decreased in both directions. Temporal variation
in connectivity was identified as a knowledge gap standing in the way of more specific
predictions of future impacts on both species (Coleman et al., 2017). For lobster larvae,
warming temperatures favoured increased pelagic larval duration (enhancing potential
settlement) whilst intensified currents reduced larval numbers reaching the coast (reducing
settlement). The impacts of warming and changes in biogeochemistry on other aspects of
lobster larval physiology and development were identified as knowledge gaps (Cetina-
Heredia et al. 2015).
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Figure 2.7: Schematic representation of the linkage between ocean warming and multiple observed changes in the

Earth system. Orange upward arrows indicate a global increase in the particular process, and green downward arrows a
global decrease. Ocean warming is a key component of the Earth system, bridging key climate cycles and driving
changes in Earth system processes and components. (Figure 1 from Cheng et al 2022)

Knowledge Gaps and Recommendations

By highlighting the complex and nonuniform nature of ocean warming along the coast of SE
Australia, this report underscores the importance of localised studies with fine-scale
observations such as those afforded by the sustained IMOS observations. IMOS
infrastructure has provided essential information on the changes occurring in NSW coastal
waters and should be sustained at all costs into the future. Data gaps should be filled with
consideration given to areas that are under-observed. Long-term ocean observations are
essential for targeted management strategies for marine conservation and fisheries
management in the face of ongoing climate change.

Along the NSW coast, we have high confidence in measured temperature records of the EAC,
however observations of surface heat fluxes are limited. For this, we need to rely on coarse
estimates from ocean and atmospheric models. Observations of surface fluxes would help
close our understanding of heat budgets. Efforts to increase the spatial and temporal
coverage of empirical observations of surface heat flux could help fill the knowledge gap
surrounding this parameter. Additional IMOS observational effort to fill data gaps in under-
observed areas should be deployed and sustained.

The rate of ocean warming (from satellite-derived sea surface temperature in Figure 2.2) is
much lower around Lord Howe Island than in other regions of NSW. It is likely that lower
rates of ocean warming are related to poleward changes in the EAC separation latitude
(Cetina Heredia et al., 2014) and an increase in poleward penetration of the EAC (Li et al.,
2022b), concomitant with a potential reduction in transport across the Tasman Front / EAC
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Eastern Extension. This knowledge gap should be explored in the context of future changes,
and the potential for Lord Howe Island to be an ocean warming refugia should be considered.
To better understand the lower rates of warming around Lord Howe Island and the potential
for an ocean warm refugia in that region, effort should be placed in understanding the drivers
and impacts of changes in ocean circulation and warming in the offshore waters of the
Tasman Sea. It is now thought that the Southern Annular Mode (SAM) plays a strong role in
controlling temperatures in the Tasman Sea (Li et al., 2022b), but this remains to be fully
explored, particularly the combined impact of ENSO and SAM in the EAC. This may provide
insight into regional trends and drivers of change.

While significant effort has been placed on hydrodynamic modelling in the EAC System (See
Appendix A, Models) there is limited capacity to model biogeochemical variables at regional
scales relevant to state waters. Additionally, there is a need for an ecosystem model for the
EAC System.

NB: * Indicates also included in other sections.

# Knowledge Gaps Recommendations Significance Feasibility
2a.1 Reliance on coarse models Undertake a field program to improve
(without observations) for spatial and temporal observations of
surface heat flux values surface heat fluxes. High Moderate

2a.2* Limited understanding of the Conduct targeted research to
interaction between climate  understand the combined impacts of
drivers and regional processes ENSO, SAM local variability in the EAC,
and impacts on regional resulting in changes to ocean circulation
temperatures and circulation  and stratification. Very High  High
2a.3 Potential warming refugia at  Explore the relationship between the
Lord Howe Island. lower rate of warming at LHI and
regional circulation, in the context of
other changes occurring in the EAC

System. High Very High
2a4 Limited understanding of Explore changes to cross-shelf
trends in the vertical structure circulation vertical structure of the
of the ocean water column (temperatures, MLD,
stratification, upwelling processes) in
the coastal ocean. Very High  High
2a.5 Downscaled projections of Analyse existing downscaled ocean
ocean variables under climate projections for southeast Australian
change from the latest waters (the HighRESMIP coupled runs)
generation of Earth system or develop high-resolution climate
models to support climate downscaling models to explore changes
impact and adaptation to temperature structure and vertical

research and management in  stratification and nutrient supply.
the NSW marine estate Very High  High
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2b: Marine Extremes: Heatwaves and Cold Spells
Report provided by Moninya Roughan and Robert Mason, UNSW Sydney.

Introduction

Marine heatwaves (MHWs) are defined as “discrete prolonged anomalously warm ocean
events” (Hobday et al., 2016). Cold spells are cool water events that are unusual in the
context of the typical range of temperatures experienced at a location.

Marine heat waves can have disastrous effects on ocean ecosystems globally. MHWs are
becoming more common globally, including along the coast of SE Australia, increasing in
frequency, intensity and duration between 1982 and 2020 (Katjar et al., 2021). Cold spells
can also have severe impacts on marine ecosystems, including mass mortality or ill-health of
individuals of some species. The southern latitudinal limits of some species may be limited in
part by the occurrence of cold spells.

The current state of knowledge suggests areas experiencing more rapid ocean warming, such
as the central and southern NSW waters may be more susceptible to MHWs and cold spells.
Comparison of sub-surface temperature time series with satellite data has shown that
satellite measurements underestimate the peak in duration and intensity of MHWSs. Some
intense marine heat waves have occurred below the surface and are not detectable by
satellite, highlighting the importance of sub-surface mooring measurements.

Using data from 30 years of moored observations off Bondi (ORS065), Schaeffer et al. (2023)
identified and classified the vertical structure of marine heatwaves. They identified three key
types of MHWs: 1. Shallow MHWs (Figure 2.8, left) that occur mostly during seasonally
stratified months and are typically associated with positive air-sea heat flux anomalies, 2.
Sub-surface MHWs (Figure 2.8, right) typically occur in response to intensified downwelling
favourable (southerly) winds, driving heat down through the water column, while cooling at
the surface and 3. Extended MHWs (Figure 2.8, bottom), which span the water column
simultaneously, are the longest in duration and are often associated with anomalous large-
scale ocean circulation, e.g. intrusion of the EAC or its eddies.

They found that sub-surface MHWs are generally not as long-lasting as surface events, but
are the most intense. Their potential for predictability is linked to the predictability of
downwelling favourable wind conditions, whereas the potential for predictability of full water
column events is linked to the presence of anomalous large-scale ocean circulation patterns.
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Figure 2.8: Schematic of the three MHW classes and related drivers as identified off Sydney. Characteristics and
physical processes affecting shallow, sub-surface, and extended MHW:s (Figure 8 Schaeffer et al., 2023).

Marine cold spells are the cold extreme equivalent, and even less is known about them,
although it has been shown that cold spells are decreasing in frequency in recent years
(Hemming et al., 2024). Cold spells have been attributed to the presence of cold core eddies
(Oke and Griffin 2011, Li et al., 2023 ), and it has been suggested that anomalously cold
upwelling on the NSW coast could have a possible link to the terminal phase of El Nifo
events (Lee et al. 2001).

Trends and Future Projections

The non-uniform warming patterns described above have implications for the occurrence and
intensity of marine heatwaves and cold spells in the coastal waters of NSW. It is thought that
areas experiencing more rapid ocean warming, such as central and southern NSW, may be
more susceptible to extreme ocean temperature events.

MHWs are projected to increase in frequency, duration and intensity due to anthropogenic
climate change, with some regions experiencing near-permanent MHW conditions by the end
of the 21st century. These changes are driven by rising greenhouse gas emissions, leading to
higher ocean temperatures and altered circulation patterns. Future MHW:s are expected to
have severe ecological and socio-economic impacts, particularly in coastal and tropical
regions (Frolicher et al., 2018).
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Data Sources

Marine extremes can be well observed from satellite data, which provide the 30-year
climatology needed for assessing extremes. The IMOS program provides satellite-derived
estimates of marine heatwaves at high resolution for NSW coastal waters, and an example is
shown in Figure 2.9. Anticyclonic eddies, which shed from the main EAC jet, contribute to
localised warming patterns and have been shown to drive marine heatwaves (Li et al., 2023)
as shown off southern NSW in Figure 2.9. Cyclonic (cold core) eddies have also been shown
to modulate marine heatwaves (Li et al., 2023), also demonstrated in Figure 2.9.

