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Abstract 48 
 49 

Marine heatwaves (MHWs) have been observed around the world and are predicted to 50 

increase in intensity and frequency. Adverse impacts have been associated with these 51 

anomalous events, including, shifts in species ranges, local extinctions, and economic 52 

impacts on seafood industries through declines in important fishery species and impacts on 53 

aquaculture. Heatwaves are increasingly seen as important drivers of physical and biological 54 

systems, yet a consistent definition of MHWs does not exist. A clear definition will facilitate 55 

retrospective comparisons between MHWs, enabling the synthesis and a mechanistic 56 

understanding of the role of MHW in marine ecosystems. Based on lessons from comparison 57 

with atmospheric heatwaves, we propose a general and then specific definition for MHWs, 58 

based on a hierarchy of metrics that allows for different data sets to be used in identifying 59 

MHWs. We generally define a MHW as a prolonged discrete anomalously warm water event 60 

that can be described by its duration, intensity, rate of evolution, and spatial area. 61 

Specifically, we consider a warm event to be a MHW if it lasts for three or more days, with 62 

temperatures warmer than the 90th percentile based on a historical baseline period. This 63 

structure provides flexibility with regard to the description of MHWs, and in communicating 64 

MHWs to a general audience. The use of these metrics is illustrated for three 21st century 65 

MHWs; the northern Mediterranean event in 2003, the Western Australia “Ningaloo Niño” in 66 

2011, and the northwest Atlantic event in 2012. We recommend this specific quantitative 67 

definition to facilitate global comparisons and advance understanding of MHWs. 68 

 69 

Keywords: extreme events, sea surface temperature, anomalous events, temperature anomaly  70 

 71 

 72 

A frequency distribution of MHW is needed to show 3 days is a useful definition of minimum 73 

duration.  74 

 Do we wait till we are happy with 3 days….yes… 75 

o Alistair: Eric and I have done some testing now, and it is useful, but might be 76 

better to use ~5 days….Eric working on a “logic” rather than an ad-hoc 77 

selection. 78 

 79 
Notes: 80 

For readability, we will use MHWs for plural and MHW for singular. This has been done for 81 

Extreme Climatic Event/Events (ECE, ECEs) – see 82 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2745.2011.01798.x/full 83 

 84 

Potential reviewers: please add names –should have ecological appreciation:  85 

 John Bruno, Kathy Mills (GMRI), Garabou, Fernando Lima, Nuria Marba, Gray 86 

Williams (http://www.biosch.hku.hk/ecology/gaw.htm), Brian Helmuth?, Cascade 87 

Sorte?, Bob Scheibling or Jon Witman (both very much ecologists, but especially 88 

Scheibling has worked impacts of warm summers on kelps), Matt Bracken?  89 

 90 

 91 

  92 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2745.2011.01798.x/full
http://www.biosch.hku.hk/ecology/gaw.htm
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1. Introduction - Marine heatwaves and their ecological impacts 93 

 94 

Ecosystems around the world have responded to anthropogenic climate change, with major 95 

implications for humanity’s use of ecological goods and services (Rosenzweig et al. 2008). 96 

Links between a changing climate with shifts in species distributions and the structure of 97 

communities and ecosystems have been documented convincingly for many taxa across many 98 

regions (Parmesan and Yohe 2003; Rosenzweig et al. 2008; Poloczanska et al. 2013). 99 

Concurrent with these observations, predictions of how biodiversity will respond to continued 100 

climate change have been developed (e.g. Cheung et al. 2009; Engler et al. 2011). However, 101 

in conjunction with mean warming trends, discrete extreme temperature events are increasing 102 

in frequency and intensity as a consequence of anthropogenic climate change (IPCC 2012; 103 

Coumou and Ramstorf 2012). It is clear that discrete climatic events can drive step-wise 104 

changes in species distributions and, ultimately, ecosystem structure and functioning 105 

(Wernberg et al. 2013). Storms, droughts, floods and heatwaves, for example, can have 106 

catastrophic effects on terrestrial ecosystems (Jentsch et al. 2007; Smith 2011), with 107 

significant socio-economic ramifications. As such, understanding and predicting biological 108 

responses to events, rather than trends, is becoming increasingly important, although event-109 

based research still lags some way behind trend-based work (Jentsch et al. 2007).  110 

 111 

Despite growing appreciation of the importance of extreme climatic events in determining 112 

ecosystem structure (Jentsch et al. 2007), the vast majority of knowledge stems from study of 113 

terrestrial ecosystems, despite marine ecosystems playing a central role culturally, socially 114 

and economically in the lives of most people (Richardson and Poloczanska 2008). Marine 115 

ecosystems provide many ecological goods and services, including nutrient cycling, food and 116 

other resources, biogenic coastal defence and climate regulation, all of which have substantial 117 

socioeconomic value. Coral reefs, seagrass meadows and kelp forests are particularly 118 

valuable in terms of capital generated from recreation, fishing activities, coastal defence and 119 

biodiversity, and provide trillions of dollars of value to the global economy each year 120 

(Costanza et al. 1997; Ruckelshaus et al. 2013). Marine ecosystems, like their terrestrial 121 

counterparts, are strongly influenced by extreme climatic events, including heatwaves 122 

(Garrabou et al. 2009; Wernberg et al. 2013), cold snaps (Firth et al. 2011), storms (De’ath et 123 

al. 2012) and floods (Gillanders and Kingsford 2002), which are driven by complex physical 124 

processes interacting across a hierarchy of spatial and temporal scales (Trenberth 2012).  125 

