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A B S T R A C T

Surface waters off eastern Tasmania are a global warming hotspot. Here, mean temperatures have been rising
over several decades at nearly four times the global average rate, with concomitant changes in extreme tem-
peratures – marine heatwaves. These changes have recently caused the marine biodiversity, fisheries and
aquaculture industries off Tasmania’s east coast to come under stress. In this study we quantify the long-term
trends, variability and predictability of marine heatwaves off eastern Tasmania. We use a high-resolution ocean
model for Tasmania’s eastern continental shelf. The ocean state over the 1993–2015 period is hindcast, pro-
viding daily estimates of the three-dimensional temperature and circulation fields. Marine heatwaves are
identified at the surface and subsurface from ocean temperature time series using a consistent definition. Trends
in marine heatwave frequency are positive nearly everywhere and annual marine heatwave days and penetration
depths indicate significant positive changes, particularly off southeastern Tasmania. A decomposition into modes
of variability indicates that the East Australian Current is the dominant driver of marine heatwaves across the
domain. Self-organising maps are used to identify 12 marine heatwave types, each with its own regionality,
seasonality, and associated large-scale oceanic and atmospheric circulation patterns. The implications of this
work for marine ecosystems and their management were revealed through review of past impacts and stake-
holder discussions regarding use of these data.

1. Introduction

Heatwaves are major climate extremes, in both the atmosphere and
the ocean, often with devastating impacts on biota and ecosystems. In
the ocean, marine heatwaves have led to observable redistributions of
marine species, reconfigurations of ecosystems, and economic losses in
fisheries and aquaculture industries (Perry et al., 2005; Garrabou et al.,
2009; Wernberg et al., 2013; Mills et al., 2013; Oliver et al., 2017a).
The surface ocean off eastern Tasmania is a global warming hotspot
(Hobday and Pecl, 2014) and local ecosystems face major challenges
due to changes in regional oceanography under climate change (Oliver
et al., 2014, 2015; Oliver and Holbrook, 2014; Sloyan and O’Kane,
2015). It is likely that global warming has altered the frequency,
duration and intensity of marine heatwaves, and will continue to do so
in the future. The rate of change in the physical environment could

outstrip the capacity of populations, with the exception of very-short
lived species, to adapt to the new temperature regime (Visser, 2008;
Hoffman and Sgro, 2011; Kelly et al., 2011). Therefore it is important,
ecologically and economically, that we understand the historical con-
text and predictability of marine heatwaves.

Marine heatwaves are extreme events in which ocean temperatures
are above the normal range for an extended period of time and can
cause widespread and significant damage to marine ecosystems
(Johnson and Holbrook, 2014; Hobday et al., 2016a). In particular,
marine ecosystems accustomed to low temperatures and which are
undergoing change due to long-term increases in water temperature,
including those around Tasmania, are particularly vulnerable to addi-
tional short term environmental shocks such as marine heatwaves. In-
creasing temperatures, including transient marine heatwaves, may push
ecosystems over a “tipping point” (Lenton et al., 2008; Serrao-Neumann
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et al., 2016) whereby they enter into a new state which is entirely
different from its previous state. This type of tipping point change has
been observed in Tasmania whereby marine ecosystems in some regions
have changed from habitat-forming highly biodiverse kelp forests to a
predominance of low biodiversity sea urchin barrens (Ling, 2008;
Johnson et al., 2011). In addition, short-term winter warm spell events,
i.e. heatwaves during wintertime, will enable high survival of urchin
larvae in the region (Ling et al., 2009b).

Marine heatwaves have occurred off Tasmania’s east coast in the
past decades and have included impacts on marine ecosystems. A major
marine heatwave was observed off southeastern Australia, including
coastal Tasmania, in the summer of 2015/16 (Oliver et al., 2017a). This
event lasted for 251 days and reached a peak intensity of 2.9 °C above
climatology. Apparent impacts included the first outbreak of Pacific
Oyster Mortality Syndrome, regional above-average abalone mortality,
die-back of bull kelp Durvillea potatorum and localised bleaching of
crayweed Phyllospora comosa (S. Ling, pers. obs.), and out-of-range fish
observations. This event was driven by an anomalously strong south-
ward extension of the East Australian Current and its occurrence was at
least 6.8 times more likely due to anthropogenic climate change. It has
also been noted that a complete die-back of giant kelp (Macrocystis
pyrifera) occurred in the coastal waters off eastern Tasmania during a
warm weather event in 1988 (Sanderson, 1990) and an extreme ocean
temperature event in 2000/2001 caused extensive die-back of kelp beds
formed by the crayweed Phyllospora comosa off eastern Tasmania
(Valentine and Johnson, 2004). More recent events caused mass deaths
of Tasmanian Abalone in March 2010 (Craig Mundy, IMAS, pers.
comm.) and deaths in Atlantic Salmon aquaculture populations in 2012
(Alistair Hobday, CSIRO, pers. comm.).

This study performs a systematic analysis of marine heatwaves off
eastern Tasmania over the 23-year period from 1993 to 2015. A nu-
merical ocean model is used to reconstruct the historical marine heat-
wave record in the region as well as high-resolution estimates of the
associated water temperatures and circulation. We quantify the mean
state and long term trends of marine heatwave properties, which are
particularly strong off the southeast of Tasmania. The interannual
variability of annual marine heatwave days is decomposed into two
modes of variability and the East Australian Current is associated with
nearly half of the observed variability. Finally we organise each of the

detected marine heatwaves into one of 12 types, using an automated
neural network approach. Each type has a unique combination of
marine heatwave properties, spatial and seasonal distribution, and as-
sociated oceanic and atmospheric circulation patterns. This typology
may be used to inform analysis of trends in different types of marine
heatwaves, and to prepare management responses based on event types.

2. Data and methods

The data and methods are presented as follows: the high-resolution
ocean model output for the continental shelf off eastern Tasmania
(Section 2.1), the coarse-resolution estimates of the atmospheric and
offshore ocean states (Section 2.2), the definition of marine heatwaves
(MHWs) and their properties (Section 2.3), the calculation of annual
MHW time series (Section 2.4), the Empirical Orthogonal Function
analysis technique for the decomposition of the annual time series into
modes of variability (Section 2.5) and the Self-Organising Maps analysis
technique for the organisation of MHWs into a set of distinct types
(Section 2.6).

