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ABSTRACT 

Marine heatwaves around Australia, and globally, have been increasing in their frequency, 
intensity, and duration. This study reviews and catalogues marine heatwave metrics and trends 
around Australia since 1982, from near the beginning of the satellite sea-surface temperature 
observing period. The years in which the longest and strongest marine heatwaves around 
Australia occurred are also recorded. In addition, we analyse marine heatwaves in selected 
case study regions, and provide a short review of their associated impacts. These regions include: 
off the Western Australian coast, Torres Strait, Great Barrier Reef, Tasman Sea, and South 
Australian Basin. Finally, we provide a brief review of progress in understanding the potential 
predictability of sea surface temperature changes and marine heatwaves around Australia.  

Keywords: Australian climate, case studies, extreme events, marine heatwaves, observations, 
potential predictability, sea surface temperature, trends. 

1 Introduction 

Marine heatwaves (MHWs) have been increasing in their frequency, intensity, and 
duration across most of the world’s oceans (Oliver et al. 2018a; Laufkötter et al. 2020) 
and coastal regions (Marin et al. 2021) over the past century. These changes are largely 
due to anthropogenically-forced increases in air and ocean temperatures (Oliver et al. 
2018a; Oliver 2019), with further increases expected under continued global warming 
(Frölicher et al. 2018; Oliver et al. 2019). Marine heatwaves can cause severe ecological 
impacts, such as coral bleaching (Hughes et al. 2017), mass mortality or redistribution of 
fish and invertebrates (Bond et al. 2015; Wernberg et al. 2016; Ugalde et al. 2018; Caputi 
et al. 2019; Smale et al. 2019), and loss of seagrass and kelp forests (Wernberg et al. 
2013, 2016; Arias-Ortiz et al. 2018; Smale et al. 2019; Thomsen et al. 2019). Such 
environmental damage has human societal consequences, such as catch quota restrictions 
(Caputi et al. 2019), fishery closures (Cavole et al. 2016; Di Lorenzo and Mantua, 2016;  
Caputi et al. 2019), trade tensions among nations (Mills et al. 2013), food poisoning and 
shortages (Llewellyn 2010; Skinner et al. 2011), and cultural and food security impacts to 
indigenous peoples (Johnson et al. 2018, 2020). 

Australia is home to a diverse, fragile, economically vital, and culturally significant 
marine environment. As the world’s largest coral reef ecosystem, and a World Heritage 
site, the Great Barrier Reef (GBR) has extensive indigenous, social, historic, scientific, 
and natural value (GBRMPA 2014; Smith and Spillman 2019). It also supports 64 000 
jobs, contributing A$6.4 billion per annum to the Australian economy (Smith and 
Spillman 2019). However, over the period 2015–2020, the GBR experienced three 
mass coral bleaching events, caused by MHWs (Bureau of Meteorology 2020). 
Immediate action is necessary to curb global warming, and to protect the future of the 
GBR (Hughes et al. 2017). 

A number of other Australian marine regions have been identified as having signifi-
cant value. McInnes et al. (2021) proposed five criteria for gauging such significance. 
These include socio-economic or traditional value, vulnerability to climate change, 
severity of projected impacts, potential for predictability, and potential for adaptation. 
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Under these criteria, the Western Australian coast, Tasman 
Sea, and Torres Strait were identified, along with the GBR 
(McInnes et al. 2021). 

Under projected climate changes, MHWs around Australia 
are expected to increase in their severity and duration pri-
marily due to mean temperature change, but changes in 
variability may also be important in some regions (Misra 
et al. 2021). It is because Australia’s marine environment is 
diverse and valuable, but fragile to the potential damage 
from climate change, that a focused review of historical 
MHW metrics and trends around Australia is timely. 

This study catalogues the Australian region MHW history 
over the satellite observational period during 1982–2020, 
for which the most accurate and homogeneous sea surface 
temperature (SST) data are available at daily resolution 
(described in Section 2). Broad MHW metrics and trends 
are presented in Section 3, with a closer examination of the 
most extreme events occurring in case study regions pre-
sented in Section 4. 

Despite the clear and often devastating impacts of heat-
waves on marine life (e.g. Smale et al. 2019), our knowledge 
of MHW predictability remains in its infancy. Nevertheless, 
research over the past several decades has culminated in 
increased process-based understanding of the mechanisms 
that cause MHWs around the world (Holbrook et al. 2019), 
providing us with a segue to now usefully consider their 
potential predictability, the development of operational pre-
diction systems, and the implications of long-term projections 
(Holbrook et al. 2020b). Now, more than ever, there is a 
compelling need to understand the predictability of MHWs to 
help guide conservation, fisheries management, and aquacul-
ture practices in a warming world (Holbrook et al. 2020b). 
A review on the progress of the potential predictability of SST 
and MHWs, with a focus on the Australian region, is pre-
sented in Section 5, followed by discussion and conclusions in 
Section 6. 

2 Data and methods 

MHWs around Australia have been analysed in this study 
from observational SST data, using the 0.25° gridded Daily 
Optimum Interpolation Sea Surface Temperature (DOISST), 
version 2.1, provided by the National Oceanic and 
Atmospheric Administration (NOAA; Huang et al. 2021a). 
The DOISST product represents a combination of observa-
tions from satellites, ships, buoys, and Argo floats mapped 
onto a regular global 0.25° grid. A spatially complete SST 
field is produced by interpolation to fill gaps (Reynolds et al. 
2007). This latest version 2.1 of the product was released in 
April 2020, and offers major improvements over the earlier 
version 2.0 from 1 January 2016 onwards, which includes 
broader incorporation of buoy and Argo float data to 
correct for satellite biases, enhanced satellite data input, 
refined bias correction algorithms, and revised sea-ice 

concentration conversion (Banzon et al. 2020). Prior to 1 
January 2016, temperature and anomaly data in versions 
2.0 and 2.1 are identical, but the file formats in version 2.1 
have been updated from netCDF3 to netCDF4, along with 
the metadata (Huang et al. 2021a). The dataset commences 
on 1 September 1981, but here the last few months of 
1981 have been truncated such that the period of our anal-
ysis commences from 1 January 1982 and ends at 31 
December 2020. 

Many observational SST products are available, but the 
primary requirements for the MHW analysis herein were 
high spatial and temporal resolution, over a long time 
span. Several products fulfill these requirements (Yang 
et al. 2021), but the DOISST dataset has been widely used 
in MHW studies, and it ranks highly for maturity in terms of 
documentation, storage, and dissemination (Yang et al. 
2021). There are larger differences between different pro-
ducts in the early years of the satellite era (1982–2002), and 
although the NOAA DOISST product exhibits a cool bias in 
most regions, and in the global mean, the differences are 
small compared to the observational product ensemble 
median (Yang et al. 2021). Around Australia, there are slight 
cool biases off the northwest coast in the Indian Ocean, and 
in the Great Australian Bight, but the biases relative to the 
ensemble median are negligible in other regions around 
Australia (Yang et al. 2021). Biases and root-mean-square 
differences in the period 2016–2020 relative to measure-
ments from all buoys and Argo floats are also low compared 
to other products (Huang et al. 2021b). 

