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Abstract

Marine heatwaves pose an increasing threat to fisheries and aquaculture around the world
under climate change. However, the threat has not been estimated for the coming decades
in a form that meets the needs of these industries. Tasmanian fisheries and aquaculture
in southeast Australia have been severely impacted by marine heatwaves in recent years,
especially the oyster, abalone, and salmon industries. In a series of semi-structured
interviews with key Tasmanian fishery and aquaculture stakeholders, information was
gathered about the following: (i) the impacts they have experienced to date from marine
heatwaves, (ii) their planning for future marine heatwaves, and (iii) the information that
would be most useful to aid planning. Using CMIP6 historical and future simulations
of sea surface temperatures around Tasmania, we developed a marine heatwave hazard
index guided by these stakeholder conversations. The region experienced a severe marine
heatwave during the austral summer of 2015/16, which has been used here as a reference
point to define the index. Our marine heatwave hazard index shows that conditions like
those experienced in 2015/16 are projected to occur approximately 1-in-5 years by the
2050s under a low emissions scenario (SSP1-2.6) or 1-in-2 years under a high emissions
scenario (SSP5-8.5). Increased frequency of marine heatwaves will likely reduce pro-
ductivity by both direct (mortality) and in-direct (ecosystem change, greater incidence
of disease) impacts on target species. The illustrative hazard index is one step towards a
marine heatwave risk index, which would also need to consider aspects of exposure and
vulnerability to be of greater utility to stakeholders.
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1 Introduction

Whilst marine heatwaves occur as part of natural variability, their increased intensities,
frequency, and duration over the past century (Oliver et al. 2018) exemplify the threat to
oceanic and coastal ecosystems from long-term climate change (Hughes et al. 2018; Oliver
et al. 2018; Smale et al. 2019; Eakin et al. 2019; Marin et al., 2021b). Critically, marine
heatwave impacts are being increasingly experienced by regional fisheries and aquaculture
businesses (Mills et al. 2013; Caputi et al. 2016; Cavole et al. 2016; Oliver et al. 2017;
Galli et al. 2017). Efforts to adapt to these changes and manage risks are building (Metcalf
et al. 2014; van Putten et al. 2014; Pershing et al. 2018; Fogarty et al. 2020), as is demand
for continued, refined, and targeted information and services by stakeholders (Dunstan
et al. 2018; Fogarty et al. 2021; Mclnnes et al. 2021).

The fishery and aquaculture industries in Tasmania, Australia, had a gross value of production
(GVP) of $1.18b in 2020-2021, predominantly from aquaculture (Tuynman & Dylewski 2022).
Exacerbated by the strong long-term warming trend in the Tasman Sea (Holbrook and Bindoff
1997; Ridgway 2007), which is presently 23 times greater than the global average rate, fisher-
ies and aquaculture in the region have been severely impacted by marine heatwaves in recent
years. For instance, during the austral summer of 2015/2016, sea surface temperatures were
2 °C warmer than the seasonal mean over an area approximately seven times the size of Tasma-
nia (Oliver et al. 2017). The anomalous warm water stretched along the east coast of Tasmania
and extended across the continental shelf into the Tasman Sea. At that time, it was identified
as the longest marine heatwave on record, persisting for 251 days (Oliver et al. 2017). Aside
from the appearance of marine species that would otherwise normally reside farther north, the
heatwave caused major ecological impacts. There was an outbreak of the virus Ostreid herpes-
virus 1 (OsHV-1) in Pacific oysters, also known as Pacific Oyster Mortality Syndrome (POMS)
in Australia, which led to the closure of local hatcheries, and a decimation of juvenile Pacific
oyster stocks (Ugalde et al. 2018). Poor blacklip abalone condition was also recorded during the
event, with approximately 5% mortality (Oliver et al. 2017), and reduced performance in cul-
tured Atlantic salmon resulted in a limited supply to seafood markets (Oliver et al. 2017; Hob-
day et al. 2018a). The region experienced a more intense marine heatwave, but of shorter dura-
tion (221 days), during the austral summer of 2017/2018 (Perkins-Kirkpatrick et al. 2019). The
warming spanned the entire Tasman Sea between Australia and New Zealand (Perkins-Kirkpat-
rick et al. 2019; Salinger et al. 2019; Kajtar et al. 2022), with impacts to aquaculture and fisheries
in both countries (Perkins-Kirkpatrick et al. 2019; Salinger et al. 2019). Every year between 2014
and 2020 in the Tasman Sea experienced more than 100 marine heatwave days (Kajtar et al.
2021), and a short marine heatwave in January and February 2022 (~30 days duration) resulted
in some low-level abalone mortality near Bruny Island, Tasmania (C.N. Mundy, personal com-
munication, 23 March 2023).

This study focuses on projected future hazards to Tasmania’s salmon, oyster, and abalone
industries from marine heatwaves. The species that are farmed or caught in Tasmania are as fol-
lows: Pacific oysters (Magallana gigas, previously known as Crassostrea gigas), blacklip aba-
lone (Haliotis rubra), greenlip abalone (Haliotis laevigata), and Atlantic salmon (Salmo salar).
Their typical locations are indicated in Fig. 1. There are other hazards and impacts associated
with climate change such as declining productivity (Watson et al. 2013; Thompson and McDon-
ald 2020) and range extensions (Johnson et al. 2011), amongst others (Fogarty et al. 2021), but
only the direct hazard of warm ocean temperature extremes is considered here.