2.1. ETAS ocean model

The historic ocean record off eastern Tasmania is derived from daily
three-dimensional ocean temperatures and currents from the Eastern
TASmania (ETAS) coastal ocean model which covers the 23-year period
from 1993 to 2015 (Oliver et al., 2016). The ETAS model data provide
an unprecedented high-resolution record of the marine climate varia-
tions off eastern Tasmania and represent our best estimate of the ocean
state off eastern Tasmania. The ETAS model is based on the Sparse
Hydrodynamic Ocean Code (SHOC; Herzfeld, 2006), a numerical ocean
model well-suited to complex curvilinear grids with a large proportion
of “land cells”. The ETAS model covers the eastern continental shelf of
Tasmania from South Cape in the south to just north of Eddystone Point
in the northeast and seaward to just beyond the shelf break (∼2500m,
Fig. 1a; Oliver et al., 2016). The model has a curvilinear grid, in a
200× 120 grid cell configuration, with a horizontal resolution of
∼1.9 km on average (Fig. 1b) and 43 z-levels in the vertical. Boundary
forcing includes National Centers for Environmental Prediction (NCEP)
Climate Forecast System (CFS) Reanalysis (CFSR, 1993–2010, Saha

Fig. 1. ETAS ocean model (a) domain and bathymetry, (b) curvilinear grid and horizontal resolution, and (c) sub-domain regional definitions. (d) A schematic of the summer (Dec-Jan-
Feb) mean surface circulation with the Zeehan Current (ZC) and East Australian Current (EAC) indicated (adapted from Fig. 15 in Oliver et al. (2016)). Region names are East Australian
Current-Deep (EACD), East Australian Current-Shelf (EACS), Zeehan Current-Deep (ZD), Zeehan Current-Shelf (ZS), Confluence-Deep (CD), Confluence-Shelf (CS), Northeast Coast (NEC),
Oyster Bay & Mercury Passage (OBMP), Frederick Henry and Norfolk Bays (FHNB), Storm Bay (SB), D’Entrecasteaux Channel (DC) and Huon Estuary (HE).
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et al., 2010) and CFS Version 2 analysis (CSFv2, 2011–2015, Saha et al.,
2014) at the surface, and Bluelink ReANalysis (BRAN, version 3, 1/1/
1993–31/7/2012, Oke et al., 2013) and OceanMAPS analysis (versions
2.0–2.2.1, 1/8/2012–31/12/2015; wp.csiro.au/bluelink) at the
lateral boundaries. The model includes the influence of river runoff due
to the two major rivers in the region; tidal forcing has not been in-
cluded. The implications of excluding tidal variability include minor
changes to seawater temperature variability (typically ⩽0.5 °C RMS
difference; Oliver et al., 2016) and possibly altering the vertical struc-
ture of MHWs due to the absence of tidal mixing. The model provides
daily, three-dimensional output for the 1993–2015 period and has been
extensively validated against existing observations in the region (Oliver
et al., 2016). Here, we have analysed surface and subsurface seawater
temperatures and surface circulation.

The domain defined by the ETAS model has been divided into 12
regions in order to understand differences between regions impacted by
MHWs (Fig. 1c). Boundaries between regions were defined by bathy-
metry, geography, and oceanography. Waters deeper than 200m were
termed “deep (D)”, those between approximately 50m and 200m were
termed “shelf (S)”, and those in shallower water were given more de-
scriptive names derived from local geography. Note that some of the
inshore boundaries do not follow precisely the 50m contour but were
adjusted to close the regions in the bays and to reach the coast at the
Freycinet, Tasman and South Cape Peninsulas and at Maria Island and
Bruny Island. The “shelf” and “deep” zones were dominated by either
the East Australian Current (EAC) in the north, the Zeehan Current (ZC)
in the south, or their confluence (C) in between (Fig. 1d; see also Fig. 8
in Oliver et al. (2016) for seasonal surface circulation patterns). These
zones were thus divided into six regions according to if they were EAC-
dominated, ZC-dominated, or in the confluence and were either deep
(D) or shelf (S), and named accordingly: EACD, EACS, CD, CS, ZCD,
ZCS. The coastal zone is divided into six regions defined by their geo-
graphy with appropriate names: north-east coast (NEC), Oyster Bay-
Mercury Passage (OBMP), Frederick Henry and Norfolk Bays (FHNB),
Storm Bay (SB), D’Entrecasteaux Channel (DC) and Huon Estuary (HE).
The rivers and upper reaches of the Derwent and Huon estuaries were
excluded from the 12 defined regions.

2.2. Large-scale oceanic and atmospheric states

Estimates of the ocean state outside the ETAS domain were provided
by the Bluelink ocean forecasting system. Specifically, we examined
daily fields of sea surface temperature (SST) and surface currents from
the 1/10° BRAN and OceanMAPS products (Oke et al., 2013). The
Bluelink reanalysis and analysis systems are data assimilative, including
an array of both remotely-sensed and in situ ocean observations.

Estimates of the atmospheric state around Tasmania were provided
by the NCEP CFS. Specifically, we examined daily-mean fields of 10m
air temperature and winds from CFSR and CFSv2 products (Saha et al.,
2010, 2014). The CFSR (CFSv2) fields were defined on a grid with a
horizontal resolution of 0.3° (0.2°). The CFS products are data assim-
ilative, including an array of remotely-sensed and in situ atmosphere
observations.

2.3. Marine heatwaves

Marine heatwaves (MHWs) have been identified from daily SST
time series using the definition of Hobday et al. (2016a). A marine
heatwave is defined as a “discrete prolonged anomalously warm water
event at a particular location” with each of those terms (anomalously
warm, prolonged, discrete) quantitatively defined and justified for the
marine context. Specifically, “discrete” implies the marine heatwave is
an identifiable event with clear start and end dates, “prolonged” means
it has duration of at least five days, and “anomalously warm” means the
water temperature is above a climatological threshold, defined here to
be the seasonally-varying 90th percentile. Marine heatwaves were

therefore identified as periods of time when temperatures were above
the threshold for at least five consecutive days; two successive events
with a break of two days or less between them were considered a single
continuous event. The seasonally varying climatological mean and 90th
percentile threshold were calculated for each day of the year using the
pooled daily temperature values across all years within an 11-day
window centred on the day, which were then smoothed using a 31-day
moving window. The use of a seasonally-varying threshold allows for
the detection of summer heatwaves as well as winter warm spells, both
of which can have ecological impacts. This definition has been im-
plemented as a freely available software tool in Python1 and R.2

Sea surface temperatures from the ETAS model were spatially
averaged over each of the regions defined in Section 2.1 to generate a
set of 12 regional daily SST time series covering 1993–2015. Subsurface
temperature at every model depth level over the same time period was
also spatially averaged within each of the regions. The marine heat-
wave definition was then applied to each SST and subsurface tem-
perature time series to detect all the marine heatwave events for each
region, across all depths. The implication of spatially averaging SSTs
and then performing the MHW calculation, as opposed to detecting
MHWs directly from the pixel-based data, is to smooth away some of
the high-frequency variability and thereby slightly increase average
MHW duration at the expense of annual frequency. Nonetheless, this is
a valid approach since we are interested in spatially-coherent MHW
structures, rather than less coherent fine-scale features, as these are
most likely to lead to significant ecological impacts.

