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QUANTIFYING THE 
ROLE OF CLIMATE CHANGE IN DRIVING 

MASS CORAL BLEACHING
PERSHING_

FEATURE ARTICLE

ABSTRACT. Four global mass coral bleaching events have now been recorded. The first, in 1998, was associated with that year’s strong 
El Niño. Subsequent global-scale bleaching occurred in 2010 and then over the periods 2014–2017 and 2018–2025 (and likely ongoing). 
All these events also coincided with El Niños for at least part of the period. While El Niño is an important factor, each event has also 
occurred during a period of rising global temperatures. Here, we use attribution of daily sea surface temperatures to show that the most 
recent global coral bleaching event is entirely due to human-caused warming. Furthermore, all previous events, including the original one 
in 1998, had strong fingerprints of anthropogenic climate change. Our analysis shows that global warming is the main driver of bleach-
ing and that global coral bleaching simply would not occur without human-caused climate change. 

By Andrew J. Pershing, John F. Bruno, Joseph Giguere, and Alexandra Khrizman

Coral reefs are the most diverse marine ecosystems, housing 
approximately 32% of all named marine species (Fisher et  al., 
2015). Reef-building corals have adapted to their local annual 
cycle of environmental temperature, but when temperatures 
exceed these conditions for several weeks, bleaching or even death 
can occur (Hoegh-Guldberg, 1999). Extensive mortality leads to a 
transformation in the ecosystem from one dominated by coral to 
one dominated by algae, sponges, or other taxa (Norström et al., 
2009), and this is typically accompanied by a loss of species rich-
ness and diversity (Bellwood et al., 2004). 

Global mass coral bleaching events—coincident bleaching across 
many reefs around the world—have occurred periodically since 
1998 (Goreau et  al., 2000). These events, which also occurred in 
2010, 2014–2017, and 2018–2025 (Spady et al., 2026), all coincided 
wholly or in part with El Niño conditions, making it difficult to iso-
late the influence of climate change. Here, we use attribution of daily 
ocean temperatures to quantify the role of anthropogenic ocean 
warming in driving global mass bleaching of the world’s coral reefs.

ISOLATING THE SIGNAL OF CLIMATE CHANGE 
IN OCEAN TEMPERATURE RECORDS
Our ability to detect climate change at finer spatial and tempo-
ral scales has increased in the last decade. This is most apparent in 
the advent of extreme event attribution (Otto, 2017; Swain et al., 
2020), which has been used to diagnose the contribution of cli-
mate change to individual heatwaves on land (Stott et  al., 2004) 
and in the ocean (Hope et  al., 2024), extreme rainfall events 
(Van Oldenborgh et  al., 2017; Reed et  al., 2022), and economic 
damages from coastal flooding (Strauss et al., 2021).

Gilford et al. (2022), extended extreme event attribution meth-
ods (e.g., Otto, 2017; Swain et al., 2020) to daily air temperatures. 

Their approach integrates information from climate models run 
with and without anthropogenic greenhouse gas forcing and from 
the observed local response to changing global temperatures. 
Giguere et  al. (2024) applied this same multi-method approach 
to sea surface temperatures from NOAA’s Optimum Interpolation 
Sea Surface Temperature (OISST) long-term Climate Data Record 
(Reynolds et al., 2007). The Gilford-Giguere approach reaches sim-
ilar conclusions about how climate change increased the likelihood 
of terrestrial heatwaves (Gilford et  al., 2024b) and marine heat-
waves (Giguere et al., 2024) as did other studies (e.g., Laufkötter 
et al.’s [2020] attribution of marine heatwaves). This approach has 
an additional advantage in that it can be easily automated and 
applied to any day’s temperature, not just extremes. 

