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Changing ocean conditions due to anthropogenic climate change, particularly the
increasing severity and frequency of extreme events, are a growing concern for a range
of marine sectors. Here we explore the global trends in marine heatwaves (MHWS),
specifically onset and decline rates, two metrics which describe how quickly a MHW
will emerge or disappear from a location. These rates determine the reaction window —
the start of a MHW event to peak MHW temperatures—and the coping window —time
from peak temperatures to the end of an event—two important time periods relevant
to a marine decision-maker. We show that MHW onset and decline rates are fastest in
dynamic ocean regions and that overall, the global trend in onset rate is greater than
the global trend in decline rate. We map ocean regions where these rates are changing
together with forecast skill from a seasonal dynamical model (ACCESS-S). This analysis
highlights areas where the length of the preparation window for impending MHWs
is increased by using forecasts, and areas where marine decision-makers should be
prepared for rapid responses based on realtime observations as MHWSs evolve. In regions
such as south Africa and Kerguelen, northwest Atlantic, northwest Pacific, southwest
South Atlantic and off Australian east coast where rapid median onset and decline rates
are observed, there is also a positive trend in onset and decline rates i.e., MHWs are
developing and declining more rapidly. This will be a concern for many decision-makers
operating in these regions.

Keywords: marine heatwave, climate change, forecast skill, seasonal prediction, ACCESS-S, preparation window,
reaction window, coping window

INTRODUCTION

The world ocean is warming rapidly, resulting in rapid environmental change (World
Meteorological Organization, 2021). The five warmest years have all occurred in the past decade,
which is also the warmest decade in the historical record (World Meteorological Organization,
2021). Recent years have seen emergence of future climates in the form of extreme events, including
three mass coral bleaching events on the Great Barrier Reef in 5 years (2016, 2017, 2020; Hughes
et al., 2018; Spillman and Smith, 2021), flooding (Morris et al., 2018; Hague et al., 2020), altered
cyclone spatial distributions (Murakami et al., 2020), drought (Bureau of Meteorology CSIRO,
2020), and marine heatwaves (e.g., Cavole et al., 2016; Sen Gupta et al., 2020). Climate change
projections (IPCC, 2019) point to an increasing frequency and intensity of many types of extreme
events this century, driven by a warming ocean and atmosphere. These extreme events can
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is defined as a hit. Refer to Figure 2A for number of events.

FIGURE 6 | ACCESS-S2 hit rate for monthly SST > 90th percentile for all months 1982-2018 at lead times 0, 2, and 4 months (left column). These hit rate values are
then shaded only where the onset rate trend is >0.002 or <-0.002°C day—? year~' (center column; 68% of grid cells) and where the decline rate trend is > 0.002 or
<-0.002°C day—2 year~" (right column; 53% of grid cells). Note that 50% of model ensemble members predicting monthly SST above the 90th percentile as observed

of MHW onset and decline are also changing around the world,
which will have implications in the preparation for, and response
to, MHW events. To better prepare for MHWs, and cope with
the changing nature of events, marine users require information
about future conditions to improve decision-making (Hobday
et al,, 2016b). Changing ocean conditions due to anthropogenic
climate change means historical experience is becoming less
useful as guide for future conditions. Environmental forecasts
offer great value in the management of living marine resources
and for all of those who are dependent on the ocean for both
nutrition and their livelihood (Payne et al., 2017; Tommasi et al.,
2017).

Regions with rapid MHW onset rates generally also have
fast decline rates (Figure 3). This suggests that surface ocean
heat is introduced and lost quickly in these areas via air-sea
exchange, or that rapid onset and decline of MHWs in these
regions indicates shorter local residence time of a water mass.
This latter explanation is likely in western boundary current
systems where increased advection has been reported (e.g., Wu
et al., 2012). When advection is enhanced, warm eddies move
more quickly through an area, resulting in apparent rapid onset
and then decline of MHWs (Figure 5). In fact, many of these
rapid onset regions are associated with known eddy fields,
such as the western equatorial Pacific and are known global
warming hotspots (Supplementary Figure 1). In other regions,
rapid changes in air-sea exchange result in rapid onset of MHW's
(e.g., Tasman Sea — Salinger et al., 2019, Northeast Pacific - Bond

et al., 2015; Jacox et al., 2019). These rapid onset rates can be
due to shorter reaction windows (Figure 1B), meaning there is
less time for affected marine decision-makers to implement their
MHW response plan, or more intense events requiring increased
mitigation efforts. In such areas, a forecast system is particularly
valuable, as the preparation window provides additional time
for planning.

