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ENVIRONMENTAL STUDIES

Cumulative risk of future bleaching for the world’s

coral reefs
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ScottF. Herons, Damien A. Fordham'

Spatial and temporal patterns of future coral bleaching are uncertain, hampering global conservation efforts to
protect coral reefs against climate change. Our analysis of daily projections of ocean warming establishes the se-
verity, annual duration, and onset of severe bleaching risk for global coral reefs this century, pinpointing vital cli-
matic refugia. We show that low-latitude coral regions are most vulnerable to thermal stress and will experience
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little reprieve from climate mitigation. By 2080, coral bleaching is likely to start on most reefs in spring, rather than
late summer, with year-round bleaching risk anticipated to be high for some low-latitude reefs regardless of glob-
al efforts to mitigate harmful greenhouse gasses. By identifying Earth’s reef regions that are at lowest risk of ac-
celerated bleaching, our results will prioritize efforts to limit future loss of coral reef biodiversity.

INTRODUCTION

Coral reefs face some of the greatest and most urgent threats from
climate change. Marine heatwaves that cause mass coral bleaching are
increasing in frequency and spatial distribution as a result of human-
induced climatic change, jeopardizing the survival of thousands of
reef-associated organisms and the critical services they provide to na-
ture and people (1, 2). While coral bleaching events are set to inten-
sify in coming decades (3, 4), their spatial and temporal patterns
remain uncertain, obstructing efforts to protect coral reefs against
climate change.

Coral bleaching results from thermal stress, causing a breakdown
of the symbiosis between the coral host and zooxanthellate microal-
gae (the family Symbiodiniaceae), leaving corals physiologically and
nutritionally compromised (5). Corals ultimately die if temperature
anomalies become too intense (>2°C) or persist for prolonged time
periods. While the global risk of coral bleaching has increased by a
rate of ca. 3.9% per annum in recent decades, owing to anthropo-
genic global warming (6), there is large spatial variation in these re-
cent coral bleaching events (6, 7). This indicates that some reef
regions may be less exposed to future marine heatwaves. Pinpointing
these safe havens for coral reefs is critical for deriving and strength-
ening conservation management and policy (8).

Current global patterns of future coral bleaching risk are hindered
by coarse temporal resolution projections, narrowly focused metrics
of thermal stress, and a general lack of on-ground validation. Existing
forecasts are typically obtained from monthly (3, 9, 10) rather than
daily projections of sea surface temperature (SST). This prevents im-
portant variations in daily temperatures from being captured in wide-
ly used indices of coral bleaching risk, including degree heating weeks
[DHWs; °C-week (11)]. Consequently, the threat of cumulative heat
stress from human-driven climate change for corals is poorly under-
stood in space and time, affecting insights into the annual duration
and timing of future onset of severe risk of coral bleaching across
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Earth’s oceans. This is despite these threats having potentially devas-
tating impacts on coral biology that can impair the capacity of reef
corals to recover between successive bleaching events (12, 13). Thus,
the absence of high spatiotemporal resolution projections of biologi-
cally relevant climatic threats to corals, not only restricts predictions
of future risk of coral bleaching and associated mortality but also lim-
its forecasts of coral recovery and their potential to adapt to warmer
oceans. This includes determining whether oceanic warming is likely
to cause coral bleaching to start coinciding with coral spawning
events, which for some taxa is a single annual episode (14), having
devastating impacts on coral recovery.

Here, we used daily global projections of SST derived from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) to project
coral bleaching risk over a historical baseline period (1985-2014) and
into the future (2015-2100) using two contrasting climate change sce-
narios, spatially mapped at 0.5° resolution (ca. 50 km). We down-
scaled and calibrated daily projections of SST using observed satellite
data and validated these using a global database of historical bleach-
ing records. We then derived multiple spatially explicit metrics of
coral exposure to future heat stress, including (i) mean annual rate of
increase in thermal stress, (ii) mean annual duration of thermal stress,
and (iii) onset of thermal stress for coral reef locations globally. We
show that the world’s coral reefs will increasingly be exposed not only
to greater heat stress but also to longer durations and earlier onsets of
severe bleaching risk, with the highest cumulative bleaching risk be-
ing in regions of greatest coral diversity.