However, little is known about temperature extremes at depth due to the paucity of long-
term in situ measurements below the surface. The Ocean Reference Station in 65m of water
off Bondi (ORS065) is one of the longest in situ ocean timeseries in the world providing sub-
surface records of hourly ocean temperatures through the water column, (since the 1990s).
(This is in contrast to the NRSPHB, which was sampled by bottle only until the mooring was
deployed in 2009). Using the long time series data off Bondi (ORS065, Figure A1), Schaeffer
and Roughan (2017) show that satellite data underestimates the peak in duration and
intensity of MHWs. Schaeffer et al. (2023) used the same long time series (28 years of sub-
surface daily data) from Sydney to define three types of MHWs (Figure 2.8). They also show
that seasonal stratification, large-scale circulation, and local downwelling processes control
the vertical structure of these three types of coastal marine heatwaves. This means that not
all marine heatwaves can be detected at the surface using satellite data. They stress the
importance of sustained in situ ocean monitoring, such as that provided by the NSW IMOS
moorings along SE Australia. Importantly, Hemming et al. (2024) highlight that some of the
most intense and longest extreme temperature events at these sites have occurred below the
surface, emphasising the value of full water column data for identifying sub-surface
temperature extremes.
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Fish and invertebrates experience thermal stress during MHWs, leading to habitat loss,
reduced recruitment, changes in distribution and abundance and altered predator-prey
dynamics (Pinsky et al., 2020). Large marine megafauna, including seabirds and marine
mammals, suffer from prey shortages and ecosystem-wide restructuring (Cavole et al., 2016).
These cascading effects threaten biodiversity, ecosystem stability, and the livelihoods of
fisheries-dependent human communities.

The Schaeffer et al. (2023) classification of MHWs as shallow, extended, or sub-surface, is
based on where they lie in the water column. Therefore, each MHW type will impact
ecosystems at different depths. Relatively passive or floating organisms could be particularly
sensitive to shallow and extended MHWs, while benthic species would be affected by sub-
surface or extended MHWs in coastal areas. Pelagic species might be able to find refuge by
changing depth or moving away from the MHW impacted area. Knowing more about the
spatial extent, duration, and recurrence of the different MHW types would allow for a better
understanding of the ecological impacts.

Knowledge Gaps and Recommendations

Long term (30 year) datasets are essential for the development of climatologies which are
required to calculate anomalous ocean conditions (using the marine heatwave definition of
Hobday et al. 2016). With the IMOS moorings timeseries are approaching 15-20 years along
the NSW coast, and it is essential that these are maintained. These data are essential for
calculating the long-term climatological mean temperatures, which are necessary to identify
marine extremes.

These timeseries will facilitate work to understand the drivers, variability and impacts of
changes in circulation, ocean warming and marine extremes (both heatwaves and coldspells,
salinity and freshwater extremes) in coastal waters along SE Australia. It is recommended that
these time series along the length of the NSW coastline be extended in perpetuity.
Additionally, the installation of moorings in the Forster - Port Stephens region is required to
fill a gap in long term sub-surface temperature timeseries in this region.

Ocean monitoring from fishing vessels through the FishSOOP program (See Appendix A and
Figure A5) is a new initiative to support broadscale sub-surface temperature monitoring, and
should be enhanced to allow for the identification, real-time monitoring and characterisation
of sub-surface marine heatwaves. This can also aid prediction. Combined with high-resolution
coastal models, these datasets will aid marine heatwave prediction. Sustained support for the
extreme events MHW glider deployments is also desired.

There is limited understanding of compound events such as the combined impacts of marine
heatwaves (high ocean heat content events) in driving coastal storms (east coast lows), which
then drive high coastal outflows, which could have a significant impact on coastal ecosystems
and species.
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#
2b.1

2b.2

2b.3

2b.4

2b.5

2b.6

Knowledge Gaps
Long term sub-surface
climatologies for the
coastal ocean from
IMOS data

Limited understanding
of the drivers of
marine coldspells and
their trends

Poor understanding of
the sub-surface marine
extremes in the coastal
ocean and their
impacts

Poor understanding of
compound events such
as Marine heatwaves
and (freshwater)
coastal outflows.
Limited knowledge of
impacts of marine
heatwaves on marine
biodiversity beyond a
handful of species.
High resolution
forecasting models
required to predict
sub-surface MHWs
especially when no
surface expression

Recommendations
Maintain IMOS moorings in NSW, expand
the array to include Moorings in Forster
region. Develop robust climatologies of

ocean temperatures (and other variables e.g.

salinity) over depth, for investigation and
rapid identification of marine extremes.
Conduct targeted research to explore the
role of cyclonic eddies, upwelling driving
cold spells, and the trends.

Conduct targeted research to understand
the dynamics of sub-surface marine
heatwaves cold spells and trends in coastal
ecosystems. Enhance FishSOOP
observations for broadscale sub-surface
monitoring.

Conduct targeted research to understand
the combined impacts of marine heatwaves
(high ocean heat content events) in driving
coastal storms (east coast lows) that then
drive high coastal outflows.

Broaden investigations into effects of
marine heatwaves across a range of species
and habitats to improve future management
strategies.

Support development of coastal ocean
marine heatwave forecasting capability.

Significance

Very High

Very High

Very High

Very High

High

High

Feasibility

High

Very High

High

High

High

Very High
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Section 3: Salinity

Report provided by Moninya Roughan and Robert Mason, UNSW Sydney
Introduction

In a warming climate, increased rainfall and changes in ocean circulation are leading to more
frequent and intense low-salinity extremes in some regions of the oceans off southeastern
Australia (Alexander & Arblaster, 2017; Malan et al., 2024). These freshening events have
significant implications for ocean stratification, circulation and marine ecosystems.

The key drivers of low-salinity extremes include increased precipitation, increased river
discharge and runoff and melting ice and glaciers, that result in changes in ocean circulation.
Of particular note for the NSW coastal regions is the risk of increased precipitation, and
increased river discharge into the coastal ocean. Climate models predict a strengthening of
the global water cycle, meaning wetter regions (and cycles) will experience more rainfall and
drier regions (and cycles) will get even drier.

Tropical and high-latitude oceans are expected to see the strongest freshening effects,
however, as tropical storms increasingly impact northern NSW and east coast lows intensify,
we expect this impact to increase in the coastal ocean. These storms have the potential to
amplify river discharge, where increasing precipitation creates extreme freshening events.

Many river catchments drain into NSW coastal waters, providing an input of freshwater that
can locally affect ocean salinity through input of low salinity water on timescales of days to
weeks (Malan et al., 2024). Widespread, intense or extended rain events can cause large,
short-term increases in riverine output causing freshening of coastal waters. Changes in
salinity can have implications for hydrodynamics, water column stability and for ecosystems.

Understanding the spatial and temporal evolution of river discharge is crucial for effective
environmental management of coastal regions, particularly in the context of potentially
increasing frequency and intensity of large rainfall events due to climate change. Riverine
outflow under large storm events can increase freshwater and sediment loads into coastal
waters as well as pollutants such as heavy metals and toxins. Low salinity plumes may also
impact stratification, water column stability and light penetration through the water column.
In the open ocean, salinity is generally stable, and most marine organisms are physiologically
adapted to only a very small salinity range, so large variations in salinity could have a
disproportionate impact on some organisms. This is important in the context of increasing
extreme events potentially influencing salinity in coastal waters for extended periods, where
organisms are then exposed to low salinity waters for a longer duration.

The impacts of salinity changes driven by river plumes and runoff associated with large
rainfall events are an emerging area of research. Knowledge of river plume spreading and
freshwater dynamics in shelf waters is limited to two recent studies (Li et al., 2022 and Malan
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et al., 2024) that conducted an analysis into the temporal and spatial variability of freshwater
plumes along the Hawkesbury shelf. Historically, coastal outflows and freshwater impacts
have been assumed negligible in studies of the ocean dynamics of the region.

However, recent observations show that large coastal outflow events and river plumes can
carry low salinity water and terrestrial materials, including nutrients and contaminants, far
offshore (Malan et al., 2024). Nutrients can stimulate planktonic production whilst freshening
of seawater can negatively affect economically important fish species. Measurement of
salinity at two near surface stations off Sydney since 2006 has enabled (low) salinity
extremes to be identified, but long-term trends are not yet discernible.