This daily, local-scale perspective provides new capabilities for 
considering that climate change has and is impacting marine eco-
systems such as coral reefs. For this study, we use Giguere et al.’s 
(2024) approach to assess the influence of climate change on sea 
surface temperatures, specifically using NOAA’s OISST (Reynolds 
et al., 2007). This approach is built around a statistical reconstruc-
tion of the distribution of daily temperatures expected at a location 
and time of year under a specific global climate condition (detailed 
methods are provided in the online supplementary material). We 
use a smoothed version of HadCRUT5 (Morice et al., 2021) global 
mean temperature (GMT) as our estimate of the global conditions. 
We refer to this as GMT15 because it approximates a centered 
15-year running average. Global temperatures are reported relative 
to the 1850–1900 baseline used by the Intergovernmental Panel on 
Climate Change (IPCC). For example, assessing a temperature in 
2025 would contrast the distribution under GMT15 = 1.35°C with 
the counterfactual (no global warming) distribution represented 
by GMT15 = 0°C. 
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We divide the year into 24 periods. We then use output from 
13 climate simulations and two empirical approaches to charac-
terize the local temperature distributions for each period and how 
they change with GMT15. We downscale and debias each cli-
mate model dataset based on the 1991–2020 period. We then fit 
a skew-normal distribution to the 30 years of daily output when 
each model’s global temperature anomaly first crosses the desired 
GMT15 value. We also fit a distribution to the model’s control run 
without anthropogenic greenhouse gas forcing. This produces 
13 paired distributions.

The Gilford-Giguere approach also uses two empirical meth-
ods to estimate how local temperatures respond to changes in 
GMT. The first empirical method uses linear regression to estimate 
how the median daily temperature responds to a change in GMT. 
The slope of this regression, called the scale factor, is used to shift 
the skew-normal distribution built with data from 1991 to 2020 
(GMT15 = 0.88°C) to the climate of the observations and to the 
counterfactual climate. The second empirical method calculates 
the scale factor for 21 evenly spaced quantiles between 0.01 and 
0.99. This allows for the variance and skewness of the distribution 
to change in response to global forcing.

For impact studies, we need to estimate the counterfactual tem-
perature, not the probability. Following Giguere et  al. (2024), we 
define the counterfactual temperature (Tcf) as the temperature with 
the same exceedance probability in the GMT15 = 0° distribution as 
the observed temperature (T) has in its climate. We calculate Tcf for 
each of the 13 climate models and average them. We then calcu-
late Tcf for the two empirical models and average. Finally, we aver-
age the two averages. This gives us two sets of temperatures, one 
corresponding to the observations and another corresponding to 
the observations but with the influence of climate change removed. 
These can then be used to drive a process model, allowing us to esti-
mate how climate change has influenced that process. For example, 

Gilford et al. (2024a) applied a model of hurricane maximum inten-
sity to daily sea surface temperature counterfactuals to identify the 
role of climate change in increasing Atlantic hurricane intensity.

ATTRIBUTION OF CORAL BLEACHING
For this study, our process of interest is the risk of coral bleach-
ing. We applied the bleaching risk model developed by NOAA’s 
Coral Reef Watch (CRW) program (Liu et al., 2014; Skirving et al., 
2019) to both the observed and the counterfactual temperatures. 
This model is based on degree heating week (DHW) accumulation 
above a local maximum monthly mean climatological tempera-
ture. We calculated the maximum monthly mean climatology for 
OISST using the same years (centered on the year 1998.5) as CRW. 
We mapped the 12-week DHW onto risk levels (Heron et al., 2016; 
Manzello et al., 2025): moderate (DHW ≥4°-week) implies a risk of 
reef-wide bleaching, severe (DHW ≥ 8°-week) translates to a risk 
of mortality of sensitive species, and extreme (DHW ≥ 12°-week) 
indicates risk of multi-species mortality. To highlight patterns at 
lower DWH, we split NOAA’s “low” category into two bins: very 
low (DHW < 1°-week) and low (1°-week ≤ DHW < 4°-week) cor-
respond to a risk of possible bleaching. For 100 coral reef contain-
ing regions, we calculated the annual maximum value (DHWmax) 
for the years 1982–2025.

Spady et al. (2026) aggregated reports of bleaching during the 
most recent global bleaching event. For each of the 71 regions 
where they determined that bleaching had occurred, we found the 
maximum DHWmax over the period 2018–2025. Consistent with 
their analysis, we find that bleaching risk was elevated in all the 
regions they identified (Figure 1a). Risk was most intense in the 
southern Caribbean and along the Central and South American 
coasts. Throughout this region, DHWmax reached extreme levels 
(DHWmax ≥ 12°C-weeks) at which large-scale mortality is expected 
and has been documented in some regions (Manzello et al., 2025). 

