
 

 

 

UHI Research Database pdf download summary

Longer and more frequent marine heatwaves over the past century

Oliver, Eric C. J.; Donat, Markus G.; Burrows, Michael T.; Moore, Pippa J.; Smale, Dan A.;
Alexander, Lisa V.; Benthuysen, Jessica A.; Feng, Ming; Sen Gupta, Alex; Hobday, Alistair J.;
Holbrook, Neil J.; Perkins-Kirkpatrick, Sarah E.; Scannell, Hillary A.; Straub, Sandra C.;
Wernberg, Thomas
Published in:
Nature Communications
Publication date:
2018

The re-use license for this item is:
Unspecified
The Document Version you have downloaded here is:
Early version, also known as pre-print

The final published version is available direct from the publisher website at:
10.1038/s41467-018-03732-9

Link to author version on UHI Research Database

Citation for published version (APA):
Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. V., Benthuysen, J. A.,
Feng, M., Sen Gupta, A., Hobday, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E., Scannell, H. A., Straub, S.
C., & Wernberg, T. (2018). Longer and more frequent marine heatwaves over the past century. Nature
Communications, 9, [1324 (2018)]. https://doi.org/10.1038/s41467-018-03732-9

General rights
Copyright and moral rights for the publications made accessible in the UHI Research Database are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights:

1) Users may download and print one copy of any publication from the UHI Research Database for the purpose of private study or research.
2) You may not further distribute the material or use it for any profit-making activity or commercial gain
3) You may freely distribute the URL identifying the publication in the UHI Research Database

Take down policy
If you believe that this document breaches copyright please contact us at RO@uhi.ac.uk providing details; we will remove access to the work
immediately and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1038/s41467-018-03732-9
https://pure.uhi.ac.uk/en/publications/83505fbc-06de-4240-b00d-b9c40a2ed323
https://doi.org/10.1038/s41467-018-03732-9


1 

 

Longer and more frequent marine 1 

heatwaves over the past century 2 

Eric C. J. Oliver1,2,3*, Markus G. Donat4,5, Michael T. Burrows6, Pippa J. Moore7, Dan A. 3 

Smale8,9, Lisa V. Alexander4,5, Jessica A. Benthuysen10, Ming Feng11, Alex Sen Gupta4,5, 4 

Alistair J. Hobday12, Neil J. Holbrook2,13, Sarah E. Perkins-Kirkpatrick4,5, 5 

Hillary A. Scannell14,15, Sandra C. Straub9, Thomas Wernberg9  6 

 7 

1. Department of Oceanography, Dalhousie University, 1355 Oxford Street, Halifax, Nova Scotia 8 

B3H 4R2, Canada 9 

2. Institute for Marine and Antarctic Studies, University of Tasmania, 20 Castray Esplanade, 10 

Battery Point, Private Bag 129, Hobart, Tasmania 7001, Australia. 11 

3. Australian Research Council Centre of Excellence for Climate System Science, University of 12 

Tasmania, Private Bag 129, Hobart, Tasmania 7001, Australia. 13 

4. Climate Change Research Centre, University of New South Wales, Gate 11 Botany Street, 14 

Library Walk, Level 4, Matthews Building, Sydney, New South Wales 2052, Australia. 15 

5. Australian Research Council Centre of Excellence for Climate System Science, University of 16 

New South Wales, Gate 11 Botany Street, Library Walk, Level 4, Matthews Building, Sydney, 17 

New South Wales 2052, Australia. 18 

6. Department of Ecology, Scottish Association for Marine Science, Scottish Marine Institute, 19 

Oban, Argyll, PA37 1QA, Scotland, UK. 20 

7. Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, 21 

Aberystwyth SY23 3DA, UK. 22 

8. Marine Biological Association of the United Kingdom, The Laboratory, Citadel Hill, Plymouth 23 

PL1 2PB, UK. 24 

9. UWA Oceans Institute and School of Biological Sciences, The University of Western Australia, 25 

Crawley, Western Australia 6009, Australia. 26 

10. Australian Institute of Marine Science, PMB 3, Townsville MC, Queensland 4810, Australia. 27 

11. CSIRO Oceans and Atmosphere, Perth, Western Australia, Australia. 28 

12. CSIRO Oceans and Atmosphere, Hobart, Tasmania 7000, Australia. 29 



2 

 

13. Australian Research Council Centre of Excellence for Climate Extremes, University of 30 

Tasmania, Private Bag 129, Hobart, Tasmania 7001, Australia. 31 

14. School of Oceanography, University of Washington, Seattle, Washington, USA. 32 

15. NOAA Pacific Marine Environmental Laboratory, Seattle, Washington, USA. 33 

 *    Corresponding author: eric.oliver@dal.ca  34 



3 

 

Abstract  35 

Heatwaves are important climatic extremes in atmospheric and oceanic systems that can 36 

have devastating and long-term impacts on ecosystems, with subsequent socioeconomic 37 

consequences. Recent prominent marine heatwaves have attracted considerable scientific 38 

and public interest. Despite this, a comprehensive assessment of how these ocean 39 

temperature extremes have been changing globally is missing. Using a range of ocean 40 

temperature data including global records of daily satellite observations, daily in situ 41 

measurements, and gridded monthly in situ-based datasets we identify significant increases 42 

in marine heatwaves over the past century. We find that since 1925, global average marine 43 

heatwave frequency and duration have increased by 34% and 17%, respectively, resulting in 44 

a 54% increase in annual marine heatwave days globally. Importantly, these trends can 45 

largely be explained by the increase in mean ocean temperatures, suggesting that we can 46 

expect further increases in marine heatwave days under continued global warming. 47 

Keywords 48 

extreme events, sea surface temperature, ocean warming, hotspots, climate change, proxy 49 

records 50 

  51 
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Several prominent marine heatwaves (MHWs) – prolonged periods of anomalously high sea 52 

surface temperatures1 – have had severe impacts on marine ecosystems in recent years. 53 

Notable events occurred in the northern Mediterranean Sea in 20032,3, along the Western 54 

Australian coast in 20114, the northwest Atlantic in 20125, the northeast Pacific over 2013-55 

20156,7, and off southeastern Australia in 2015/168. These events resulted in substantial 56 

ecological and economic impacts, including sustained loss of kelp forests9, coral bleaching10, 57 

reduced surface chlorophyll levels due to increased surface layer stratification6, mass 58 

mortality of marine invertebrates due to heat stress8,11, rapid long-distance species’ range 59 

shifts and associated reshaping of community structure8,9,12, fishery closures or quota 60 

changes8,13,14 and even intensified economic tensions between nations15. Such impacts 61 

demonstrate the damaging consequences of MHWs and their influence on the structure and 62 

sustainability of marine communities and ecosystems4,8,9,11,14,16–19. Given the expected 63 

intensification in extreme temperature events due to anthropogenic climate change20 and 64 

the potential for profound ecological and socioeconomic impacts, quantifying trends and 65 

patterns of MHWs is a pressing issue.  66 

Upper ocean temperatures have warmed significantly in most regions of the world over 67 

recent decades, with anthropogenic greenhouse gas forcing very likely being the main 68 

contributor21. Species are often more strongly impacted by environmental extremes than by 69 

slow changes in mean conditions22. In a warming climate some of the most dramatic 70 

ecosystem changes have been associated with extreme heatwaves23. Marine heatwaves 71 

have been accompanied by large-scale shifts in marine species location, phenological 72 

changes, changes in ecosystem structure and in some cases high levels of mortality, often 73 

with socioeconomic consequences24–27 and widespread and devastating ecological and 74 

socioeconomic consequences28,29. While marine heatwaves have only started to draw 75 

attention in recent years, the increasing intensity, frequency and duration of atmospheric 76 

heatwaves have been extensively documented30. For example, the 2003 European 77 

heatwave caused tens of thousands of deaths31 and was later superseded in intensity by the 78 