 126 

Marine heatwaves (MHWs), which are caused by a combination of atmospheric and 127 

oceanographic processes, are emerging as particularly important drivers of marine ecosystem 128 

structure and functioning. In 2003 an atmospheric heatwave over northwest Europe led to 129 

enhanced rates of air-sea heat exchange into the Mediterranean Sea which, in combination 130 

with weak winds, led to regional-scale thermal stratification and caused warming anomalies 131 

of 2-3C in surface waters (Garrabou et al. 2009). This MHW had profound ecological 132 

impacts, including widespread mortality of benthic invertebrates (Garrabou et al. 2009) and 133 

loss of seagrass meadows (Marba and Duarte 2010). More recently, the February 2011 MHW 134 

off Western Australia (a so-called “Ningaloo Niño”) was largely driven by oceanographic 135 

processes associated with the strong 2010/11 La Niña, which led to anomalously warm 136 

advection of tropical water polewards into temperate regions (Feng et al. 2013; Benthuysen et 137 

al. 2014). This Western Australia MHW caused major shifts in benthic ecosystem structure 138 

and functioning in a tropical-temperate transition zone, through widespread mortality of cool-139 

water habitat forming species (Wernberg et al. 2013, Smale and Wernberg 2013). During a 140 

2012 MHW in the northwest Atlantic, rapid shifts in geographical distributions and 141 

phenology were observed for several marine species, including those targeted by regional 142 
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fisheries (Mills et al. 2013). These ecological responses led to altered fishing practices, with 143 

significant political and economic ramifications (Mills et al. 2013). It is clear that MHWs, 144 

which may increase in frequency and intensity as a result of anthropogenic climate change 145 

(IPCC 2012), are important factors that affect biodiversity patterns and ecosystem structure 146 

and functioning. Regardless of the physical drivers of short-term temperature variability and 147 

extremes, there is a pressing need to examine the physical properties of MHWs, and their 148 

biological impacts, within a coherent and comparable framework.  149 

1.1. Measuring extreme temperatures in marine systems 150 

A range of ecological studies have used extremes metrics to assess thermal stresses in the 151 

marine environment (Table 1). For example, Sorte et al. (2010) adopted the definition of 152 

Meehl and Tebaldi (2004) in which heatwaves were defined as a period of at least three to 153 

five days during which mean or maximum temperature anomalies were at least 3 – 5°C above 154 

normal, while Selig et al. (2010) used thermal stress anomalies (TSAs – see Table 1). 155 

However MHWs are also often described using vague definitions (e.g. statements such as 156 

“warmer than average”) and most temperature anomalies are generated from monthly 157 

datasets, thus smoothing out shorter but generally more intense events. Most marine warming 158 

metrics have been developed for coral bleaching monitoring and prediction, which is the most 159 

advanced field of thermal stress-related marine ecology (Spillman 2009). However, to date 160 

there is limited consistency in how MHW metrics are applied or whether they are applicable 161 

to ecological applications other than coral reefs. 162 

1.2. Parallels with atmospheric heatwaves 163 

Global initiatives over the last decade have sought to define standard metrics for atmospheric 164 

heatwaves and extreme temperatures, primarily under the auspices of the Expert Team on 165 

Climate Change Detection and Indices (ETCCDI1; Zhang et al. 2011), to allow comparative 166 

analyses across regions. The general definition of atmospheric heatwaves is a prolonged 167 

period where temperatures are substantially hotter than normal (Perkins and Alexander 2013). 168 

Their measurement has had considerably more attention over the last decade compared with 169 

marine events (e.g. Meehl and Tebaldi 2004; Fischer and Shär 2010; Schoetter et al. 2014), 170 

but the absence of a pre-defined framework has seen atmospheric events defined by a 171 

plethora of metrics, most of which are unique to a particular purpose or study. The existing 172 

and proposed indices are very general, measuring event duration or total number of heatwave 173 

days and fail to appropriately describe atmospheric heatwaves (Frich et al. 2002; Alexander 174 

et al. 2006; Perkins 2011). Other examples of novel heatwave metrics defined by climate 175 

scientists with varying levels of complexity appear in studies by Della-Marta et al. (2007), 176 

Vautard et al. (2013), and Russo et al. (2014). In parallel to the climate research community, 177 

impact-focused research groups have defined a different suite of heatwave metrics. While 178 

these indices are in reference to atmospheric heatwaves, they are very particular and detailed 179 

in their calculation, thus giving extra complexities to those defined by climate scientists (e.g. 180 

metrics for human health purposes: Fanger 1970; Steadman 1984; Mayer and Hoppe 1987). 181 

The level of detail makes it difficult to derive most impact metrics from regional 182 

climatological data, while the specificity of each metric inhibits its applicability to another 183 

sector, even with similar purpose (Perkins and Alexander 2013). This wide range of metrics 184 

within and across these communities also means that different data are required to generate 185 

different atmospheric heatwave definitions, which inhibits consistent measurements both 186 

spatially and temporally. The lack of consistency in data availability and atmospheric 187 

                                                 
1 A joint initiative of the World Climate Research Programme CLIVAR/World Meteorological Organisation 

Commission for Climatology and the Joint WMO-IOC Technical Commission for Oceanography and Marine 

Meteorology (JCOMM). 
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heatwave calculations has made the assessment of the drivers of these events and their 188 

impacts extremely challenging. As a consequence, an assessment for atmospheric heatwaves 189 

has   only medium confidence in ?? in the IPCC Special Report on Extremes (IPCC 2012) and 190 

the IPCC Fifth Assessment Report (IPCC 2013).  191 

 192 

In an attempt to overcome these issues, Perkins and Alexander (2013) presented a working 193 

framework to define atmospheric heatwaves and address the issues of inconsistency and low 194 

confidence. While constructed in a retrospective manner, the framework considers what 195 

metrics can be derived from climatological and meteorological data, and what characteristics 196 

are important for a range of impacts sectors. According to Perkins and Alexander (2013) an 197 

atmospheric heatwave occurs when at least three consecutive days exceed a calendar day 198 

threshold, defined as the 90th percentile value for temperature. Using a “day-specific” 199 

threshold allows for the detection and measurement of events at all times of the year (i.e. a 200 

heatwave can occur in winter with a lower absolute value than might occur in summer), while 201 

a percentile-based threshold allows for the measurement of heatwaves across all locations. 202 