Given the relatively small differences between different 
observational products, it is expected that most would result 
in very similar MHW metrics. An analysis of coastal MHWs 
around the planet indicates that the largest differences occur 
in mean MHW intensities, with much smaller differences in 
all other metrics (Marin et al. 2021). Around Australia, most 
MHW metrics (aside from mean MHW intensities) are in 
agreement across products (Marin et al. 2021). The Marine 
Heatwaves Tracker (http://www.marineheatwaves.org/ 
tracker.html) allows for comparison between three different 
observational products (DOISST, ESA SST CCI v2.1, and 
CMC). Some testing with that tool shows that although 
there are differences in the annual maximum MHW cate-
gory, the spatial patterns tend to be largely in agreement. 
This study is not intended to be a comparison between 
observational products, but the public availability of the 
MHW metrics generated by this study may facilitate future 
comparison between MHW metrics from DOISST and other 
products. 

A MHW is qualitatively defined as a discrete, prolonged, 
anomalously warm water event. We apply a quantitative 
definition following Hobday et al. (2016), where a MHW 
is a period during which the daily temperature exceeds the 
90th percentile threshold, above a seasonally varying clima-
tology, for at least five consecutive days. Two excursions 
above the threshold separated by less than 3 days are 
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considered a single event. Here the climatological period is 
chosen as 1983–2012, following the recommendation of  
Hobday et al. (2018). The climatological mean and 90th 
percentile threshold were computed over an 11-day window 
centred on each calendar day, sampling each year within the 
baseline period. After computing the mean and threshold for 
each calendar day, they were further smoothed by applying 
a 31-day moving mean. 

Categorisations of MHW intensities are based on multi-
ples of the local (spatial and temporal) difference  between 
the climatological mean and the 90th percentile threshold 
(Hobday et al. 2018). In this way, intensities between 
1× and 2× this value are denoted as Moderate, between 
2× and 3× as Strong, between 3× and 4× as Severe, and 
>4× as Extreme. 

The maximum intensity of a MHW is taken as the largest, 
single-day, temperature anomaly of the event, relative to the 
smoothed climatological mean. The duration is the period 
between first day of exceedance of the smoothed 90th per-
centile, and the day of departure below the threshold. The 
frequency is the average number of MHW events detected per 
year, and computed by counting the total number of events 
over a given period, then dividing by the number of years. 
The cumulative intensity of an event is the sum of the tem-
perature anomaly, relative to the smoothed climatological 
mean, over each day of the event, given in units of °C days. 

Since the maximum MHW intensity is identified as the 
largest temperature anomaly, seeking the strongest MHWs 
following this measure tends to return events that typically 
occur during the months of strongest SST variability, usually 
the summer months outside of the tropics, when departures 
from the seasonally varying climatology tend to be larger. The  
Hobday et al. (2018) MHW category definition accounts for 
this seasonal effect, since the category is a discrete multiple of 
the SST anomaly (SSTA) scaled by the seasonally varying 
difference between the 90th percentile threshold and the 
climatological mean. The continuous ratio has been referred 
to as ‘severity’ in some studies (e.g. Misra et al. 2021), i.e. 

Severity = SSTA
Threshold Climatology

.

The maximum severity is thus simply the largest, single- 
day, normalised intensity during a MHW. This use of the 
maximum severity, as opposed to maximum intensity, 
avoids any seasonal bias in ranking the strongest MHW 
events. Note that the severity is a dimensionless index, 
whereas the usual definition of intensity is in units °C. 

The Oceanic Niño Index (ONI) is used in reference to 
the El Niño–Southern Oscillation (ENSO) phase and magni-
tude. Data are provided by the NOAA Climate Prediction 
Center. The MHW metrics were computed using the 
marineHeatWaves python module, written by Eric C. J. 
Oliver and publicly available at: https://github.com/ 
ecjoliver/marineHeatWaves. 

The MHW metrics generated by this study, along with the 
code, are publicly available at: https://github.com/jbkajtar/ 
mhw_australia. 

3 MHWs in the Australian region 

There is a considerable degree of variation in mean MHW 
metrics around different parts of Australia (Fig. 1). Over the 
period 1982–2020, there have been 2–3 MHWs per year on 
average across most of the region, but more than three 
events per year off the coasts of northwest and southeast 
Australia, and fewer than two events per year in the 
southwest (Fig. 1a). The spatial pattern of mean maximum 
intensity per MHW provides further details (Fig. 1b). The 
southeast exhibits the most intense MHWs, at >2.5°C above 
the climatological mean on average. The strong intensity 
MHWs in that region are associated with the western bound-
ary current, namely the East Australian Current (EAC) and 
the EAC Extension south of ~33°S (Ridgway 1997, 2007). 
Western boundary currents in the subtropics transport heat 
poleward along the western margins of ocean basins, and 
typically exhibit strong temperature fronts and eddies, with 
large variability across a range of timescales (Holbrook et al. 
2019). Southwest Australia also exhibits intense MHWs, 
despite markedly less frequent MHWs. Conversely, to the 
northwest of Australia, where MHW frequency is high, the 
mean intensity is lower than in the southeast and southwest. 
Mean MHW duration tells a different story (Fig. 1c). The 
longest events occur in the Tasman Sea, at close to 20 days 
on average, and the shortest events occur around Papua 
New Guinea and Indonesia. Despite the regional variations 
in MHW metrics, a common signature is that the Tasman Sea 
has tended to have more frequent, stronger, and longer 
MHWs than other locations around Australia. 

Trends in MHW metrics also reveal that the Tasman Sea 
has been experiencing the largest increase in frequency, 
intensity, and duration over the past four decades, relative 
to other Australian region marine waters (Fig. 1d–f). The 
Tasman Sea has been deemed a global warming hotspot 
(Holbrook and Bindoff, 1997; Ridgway, 2007; Wu et al. 
2012; Hobday and Pecl, 2014; Oliver et al. 2017). 
Frequency, intensity, and duration of MHWs have all trended 
sharply upward in the region over recent decades. There are 
some areas of negative trends, mostly seen in intensity 
(Fig. 1e), but they are much weaker in magnitude than in 
the regions experiencing positive trends. Time series of 
annual MHW metrics, averaged over the whole Australian 
region, similarly show positive trends (Fig. 1g–i). Annual 
MHW frequency (Fig. 1g) and duration (Fig. 1i) both 
show a clear increasing trend, but it is close to zero for 
intensity (Fig. 1h). The ENSO is a primary driver of 
MHWs around Australia, but other modes also play a role 
(Holbrook et al. 2019). As will be shown qualitatively in 
Section 4, El Niño drives MHWs in some regions, whereas La 
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Niña plays a greater role in others. There are notable peaks 
in the timeseries for MHW duration in 1988, 1998, 2010, 
and 2016 (Fig. 1i), all of which are years in which ENSO 
switched from El Niño to La Niña, but are furthermore 
linked to the extreme La Niñas in 1988/1989 and 2010/ 
2011, and extreme El Niños in 1997/1998 and 2015/2016. 