A key part of the study was to engage with stakeholders, to help provide targeted and
specific information regarding marine heatwave futures which could assist in assessing
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Fig.1 Fishing and aquaculture regions in Tasmania. Salmon farming areas are indicated with labels
(source: https://salmonfarming.nre.tas.gov.au). Oyster farms are generally located in the blue shaded
regions, spanning the far north-west coast through to the southern part of the D’Entrecasteaux Channel
(source: http://www.oysterstasmania.org/ourindustry.html). Blacklip abalones can be found along the entire

coast of Tasmania, whereas greenlip abalones are found along Tasmania’s northern coast (Mundy and
McAllister 2021)

potential risks to their industries over the coming decades. The emphasis was on marine
heatwave projections to guide long-term strategic decisions, rather than short-term fore-
casts or predictions which support operational decisions (Hobday et al. 2018b; Spillman
et al. 2021; Hartog et al. 2023). We directly engaged with stakeholders to understand the
impacts they have experienced to date, the level of future planning they already conduct,
and the type of scientific information they desire to aid further planning and risk assess-
ment (Sections 2.1 and 3.1). This stakeholder engagement was then used to guide the sub-
sequent analysis of observed sea surface temperature extremes and state-of-the-art CMIP6
climate model projections (Sections 2.2, 2.3, and 3.2), which then led to the development
of an illustrative marine heatwave hazard index (Sections 2.4 and 3.3).

2 Data and methods
2.1 Stakeholder inquiry

The broad aim of the project was to assess and communicate the hazards to Tasmanian
aquaculture and fisheries from marine heatwaves. The stakeholder inquiry focussed on Tas-
mania’s salmon, oyster, and abalone industries, which are three of the four most valuable
seafoods in the state (Department of Natural Resources and Environment Tasmania 2021),
and each of which have experienced marine heatwave impacts (e.g., Oliver et al. 2017).
The goal of the engagement was to gain a deeper understanding from stakeholders in three
areas (or discussion themes):
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1. Observed impacts: the impacts from marine heatwaves that they have experienced to
date.

2. Future planning: the level of future planning or risk assessment they currently undertake.

3. Desired information: the types of scientific information they desire to aid future planning
for marine heatwave associated hazards.

Interviewees were sought with the aim of gathering a range of perspectives. After compil-
ing a list of potential stakeholders, with assistance from fellow researchers, 18 representatives
were contacted from peak industry agencies, businesses, state government, and academia by
telephone and/or email. Ultimately, a total of 8 meetings were held involving 13 participants,
garnering representation from a broad cross-section of stakeholders from the Tasmanian
salmon, oyster, and abalone industries. The 8 meetings were conducted between April and
June 2021 via recorded videoconferences with representatives from state government, peak
bodies, business, and academia (two meetings with different representatives from each of these
groups). The stakeholder engagement was conducted under Human Ethics approval granted
by the University of Tasmania’s Research Integrity and Ethics Unit (Project ID 24303).

Each meeting was 1-1.5 h in duration. The project aim, objectives, and important back-
ground scientific information were outlined at the commencement of each meeting in a
10-min presentation by the project team. It was explained, for example, that the subsequent
analysis would focus on climate projections, rather than forecasts. A preliminary figure was
also shown to interviewees, illustrating the observed, historical, and future projected annual
counts of days exceeding 19.5 °C in eastern Tasmanian sea surface temperature. The figure
was used as a prompt for discussions around the critical temperature thresholds for oyster,
abalone, and salmon in Tasmania. The presentation was followed by a semi-structured discus-
sion around the three themes outlined above, including questions such as whether they were
aware of marine heatwaves. The sets of questions in the three discussion themes are given in
Table S1. Some interviewees were better able to respond to particular groups of questions than
others, so the lines of questions and discussion were tailored for each interview.

Following interviews, transcripts were generated from the recordings using transcription
software, and manually checked and corrected with reference to the original recording. The
corrected transcripts were then reformatted and summarised in a dot-point format and sent
to the interviewees for verification. Edits and clarifications to the meeting summaries were
made upon request from the interviewees. From the verified meeting summaries, each dot
point was then tagged as a response under one of the three discussion themes (either directly
or indirectly). The questions and responses were then further clustered into several subgroups
(Table S2), forming the basis for the stakeholder engagement synthesis and analysis report
(Kajtar, Holbrook & Lyth 2021). The key point summaries at the end of each subsection of
the report were used to guide the subsequent analysis of observed and simulated temperatures
around Tasmania.

2.2 Observational and model temperature data

Sea surface temperature (SST) is analysed in both observational data and model outputs.
The observational SST are from the daily Optimum Interpolation Sea Surface Temperature
(OISST), version 2.1, distributed by the National Oceanic and Atmospheric Administration
(NOAA; Huang et al. 2021a). The OISST product is a combination of observations from
satellites, ships, buoys, and Argo floats mapped onto a regular global 0.25° grid, with inter-
polation used to fill gaps (Reynolds et al. 2007). The dataset commences from 1 September
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1981, but here only the period 1 January 1982 to 31 December 2020 is analysed. This
period ending in 2020, representing the timespan of complete-year data availability at the
time of analysis, is denoted as the observational period. OISST v2.1 is a robust observa-
tional product (Huang et al., 2021b; Yang et al. 2021), but in a study focusing on catalogu-
ing marine heatwaves around Australia (Kajtar et al. 2021), some limitations of the dataset
are discussed.