An event is characterized in terms of duration and intensity, and summary statistics such as 203 

the number of discrete events, sum of heatwave days and peak intensity can be calculated for 204 

a season or period of interest. The success of the framework is evident in understanding 205 

changes in global observed atmospheric heatwaves (Perkins et al. 2012) and future 206 

projections from numerical climate models (Cowan et al. 2014). It also supported a finding of 207 

high confidence in observed increasing trends in heatwave frequency in Europe, Asia and 208 

Australia (IPCC 2013). 209 

 210 

While the framework constructed by Perkins and Alexander (2013) has achieved a consistent 211 

approach to characterising atmospheric heatwaves, the study of atmospheric heatwaves 212 

would have likely been more successful if common definitions had been derived in an 213 

anticipatory manner. This success would have been further heightened by incorporating 214 

levels of metric flexibility and ease of communication. Therefore, there is great potential for 215 

the marine community to apply the lessons learned from the atmospheric community in the 216 

measurement of MHWs.  217 

2. A hierarchical definition of marine heatwaves 218 

Following on from the lessons learned in atmospheric studies, we propose a definition for 219 

MHWs that can be used for many comparative studies and across regional and biological 220 

applications. Qualitatively, we propose the definition of a MHW as a discrete prolonged 221 

anomalously warm water event. From examples such as the 2003 MHW in the northwest 222 

Mediterranean Sea (Garrabou et al. 2009) or the 2011 Ningaloo Niño in Western Australia 223 

(Feng et al. 2013), it is clear that the atmosphere, the land surface and the ocean all have 224 

important driving roles in how and where these prolonged heat events play out. However the 225 

relative importance of these drivers varies among events. Therefore, the qualitative definition 226 

does not assume any particular heatwave driver nor does it assume that the MHW has any 227 

specific impact. However, it does provide a flexibility of definition such that it can be 228 

specifically targeted towards end-user applications such as coral reef monitoring or fisheries 229 

management. In these situations, identification and quantification of heatwave events 230 

provides an opportunity to understand and manage impacts, such as when the 2011 Ningaloo 231 

Niño decimated commercially important crustacean and mollusc stocks in Western Australia 232 

(Pearce et al. 2011; Hodgkinson et al. 2014).  233 

 234 
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This general definition can apply to any body of marine water (e.g. subsurface, estuarine, or 235 

enclosed seas such as the Mediterranean Sea or Baltic Sea) although it probably has limited 236 

application in intertidal zones, where ecological responses to high sea temperatures are 237 

mediated by air temperature, precipitation and atmospheric conditions (Helmuth et al. 2006). 238 

Under this definition a MHW can be caused by a combination of atmospheric forcing (e.g. 239 

heating) and oceanic conditions (e.g. advection of unusually warm water). The MHW should 240 

be defined relative to a baseline period (climatology) and a particular time of the year from 241 

which the intensity, duration and spatial extent of the MHW could be defined. This also 242 

means that a MHW is not just limited to the warmer months, and for biological applications 243 

the consideration of heatwaves in colder months is essential. For example, the reproductive 244 

cycle of several seaweed species involves reproduction in colder seasons, and during these 245 

seasons the propagules and early post-settlement stages are in general more susceptible to 246 

thermal stress than adults (Santelices 1990; Lotze et al. 2001). For the fucoid Scytothalia 247 

dorycarpa, Andrews et al. (2014) showed that post-settlement survivorship strongly 248 

depended on temperature, with highest survivorship in the coldest treatment, and elevated or 249 

complete mortality more likely under elevated temperature. Therefore a MHW in a cold 250 

season could lead to suppressed or failed recruitment of seaweeds. 251 

 252 

While this qualitative definition provides flexibility in the way in which a MHW can be 253 

defined across multiple end users for their particular application, it does not allow for 254 

empirical comparisons of the characteristics of MHWs across different marine environments. 255 

For this type of application, the general qualitative definition of ‘discrete’, ‘prolonged’, and 256 

‘anomalously warm’ can be quantified: 257 

 258 

 ‘discrete’: A MHW event is discrete in that it has a well defined start and end period. 259 

However, in our proposed definition and in common with atmospheric heatwaves, gaps 260 

between events of less than three days with subsequent three day or more events will be 261 

considered as a continuous event. For example, five hot days followed by two cool and 262 

then four hot would be defined as an 11 day MHW event. In contrast, five MHW days, 263 

followed by one cool day, and then two more MHW days would be defined as a five day 264 

event [5hot,1cool,2hot = 5 MHW days]; as would the converse [2hot,1cool,5hot]. A sequence of 265 

five MHW days followed by four cool days and then six MHW days [5hot,4cool,6hot] 266 

would be defined as two MHW events, one of five days duration, and one of six days 267 

duration.  268 

 ‘prolonged’: In the marine environment, the definition should be relevant to ecological 269 

processes (evidence of impact), but for each process this impact may be different. Our 270 

recommendation is that the MHW needs to persist for at least three days – while this 271 

definition might seem a bit arbitrary, it has the advantage of comparability with similar 272 

definitions being used in the atmospheric literature (e.g. Perkins and Alexander, 2013), 273 

allowing for cross-domain comparisons. 274 

  ‘anomalously warm’: A MHW must be defined relative to a baseline climatology. 275 

Based on other studies of ocean processes, which have long time scales of variability, a 276 

minimum of 30 years is recommended if possible. This is almost the full period of 277 

recorded satellite sea surface temperature observations. The climatology will be defined 278 

relative to the time of year, using moving window averages for each day (e.g. 5-day 279 

running mean). However, there are many data limitations, in terms of length, quality, 280 

consistency, resolution and availability (see Table 3) that will limit this for many 281 

applications. For remote sensing applications, where many datasets start in the 1980s and 282 