To illustrate that each MHW metric is not necessarily 
coupled, the years in which the strongest and longest 
MHWs around Australia occurred were analysed (Fig. 2). 
The strongest MHWs are taken to be those exhibiting the 
most intense single-day SST departure from climatology, 
and the longest MHWs as those with the longest period for 
which SST is above the 90th percentile threshold. The years 
in which the strongest (Fig. 2a) and longest (Fig. 2b) MHWs 
occurred do not necessarily coincide, and in fact rarely do. 
Only in some small regions, mostly off the coast of Western 
Australia or in the Tasman Sea, are they the same. The 
largest intensity MHWs appear to typically coincide with 
extreme ENSO events. The strongest MHWs in the south, and 
in a scattering of other areas, coincide with the 1982/1983 
El Niño (dark blue), the far southwest and far northwest with 
the 1998/1999 La Niña (teal), the Western Australian coastal 

region with the 2010/2011 La Niña (dark yellow), and the 
Tasman Sea with the extreme 2015/2016 El Niño (gold;  
Fig. 2a). With some minor exceptions, the longest duration 
events have mostly occurred since 2010 (Fig. 2b). 

Maximum MHW intensities of the strongest events have 
exceeded +5°C in parts of the Tasman Sea and off Western 
Australia (Fig. 2c). These areas mostly align with the small 
regions where the strongest and longest MHWs tend to 
coincide, which can also be seen by comparing with 
the maximum intensities for the longest duration MHWs 
(Fig. 2d). Intensities exceeding +5°C are exceptionally 
rare, and most of the seas around Australia have not experi-
enced SSTs more than 3°C above normal (Fig. 2c). The 
longest MHWs around Australia have exceeded 200 days 
in duration, and they have occurred primarily in the 
Tasman Sea, and near the island of Java in the northwest 
(Fig. 2f). It is rare for MHWs in the Australian region to 
exceed 100 days in duration, with some parts of the north-
east not having experienced MHWs of duration longer than 
50 days over this observational period. The difference in 
duration of the strongest and longest MHWs is substantial 
(cf. Fig. 2e, f). 
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Fig. 1. Observed marine heatwave (MHW) 
metrics around Australia from 1982 to 2020. 
(a–c) Annual means of number of MHWs per 
year, maximum intensity (°C above climatol-
ogy), and duration. (d–f) Linear trends of the 
same metrics shown in (a–c). (g–i) Annual 
time series of metrics shown in (a–c), area- 
averaged over the entire region.    
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Another useful metric of MHWs is the category of inten-
sity (Hobday et al. 2018). The mean numbers of days per 
year spent in Moderate, Strong, Severe, or Extreme catego-
ries, in two 20-year periods, again demonstrate increasing 
MHW exposure days around Australia (Fig. 3). The mean 
number of Moderate MHW days per year increased substan-
tially in the period 2001–2020 relative to 1982–2001 (cf.  
Fig. 3a, b). There is likely to be greater uncertainty in the 
data in the earlier period, since there is less agreement 
between observational SST products prior to 2000 (Rayner 
et al. 2019), but the trend in MHW days is nevertheless clear. 
In the more recent period, there were at least 10 Moderate 
MHW days per year on average at every grid-point, with 
most experiencing >30 days per year (Fig. 3b). In contrast, 
almost nowhere experienced more than 30 MHW days per 

year in the earlier period (Fig. 3a). Similarly, the number of 
Strong and Severe MHW days per year have increased over 
the two periods (Fig. 3c–f). The changes are less clear for 
Extreme MHW days, since they have been rare (Fig. 3g, h). 
The timeseries of the fraction of ocean around Australia 
reaching maximum categories reinforces the finding that 
the number of Strong and Severe MHW days in particular 
is increasing, and the fraction of ocean not experiencing a 
MHW is decreasing (Fig. 3i). 

Since 1982, only very few areas have experienced the 
Extreme category of MHWs, and mainly only in the southern 
part of the region, including parts of the Tasman Sea, off the 
coast of Western Australia, in the Great Australian Bight, 
and in the Southern Ocean (Fig. 4). Several areas have not 
registered Severe MHWs, with Strong being the highest 
category observed. This is largely the case in the Coral 
Sea and the GBR. Despite the fact that the GBR has experi-
enced three MHWs in recent years, which resulted in exten-
sive ecological damage (Hughes et al. 2019; Bureau of 
Meteorology 2020), very few parts of the GBR have experi-
enced Severe category MHW days. An Extreme MHW in the 
GBR, should one occur, would therefore likely cause wide-
spread devastation. The features in Fig. 4 are evident in the 
spatial pattern for the global domain shown by Sen Gupta 
et al. (2020), despite using different versions of the NOAA 
DOISST data, and slightly different periods of analysis. 

4 MHWs in case study regions 

Here we more closely analyse the four marine case study 
regions discussed in the introduction and by McInnes et al. 
(2021), but add a fifth region (the South Australian Basin). 
The case study regions are indicated in Fig. 4. For each of 
the five identified regions, the SST in the domain was first 
area-averaged, and the MHW metrics then computed from 
the resulting daily time series. The time series of annual 
MHW days is presented in the following subsections, with an 
indication of the number of days spent in each MHW cate-
gory. The strongest MHWs (by maximum intensity, maxi-
mum severity, and cumulative intensity) and longest MHWs 
are identified, and the time series of some selected events 
are plotted. As shown earlier, the strongest and longest 
MHWs are not necessarily the same event, but in some 
regions they are. 

The bounds of the selected case study regions (justified in 
the respective sections that follow) are:  

• Western Australia: 110–116°E, 32.5–22°S.  
• Torres Strait: 132–148°E, 18–9°S.  
• Great Barrier Reef: 142–155°E, 25–10°S.  
• Tasman Sea: 147–157°E, 46–37°S.  
• South Australian Basin: 132–143°E, 40–31°S, but with the 

southwest corner trimmed along the line between 132°E, 
35°S and 143°E, 31°S. 
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Fig. 2. Distribution of the strongest and longest observed marine 
heatwaves (MHWs), on a 0.25° grid-point basis. (a) Start date (year) 
of the strongest MHW, determined as being the event with the largest 
maximum intensity (in °C) above climatology. (b) Start date (year) of 
the longest duration MHW in days. Small areas enclosed by red lines 
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and longest events indicated in (a) and (b). (e, f) Duration (days) of the 
strongest and longest events indicated in (a) and (b).   
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A shortcoming of this widely used area-averaged approach 
is that the MHW metrics are sensitive to the particular 
domains selected for each region. Hence, if a significant 
MHW occurred slightly outside the domain, or straddled 
the boundary, then it may not be identified as one of the 
strongest or longest MHWs. However, the regions were 
generally selected based on the spatial extent of major 
MHWs identified in the literature, and hence there is a 
historical context for the choices that were made. 