Trends and Future Projections

Changes in oceanic salinity with time can be estimated at the long-term national reference
stations. While there has been no detailed study of trends in salinity at discrete depths
through the water column (in contrast to temperature trend estimates), there are a few
estimates of trends in surface salinity. Off Tasmania, the downstream end of the EAC System,
it was found over a 60 yr period (1944-2002), that the Maria Island surface waters increased
in salinity by 0.036 practical salinity units (psu) per decade (Ridgway, 2007). This is attributed
to an increased poleward penetration of the EAC (which implies an increase along the coast
of NSW to Tasmania).

Trend estimates at Port Hacking have shown a decadal increase of salinity of 0.009 psu per
decade, over the period 1950-2012 (0.054 psu over the 6 decades) averaged over the top 50
m of the water column (Kelly et al., 2015). This contrasts with a surface salinity increase of
0.025 psu per decade over the period 1953-2005 (0.125 psu total) identified by Thompson
et al. (2009). However, a broader picture of the salinity trends throughout the water column
remains a knowledge gap, warranting further investigations.

Research is emerging on estuarine outflows and the impact of low salinity waters on shelf
hydrodynamics. Salinity has been measured at the two long-term sites at Port Hacking (PHA
and NRSPHB) since the 1940-50s, initially from vessel-based sampling. The data obtained
from this program are outlined in Appendix A (See Figures A2, A3). These long-term
timeseries allow for the identification of trends and extremes.

In situ moorings have been deployed in more recent decades that measure temperature and
salinity through the water column continuously at sub-hourly intervals. Near surface salinity
has been measured every five minutes at two mooring locations off Sydney: since 2006 off
Bondi (ORS065) and since 2009 at Port Hacking PH100) (See Appendix A, Figures A2, A3).
These time series are fundamental for understanding the ranges of salinity experienced in our
shelf waters, both during extreme wet and extreme dry periods. Two recent studies (Li et al.,
2022 and Malan et al., 2024) conducted an analysis into the temporal and spatial variability of
freshwater plumes along the Hawkesbury shelf and related them to extreme rainfall events
(Figure 3.1). The long time series data show salinity minima and maxima and allow us to
identify extreme events and relate them to rainfall and inflow from the catchment. Off Port
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Hacking, the mean near surface salinity is defined as 35.50 psu by Malan et al. (2024) using
10 years of moored observations.

They also define extreme low salinity events as those below the daily varying 5th percentile
at the PH100 site using an approach analogous to the framework used to define marine
heatwaves. The annual 5th percentile salinity at Port Hacking (PH100) is 35.25 psu, and any
salinity values lower than that are considered ‘extreme’. As this is a new area of research,
extremes have been identified at only one site and trend data are not yet available.
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Figure 3.1: Cumulative annual rainfall from Sydney Airport for the past ~80 years, with specific years highlighted. b
Salinity timeseries measured at depths between 15 and 24 m for January to May at the Port Hacking Sydney (PH100)
mooring site (see Figure A1 for location), showing the mean, daily 5th percentile and the years 2018 and 2022. c)

Distribution of daily salinity at PH100 between 2009 and 2022, vertical red line shows the annual 5th percentile.
Adapted from Malan et al., (2024).

Impacts of changes in salinity driven by large rainfall events from river plumes and runoff are
less known and this is an emerging area of research. Projected increases in storm intensity
(such as east coast lows and extra tropical cyclones) could drive sporadic high rainfall events,
resulting in an increase in riverine outflow and a decrease in surface salinity. The detection,
guantification and impacts of high rainfall events and increased river runoff need to be
explored further.

Our understanding of coastal outflows is limited as our salinity observation system is less
comprehensive than the temperature observations available, partly due to the more difficult
nature of routinely observing salinity at high quality remotely. The IMOS moored time series
offer 1-2 locations where salinity is measured in the water column (compared to ~8-15 points
measuring temperature on each mooring), however there are only a handful of moorings
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along the entire NSW coast (See Appendix A, Figures Al, A2). Total suspended sediments
and coloured dissolved organic matter may be used as proxies for fluvial inputs to the coast,
allowing the ability to derive salinity models.

The spatial structure of salinity is measured well with the autonomously vertically profiling
gliders, however, with only 4-5 missions per year along approximately only 1/3 of the NSW
coastline, their spatial and temporal footprint is small. We have a paucity of salinity
observations at the entrance to estuary mouths, where much of the salinity variance comes
from (riverine outflow), and satellite observations of salinity are coarse resolution. Below the
surface, CTD profiles show mixing and dilution of freshwater signals in the upper 5-10m of
the water column suggesting that sub-surface information is important. Estimates of
freshwater flowing from rivers are still lacking in NSW and this should be resolved. Hence,
there is a paucity of long-term salinity (freshwater) timeseries along the NSW coast and this
should be improved upon. This will greatly improve modelling studies of river plumes, which
to date have had to rely on best-guess freshwater conditions.

Impacts

River plumes can transport low saline waters and terrestrial materials, including pollutants,
nutrients and sediments, many tens of kilometres offshore (Malan et al. 2024). River plumes
can create biogeochemical hotspots in coastal seas, stimulating phytoplankton and
zooplankton growth due to high nutrient concentrations (Li et al., 2022). River plumes can
carry sediment that is then deposited near estuarine mouths. This sediment can stress
benthic ecosystems such as seagrass beds through reduction in light, changes in chemistry
and smothering (Zabarte-Maeztu et al., 2021).

Freshwater flow can also influence the distribution and abundance of fish and invertebrates
by affecting their growth, survival, recruitment and mortality, therefore having economic
impacts on fisheries. Kingsford and Suthers (1994) found major differences in larval fish and
zooplankton distributions and abundance in the outflow from Botany Bay, however very little
work has been done in this area since. Elsewhere, it has been shown that fresh water can
affect the distribution of commercially fished prawns (Gammelsrad, 1992), and it is thought
that river plumes may impact fish activity (Gillson, 2011; Gillson et al., 2012). This implies that
the flood events may produce different fish distribution and abundance, hence this requires
further exploration.

There appears to be a complex interaction between freshwater input, coastal circulation, and
marine ecosystems, emphasising the need for further research to better understand
compound events to better manage these dynamic coastal environments (Li et al., 2022).

The triple-dip La Nina of 2020-2022 gave some insight into the potential for devastating
compound events. These include the impacts of marine heatwaves combined with freshwater
extremes. The inflow of low salinity water from estuarine outflow and coastal run off has the
potential to transport large amounts of contaminants and sediment from land run off into
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estuaries, which can then flow into the ocean, impacting coastal environments. These

compound events and their current and future impacts on coastal waters require exploration.

Additionally, the interaction between increased ocean heat content in the Tasman Sea and its

role in increasing rainfall over coastal NSW (and a resultant potential for driving increases in

coastal and estuarine runoff) could be explored. Specifically, did increased ocean heat

content in the Tasman Sea drive freshwater extremes in coastal waters? Does a high rainfall

event exacerbate a marine heatwave, driving freshwater flooding and could that freshwater

inflow bring increased pesticides, pollutants and nutrients and sediment to shelf ecosystems?

Knowledge Gaps and Recommendations

#
3.1

3.2

3.3

34

3.5

3.6

Knowledge Gaps

Lack of long-term, high-
resolution salinity data
across the NSW Marine
Estate (particularly at
estuarine mouths).

Poor understanding of the
dynamics of river plumes
in the coastal ocean and
their impacts

Role of river plumes and
coastal outflows in
delivering sediments,
nutrients and pollutants.
Requirement for long-
term sub-surface
climatologies and trend
estimates for the coastal
ocean

Poor understanding of
compound events such as
Marine heatwaves and
extreme (freshwater)
coastal outflows.

Limited knowledge of the
impacts of coastal
outflows on marine

Recommendations

Improve the statewide salinity observing  High
system. Continue and expand monitoring
of salinity along the NSW coastline
through targeted moorings and buoys for
time series and gliders for spatial coverage.
Develop coastal ocean numerical models  Very High
that include estimates of freshwater

outflows to understand the dynamics of

river plumes and their impact on the

coastal ocean.

Time series measurement of discharge

volumes from major estuaries

exchange/flux - current meters in

entrances for models and calculation of

export loads to the ocean.

Conduct targeted research to understand  Very High
the combined impacts of coastal outflows,
sediments, nutrients and pollutants on
coastal ecosystems.