1990s for sea surface temperature and sea surface height, respectively, the climatological 283 

period might have to be shorter, and users should explicitly define their period 284 
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accordingly. However, where long-term in situ records are available it is recommended 285 

that the period 1961 to 1990 be used for the climatological base period to make it 286 

comparable to atmospheric studies. Further, a MHW should be defined relative to a high 287 

percentile threshold (e.g. 90%) rather than an absolute value above the climatological 288 

value. This is because using absolute values (e.g. 2°C anomaly) would only be relevant 289 

in terms of impacts in some regions but not in others (e.g. due to species acclimation). 290 

We also recommend percentiles rather than standard deviations since this does not make 291 

assumptions about the underlying data distribution. Users should however also be 292 

cognisant of biases that might be introduced at the start and end of the base period when 293 

calculating threshold exceedances, and it is recommended that a bootstrapping procedure 294 

such as that defined by Zhang et al. (2005) is employed to calculate percentiles from 295 

subsets of the data when a long time series is available. 296 

2.1. Measurement of marine heatwaves 297 

MHWs can be identified at any point in the ocean based on quantitative refinement of the 298 

qualitative definition provided earlier. For inter-comparisons, a standard MHW definition, 299 

calculated in exactly the same way, using the same metrics and processing methods, is 300 

desirable. A set of summary statistics can be derived for each MHW including, for example, 301 

its intensity, duration, frequency and spatial extent. Such a set of metrics is needed to 302 

uniquely describe MHWs, which can be considered as a hierarchy of metrics (Figure 1; 303 

Table 2). A hierarchy is useful as different temperature datasets, based on their spatial and 304 

temporal resolution, have different abilities to provide different metrics. The primary metric, 305 

which can allow the most general comparison, is duration. Secondary metrics distinguish the 306 

magnitude (intensity), temporal trend (rate of event onset/decline), and the spatial extent of 307 

the MHW. This hierarchy allows some flexibility in the reporting of these metrics, 308 

particularly for non-scientific audiences. Measures such as duration and spatial area are easily 309 

understood, while rates of onset and decline, and cumulative intensity may require additional 310 

explanation. This set of five metrics allows different MHW events to be described and 311 

compared (Figure 2). 312 

 313 
As described earlier, a number of MHWs have been recorded over recent decades, but have 314 

been mainly described as abnormally warm or several degrees above average. Comparison of 315 

these events across marine environments would be possible by calculating one or more 316 

common metrics to all past MHWs. This would allow a characterisation based on the 317 

hierarchical classifications of metrics, placing the events in a context to each other. As an 318 

example, three better-known MHW regions are compared here to illustrate the use of these 319 

metrics (Figure 3). In each case, the region has seen a number of MHW events that meet our 320 

definition with differences between the duration and intensity of each event. For example, the 321 

location examined off Western Australia has experienced 72 MHW events (duration of three 322 

days or more) between 1985 and 2014, with the longest MHW in 2011 lasting for 110 days 323 

with a maximum intensity (imax) 5.25°C above the climatological average and a cumulative 324 

intensity (isum) of 249°C. In agreement with published biological studies, this 2011 event 325 

stands out as the most extreme over the period examined, with an earlier event in 1999 also 326 

notable. In the Mediterranean Sea, a total of 81 events were identified, with the most intense 327 

occurring in 19XX, lasting 103 days, although with a lower imax than a MHW event in 328 

(imax4.14°C). In the northwest Atlantic, 56 events were identified, with the longest MHW 329 

duration of 160 days, an imax of 4.26°C during a different event, and a cumulative intensity of 330 

270°C. This analysis also shows how the frequency of events seems to be increasing in more 331 

recent years (Figure 3, third row?). These duration and intensity metrics could in turn be 332 

used to explore the impact of MHWs on regional biology. It is immediately apparent that 333 
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only the largest of these MHWs have led to widespread and notable impact, just as occurs 334 

with atmospheric heatwaves. 335 

As each of the MHWs is defined by a set of metrics in Table 2 (e.g. duration, maximum 336 

intensity, cumulative intensity, rate of onset, rate of decline), analyses such as principal 337 

component analysis can be undertaken to identify the most unique MHWs (Figure 4).  338 

In Area 1 (WA) for example, of all the MHWs, %54, 29 and 61 are the most unique…more 339 

words if we think this is useful. 340 

2.2. Datasets matter in defining heatwaves 341 

While a consistent framework to measure MHWs is important, end-users of the framework 342 

need to be aware that different datasets may provide substantially different heatwave 343 

information, despite the use of the same metrics. This is generally due to the resolution of the 344 

data but can also relate to other issues of quality and consistency. Datasets with a high spatial 345 

resolution and frequent recordings have more variability than those representing larger areas 346 

or based on (smoother) longer-term averages (Smale and Wernberg 2009). An example of the 347 

effects of data resolution on MHW intensity is given in Figure 5, which shows the 348 

development of the Ningaloo Niño in 2011 from the reconstructed monthly HadISST dataset 349 

(Rayner et al. 2003), a daily satellite product (NOAA OISST product), and an hourly in-situ 350 

data logger. All datasets have a similar profile of the evolution of the MHW including the 351 

rate of onset and decline, the duration of the event (measured in months), and a warm period 352 

preceding the main heatwave. However, the variability in SST magnitude clearly differs 353 

between the three datasets, thus affecting metrics relating to heatwave intensity. HadISST has 354 

the smallest variability inclusive of peak intensity, due to its coarse spatial (1° degree grid) 355 

and temporal resolution (weekly/monthly). This is followed by the satellite data, which are 356 

finer in spatial (0.25° degree grid) and temporal (daily) resolution. The high temporal 357 

resolution provided by the in situ logger data reveal higher SST variability in time, as well as 358 

higher peak intensity than the other two datasets. It is clear that the weekly variability in the 359 

logger data is smoothed at monthly scales, thus reducing intensity by including non-heatwave 360 

days and weeks. Lower spatial resolution data results in reduced intensity because 361 

neighbouring non-heatwave areas are included in average values. In this example the other 362 

heatwave metrics appear reasonably similar (rate metrics ronset and rdecline).  363 