Although only the top three ranked MHWs by duration, 
maximum intensity, maximum severity, and cumulative 
intensity are discussed in the following sections, the publicly 
available dataset allows for further analysis. For example, 
analysis that may be more relevant to impact studies is the 
spatial pattern of MHW exposure days in a given year for a 

selected region. Although the dataset is not exhaustive, such 
a metric is readily available. 

4.1 Western Australia 

Hobday et al. (2018) identified two MHWs in the Western 
Australian region, one during 1999 classified as Severe 
(Category 3), and another in 2011 classified as Extreme 
(Category 4). The region selected here is similar to that 
used by Hobday et al. (2018), but extended farther to the 
north to include Shark Bay, which is World Heritage listed 
on the basis of its ‘outstanding universal value’ (NESP Earth 
Systems and Climate Change Hub 2018a). 

Averaging over the Western Australia region (110–116°E, 
32.5–22°S), the maximum MHW category observed is 
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Severe, in 2011, but Strong MHWs have occurred in several 
other years (Fig. 5). The discrepancy in the categorisation of 
the 2011 MHW, here as Severe, and Extreme by Hobday 
et al. (2018), is due to the fact that a larger region has been 
analysed in the present study, diminishing some of the large 
anomalies in the area-averaged SST. There have also been 
extended periods with no recorded MHWs, such as 
1990–1994, 2001–2008, and 2016–2018. During these per-
iods, several marine cold spells occurred (Feng et al. 2021).  
Holbrook et al. (2019) identified a link between La Niña and 
MHWs in this region (see their Supplementary fig. 3b), and 
that link is apparent here. The strongest La Niña events 
occurred in 1988/1989, 1998/1999, 2007/2008, and 
2010/2011 (Feng et al. 2013), and were all followed by 
elevated counts of MHW days (Fig. 5a). The high MHW 
day counts in 1989, 1999, and 2011 corresponded with 
the strongest Ningaloo Niño events, which is an episodic 
occurrence of warm ocean conditions along the subtropical 
coast of Western Australia (Kataoka et al. 2014, 2017; Feng 
et al. 2015; Marshall et al. 2015; Zhang et al. 2018). These 
Ningaloo Niño events were coincident with three of the 
four largest La Niña events (Kataoka et al. 2014; Feng 
et al. 2015). 

For the selected case study region, the longest MHW 
occurred in 1999 and persisted for 146 days (Fig. 5b). Its 
maximum intensity was 2.2°C above normal, ranking it 5th 
by event with most intense single-day anomaly, but 3rd by 
maximum severity (i.e. accounting for seasonal variability). 
The event had the largest cumulative intensity (183.5°C 
days), which is unsurprising given that longer duration 
usually results in greater cumulative intensity. It was classi-
fied as Strong for a period during July–August 1999. As 
noted earlier, Hobday et al. (2018) also identified this 

event, but found that it briefly entered the Severe category. 
This discrepancy is primarily due to the larger northward 
extent of this region selected here. Nevertheless, the two 
time series that characterise the event are similar (c.f.  
Fig. 5b and Hobday et al. 2018; their fig. 3f). Hobday 
et al. (2018) reported that they were unable to locate any 
studies that linked ecological impacts with this event. 

The strongest MHW in this region occurred in 2011 
(Fig. 5c). It ranks 1st in both maximum intensity (4.1°C 
above average) and maximum severity, but also ranks 3rd 
in duration (63 days). Again, there are strong similarities with 
the timeseries shown by Hobday et al. (2018; their fig. 3j), 
who show that the event was classified as Extreme (Category 
IV) for 12% of its duration. For the broader region selected 
here, the maximum classification is Severe (Category III). The 
anomalously warm ocean temperatures were largely driven 
by poleward advection of warmer tropical water, enhanced 
by a weakened northward Capes Current, and air–sea heat 
flux into the ocean (Pearce and Feng 2013; Benthuysen et al. 
2014). The 2011 Western Australian MHW, arguably the 
most extreme Australia has experienced, was associated 
with widespread impacts. Based on field studies and satellite 
estimates, Shark Bay experienced damage to about 36% of its 
extensive seagrass meadows (Arias-Ortiz et al. 2018), includ-
ing dieback (>90% in some areas), which have ecosystem- 
function, cultural, and economic significance, and led to 
closures in the scallop and crab fisheries (Thomson et al. 
2015; Caputi et al. 2019). A range of seaweed species became 
regionally extinct (Smale and Wernberg 2013; Wernberg 
et al. 2013, 2016), and kelp forests died back and were 
replaced by turf-forming algae (Wernberg et al. 2013,  
2016). Corals were severely impacted (Abdo et al. 2012;  
Moore et al. 2012) along with invertebrate species (Caputi 
et al. 2016). The heatwave had a lasting effect on the region, 
and after several years, only parts of the ecosystem have 
shown reasonable recovery (Caputi et al. 2019). 

While the iconic 2011 MHW commenced on 4 February 
2011, based on the MHW definition applied here, it was 
preceded by another notable event (Fig. 5c, Table 1) span-
ning 15 October 2010 to 30 January 2011. This earlier event 
ranks 2nd by duration and cumulative intensity, and 3rd 
and 4th for maximum intensity and severity, respectively. 
The unusually warm conditions prior to the 2011 MHW 
likely exacerbated the ecological devastation. 

The 2nd strongest MHW by maximum intensity occurred 
in 2012, which ranks 6th and 7th for duration and maxi-
mum severity respectively (Fig. 5d). This event was identi-
fied by Feng et al. (2015) and Holbrook et al. (2019), but 
associated ecological impacts do not appear to be recorded, 
perhaps due to the widespread devastation of the 2011 
event that preceded it by less than a year. The metrics of 
the four events discussed here, along with another MHW 
that occurred in 2015, are shown in Table 1. These five 
events together account for the top three ranking events in 
each metric shown. 