RESULTS

Uneven rates of increased future heat stress

Coral bleaching risk is commonly predicted from annual maximum
DHW (DHW p.x), for which we calculated the decadal trend (15) in
each reef cell from 2015 to 2100 using multimodel ensemble averaged
forecasts, according to two contrasting Shared Socioeconomic Path-
ways (SSPs). We project a mean increase in future thermal stress of
4.2°C-week decade™ (equivalent to a decadal gain of 1 month of ther-
mal stress at 1°C above normal summer maximum) for coral reefs
globally under the high-emissions scenario (SSP5-8.5) that Earth has
been closely tracking (16, 17). We forecast particularly rapid decadal
rates of increase in DHW .., for the Red Sea and Hawaii, occurring at
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1.2 times the global rate (Fig. 1). While in other provinces, such as
Southeast Polynesia, the risk of coral bleaching is forecast to increase
at considerably slower rates, being equal to 0.7 times that of the glob-
al average. Although emission reduction will moderate these rates of
increase in DHW o« and its spatial variation between provinces
(fig. S1), the ranking of high- to low-exposure regions will remain
largely unchanged. In a likely SSP2-4.5 scenario (a middle of the road
emissions scenario) (18), we project a mean increase in future ther-
mal stress of 1.9°C-week decade™, with future heat stress remaining
highest for the Red Sea and Hawaii and lowest for Southeast Polyne-
sia (Fig. 1D).

Our projections of DHW . indicate that, irrespective of the
climate model (fig. S1) and scenario being considered, some tropi-
cal provinces will warm at much faster rates than other ocean re-
gions, making them more vulnerable to coral bleaching in coming

decades. As the severity of heat stress increases over time, so does
the risk of coral mortality. However, the relationship between
bleaching severity and mortality is not strictly linear because re-
sponses of coral communities to thermal stress can vary across
successive bleaching events due to environmental filtering-previ-
ously termed “ecological memory” (19). We project that the maxi-
mum heat stress for corals reefs on Australia’s Great Barrier Reef,
including those observed during the 2016 El Nifio mass bleaching
event [DHW ,, of 13.3°C-week (20)], will double by ~2050 in the
absence of a concerted effort to reduce climate change causing
emissions, which is in line with previous regional projections un-
der SSP5-8.5 (21). This will leave little-to-no capacity for the main-
tenance of protective thermal regimes with moderate heat stress
(12) and any adaptative capacity of corals and their symbionts
(22, 23).
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Fig. 1. Global rates of increase in bleaching severity. (A) Average decadal change in annual maximum DHWs (°C-week decade™) from 2015 to 2100 for mitigation
(SSP2-4.5) and high-emissions (SSP5-8.5) scenarios. (B) Marine provinces with coral reefs (61). (C) Mean (dot) and 10th to 90th quantiles (error bar) of trend in DHW for each
ecoregion shown in (B). The dotted lines indicate the global means for each climate scenario. Trend was calculated as the Sen’s slope of annual DHW,ax over time in each

0.5°-resolution coral reef grid cell. Cl, confidence interval; NW, northwest; E, east; W,
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west; S, south; N, north; SE, southeast.
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Longer exposures to severe bleaching

We quantified annual duration of severe bleaching risk as the total
number of days with DHW > 8°C-week (11) projected annually in
each reef cell and according to each climate change scenario. Coral
reefs at low latitudes are likely to be exposed to thermal stress levels
related to severe bleaching for >3 months each year from as early as
2035 (Fig. 2A). By 2100, more than 50% of the world’s reefs are ex-
pected to experience severe bleaching risk for >9 months per year
under the SSP5-8.5 high-emissions scenario (Fig. 2B). Even with
substantial mitigation of greenhouse gasses (SSP2-4.5), almost all of
the world’s coral reefs are likely to be exposed to >3 months of se-
vere bleaching risk by 2080, with 20% of these reefs being exposed

SSP5-8.5
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to severe bleaching conditions for >9 months of the year (Fig. 2B).
Our projections align with previous modeling of marine heatwaves.
While not specific to coral reefs, this modeling identified a 54% in-
crease in annual marine heatwave days between 1925 and 2016 glob-
ally (24), with future projections predicting a near-constant heatwave
state by the end of the century (25).