 364 

Not only can different datasets generate different values for the same metric, certain indices 365 

may simply not be appropriate or derivable from some data sources. Table 3 gives an 366 

indication of when the indices outlined in the framework may or may not be applicable, and 367 

the quality they would provide. For example, in situ data (such as the logger data described 368 

above) can provide higher frequency information for the more accurate calculation of 369 

intensity and duration (if measured in days). However, these local data would not provide an 370 

estimate of the spatial extent of a MHW. In contrast, gridded products, such as satellite-371 

derived SSTs and reconstructed datasets, allow greater spatial inferences. Model data, in the 372 

forms of global and regional models and reanalysis products, may be used for the calculation 373 

of all MHW metrics (Table 3). However, quality may be reduced due to the coarseness of 374 

spatial resolution and, in the case of regional models, the domain they cover. While useful for 375 

other purposes, paleo proxies and traditional ecological data can, at best, provide minimal 376 

quantitative information on MHWs. A number of other considerations listed in Table 3, 377 

including record length, temporal resolution, whether the data have been quality-controlled, 378 

and spatio/temporal consistency, should help end-users evaluate what metrics can be derived 379 

from a particular product. Such considerations and measurement qualities are indicative only 380 

and should be applied to a dataset each time it is used for the measurement of MHWs. 381 

 382 
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Published studies show that it is likely that many of the MHW metrics will be calculated from 383 

gridded products, such as SST datasets, reconstructed observational data, and 384 

model/reanalysis data. These provide generally similar quality metrics (Table 3). We 385 

advocate that the highest quality data available should be used when calculating MHWs and 386 

where possible compared to in situ data (also of high-quality, e.g., Smale and Wernberg 387 

2009) (e.g. Figure 5). While coarser resolution datasets will give a quantitative measurement, 388 

they are generally representative of larger areas and/or longer periods of time, and therefore 389 

may not provide the most accurate or useful representations of site-specific MHW intensity 390 

that researchers or marine managers and/or policy-makers with an ecological impacts focus 391 

might require. End-users simply need to be aware of the constraints associated with different 392 

datasets, so that MHWs are calculated appropriately and correctly within these constraints. 393 

3. Monitoring and forecasting marine heatwaves 394 

Ocean climate extremes, including MHWs, are predicted to increase in both intensity and 395 

frequency in the future as a consequence of global warming (IPCC 2012; Cai et al. 2014). 396 

The examination of the sites in the earlier section suggest an increasing frequency of MHWs 397 

based on our definitions (Figure 3). The impacts on marine environments are still poorly 398 

understood. However, Wernberg et al. (2013) concluded that extreme events affect species 399 

distributions and alter ecosystem structure. Thus monitoring and forecasting is seen as 400 

important and can be advanced by the use of common metrics to understand and minimise 401 

potential impacts both on ecological and economic (e.g. fisheries) levels. Near-real time 402 

monitoring using the hierarchical classification of metrics discussed here and applied to daily 403 

SST data would allow warnings to be issued when areas approach or exceed their specific 404 

thresholds (Spillman 2011). For example, Coral Reef Watch is based on near-real time 405 

monitoring and is used to identify areas where conditions may be approaching those 406 

conducive to coral bleaching (http://coralreefwatch.noaa.gov/satellite/index.php). This early 407 

warning system can inform management actions (to reduce additional stressors for example) 408 

which can be implemented quickly (e.g. Beeden et al. 2012). In similar ways, this can be 409 

enabling as an aid for fisheries managers to predict the potential impacts of increased 410 

temperature on important habitats (Donnelly 2013), fish distributions (Hobday et al. 2011) 411 

and altered catch rates, or whether perhaps they might be better placed to switch to different 412 

target species expected to prosper under warmer conditions in the prospective areas (Mills et 413 

al. 2013) or implement recovery actions when the event has concluded.  414 

 415 

Furthermore, monitoring heatwaves can lead to a better understanding of their development, 416 

characteristics and impacts. Near real-time monitoring based on satellite data is possible, 417 

while deployment of submerged data loggers close to the coastline and the use of 418 

oceanographic arrays for the open sea could provide information about heat penetration 419 

depths and durations. Many of these systems are already in place, such that implementing 420 

reporting using the proposed hierarchical set of metrics would allow characterisation of the 421 

MHW as it develops and persists, comparison to historical events, and greater insight into 422 

potential impacts. 423 

 424 

Besides near real-time monitoring, the metrics can be used to calculate the prevalence of 425 

future MHWs. These metrics can be useful at different time scales in forecasting for the 426 

following days to weeks and for long-term projections. Using them within a forecasting 427 

framework would lead to near-term prediction of MHWs. Tools already exist for seasonal 428 

forecasting, for example POAMA predicts a range of monthly mean SST temperatures for the 429 

upcoming 9 months (http://www.bom.gov.au/climate/poama2.4/poama.shtml). Including 430 
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MHW metrics in the forecasting based on daily predictions would help to identify areas 431 

where MHWs may occur and actions could be implemented weeks ahead of time, including 432 

altering fisheries management boundaries (e.g. Hobday et al. 2011). 433 

 434 

Projections beyond the near-term could identify future MHW risk areas. Identifying risk 435 

areas would be a useful tool for Marine Protected Areas (MPAs) and spatial zoning for 436 

aquaculture. In planning MPAs, it is important not only to decide which areas are to be 437 

protected, but in which areas protection would be most useful. For example, protecting high 438 

diversity coral reef areas with a high probability of catastrophic disturbances in the near 439 

future including heatwaves may be less favourable in comparison with protecting an area 440 

with less biodiversity but a low probability for disturbance (Game et al. 2008). The likelihood 441 

of an area experiencing extreme climatic events could thus be used to decide which areas 442 

should be protected and which are less resilient and prone to strong impacts with low 443 

expectations of recovery. In a similar way, decision-making processes in aquaculture zoning 444 