2010 European heatwave, events which can be expected to increase in probability over the 79 

2010-2050 period32. Atmospheric heatwaves can have significant impacts on human 80 

health33 and attribution studies have shown that these events, and atmospheric heatwaves 81 
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in general, have become much more likely as a result of anthropogenic warming34. While 82 

centennial increases in ocean surface temperatures have been extensively reported35,36, 83 

global trends in ocean temperature extremes remain largely unexplored.  84 

Here we report on local and global changes in MHW characteristics over time as recorded by 85 

satellite and in situ measurements of sea surface temperature (SST) and defined using a 86 

quantitative MHW framework which allows for comparisons across regions and events1. We 87 

used three independent and complementary sources of SST data to reveal global patterns of 88 

change in MHW frequency, intensity and duration over the past century: (i) global daily, 89 

remotely-sensed National Oceanic and Atmospheric Administration (NOAA) Optimum 90 

Interpolation (OI) SST V2 high resolution (1/4°) gridded dataset from 1982-201637,38, (ii) 91 

daily, station-based in situ observations at six sites covering nearly 100 years, and (iii) 92 

monthly, global, gridded (1/2° or coarser) in situ-based SST data sets (HadISST v1.139, ERSST 93 

v540, COBE 241, CERA-20C42 and SODA si.343) covering 1900-2016. 94 

Our analysis reveals significant centennial-scale increases in MHW properties as well as 95 

variability on interannual-to-multidecadal time scales. We find significant secular increases 96 

in both the frequency and duration of marine heatwaves, amounting globally to a 54% 97 

increase in annual marine heatwave days between 1925-1954 and 1987-2016. The data over 98 

the satellite period (1982-2016) accounts for a greater portion of this increase than in situ-99 

based records do (going back to 1900), indicating an accelerating trend. We also find that 100 

changes in mean SST alone can account for the majority of these changes, at least over the 101 

satellite record. Finally, the El Niño-Southern Oscillation, Pacific Decadal Oscillation, and 102 

Atlantic Multidecadal Oscillation each contribute to large variations in MHWs both 103 

regionally and globally.  104 

Results 105 

Marine heatwaves over the satellite record. We applied a standardised MHW definition 106 

(see Methods and ref. 1) to global daily remotely-sensed SST data over 1982-2016. Following 107 

this definition, MHWs occur when SSTs exceed a seasonally varying threshold, defined as 108 

the 90th percentile of SST variations based on a 30-year climatological period (1983-2012), 109 
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for at least five consecutive days. At each location and for each MHW, we calculated the 110 

event duration (time between start and end dates) and maximum intensity (peak SST 111 

anomaly over the event duration). Associated annual statistics were then calculated, 112 

including the frequency of events (i.e. the number of discrete events occurring in each year), 113 

mean annual duration, maximum annual intensity, and the total number of MHW days per 114 

year.  115 

MHW frequency ranged from about one to three annual events, depending on location (Fig. 116 

1A). The most notable exception was in the eastern tropical Pacific where El Niño-Southern 117 

Oscillation (ENSO) events manifest as individual long-duration MHWs and resulted in less 118 

than one MHW per year on average. As a global average, MHW frequency has increased 119 

significantly with a trend of 0.45 annual events decade-1 over 1982-2016 (p<0.01; Fig. 1C, 120 

black line). This is equivalent to an average increase of 1.6 annual events, or more than five 121 

additional MHW days, by the end of the 35-year record. MHW frequency increased over 122 

82% of the global ocean between two 17-year periods at the beginning and end of the 123 

record (1982-1998 and 2000-2016, splitting the time series in half; Fig. 1B). The largest 124 

increase occurred in the high-latitude North Atlantic Ocean (north of 50°N; an increase of 2-125 

6 annual events). More moderate increases occurred in the subtropical portions of the 126 

North and South Atlantic Ocean, central and western portions of the North and South Pacific 127 

Ocean, and parts of the Indian Ocean (1-4 annual events). Conversely, MHW frequency 128 

decreased over parts of the Southern Ocean poleward of 50°S (particularly the Pacific 129 

sector; up to 3 fewer annual events) and parts of the eastern Pacific Ocean (as much as 2 130 

fewer annual events). 131 

Large spatial variations were prevalent in the intensity of MHWs (Fig. 1D). Hotspots of high 132 

intensity occurred in regions of large SST variability including the five western boundary 133 

current extension regions (+2-5 °C), the central and eastern equatorial Pacific Ocean (+1-4 134 

°C), and eastern boundary current regions (+1-3 °C). MHW intensity between 1982-1998 and 135 

2000-2016 increased in over 65% of the global ocean, most notably in all five western 136 

boundary current regions, where the mean warming has been considerably faster than the 137 

global average44, and most mid-latitude ocean basins (Fig. 1E). Decreases in MHW intensity 138 
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were found across much of the Tropics, most notably in the eastern tropical Pacific Ocean. 139 

The linear trend in global average MHW intensity was +0.085 °C decade-1 (p<0.01; Fig. 1F), 140 

punctuated by large interannual variability. Interestingly, this trend was weaker than the 141 

global SST warming trend (+0.16 °C decade-1, p<0.01; Fig. 1L). 142 

The typical duration of MHWs varied considerably across the global ocean (Fig. 1G). The 143 

eastern tropical Pacific, a region dominated by ENSO SST variability, had an average 144 

duration of up to 60 days, while other tropical regions were typically characterised by 145 

events of 5-10 days. Across extra-tropical regions, mean event durations were more uniform 146 

(10-15 days), with the exception of the northeast and southeast Pacific Ocean with up to 30-147 

day mean durations. Mean MHW duration between the 1982-1998 and 2000-2016 periods 148 

increased across 84% of the global ocean, with significant increases of up to 20 days in the 149 

mid- and high-latitude regions of all ocean basis, up to 30+ days in the central tropical 150 

Pacific Ocean and northeastern Pacific Ocean, and decreases in the eastern tropical Pacific 151 

Ocean and the high-latitudes of the Southern Ocean (Fig. 1H). Averaged across the global 152 

ocean, mean MHW durations have become significantly longer by 1.3 days decade-1 (p<0.01) 153 

since 1982. The increases in frequency and duration metrics translate to 30 additional 154 

marine heatwave days per year by the end of the 35-year period (p<0.01; based on a linear 155 

trend) from a baseline level of about 25 days in the 1980s (Fig. 2).  156 

There was a clear relationship between the average frequency and duration of MHWs at 157 

each location (Fig. 1A, G). The spatial pattern of mean MHW frequency and duration were 158 

negatively correlated (r=-0.50) indicating that duration was long where frequency was low, 159 

and vice versa. By definition, 10% of SST days in each time series were candidates for MHW 160 

events due to the use of the 90th percentile threshold; although less than 10% were actually 161 

identified as part of MHWs due to the requirement of a duration of at least five consecutive 162 

days. Nonetheless, to maintain this roughly constant number of MHW days per year, a 163 

longer average duration implies a lower mean frequency. On the other hand, the spatial 164 

distribution of MHW intensity was largely determined by the local temperature variability. 165 

In fact, the spatial patterns of the standard deviation of annual mean SST (not shown) and 166 

mean MHW intensity (Fig. 1D) were strongly correlated (r=0.77). 167 
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The role of climate variability. It is important when considering changes in MHWs to 168 

distinguish between the roles of secular climate change, which has in large part been 169 

attributed to anthropogenic factors, and of transient climate variability, which is largely 170 

intrinsic. The globally-averaged MHW property time series exhibit clear inter-annual 171 

variability (Fig. 1C, F and I, black lines). Such variability is most easily quantified by 172 

examining climate modes, and the dominant mode globally is ENSO35. We removed the 173 

influence of ENSO using a statistical model which predicts the linear signature of ENSO on 174 