Annual exposure to heat stress was generally longer at low lati-
tudes and along the equator (Fig. 2A). This reflects reduced seasonal
variability in SST in the tropics compared to higher latitudes (26),
with lower seasonal variability increasing the probability of bleach-
ing occurring outside of the warmest season in these regions be-
cause SST is close to the bleaching threshold all year round. Our
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Fig. 2. Increasing duration of severe bleaching risk for the world’s coral reefs. (A) Annual duration of severe bleaching risk (in days) at coral reef locations by latitude,
year, and climate change scenario (SSP5-8.5 and SSP2-4.5). (B) Global proportion of coral reef cells (n = 72,744) affected by different durations of bleaching (0 to 90 days,
91 to 180 days, 181 to 270 days, and 271 to 365 days) in the 21st century in each climate change scenario.
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forecasts of longer exposures to heat stress will likely induce further
reductions in the return time of bleaching events (6), affecting the
capability of corals to recover (12). Accordingly, it has previously
been suggested that 2.7°C of global warming (which is forecast to
occur by 2100 under SSP2-4.5) will cause high coral mortality even
on reefs that currently experience little bleaching due to increased
frequency in severity bleaching events (4). It can also be expected
that longer exposure to heat stress in coming decades will increase
the lethal effects of coral bleaching, overriding current-day subleth-
al effects on coral physiology and reproductive potential (27).

Earlier onset of bleaching risk

Defining the onset of severe bleaching risk as the number of days
since mid-winter when DHW first exceeded the critical threshold of
8°C-week allowed us to quantify spatiotemporal variation in the on-
set of risk of coral bleaching. Using the climatological coldest day of
the year (based on daily mean SST over the historical period of
1985-2012) as a mid-winter reference, we examined global varia-
tion in the timing of heat stress between hemispheres despite their
opposing seasonality. This analysis shows that severe bleaching risk
is generally predicted to start progressively earlier (considering
mid-winter as the start of the year) over the course of the 21st cen-
tury, with increased variability in the timing of heat stress increasing
over time (Fig. 3).

Field observations (7) and satellite imagery (28) show that heat
stress usually starts in late summer for most coral reef regions of the
world. This is consistent with our multimodel ensemble baseline pro-
jections (fig. S2). However, by 2080, reefs in Central Polynesia and
the Western Coral Triangle will likely experience severe bleaching

risk from as early as late winter, with nearly all other reefs at low lati-
tudes (and many at higher latitudes) experiencing severe bleaching
from as early as spring. Spatial variation in the onset of bleaching risk
is also likely to increase substantially in coming decades, with the
world’s coral reefs beginning to bleach in all seasons rather than just
in late summer (Fig. 3). These forecasts indicate that the majority of
Earth’s reefs will experience onset conditions for bleaching in spring,
and some in autumn, rather than late summer that is typical for most
reefs today. We show that mitigating global emissions is likely to re-
strict timing of onset of severe bleaching risk to summer for most
coral reefs (Fig. 3; SSP2-4.5).

An earlier onset of severe bleaching risk does not only increase
the severity and duration of thermal stress but can also directly affect
coral phenology, particularly if bleaching overlaps with key life cycle
events such as coral spawning or larval recruitment. Reef corals pro-
duce some of the most spectacular mass reproductive events in the
world. More than 130 species of corals on the Great Barrier Reef
spawn only once a year, in a single week following a full moon in
spring (14). Our analysis shows that by as early as 2040, this spawn-
ing event could coincide with severe bleaching risk, causing potential
reproductive failure for these broadcast-spawning corals, increasing
their extinction risk (29). While past observations of bleaching over-
lap with spawning events have remained rare (30), our analysis pre-
dicts that this will become much more common by the middle of this
century.

