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            Abstract
Marine heatwaves (MHWs) are periods of extreme warm sea surface temperature that persist for days to months1 and can extend up to thousands of kilometres2. Some of the recently observed marine heatwaves revealed the high vulnerability of marine ecosystems3,4,5,6,7,8,9,10,11 and fisheries12,13,14 to such extreme climate events. Yet our knowledge about past occurrences15 and the future progression of MHWs is very limited. Here we use satellite observations and a suite of Earth system model simulations to show that MHWs have already become longer-lasting and more frequent, extensive and intense in the past few decades, and that this trend will accelerate under further global warming. Between 1982 and 2016, we detect a doubling in the number of MHW days, and this number is projected to further increase on average by a factor of 16 for global warming of 1.5 degrees Celsius relative to preindustrial levels and by a factor of 23 for global warming of 2.0 degrees Celsius. However, current national policies for the reduction of global carbon emissions are predicted to result in global warming of about 3.5 degrees Celsius by the end of the twenty-first century16, for which models project an average increase in the probability of MHWs by a factor of 41. At this level of warming, MHWs have an average spatial extent that is 21 times bigger than in preindustrial times, last on average 112 days and reach maximum sea surface temperature anomaly intensities of 2.5 degrees Celsius. The largest changes are projected to occur in the western tropical Pacific and Arctic oceans. Today, 87 per cent of MHWs are attributable to human-induced warming, with this ratio increasing to nearly 100 per cent under any global warming scenario exceeding 2 degrees Celsius. Our results suggest that MHWs will become very frequent and extreme under global warming, probably pushing marine organisms and ecosystems to the limits of their resilience and even beyond, which could cause irreversible changes.
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                    Fig. 1: Simulated changes in MHW characteristics for different levels of global warming.[image: ]


Fig. 2: Observed and modelled trends in MHW characteristics over the satellite data taking period.[image: ]


Fig. 3: Regional changes in probability of MHW days for different global warming levels.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Observed and simulated MHW characteristics exceeding the 1982–2016 99th percentile, averaged over the 1982–2016 period.
a, b, Differences between the 99th percentile in SST and the annual mean SST. c, d, Annual mean duration of MHWs. e, f, Maximum annual intensity of MHWs. g, h, Annual cumulative mean intensity of MHWs. Satellite-derived patterns (a, c, e, g) and CMIP5 multi-model mean patterns (b, d, f, h). The black contours in all panels highlight the pattern structures. The spatial correlation between the CMIP5 multi-model mean and the satellite-based estimates is r2 = 0.80 for a and b, r2 = 0.15 for c and d, r2 = 0.43 for e and f, and r2 = 0.18 for g and h.


Extended Data Fig. 2 Spatial extent of observed and simulated MHWs over the satellite data taking period.
a, Histogram of the spatial extent of satellite-observed MHWs above the climatological (1982–2016) 99th percentile for the 1982–1998 (blue) and 1999–2016 (red) period. b, The spatial pattern of the MHW with the largest extent in the satellite data taking period (1982–2016), which occurred on 2 September 2015 in the North Pacific and was associated with the ‘the Blob’21. It had a spatial extent of about twice the area of the United States (that is, 1.85 × 107 km2). Shown are SST anomalies above the 1982–2016 climatological 99th percentile on 2 September 2015. The colour bar shows degrees Celsius. c, Comparison between satellite-based observations (black line) and simulations (red histogram) of the spatial extent of MHWs above the climatological 99th percentile over the 1982–2016 period. The number of MHWs (y axis) is normalized with the total number of MHWs. Deeper red colour indicates a greater number of overlapping models.


Extended Data Fig. 3 Simulated multi-model mean changes in different MHW characteristics exceeding the preindustrial 99th percentile since preindustrial times for different global warming levels.
a–l, Changes in the maximum annual intensity (a, d, g, j), annual mean duration (b, e, h, k) and annual cumulative mean intensity (c, f, i, l) of MHWs for global warming of 1 °C (a–c), 1.5 °C (d–f), 2 °C (g–i) and 3.5 °C (j–l). The black contours highlight the pattern of changes.


Extended Data Fig. 4 Simulated changes in different MHW characteristics exceeding the preindustrial 99th percentile.
The data were obtained from a 10-member ensemble simulation with NCAR-DOE CESM34. a–d, The probability ratio (a), annual mean duration (b), maximum annual intensity (c) and annual cumulative mean intensity (d) of MHWs. The black lines show the individual ensemble members. The red line in a shows the probability ratio versus global warming for a reference period that is defined as the 99th percentile over the 2007–2026 period, obtained using all ten ensemble members. The ensemble members are initialized from different starting points (ocean, sea ice, land and atmosphere) in the preindustrial control simulation. The simulations follow the RCP 8.5 scenario over the 21st century. The time series are smoothed with a 20-year running mean.


Extended Data Fig. 5 Simulated changes in MHW characteristics for different global warming levels and different extreme thresholds.
a, c–e, Global annual mean probability ratio (a; logarithmic scale), duration (c), maximum intensity (d) and cumulative mean intensity (e) of MHWs versus different extreme thresholds for different changes in global mean surface air temperature. b, Changes in the ratio of the mean spatial extent of MHWs between global warming conditions and 1861–1880 conditions. Simulations following only the RCP 8.5 scenario are shown. The shaded areas indicate the maximum range simulated by the CMIP5 models.


Extended Data Fig. 6 Comparison between simulated changes in MHW characteristics exceeding the 99th percentile from a natural-forcing simulation and from a preindustrial control simulation using GFDL ESM2M forced with the RCP 8.5 scenario over the 21st century.
a–d, The probability ratio (a), annual mean duration (b), maximum annual intensity (c) and annual cumulative mean intensity (d) of MHWs. The red line shows the simulated changes exceeding the 99th percentile from a natural-forcing simulation of GFDL ESM2M forced with observed solar and volcanic boundary conditions, but with greenhouse gases and aerosol concentrations set to preindustrial. The black line shows the simulated changes exceeding the preindustrial 99th percentile. The time series are smoothed with a 20-year running mean.


Extended Data Fig. 7 Simulated changes in global SST as a function of global surface air temperature over land.
The light red and blue lines represent individual model projections, whereas the dark red and blue lines represent multi-model averages for the RCP 8.5 (red) and RCP 2.6 (blue) scenarios. The time series are smoothed with a 20-year running mean. The grey dashed 1:1 line is shown for reference.


Extended Data Table 1 Simulated changes in the annual mean spatial extent of MHWs relative to preindustrial times, and simulated annual mean duration, maximum and cumulative mean intensity of MHWs exceeding the preindustrial 99th percentile for different global warming levelsFull size table


Extended Data Table 2 Simulated probability ratio and fraction of attributable risk estimates averaged over the ocean and over land for different global warming levels and for different preindustrial percentile thresholds (99th and 99.99th)Full size table


Extended Data Table 3 Global climate models used in this studyFull size table
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