SST at each pixel, and recalculated the MHW properties with this signature removed (see 175 

Methods). After removing the effect of ENSO, the globally averaged MHW properties 176 

exhibited reduced interannual variability (Fig. 1C, F and I, red lines). 177 

Frequency and intensity appear to relate to ENSO events such that most strong and 178 

moderate intensity El Niño events (1982/83, 1986/87/88, 1991/92, 1997/98, 2004/05, 179 

2009/10, 2015/16) are evident as a peak in globally-averaged frequency and intensity (Fig. 180 

1C, F). Duration appears to respond nonlinearly to ENSO so that only strong El Niño years 181 

(1982/83, 1997/98, 2015/16, and to a lesser extent 2009/10) are evident in the globally-182 

averaged duration (Fig. 1L). Lags in the timing of frequency and duration peaks were evident 183 

– due to the fact that the duration of an event that crossed from one year to the next is 184 

assigned to the year in which the event started, e.g., a long-duration event in the eastern 185 

Tropical Pacific that lasted from 1997 into 1998, associated with the 1997/98 EL Niño, has its 186 

duration assigned to 1997.  187 

The spatial influence of ENSO on the mean and variability of MHW properties was strongest 188 

in the eastern tropical Pacific (Supplementary Fig. 1). El Niño events tended to drive long-189 

duration, high intensity MHW events there and with a higher frequency (Supplementary Fig. 190 

1A, C, E). However, ENSO also increased the mean and variability of MHW duration in the 191 

northeast Pacific Ocean (Supplementary Fig. 1E, F), the variability of intensity off Western 192 

Australia and California (Supplementary Fig. 1D), and the variability of frequency over much 193 

of the Tropics in all ocean basins as well as the mid- and high-latitudes in the Pacific Ocean 194 

(Supplementary Fig. 1B). 195 
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There was also clear evidence of decadal and multi-decadal variability in the patterns of 196 

change in MHW properties. The satellite record (1982-2016) is too short to be able to 197 

differentiate multi-decadal climate variability from long-term trends. Over this period, the 198 

trend in the Pacific Decadal Oscillation (PDO) has been negative and the trend in the Atlantic 199 

Multidecadal Oscillation (AMO) has been positive (Supplementary Fig. 2 C, D); the AMO and 200 

PDO patterns would thus be evident in maps of changes in SST, and therefore MHW 201 

properties, over this period as well. The changes in MHW properties (Fig. 1B, E, H, and K) 202 

also clearly indicate signatures of a negative PDO pattern (SST decreases in the central and 203 

eastern tropical Pacific and in the eastern extratropical Pacific Ocean; Supplementary Fig. 204 

2A) and of a positive AMO pattern (SST increases in the North Atlantic particularly away 205 

from the mid-latitudes; Supplementary Fig. 2B). In fact, pattern correlations of these 206 

decadal change maps with the PDO/AMO patterns are -0.72/0.71 (p<0.05) for SST and -207 

0.59/0.61 (p<0.05) for frequency; pattern correlations for intensity and duration were <0.40. 208 

SST trends drive MHW changes. The spatial patterns of changes in MHW frequency and 209 

duration were consistent with observed patterns of SST warming and cooling over the same 210 

period (Fig. 1K). At each location, we used a statistical climate model to simulate the 211 

expected trends in MHW properties (see Methods) given the observed secular SST trend 212 

(Fig. 3D). Results indicate that trends in MHW frequency could be explained by the trend in 213 

annual mean SST alone (p<0.05) over more than 80% of the ocean surface area (Fig. 3A). 214 

The proportions were lower for MHW intensity and duration, 59% and 53% respectively (Fig. 215 

3B,C). Areas where MHW trends were outside the range expected from the rise in mean SST 216 

alone (hatched areas in Fig. 3A-C), defined as “excess trends”, occurred in several 217 

contiguous blocks across the globe. Regions with excess trends might result from changes in 218 

SST variability. In fact, 61% of the global ocean with excess frequency trends corresponded 219 

to areas with significant trends in either the variance or skewness of SST (63% and 48% for 220 

intensity and duration respectively; Fig. 3E,F). Areas exhibiting excess trends did not 221 

necessarily coincide with regions where severe MHWs have been documented. For 222 

example, at the locations of four of the recent high-impact MHWs described above, no 223 

excess trends were found off the coast of Western Australia or the northwest Atlantic while 224 
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excess trends in MHW intensity were found for the northeast Pacific and the northern 225 

Mediterranean Sea (Supplementary Fig. 3). 226 

Long records from in situ stations. Daily in situ measurements of ocean temperature at 227 

century-long monitoring sites were used to examine MHW properties over multi-decadal 228 

time scales. We selected six stations for which centennial-scale records (89 to 111 years) of 229 

daily ocean temperatures were available: Arendal (Norway), Port Erin (UK), Race Rocks 230 

(Canada) and Pacific Grove, Scripps Pier, and Newport Beach (USA; Table 1). Changes over 231 

time were calculated between early and late 30-year periods shared across all stations 232 

(1925-1954 and 1984-2013 respectively).  All stations, except Newport Beach, exhibited 233 

annual mean SST warming of between 0.37°C and 0.78°C (p<0.05); Newport Beach exhibited 234 

a non-significant change in SST (-0.003°C, p>0.05). There was clear centennial increase in 235 

annual MHW frequency at all stations (Fig. 4A-F, black lines). Changes between early and 236 

late 30-year periods shared across all stations (1925-1954 and 1984-2013 respectively) 237 

indicated an increase of between 0.40 to 1.8 annual events (p<0.05 at all stations except 238 

Pacific Grove and Scripps Pier; Fig. 4, A-F, red lines). Years without MHWs were also less 239 

common in the recent period: across the six stations, the proportion of years with no MHWs 240 

was 54-83% for the 1925-1954 period, reduced to 24-47% for the 1984-2013 period. This 241 

resulted in a shift from a predominance of years without any MHWs in the early period to a 242 

predominance of years with at least one MHW in the later period. No significant (p>0.05) 243 

changes were identified for MHW maximum intensity (Fig. 4, G-L) or duration (Fig. 4, M-R). 244 

It should be noted that, based on available data, these six sites were regionally biased to 245 

eastern boundaries of Northern Hemisphere oceans and specifically highlight the local 246 

nearshore changes in the northeastern Pacific and northeastern Atlantic oceans. 247 

Extending the global record to the start of the 20th century. The global satellite-derived 248 

daily SST record we used is three and a half decades in length (1982-2016), and the 249 

observed patterns of change (Fig. 1, B, E, H, and K) contained signatures of internal climate 250 

variability. The century-long station records provide trends over a longer time scale but are 251 

regionally- and coastally-restricted. To extend our understanding of centennial MHW trends 252 

globally, we used multiple monthly-averaged gridded SST products to develop reliable 253 
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proxies for MHW frequency and duration from the early twentieth century to the present. 254 

We developed a suite of proxies for observed MHW properties based on the relationship 255 

between daily-derived MHW metrics and monthly-averaged SST data using the six century-256 

long in situ station-based temperature records, remotely-sensed NOAA OI SST data, and five 257 

gridded monthly SST data sets (see Methods). We found that the annual count of months 258 

with SSTs above the 90th percentile could be used as a proxy for the annual average MHW 259 

frequency and the annual maximum monthly SST anomaly for the annual average duration 260 

of MHWs, respectively (see Methods and Supplementary Information). This proxy-based 261 

approach allowed us to reconstruct annual time series of MHW frequency, duration, and 262 

total MHW days globally from 1900 to 2016 (Fig. 5). MHW intensity was not extended in a 263 

similar way as no satisfactory proxy was found. 264 

We examined changes in the proxy records for MHW frequency and duration between two 265 