Benefits of climate mitigation
Combining our three metrics of exposure to accumulated heat
stress (severity: DHW .y duration: number of days per year when
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Fig. 3. Change in timing of severe bleaching risk. (A) Average timing of onset of severe bleaching for coral reefs globally (solid black line) and 10 to 90th, 25 to 75th,
and 33 to 66th percentiles (ribbons) for two climate change scenarios. The horizontal bands represent months within season, with the reference (zero on the y axis) set to
the middle of winter. (B) Onset of severe bleaching risk predicted within each reef cell by 2080 (i.e., averaged across the 2065-2095 period) according to each climate
change scenario. Bleaching onset is defined as the number of days since mid-winter when severe bleaching is predicted in each grid cell (DHW > 8°C-week). Predictions

are based on a five-model ensemble.
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DHW > 8°C-week; onset: number of days since mid-winter when
DHW > 8°C-week) allowed us to predict cumulative bleaching risk in
2080 and compare it to the 2000 baseline under different climate miti-
gation scenarios. This composite metric combines the different delete-
rious effects and variable spatial patterns of the individual metrics
(fig. S3). We used a principal components analysis (PCA) to reduce the
dimensionality of these metrics, with the first two axes explaining
96.3% of the total variation in the three metrics combined (Fig. 4A).
Close alignment of duration and severity of bleaching risk in the PCA
indicates a corelationship, where greater accumulation of heat stress
(severity) is typically associated with longer periods of heat stress (du-
ration). We calculated cumulative risk for each coral reef grid cell as
the Euclidean distance between its baseline position and its position
under each future scenario on the two-dimensional (2D) PCA or-
dination plot (Fig. 4B). This allowed the benefit of mitigating
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anthropogenic climate change to be assessed by calculating the Eu-
clidean distance between ordination coordinates under SSP5-8.5
and SSP2-4.5 for each coral reef cell.

The highest cumulative risk of harmful bleaching and the lowest
benefit of globally reducing greenhouse gasses occurred at low lati-
tudes—particularly in the Eastern Coral Triangle, Marshall Islands,
and Central Polynesia-indicating that coral reefs in equatorial re-
gions will be disproportionately exposed to future risk of bleaching
irrespective of the SSP considered (Fig. 4C), which aligns largely
with latitudinal patterns of future heat stress predicted for corals us-
ing the older CMIP5 models (3, 31). Our finding of a reduced miti-
gation benefit at low latitudes was driven largely by projected
increases in duration of severe bleaching risk, which remained large
in both mitigation and high-emissions scenarios. At mid-latitudes,
duration of severe bleaching risk decreased under SSP2-4.5. Other
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Fig. 4. Cumulative risk of future coral bleaching. (A) PCA of coral bleaching severity, duration and onset showing the variable ordination plot, and (B) individual ordina-
tion plot where each observation represents a coral reef grid cell (n = 72,744) exposed to the 2000 baseline or 2080 risk expected under the SSP2-4.5 or SSP5-8.5 climate
scenario. Dashed arrows indicate the cumulative risk for an exemplar reef grid cell exposed to SSP2-4.5 and SSP5-8.5 risk, with the distance between the two future out-
comes corresponding to the mitigation benefit. (C) Cumulative risk in 2080 based on SSP5-8.5 (top) and mitigation benefit expected under SSP2-4.5 (bottom), displayed

as global (left) and latitudinal (right) patterns. PC, principal component.
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metrics of severe bleaching risk showed relatively higher mitigation
benefit along the equator (fig. S3).

Coral reefs at low latitudes host the highest levels of marine spe-
cies richness and endemicity globally (32, 33). Greater cumulative
risk of future bleaching at these global hot spots of marine biodiver-
sity (34), combined with high risk of bleaching even under a climate
pathway with reduced warming (SSP2-4.5), means that the most spe-
ciose coral reefs are disproportionally threatened by anthropogenic
climate change. To compound matters, marine reef life in these areas
are particularly ill-equipped to respond to accelerated rates of an-
thropogenic climate change, having been exposed only to relatively
slow rates of climatic changes in the past (35). Furthermore, reefs in
the Coral Triangle and Southwest Pacific Ocean, like many other
low-latitude reefs, support the livelihoods and nutrition of local pop-
ulations that still rely heavily on these resources for subsistence fish-
ing (2, 36). Our finding that the highest climate impacts are expected
in regions of highest social reliance on coral reefs (37) suggests that
climate adaptation of fisheries and food systems in these regions
should be an absolute priority.