could include the projection of likelihood for MHWs. 445 

4. Recommendations and conclusions 446 

This paper has outlined the growing interest in documenting and understanding MHWs. The 447 

adverse impacts of these events span a vast range of marine ecosystems. While atmospheric 448 

heatwaves have had a large research focus in recent years, a proliferation of heatwave metrics 449 

now exist, largely due to an absence of coordinated efforts in marrying the tools and needs of 450 

physical scientists and impacts researchers. There is an opportunity for the marine 451 

community to learn from this experience, and it is on this basis that we recommend a 452 

consistent, hierarchical framework in which to measure MHWs. The three-tier framework 453 

allows for an over-arching and consistent measurement of heatwaves, while also providing 454 

flexibility in specifying additional metrics, if necessary. Regarding the use of the proposed 455 

hierarchical definition and associated metrics, we recommend the following: 456 

 457 

1. The adoption of consistent terminology, definitions and metrics by a broad range of 458 

researchers interested in MHWs. This will facilitate comparisons between different 459 

MHW events, across seasons and at regional scales. It will also facilitate the 460 

comparison of observed events against those simulated in model projections, which 461 

will be extremely useful in understanding plausible future changes in MHWs. 462 

2. The use of a flexible hierarchical system allowing for further development of 463 

descriptive indices, for particular ecosystems or species as needed by individual 464 

research goals. 465 

3. The calculation of MHWs from the highest quality data available. Confidence in the 466 

robust detection of MHWs (and capacity to compare between events and examine 467 

spatio-temporal trends) will only be achieved with the use of high-quality datasets. 468 

Temperature data should be quality controlled, collected over adequate timescales (i.e. 469 

at least 30 years for deriving climatological baselines) and at the highest possible 470 

resolution. For example, the satellite-derived AVHRR dataset allows for robust 471 

detection of MHWs but should be complemented with high quality in situ data (e.g. 472 

from coastal temperature loggers or oceanographic moorings). Climatological 473 

baselines may need to be smoothed to allow signals to be clearly identified. We 474 

suggest 5-day ‘moving windows’ be used. 475 

4. To be consistent with the atmospheric heatwave literature, we suggest the 90th 476 

percentile be used to define a MHW threshold and that at least three continuous days 477 
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above this threshold be required to define a MHW. Shorter heat spikes may have 478 

ecological impacts in the ocean, but these are distinct features and just as hot air days 479 

do not make an atmospheric heatwave, hot ocean days (<3 days) do not represent a 480 

MHW under our definition. The use of standardised software would ensure 481 

consistency in calculating metrics, but the provision of detailed formulae (Table 2) 482 

may overcome this need. These metrics can, of course, be modified to suit the specific 483 

application but reporting of standardised metrics will facilitate inter-comparison 484 

between events, locations and times. 485 

5. Assessments of spatial and temporal variability in the occurrence of MHWs can be 486 

combined with analyses of other important aspects of the marine environment, such as 487 

biodiversity patterns (Tittensor et al. 2010), human pressures (Halpern et al. 2008), 488 

and hotspots of ocean warming (Hobday and Pecl 2014) or the velocity of climate 489 

change (Burrows et al. 2011). Such an approach can be used to identify regions that 490 

may be particularly susceptible to MHWs (i.e. areas subjected to intense human 491 

impacts) or regions where ecological impacts may be particularly severe (i.e. hotspots 492 

of biodiversity).  493 

Overall, in a rapidly changing climate, the detection, characterisation, impact assessment and 494 

prediction of MHWs will become increasingly important. We recommend that the marine 495 

scientific community adopts a coherent and consistent approach to this significant 496 

undertaking and considers how advances made in the study of atmospheric heatwaves can 497 

assist research on MHWs. 498 
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Table 1: Examples of metrics commonly used to describe warming events in ecological 722 

studies.  723 

Metric Description Example 

Maximum 

Temperature (°C) 

Maximum temperature observed during event Berkelmans et 

al. 2004 

Temperature 

Anomaly (°C) 

Deviation from long-term mean (most often monthly 

mean) 

Wernberg et 

al. 2013; 

Smale and 

Wernberg 

2013 

Thermal Stress 

Anomaly (e.g. 

weeks) 

Observed weekly averaged temperature is 1°C warmer 

than the maximum climatological week (the warmest 

week of the 52 climatological weeks averaged over the 

dataset); TSAs are deviations from typical summertime 

temperatures. Can be presented as cumulative weeks 

Selig et al. 

2010  

Degree Heating 

Weeks (°C-

weeks) 

For corals, thermal stress occurs when sea surface 

temperatures exceed 1°C above the maximum 

summertime mean. Degree Heating Weeks (DHW) 

shows how much heat stress has accumulated in an area 

over the past 12 weeks (3 months) by adding up any 

temperature exceeding the bleaching threshold during 

that time period 

Eakin et al. 

2010 

 

Degree Heating 

Days (°C) 

The degree heating days (DHD) value is the summed 

positive deviations of daily average sea surface 

temperatures (x(t)) from the climatology of long-term 

mean summer temperatures (LMST), for the summer 

period (i.e. December 1st to February 28th in the 

Southern Hemisphere).  

 𝐷𝐻𝐷 = ∑(𝑥(𝑡) − 𝐿𝑀𝑆𝑇) 

Maynard et al. 

2008 

Heating rate 

(°C/day) 

If the number of days (ND) on which daily average sea 

surface temperatures (x(t)) have exceeded the long-term 

mean summer temperatures (LMST) then heating rate 

(HR) is given by 𝐻𝑅 = 𝐷𝐻𝐷
𝑁𝐷

. That is, the average rate at 

which DHD have accumulated throughout the summer 

(i.e. December 1st to February 28 in the Southern 

Hemisphere). 

Maynard et al. 