Maximum MHW category observed

W
A GBR

Tor

Tas

SAB

Moderate Strong Severe Extreme

120°E 150°E

45°S

30°S

15°S

Fig. 4. Maximum marine heatwave (MHW) category registered at 
each grid-point over the period analysed (1982–2020). Case-study 
regions in Section 4 are indicated by blue rectangles: Western 
Australia (WA), Torres Strait (Tor), Great Barrier Reef (GBR), 
Tasman Sea (Tas), and the South Australian Basin (SAB).   
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4.2 Torres Strait 

Benthuysen et al. (2018) identified a MHW off the coast of 
Northern Australia in 2016. They analysed five boxed regions, 
but since here the focus is the Torres Strait region in partic-
ular, a smaller subregion of their domain was chosen. The 
bounds of the domain selected here are 132–148°E, 18–9°S, 
which align with the extent of the Gulf of Carpentaria and 

Torres Strait boxed regions together, as used by Benthuysen 
et al. (2018). This 2016 MHW was also identified in other 
studies, each of which used slightly different regions of 
analysis (Hobday et al. 2018; Oliver et al. 2018b). 

The time series of annual counts of MHW days shows that 
MHWs have occurred in most years in the region (Fig. 6). 
Several years have also experienced Strong category MHWs. 
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Fig. 5. Western Australian marine heatwaves (MHWs), in the domain bounded by 110–116°E, 
32.5–22°S (as shown in  Fig. 4). (a) Annual counts of days observed in each MHW category, shown as 
stacked bars. The Oceanic Niño index, representing ENSO, is plotted as shades of red (El Niño) and blue 
(La Niña), where more intense colours indicate stronger phases. (b–d) Timeseries of some of the major 
MHWs in the region. In each panel, the blue curve denotes the smoothed climatological mean, the black 
curve is the area-averaged SST timeseries for the domain, and the yellow, orange, red, and dark red 
curves denote the levels for Moderate, Strong, Severe, and Extreme categorisation, respectively. The 
MHW events of particular interest during the period are colour shaded according to their category 
reached, and pink shading denotes MHWs other than the event being highlighted in each panel.    
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Table 1. List of major marine heatwaves in the Western Australian case study region. For each event, the start and end dates are noted, along 
with its total duration, maximum single day intensity, maximum single day severity, and cumulative intensity. The rank of the event for each 
metric, among all events in the region over the observed period, is given in parentheses. The table lists at least the top three ranked events for 
each metric.       

Dates (dd/mm/yyyy) Duration (days) Maximum intensity (°C) Maximum severity Cumulative intensity (°C days)  

02/04/1999–25/08/1999  146 (1)  2.23 (5)  2.72 (3)  183.5 (1) 

15/10/2010–30/01/2011  108 (2)  2.78 (3)  2.66 (4)  178.3 (2) 

04/02/2011–07/04/2011  63 (3)  4.13 (1)  3.56 (1)  150.0 (3) 

10/01/2012–23/02/2012  45 (6)  3.30 (2)  2.37 (7)  86.4 (4) 

20/09/2015–02/11/2015  44 (7)  1.89 (15)  2.82 (2)  56.0 (6)   
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Fig. 6. As in  Fig. 5, but for Torres Strait marine heatwaves (MHWs), in the domain bounded by 
132–148°E, 18–9°S (as shown in  Fig. 4).    

J. B. Kajtar et al.                                                                                           Journal of Southern Hemisphere Earth Systems Science 

292 



While no statistically significant correlation at zero lag was 
found with ENSO by Holbrook et al. (2019), it appears as 
though there is some lagged relationship with El Niño, since 
the 1982/1983, 1997/1998, 2009/2010, and 2015/2016 El 
Niño events were all followed by increased MHW days in the 
following year (Fig. 6a). 

In 2010, there were ~150 MHW days recorded (the 
second highest behind 2016). The longest duration MHW 
that year lasted 45 days, which was the 3rd longest and 3rd 
strongest by cumulative intensity, but only the 6th and 15th 
strongest with respect to maximum intensity and severity, 
respectively (Fig. 6b). 

Undoubtedly the most extreme MHW in the region 
occurred in 2016 (Fig. 6c). It ranks 1st for duration, maxi-
mum intensity, severity, and cumulative intensity, falling 
just short of Severe classification (Table 2) and persisting for 
172 days. Elevated ocean temperatures first arose in the 
southeast tropical Indian Ocean in November 2015, and 
propagated eastward toward the Coral Sea (Benthuysen 
et al. 2018). The MHW co-occurred with an extreme El 
Niño and weakened monsoon activity, which acted to 
enhance air–sea heat flux into the ocean (Benthuysen et al. 
2018). In 2016, a quarter of the global ocean surface expe-
rienced either the most intense or longest duration MHW 
(Oliver et al. 2018b), which were due to the influence of the 
preceding extreme El Niño. 

Widespread coral bleaching was reported in the GBR as a 
result of the 2016 MHW (GBRMPA 2016; Hughes et al. 
2017), along with mangrove die-back (Duke et al. 2017;  
Harris et al. 2017) and reduced mud crab fishery capacity 
(NTSC 2016). Indigenous communities and fishers strongly 
depend on marine resources in the Torres Strait (NESP Earth 
Systems and Climate Change Hub 2018b), and they were the 
first to notice the impacts. The Anindilyakwa Rangers 
reported the bleaching of giant clams near Groote Eylandt, 
and the Crocodile Island Rangers shared reports of coral 
bleaching at Murrungga Island (Wild 2016). 

Apart from the 2016 MHW, there is considerable varia-
tion in the rank of other MHWs that have occurred in the 
Torres Strait. The 2nd ranked MHW by maximum severity 
occurred during the summer of 1986/1987, but lasted only 
16 days (ranked 24th), and exhibited a maximum intensity 
of 1.7°C (ranked 8th; Table 2). The 2nd ranked MHW by 

maximum intensity occurred in 2005, reaching 2.2°C above 
climatology. It lasted 20 days (ranked 14th) but registered a 
Strong classification (ranked 3rd by maximum severity;  
Table 2). Finally, the 2nd ranked MHW by duration 
occurred in 2017 and persisted for 53 days (Fig. 6d), well 
short of the 2016 MHW of 172 days. It ranks 14th and 28th 
for maximum intensity and severity respectively (Table 2). 

4.3 Great Barrier Reef 

The bounds for the Great Barrier Reef (GBR) were selected 
such that the northwest and southeast corners align closely 
with the extent of the GBR Marine Park (GBRMP; GBRMPA 
2004). The bounds of the domain are 142–155°E, 25–10°S. 