Predictive ability of global climate models

Our downscaled projections of coral bleaching risk represent an im-
portant methodological advancement over past products for two ma-
jor reasons. First, we used daily projections of SST, as opposed to
monthly mean temperatures [e.g., (3, 9)], to calculate DHW. This en-
sured that high-frequency variability in SST contributed to the DHW
calculation. Second, we bias-corrected our projections using the quan-
tile delta mapping technique (38), which demonstrated superior skill
in projecting bleaching risk compared to the more commonly applied
delta change factor method [Supplementary Text; (39)].

Independent ecological validation of our high-resolution projec-
tions of coral bleaching risks, based on our multi-model ensemble hind-
casts of severe bleaching risk (DHW > 8°C-week), found that they were
able to independently predict 90% of severe bleaching records that oc-
curred from 1985 to 2010 (7). Further validation using high-resolution
satellite monitoring data, showed a similar capacity for our modeled
projections to reconcile observed bleaching conditions (fig. S4 and Sup-
plementary Text) (40). These tests also showed that the multimodel av-
eraged projection outperformed all individual model projections (fig. S5
and Supplementary Text) and were able to effectively distinguish bleach-
ing from normal (nonbleaching) conditions (fig. S6 and Supplementary
Text). This confirms the benefit of well-constructed, multimodel aver-
aged climate projections for biodiversity assessments (41).

While other, more mechanistic approaches exist for downscaling
SST that directly account for important regional oceanographic pro-
cesses (9, 42), their global applications remain computationally in-
tractable. However, recent developments in global shelf sea modeling
approaches offer promising potential for semi-dynamic downscaling
of climate projections, which could be applied to global extents (43).
Therefore, our ecologically validated projections of coral bleaching
provide a robust foundation for future assessments of the vulnerabil-
ity of Earth’s corals reefs to climate change, with strong application to
ecological and fisheries modeling and management (see the “Data
and materials availability” section in Acknowledgments).

DISCUSSION
Our validated analysis of daily SST projections revealed high spatio-
temporal variation in the severity, annual duration, and onset of severe

Mellin et al., Sci. Adv. 10, eadn9660 (2024) 26 June 2024

bleaching conditions for Earth’s coral reefs this century. We show that
the most biodiversity rich coral regions are the most vulnerable to heat
stress and that reef corals in these regions are likely to benefit least
from global efforts to mitigate climate change. By 2080, substantially
longer periods of heat stress are projected to cause the onset of coral
bleaching to shift from late summer to spring in most coral reef re-
gions. These projected changes will cause coral bleaching to overlap
with key stages of the coral life cycle, including spawning and recruit-
ment, resulting in potentially irreversible outcomes on population dy-
namics, culminating in widescale loss of corals.

Our results also pinpoint potential climate refugia at spatial scales
that are directly relevant to coral reef conservation and management
(ca. 50 km) (fig. S7). For example, within the tropical northwest
Atlantic province, we predict much lower than average cumulative
bleaching risk on the northern coasts of Venezuela and Colombia.
Here, seasonal upwellings occur (44), bringing cooler water up to the
ocean surface and potentially buffering extreme temperature anoma-
lies that cause bleaching. Other less impacted areas include Socotra
Island opposite the Gulf of Aden and Alor Kecil in Indonesia where
upwellings are also prevalent (fig. S7). High spatial variability in cu-
mulative bleaching risk also occurs in the Western Coral Triangle, but
not for the Great Barrier Reef or Hawaii provinces (fig. S7). Although
uncertainty remains regarding responses of oceanographic currents
to anthropogenic climate change, our projections suggest that upwell-
ings could continue to provide important climate refugia to coral reefs
in warming oceans.

While our bleaching risk framework does not currently account
for any coral adaptation to warming seas because it remains largely
unknown or unquantified [but see (22)], coral adaptation over time
could in theory be built into this framework by allowing the bleaching
threshold to progressively increase over time (45). This coral adaptive
capacity would likely provide greatest benefit in the equatorial regions
projected to have the greatest risk of coral bleaching. Looking ahead,
it will be important to account for other primary threats to coral reefs,
such as ocean acidification or tropical cyclones (46, 47), and their cu-
mulative impacts (48-50) using similar frameworks. Our modeling
framework also offers a platform to implement additional climate
models and scenarios as required. Our choice of climate change sce-
narios was driven by the need to include the most likely SSP (SSP2-
4.5) (18), and a worst-case, yet still plausible scenario for comparison
and conservation decision making [SSP5-8.5; (17, 51)], noting that
thermal stress levels predicted for the Northwest Atlantic by 2040 un-
der SSP5-8.5 (fig. S1) have already been exceeded (16).