Develop robust climatologies and trends  Very High
of ocean, salinity (and other variables) over

depth, for the investigation and rapid

identification of marine extremes.

Conduct targeted research to understand  Very High
the combined impacts of marine
heatwaves (high ocean heat content
events) in driving coastal storms (east
coast lows) that then drive high coastal
outflows.

Broaden investigations into the effects of High
coastal outflows across a range of species

and habitats to improve future

management strategies.

High

High

Significance Feasibility

Moderate

High

High

High
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Appendices - Sections 1-3

Appendix A Oceanographic Data Sources

Ocean Observations
Ocean temperature, salinity and nutrients have been measured off Port Hacking, Sydney,

since the 1940s/50s at two sites through an observation program started by CSIRO at Port
Hacking, Sydney (Figure Al). The two sites are referred to as PHA, a 50m station (since 1944)
and NRSPHB in 100m of water (since 1953). A mooring was added near the NRSPHB site in
100m of water called PH100 in 2008 with the first hydrographic data returned in 2009.
Often these sites are referred to together as PH100/NRSPHB. There is an additional long-
term site off Maria Island in Tasmania in 100m of water (NRSMAI) that measures the EAC
outflow, and a more recent site off North Stradbroke Island off Brisbane NRSNSI that
measures the upstream waters. For a full description of these sites, refer to Thompson et al.
(2009), Lynch et al. (2014), and Roughan et al. (2022).

Building on the long-time series of observations at Port Hacking, the Integrated Marine
Observing System (IMOS) has been monitoring physico-chemical properties in NSW coastal
waters since its inception in 2006/2007 (Figure A1, A2). This includes a network of ocean
moorings off Coffs Harbour, Sydney and Narooma. The moorings have measured
temperature and velocity through the water column, at 8 metre and 5-minute intervals since
deployment, providing a large and comprehensive record of ocean temperatures and currents
below the surface. Velocity is measured using an RDInstruments Workhorse Sentinel 300 Hz
acoustic Doppler current profiler, and temperature / pressure are measured using Aquatech
Aqualoggers 520T and or 520PT.
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Figure A1. Map of NSW coastal waters showing the locations of the sustained monitoring sites (moored observations
and long-term water sampling) off southeastern Australia. NSW-IMOS presently maintains sites off Coffs Harbour in
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50, 70 and 100 m depths (CH050, CH070, CH100), Sydney (SYD100, SYD140, PH100), and Narooma in 70 and 120
m (BMP070 and BMP120). Site ORS065 is maintained by Sydney Water and the data are made available through
IMOS. The mooring at BMP090 is no longer deployed. There are four long-term national reference stations operated by
IMOS where hydrographic and biogeochemical samples are taken monthly. These stations are located at Port Hacking
(PH50 and NRSPHB/ PH100), North Stradbroke Island (NRSNSI) off SE Queensland, which is upstream of NSW, and
off Maria Island (NRSMAI), Tasmania, which is downstream. Additional essential ocean variables and essential
biological variables are also sampled at the NRS sites.

The data coverage from the moored observations along the coast of NSW are shown in
Figure A2, starting in 2006, whereas the temperature and salinity observations extend back
to the 1940s/50s as shown in Figure A3. There are three long-term national reference
stations (instigated by CSIRO in the 1940s) now operated by IMOS where hydrographic and
biogeochemical samples are taken monthly at Port Hacking (PH50 and NRSPHB/ PH100),
North Stradbroke Island (NRSNSI) off SE Queensland, which is upstream of NSW, and off
Maria Island (NRSMAI), Tasmania, which is downstream. Additional essential ocean variables
and essential biological variables are also sampled at the NRS sites from in situ water samples
(bottle samples).
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Figure A2. Timeline of data coverage showing data duration and data gaps by variable (temperature, salinity, velocity,

chlorophyll-a, dissolved oxygen and turbidity) from the IMOS moorings along the coast of SE Australia since first
deployment off Sydney in 2006. Mooring locations are shown in Figure A1.
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Figure A3. Timeline of data acquisition coverage showing the two long-term NSW sites, PHA and NRSPHB/ PH100.
The data duration and data gaps by variable observation type are shown since the first observations off Port Hacking
in 50m of water in the 1940s off Sydney. Locations are shown in Figure A1.

Temperature and Salinity has been measured at the two long term sites at Port Hacking (PHA
and NRSPHB) since the 1940-50s (Figure A3), firstly through in situ (bottle) water samples,
inverting thermometers and salinity titrations, and more recently using a profiling instrument
that measures the vertical structure of conductivity through the water column. Additionally,
salinity sensors have been added to the moored instrumentation network along the NSW
coast progressively since 2007/8. Firstly, at the PH100 (NRSPHB) mooring using a Seabird
Instruments SBE37-SMP, and increasingly at the top of the other NSW moorings (near
surface) in recent years (See Figure A2). At times, the moorings have also measured other
biogeochemical properties such as chlorophyll-a, dissolved oxygen and turbidity (See Figure
A2), however these time series have not been easy to calibrate or maintain, and the data
must be used with caution, hence they are not discussed here.

While the mooring observations provide a consistently-sampled, long-record of salinity and
temperature at a fixed location through the water column, ideal for determination of
thresholds for extreme events, sub-surface observations provided by gliders are essential to
quantify the spatial structure and extent of these events in shelf regions, filling a crucial gap
in our global ocean observing system.

Since 2008, NSW-IMQOS in collaboration with the IMOS glider team have deployed
underwater gliders off the coast of New South Wales, collecting 2,165,054 minutes of water
column profiling data over 1,638 days to December 2024. Sustained observations have been
successfully maintained through routine deployments occurring on average 4 times a year,
with 5 NSW glider deployments in 2024, 4 from Forster and 1 from Yamba (Fig. A4).
Additionally, marine heatwaves in Australian coastal waters are at times targeted by the
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IMOS Event Based Sampling sub-facility, with up to 4 deployments per year around Australia.

These are coordinated in real-time to measure extreme events and data is transmitted in near

real-time and available through the Australian Ocean Data Network.

The gliders typically sample between the coast and the 200 m isobath from the surface to the

bottom, providing a quasi-synoptic view of the NSW shelf waters inshore of the EAC. The

high-resolution temporal and spatial observations of the sub-surface ocean provided by the

glider missions are crucial to understanding the evolution of marine heat waves and to

qguantifying the effects of extreme rainfall on the ocean, as well as the spatial extent of these

events in the sub-surface ocean dynamics. The broad range of sensors aboard the gliders
provides measurements of chlorophyll-a fluorescence, light penetration and nutrient

concentration, providing a comprehensive set of information that allows for connecting the

physical processes of extremes with their effects on ocean biogeochemistry.

Complementary to the IMOS ocean moorings and sub-surface data, satellite data provide
broadscale surface data coverage and important insights. Originating in the early 1990s,
satellite data allow us to assess surface patterns and trends in sea surface temperature, sea
level anomalies, surface chlorophyll and derived variables such as geostrophic velocities
(ocean currents estimated from sea surface elevation) and variability along the coast of SE

Australia over the past 30 years.
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deployment are indicated.
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An innovation in ocean observing recently commenced in New South Wales is the Fishing
Vessel observation Network (FVON, Van Vranken et al. 2023), known as Fish SOOP
(Fisheries Ships of opportunity Observations) in Australia, a new IMOS facility since 2024
(Lago et al. 2025). This program places the fisher at the centre of the observing program,
collecting ocean observations where it matters - i.e. where fishing occurs. The concept is
sleek and simple, whereby an autonomous device is attached to fishing gear, is automatically
triggered to start recording when it enters the water, and then automatically offloads the
data to a vessel based deck unit when it comes out of the water again. The research quality
data are transmitted to the cloud where they are quality controlled automatically and then
emailed back to the fisher in near real time. The data are also archived in the IMOS open
access data portal - the AODN. Instigated in New Zealand through the Moana Project
(Jakoboski et al. 2024), the concept is growing rapidly around Australia and across the Pacific
and has been very successful in collecting vast amounts of ocean data. Data coverage from
May 2023-2025 along the length of the EAC is shown in Figure A5.
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Figure A5. Data coverage from the IMOS FishSOOP network in the East Australian Current System from 2023-2025
adapted from Lago et al. (2025).