Each marine heatwave event is assigned a set of properties, in-
cluding duration, maximum and cumulative intensity, onset and decline
rates and depth (Table 1; Hobday et al., 2016a). These metrics are
defined as follows: “duration” is the time between the event’s start and
end dates, “maximum intensity” is the maximum temperature anomaly
(measured relative to the climatological, seasonally-varying mean) over
the duration of the event respectively, “cumulative intensity” is the
integrated temperature anomaly over the duration of the event, and
“onset rate” and “decline rate” are the rates of temperature increase and
decline from the start date to the peak of the event and from the peak to
the end date respectively. The “depth” of a marine heatwave is calcu-
lated by considering marine heatwave events at all subsurface model
levels within the same region. The maximum depth over which a con-
tiguous block of marine heatwave events occur simultaneously and
connected with the surface event is defined as the “depth” of the event.
Note that this maximum depth can occur at a time other than the time
of maximum surface intensity.

2.4. Annual time series

Annual time series were calculated for each MHW property in each
region. For duration, the intensity metrics, and depth this was the
average of these properties across all events in each year; years with no
events were marked as missing data. Two additional annual metrics
were also calculated: “frequency”, the count of events in each year, and
“total MHW days”, the sum of the durations of all events in each year.
The annual mean and linear trend, estimated by Ordinary Least Squares
including a 95% confidence interval, were calculated for each annual
time series.

2.5. Empirical Orthogonal Function analysis

Empirical Orthogonal Function (EOF; e.g. Wilks, 2006) analysis is a
statistical technique which accounts for the total variance of a set of
variables by decomposing into linear combinations of those variables.
Each linear combination, or EOF, corresponds to a statistically

1 https://github.com/ecjoliver/marineHeatWaves.
2 https://github.com/cran/RmarineHeatWaves.
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uncorrelated mode of variability. For spatio-temporal data the EOF
mode generally consists of a spatial pattern of weights and an asso-
ciated principal component (PC) time series; the product of an EOF
pattern and its PC time series is used to reconstruct the spatio-temporal
variability associated with that mode alone. While EOF modes are
statistical constructions, and therefore do not explicitly explain physical
modes of variability, it is often the case that a small number of modes
explain much of the variance and that important physical processes can
be gleaned from these modes. Therefore, EOFs are often used as a “data
reduction technique” where most of the variability is contained in these
few modes.

We perform an EOF analysis on the 12 regional time series of total
MHW days. This metric is chosen as it is the simplest representation of
exposure to MHWs – e.g. more or longer events both lead to increases in
MHW days. The linear trend is removed from each time series and then
they are weighted by the area of that region before performing the EOF
analysis. The regional oceanic and atmospheric circulation associated
with each mode was obtained by projecting the higher resolution data
(ETAS SST and surface circulation, Bluelink SST and surface circulation,
NCEP air temperature and winds) onto the EOF modes, after the re-
moval of the linear trend and seasonal cycle and conversion to annual
mean time series.

2.6. Self-organising maps and a marine heatwave typology

Marine heatwaves were organised into a set of types using Self
Organising Maps (SOMs; Kohonen, 1990, 1995). The SOM technique is
a form of cluster analysis which uses an artificial neural network to
produce a low-dimensional representation (“map”) of high-dimensional
input data. In that sense it is a form of dimension reduction and allows
for a small number of patterns to be gleaned from a large data set. In
oceanography and atmospheric science, SOMs have been used to dis-
tinguish flavours of El Niño–Southern Oscillation (Johnson, 2013), to
organise coastal ocean circulation patterns off southeastern Tasmania
(Williams et al., 2014), to explore heatwave patterns in Australia
(Gibson et al., 2017) and categorise coastal MHWs off South Africa
(Schlegel et al., 2017). Under a changing climate, different MHW types
may become more or less frequent, as proposed for other climate
modes.

The high-dimensional data set to be organised by the SOM consisted
of the average oceanic and atmospheric anomaly states during each of
the MHW events detected across all 12 regions (486 events in total). For
each event the anomalous SST and surface circulation from ETAS and
Bluelink as well as the anomalous air temperature and surface winds
from NCEP were temporally averaged over the duration of that event.

The domains used for the Bluelink and NCEP data were
[144.85°E–149.85°E, 45.15°S–39.15°S] and [144.92°E–150.24°E,
45.12°S–38.87°S] respectively; the ETAS data were used over the whole
model domain. Maps of the conditions for all events can be found in the
Eastern Tasmania Marine Heatwave Atlas (Oliver et al., 2017b). Each
variable (SST, zonal and meridional surface ocean currents, air tem-
perature, zonal and meridional surface wind) was scaled by its standard
deviation (across time and space) prior to the SOM analysis in order to
weight each variable equally; after analysis the variables in the re-
sultant map nodes were rescaled accordingly. A two-dimensional SOM
was used in a 4× 3 arrangement (12 nodes) and was initialised using
the first two principal components of the data, ensuring reproducibility
of the result (Agarwal and Skupin, 2008).

The choice of the number of nodes is important (Gibson et al.,
2016). Too few nodes is insufficient to view the full range of possible
states while too many leads to redundancy, with minimal differences
between adjacent nodes. The choice of 12 nodes in a 4× 3 arrangement
led to only two nodes having patterns that were not statistically in-
dependent of each other ( >p 0.05, two-sample t-test; Johnson, 2013).
Arrangements with fewer nodes (e.g., 3× 3, 3× 2) had fewer in-
dependent patterns than the chosen 4× 3 arrangement. However, the
current arrangement (4× 3, 12 nodes) has two nodes that are not in-
dependent meaning we have effectively 11 independent patterns more
than would be provided by the next-smallest arrangement (3× 3 ar-
rangement, 9 nodes). Therefore, we erred on the side of providing a
more comprehensive selection of patterns (maximum number of in-
dependent nodes) at the small expense of having two of the nodes be
not independent.