Seasonal forecasts of monthly SST exceeding the 90th
percentile tend to have highest skill in areas with fewer but longer
lived MHWs such as the tropical Pacific in the ENSO region
(Figures 2, 6). Skill here is driven by large scale, slower moving
climate drivers that have greater predictability at longer leadtimes
(Holbrook et al., 2019), resulting in longer preparation windows
for users. Model skill is lower and declines more quickly with
lead time in areas with high variability and large dynamic eddy
fields (Supplementary Figure 1). Areas with the largest observed
changes in total duration, onset and decline rates tend to also be
areas with highest skill, specifically much of the tropical oceans.
Our skill assessment is preliminary as it is based on monthly
SST but it does provide an indication of the model’s ability
to predict average MHW conditions. Thus, marine decision-
makers in these regions can benefit from the use of seasonal
MHW forecasts, with skill further into the future resulting in
longer preparation windows. However, advance warning of these
events through seasonal forecasting has benefits for the vast
majority of locations, even at short lead times. Most of the
global ocean has positive trends both in terms of number of
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MHW events and total duration, indicating reduced recovery
windows between subsequent events, which will have further
ramifications for the resilience of marine systems and industries.
Use of seasonal forecast information allows marine decision-
makers to implement management strategies ahead of the event
to both help mitigate impacts and increase capacity to be able to
cope with subsequent events.

Both reaction and coping windows exhibit increasing trends
(Figures 4C,D), with only small regions of decline in the far
eastern equatorial Pacific and Southern Ocean. Conversely, peak
exceedance is declining in the tropics and mostly increasing in
the subtropics (Figure 4B). An increase in the rate of onset can
be due to an event peaking more quickly or due to an event of
the same duration reaching a greater intensity (Figures 1B,C).
Only the former leads to a decrease in the reaction window,
and forecasts provide an additional window for implementing
a marine heatwave management plan. Where intensity is
increasing, the reaction window may remain the same, but the
response options to such extreme temperatures may be different,
and so a preparation window is still advantageous. Efforts are
currently underway by the authors to develop and assess forecasts
of MHW intensity and duration (Benthuysen et al., 2021).

In areas where model skill is lower, reactive responses can
be implemented when the 90th percentile MHW threshold
is first exceeded. A faster onset rate will reduce the reaction
window, relative to areas with slower onset rates, or where the
rate of onset is declining. The rate of decline may seem less
useful to marine decision-makers, as the extreme temperatures
have already passed. However, over most of the global oceans,
coping windows are longer than reaction windows, with similar
or greater increasing trends. Refined forecasts of decline rate
and coping windows will aid marine managers in determining
how much longer they might need to maintain alternative
arrangements or cope until normal conditions return. Until we
can forecast the maximum intensity at daily timescales, this
information will not be available. Nevertheless, our results can
still inform marine decision-makers about the climatological
rates of decline for a region. In areas with slow decline rates
and long coping windows, stakeholders might prepare for the
long haul as MHW conditions will persist longer. In areas that
have a fast rate of MHW decline, there may be an opportunity to
persevere, as the event could end quickly.