Three years during the observational period have experi-
enced approximately 200 MHW days: 1998, 2010, and 
2016, all of which were associated with and/or followed 
El Niño events (Fig. 7a). Along with 2017 and 2020, these 5 
years had substantially more MHW days than any other. The 
longest continuous MHW to date in this region, of 116 days 
duration, occurred in 1998 (Fig. 7b) following the extreme 
El Niño of 1997/1998 (McPhaden 1999). It is also the 
strongest event by cumulative intensity to date. Somewhat 
paradoxically, the MHW was partly driven by upwelled 
cooler water, but representing positive thermal anomalies, 
advected from the equatorial Pacific (Schiller et al. 2009;  
Berkelmans et al. 2010). Lower than average wind stress and 
extended periods of cloudless skies also contributed to the 
warmer than usual conditions (Schiller et al. 2009). During 
1998, likely in combination with additional MHWs occur-
ring before and after the 116-day event, approximately 87% 
of inshore coral reefs and 28% of offshore corals reefs were 
bleached to some extent (Berkelmans and Oliver 1999). The 
strongest MHW by maximum severity occurred in 2010 
(Fig. 7c), but the warmest temperature anomalies occurred 
during the cool season, perhaps minimising any ecological 
impacts. The 2010 MHW is also the 3rd longest on record. 

The 2016 MHW, which spanned a large area of the GBR 
(Hobday et al. 2018), emerged in the months following the 
peak of the MHW in the Torres Strait and tropical north of 
Australia (Fig. 7d). This is the 2nd longest recorded event for 
the GBR, at 101 days, and elevated temperatures had 
already been recorded for the region in the months prior 

Table 2. As in  Table 1, but for major marine heatwaves in the Torres Strait case study region.       

Dates (dd/mm/yyyy) Duration (days) Maximum intensity (°C) Maximum severity Cumulative intensity (°C days)  

31/12/1986–15/01/1987  16 (24)  1.70 (8)  2.60 (2)  21.6 (18) 

21/02/2005–12/03/2005  20 (14)  2.15 (2)  2.45 (3)  27.4 (9) 

01/09/2010–15/10/2010  45 (3)  1.81 (6)  1.99 (15)  56.1 (3) 

14/02/2016–03/08/2016  172 (1)  2.35 (1)  2.97 (1)  238.1 (1) 

19/09/2016–06/10/2016  18 (21)  1.87 (3)  2.07 (12)  24.7 (12) 

05/07/2017–26/08/2017  53 (2)  1.50 (14)  1.80 (28)  59.1 (2)   
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to its commencement (Fig. 7d). It is ranked 7th and 2nd for 
the maximum intensity and severity, respectively, and 2nd 
for cumulative intensity. As noted earlier, the 2016 MHW in 
the Torres Strait had already been associated with coral 

bleaching in the northern GBR, but this broader extension 
of the warming pattern led to extensive and severe bleach-
ing, and some mortality, across the entire GBR (GBRMPA 
2017; Hughes et al. 2017). 
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Fig. 7. As in  Fig. 5, but for Great Barrier Reef marine heatwaves (MHWs), in the domain bounded by 
142–155°E, 25–10°S (as shown in  Fig. 4).    
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The strongest MHW by maximum intensity, at 1.8°C 
above average, occurred early in 2020. It is ranked 3rd by 
maximum severity and 4th by duration and cumulative 
intensity (Fig. 7e, Table 3). It was likely triggered by the 
very strong positive Indian Ocean Dipole event in the pre-
ceding months (Bureau of Meteorology 2020). Three sum-
mers on the GBR since 2015 have experienced mass coral 
bleaching (Bureau of Meteorology 2020), and despite only 
very small areas reaching the Severe category (Fig. 4), no 
region-wide MHWs have been registered as Severe overall. 

4.4 Tasman Sea 

The Tasman Sea region selected here encompasses the two 
different regions used by Oliver et al. (2017) and Hobday 
et al. (2018), extending farther north than the former, and 
farther south and east than the latter. The Tasman Sea 
domain analysed here is 147–157°E, 46–37°S. 

The Tasman Sea has exhibited substantial warming in 
recent decades, and is considered a global warming hotspot 
(Holbrook and Bindoff 1997; Ridgway 2007; Hobday and 
Pecl 2014; Oliver et al. 2017), along with its coastlines 
(Marin et al. 2021). This is apparent in the trend in MHW 
days since 1982, with very few MHW days before 1998, and 
each year since 2013 has experienced some Strong category 
days (Fig. 8a). It is no surprise then that the strongest and 
longest MHWs in the Tasman Sea have occurred in recent 
years. Two events in particular have drawn much attention. 

The MHW of the summer of 2015/2016 is the longest on 
record, at 318 days. It also ranks 2nd for maximum intensity 
at +2.9°C, and 2nd for maximum severity after briefly 
registering a Severe classification (Fig. 8a, Table 4). The 
event was the strongest by a large margin in terms of 
cumulative intensity (Table 4). During the 2015/16 MHW, 
SST was 2°C above average over an area about seven times 
the size of Tasmania, and reaching +3°C across an area 
about half the size of Tasmania (Oliver et al. 2017). The 
anomalous warming was driven by an intensified EAC 
Extension, transporting significantly more heat from the tro-
pics into the region than usual (Oliver et al. 2017). Apart 
from the appearance of marine species normally residing 
farther north, the heatwave caused severe ecological impacts. 
There was an outbreak of Pacific Oyster Mortality Syndrome, 

leading to the closure of local hatcheries, and a decimation of 
juvenile Pacific Oyster stocks (Ugalde et al. 2018). Poor 
Blacklip Abalone condition was recorded during the event, 
with approximately 5% mortality. Reduced performance in 
cultured Atlantic Salmon resulted in a limited supply to 
seafood markets (Oliver et al. 2017; Hobday et al. 2018). 

The 2nd longest MHW occurred less than 12 months after 
the 2015/2016 event. It persisted for 172 days, but ranks 
4th and 5th for maximum intensity and severity, respec-
tively (Fig. 8c). The other MHW to attract considerable 
attention was the 2017/2018 event, which ranks 1st for 
both maximum intensity and severity, and 4th for duration 
and cumulative intensity (Fig. 8d). SST of 3°C above average 
was recorded over a much wider area than the 2015/2016 
MHW, and the unusual warmth extended across the Tasman 
Sea between Tasmania and New Zealand (Perkins-Kirkpatrick 
et al. 2019). Rather than a change in currents, this event was 
driven primarily by enhanced local air–sea heat flux, due to a 
strong high pressure system sitting over the region for many 
weeks (Perkins-Kirkpatrick et al. 2019). It has been shown 
that it was virtually impossible for the MHW to occur without 
the influence of human-induced global warming (Perkins- 
Kirkpatrick et al. 2019). The heatwave resulted in another 
outbreak of Pacific Oyster Mortality Syndrome, exacerbated 
by the temperature stress (Perkins-Kirkpatrick et al. 2019). 

The strength of the changes observed in the Tasman Sea 
in recent decades, and its coupling to global warming, is an 
area of active research. Recent studies have made important 
advances in understanding the extent to which MHWs in the 
region are driven by currents, patterns of synoptic weather 
and climate variability, and large-scale atmosphere and 
ocean dynamics (Oliver et al. 2017; Oliver and Holbrook 
2018; Holbrook et al. 2019; Perkins-Kirkpatrick et al. 2019;  
Li et al. 2020). 