Ocean Models
In addition to the long-term high-resolution observations of coastal waters, UNSW has

developed a suite of high resolution multi-decadal hydrodynamic ocean models for
southeastern Australia that form the Southeast Australian Coastal Ocean Forecast System
(SEA-COFS), Roughan et al., 2024. The modelling suite includes output from several different
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configurations of the Regional Ocean Modelling System for the East Australian Current (EAC)
System. These various model configurations include free running hindcast models, data
assimilating state estimates, and short-term ocean forecasts. The model domain for the EAC
region is shown in Figure 1.1. Additionally, there are three nested high resolution (1 km grid)
models for the Coffs Harbour, Hawkesbury Shelf - Sydney and Narooma-Batemans regions
(Roughan and Kerry 2024). There is also a somewhat outdated 10-year biogeochemical
configuration of the Fennel model on the EAC parent grid, which requires updating. The SEA-
COFS domain covers the southeastern Australian oceanic region, approximately from the
Queensland to Victoria borders and ~500 km offshore. These models have been run over a
time range of 1993-2023.

The SEA-COFS multi-decadal models are invaluable for understanding historic changes in
ocean hydrodynamics and trends in the system and their impacts on NSW shelf seas.
However, there is no high-resolution dynamical downscaling of climate change projections
for the coastal ocean of NSW. This should be a priority to guide understanding of likely
climate change impacts on large scale circulation and how it might manifest in the coastal
waters of NSW.

For Australian waters, there are several 3D ocean climate downscaling products available:
The High Resolution Model Intercomparison Project (HighResMIP) CMIPé6 has several
projections (consisting of atmosphere-only and coupled runs) spanning the period 1950-2050
at 25 km and 10 km ocean resolution. These model data sets are publicly available and
accessible through the national supercomputer for interrogation. Additionally, there is the
older Ocean Forecasting Australia Model (OFAM3) climate downscaling for eastern Australia,
which is available at 10 km resolution for the ocean, that uses a climate delta approach and
the climate signal from CMIP5. To fill the knowledge gap presented by the lack of analysis of
high-resolution climate change projections for SE Australian waters, these downscaling
products could be explored to understand the regional impacts of climate change.
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Section 4: Biogeochemistry

Report provided by Martina A. Doblin (Climate Change Cluster, University of Technology Sydney; Sydney
Institute of Marine Science), Claire Davies (CSIRO), and Jason Everett (School of the Environment, The
University of Queensland).

Introduction

Ocean biogeochemistry is the study of how chemical elements, like carbon, oxygen, and
nitrogen, move through the ocean and interact with marine life. The burning of fossil fuels
and changes in land-use has increased atmospheric carbon dioxide (CO,) levels by
approximately 50% since pre-industrial times (Friedlingstein et al. 2020). This has impacted
the Earth’s radiative balance, generating excess heat. More than 90% of this heat has been
taken up by the ocean, thereby warming it (Cheng et al. 2017) at an average rate of
approximately 0.062 + 0.013°C per decade from 1900 to 2019 (Garcia-Soto et al., 2021).

The increase in ocean temperature causes a reduction in the solubility of oxygen in seawater
and leads to deoxygenation. This loss of oxygen is amplified by warming-induced changes in
the vertical structure of the ocean (where the surface ocean becomes stratified) and in the
ventilation of the upper ocean, which acts to reduce the supply of oxygen from the surface
ocean to deeper depths (Li et al. 2020; Sallée et al. 2021). Vertical stratification has the
additional effect of slowing down the supply of nutrients to the surface ocean from below
the mixed layer. This affects the capacity for phytoplankton, the ocean’s planktonic primary
producers, to grow. Chlorophyll a (Chl-a) is the most commonly used indicator of
phytoplankton biomass in the marine environment (Davies et al. 2018).

The rise in atmospheric CO; has also driven uptake of CO; by the ocean, leading to a
reduction in oceanic pH, a process described as ocean acidification. Thus, human activities
involving industrialisation are simultaneously changing the distribution of carbon, oxygen and
nitrogen (alongside other nutrients) in the global ocean, with implications for marine life and
people.

NSW Marine Estate

The continental shelf of NSW is relatively narrow, between 16 and 70 km from the coastline
to the 200 m isobath, and bounds some of the highest human population densities on
Australia's coast. The dynamics of ocean properties on the shelf are influenced both by local
coastal processes and the episodic intrusion of the large-scale East Australian Current (EAC)
and its eddies (Schaeffer et al., 2013, 2014). The EAC is most cohesive in northern NSW, and
can encroach onto the continental shelf and displace continental shelf waters, drive upwelling
of nutrient rich waters into the euphotic zone and generate eddies. There is therefore high
spatial heterogeneity of biogeochemical variables on this narrow shelf (Hassler et al., 2011).

EAC flow varies seasonally (Ridgway and Godfrey, 1997), but upwelling is generally persistent
in the region south of Cape Byron (28.5 °S; Oke and Middleton, 2000) and Smoky Cape

(31 °S; Roughan and Middleton, 2002), where the shelf narrows and the EAC exhibits its
greatest speeds. In these areas, upwelling is often visible as cooler surface water with
relatively high Chl-a concentration (Figure 4.1).

The EAC separation zone creates a major north-south disjunct in the physical and
biogeochemical properties of shelf water. To the north of the separation zone, low nutrient
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EAC water mixes with upwelled water, while the south is dominated by Tasman Sea water
(Baird et al., 2008).
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Figure 4.1: Satellite image of the NSW marine estate showing (A) sea surface temperature and (B) Chl-a from the
MODIS-Aqua Ocean Colour satellite on 15th April 2009. The image is representative of many of the persistent
oceanographic features of the region, including the EAC separation zone (32-33 °S), the EAC retroflection (34-35 °S)
and upwelling zones south of Cape Byron and Smoky Cape (visible as high Chl-a in (B)). The arrows represent the
seawater velocity derived from AVISO altimetry. Source: Everett et al. (2014).

Here we provide a synthesis of current knowledge of the temporal trends in biogeochemistry
(dissolved oxygen, dissolved nutrients and Chl-a), within the NSW marine estate using data
available from Australia’s Integrated Marine Observing System (IMOS) National Reference
Stations (NRS). We also synthesise current knowledge of spatial variation to make inferences
about biogeochemical changes in different parts of the NSW marine estate.

Trends

Inference on the rate and magnitude of biogeochemical changes in NSW waters can be made
from the data available at the Port Hacking (PH) NRS (34.1 °S 151.3 °E; Hawkesbury Shelf
bioregion) where water has been sampled at 50 m (PH50m) and 100 m (PH100m) since the
mid 20t century. This is the only coastal location in the NSW marine estate where there has
been regular time-series monitoring of biogeochemical properties, although glider missions
have provided a baseline understanding of the spatial distribution across northern and central
waters (Schaeffer et al. 2016).

Dissolved nutrients (nitrate (NO37), phosphate (PO4*) and silicate (Si(OH)4)) have been
measured at Port Hacking for more than 70 years as part of Australia’s long-term NRS sites
(including Rottnest Island WA and Maria Island TAS), whereas the remaining six NRS sites
have a shorter time-series of ~20 years (Lynch et al., 2014). Additional parameters such as
total alkalinity (TA) and dissolved inorganic carbon (DIC), have also been monitored and can
be used alongside temperature and salinity to determine pH change (Byrne and Wolfe, Ocean
Acidification chapter).

Thompson et al. (2009) analysed the surface water Port Hacking time-series and determined
that there were significant biogeochemical signals associated with warming at both the 50

67






southeastern Australian shelf (Schaeffer et al. 2016). Glider observations span latitudes 29.5-
33.5°S, but there are limited data for southern NSW waters. Furthermore, in the absence of
systematic bottle samples for calibration, the DO and Chl-a measures estimated by gliders are
associated with higher uncertainty, which is why oceanographic sampling and analysis of
different water masses provides more reliable comparisons between biogeochemical
parameters.

Notably, data compiled from coastal ocean voyages conducted between 2008-2010 in the
NSW region shows that DO has an overall negative correlation with temperature amongst
different water masses in NSW, both in the surface and at the depth of the subsurface Chl-a
maximum (Appendix E). The concentration of DO is lowest in the surface waters of river
plumes (i.e. estuarine outflows sampled in coastal waters) and in upwelled water at depth,
indicative of oxygen consumption during the remineralisation of organic matter (L6scher et al.
2020). Relative to the background surface seawater DO levels on the shelf, the decline in DO
from both riverine and upwelling sources has a similar magnitude, at least during austral
spring (Appendix B). This suggests that the high-to-low gradient in seawater temperature
from north to south NSW would generally be expected to be associated with a low-to-high
gradient in DO.