The resultant SOM was analysed further to glean information about
the distribution of MHWs across time and space, as well as associated
circulation patterns. Each SOM node i j( , ) was associated with a set of
MHWs Lij. The oceanic and atmospheric circulation patterns as well as
the MHW properties themselves were averaged across all events Lij for
each node i j( , ). In addition, for each node i j( , ) we examined the pro-
portion of events in Lij which ocurred in each climatological season and
the distribution of these events across the 12 ETAS regions. The seasons
were defined as summer (JFM), autumn (AMJ), winter (JAS) and spring
(OND). Finally, these results were qualitatively summarised using
oceanographic expertise in order to identify the unique MHW “type”
associated with each SOM node.

3. Results

The results are presented as follows: the mean and linear trends of
MHW properties (Section 3.1), their interannual variability (Section
3.2), and the organisation of MHWs into distinct types (Section 3.3).

3.1. Mean state and long-term trends

The mean state of MHW properties exhibits regional variations
(Table 2). The frequency of events is between 1.5 and 2.0 annual events
with generally higher frequencies in the southern nearshore regions (11
and 12). Mean MHW duration also varies considerably from ∼7 days in
the southern inshore to ∼10–15 days in the shelf regions and
∼14–18 days in the deeper offshore regions. MHW intensity generally
increases towards the south with values <2 °C in the 3 northern-most
regions and >2 °C further south. Cumulative intensity varies con-
siderably across the region since it is influenced by both MHW intensity
and duration, and it exhibits the spatial pattern of both; however,
duration appears to play a dominant role and so the southern regions
with shortest duration events also appear to have the smallest mean
values of cumulative intensity. The total number of MHW days per year

Table 1
Marine heatwave (MHW) metrics, their units and descriptions, after Hobday et al.
(2016a).

Name Units Description

Duration days Time period between start and end of MHW
Maximum

intensity
°C Maximum temperature anomaly above

climatology during the MHW
Cumulative

intensity
°C days Integral of temperature anomaly above

climatology during the MHW, numerically
equivalent to the sum of all daily intensity values

Onset rate °C day−1 Rate of temperature change from the start to the
peak of MHW

Decline rate °C day−1 Rate of temperature change from the peak to the
end of MHW

Depth m The maximum depth below the surface that a
MHW penetrates

E.C.J. Oliver et al. Progress in Oceanography 161 (2018) 116–130

119



is in the range of ∼15–30 days with lowest values inshore to the south
and largest values offshore in the deep regions. Average MHW depth is
generally between 90m and 185m in the shelf and deep regions and
between ∼20–50m in the nearshore regions, and this is strongly in-
fluenced by the maximum depth of the regions.

Long-term trends in marine heatwave properties were clearest in
frequency, total MHW days, and depth (Table 2). MHW frequency ex-
hibits a statistically significant (p < 0.05) positive trend across all
regions, except region 9 (Frederick Henry-Norfolk Bay) and at a similar
rate of change per decade as the mean MHW frequency. Total annual
MHW days exhibits strong positive trends (p < 0.05) off southeastern
Tasmania (regions 5 and 10–12) as well as along the northeast coast
and in two of the offshore regions; as a relative fraction of the mean the
trends are largest in magnitude in the southern nearshore regions
(10–12). Significant (p < 0.05) positive trends in MHW depth were
found for all regions south of the EAC-ZC confluence (inclusive), except
for region 12. As with frequency, the magnitude of these trends (per
decade) is comparable to that for the mean depth, indicating a corre-
sponding deepening of MHWs off southeastern Tasmania. Duration,
maximum intensity, and cumulative intensity only exhibit significant
trends at two of the 12 regions and with little spatial coherence. We
note that with a time series of this length, attribution of this trend to
climate change is tenuous, however, these trends are against a back-
ground of sustained warming that has a clear climate change signal.

3.2. Interannual variability

Time series of the total annual MHW days demonstrate a large
amount of interannual variability, including regional variation (Fig. 2).
A number of the northern and offshore regions share peaks in MHW
properties during 2001, 2003, 2007, 2010 an 2014 (regions 1–8).

Independently, a number of the southeastern inshore and shelf regions
share a period of heightened MHW days from 2012–2014 and a rela-
tively quiescent period from 2002–2009 (regions 5 and 9–12).

An EOF analysis was performed to decompose the interannual
variability into a set of EOFs, or modes. The first two modes together
explain 79% of the total variance, with the first (second) mode ex-
plaining 49% (30%; Fig. 3), and they explain the two patterns noted in
the previous paragraph. The first mode consists of large year-to-year
variability in the total annual MHW days, with anomalies from the
climatological average on the order of −20 to +40 days (Fig. 3a)
distributed across the entire domain, although with less weight on the
inshore and shelf regions off southeastern Tasmania (Fig. 3b). A pro-
jection of the regional atmospheric and oceanic circulation onto this
mode indicates it is associated with southward along-shore circulation
over the shelf and offshore, an anticyclonic eddy offshore to the
southeast, warm ocean and air temperatures, and easterly winds
(Fig. 4a and b).

The second mode consists of lower frequency variations in annual
MHW days (Fig. 3c). Multi-year periods of persistent increased or de-
creased MHW days, up to ±40 days, were found with periods of in-
creased MHW days during 1993–2000 and 2012–2014 and periods of
decreased MHW days during 2003–2011 and 2015. This mode is ex-
pressed as a dipole pattern with a negative pole centred across the three
northern regions and a positive pole centred across the southern and
southeastern regions indicating that these broad regions exhibit the
variability associated with this mode with opposite polarity (Fig. 3d). A
projection of the regional atmospheric and oceanic circulation onto this
mode indicates it is associated with relatively weak currents over the
shelf, a train of cyclonic and anticyclonic eddies offshore, a dipole
pattern of SSTs over the shelf, and northwesterly winds with warm air
temperature over coastal areas of eastern and southeastern Tasmania
(Fig. 4c and d).

3.3. A marine heatwave typology

The anomalous ocean and atmospheric states during each of the 486
MHWs were organised into 12 types using Self Organising Maps. The
mean SSTs and surface circulation across all events in each type are
shown in Fig. 5; the corresponding mean air temperature and surface
winds are shown in Fig. 6. Nodes are identified in two dimensions using
the identifier i j( , ) where i runs from 1–4 (left-to-right in the figures) and
j from 1–3 (top-to-bottom), for a total of 12 nodes (types).

The nodes that occur most frequently (⩾10% of all events, see
Table 3), meaning MHWs are more likely to be assigned to these nodes,
lie in the four corners of the SOM and these represent the most distinct
ocean–atmosphere patterns. In the ocean, there was a general pattern of
increasing influence of the East Australian Current (southward flow) for
lower j-nodes, i.e. increasing from the lower panels (high j) to the upper
panels (low j) in Fig. 5. In the atmosphere, there was a general pattern
of increasing influence of warm air temperatures for higher i-nodes, i.e.
increasing from the left-most (low i) to the right-most (high i) panels in
Fig. 6. Since these two features vary independently along the two axes
of the SOM the corner nodes represent combinations of these features:
strong EAC and weak air temperature anomalies (1,1), strong EAC and
warm air temperature anomalies (4,1), weak EAC and strong air tem-
perature anomalies (4,3), weak EAC and weak air temperature
anomalies (1,3). The remaining nodes represent intermediate transi-
tionary types between these four major types.