SST is also analysed in output from models participating in the Coupled Model Inter-
comparison Project, phase 6 (CMIP6; Eyring et al. 2016). Daily SST fields (variable
name: tos) from native model grids (grid label: gn) are analysed from three CMIP6 experi-
ments: historical, SSP1-2.6, and SSP5-8.5. The historical experiments represent simula-
tions forced by observed fluxes over the period 1850-2014 (Eyring et al. 2016). SSP1-2.6
and SSP5-8.5 are two future shared socioeconomic pathways (SSPs) from the Scenario
Model Intercomparison Project (ScenarioMIP; O’Neill et al. 2016). SSP1-2.6 is a low
emission pathway, following a sustainable socio-economic future and resulting in 2.6 W/
m? of effective radiative forcing from greenhouse gases at year 2100. SSP5-8.5 is a high
emissions scenario, with heavy future fossil-fuel development, and 8.5 W/m? of effective
radiative forcing at year 2100. Although they are not the most extreme scenarios, SSP1-2.6
and SSP5-8.5 represent low- and high-end plausible futures, corresponding closely with
the best- and worst-case scenarios. SSP1-2.6 was selected over SSP1-1.9 since it has been
simulated by a greater number of models (IPCC 2021). The analysis of historical experi-
ment data herein commences from the year 1982, aligning with the start date of the obser-
vational analysis. At the end of the historical experiments, i.e., from the beginning of 2015,
the future scenarios are appended, resulting in a set of two time series for each model: his-
torical with SSP1-2.6 extension, and historical with SSP5-8.5 extension. The resultant time
series thus span the years 1982 to 2100. Our aim was to maximise the number of models
in the analysed ensemble, but a requirement of daily SST availability from each of the
three experiments was imposed. This requirement is to ensure that the same model set is
represented in the two future pathways, and it resulted in a set of 25 models with available
data at the time of analysis (August 2021; Table 1). Only one ensemble member from each
model and experiment is analysed.

All the SST data, both observational and simulated, were first cropped to a broad region
around Tasmania, Australia (138-155°E, 49-35°S; Kajtar and Holbrook 2021). Then,
after appending the model future scenario data to the historical data, the time series were
trimmed to the required timespan, i.e., 1 January 1982 to 31 December 2020 for the obser-
vational data, and 1 January 1982 to 31 December 2100 for the model data. For subse-
quent analyses, area weighted means were computed for five subdomains in the Tasmanian
region (Fig. 2):

Whole Tasmanian subdomain: 142—-151°E, 45-39°S (index name: tas_all)
Southeast subdomain: 146.5-149.5°E, 44.5-42°S (tas_se)

Northeast subdomain: 146.5-149.5°E, 42-39.5°S (tas_ne)

Southwest subdomain: 143.5-146.5°E, 44.5-42°S (tas_sw)

Northwest subdomain: 143.5-146.5°E, 42-39.5°S (tas_nw)

The CMIP6 models have various grid resolutions (Table 1), and thus different num-
bers of ocean grid cells in each subdomain. The numbers of ocean grid cells in the
smaller subdomains vary from as few as two (MPI-ESM1-2-LR), to as many as 144
(CNRM-CM6-1-HR and HadGEM3-GC31-MM), but 19 models have at least 9 ocean
grid cells of data in the smaller subdomains. Grid resolution and grid cell counts are
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Table 1 List of CMIP6 models analysed, along with their global oceanic grid resolutions. For a given
model, ensemble members with the same variant identifiers are used across each of the three experiments
(historical, SSP1-2.6, and SSP5-8.5). These variant labels are used by modelling groups to denote the spe-
cific configurations of their simulations. The model calendar type is also listed: Gregorian, No leap (365-
day calendars with no leap years), or 360-day (twelve 30-day months each year)

Institute Model Nominal ocean Variant Calendar
grid (lon X lat)

1 BCC BCC-CSM2-MR 360x232 rlilplfl No leap
2 CCCma CanESM5 361 %290 rlilplfl No leap
3 CMCC CMCC-CM2-SR5 362292 rlilplfl No leap
4 CMCC CMCC-ESM2 362292 rlilplfl No leap
5 CNRM-CERFACS CNRM-CM6-1-HR 14421050 rlilp1f2 Gregorian
6 CNRM-CERFACS CNRM-CM6-1 362 %294 2ilplf2 Gregorian
7 CNRM-CERFACS CNRM-ESM2-1 362%294 rlilplf2 Gregorian
8 CSIRO ACCESS-ESM1-5 360x 300 rlilplfl Gregorian
9 CSIRO-ARCCSS ACCESS-CM2 360x 300 rlilplfl Gregorian
10 EC-Earth-Consortium EC-Earth3-Veg-LR 362x292 rlilplfl Gregorian
11 EC-Earth-Consortium EC-Earth3-Veg 362x292 rlilplfl Gregorian
12 EC-Earth-Consortium EC-Earth3 362x292 rllilplfl Gregorian
13 IPSL IPSL-CM6A-LR 362x332 rlilplfl Gregorian
14 MIROC MIROC6 360%256 rlilplfl Gregorian
15 MOHC HadGEM3-GC31-LL 360%330 rlilp1f3 360-day
16 MOHC HadGEM3-GC31-MM 1440x 1205 rlilplf3 360-day
17 MOHC UKESMI1-0-LL 360x330 rlilp1f2 360-day
18 MPI-M MPI-ESM1-2-HR 802 x404 rlilplfl Gregorian
19 MPI-M MPI-ESM1-2-LR 256 %220 rlilplfl Gregorian
20 MRI MRI-ESM2-0 360364 rlilplfl Gregorian
21 NCAR CESM2-WACCM 320x 384 rlilplfl No leap
22 NCAR CESM2 320x384 rdilplfl No leap
23 NCC NorESM2-LM 360x384 rlilplfl No leap
24 NCC NorESM2-MM 360 %384 rlilplfl No leap
25 NOAA-GFDL GFDL-ESM4 720x576 rlilplfl No leap