Future Projections

Depending on the Shared Socio-economic Pathway (SPP), global climate models predict that
by 2100 surface ocean temperature will have increased by approximately 1.5 °C relative to
1850-1900 in the low emissions, net zero by 2050 scenario (SSP1-1.9) or by more than

4.5 °C in the worst-case upper emissions scenario (SSP5-8.5). Indeed 2024 was the first year
when global air temperatures exceeded 1.5°C (Global Climate Highlights 2024 report,
Copernicus 2025).

There is also a growing consensus that the open ocean is losing oxygen, with a very likely loss
of 0.5-3.3% between 1970-2010 from the ocean surface to 1000 m (medium confidence;
Schmidtko et al. 2017; Bindoff et al. 2019). Globally, the oxygen loss due to warming (caused
by reduced solubility of oxygen) is reinforced by other processes associated with ocean
physics (lower ventilation of the upper ocean caused by stratification) and biogeochemistry
(decomposition of organic matter that leads to lowered oxygen as well as elevated COg;
Paulmier et al. 2011), which cause the majority of the observed oxygen decline (high
confidence).

In response to ocean warming and increased stratification, open ocean nutrient cycles are
also being perturbed, and there is high confidence that this is having a regionally variable
impact on phytoplankton primary producers (Bindoff et al. 2019). Nitrogen is the principa
limiting nutrient for phytoplankton in NSW continental shelf waters, but cyclonic eddies
generated by the EAC increase vertical nutrient uplift, which may offset the slowdown in
nutrient delivery to surface waters during vertical stratification (Doblin et al. 2016). A decline
in upwelling could potentially contribute to a reduction in nutrient inputs from off the shelf
(Roughan and Middleton 2002). Upwelling along the NSW coast is highly variable, influenced
by seasonal changes, EAC dynamics, and wind patterns. While some studies suggest periods
of reduced upwelling intensity that are attributed to shifts in the EAC or climate variability, a
long-term declining trend in upwelling is not yet evident.

There are no regionally-specific projections for the NSW marine estate, but future

biogeochemical conditions will be influenced by both changes in the global ocean and the
EAC, as well as coastal events (e.g. storms and tropical cyclones). Increasing our
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understanding of coastal processes and developing an appropriately spatially-resolved
coupled physical and biogeochemical model for coastal waters validated with in situ time
series datasets, will increase our ability to forecast biogeochemical conditions in coastal
NSW.

Impacts

Ocean deoxygenation and changes in stratification, as well as nutrient concentrations and
their ratios will have impacts on marine ecosystems. Nutrient concentrations and the
proportions of the macronutrients nitrate, phosphate and silicate control the stocks of
primary producers and their productivity, the balance of planktonic and benthic primary
producers, and ultimately the composition of marine food webs (Butler et al. 2020). For
example, declining silicate concentrations in NSW coastal waters have the potential to limit
the growth of phytoplankton that have silica in their cell walls, such as diatoms, or the level of
silicification (amount of silicon deposited in their cell walls; Thompson et al. 2009).

Extreme events can rapidly tip marine organisms and ecosystems beyond their limits and
therefore impair their ability to acclimate or adapt, especially due to their sudden nature.
Thus, extremes could have worse effects than those arising from the slow decadal-scale
changes in the ocean (such as warming, deoxygenation or acidification) (Gruber et al. 2021).
Single and compound extremes could also trigger abrupt major reshuffling of community
structure with potentially serious consequences for marine ecosystem services (Trisos et al.
2020).

An indication of the impacts of biogeochemical changes to marine food webs is illustrated
through extreme events such as marine heatwaves (MHW). ‘The Blob’ heatwave in the North
Pacific (Bond et al., 2015) is a well-known, data-rich example of the pelagic implications of a
MHW. This MHW was extensive (affecting up to 6.5 million km?) and long-lived (lasting
approximately 2.5 years, from late 2013 to early 2016) and led to a decline in surface Chl-a,
lower primary productivity, an almost total loss of diatoms (Arteaga and Rousseaux, 2023)
and a shift to smaller phytoplankton cells which are harder to consume for many zooplankton
(Yang et al., 2018). This drove declines in the abundance of carbon-dense crustacean
zooplankton and increases in carbon-poor gelatinous zooplankton (Brodeur et al., 2019a),
which then manifested as shifts in the diet of small pelagic fishes as well as declines in their
weight and energetic condition (Brodeur et al., 2019b). Similar impacts would be expected in
NSW waters in the event of a MHW of similar magnitude and duration.

Little is known about ocean deoxygenation extremes in terms of their distribution, intensity
or duration, primarily owing to the lack of observations (Gruber et al. 2021). However, it is
likely that estuarine blackwater events (caused by flood waters that accumulate organic
matter that has a high biological oxygen demand) and coastal outflows/flooding are
important drivers of biogeochemical dynamics in the NSW marine estate, with potential
negative consequences for marine life.

Importantly, biogeochemical changes in coastal waters will have differing biological and
ecological impacts when organismal mobility is considered. Benthic organisms, such as those
that live in sediments or are attached to benthic substrates (e.g. sponges, seagrass), have no
means of escape, and planktonic free-drifting microbes (e.g. phytoplankton, bacteria, viruses)
largely remain within water masses. Larger organisms (zooplankton, larval fish, mesopelagic
fish) that vertically migrate and actively move between water masses within the water
column routinely experience gradients in biogeochemical conditions. The last group of
organisms are those that have the ability to swim or dive in the unbounded volume of the
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ocean (fish and marine mammals) and can potentially avoid unfavourable conditions. Under
extreme conditions- e.g., in 2022 during the wettest year on record in southeast Australia,
when heavy rainfall caused prolonged freshening of coastal waters that extended 70 km
offshore, near the 1000 m isobath and persisted for approximately 2 months (Malan et al.
2024), even mobile organisms may be exposed. Conversely, if ocean extremes (e.g. river
plumes) are transported away from a particular area, then benthic organisms may only be
transiently exposed to extreme conditions, and plankton may be trapped (e.g. in a mesoscale
eddy) for a prolonged period of time. This suggests that the impacts of changes in
biogeochemical properties are contextual for different organisms but could nevertheless be
significant.

Conclusion

The NSW marine estate extends from the coastline out to three nautical miles and is highly
dynamic, influenced by the EAC as well as other coastal processes. In this region, the EAC
occasionally intrudes onto the continental shelf and drives cross-shelf transport, strongly
influencing biogeochemical properties. Furthermore, estuarine outflow from rainfall in coastal
catchments drives strong horizontal and vertical biogeochemical gradients, while local
upwelling-favourable wind stress results in cold nutrient-rich water uplift for the growth of
primary producers (Everett et al. 2014).

Given this spatial variability of biogeochemical conditions across the NSW marine estate, it
remains to be determined as to how representative trends at Port Hacking (Hawkesbury
Shelf bioregion) are to the other bioregions in NSW, including Tweed-Moreton, Manning
Shelf, Batemans Shelf, Twofold Shelf and Lord Howe Island. An analysis of satellite-based
ocean surface properties indicates that at intra-weekly time scales, Port Hacking is
representative of shelf waters up to 30 km away. However, at intra-monthly time scales, this
site is very representative of dynamics along almost the entire NSW shelf but not in the
cross-shelf direction (Jones et al. 2014). Notably, the Port Hacking NRS (34.1 °S 151.3 °E;
Hawkesbury Shelf bioregion) shows average Chl-a concentrations that are lower than waters
north and south and comprise only about 3.4% of Chl-a on the NSW shelf (Everett et al.
2014).

A statistical analysis of matched dissolved oxygen and temperature records across multiple
water masses in NSW shows a significant but moderate negative correlation in surface and
subsurface waters, indicating that at broad spatial scales, the warmer the water, the lower the
DO concentration (Appendix E). There is an even stronger negative correlation between
temperature and dissolved phosphate (Appendix E). The general inference is that the warmer
NSW coastal waters become, the less DO and nutrients they will contain.

Detailed analyses of Chl-a dynamics on the NSW shelf show that in the northern and central
waters of NSW, it is likely that increased EAC-driven upwelling of nutrient-rich waters will
result in greater surface Chl-a, but the higher EAC velocities in this region may lead to greater
poleward transport, and hence dilution, of these enriched waters. Under this future scenario,
zones of seawater retention such as Stockton Bight, Port Stephens, will likely have elevated
biological significance and should be monitored. In southern NSW, seasonal effects are more
significant drivers of Chl-a than upwelling and EAC-derived eddies, suggesting that changes
in the EAC may have less impact on lower trophic levels in this region.