The nodes of the Self Organising Map have also been examined to
determine the regional and seasonal distribution of constituent MHWs
(Fig. 7) as well as mean MHW properties (Table 3) and the linear trend
in annual MHW days associated with each node (Fig. 8). Each

Table 2
Mean state and linear trends in MHW properties for the 12 ETAS regions. Mean values are
in units of annual event count (frequency), days (duration, total days), °C (maximum
intensity), °C days (cumulative intensity), and m (depth). Trends are in the same units as
the mean, per decade; bold values are statistically significant at the 5% level.

Region Frequency Duration Max. int. Cum. int. Total days Depth

Mean
1. EACS 1.52 13.23 1.86 19.0 23.9 121
2. EACD 1.87 17.73 1.84 27.7 26.7 152
3. CS 1.65 14.75 2.30 26.0 25.4 90.8
4. CD 1.87 16.30 2.09 28.0 28.5 162
5. ZCS 1.61 10.71 2.03 15.4 25.4 93.1
6. ZCD 1.74 13.84 2.13 23.7 30.3 185
7. NEC 1.74 12.19 1.90 17.8 24.8 33.4
8. OBMP 1.57 12.58 2.23 19.4 22.3 52.5
9. FHNB 1.83 10.65 2.62 21.2 21.1 28.8
10. SB 1.74 6.87 2.23 12.1 15.1 21.6
11. DC 2.00 6.78 2.67 14.8 21.9 22.4
12. HE 2.00 7.05 2.50 13.3 19.0 27.6

Trend (per decade)
1. EACS 1.26 −2.12 −0.323 −4.32 16.8 31.0
2. EACD 1.72 −5.75 −0.0381 −10.2 22.1 81.6
3. CS 1.18 −3.48 −0.440 −10.9 13.6 90.1
4. CD 1.39 −2.65 −0.117 −6.06 21.5 87.6
5. ZCS 1.05 15.5 −0.209 16.0 35.7 111
6. ZCD 1.35 2.50 −0.194 1.72 24.4 60.6
7. NEC 1.68 −2.00 −0.324 −4.99 22.4 3.68
8. OBMP 0.988 1.57 −0.519 −0.818 13.2 22.4
9. FHNB 0.435 3.47 0.00730 5.45 11.8 8.03
10. SB 1.95 3.29 0.0488 4.62 21.2 25.6
11. DC 2.77 5.11 0.0654 10.8 38.0 19.8
12. HE 2.78 2.73 −0.0500 4.62 30.5 17.5
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individual node is characterised in terms of ocean and atmospheric
conditions, regional and seasonal distribution, and MHW properties
(Appendix A). These descriptions have been qualitatively summarised
in Table 4.

4. Discussion

We first summarise the results relating to the physical oceanogrphy,
climate variability and change (Section 4.1) then discuss the ecological
and management implications (Section 4.2).

Fig. 2. Time series of total MHW days by region. Total annual MHW days are indicated by the black line, the mean by the dashed grey line, and the linear trend by the solid grey line (the
trend is also printed in each panel, including a 95% confidence interval).

Fig. 3. First two EOFs (modes) of variability of total annual MHW days. The (a and c) principal component time series and (b and d) spatial patterns are presented for the first (a and b)
and second (c and d) EOFs.
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4.1. Physical oceanography, climate variability and change

We have presented the spatial and temporal distribution of marine
heatwaves off eastern Tasmania including the mean state and linear
trends, interannual variability, and an event typology. The mean state
indicated a greater frequency and intensity of MHWs in the south of the
domain, but with shorter durations; the opposite pattern is present over
the remainder of the shelf. Linear trends indicated significantly in-
creasing frequencies everywere – at a linear rate that doubles the mean
state over a decade. In addition, significant increases in the annual
count of MHW days as well as the penetration depth of MHWs were
found for the nearshore regions off southeastern Tasmania. Strong in-
terannual variability in the annual MHW days was evident and could be

primarily decomposed into two modes of variability – the first asso-
ciated with year-to-year variations in the East Australian Current and
explaining nearly half of the variability, and the second associated with
semi-persistent ∼5-year variations in a dipole pattern over the shelf.
Finally, the hundreds of MHW events spread across the 12 regions of
the shelf were categorised into 12 types, each with its own set of MHW
properties, regionality, seasonality and associated circulation patterns.
Many types were associated with some combination of the East
Australian Current, offshore anticyclonic eddies, warm air tempera-
tures, and/or wind anomalies from northwesterly-to-easterly directions
(inclusive clockwise). Notably, event-types were characteristically de-
void of cool SSTs over the shelf, northward ocean currents, or wind
anomalies from westerly or southerly directions.

Fig. 4. Regional ocean and atmospheric circulation and temperature associated with the two modes of interannual variability. Presented are anomalies of sea surface temperature
(colours, left), surface currents (arrows, left), air temperature (colours, right) and surface winds (arrows, right) after projection onto the (upper) first and (lower) second EOF modes of
total annual MHW days. The two reference bars (over land) indicate (upper) an ocean current of 0.05m s−1 and (lower) a wind speed of 0.2 m s−1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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These results have implications for understanding climate change in
the region and the predictability of extreme ocean temperatures. That
the southeastern part of Tasmania is a region of strong positive trends in
marine heatwave properties is consistent with our understanding of this
region as a front line of climate change. The east coast of Tasmania is
the climatological boundary between the East Australian Current (EAC)
and the Zeehan Current (ZC; Oliver et al., 2016), with the EAC being

substantially warmer than the ZC and penetrating further south due to
anthropogenic climate change (Ridgway, 2007; Oliver and Holbrook,
2014). Therefore, as the boundary between the two currents pushes
south, regions formerly unexposed to the warm waters of the EAC will
present a strong and significant response expressed through mean
warming and increases in extremes – with likely ecological impacts.
Associated with this long term warming are predictable interannual

Fig. 5. Average ocean states during each of the 12 Self Organising Map (SOM) nodes. Colours (arrows) indicate SSTs (surface current) anomalies averaged across all events assigned to
that node. The count of MHW events assigned to each node (and the proportion out of the total count) is indicated in the panel titles. The reference bar (over land) indicates an ocean
current of 0.15m s−1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

E.C.J. Oliver et al. Progress in Oceanography 161 (2018) 116–130

123



variations in MHWs. As our analysis shows, large-scale year-to-year
pulses of the potentially predictable EAC lead to interannual variations
in the count of annual MHWs and these are superimposed on persistent
multi-year variations. Finally, the set of 12MHW types offer a form of
“synoptic typing” in that they are associated with large-scale oceanic
and atmospheric circulation patterns. If these patterns are present (or
forecast) then the region may be predisposed to the occurrence of
MHWs of the types described here. For example, if strong EAC

conditions and northeasterly wind anomalies are forecast (using ex-
isting coarse-resolution forecast systems) during the Spring or Summer
we might expect an increased likelihood of short and intense MHW
events across the whole region (i.e. node (4,1) – see Table 4), without
having to explicitly forecast the coastal ocean itself at high-resolution.
In contrast, the absence of these patterns indicates a predisposition for a
lack of such MHWs in the region.