30-year periods: 1925-1954 (chosen to be consistent with the station analysis) and 1987-266 

2016 (the last 30 years on record). Between 1925-1954 and 1987-2016, the proxy record 267 

showed increases in MHW frequency for 97% of the global ocean with most areas exhibiting 268 

changes of +0.3 to +1.5 annual events (Fig. 5A). An exception was the far North Atlantic 269 

Ocean which showed a decrease in MHW frequency, of a similar magnitude. As a global 270 

average, MHW frequency increased from about 2 events per year in 1900 to over 3 events 271 

in the last several years (Fig. 5B, black line). Between 1925-1954 and 1987-2016 there was a 272 

global average increase of 0.78 annual events (p<0.01; a 34% increase). These results were 273 

also consistent with the significant increase in MHW frequency observed in the few long (88 274 

to 104 years) in situ daily station time series (Fig. 4). 275 

Changes in the MHW duration proxy between the two periods showed an increase over 91% 276 

of the global ocean (Fig. 5C). The magnitude of the increase was typically up to 6 days but 277 

larger positive changes were found in the eastern tropical Pacific Ocean, northeastern 278 

Pacific Ocean, and parts of the South Pacific Ocean (6 to 14 days). Globally-averaged time 279 

series showed a general increase in MHW duration from about 11 days in the early 280 

twentieth century to over 15 days in recent years (Fig. 5D, black line). There was a globally-281 

averaged increase of 1.8 days between 1925-1954 and 1987-2016 (p<0.01; a 17% increase). 282 
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The increases in both MHW frequency and duration by the 1987-2016 period led to a 283 

globally-averaged increase in the annual number of MHW days of 14 days (p<0.01) from a 284 

baseline level of ca. 25 days in 1925-1954 (Fig. 5F; a 54% increase).  285 

The MHW proxy records exhibited signatures of variability on interannual to multi-decadal 286 

time scales. For example, there were peaks in globally-averaged frequency and duration 287 

during El Niño years, consistent with the satellite record, as well as periods spanning several 288 

decades of raised or lowered values about the secular rising trend (Fig. 6, thick blue lines). 289 

As with the satellite record, we removed the influence of ENSO; in addition, the longer time-290 

series allowed us to remove the effects of two longer time-scale modes, the PDO and the 291 

AMO (see Methods). After the removal of this interannual, decadal and multi-decadal 292 

variability from the original time series, the long term rising trend becomes more prominent 293 

(Fig. 6, black lines). Spatially, the effect of ENSO on MHW properties was primarily found in 294 

the tropical eastern and central Pacific Ocean. Despite such regionality, ENSO contributed 295 

globally to interannual variations in MHW frequency and duration on the order of 1-1.5 296 

annual events and up to 15 days, respectively (Supplementary Fig. 5, upper panels). The 297 

PDO primarily affected the tropical and northern Pacific Ocean with variations in MHW 298 

frequency of up to 0.5 annual events and durations of up to 9 days (Supplementary Fig. 5, 299 

middle panels). The AMO primarily modulated MHW frequency in the tropical and far 300 

northern Atlantic Ocean by up to 1 annual events but also impacted MHW duration in parts 301 

of the Pacific by up to 6 days (Supplementary Fig. 5. lower panels). These patterns are 302 

consistent with the signatures of these modes in SST (Supplementary Fig. 2). 303 

The impact of modes of variability alone can be isolated, assuming linearity in our approach, 304 

by comparing the original time series and the time series with the modes removed (e.g. 305 

difference between blue and black lines in Fig. 6). The combination of these three modes 306 

explain 18%, 56% and 36% of the variance of the globally-averaged time series of MHW 307 

frequency, duration, and total days respectively. After the removal of these modes, the 308 

changes in globally averaged MHW frequency, duration and total days between 1925-1954 309 

and 1987-2016 were similar to the changes derived without the removal of these modes: 310 

+0.68 events, +1.8 days and +12 days, respectively. Therefore, while these climate modes 311 
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clearly have a large impact on the variability of globally-averaged MHW metrics, and this 312 

transient variability certainly leads to MHW events and ecological impacts, their removal 313 

highlights the secular trend and further supports our conclusion regarding significant MHW 314 

frequency and duration increases on centennial time scales.  315 

Extraordinary global ocean warming occurred during the 2014-2016 period. Contributions to 316 

this warming included the 2014-2016 marine heatwave in the NE Pacific, the 2015/16 El 317 

Niño, the 2014 switch to a positive PDO phase and overall background warming45; this 318 

prolonged warming was particularly evident as it came after a period of global warming 319 

hiatus. This 2014-2016 strong warm anomaly was also evident in our globally averaged time 320 

series of MHW statistics (Fig. 6, blue lines).  While the removal of ENSO and the PDO 321 

reduced the magnitude of this warming (Fig. 6, black lines), consistent with the roles of 322 

these modes noted above, the warming signal was still evident. This was primarily due to 323 

the persistent marine heatwave in the northeast Pacific6 which was unprecedented in the 324 

historical record and cannot be fully explained by the coincident occurrence of climate 325 

modes at the time (e.g. ref. 46 for the related high-latitude Pacific warming of 2016). 326 

Discussion 327 

We have characterised MHW trends and variability globally from 1900 to 2016 using a multi-328 

dataset approach and a unified MHW framework. We have shown that between 1925-1954 329 

and 1987-2016, on global average, MHW frequency has increased by 34%, and the average 330 

MHW duration has increased by 17%. Together, the combined changes in MHW frequency 331 

and duration amount to a 54% increase in the total number of annual MHW days. Much of 332 

this change has occurred over the last several decades indicating that the warming trend is 333 

accelerating. Changes in mean SST can explain trends in MHW properties over most of the 334 

global ocean, particularly for frequency. Shifts in internal temperature variability, measured 335 

through SST variance and skewness, are also occurring and contribute to much of the MHW 336 

trends observed over the remainder of the global ocean, particularly for MHW duration and 337 

intensity. Modes of climate variability contribute to significant MHW variations both 338 
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regionally, and globally, but do not greatly affect the centennial-scale secular changes 339 

described above. 340 

These significant increases in MHW properties between 1925-1954 and 1987-2016 have 341 

coincided with shifts in species’ distributions and changes in biodiversity patterns6,8,9,11,14,15. 342 

It is evident from regional-scale studies that MHWs can cause widespread loss of habitat 343 

forming species such as kelps and corals, drive shifts in species distributions, alter the 344 

structure of communities and ecosystems, and have economic impacts on aquaculture and 345 

seafood industries through declines in important fishery species. MHW impacts on marine 346 

species and ecosystems can occur on a range of timescales, with some species showing 347 

effects after a few days and others responding only after several months of elevated 348 

temperatures – and these impacts can last beyond the duration of the event itself9 – 349 

responses that are also confounded by the thermal tolerance of different species living in 350 

the same region47. Such ecological impacts are likely to have become more prevalent with 351 

the increasing frequency and duration of MHWs over the last century. 352 

Given the likelihood of continued ocean surface warming throughout the 21st century20 we 353 

expect a continued global increase in MHW frequency and duration in the future with 354 

implications for marine biodiversity and the goods and services ocean ecosystems provide.  355 

Like the effects of atmospheric heatwaves on terrestrial ecosystems, which include 356 

widespread losses of crops and forests and reductions in biodiversity48, the impacts of 357 