Curbing greenhouse gas emissions is ultimately the only solution to
limit the frequency and severity of coral exposure to heat stress. While
these mitigation efforts will only partially slow the rise of severe bleach-
ing risk in coral reef ecosystems, they could be vital for preserving some
corals and reefs. Alternative local-to-regional coral conservation strate-
gies are also needed to prevent widescale coral loss. Irrespective of
whether these interventions involve assisted evolution, coral transloca-
tion, or coral restoration (52, 53), success will be maximized in spatial
refugia characterized by lower regional cumulative risk of bleaching.

MATERIALS AND METHODS

Experimental design

Climate data processing and DHW calculation

An overview of the climate processing and database creation is pre-
sented in fig. S8 and fully detailed in (39). Briefly, daily simulated
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SSTs from eight Atmosphere-Ocean General Circulation Models
(AOGCMs) were accessed from the CMIP6 (54) for the period 1985
to 2100 for two SSPs (55): SSP2-4.5 and SSP5-8.5. Data were down-
scaled to a 0.5° X 0.5° regular grid and bias-corrected against a high-
resolution SST satellite dataset (56) using the quantile delta mapping
technique (38). Downscaled and bias-corrected data were used to
calculate: (i) estimates of daily SST; (ii) SST summertime anomalies
(a.k.a. hot spots; °C) above a spatially resolved bleaching threshold
[defined as the maximum monthly mean (MMM) SST] (11); and
(iii) cumulative heat stress defined as DHWs (DHW, °C-week), cal-
culated as the cumulative sum of hot spots above the MMM for each
pixel over a rolling 12-week (84-day) window.

We generated a multimodel ensemble average based on five
CMIP6 models that had a transient climate response (i.e., warming
from a simulation that is driven by an exponential 1.0% per year in-
crease in CO,) inside the 1.4° to 2.2°C range as recommended by
Hausfather et al. (57) (table S1). It has previously been shown that the
skill of multimodel averaged ensemble climate projections tends to
approach an asymptote after approximately 5 different models have
been averaged together (58), suggesting that adding any more models
is unlikely to improve multimodel ensemble skill. For individual
model projections and for the five-model ensemble (ens5), we exclud-
ed non-reef grid cells from subsequent index calculations based on
the National Oceanic Atmospheric Administration Coral Reef Watch
reef locations dataset (59).

We validated our global climatological daily mean bias-corrected
SST hindcasts by comparing them to a high-resolution satellite-
derived SST dataset (56), which was created as part of the European
Space Agency SST Climate Change Initiative (CCI) (hereafter CCI
analysis SST) (40) available as an open access dataset at https://data.
ceda.ac.uk/neodc/esacci/sst/data/ CDR_v2/Analysis/L4/v2.1. Full de-
tails of the climatological validation are given in (39).

An intermodel comparison showed that decadal trends in DHW ¢
were highly consistent among the five individual CMIP6 AOGCMs
used to calculate ensemble averaged forecasts of DHW .« for each
scenario (fig. S1), providing good confidence in our multimodel en-
semble projections. Moreover, the ensemble decadal trend in DHW ¢
strongly correlated with the mean DHW ,, forecast by 2080 in
each grid cell (fig. S9), which we therefore included in our cumula-
tive risk index described below.

Synoptic metrics of exposure to heat stress

For each emission scenario, we calculated the decadal trend in fu-
ture bleaching risk in each coral reef pixel as the Theil-Sen’s median
slope (15, 60) of DHW over the 2015-2100 time period based on the
five-model ensemble, as well as on individual models. We then ag-
gregated Theil-Sen’s slopes at the province level to derive the medi-
an, 10th and 90th percentiles. Provinces were extracted from the
Marine Ecoregions of the World dataset (61) after excluding prov-
inces with <5 reef grid cells.

We calculated the magnitude, duration, and onset of heat stress
expected by 2080 in each coral reef pixel, according to each emission
scenario and based on the five-model ensemble as the average of each
metric over 2065-2095. The magnitude of heat stress was defined as
the annual DHW/ .« expected within each pixel and averaged over
2065-2095. The duration of heat stress was defined as the annual
number of days when DHW exceeded 8°C-week [i.e., bleaching alert
level 2 for a minimum of 1 day, (11)] averaged over 2065-2095.