important because, generally, higher resolution of spatial features, such as coastlines
or topography, and of small-scale processes such as convective precipitation, result in
more realistic simulations (e.g., Flato et al. 2013). For the calculations of the model area
weighted means, the native model grid cell areas (variable name: areacello) were uti-
lised. To ensure temporal consistency, models with non-Gregorian calendars (Table 1)
had some adjustments applied. For models with 365-day calendars, data for each leap
day (29 February) were linearly interpolated from 28 February and 1 March data. For
models with 360-day calendars, the 360 days of data in each year were linearly interpo-
lated to the appropriate 365- or 366-day temporal grid in each year. Such regridding for
360-day calendars is not optimal, since it may smooth some extreme temperature days,
but testing showed that the effect is small (figure not included).
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Fig.2 Tasmanian region sub-
domains analysed in this study.
Colour shading denotes mean
sea surface temperature over
1983-2012 in the observational
OISST product. The five subdo-
mains analysed in this study are
indicated by blue boxes: tas_all,
tas_nw, tas_ne, tas_se, and tas_
sw. The numbers of ocean grid
cells, excluding land cells, within
each subdomain are indicated by
white numbers

40°s
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The processing steps outlined above resulted in 10 daily SST time series for each CMIP6
model: five for each of the subdomains, with two future scenario pathways (appended to
the common historical pathway).

2.3 Bias corrections

The CMIP6 SST outputs were bias corrected for two aspects: mean temperature, and sea-
sonal cycle amplitude. Models sometimes simulate mean temperatures with biases relative
to observations, with some being cooler, and others warmer (Grose et al. 2020; Zelinka
et al. 2020; Carvalho et al. 2022). Since absolute temperatures are analysed herein (for
example, counts of days with temperature greater than 19 °C), the model SSTs are cor-
rected for biases in the mean temperature. Without such a correction, models that run with
a cooler mean temperature may not exhibit any days warmer than 19 °C around Tasma-
nia, whereas models that are too warm may exhibit too many. Model SSTs are mean bias
corrected to match the observational SST over the reference period of 1983-2012, which
aligns with a typically used climatological period for marine heatwave analysis (Hobday
et al. 2018a). Note that this period of 1983-2012, which is used as the reference or base-
line climatology, is distinct from the 1982-2020 observational period described in Sec-
tion 2.2. After computing the mean SST difference between models and observations
over 1983-2012, the bias was subtracted from the whole time series (i.e., 1982-2100).
Each subdomain was mean bias corrected separately. The mean temperature bias was up
to+2.5 °C amongst all models, but the multi-model mean temperature agreed well with
the observed.

A second bias correction was applied to the amplitude of the SST seasonal cycles. Start-
ing with the mean bias corrected SST, seasonal cycles were computed for observations and
models over the baseline reference period 1983-2012. The climatological seasonal cycle
was computed over an 11-day window centred on each calendar day, sampling each year
within the baseline period. After computing the mean for each calendar day, the seasonal
cycle was further smoothed by applying a 31-day moving mean. This process is identical to
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that of Oliver et al. (2018) for calculating climatologies and seasonally varying thresholds
for marine heatwave detection. After computing the smoothed seasonal cycles for observa-
tions and models, the means were subtracted (to represent cycles as anomalies), and the
standard deviations were computed. The model seasonal cycle amplitude biases were then
computed by dividing the model standard deviation by the observational standard devia-
tion. Matching the amplitude to observations was then achieved by dividing the model sea-
sonal cycle anomalies by the amplitude bias. After restoring the mean temperature of the
adjusted seasonal cycle, the seasonal bias correction was applied to the entire time series,
for each model and each subdomain separately.

2.4 Construction of a marine heatwave hazard index

The marine heatwave hazard index developed here is motivated not only by the stakeholder
engagement but also by other recent studies. Firstly, one of the intentions with the index was
to combine more than one marine heatwave metric. Such metrics may include the following:
the temperature exceedance above seasonal climatology (i.e., the intensity), the consecutive
days above the threshold (i.e., duration), the accumulation of temperature excess over mul-
tiple days (i.e., cumulative intensity), or the regularity (or frequency) of recurrence (Galli
et al. 2017; Frolicher and Laufkotter 2018; Oliver et al. 2019; Smale et al. 2019; Gruber
et al. 2021). Oliver et al. (2019) analysed marine heatwave intensity together with duration as
an indicator of potential ecological impacts. In the marine heatwave intensity-duration phase
space, the projected range in probable marine heatwaves moves entirely outside the present-
day domain by 2050-2080 under a high emissions scenario (Oliver et al. 2019; their Fig. 5).
The second intention for the index was to use a particular level as the marine heatwave hazard
benchmark. Russo et al. (2019) considered the projected future return interval of one-in-500-
year heatwaves, albeit for atmospheric heatwaves occurring over land. They also went beyond
simply estimating heatwave hazard, considering exposure and vulnerability in developing an
‘illustrative heatwave risk index’. The two key elements of the marine heatwave hazard index
developed here are thus that (i) it makes use of temperature magnitude (or intensity) and time
of exposure (akin to duration), and (ii) the observations are utilised to identify a benchmark
occurrence, and then the climate projections give an estimate of likelihood for future occur-
rence. Further details on the calculation of the index follow here.