MHWs have had major impacts on societal interactions with the ocean – specifically in 358 

terms of fisheries, aquaculture, and tourism10,13,15. Improving the spatial coverage, temporal 359 

resolution and survey design of monitoring programmes, supporting citizen science 360 

observation campaigns (e.g. www.redmap.org.au) and maintaining long-term records, both 361 

in situ and remotely sensed, will help facilitate improved detection and attribution of the 362 

ecological impacts of MHWs49,50 and is the only way continued changes can be quantified51. 363 

In addition, documenting eventswith a consistent framework1 across space and time will 364 

enable the comparison of the physical properties of different MHWs and contribute towards 365 

a greater understanding of their distribution and drivers. Given the pronounced warming 366 

trend coinciding with notable MHWs in recent years, we highlight the increasing need for 367 



15 

 

rapid reporting of these events as they emerge and the ecological consequences witnessed 368 

by scientists and the broader community. 369 

Methods 370 

1. Defining marine heatwaves  371 

We identified MHWs from daily SST time series and calculated metrics to characterise their 372 

frequency, intensity and duration. A MHW was defined following ref. 1 as a discrete 373 

prolonged anomalously warm water event. ‘Discrete’ was defined quantitatively as and 374 

identifiable event with recognisable start and end dates, ‘prolonged’ meant a duration of at 375 

least five days, and ‘anomalously warm’ was defined by reference to a baseline, seasonally-376 

varying threshold.  Heatwave events were found by identifying periods when daily 377 

temperatures were above the seasonally-varying 90th percentile (threshold) for at least five 378 

consecutive days. Two events with a break of less than three days were considered as a 379 

single event. The 90th percentile was calculated for each calendar day using daily SSTs within 380 

an 11-day window centred on the date across all years within the climatology period, and 381 

smoothed by applying a 31-day moving average. The choices of an 11-day window and a 31-382 

day moving average were motivated to ensure sufficient sample size for percentile 383 

estimation and a smooth climatology1. A seasonally-varying threshold allows identification 384 

of anomalously warm events at any time of the year, rather than events only during the 385 

warmest months. 386 

Each MHW event had a set of properties including duration and several measures of 387 

intensity (see ref. 1 for more discussion). We considered metrics for duration (time between 388 

start and end dates) and maximum intensity (maximum temperature anomaly, relative to 389 

the seasonally-varying climatological mean, over the event duration). We then calculated 390 

time series of the annual average duration and annual maximum intensity across events in 391 

each year, and also frequency (defined as the number of events occurring in each year) and 392 

the total number of MHW days in a year. Note that when calculating the annual statistics of 393 

events which occur across several years, the duration and intensity are assigned to the start 394 

year of that event. Note that the statistical significance of the long-term trends presented in 395 
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the main text (described in the methods below) are not sensitive to the choice of percentile 396 

threshold (90th, 95th, and 98th percentiles tested; not shown), and therefore our conclusions 397 

about changes in MHW properties are robust to the choice of threshold. 398 

This definition builds on recent developments in defining atmospheric heatwaves52 and was 399 

developed further and adapted for the marine environment by a cross-disciplinary team 400 

consisting of atmospheric scientists, oceanographers, and marine ecologists1. The MHW 401 

definition as used in this manuscript is available as software modules in Python 402 

(http://github.com/ecjoliver/marineHeatWaves) and R 403 

(https://github.com/ajsmit/RmarineHeatWaves). 404 

2. Daily, global, remotely-sensed SSTs covering 1982-2016 405 

We used the National Oceanic and Atmospheric Administration (NOAA) Optimum 406 

Interpolation (OI) Sea Surface Temperature (SST) V2.0 high resolution gridded dataset37,38 to 407 

derive and calculate MHW properties globally. This data set was derived from remotely-408 

sensed SST by the Advanced Very High Resolution Radiometer (AVHRR), and it should be 409 

noted that retrievals from high-cloud covered areas may need to be treated with 410 

caution53,54. The data have been interpolated daily onto a 0.25° x 0.25° spatial grid with 411 

global coverage from 1982 to 2016. We calculated MHW properties and annual time series 412 

for the period 1982-2016 from the raw daily SSTs at each grid point globally, and used a 30-413 

year sub-set (1983-2012) to define the baseline climatology and 90th percentile threshold. 414 

For each of the annual MHW time series we calculated (i) a mean value at each grid point, 415 

(ii) the difference between the mean values over the first and second halves of the data 416 

(1982-1998, 2000-2016), and (iii) a globally-averaged (area-weighted) annual time series, 417 

including linear trend. Note that the point where we split the data (1999) was chosen to 418 

have two equal-sized samples (17 years); the results are not strongly sensitive to this choice. 419 

We excluded any grid cells from the analysis which had continuous ice cover duration for 420 

longer than 5 days – gaps of 5 days or less were interpolated using the MHW algorithm. 421 

We did not calculate linear trends at each location individually since the time series of MHW 422 

metrics have certain properties for which standard trend-fitting techniques may have 423 

unusual biases, e.g., they are bounded at a lower value (zero for frequency, 5 for duration) 424 
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and some are quantized. We instead present differences of the mean value between two 425 

time slices, making no assumptions about the distribution of the data. Statistical significance 426 

of the time slice differences was determined using a two-sample Kolmogorov-Smirnoff (K-S) 427 

test, a non-parametric test allowing for non-normally distributed data. Concerns around the 428 

use of linear trends are less relevant for the globally-averaged time series; however, 429 

ordinary least squares estimates of linear trends may be biased due to the presence of 430 

outliers or non-normally distributed data. We therefore calculated linear trends of the 431 

globally-averaged time series using Theil-Sen (TS) estimates55. A TS estimate of the linear 432 

trend is more robust for time series data that are heteroskedastic or have a skewed 433 

distribution. Statistical significance of trends was estimated using a 95% confidence interval. 434 

Given the relatively low threshold used, the MHW definition will encompass events from 435 

those with low intensity that are likely to have limited impact, through to the most extreme 436 

events that would likely have major impacts. Under this criteria there were typically 1-3 437 

events annually at most locations (Fig. 1A). This definition is consistent with commonly used  438 

atmospheric heatwave definitions, and provides sufficient samples of MHW events to 439 

provide robust statistics using standard tests. 440 

We removed the influence of ENSO from the SST time series, before the MHW detection, 441 

using a statistical approach. We first estimated the ENSO signal at each pixel by regressing 442 

daily SSTs onto the Multivariate ENSO Index (MEI56) and subtracted the linear prediction 443 

based on this model. We included monthly leads and lags of the MEI up to +/- one year, into 444 

a multiple linear regression model. The MEI is defined monthly as a two-month average 445 

(Dec-Jan, Jan-Feb, etc) and we assumed the monthly values to be centred on the middle of 446 

second month. While this will implicitly impose a 15-day lag on the MEI with respect to the 447 

true “central date”, which should be the end of the 1st month / beginning of the 2nd 448 

month, we are not greatly concerned with how the regression is distributed across lags and 449 

we do not expect this 15-day difference to impact our +/-1 year lead-lag analysis. We then 450 

identified the MHWs from the ENSO-less SST time series as above, except we used the 451 

climatological mean and threshold based on the original SST (i.e. that which includes ENSO). 452 

The original climatology was used because what we consider MHWs, and what ecosystems 453 
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are adapted to, are based on the real-world threshold and we are interested in how ENSO 454 

changes the frequency, intensity and duration of exceedances over this threshold. Note that 455 

this method has two assumptions: (1) a linear relationship between the MEI and SST and (2) 456 

that the MEI captures all of the ENSO signal. The MEI was chosen as it takes into account the 457 

full-scale atmospheric and oceanic response to ENSO. Both assumptions lead to an 458 

imperfect model and therefore a small residual ENSO signal may remain in the data. 459 