The onset of heat stress was defined as the first annual occurrence
of DHW above the 8°C-week threshold. To control for differences in
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seasonality between hemispheres, we set the reference for this calcu-
lation to the climatological coldest day of the year in each pixel and
calculated the onset as the number of days since the climatological
coldest when DHW exceeded 8°C-week. The climatological coldest
day of the year was identified for each pixel based on each model’s
historical projections between 1985 and 2012. To match the onset of
heat stress to its respective season in each pixel, we considered the
climatological coldest of the year as the middle of winter, with winter
encompassing +45 days of the climatological coldest day, followed by
90 days of spring, summer, and autumn, respectively.

Statistical analysis

Cumulative risk index

We defined a cumulative risk index by combining our three metrics
of heat stress averaged over 2065-2095 (magnitude: annual DHW 5y
duration: number of days when DHW > 8°C-week; onset: day of the
year relative to coldest when DHW > 8°C-week) for each climate
scenario and for the baseline period (1985-2014). Standardization
of the three metrics was undertaken by subtracting their mean and
dividing by their standard deviation. Metrics were combined using
a PCA, with the first two axes explaining 96.3% of the total variation
in these metrics (Fig. 4A).

We calculated the cumulative risk for each coral reef grid cell as
the Euclidean distance between its baseline position, and its position
under each climate scenario on the PCA 2D ordination plot (Fig. 4B).
The climate mitigation benefit for that reef grid cell corresponds to
the Euclidean distance between its ordination coordinates under
SSP5-8.5 and SSP2-4.5 (Fig. 4B).

Before the PCA, we cosine-transformed the onset to convert it
from Julian days to the [—1;1] scale (fig. S10). This allowed us to
achieve two outcomes: (i) obtain similar onset values for days 1 and
365 of the Julian calendar (consecutive dates within the same season)
and (ii) an onset in day 1 (mid-winter) receives a cosine-transformed
value of 1 (highest threat), and an onset in day 187 (mid-summer)
receives a cosine-transformed value of —1 (lowest threat), thus mak-
ing the ranking of value from low to high threats comparable to oth-
er metrics.

Ecological validation

We tested the ability of our DHW projections to predict the occur-
rence of severe bleaching records between 1985 and 2010 (7) in each
of the IPCC AR6 Working Group 1 reference regions (62). We did this
by calculating the hit rate (63) as the proportion of severe bleaching
records correctly predicted by each of the CMIP6 models and the ens5
ensemble, as well as the CCI analysis SST, i.e., where DHW > 4°C-
week within 18 months of an observed bleaching record for each da-
taset. For this analysis, observed bleaching records were pooled
within each 0.5° grid cell, thus reducing the influence of multiple re-
cords corresponding to the same bleaching event in each grid cell. Full
details for this calculation are given in (39).

We used beta regression (64) to test for differences in the hit rate
between our ens5 ensemble and the CCI analysis SST as the number
of bleaching records increased. Models were constructed with normal
priors (Bx~Normal(0,2.5)) and four chains, each with 2000 samples,
with the first 1000 samples being discarded as burn-in. We ensured
model convergence using Gelman-Rubin statistics (where values less
than or equal to 1.1 were considered acceptable), along with testing
for effective sample size, and visually examining trace plots. We per-
formed posterior predictive checks to evaluate the model predictive
accuracy relative to the observed data. The analysis was performed
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using the rstanarm package in R (65). We plotted and compared the
distribution of DHW values matching severe bleaching records with
those within 1985-2012 at the same locations (i.e., baseline period)
for both the ens5 hindcast and the CCI analysis.

Last, we compared the spatial coverage for our onset metric in
2000 (averaged over 1985-2015) to that derived from satellite analy-
sis (28) from the same period. Because not all reefs were exposed to
bleaching alert level 2 during this period according to either dataset,
we used a threshold of DHW > 4°C-week (bleaching alert level 1;
excluding non-reef cells) to verify that patterns of the onset predicted
in 2000 were similar across datasets (fig. S2).
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