The first step is to identify a threshold temperature. The threshold should represent an
approximate temperature at which impacts might be first experienced. For example, oyster
farmers have reported that they usually observe disease and mortality with temperature > 18
°C in Tasmania (Ugalde et al. 2018). In this study, two choices for the threshold temperature
are tested: a region-dependent 99.5™ percentile temperature, based on observations, and a
fixed temperature of 19 °C (Section 3.2). The former choice may be more suitable where
the critical temperature is unknown (or not known precisely) for the species of interest. The
second step in the hazard index calculation is to compute annual cumulative intensities.
Starting with daily temperature time series, the days on which the threshold temperature is
exceeded and by what amount (i.e., the exceedance anomaly) are recorded. The exceedance
anomalies are then summed annually, but instead of summing over calendar years, they are
summed over year-long periods centred on the climatologically warmest month of the year.
In Tasmania, the warmest time of year is early March, and hence, annual periods of Septem-
ber 1 to the following August 31 are used. This is done so that days belonging to a single
(austral) summer period are counted together, rather than in separate years. The resulting
annual cumulative intensities, with units °C.days, is unlike that from the commonly used
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marine heatwave definition by Hobday et al. (2016) in two ways: (i) the chosen temperature
threshold here does not vary seasonally, and (ii) the anomalies need not be over consecu-
tive days. In the first regard, our definition is more akin to the ‘degree heating week’ metric
used for measuring the thermal stress experienced by coral (Liu et al. 2003). On the second
point, it was recognised that consecutive days of temperature exceedance are likely more
impactful than several isolated days, but this choice was made to simplify the analysis. It
was not immediately clear how to include information on consecutive days into the annual
time series. The annual cumulative intensity time series are computed for observations, as
well as for each model realisation.

The third step in computing the hazard index is to determine an appropriate hazard level.
Here, an annual cumulative intensity value of 10 °C.days is chosen, since it is close to the
maximum value observed in the whole Tasmanian domain (Section 3.3). This maximum
occurred during 2015/2016 (i.e., in the period September 2015 to August 2016), coincident
with an impactful marine heatwave on the relevant species in this study. The fourth and
final step is then to estimate the likelihood of occurrence of a year with the selected hazard
level from the model data. The index value for a given year, again centred on the climato-
logically warmest month, is computed from a 10-year window of model data (i.e., the year
of interest, the five years prior, and the four years after). With 25 models, and using 10-year
windows, there are thus 250 model-years to determine the index value for a single given
year. All years in which the hazard level (i.e., an annual cumulative intensity of at least 10
°C.days) is reached is added to the tally, and the index value is thus the proportion of such
years from all 250 model-years. For example, if the hazard level is exhibited in 125 of the
model-years, then the hazard index value is 0.5 and is taken to represent 50% likelihood of
experiencing hazardous marine heatwave conditions for the selected year.

The marine heatwave hazard index, after making appropriate choices for threshold
temperatures and hazard levels, can in principle be computed following the steps outlined
above for any region of interest around the world.

3 Results
3.1 Stakeholder engagement synthesis and analysis

Stakeholders in the Tasmanian fishery and aquaculture industries outlined valuable perspectives
from their experiences with general ocean warming and extreme events in recent years. Detailed
analysis of those responses is presented elsewhere (Kajtar, Holbrook & Lyth 2021). The key
findings pertinent to this study are summarised here, which are drawn from the summary boxes
at the end of each sub-section in the report by Kajtar, Holbrook & Lyth (2021).

It was apparent that warm water extremes affected the three species in different ways.
For example, the primary concern for oyster growers was the virus Ostreid herpesvirus 1
(Pacific Oyster Mortality Syndrome, POMS), which is typically activated by warm tem-
perature extremes (de Kantzow et al. 2016; Rodgers et al. 2019), and usually at> 18 °C in
Tasmania (Ugalde et al. 2018). For abalone, extreme warmth directly affects their metabo-
lism and reproduction rates, leading to smaller populations and some mortality (Shepherd
and Breen 1992; Gilroy and Edwards 1998; Harris et al. 2005; Fordham et al. 2013). On
the other hand, the warm temperature extremes experienced in Tasmania in recent years
have not necessarily led to salmon mortality, but rather to reduced growth rates and higher
levels of disease (Battaglene et al. 2008; Tassal Group Limited 2016; Zarkasi et al. 2016).
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Despite the differing impacts of extreme warmth, interviewees agreed that temperatures
near 18-20 °C were close to the level of greatest concern for each of the three species.
Some interviewees commented that the numbers of days exceeding such temperatures each
year (as shown in the preliminary figure to interviewees; Section 2.1) were a more informa-
tive way of illustrating projected changes, as opposed to simply plotting mean or anoma-
lous temperature changes over time. Furthermore, near-term projections over the coming
2-3 decades are of most interest since businesses do not tend to plan to 2100. The salmon
industry also expressed interest in projected changes to optimal temperatures, and some
studies have started exploring such aspects (Meng et al., 2022).

From our interviews, we found that Tasmanian fishery and aquaculture industry stake-
holders have a strong understanding of marine heatwaves, largely because they have
directly experienced their impacts and observed changes first-hand. The marine heatwave
concept was discussed with stakeholders, and all were familiar with the term, as well as the
potential impacts to their industries. There was less familiarity with specific definitions of
marine heatwaves (e.g., Hobday et al. 2016), but that was not seen as a barrier to under-
standing the scientific concerns regarding possible future changes to their frequency and
intensity.

The Tasmanian industry and government have already started some level of adaptation
to the changing climate, with reduced quotas on abalone harvesting in areas affected by
marine heatwaves, selective breeding for disease-resistant oysters, and active planning and
temperature monitoring over 12-24-month time scales by salmon businesses. However, not
all of these actions are necessarily in direct response to climate change, since, for example,
reduced quotas on abalone harvesting are also a response to over-fishing. Extreme tempera-
ture projections were considered a useful addition for planning and risk assessment by all.