3. Daily in situ sea temperature from six monitoring stations  460 

We obtained daily in situ measurements of ocean temperature at six century-scale 461 

monitoring stations (see Table 1). We were unaware of any other stations with daily 462 

measurements over a period of more than 80 years, with few missing values or large data 463 

gaps. If individual daily records were missing, we interpolated over gaps of up to five days 464 

(the minimum threshold for MHW duration1) and otherwise flagged the entire year of data 465 

as missing. The data for Scripps Pier were bias-corrected by -0.45°C post-1988 as 466 

recommended by ref. 57. MHW properties and annual time series and linear trends were 467 

calculated as for the NOAA OI SST data with the same 1983-2013 period used to define the 468 

baseline climatology and threshold. We calculated differences of mean MHW properties 469 

between the earliest and latest 30-year periods shared across all stations: 1925-1954 and 470 

1984-2013. 471 

4. Proxies for MHW properties based on monthly SSTs 472 

In the absence of centennial-scale global gridded daily SST data, monthly averaged gridded 473 

SSTs can be used to evaluate changes in certain MHW characteristics globally in a longer 474 

temporal context. Monthly SSTs cannot resolve many individual MHWs directly, since many 475 

events are shorter in duration than one month. However, we have used monthly SSTs to 476 

develop proxies for annually aggregated MHW properties. This was done using both the 477 

long station time series (Section 4.1) and global monthly SST data sets (Section 4.2). We 478 

developed proxies by selecting the MHW metrics we wished to predict (annual frequency, 479 

duration, intensity) and the set of variables which may be possible predictors (annual mean 480 

SST, annual maximum SST, annual count of months above a threshold, etc). Generalised 481 

Linear Models were trained on the long station series over the post-1982 period, and 482 
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validated over the pre-1982 period. This was used to select which variables should be used 483 

as predictors for the annual MHW metrics. Then these variables were used to train proxy 484 

models on the post-1982 MHW satellite data using predictors derived from the monthly SST 485 

analyses. Monthly SST analyses have no daily data with which to validate the model 486 

selection – which is why the model selection was performed based on the long station time 487 

series, and why the use of the stations is important to the study. 488 

4.1 Daily station time series data 489 

Monthly averages of the daily temperatures at the six stations were calculated and from 490 

these data we calculated a monthly climatological mean and 90th percentile across all years. 491 

We then calculated eight annual quantities: TMM was the annual mean SST, TMX was the 492 

annual maximum monthly SST, TAM and TAX were the annual mean and maximum monthly 493 

SST anomaly (relative to the monthly climatological mean), TTM and TTX were the annual 494 

mean and maximum anomaly (relative to the 90th percentile threshold) over all months 495 

which exceed the 90th percentile, and NA and NT were the annual count of months above 496 

the seasonally varying climatological mean and 90th percentile respectively. Note TAM and 497 

TAX (TTM and TTX) had a missing value if NA (NT) was zero in that year. 498 

Annual MHW properties, derived from daily temperature time series (as described in 499 

Methods Section 1), were modelled using a Generalised Linear Model (GLM)58 with 500 

monthly-based annual proxies as predictors:  501 

     (1) 502 

where y is an annual MHW property (frequency, intensity, duration), x is one of the proxies 503 

listed above, 0 and  1 are the regression coefficients, and g is the link function. GLMs are 504 

not restricted to normally distributed data and y is assumed to be distributed according to 505 

the exponential family (which includes the normal and Poisson distributions). Models were 506 

trained over the available data at each station since 1982 and fit using iteratively 507 

reweighted least squares. The fitted models were used to predict MHW properties over the 508 

entire time series and validated using the independent data prior to 1982. We tested each 509 

  xyg
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of the eight proxies as predictors for each of the three MHW properties (see Supplementary 510 

Information for results). 511 

Distributions and link functions were chosen as follows. MHW frequency and duration are 512 

“count data” and were modelled by a Poisson distribution, intensity was approximately 513 

normally distributed and was modelled by that distribution accordingly. The proxies NA and 514 

NT could also be considered “count data” and an identity link function was used when 515 

predicting frequency or duration, a log link function otherwise. For the remaining proxies, 516 

which were approximately normally-distributed, a log link function was chosen when 517 

predicting frequency or duration, an identity link function otherwise. Proxies were found for 518 

frequency and duration, but intensity was too poorly predicted to provide any proxy (see 519 

Supplementary Information, Supplementary Table 1 and Supplementary Fig. 6). 520 

4.2 Global datasets of monthly and daily gridded SSTs 521 

To examine MHWs globally over centennial timescales we used the Hadley Centre Sea Ice 522 

and SST v1.139 (HadISST), NOAA Extended Reconstructed SST v540 (ERSST), Centennial in situ 523 

Observation-Based Estimates 2 SST41 (COBE), Coupled European Centre for Medium-Range 524 

Weather Forecasts (ECMWF) ReAnalysis 20C SST42 (CERA-20C) and Simple Ocean Data 525 

Assimilation si.3 SST43 (SODA) data sets to derive MHW proxies from 1900 to 2016. Note 526 

that HadISST, ERSST and COBE end in 2016 while CERA-20C ends in 2010 and SODA ends in 527 

2013. The HadISST, ERSST and COBE datasets consist of monthly gridded data in which in 528 

situ observations (and remotely-sensed satellite observations, after 1982) have been 529 

statistically analysed interpolated onto a regular horizontal grid (1° x 1° for HadISST and 530 

ERSST; 2° x 2° for COBE). The CERA-20C data set is a global coupled reanalysis which relaxes 531 

the air-sea interface towards HadISST v2 SSTs and data have been obtained on a 1° x 1° 532 

horizontal grid (note that version 2 of HadISST was not directly available at the time of 533 

writing, which is why we used version 1 above). The SODA data set is a global ocean 534 

reanalysis that assimilates individual observations from the International Comprehensive 535 

Ocean-Atmosphere Data Set (ICOADS) Release 2.5 and provides data on a 1/2° x 1/2° 536 

horizontal grid. We calculated the eight proxies defined in Section 4.1 at each location and 537 

fitted the models by Eq. 1 to the NOAA OI SST annual MHW properties, area-averaged over 538 
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the above-listed data sets’ grid-cells, from 1982-2016. Results demonstrated that monthly 539 

average temperatures could be used as proxies for MHW count (through NT), duration 540 

(through TAX) but not for intensity (see Supplementary Information, Supplementary Figs. 9-541 

10). 542 

4.3 MHW proxies back to 1900 543 

We used the full record of global, gridded, monthly SST data to reconstruct MHW frequency 544 

and duration and to analyse centennial-scale trends in those properties. We calculated 545 

annual mean MHW frequency and duration from 1900 to 2016. We used the product of 546 

MHW frequency and duration to calculate the total number of MHW days per year. Due to 547 

the sparse coverage and large uncertainties in early years35, we removed data before 1900; 548 

for the remaining data, any year in which at least one month of data was missing was 549 

marked as missing. We also omitted from the datasets any grid cell which repeated the 550 

seasonal cycle at least 10 times which is common in the Southern Ocean due to low data 551 

coverage. Correlations between the annual MHW metrics from the long station time series 552 

and the proxies indicate good agreement regionally over the overlapping time periods 553 

(Supplementary Fig. 9). The correlations shown in Supplementary Fig. 9 have been averaged 554 

across the five proxy data sets using the Fisher’s z-transformation technique of ref. 59. 555 

We calculated spatial maps of the mean and the difference between the 1925-1954 556 

(consistent with the early period chosen for the long station data) and 1987-2016 (the last 557 

30-years in the time series), as well as a globally-averaged annual time series and its time 558 

slice difference. Prior to this the five global proxy datasets were regridded onto a shared 559 

grid (2° x 2°) and then an average across all datasets was performed (“dataset mean”). 560 