2008 

 

 

 724 

  725 
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Table 2. Hierarchical classification of metrics to characterise marine heat waves (MHW). 726 

 Name Definition  Units 

 Climatology The 

climatological 

reference period 

to which all 

values are 

relative 

𝑇𝑚(𝑗)

= ∑ ∑
𝑥(𝑦, 𝑑)

5(𝑦𝑒 − 𝑦𝑠 + 1)

𝑗+2

𝑑=𝑗−2

𝑦𝑒

𝑦=𝑦𝑠

 

 

where 𝑗 is day of year, 
 𝑦𝑒and 𝑦𝑏 are the start 

and end of the climatological  
base period respectively and  
𝑥(𝑦, 𝑑)is the daily SST on day 𝑑  

of year 𝑦 

°C 

 Threshold* T%; The 

seasonally 

varying 

temperature 

value that 

defines a MHW 

(e.g. T90 is the 

90th percentile 

value based on 

the baseline 

periods) 

𝑇90(𝑗) = 𝑃90 (𝑥(𝑦, 𝑑)) 

 

where 𝑃90 is the 90𝑡ℎ  percentile 

and 𝑦𝑠  ≤ y ≤ 𝑦𝑒 and  
j − 2 ≤ d ≤ j + 2 

°C 

 Start and end of 

MHW 

The dates on 

which a MHW 

begins and ends 

𝑡𝑠 is the time, 𝑡, where 

𝑥(𝑡) >  𝑇90 (𝑗) 

and 𝑥(𝑡 − 1) < 𝑇90 (𝑗) 

𝑡𝑒 is the time, 𝑡, where  
𝑡𝑒 >  𝑡𝑠 and 

𝑥(𝑡) <  𝑇90 (𝑗) 

and 𝑥(𝑡 − 1) > 𝑇90 (𝑗) 

For MHWs, 𝑡𝑒 − 𝑡𝑠 ≥ 3 

days 

Primary Duration Consecutive 

period of time 

that temperature 

exceeds the 

threshold 

𝑀𝐻𝑊𝐷 = 𝑡𝑒 − 𝑡𝑠 days 

Secondary Intensity 

(max/mean/CV) 

imax: The highest 

temperature 

anomaly value 

during the 

MHW 

imean: the 

average 

temperature 

anomaly during 

the MHW 

ivar: the variation 

in intensity of 

𝑀𝐻𝑊𝑖𝑚𝑎𝑥 = max (𝑥(𝑡)
− 𝑇𝑚(𝑗)) 

 

𝑀𝐻𝑊𝑖𝑚𝑒𝑎𝑛 =  𝑥(𝑡) − 𝑇𝑚(𝑗)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

 

𝑀𝐻𝑊𝑖𝑣𝑎𝑟 = 𝜎𝑥(𝑡) 

 

where 𝑡𝑠  ≤ 𝑡 ≤ 𝑡𝑒 and 

𝑗 (𝑡𝑠) ≤ 𝑗 ≤ 𝑗 (𝑡𝑒) 
 

°C 
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the MHW 

 Rate measures Ronset; The time 

from the onset 

of the MHW to 

the maximum 

intensity. 

Rdecline; The time 

from the 

maximum 

intensity to the 

end of the 

MHW. 

 

𝑀𝐻𝑊𝑅𝑜𝑛𝑠𝑒𝑡 =
𝑀𝐻𝑊𝑖𝑚𝑎𝑥−(𝑥(𝑡𝑠−1)−𝑇𝑚(𝑗−1))

𝑡𝑚𝑎𝑥−(𝑡𝑠−1)
  

 

𝑀𝐻𝑊𝑅𝑑𝑒𝑐𝑙𝑖𝑛𝑒

=
𝑀𝐻𝑊𝑖𝑚𝑎𝑥 − (𝑥(𝑡𝑒) − 𝑇𝑚(𝑗))

𝑡𝑒 − 𝑡𝑚𝑎𝑥
 

 

where 𝑡𝑚𝑎𝑥 is the time of 𝑀𝐻𝑊𝑖𝑚𝑎𝑥  

°C/day 

 Cumulative 

measure 

Isum; Sum of 

daily intensity 

anomalies.  

 

𝑀𝐻𝑊𝐼𝑠𝑢𝑚 =  ∫ 𝑥(𝑡) − 𝑇𝑚

𝑡𝑒

𝑡𝑠

(𝑗) 

 

°C 

 Spatial extent A; Area of 

ocean meeting 

the MHW 

definition 

L; Length of 

coastline (km) 

MHWA = max or core area of 

MHWD 

MHWL = length of coast where 

MHW detected 

km2 (or 

degrees 

of 

latitude-

longitud

e) 

Tertiary Preconditioning 

factors 

Factors such as 

time of year 

relative to the 

onset of the 

MHW, or 

periods of above 

average 

temperature 

preceding the 

MHW may lead 

to greater 

impacts. 

n/a Various 

– 

specific 

to study 

system 

* To avoid biases that may be introduced at the start and end of the threshold exceedance 727 

calculation, it is recommended that percentiles are calculated following the bootstrapping 728 

method of Zhang et al. (2005) rather than by using a simple ranked percentile calculation 729 

method.  730 

 731 
 732 

 733 
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Table 3. Qualitative comparison of different temperature data sources and their suitability to provide primary, secondary and tertiary marine heat 734 

wave metrics for sea surface temperature (SST). Relative scores for each option are in the range 1 to 4, where 1 represents minimal requirements 735 

and 4 indicates that high quality metrics can be derived (N/A indicates no utility). The quantities maximum MHW intensity (Imax) and cumulative 736 

effect (Isum) are defined in Figure 1 and Table 2. Preconditioning is defined as the conditions that occur before the MHW. Continuous data 737 

generally allow an understanding of environmental conditions leading up to the event.  738 

Data source 

Metric 
Other considerations 

Primary Secondary Tertiary 

Duration 

(D) 

[days] 

Imax 

[°C] 

Isum 

[°C] 

Rate of 

event 

[°C/day] 

Spatial 

area (A) 

[km2] 

Precondition

ing 

Length of 

records 

Temporal 

resolution 

Quality 

control 

Data 

consistency 

In situ temperatures (e.g. 

loggers) 
4 4 4 4 

1 (if 

multiple 

loggers), 

else N/A 

2 High High Low 
Low/ 

Med 

Satellite SST 3 3 3 4 3 3 Med High High Low/Med 

Argo floats (gridded 

products do not provide 

SST) 

N/A N/A 1 1 2 2 Low Low High Med/High 

Reconstructed data (e.g. 