Fig. 6. Average atmospheric states during each of the 12 Self Organising Map (SOM) nodes. Colours (arrows) indicate surface air temperatures (surface wind) anomalies averaged across
all events assigned to that node. The count of MHW events assigned to each node (and the proportion out of the total count) is indicated in the panel titles. The reference bar (over land)
indicates a wind speed of 3m s−1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Ecological and management implications

Ecological impacts associated with these MHWs can be revealed by
short and long-term scientific studies, industry records, and citizen
science observations. This historical MHW analysis for eastern
Tasmania aims to shed light on previous ecological impacts for a range
of researchers and marine users.

Rapid changes and tipping points may occur as a result of extreme
events (Plagányi et al., 2014). In other regions, single MHWs have re-
sulted in fish kills (e.g. Wernberg et al., 2013) and dramatic habitat
changes (e.g. Wernberg et al., 2016; Hughes et al., 2017) that will likely
persist for some time. Although there have been some climate-related
long-term ecological changes in this study region (see Section 1), dra-
matic MHW impacts in this natural environment have been limited,
although acute stress on aquaculture species does occur (Hobday et al.,
2016b; Oliver et al., 2017a). The southerly location of Tasmania re-
lative to the Australasian continent means that coastal species found
here are likely to be living in the cooler end of the thermal preference
spectrum (e.g. Stuart-Smith et al., 2015), and so even summer MHW
changes in temperature have not exceeded critical temperature
thresholds for the majority of local species (Oliver et al., 2017a).
Conversely, milder winters due to climate-related warming, inter-
spersed with MHWs, facilitate southward range expansion of species to
Tasmania (e.g. sea urchin, Centrostephanus rodgersii, Ling et al., 2008;
Ling et al., 2009b; numerous fish, Last et al., 2010; Robinson et al.,
2015). For example, the establishment and gradual build-up of Cen-
trostephanus rodgersii within Tasmanian kelp beds can lead to an eco-
logical tipping-point (Ling et al., 2009a, 2015), which is reinforced by
direct loss of kelps due to dieback during extreme conditions (e.g.
Valentine and Johnson, 2003; Johnson et al., 2011; S. Ling, pers. obs.).
In the present study, significant positive trends were found for MHW
types (2,3) and (3,3) – winter MHWs which could be of importance for
sea urchin larval development for larvae spawned in Tasmanian waters
– and for type (4,1) – spring/summer MHWs associated with an EAC
influence and conditions whereby greatest influx of Centrostephanus
larvae from mainland Australia may occur.

There is also the potential for MHWs to impact the occurrence of
viruses and harmful algal blooms, of great importance to the fisheries
and aquaculture industries in Tasmania. For example, the 2015/16
MHW in the Tasman Sea led to an outbreak of Pacific Oyster Mortality
Syndrome, a virus linked to warmer waters (Green et al., 2014), with
significant impact on the oyster industry (Oliver et al., 2017a). On the

other hand, the response of harmful algal blooms appears to be strongly
dependent on water column stratification (Hallegraeff, 2010), which
can be influenced by MHWs. The response of harmful algal blooms is
further dependent on the seasonal timing of MHWs: i.e. along eastern
Tasmania, warming at the end of the cool season (October-November)
driving water temperatures above 15 °C could terminate blooms earlier,
while conversely an earlier event (May-June) could enhance the growth
season (Gustaaf Hallegraef, IMAS, pers. comm.). For example, a recent
marine heatwave (Spring/Summer of 2017) in the Tasman Sea and
south of Tasmania briefly touched the east coast of Tasmania, where it
ended a paralytic shellfish poisoning bloom, allowing for the opening of
the lobster fishery (Alistair Hobday, CSIRO, pers. comm.).

A workshop describing these Tasmanian MHW results was held in
March 2017 with managers and marine resource users representing
wild fisheries (lobster, abalone, finfish), and coastal aquaculture busi-
nesses (salmon, mussel, oyster). These and subsequent discussions re-
vealed that managers still see MHW events largely as “natural” al-
though the perception of being climate-related is increasing due to the
general warming trend off eastern Tasmania (Holbrook and Bindoff,
1997; Ridgway, 2007), and commentary around eastern Tasmania
MHW events in 2012 (Hodgkinson et al., 2014) and 2015 (Oliver et al.,
2017a) where impacts on farmed species were reported. An increased
scientific ability to do attribution studies also provides new climate-
related evidence to marine stakeholders (e.g. Oliver et al., 2017a).

Importantly in this region, long term ocean warming trends and
associated impacts are understood by recreational fishers (van Putten
et al., 2014), commercial fishers (Nursey-Bray et al., 2012; Pecl et al.,
2014) and aquaculture businesses (Spillman and Hobday, 2014), due to
the pervasive nature of the long-term changes in distribution, abun-
dance, and phenology already observed (Johnson et al., 2011; Frusher
et al., 2014). The connection with the poleward-flowing East Australian
Current for both long-term warming (Ridgway, 2007) and extremes
(Oliver et al., 2014, 2017a; this paper) means that environmental un-
derstanding that stakeholders have based on long-term trends can be
extended to include extremes such as MHWs, such as was recognised for
the 2011 Western Australia marine heatwave (Metcalf et al., 2015).
This positions regional fishery and aquaculture managers to use these
historical data to understand past impacts as well as prepare for future
risks. For example, aquaculture managers, with their greater system
control, can implement a range of responses during MHW events, and
the typological classification may help refine these choices (Spillman
and Hobday, 2014). Cooler areas can be identified for different MHW
types and some activities relocated to these areas, stocking densities can
be reduced, and harvesting can be initiated earlier. Fishery and en-
vironmental managers with whom we discussed this work had a par-
ticular interest in the subsequent effects of MHW events such as delayed
mortality, reduced recruitment or breeding success. These marine
managers indicated that although they have few responses that they can
apply during a MHW, they may make adjustments in subsequent years,
for example, to harvesting levels, if effects persist at longer time scales.
While the overwhelming focus of climate change related temperature
effects is mortality of sensitive taxa, sub-lethal physiological stress
leading to reproductive failure may have far greater consequences for
population dynamics through recruitment failure. The typology of
MHWs, when combined with retrospective analysis of ecological im-
pacts might allow estimation of the subsequent ecological impacts for
different MHW types, and thus inform management responses. Un-
certainty about the relative effect of MHW duration and intensity on
coastal ecological systems, and thus on the resources that stakeholders
farm or harvest, necessitates additional study in partnership with these
industries.