Globally-averaged time series from the proxies were adjusted to have the same mean value 561 

as the NOAA OI SST time series over the 1982-2016 period. Note that global average time 562 

series values were not calculated, and marked as missing data, for years in which data were 563 

missing over more than half of the area to be averaged. Globally-averaged time series and 564 

trends were not strongly sensitive to the exclusion of ENSO (see method below), unlike the 565 

35-year satellite derived daily SST data. This suggested that longer time-series reduced the 566 

influence of interannual climate variations by exposing more of the longer-term trend. 567 
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SST in parts of the ocean, e.g. the Southern Ocean, the South Indian Ocean, and much of the 568 

Pacific Ocean, were sparsely observed prior to the mid-twentieth century. The global 569 

monthly data sets are statistically or dynamically interpolated and so provide data for all 570 

available space and time ocean grid cells. However, the Hadley Centre SST dataset60,61 571 

(HadSST3, v3.1.1.0) is not global in coverage: rather than interpolating over all space and 572 

time coordinates it consists of spatial means within 5° x 5° bins, leading to missing values in 573 

the absence of data. We tested the impact of spatial bias by examining global trends in 574 

MHW proxies derived from HadSST3 data.. We rejected any years in which there were 575 

missing months from the HadSST3 data analysis and we also calculated the global averages 576 

only for years in which at least half of the ocean surface consisted of valid data. Despite 577 

these restrictions: the global datasets (presented in Fig. 5), which may be subject to 578 

artefacts from having values in regions with no observations, and HadSST3 provided 579 

consistent global trends in MHW properties (Supplementary Fig. 10). We have considered 580 

this, along with the inclusion of the long in situ station data and the NOAA OI SST data since 581 

1982, as a multi-dataset approach. 582 

We removed the influence of ENSO, the Pacific Decadal Oscillation (PDO62) and the Atlantic 583 

Multidecadal Oscillation (AMO63) from the MHW proxies using a statistical approach. First, 584 

we fitted the proxy model to the original SST data. Then we generated proxies with this 585 

fitted model, using as predictors the SST time series where the components linearly related 586 

to the MEI, PDO and AMO were removed (by linear regression, as above). We allowed for 587 

monthly leads and lags of the MEI up to +/- 1 year; the PDO and AMO indices were 588 

smoothed with a 5-year running average and only the zero-lag relationships with SST were 589 

considered. This method assumes a linear relationship between the climate modes and SST, 590 

and also that these indices capture all of the ENSO, PDO and AMO signals. Both assumptions 591 

lead to an imperfect model and therefore residual climate variability may remain in the 592 

data. We used the NOAA Earth System Research laboratory monthly unsmoothed AMO 593 

index and the NOAA National Centers for Environmental Information monthly PDO index. 594 

Note that the MEI and the PDO index were not independent (r=0.32) and so the component 595 

of the PDO index linearly related to the MEI was first removed by linear regression; neither 596 
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the MEI or the PDO index are are significantly correlated with the AMO index, and so there 597 

is no need to perform a similar correction to the AMO index. 598 

4.4 MHW proxy uncertainty 599 

We have quantified the uncertainty in the globally-averaged proxies by considering two 600 

sources: the proxy model and the observations themselves. Model prediction uncertainty 601 

was quantified by assuming the model parameters were distributed normally, with a 602 

variance given by the uncertainty on the model fit, and performing a Monte Carlo 603 

resampling to produce many new predictions from which a 95% confidence interval was 604 

calculated. A Monte Carlo sample size of 200 was used for the long time series data, 605 

separately for each of the five proxy datasets. This provided a model error variance σmod,i
2 at 606 

each grid cell i. The error on the global mean σmod
2 was calculated by propagating the point 607 

location errors using the following formula, which takes into account the spatial covariance 608 

of MHW properties, 609 

𝜎mod
2 = [∑ 𝜎mod,𝑖

2
𝑖 + 2∑ ∑ cov(𝑦𝑖, 𝑦𝑗)𝑗>𝑖𝑖 ]/𝑛2                                (2) 610 

where yi is the MHW proxy at grid cell i, cov indicates the covariance between two variables 611 

and n is the number of valid grid cells. The model error on the dataset-mean time series (Fig. 612 

5B, D, F, shaded areas) was calculated by propagating the σmod
2 for the five datasets and 613 

including the covariance of the time series using a formula equivalent to Equation 2. 614 

Observational uncertainty was unavailable from any of the five global datasets considered. 615 

However, the HadSST3 dataset does include a quantification of observational errors. At each 616 

location the measurement and sampling uncertainty provided with the HadSST3 data was 617 

combined with a Monte Carlo technique to simulate many alternate proxy time series 618 

(sample size of 200 at each grid cell). This resulting error on the proxies was defined as the 619 

observational error σobs,i
2. This enabled us to estimate the influence of nonhomogeneity in 620 

the variance which might arise due to data errors and sampling density. The uncertainty in 621 

the global mean due to observational uncertainty σobs
2 was calculated as above, and the 622 

total error due to both sources σtot
2 was then calculated as follows 623 

𝜎tot
2 = [∑ 𝜎mod,𝑖

2
𝑖 + ∑ 𝜎obs,𝑖

2
𝑖 + 2∑ ∑ cov(𝑦𝑖, 𝑦𝑗)𝑗>𝑖𝑖 ]/𝑛2                        (3) 624 
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which assumes the two sources are independent. Model, observational and total errors for 625 

the HadSST3 proxies are shown in Fig. 5 and Supplementary Fig. 10 respectively. 626 

5. Calculating excess trends in MHW properties 627 

Trends in MHW properties arise due to a trend in the mean SST, a trend in higher-order SST 628 

statistics (i.e., variability), or both. The variability of SST can be forced by changes in the 629 

background state driven by large-scale climatevariability, e.g. shifts in large-scale climate 630 

modes, or over long time scales under climate change. Changes to variability on centennial 631 

time scales have been demonstrated in the atmosphere and are distributed non-uniformly 632 

over the globe64–66. Changes to ocean variability have been observed, primarily through the 633 

mesoscale eddy field as observed through satellite altimetry67,68 and these changes will 634 

influence the extremes. For example, off southeastern Australia projections indicate an 635 

increase in eddy variability with anthropogenic climate change69 and an associated increase 636 

in SST extremes from increases in both the mean and variability of SST70. 637 

We developed a statistical model to simulate trends in MHW properties due solely to a 638 

trend in the mean SST. To do so we simulated a SST time series which assumes its statistical 639 

properties (mean, variance, autocorrelation) are stationary in time. This was accomplished 640 

using a stochastic climate model based on the concept that ocean temperature variability is 641 

a slow dynamical system, a “red noise” signal, generated by integrating stochastic 642 

atmospheric forcing, or “white noise”71. A model of SST variability was implemented in 643 

which the ocean is treated as a motionless mixed layer forced and damped by stochastic 644 

surface heat fluxes72. This model has been used successfully to capture SST variability in the 645 

North Pacific73,74 and the North Atlantic74,75. This is expressed as a first-order, autoregressive 646 

process: 647 

                                                                       (4) 648 

where Tt is SST at time t, a is the autoregressive parameter, and εt is a white noise process 649 

with zero mean and variance σε
2 (ref. 76). The autoregressive parameter can be expressed as 650 

a time scale τ = -1/ln(a), in days. The simulated temperature series has a mean of zero with 651 

no secular trend. Given a time series of observed SST, after removing the seasonal 652 

ttt
aTT 

1
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climatology and linear trend, the model parameters were determined by ordinary least 653 

squares regression on the lagged SST with itself. The seasonal climatology was removed to 654 

be consistent with the MHW definition; and the linear trend was removed so that we could 655 

later prescribe one. The model fit to the daily NOAA OI SST data (1982-2016) can be found in 656 

the Supplementary Fig. 11. Higher-order auto-regressive models could be considered but 657 

the model selection procedure required was beyond the scope of the present study. 658 