Thus, some of the key suggestions that we inferred from the stakeholder discussions,
summarised in the preceding text and in a stakeholder engagement synthesis and analy-
sis report (Kajtar, Holbrook & Lyth 2021) are as follows: focus on temperature extremes
exceeding 18-20 °C, provide the counts of days with such temperatures, and focus on pro-
jections only to 2050. These suggestions do not necessary represent the most important
to the industry, but rather we considered them the most pertinent to the analysis we could
undertake with the model temperature projection data. They helped to develop the marine
heatwave hazard index (Section 2.4).

3.2 Past and projected future extreme temperatures

Following the inferred suggestions made through stakeholder engagement, we investigated
the annual counts of days with mean temperatures exceeding 19 °C in both the observa-
tions and models (Fig. 3). The data are analysed separately for the five Tasmanian regions
(Fig. 2). The days exceeding 19 °C are tallied over September 1 to the following August 31,
rather than over the calendar year, so that days belonging to a single austral summer period
are counted together (Section 2.4). The area-averaged SST in the whole Tasmanian domain
only exceeded 19 °C in two summers in the observations: 2015/2016 and 2017/2018, and
for fewer than 5 days in each case (Fig. 3a). The model data are plotted to show the multi-
model mean, the range of the central ~67% of models, and the full model range. The model
means and 67% ranges were smoothed using a 10-year moving mean. There is clearly a
range of possible outcomes amongst the models, with some years comprising 80 days or
more exceeding 19 °C, even under SSP1-2.6. Following the multi-model mean, a typical
approach to interpreting the model projections (e.g., Flato et al. 2013), indications are that

@ Springer



Climatic Change (2024) 177:26 Page 110f21 26

o 60 (a) thle Tasmqnian domain (tas_lall), thre§hold = 19.0°C
2
[}
© 50 - .
=
0 40 1 r
2
@ 30 L
g
Q20 4
810
2 lhistorical- — —— -~ PSR
© 1990 2000 2010 2020 2030 2040 2050
< 120 (b) NW Tas, threshold = 19.0°C (c) NE Tas, threshold = 19.0°C
©
2100 150
5 S0 100
3+
2001 200,9@% %0
_g ~ — o = —
2000 2020 2040 2000 2020 2040
o (d) SW Tas, threshold = 19.0°C (e) SE Tas, threshold = 19.0°C
8 100
L6 80
> 60
[0}
S-J: 40 _ . _ 2015016 . A4
§ 20 “Hi A
2000 2020 2040 2000 2020 2040
¢ Observations =—— Model means .]67% model range Full model range

Fig.3 Historical and projected changes in counts of days per year exceeding 19 °C. The analysis is for SST
averaged over a the whole Tasmanian domain (tas_all) and b—e each of the smaller subdomains (tas_nw,
tas_ne, tas_sw, and tas_se). The excess days are tallied over full years from September to August, and the
x-axis label for the year 2000 denotes the 2000/2001 data, for example. The year of the observed max-
ima are labelled in green in each panel, and also denoted by a green horizontal dashed line. CMIP6 model
means are indicated by solid curves: black for the historical period, up to the year 2014, and then branching
to the two scenarios in red (SSP5-8.5) and blue (SSP1-2.6). Darker shading denotes the smoothed range of
the central ~67% of models (17 out of 25), and lighter shading denotes the range of all models

an average year by 2050 will experience 5 days exceeding 19 °C, as observed in 2015/2016,
under SSP1-2.6 (Fig. 3a). Under SSP5-8.5, however, a typical year is projected to have
almost 20 days exceeding 19 °C.

In other regions, the counts of days exceeding 19 °C vary dramatically. In the north-
east Tasmanian region, which is the warmest on average due to the influence of the East
Australian Current Extension, more than 80 days warmer than 19 °C were experienced
in 2015/2016, and 19 °C is exceeded in most years (Fig. 3c). On the other hand, the daily
mean temperature, averaged over the southwest Tasmanian region, has never exceeded 19
°C, and there is only a small likelihood of doing so out to 2050, even under the high emis-
sion scenario (Fig. 3d).

The multi-model means of the two emission scenarios tend to be similar up to
2030-2035 (Fig. 3), after which they diverge substantially. The observed maxima of days
warmer than 19 °C are exceeded in the projected model mean under SSP5-8.5 by 2050 in
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all domains, suggesting that the most extreme observed year is likely to be a typical year
under such a scenario. However, such occurrences are less likely under SSP1-2.6, particu-
larly in the eastern domains (Fig. 3c.e).

An alternative investigation of extreme temperature changes in each domain is to deter-
mine region-dependent thresholds, rather than using the fixed value of 19 °C. Since the
historical mean temperatures are different in each region, the ranges of the extremes also
differ. Therefore, an alternative threshold was determined by computing the temperature
which has been exceeded on 0.5% of days over the observational period of 1982-2020, or
in other words, the 99.5th percentile. This is a stricter threshold than the 90th percentile
(Hobday et al. 2016), since here only a small fraction of the most extreme temperature
days is sought. The 99.5th percentile equates to the temperature exceeded on the 71 warm-
est days in the observational period. The observed and model simulated counts of days
exceeding the region-dependent thresholds are shown in Fig. 4. For the whole domain,
0.5% of days have exceeded 18.3 °C in the observational record (Fig. 4a). The threshold
temperature is warmer for the northeast subdomain (20.3 °C; Fig. 4c), and it is coolest
for the southwest (17 °C; Fig. 4d). For the whole domain and the two eastern domains
(Fig. 4a,c,e), the greatest counts of days in excess of the threshold temperature occurred in
the summer of 2015/2016, aligning with the Tasman Sea marine heatwave occurring at that
time (Oliver et al. 2017). In the western domains (Fig. 4b,d), the highest counts are more
evenly spread across several years, but the greatest numbers of days occurred in 2009/2010.