71



Knowledge Gaps and Recommendations

The biogeochemistry of the NSW marine estate is dynamic and regulated by the EAC and
wind-driven upwelling as well as coastal processes (Everett et al. 2014). Currently, there is a
far greater density of biogeochemical data in northern and central NSW, so southern waters
need some attention. A large proportion of in situ data has been collected during ‘normal’
flow conditions, but how biogeochemical properties change under extreme events (e.g.
tropical cyclones, east coast lows) and what their consequences are for marine ecosystems
and people need to be determined.

For forecasts of biogeochemical conditions to become a reality, a strong recommendation is
to develop a coupled physical-biogeochemical model of the NSW marine estate. For ongoing
monitoring and future integration of biogeochemical metrics into State of the Environment
reporting, another recommendation is that effort be made to improve satellite-based
estimates of seawater properties at suitable spatial resolution for coastal application (i.e. pixel
size <100 m).

# Knowledge Gaps Recommendations Significance Feasibility
4.1 Lack of Autonomous glider observations | High High
biogeochemical and in situ water sampling
data across the expanded to southern NSW

NSW Marine Estate | coastal waters, where there are
few records

Sample coastal water to
determine biogeochemical
properties together with optical
properties for improved satellite
monitoring of coastal water that
can be sustained over time (e.g.
coastal mooring sites)

4.2 Little understanding | Process studies to examine High Medium
of biogeochemical changes in biogeochemical
extremes and properties, cross shelf circulation

compound events and vertical structure of the
water column in relation to
major coastal outflows and
extreme events

Development of a coupled High High
hydrodynamic physical-
biogeochemical model forced by
real-time satellite data and
validated with long-term in situ
data that would enable a
structured analysis of single and
compound biogeochemical
extremes

Integration of ocean
biogeochemical data in both
NSW and Commonwealth State
of the Environment (SoE)

reporting
4.3 Little in situ data to | Dissolved oxygen sensors co- High Medium
determine located with key coastal assets
biological or such as Stockton Bight
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ecosystem service
impacts of
biogeochemical
changes

Determine the socioeconomic
impact of changes in ecosystem
services that arise from
biogeochemical extremes
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Appendices - Section 4

Appendix A

Long-term (>10 y) linear trends in surface (O m) ocean biogeochemical properties after seasonally detrending data by removing monthly means. Unless
otherwise indicated, probabilities for all trends were <0.001; ns: not significant. The last row shows the linear regression results for surface July nitrate
concentrations as a function of July surface temperature, with the intercept in brackets and slope italicised. Source: Thompson et al. (2009) Long-term changes

in temperate Australian coastal waters: implications for phytoplankton. Mar. Ecol. Progr. Ser. 394: 1-19. doi: 10.3354/meps08297

Years analysed

Max no. observations?

Temperature (°C century™)

Salinity (psu century™)

Nitrate (UM century™)

Phosphate (UM century?)°

Silicate (UM century?)

Dissolved oxygen (UM century?)
2For any parameter.

Maria Island
1944 - 2005
3273
2.02
0.346
ns
0.530
-5.84
ns

Port Hacking 50 m
1944 - 2004
9882
0.744
0.269
ns
0.611°
-2.30
-12.9

Port Hacking 100 m
1953 - 2005
9263
0.746
0.232
0.556
b

-1.97
ns

Rottnest Island
1951 - 2001
2736
1.23
0.407
0,400
0.313
ns
-49.1

bGap in PO4 measurements from 1985 to 2003. <Silicate measurements commenced in 1970 at all sites.
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Appendix B

Environmental characteristics of different water masses found in NSW during October 2008, 2009 and 2010 (austral spring). Values represent mean + SD; nd =
no data due to night-time sampling. Data source M. Doblin, collected on Marine National Facility voyages S5S10/2008 (10-20 October 2008), SS2009_V05 (16-
27 October 2009) and SS2010_v09 (15 to 31 October 2010).

River plumes Shelf Upwelled Cold-core centre Cold-core edge EAC
Surf SCM Surf SCM Surf SCM Surf SCM Surf SCM Surf SCM
(n=4) (n=4) (n=16) (n =15) (n=2) (n=2) (n=4) (h=05) (n=7) (h=28) (hn=05) (n=6)
Sample depth 3x1 16+7 5+7 35+11 | 1415 35+ 35 3+1 30+ 10 9+11 44 + 17 7+9 55+ 20
(m)
Temperature 19.95+0.7 19.77+0.8 | 20.64+1.0 19.62+1. | 19.81+0. 18.04+3.3 | 20.49+1. 19.65+1. | 20.25+1. 19.66+1. | 22.34+0. 21.60+0.
(°C) 3 1 4 07 81 0 43 04 23 00 72 41
Salinity (psu) 34.90+0.5 35.39+0.2 | 35.48+0.0 35.50+0. | 35.52+0. 35.45+0.0 | 35.47+0. 35.49+0. | 35.52+0. 35.53+0. | 35.45+0. 35.50+0.
3 5 8 07 04 6 06 02 06 06 05 04
Dissolved 218.6+12. 214.1+14. | 230.1+10. 230.5%+1 | 235.4+7. 212.8+23. | 230.3+8. 230.0+1 | 232.9+6. 227.4+1 | 223.7+2. 218.1+6.
oxygen 21 32 9 2.7 85 6 43 3.7 44 41 12 90
(LM)
Dissolved 3.42+0.90 3.38+1.62 | 0.11+0.40 1.57£1.9 | 0.69+0.9 5.20+5.09 | 0.08+0.1 1.00£1.8 | 0.02+0.0 1.09+1.5 | 0.06+0.1 0.64+0.8
nitrate (UM) 0 8 5 7 4 5 3 6
Dissolved 0.41+0.09 0.35+0.08 | 0.09+0.03 0.21+0.1 | 0.11+0.1 0.37+0.18 | 0.09+0.0 0.16%£0.1 | 0.06£0.0 0.16+0.1 | 0.06+0.0 0.04+0.0
phosphate (UM) 1 6 1 3 4 2 4 5
Dissolved 12.10+11. 2.63+1.46 | 0.21+0.24 0.53+0.5 | 0.82+1.0 1.86%+0.34 | 0.34+0.2 0.60+0.6 | 0.25+0.1 0.61+0.5 | 0.59+0.3 0.74+0.3
silicate (UM) 02 3 2 5 2 9 8 9 7
PAR (umol 383+437 31+40 442+513 23+35 nd nd 256+365 21+30 | 279+401 15+14 | 313+358 36+41
photons m2s)
Light 60.97+4.4 63.90+4.0 | 75.02+4.9 75.74+4, | 70.87+1 71.06+13. | 73.7815. 74.84+5. | 75.27+5. 74.50%5. | 74.26t6. 73.36%5.
transmission (%) 0 3 1 94 3.0 25 35 57 33 31 06 43
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Appendix D

Linear trend in biogeochemical parameters at the Port Hacking National Reference Station (Sydney) from 2009 to 2025, sourced from the IMOS Biological
Ocean Observer (Davies et al. 2022). The p value shown in the plot represents the significance of the trend through time after the seasonal cycle has been

removed.
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Appendix E

Association of surface and subsurface (Chl-a maximum) water temperature and other
biogeochemical properties in NSW water masses. R? values indicate the proportion of variance in
biogeochemical properties (y-axis) that is predictable from temperature. Dissolved PO4 =
phosphate; DO = dissolved oxygen; Chl-a = chlorophyll a; RP = river plume; EAC = Eastern

Australian Current, UP = upwelled water; Shelf = continental shelf; CCE = cold core eddy; Frontal =

frontal region between eddy edge and Tasman Sea. Source: Doblin et al. unpublished data. * =

significant (p = 0.05), NS = not significant.
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In coastal regions, seawater pH can be highly variable due to the influence of daily carbonate
variation forced by tidal fluctuations and other local drivers including temperature, primary
production, freshwater runoff and local catchment chemistry (Bates et al., 2018; Fitzer et al.,
2018; Scanes et al., 2020; Wolfe et al., 2020). This makes it difficult to identify the magnitude
of the influence of ocean uptake of CO in coastal regions where there are other sources of
acidification (Duarte et al., 2013; Carstensen and Duarte 2019). To detect the impacts of OA
(CO2 uptake) in coastal ecosystems, long-term, high-resolution pH records are essential for
establishing baselines (Wolfe & Roff 2022). It is important to differentiate natural pH
variability from signals above background levels. For instance, an 8-year study at Little Bay on
the coast of Sydney (Box 5.1, Figure 5.3, 5.4) showed that pH can vary daily by up to 1.1 pH
units (Wolfe et al., 2020).