We then generated simulated SST time series at each location by using the spatially-varying 659 

fitted parameters, random white noise data εt covering 35 years (i.e., 1982-2016), and 660 

specifying a constant linear trend. We then applied the MHW definition to these simulated 661 

Tt time series and calculated the trends in annual MHW properties. This was undertaken for 662 

Nε independent realisations of εt and from this we calculated a 95% confidence interval on 663 

the trends in MHW properties. Note that the statistical properties of the SST time series 664 

pertaining to short-term variability remained stable over the entire record, only the mean 665 

SST was allowed to vary. Therefore, this confidence interval provided the range of trends 666 

that we expect solely from a change in the mean SST itself. We then compared the actual 667 

trends in annual MHW properties and if they lay outside this confidence interval we 668 

indentified these trends as “excess trends (p<0.05)”. In order to facilitate this “excess trend” 669 

calculation we relaxed the restriction on using linear trends at individual grid cells, which 670 

was less of a concern over shorter time scales (approx. 30 years), and use the Theil-Sen 671 

estimator instead of Ordinary Least Squares to avoid problems of non-normality in the data.  672 

Data availability 673 

We have used publicly available data only; new data were not generated as a result of this 674 

study. NOAA High Resolution SST and COBE-SST2  data provided by the NOAA/OAR/ESRL 675 

PSD (Boulder, Colorado, USA) from their web site (www.esrl.noaa.gov/psd/). Hadley Centre 676 

SST data provided by the Met Office (UK) from their website 677 

(www.metoffice.gov.uk/hadobs). The in situ Norway data were obtained from Jon Albretsen 678 

of the Flødevigen Research Station, Havforskningsinstituttet Institute of Marine Research, 679 

the UK data from the Isle of Man Government Laboratory, the USA data from the Shore 680 

Stations Program run by Scripps Institution of Oceanography, and the Canada data from 681 
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Fisheries and Oceans, Government of Canada. The code used to analyse these data and 682 

generate the results presented in this study can be obtained from 683 

https://github.com/ecjoliver/Global_MHW_Trends 684 
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Table 1. Century-long daily in situ records of ocean temperatures. The Norway data were 898 

obtained from the Havforskningsinstituttet Institute of Marine Research, the UK data from 899 

the Isle of Man Government Laboratory, the USA data from the Shore Stations Program run 900 

by Scripps Institution of Oceanography, and the Canada data from Fisheries and Oceans 901 

Canada. Note that partial initial and final years were rejected when determining the time 902 

span of each record. 903 

      

Station Time span Number of 

Years 

Latitude Longitude % Complete 

Pacific Grove, USA  1920-2014 95 36° 37.3’ N 121° 54.2’ W 94 

Scripps Pier, USA 1917-2014 98 32° 52’ N 117° 15.5’ W 97 

Newport Beach, USA 1925-2013 89 33° 36’ N 117° 56’ W 98 

Arendal, Norway 1924-2016 93 58° 29’ N 8° 47’ E 95 

Port Erin, UK 1904-2014 111 54° 5.1’ N 4° 46.1’ W 99 

Race Rocks, Canada 1922-2016 95 48° 17.9’ N 123° 32’ W 98 

  904 



35 

 

 905 

Figure 1. Global sea surface temperature (SST) and marine heatwave (MHW) properties. 906 

(left) Mean over the 1982-2016 period, (center) difference between the 1982-1998 and 907 

2000-2016 periods, and (right) globally-averaged time series of annual (first row) MHW 908 

count, (second row) MHW intensity, (third row) MHW duration, and (fourth row) mean SST 909 

from NOAA OI SST over 1982-2016. In B, E, H and K hatching indicates the change is 910 

significantly different from zero at the 5% level. In C, F, I and L the black lines show the 911 

globally-averaged time series and red lines show a global average after removing the 912 

signature of ENSO. In C, F, I and L the light red and blue shading indicate El Niño and La Niña 913 

periods, respectively, defined by periods exceeding +/-1 standard deviation of the MEI index 914 

for three consecutive months. 915 

  916 
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 917 

Figure 2. Total number of marine heatwave (MHW) days, globally. Globally averaged time 918 

series of total MHW days from NOAA OI SST over 1982-2016. The black line shows the 919 

globally-averaged time series of total MHW days from NOAA OI SST over 1982-2016. The 920 

red line shows this metric after removing the signature of ENSO. The light red and blue 921 

shading indicate El Niño and La Niña periods, respectively, defined by periods exceeding +/-922 

1 standard deviation of the MEI index for three consecutive months. 923 

  924 
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 925 

Figure 3. Identification of “excess trends” in marine heatwave (MHW) properties globally. 926 

Shown are linear trends in (A) marine heatwave frequency, (B) marine heatwave intensity, 927 

(C) marine heatwave duration, (D) annual mean SST, (E) annual SST variance and (F) annual 928 

SST skewness from NOAA OI SST over 1982-2016. Hatching in panels A-C indicates the linear 929 

trend is significantly different from what is expected solely due to the rise in the annual 930 

mean SST (at the 5% level), based on the statistical climate model. Hatching in panels D-F 931 

indicates the linear trend is significant from zero (p<0.05).  932 
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 933 

Figure 4. Marine heatwave (MHW) properties at six sites with century-long daily in situ 934 

temperature records. Shown are (top row) the number of MHWs in each year, (middle row) 935 

average annual MHW intensity, (bottom row) average annual MHW duration at Pacific 936 

Grove, Scripps Pier, Newport Beach (USA), Arendal (Norway), Port Erin (UK) and Race Rocks 937 

(Canada).  Red lines show means over 1925-1954 and 1984-2013 and red text indicates 938 

differences between these periods (a star indicates statistical significance at the 5% level). 939 
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 941 

Figure 5. Centennial-scale changes in marine heatwave (MHW) proxies derived from 942 

monthly gridded sea surface temperature (SST) datasets. (left) Difference between 1925-943 

1954 and 1987-2016 and (right) globally-averaged time series of annual (first row) MHW 944 

frequency, (second row) MHW duration, and (third row) total MHW days based on monthly 945 

proxies derived from all proxy datasets (dataset mean) over 1900-2016. In A, C and E, 946 

hatching indicates that all five datasets agreed on the sign of the change (corresponding to 947 

5% significance based on a binomial distribution) and grey areas indicate no data. The 948 

equivalent maps for each individual dataset can be found in Supplementary Fig. 4. In B, D 949 

and F, globally-averaged time series of MHW properties are shown for (thick red line) the 950 

NOAA OI SST 1982-2016 data, (thin coloured lines) the individual proxy datasets and (thick 951 

black line) the mean across all five proxy datasets. The shaded area show the 95% 952 

confidence intervals based on proxy model errors, averaged across the five datasets (taking 953 

into account temporal covariance). 954 
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 956 

Figure 6. Influence of climate modes on marine heatwaves (MHWs) globally. Globally-957 

averaged time series of annual (first row) MHW frequency, (second row) duration, and 958 

(third row) total MHW days based on monthly proxies over 1900-2016. Shown are the 959 

original results which include the influence of major global-scale climate modes (i.e. ENSO, 960 

PDO, AMO; blue lines) and results after the removal of their global signature (thin coloured 961 

lines and thick black lines). The shaded areas show the 95% confidence intervals based on 962 

model errors, averaged across proxy datasets (taking into account temporal covariance; 963 

after removal of climate modes). Note that the blue lines in this figure are identical to the 964 

black lines in Fig. 5. 965 