Table 3
Average MHW properties for each SOM node. The Frequency columns shows the total
number of MHW events in each node, and in brackets the percentage from the total of 486
events. The remaining columns show the MHW durations (days), maximum intensities
(°C), cumulative (°C days) and depths (m) averaged across all events in each node.

Node Frequency Duration Max. int. Cum. int. Depth

(1,1) 54 (11.1%) 18.4 1.84 26.2 113
(2,1) 47 (9.7%) 14.7 2.25 24.0 127
(3,1) 48 (9.9%) 10.5 2.29 19.8 85.4
(4,1) 69 (14.2%) 7.5 2.46 15.3 98.9
(1,2) 14 (2.9%) 25.0 2.07 36.2 102
(2,2) 27 (5.6%) 17.1 2.21 29.4 86.3
(3,2) 10 (2.1%) 14.8 2.27 26.4 112
(4,2) 35 (7.2%) 10.5 2.39 20.7 111
(1,3) 57 (11.7%) 14.9 1.63 19.9 128
(2,3) 33 (6.8%) 18.2 1.80 22.9 114
(3,3) 35 (7.2%) 16.3 1.92 23.3 60.4
(4,3) 57 (11.7%) 8.5 1.94 13.5 82.0
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In the meantime, we are working with managers and stakeholders to
improve their ability to use these analyses, in areas such as risk-based
management, harvest strategies, dynamic ocean management, coastal
zoning and site selection. While stakeholders understand the need to
develop mechanistic understanding supported by the retrospective
analyses presented here, a range of discussions have revealed great
interest in forecasts of MHW events. Forecasts of mean ocean state at a
monthly temporal resolution are already delivered to ocean users in this

region (Spillman and Hobday, 2014; Hobday et al., 2016b), which may
contribute to demand for MHW predictions. Such predictions, which
generally requires daily temporal resolution may be possible with new
seasonal ocean forecast models (e.g. BOM ACCESS S, 25 km resolution),
and distinguishing the type of MHW may provide additional prediction
skill and inform the response options to users along this rapidly
warming coastline.

Fig. 7. Spatial and seasonal distribution of MHWs for each SOM node. The colour in each of the 12 regions indicates the proportion of events belonging to that node that occurs in each
region (associated with upper right colourbar). The colour in each of the four quarter-circles indicate the proportion of events belonging to that node that occurs in each season
(Su= Summer, Sp= Spring, Wi=Winter, Au=Autumn; associated with lower right colourbar). The count of MHW events assigned to each node (and the proportion out of the total
count) is indicated in the panel titles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix A. Description of the MHW types

Below are descriptions of each of the 12 MHW types (SOM nodes).

A.1. Node (1,1)

Node (1,1) exhibits broad southward flow both on and off the shelf,

Fig. 8. Annual time series of MHW days associated with each SOM node. Panels with red bars indicate a statistically significant ( <p 0.05) linear trend. The count of MHW events assigned
to each node (and the proportion out of the total count) is indicated in the panel titles.

Table 4
Qualitative summary of the MHW typology. The regions commonly represented, seasonal occurrence, MHW properties, and associated ocean and atmospheric conditions are presented
for each SOM node. The following definitions were used for the descriptive terms: frequent meant ⩾10%, infrequent meant ⩽5%, long (short) events lasted at least (most) 18 (10) days,
intense (weak) events had a maximum intensity of at least (most) 2.2 °C (1.8 °C), deep events extended vertically over at least 110m, the only node marked shallow had the shallowest
events of all nodes. Acronyms are defined as: SE=Southeast, N=North, E=East, NE=Northeast, NW=Northwest, EAC=East Australian Current, AC=Anticyclonic. Region names
are defined in Fig. 1.

Node Region Season MHW properties Conditions

(1,1) All Autumn Frequent, long, deep Broad southward flow on and off the shelf, E-erly winds
(2,1) All exc. SE coastal and NE offshore Spring Intense, deep EAC flow over shelf, AC eddy off the SE, E-erly winds
(3,1) All Spring, Summer Intense, fast onset and decline EAC flow over shelf, AC eddy off the SE, NE-erly winds
(4,1) All Spring, Summer Frequent, intense, short, fast onset Strong EAC, large spatial scale, warm air, N-erly winds
(1,2) ZCD, CD Summer Infrequent, long EAC flow over shelf
(2,2) ZCS, HE Summer Intense, fast decline Broad southward flow over shelf, eddy off the SE
(3,2) OBMP All Infrequent, intense, deep Eddy train offshore
(4,2) OBMP, northern, eastern offshore Spring, Summer Intense, deep Eddy train offshore, warm air, N-erly winds
(1,3) Northeast Autumn, Winter Frequent, weak, deep, slow onset and decline Weak flow over shelf, eddy train offshore, weak atmosphere
(2,3) EACD, OBMP, FHNB, DC Winter Weak, long, deep Weak flow over shelf
(3,3) Southeast coastal and OBMP Winter Shallow Eddy off the SE, moderate strength Zeehan Current
(4,3) Southeast coastal and ZCD Autumn, Winter Frequent, short, shallow Strong Zeehan Current, warm air, NW-erly winds
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a hotspot of warm SSTAs (∼1 °C) centred on the shelf between the
Freycinet and Tasman Peninsulas, strong easterly winds and relatively
low air temperature anomalies (⩽1 °C). This node occurs frequently
(11.1% of all events) and MHWs are distributed across all regions, al-
through perhaps more in the south than north. Events occurred pre-
dominantly in the Autumn and on average were long (18.4 days) and
deep (113m). Annual marine heatwave days associated with this node
had a statistically significant linear increase of 8.95 days decade−1.