4.5 South Australian Basin 

The South Australian Basin region was selected as a case 
study primarily due to the large area recording a MHW with 
a maximum severity of Extreme (Fig. 4). This analysis is 
partly aimed at revealing characteristics of that event, such 
as its timing, intensity, and duration. The selected region is 
bounded by 132–143°E, 40–31°S, but with the southwest 

Table 3. As in  Table 1, but for major marine heatwaves in the Great Barrier Reef case study region.       

Dates (dd/mm/yyyy) Duration (days) Maximum intensity (°C) Maximum severity Cumulative intensity (°C days)  

04/06/1998–27/09/1998  116 (1)  1.46 (12)  2.36 (4)  114.0 (1) 

17/11/2008–23/12/2008  37 (7)  1.82 (2)  2.07 (7)  48.4 (7) 

11/08/2010–20/10/2010  71 (3)  1.59 (6)  2.58 (1)  78.9 (3) 

12/12/2010–29/12/2010  18 (23)  1.67 (3)  1.90 (12)  24.0 (15) 

30/04/2016–08/08/2016  101 (2)  1.59 (7)  2.45 (2)  109.8 (2) 

20/01/2020–16/03/2020  57 (4)  1.84 (1)  2.44 (3)  70.6 (4)   
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corner trimmed along the line between 132°E, 35°S and 
143°E, 31°S. 

In the region-wide average, the Extreme MHW category 
was detected to have occurred over a few days in November 

2009. That short 21-day MHW ranks only 17th for duration, 
but 1st for both maximum intensity and severity (Fig. 9b). 
Since the event occurred in the climatologically cooler 
months, with relatively low cumulative intensity (Table 5), 
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Fig. 8. As in  Fig. 5, but for Tasman Sea marine heatwaves (MHWs), in the domain bounded by 
147–157°E, 46–37°S (as shown in  Fig. 4).    

Table 4. As in  Table 1, but for major marine heatwaves in the Tasman Sea case study region.       

Dates (dd/mm/yyyy) Duration (days) Maximum intensity (°C) Maximum severity Cumulative intensity (°C days)  

03/09/2001–15/10/2001  43 (10)  1.44 (32)  2.56 (3)  42.1 (13) 

09/09/2015–22/07/2016  318 (1)  2.80 (2)  3.01 (2)  505.9 (1) 

12/03/2017–30/08/2017  172 (2)  2.02 (4)  2.55 (5)  206.1 (3) 

12/11/2017–13/02/2018  94 (4)  3.02 (1)  3.28 (1)  175.6 (4) 

07/12/2018–26/04/2019  141 (3)  2.46 (3)  2.55 (4)  224.4 (2)   
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it likely had little impact on the local ecology, although its 
effect on seasonal-specific processes occurring at that time, 
such as reproduction, recruitment, or predator–prey inter-
actions, remain unknown and require further research. 

The largest number of MHW days observed in any single 
year in the South Australian Basin occurred during 
2013, with over 250 MHW days detected (Fig. 9a). The 
largest contribution came from the most substantial MHW 
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Fig. 9. As in  Fig. 5, but for South Australian Basin marine heatwaves (MHWs), in the domain 
bounded by 132–143°E, 40–31°S (as shown in  Fig. 4).    

Table 5. As in  Table 1, but for major marine heatwaves in the South Australian Basin case study region.       

Dates (dd/mm/yyyy) Duration (days) Maximum intensity (°C) Maximum severity Cumulative intensity (°C days)  

07/11/2009–27/11/2009  21 (17)  3.22 (1)  4.34 (1)  42.1 (8) 

14/02/2013–01/08/2013  169 (1)  3.13 (2)  3.87 (2)  221.7 (1) 

20/08/2013–22/10/2013  64 (3)  1.61 (29)  2.98 (4)  70.2 (2) 

24/04/2016–29/06/2016  67 (2)  1.14 (54)  2.31 (16)  55.1 (3) 

15/01/2018–30/01/2018  16 (29)  3.06 (3)  3.10 (3)  30.8 (15)   
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occurring in that region (Fig. 9c), which ranks 1st for dura-
tion (169 days) and cumulative intensity, and 2nd for both 
maximum intensity and severity. During the earlier months 
of 2013, mortality of abalone and a range of fish species 
were recorded, and the MHW promoted blooms of harmful 
algae (Roberts et al. 2019). No other event has persisted 
anywhere near as long in the region, with the next longest 
event lasting 67 days, and with substantially weaker maxi-
mum intensity and severity (Fig. 9d, Table 5). 

A recent study found that interannual southward shifts in 
the prevailing southern hemisphere mid-latitude westerly 
winds can play a role in ocean surface warming events in 
the South Australian Basin (Duran et al. 2020). That study 
also found that in CMIP5 21st century projections, wind 
trends might play a comparable role to radiative warming 
in driving ocean temperature trends. 

5 Potential predictability of SST and MHWs 

Recent advances in understanding the physical drivers of 
MHWs (Holbrook et al. 2019) provide an opportunity 
to explore their predictability. Predictability of MHWs is 
discussed in a Perspectives piece (Holbrook et al. 2020b), 
in which the large-scale climate drivers, teleconnections, 
and local processes that cause MHWs are considered with 
respect to their possible predictability. Specifically, MHW 
predictability is considered on temporal scales ranging from 
short-term weather (atmospheric blocking and oceanic 
eddies), to multiyear-to-decadal (via oceanic Rossby wave 
teleconnections), and centennial (climate change) time 
scales. Modes of climate variability, in particular ENSO, 
play an important role in modulating MHW likelihoods 
around the world (Scannell et al. 2016; Oliver et al. 
2018a; Holbrook et al. 2019) with impacts on marine eco-
systems (Holbrook et al. 2020a). The importance of ocean 
mixed layer depths and heat content (e.g. Behrens et al. 
2019) have been explored as mechanisms to precondition 
MHW likelihood (Holbrook et al. 2020b). Holbrook et al. 
(2020b) further argued that event-based monitoring and 
skilful MHW prediction have the potential to provide critical 
information and guidance for marine conservation, fisher-
ies, and aquaculture management. 

A better understanding of the relevant time scales and 
drivers of SST variability will be beneficial to inform the 
potential predictability of SST and extremes. Some prelimi-
nary analysis, based on outputs from the Commonwealth 
Scientific and Industrial Research Organisation’s (CSIRO) 
Climate Analysis Forecast Ensemble (CAFE) System 
(O’Kane et al. 2019) indicated that multi-year forecast skill 
of MHWs in specific regions around Australia may be possi-
ble (Cougnon et al. 2018). Another study found significant 
correlations between a range of modes of climate variability 
and remote MHWs (Holbrook et al. 2019). These are some 
examples of studies looking into the drivers and predictors 

of MHWs, but there is also active work on MHW prediction. A 
collaboration between CSIRO and the Australian Bureau of 
Meteorology is developing experimental seasonal MHW fore-
cast products for Australia’s marine region (https://research. 
csiro.au/mri-research-portfolio/home/climate-impacts-adap-
tation/marine-heatwaves/dynamical-forecasting-of-marine- 
heatwaves/) using the ACCESS-S seasonal prediction model 
(Hudson et al. 2017). 