The projected counts of excess days under the two scenarios are similar for each domain,
which is a result of the choice of the threshold definition (Fig. 4). However, there are some
differences and variations that indicate that the mean temperature change projected over
the coming decades is not entirely independent of location. It is also important to note that
mean SST tends to be lower in near-coastal regions in southeast Tasmania (Meng et al.,
2022), and shelf temperatures tend not to be increasing as fast as offshore temperatures
(Marin et al. 2021a). At the larger scale, which the models represent, some of the small-
scale dynamics are necessarily not captured.

3.3 Marine heatwave hazard index

As described in Section 2.4, the marine heatwave hazard index is computed from model
simulations of the annual cumulative intensity exceeding a given temperature threshold.
The annual cumulative intensity in each of the Tasmanian domains using the observed
99.5th percentile threshold is shown (Fig. 5a,c,e,g,i). The time series for observations and
models show similar patterns to those seen in Fig. 4, such that the annual cumulative inten-
sity increases over time, and more so for the high emissions pathway. One of the steps
in the marine heatwave hazard index calculation is to determine an appropriate hazard
level. Here, an annual cumulative intensity value of 10 °C.days was chosen. The choice
was made as it is close to the level observed region-wide (Fig. 5a) and southeast domain
(Fig. 5g) during 2015/2016, corresponding to the austral summer in which an impactful
marine heatwave to the relevant species occurred. In all other observed years, the annual
cumulative intensity was less than 10 °C.days.

Using this selected hazard level, the illustrative marine heatwave hazard index is computed
from the model projections (Section 2.4; Fig. 5b,e.f,h,j). The index represents the likelihood
of experiencing hazardous conditions from extremely warm SST each year, under both low
and high emissions scenarios. An index level of 0.5 denotes a 50% likelihood of experienc-
ing hazardous marine heatwave conditions, and values close to 1.0 denotes near certainty.

@ Springer



Climatic Change (2024) 177:26 Page 130f21 26

o 120 (a) Whole Tasmanian domain (tas_all), threshold = 18.3°C
2
[7)
100 r
=
Q 80+ r
3
© 60 L
5 o
® 40+ _o0i5g016 Sl
8 20- i
% historical oV b © low emissions
© 1990 2000 2010 2020 2030 2040 2050
= 120 (b) NW Tas, threshold = 18.9°C 120 (c) NE Tas, threshold = 20.3°C
9 100 100
< 80 80
2 60 60
o 40 ‘-”4 40 2015/2016 i

2009/2010 4 8 4] _ _ _ 20% 2016 o
§20~7777kr7—— 20 N ~ e e

2000 2020 2040 2000 2020 2040
= 120 (d) SW Tas, threshold = 17.0°C 120 (e) SE Tas, threshold = 18.8°C
Q100 100
< 80 80
2 60 601 _ _ _ 20t52016  _ _ . |
o 40 2009/2010 40 _{
_§‘ 20Ok [ 20 AR
2000 2020 2040 2000 2020 2040
® Observations —— Model means .]67% model range Full model range

Fig.4 As in Fig. 3, but instead using region-dependent threshold temperatures. The thresholds are the
99.5th percentile of SST during the period 1982-2020 in observations. The computed region-dependent
threshold temperature is denoted in each subpanel title

Since the projected annual cumulative intensity pathways are somewhat similar for each
domain, the marine heatwave hazard index evolutions are similarly uniform (Fig. 5b,d.f,h,j).
In each region, the hazard level reaches approximately 0.2 by 2050 under SSP1-2.6, and 0.5
under SSP5-8.5. In other words, approximately 1-in-5 years by 2050 are projected to be like
2015/2016 under the low emission scenario, whereas it is projected to be closer to 1-in-2
years under the high emission scenario.

The region-dependent temperature threshold, or one based on the local climatology, is
an appropriate choice if the critical temperature for a marine species of interest is unknown.
An alternative to using region-dependent thresholds for the hazard index is to use a fixed
temperature threshold, and 19 °C is used here as an example (Fig. 6). In this case, the
marine heatwave hazard index levels are different across the regions. In the northeast, the
index rapidly approaches 1.0 under both scenarios by 2050 (Fig. 6f), whereas in the south-
west, it remains close to zero (Fig. 6j). If 19 °C is close to the critical temperature for
impacts in all regions around Tasmania in reality, at least to oysters, abalone, and salmon,
then this marine heatwave hazard index is informative. It indicates that the southwest of
Tasmania will continue to have very low levels of marine heatwave hazard for many years
to come, regardless of the future scenario.
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Fig.5 Historical and projected changes in annual cumulative intensity exceeding region-dependent tem-
perature thresholds, and their associated projected hazard levels. The analysis is of SST over a, b the whole
Tasmanian domain (fas_all) and c—j each of the smaller subdomains (tas_nw, tas_ne, tas_sw, and tas_se).
The left panels show annual cumulative intensity, which is the sum of all daily SST anomalies exceed-
ing region-dependent thresholds each year, summed over September to August. The observed maxima are
labelled in green in each panel, and also denoted by a green horizontal dashed line. Green data points are
not shown for years in which the observed value is zero. The right panels show the marine heatwave hazard
index, estimated from CMIP6 models. The index represents the likelihood of occurrence of a year with 10
°C.days of cumulative intensity, where an index value of 0.5 represents 50% likelihood, and approaching
1.0 represents high likelihood

4 Discussion and conclusions

The marine heatwave hazard index introduced here is a step towards developing a marine heat-
wave risk index across both fishery and aquaculture sub-sectors spatially and temporally. Whilst
this is an example of how the hazard component of risk can be computed and presented, a com-
plete risk assessment would also need to consider the exposure and vulnerability aspects, includ-
ing the adaptative capacity of the industry sectors and species (Cardona et al. 2012; [PCC 2012,
2014; Russo et al. 2019; Boyce et al. 2022). This would form the next step in any sector specific
risk assessment process and would require further engagement with stakeholders.