ERSST, HadISST) 
2 2 N/A 2 2 2 High Low High Med 

Palaeo proxy SST (annual 

record, e.g. coral cores) 
N/A N/A N/A N/A N/A N/A High Low Low Low/Med 

Global Climate Models 

(e.g. daily SST fields) 
2 2 2 3 2 2 High Low N/A High 

Re-analysis SST products 

(e.g. BRAN) 
3 3 3 3 3 3 Med High 

Low/ 

Med 
Med/High 

Regional Ocean Models 

(e.g. OFAM) 
3 3 3 3 2 2 Low High N/A High 

Traditional Ecological 

Knowledge, citizen 

science, and anecdotal 

information 

N/A 1 N/A N/A N/A 1 
Low/ 

Med 
Low Low Low 

 739 

 740 
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Figure Legends 741 

 742 

Figure 1. 743 

 744 

Figure 2. 745 

 746 

Figure 3 747 

 748 

Figure 4. 749 

 750 

Figure 5. 751 

  752 
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 753 

 754 
Figure 1. Schematic of metrics used to define a marine heatwave (MHW). (a) Threshold 755 

values for each location for each day (or week, or month depending on temporal resolution of 756 

the data) of the year are defined based on the 90th percentile value. (b) These percentile 757 

values vary through the year (dashed line), as does the climatological average (solid line). (c) 758 

Short duration heat spikes less than three days are not MHWs. A temperature event that is 759 

longer than this minimum duration is defined according to duration (MHWD) above the 760 

threshold value, intensity (imax, temperature above the climatological average) and the rate of 761 

temperature increase (ronset) and decrease (rdecline) during the event. The mean event intensity 762 

(open circle, imean) is the average intensity during the MHW, while isum (shading) is the sum 763 

of daily intensities during the MHW. The start and end days of the MHW are represented by 764 

ts and te respectively. 765 

 766 

 767 

  768 
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 769 
Figure 2. Taxonomy of heat waves as distinguished by the metrics duration (D), maximum 770 

intensity (imax), cumulative intensity (isum), and rate of onset (ronset). A marine heat wave 771 

(MHW) with regular warming onset and decline (panel a) can be distinguished from one with 772 

similar duration and maximum intensity but asymmetric warming (panel b) by the cumulative 773 

intensity metric (isum). This asymmetric MHW (b) is distinguished from one with a slow onset 774 

and rapid decline (panel c) by the rate of warming (ronset) metric. A lower intensity MHW 775 

(panel d) is distinguished by its maximum intensity (imax), while a short MHW (panel e) is 776 

distinguished by its duration (D). Index values are indicative only in this schematic. 777 

  778 
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 779 
Figure 3. First row: Sea surface temperatures (SST) images during the peak month of three marine heat waves 780 
(A) Western Australia 2011; (B) Mediterranean 2003; (C) Northwest Atlantic. Boxes show the 1x1 degree area 781 
for each time series used in the rest of this panel. Data source NOAA OISST product 144. Second row: The 782 
1985-2014 climatology of OISST at each location (black line), 90th percentile (dashed line) and the SST for each 783 
region (red line). Periods identified as marine heatwaves (>90th percentile, >3 days in length) are shown by the 784 
vertical black bars above each of the time series. Third row: MHW periods identified in the time series (red) and 785 
heat spikes (blue). Fourth row: The duration of each MHW detected in the time series from each location. Fifth 786 
row: Maximum intensity (imax) of each MHW event in each location. Sixth row: The cumulative intensity (isum) 787 
of each MHW event from each location. Note the common y-axis scale for the 3 locations. 788 
  789 
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 790 
Figure 4. Principal component analysis (PCA) of the marine heatwaves (MHWs) derived 791 

from time series in each of three regions (Area 1, Western Australia column 1; Area 2, 792 

Mediterranean, column 2; Area 3, northwest Atlantic, column 3). Row 1: PCA scores for the 793 

first two principal components. Numbers correspond to MHWs shown in Figure 3. Row 2: 794 

Variance explained by each of the first three principal components. Row 3: Loadings on each 795 

of the first two PCA axes for the five MHW metrics (Ronset, Rdecline, MHWd, imax, and isum, as 796 

defined in Table 2). 797 

 798 
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 800 

 801 
Figure 5. The 2011 ‘Ningaloo Niño’ off the coast of Western Australia (Feng et al. 2013) as 802 

recorded by four different data sources, weekly and monthly HadISST (33.5-34.5°S; 114.5-803 

115.5°E), satellite SST (33.5-34.5°S; 114.5-115.5°E), and an in situ logger from Jurien Bay. 804 

Increasing level of data aggregation leads to suppressed values of imax and imean and delay in 805 

ronset and rdecline. 806 

 807 

TW: Loggers are hourly instantaneous measurements so no averaging at all. Timing of the 808 

peak is pretty consistent, but it looks like the satellites over-estimate a bit (consistent with 809 

what we found in Smale and Wernberg 2009, MEPS) and the Reynolds’ under-estimate 810 

absolutes. Really interesting point with the max temps being so different – depending on 811 

product, the max could differ as much as 3.5 degrees! (almost half of seasonal variation in 812 

this system)…. Another interesting point is with the high-frequency instantaneous in situ 813 

measurements – many of them are (obviously) relatively low, being less than the daily max. 814 

Compared to a data set comprised of daily means or max, this will skew the frequency 815 

distribution towards cooler temps and lower the onset threshold based on frequencies (eg 816 

90%ile). 817 

 818 