With regards to the case study regions analysed in 
Section 4, there are varying levels of predictability discussed 
in the literature. Along the Western Australian coast, for 
example, there appears to be a link between the occurrence 
of the strongest MHWs in the region and La Niña (Feng et al. 
2013; Benthuysen et al. 2014; Kataoka et al. 2014, 2017;  
Marshall et al. 2015; Zinke et al. 2015). Holbrook et al. 
(2019) showed that there is a significant correlation between 
MHWs in the Western Australian region and ENSO, with 
>50% more MHW days occurring during La Niña, as com-
pared to El Niño. 

Elevated SSTs and coral bleaching in the GBR can be 
related to ENSO-related events (e.g. 1998 and 2016) as 
well as regional weather conditions (2002, 2006, and 
2017) such as increased solar radiation, low cloud cover, 
reduced wind (decreases mixing and affects air-sea fluxes), 
and reduced rainfall (Smith and Spillman 2019). El Niño- 
related coral bleaching in the GBR is associated with anom-
alously warm ocean waters due to reduced cloud cover from 
a weakened monsoon that enhances radiative heating, and 
an enhanced South Equatorial Current flowing into the 
Coral Sea (Smith and Spillman 2019). Therefore, there is 
potential predictability at two spatial and temporal scales 
(those related to ENSO and those to regional weather pat-
terns), with associated differences in the forecast lead times. 

For the Tasman Sea, about half of the historical occur-
rences of MHWs in the region were primarily due to 
increased EAC Extension poleward transport of warm 
water (Li et al. 2020). Slowly propagating oceanic Rossby 
waves, generated by wind stresses in the interior South 
Pacific and restored at the planetary scale, appear to be an 
important mechanism for modulating the intensity of the 
EAC Extension. Importantly, 2–3 years before the Rossby 
waves cause the EAC Extension to intensify, their impact can 
already be seen in changes in sea surface heights around 
New Zealand (Li et al. 2020). The slow propagation speeds 
of Rossby waves supports the possibility that the increased 
likelihoods of MHWs that impact southeast Australia may be 
forecast years in advance, with important implications for 
fisheries and the environment in this region. 

Recently there has been increasing interest in utilising 
machine learning approaches for predicting SST extremes 
and MHWs at time scales ranging from seasonal to climate 
(e.g. Yang et al. 2018; Ham et al. 2019; Boschetti et al. 
2021). Typically, machine learning approaches synthesise 
datasets and can then provide sequential time series fore-
casting. For example, neural networks can be trained to 
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learn seasonal patterns in SST, and then identify the pre-
conditional features for predicting extreme events (Yang 
et al. 2018; Holbrook et al. 2020b). 

6 Discussion and conclusions 

This paper has provided a historical analysis, review and 
catalogue of detected MHWs from SST observations around 
Australia since 1982. Our results and data outputs are based 
on analysis and application of the Hobday et al. (2016,  
2018) MHW definition and categorisation to interpolated 
daily SST observations over the recent satellite era, and 
includes mean metrics, trends, and classifications. The lon-
gest duration and strongest intensity MHWs were also iden-
tified in selected case-study regions: Western Australia, 
Torres Strait, GBR, Tasman Sea, and the South Australian 
Basin. The study provides a catalogue of MHWs, primarily in 
a statistical sense. Some details of associated impacts iden-
tified in the literature have also been provided. There is an 
emerging body of work on the potential predictability of 
MHWs, some of which was briefly reviewed herein, with a 
focus on the Australian region. 

Interpretation of some MHW metrics needs to be treated 
with caution. For example, trends in MHW metrics can be 
difficult to compute, due to data sparsity, i.e. MHWs do not 
necessarily occur in each year, and in particular, long per-
iods without a MHW can bias trend calculations. These 
metrics for a broad area, such as the Australia-wide analysis 
(Fig. 1d–i), can give some indication of changes, but are less 
informative for smaller regions and especially near coast-
lines (Marin et al. 2021). Thus, the equivalent timeseries of 
metrics (i.e. Fig. 1g–i) were not presented for the case study 
regions. Conversely, it must be acknowledged that averag-
ing across a very broad area can dilute more localised 
extreme events. Nevertheless, annual counts of MHW days 
(as in panel a of Figs 5–9) give a sense of MHW trends in 
each of the regions which may act to reduce the magnitude 
of some of these extremes if they were analysed and pre-
sented in smaller subregions. 

Another consideration is the choice of climatological 
baseline period, which in this study was 1983–2012 follow-
ing the recommendation of Hobday et al. (2018). Different 
baseline periods may not qualitatively affect MHW detec-
tion, but they will result in quantitively different MHW 
metrics. Using a more recent baseline (i.e. shifted closer to 
the present day), for example, will tend to weaken computed 
MHW intensities and shorten their duration, since more 
recent periods tend to be warmer due to climate change 
(Schlegel et al. 2019). However this is not a strict rule, as 
decadal and multidecadal variations can also shift the cli-
matology. A fixed reference climatology is generally 
favoured in impact studies, because changes in extremes 
are measured relative to this ‘normal’ level. But fixing the 
baseline does not account for adaptative and evolutionary 

capacities. The recently developed ‘thermal displacement’ 
view of MHWs largely avoids complications of baseline 
choice, since MHWs are characterised by spatial shifts of 
surface temperature contours, rather than by local tempera-
ture anomalies (Jacox et al. 2020). 

The MHW metrics presented in this study are not exhaus-
tive. Other potentially informative metrics include degree 
heating weeks, which is a measure of cumulative intensity 
typically used to understand coral bleaching risks (e.g. Eakin 
et al. 2010), and return intervals. For brevity, and to retain a 
focus on primary metrics of MHWs, these quantities were 
not analysed here, but they may be useful for the analysis of 
the ecological impacts of MHWs. 

An important finding of this study is that many regions 
around Australia have yet to experience Strong or Extreme 
category MHWs. In particular, the GBR has yet to experience 
a large-scale Severe (Category 3) MHW, despite widespread 
ecological damage, including high levels of coral bleaching, 
from elevated ocean temperatures in recent years. An 
Extreme (Category 4) MHW in the GBR during the summer 
months would be expected to result in extensive devastation. 
Understanding why some regions have experienced quite 
different maximum categories is important for impact- 
related studies, and the spatial maps presented herein provide 
a starting point for such possible future research avenues. 
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