MHWSs are examples of extreme events that can disrupt
marine users, including those involved in fishing, aquaculture
and marine tourism. Marine managers have a range of response
options to MHW events, including fishery closures (Caputi
et al, 2019) and early harvesting (e.g., Hobday et al., 2018b).
While resource management has been a focus with respect to
MHWs, a growing effort in marine restoration ecology (e.g.,
Coleman et al., 2020; Eger et al., 2020; coral, kelp, seagrass,
oyster beds) also requires awareness of potential impacts of
these extreme events. As on land, it has been shown that
restoration success depends on environmental conditions, with
some practitioners already timing the scope and nature of the
restoration effort based on prevailing conditions (Tulloch et al.,
2020). Improved management responses in all these spheres are
possible, with both ongoing monitoring of events and improved

forecasting, including information on onset and decline rates
of MHW events. Timescales of response under different lead
times will depend on the agility of the industry and the level of
manipulation of the system. Some industries required advance
warning months ahead in order to mitigate impacts of an
impending MHW, whereas others are more responsive. Proactive
industry sectors will have already started developing response
plans for MHW events, just as planning has begun for climate
change (Hodgkinson et al., 2014; Fogarty et al., 2020). The time
derived from the combination of the preparation and reaction
windows allows for a wider range of responses to impacts.

Marine decision-makers utilizing seasonal forecasts are also
improving their ability to be agile (Hobday et al, 2016b).
Extreme events, such as MHWs, present additional challenges,
but once identified, they can be included in operational response
plans. For example, waters off Tasmania which support a large
salmon aquaculture industry, experienced a rapid onset local
MHW in November 2017. This industry had been using seasonal
forecasts for almost a decade to support operational decision
making (Spillman and Hobday, 2014), and also experienced
the strong 2016 Tasman MHW event the previous year (Oliver
et al., 2017). However, the rapid onset rate of the 2017 event
was driven by regional atmospheric changes that could not
be forecast at seasonal timescales. Despite this, local salmon
aquaculture operators were prepared for such events, and
reactive management efforts (early harvest, feed adjustment,
additional environmental forecasts) were quickly considered.
Following this event, management plans have been updated
and requests for improved (e.g., increased spatial resolution,
maximum temperatures, MHW) and more frequent forecasts
(e.g., fortnightly in warmest times of the year) have been received
by the authors.

Currently the typical onset and decline rate definitions
are from the start of the event to the maximum intensity
of the event, and from the peak to the end (Figure1).
Other metrics that precede the start of an MHW event may
also be useful for marine industries and could represent
threshold triggers for management action. For example, various
industry and species thermal thresholds may be exceeded
during the build-up of heat prior to temperatures reaching
the 90th percentile, particularly depending on what time of
the year the MHW occurs. It is also possible that species
or industry recovery may not occur until conditions return
to “normal” - different industry plans may need to use
different definitions. Lower exceedance thresholds could be
used (e.g., 70th percentile) in a two stage early warning
system, currently work in development by the authors. Not
all MHWs will be captured by coarser resolution seasonal
forecast models. However, impacts of synoptically driven events
for example, would be limited to local regions as compared
to regional events driven by more predictable larger scale
climate drivers. The time between events (recovery window)
is also an important consideration as resilience of systems
becomes reduced due impacts of repeated events. Negative
impacts, both ecological and economic, may be occur at
increasingly lower thresholds with consecutive MHWSs and
reduced recovery periods.
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Seasonal forecasting of ocean temperatures has been
demonstrated as an important for marine stakeholders to cope
with climate variability and increase their resilience in the face
of climate change. Ocean temperature forecasts can be enhanced
to provide MHW predictions, which are of particular interest to
marine decision-makers. Our preliminary mapping of monthly
SST > 90th percentile forecast skill to areas of greatest change
in MHW onset and decline rates gives an indication of where
forecasts will be particularly useful in providing preparation
windows to marine managers. In this fast-developing research
field, prototype seasonal forecasts for MHWSs on timescales of
weeks to months are close to fruition. As oceans warm, there
will be an increasing need for all marine stakeholders to manage
their climate risk, particularly around extreme events such
as MHWs. Seasonal forecasts can provide additional time for
marine stakeholders to prepare for an event, information about
how long they need to cope with extreme conditions and as
model skill increases at longer leadtimes, how long they have
before the next event.
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