Here, we provide a synthesis of current knowledge of OA within the NSW Marine Estate
using data available from National Reference Stations (NRM) and in situ monitoring.

An understanding of OA impacts on marine species and resources in NSW will inform
management, conservation strategies and adaptation planning.
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Trends and Future Projections

Trends from three National Reference Stations (NRS) - Ocean pH and
Carbonate Chemistry

Inferences on the rate and magnitude of pH change due to OA in NSW waters can be made
from the data available from the NRS at Port Hacking, which is located about 8.5 km off the
coast from the Port Hacking Estuary. Data from the closest northern (North Stradbroke
Island) and southern (Maria Island) NRS are also informative as upper and lower boundaries of
NSW waters (e.g. warmer and cooler waters). While these reference stations have provided
data on seawater conditions from the 1940s, data on the parameters needed to monitor pH
are more recent developments (from 2008-2009).

Regarding pH in NSW waters, there are no long-term monitoring records from which to
directly determine changes or trends in OA over time. However, data for several seawater
chemistry parameters, measured at the three reference stations, including temperature,
salinity, total alkalinity (TA) and dissolved inorganic carbon (DIC), can be used to determine
pH change. These data, available through the IMOS Australian Ocean Data Network (AODN)
or IMOS Shiny App (Davies et al., 2022), provide an indirect calculation of pH.

Acidity levels herein are expressed on the pH total scale as the most appropriate
representation of seawater chemistry and the OA process. Total alkalinity (TA) represents the
concentration of substances in the water that can accept hydrogen ions (H*), helping to buffer
large changes in acidity (pH) when acids are added to the system. Dissolved inorganic carbon
(DIC) is the total concentration of all inorganic carbon species in seawater, which can alter pH
levels and TA. These three seawater chemistry parameters are inextricably linked.

Data from the NRS at Port Hacking, along with the North Stradbroke and Maria Island NRS
(available from 2009 to 2023) were downloaded using the Shiny App (accessed: 14/10/2024)
to calculate pH total (seacarb package in R). Mean data were taken per month and from
surface waters (<10 m depth) to ensure NRS biogeochemistry (TA and DIC) and NRM CTD
(temperature and salinity) datasets were directly comparable (Table 1).

Table 5.1: pH total from 2009 to 2023 obtained from three National Reference Stations on the east coast of Australia.
SE = standard error.

North Stradbroke Island Port Hacking Maria Island
2009 2023 2009 2023 2009 2023
Minimum pH 8.04 8.04 8.07 8.05 8.07 8.05
Maximum pH 8.09 8.09 8.12 8.09 8.11 8.10
Mean pH (+SE) 8.07 +0.01 8.06 +0.01 8.10+0.01 8.07+0.01 8.09+0.01 8.07 +0.01
Mean pH 0.01 units (n/s) 0.03 units (p < 0.001) 0.02 units (n/s)
change

The trends indicate a decline in pH total since 2009 (Figure 5.5). Recent declines in pH total
were significant in Port Hacking (linear model; p < 0.001), but not North Stradbroke Island (p
= 0.37) or Maria Island (p = 0.12). Port Hacking showed a decline in pH total from ~8.10 to
8.07 units between 2009 and 2023, equating to a rate of decline of ~0.002 pH units per year.
Comparison of data from these NRS, indicates that pH is consistently lower in North
Stradbroke Island (Figure 5). This decline at Port Hacking over the 14 years of data is an
overall decrease by 0.03 pH units. As pH is on a logarithmic scale (1 pH unit represents a ten-
fold change in hydrogen ion concentration) then this corresponds to an increase in acidity of
approximately 7% . It is not known if this decline has had impacts on the NSW marine estate.
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Box 5.1: A case study at Little Bay, Sydney

An 8-year study of intertidal and subtidal seawater pH at Little Bay, Sydney (Figure 5.3), shows the difficulty
in discerning between natural pH variability and the effect of climate change driven seawater uptake of CO»
on seawater pH (Wolfe et al. 2020). This is the only study of this nature for a coastal site in NSW.
Temperature was recorded across the intertidal and shallow subtidal for 8 years by in situ loggers, while
seawater chemistry parameters (pH, TA and DIC) were measured in discrete water samples taken at low
tide, day and night. Daily fluxes were the dominant source of variation in seawater carbonate chemistry.
Conditions in tide pools were variable (pH total 7.52-8.87; 8-34.5°C), even over single tidal events. Tide
pools were warmer during the day with elevated pH due to photosynthesis and cooler at night with low pH
due to community respiration (Figure 5.3, 4). The subtidal habitat was more stable, but still exhibited a
marked pH flux (pH total 7.87-8.3). The daily pH flux in the intertidal (~ 1.1. pH units) was around 10-times
greater than the average change in ocean pH since the 1800’s (~ 0.12 pH units). For coastal NSW, this
shows the challenges in differentiating natural short-term pH variability with long-term changes due to
climate change driven OA.
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Figure 5.3. Little Bay, satellite image and location in eastern Australia. The sample area (white box and top right photo)
included three tidal height sampling locations (subtidal = blue, low intertidal = green, mid intertidal = red, high tide = black),
where (a) temperature, (b) pH total, (c) total alkalinity (TA) and (d) dissolved inorganic carbon (DIC) were measured over a
series of high tides, and night and day low tides. Figures adapted from Wolfe et al. (2020).

Intertidal
pH7.5t08.9

Subtidal
pH7.9t08.3

Open ocean / offshore
pH 8.0to 8.1

Intertidal species regularly experience extreme OA conditions.

Are they adapted and resilient to changing pH or already at their
physiological tolerance threshold at high risk?

Figure 5.4. Diagram showing pH variability in intertidal and shallow subtidal habitats of coastal marine ecosystems as seen
at Little Bay, Sydney. Decoupling of daily and long-term trends in ocean acidification is more challenging in coastal
compared with the more stable open ocean. This shows the need for detailed monitoring of ocean waters in the NSW Marine
Estate to establish background OA levels. Vector adapted from IAN library (https://ian.umces.edu/media-library/symbols/).
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Figure 5.5: Calculated change in mean pH total from 2009 to 2023 at three National Reference Stations on the east
coast of Australia, including Port Hacking in New South Wales where the decline in pH was significant. Grey area

represents 95% confidence intervals.

There are two dedicated OA moorings in eastern Australia at Heron Island, Queensland and
Maria Island, Tasmania. This type of mooring is not present in NSW. The pH total data
recorded at Heron Island and Maria Island are shown in Figure 5.6.

Trends in pH total varied within months and years, but pH remained largely consistent across
~10 years of data (Figure 5.6). Seasonal flux in pH total appears greater at Heron Island with
higher pH total in winter months (Jun-Aug; Figure 5.7a). Mean pH total was 8.07 (SD + 0.03,
n = 20480) at Heron Island and 8.09 (+ 0.02, n = 31219) at Maria Island. There was a slight
dip in pH total at Maria Island in recent years, from 8.1 units in 2022 to 8.07 units in 2023-24
(Figure 5.7d). Whether this reflects typical interannual variation or a trend of decline is not
known. A longer time series is needed.

(a) (b)
83
8.2
E
2
£81
R
(e}
8.0 15%-
205 *-y\
79 s, . Heron
— & W Island
Jan Feb Mar Apr May Jun Jul Aug SepOct NovDec  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov pee B 2551 {
Month Monith ﬁ ‘ .y
(c) {d) S
83 ws s
a2 wrsy :’: -1 Maria
a8 S~ Island
2 455
T8l T40E 145 1S0F 1SSE 160E
Longitude
8.0
7.3

2015 2616 2017 2018 2019 20202021 2022 2023 2024 2015 2016 2617 2018 2012 20202021 2022 2023 2024
Year Year

Figure 5.6: Trends in pH total by month (a,b) and year (c,d) determined from data available at the two dedicated ocean
acidification moorings in eastern Australia at Heron Island and Maria Island, Tasmania with data available from 2015 -
2024.
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