There are some caveats and limitations associated with the present study, which are
discussed here. Firstly, it is often challenging to secure time with key stakeholders (e.g.,
Luyet et al. 2012; Rockmann et al. 2015). Whilst the Tasmanian stakeholder landscape is
relatively contained and networks are readily identifiable (Lyth et al. 2016), this project
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Fig.6 Asin Fig. 5, but instead using a fixed temperature threshold of 19 °C

nevertheless faced some challenges in stakeholder engagement. The two primary chal-
lenges were as follows: (i) the willingness of stakeholders to engage, which was hindered
by other consultation demands and international trade issues at the time, and (ii) the
reduced ability or wariness to meet in person or in large groups due to COVID-19 meas-
ures during the time of the study.

The second set of caveats relate to the analysis of sea surface temperature data. The NOAA
OISST dataset was analysed for observational SST, but there are many other products avail-
able (Yang et al. 2021). OISST has been extensively used in marine heatwave studies; it also
ranks highly regarding documentation, accessibility, and dissemination (Yang et al. 2021). There
are some higher spatial resolution products available, which are more appropriate for studying
coastal regions, but they tend to cover a shorter timespan (Huang et al., 2021b; Yang et al. 2021).
An associated consideration is that CMIP6 models may not have sufficiently high resolution for
small domain studies (Fiedler et al. 2021). There is some indication that CMIP6 models perform
better than CMIP5 in some marine heatwave metric representation (Grose et al. 2020; Qiu et al.
2021), but marine heatwave studies utilising CMIP5 or CMIP6 would greatly benefit with fur-
ther model evaluation to understand sources of biases (Plecha and Soares 2020). Recent studies
show that model resolution is a crucial factor in marine heatwave representation (Pilo et al. 2019;
Hayashida et al. 2020).

A key challenge in the development of a temperature-focused hazard index is that both eddy
and current structures create considerable heterogeneity at small spatial scales, particularly in
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the Tasmanian region. The smallest domains chosen for analysis in this study span~250-300
km, which is extremely large relative to the area of an oyster farm or salmon pen. The grid-
ded observational and model datasets analysed here did not necessarily permit such small scale
analyses, due to their coarse spatial resolutions. On the other hand, the average temperature over
such a large domain can nevertheless be informative, since marine heatwaves sometimes span
vast areas.

In analysing future projections to 2050, it was shown that the two greenhouse gas sce-
narios can diverge substantially. The future pathway is clearly an unknown variable and
presents a source of uncertainty for planning and risk assessment. However, two possible
pathways near the extreme ends were selected: a low emissions pathway and a high emis-
sions pathway. The eventual reality over the coming decades is likely to lie somewhere in
between. In addition, it was found that the two pathways did not substantially differ until
after 2035, providing at least some utility for the coming 10-15 years.

Rather than using the typical definition of marine heatwaves, in which unusual warmth is
measured against a seasonally varying climatology (Hobday et al. 2016), sector-relevant abso-
lute threshold temperatures were employed for the marine heatwave hazard index presented
here. This approach was taken because the stakeholder engagement indicated a clear concern for
temperatures exceeding 18-20 °C in Tasmania, rather than atypical warmth in the cool seasons.
Using regionally dependent temperature thresholds, the likelihood of years during which the total
cumulative intensity is 10 °C.days greater than the threshold was assessed. The marine heatwave
hazard index ranges between zero, representing low or no possibility of 10 °C.days above the
threshold in a given year, and unity, representing virtual certainty of reaching 10 °C.days. For
region-dependent thresholds, the temporal evolution of the hazard index is similar in each region,
reaching approximately 0.5, or 50% likelihood, by 2050 under high emissions, with~0.2 haz-
ard level under the low emission scenario. A fixed temperature threshold of 19 °C, rather than
regionally dependent thresholds, was also tested in the calculation of the hazard index. Whilst
informative if the critical temperature for a species is known, a fixed threshold ignores the fact
that different species may have adapted or acclimatised to different local conditions, i.e., indi-
viduals of the same species in the northeast of Tasmania may tolerate temperatures > 19 °C more
readily than those in the southwest. Hence, the region-dependent temperature threshold may be
more appropriate, but the choice will depend on the species of interest.

The approach to identifying hazard likelihood is somewhat akin to the ‘storyline’ approach
(Shepherd et al. 2018; Shepherd 2019), whereby a particular event is used as a reference point,
and plausible future scenarios are then shown. But the next step with such a marine heatwave
hazard index will be to go beyond showing “What will happen?’, and instead “What is the impact
of particular actions under an uncertain regional climate change?’ (Shepherd 2019). The utility
of the marine heatwave hazard index for informing the risk assessment and planning of Tasma-
nian fisheries and aquaculture has not yet been assessed, and to do so will require more engage-
ment. Any utility will also ultimately depend on stakeholder capacities to alter practises (Hartog
et al. 2023), such as reducing or modifying harvesting, or introducing stock with higher thermal
tolerances. Development of the hazard index, with extension to a risk index, will also require
further iterative engagement.
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