A.2. Node (2,1)

Node (2,1) exhibits broad southward flow both on and off the shelf
(with offshore flow indicating an influence of the EAC), an anticyclonic
eddy off southeastern Tasmania, warm SSTAs (up to ∼2 °C) over the
most of the shelf (but stronger in the south), moderate easterly wind
anomalies and moderate air temperature anomalies 1–2.5 °C). This
node occurs relatively frequently (9.9% of all events) and MHWs are
distributed across most regions, excluding EACD and the nearshore
regions of the southeast. Events occurred predominantly in the Spring
and on average were intense (2.25 °C) and deep (127m). Annual
marine heatwave days associated with this node had a statistically
significant linear increase of 8.56 days decade−1.

A.3. Node (3,1)

Node (3,1) exhibits broad southward flow both on and off the shelf
(with offshore flow indicating an influence of the EAC), an anticyclonic
eddy off southeastern Tasmania, warm SSTAs (up to ∼2 °C) over the
central and offshore southern parts of the shelf, strong northeasterly
wind anomalies and moderate air temperature anomalies over the shelf
(1–2 °C). This node occurs relatively frequently (9.7% of all events) and
MHWs are distributed across most regions, excluding EACD and the
nearshore regions of the southeast. Events occurred predominantly in
the Spring and Summer and on average were intense (2.29 °C) with fast
onset and decline rates (onset and decline rates not shown, see Oliver
et al. (2017b) details).

A.4. Node (4,1)

Node (4,1) exhibits strong southward flow both on and off the shelf
(with a strong signature of the EAC offshore), very warm SSTAs (up to
∼3 °C) over the entire shelf, strong northeasterly wind anomalies and
warm air temperature anomalies over the shelf (2–4 °C). This node
occurs the most frequently of all nodes (14.2% of all events) and MHWs
are distributed across all regions. Events occurred only in the Spring
and Summer and on average were the most intense (2.46 °C) and
shortest (7.5 days) of all nodes, with fast onset rates. Annual marine
heatwave days associated with this node had a statistically significant
linear increase of 5.12 days decade−1.

A.5. Node (1,2)

Node (1,2) exhibits broad southward flow both on and off the shelf,
warm SSTAs (∼1 °C) predominantly away from the coast off the south
of the shelf, moderate easterly wind anomalies and relatively low air
temperature anomalies (∼1 °C). This node occurs infrequently (2.9% of
all events) and MHWs are distributed primarily in the offshore south-
east (CD, ZCD) regions. Events occurred predominantly in the Summer
and on average were the longest of all nodes (25.0 days).

A.6. Node (2,2)

Node (2,2) exhibits southward flow over the shelf, an anticyclonic
eddy off southeastern Tasmania, warm SSTAs (∼1 °C) over most of the
shelf, moderate northeasterly wind anomalies and moderate air tem-
perature anomalies (1–2.5 °C). In this node occurs 5.6% of all events
and MHWs are distributed primarily in the ZCS and HE regions. Events
occurred predominantly in the Summer and on average were intense
(2.21 °C) with fast decline rates.

A.7. Node (3,2)

Node (3,2) exhibits a train of eddies running parallel to (and just
offshore) the shelf edge, warm SSTAs (up to ∼2 °C) over most of the
southern half of the shelf, moderate northerly wind anomalies and
moderate air temperature anomalies (1–2 °C). This node occurs the
most infrequently (2.1% of all events) and most MHWs were in the
OBMP region. Events occurred across all seasons (with a slight pre-
ference for Spring and Summer) and on average were intense (2.27 °C)
and deep (112m).

A.8. Node (4,2)

Node (4,2) exhibits a train of eddies running parallel to (and just
offshore) the shelf edge, very warm SSTAs (up to 1–2.5 °C) over most of
the shelf, stong northerly wind anomalies and warm air temperature
anomalies (2–3 °C). In this node occurs 7.2% of all events and most
MHWs were in the OBMP region, with some across the northern regions
and offshore to the east. Events occurred predominantly in the Spring
and Summer and on average were intense (2.39 °C) and deep (111m)

A.9. Node (1,3)

Node (1,3) exhibits weak flow over the shelf, a train of eddies
running parallel to (and just offshore) the shelf edge, SSTAs of ⩽1 °C
increasing to the north, very weak wind anomalies and very low air
temperature anomalies (⩽1 °C). This node occurs frequently (11.7% of
all events) and MHWs are distributed primarily in the northern regions.
Events occurred predominantly in the Winter and Autumn and on
average were the weakest (1.63 °C) but deepest (128m) of all nodes,
with slow onset and decline rates.

A.10. Node (2,3)

Node (2,3) exhibits weak flow over the shelf, SSTAs of ⩽1 °C over
the shelf except in the coastal southeastern regions where SSTAs were
up to 2 °C, moderate northerly wind anomalies and moderate air tem-
perature anomalies (1–2 °C). In this node occurs 6.8% of all events and
MHWs are distributed across the shelf with little spatial structure
(highest numbers in EACD, OBMP, FHNB and DC). Events occurred
predominantly in the Winter and on average were weak (1.80 °C), long
(18.2 days) and deep (114m). Annual marine heatwave days associated
with this node had a statistically significant linear increase of 21.7 days
decade−1.

A.11. Node (3,3)

Node (3,3) exhibits weak flow over most of the shelf except for a
moderate strength Zeehan Current flowing eastward over the southern
portion, an anticyclonic eddy off southeastern Tasmania, SSTAs of
⩽1 °C over the shelf except in the coastal southeastern regions where
SSTAs were up to 2 °C, moderate-to-strong northerly wind anomalies
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and warm air temperature anomalies over the shelf (1–3 °C). In this
node occurs 7.2% of all events and MHWs are distributed pre-
dominantly in the coastal regions of the southeast (SB, FHNB, DC, HE)
and east (OBMP). Events occurred predominantly in the Winter and on
average were the shallowest (60.4m) of all nodes. Annual marine
heatwave days associated with this node had a statistically significant
linear increase of 10.2 days decade−1.

A.12. Node (4,3)

Node (4,3) exhibits eastward flow over most of the shelf particu-
larly in the south where there is a strong Zeehan Current entering from
the west, warm SSTAs (∼1 °C) over most of the shelf except in the
coastal southeastern regions where SSTAs were up to 2–3 °C, strong
northwesterly wind anomalies and warm air temperature anomalies
over the shelf (2–3.5 °C). This node occurs frequently (11.7% of all
events) and MHWs are distributed predominantly in the coastal regions
of the southeast (SB, FHNB, DC, HE) the offshore region of the south
(ZCD). Events occurred predominantly in Winter and Autumn and on
average were short (8.5 days) and relatively shallow (82.0 m). Annual
marine heatwave days associated with this node had a statistically
significant linear increase of 8.44 days decade−1.
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