FIGURE 1. Bleaching risk attributable to anthropogenic climate change for the fourth global mass coral bleaching event. (a) Risk levels based on maximum 
degree heating weeks (DHWmax) for 71 regions where bleaching was reported during 2018–2025 (Spady et al., 2026). The extreme risk level is split into three 
sublevels to highlight the gradation. (b) Risk levels calculated using counterfactual temperatures. (c) Plot of observed (circles) and counterfactual (squares) 
DHWmax. The regions are ranked based on the observed values and colored according to risk levels as in panel a. The DHWmax values for each region are in 
online supplementary Table S1.
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Other regions that reached the extreme level include the Red Sea, 
central and eastern Polynesia, and the coast of Japan. Risk reached 
at least moderate levels (DHWmax > 4°C-weeks) in all other regions, 
a risk level associated with reef-wide bleaching.

Our analysis indicates there would be essentially no coral 
bleaching and certainly not a global-scale event without human-
caused climate change. Based on DHWmax calculated with counter-
factual temperatures, we find a substantial reduction in the risk 
of bleaching (Figure 1b). Only one region, the central Kuroshio, 
had moderate bleaching risk in the counterfactual climate. This 
region had an observed DHWmax value exceeding 17.4°C-weeks, 
well above the extreme risk threshold (Figure 1c). All the remain-
ing regions had little temperature-based risk, including 51 regions 
with DHWmax < 1°C-week.

The influence of climate change is also apparent in previous 
global coral bleaching events. During each of these events, at 
least 40 regions were at moderate risk (Figure 2). In 1998, only 
one of these regions had bleaching risk that was not attributable, 
meaning that the region reached the moderate risk level under 
the counterfactual conditions (in the absence of global warming). 
For all other global events, the other regions would not have had 
this level of risk in the counterfactual climate. The rising trend in 
the number of regions experiencing each risk level suggests that 
many regions are now experiencing stressful temperatures multi-
ple times in a decade.

GLOBAL WARMING VS. EL NIÑO 
The attributability of the 1998 event is especially noteworthy 
given the perceived importance of El Niño in that event (Hoegh-
Guldberg, 1999; Bruno et  al., 2001). Our approach to calculat-
ing the counterfactual temperature is designed to account for 

natural variability from the El Niño-Southern Oscillation (ENSO) 
and other sources. It does this by characterizing the distribution 
of temperatures during a 30-year reference period (in this case, 
1991–2020) and then shifting that distribution using the observed 
trends and climate models (Giguere et al., 2024). This means that 
the counterfactual temperatures for 1998 or any El Niño year 
would reflect El Niño conditions in the absence of warming.

To further explore the hypothesis that global warming and not 
El Niño is the main driver of large-scale bleaching, we use linear 
regression to fit a statistical model of DHWmax for each region:

DHWmax(year) = a*GMT15(year) + b*ONI(year-L) + c,

where ONI(year) is the monthly Oceanic Niño Index (Glantz and 
Ramirez, 2020; NOAA, 2025) from the month when the region’s 
maximum monthly climatological temperature occurs. The param-
eter L is the lag in months (from 0 to 12) that gives the best fit. 
We found 23 regions where only the temperature term was signif-
icant and 74 out of 100 regions where both the global temperature 
and ONI effects were significant (Figure S1 in the online supple-
mentary material). For the regions where both factors were signif-
icant, we calculated GMTeqiv = 2*b/a (i.e.,  the global mean tem-
perature that leads to a change in DHWmax comparable to a strong 
El Niño; ONI = 2). 

According to the statistical modeling, the effect of global tem-
perature became stronger than El Niño in half the regions where 
both factors are significant when global mean temperature was only 
0.5°C above the preindustrial (Figure 3a, blue curve). These con-
ditions occurred in the year 1989. In 1998, during the first global 
bleaching event, the global mean temperature was 0.72° above 
preindustrial conditions, and warming was stronger in 61 out of 
74 regions. Under current conditions in 2025 (GMT15 = 1.35°), 
only three regions, Cocos Islands, Northern Galápagos Islands, 
and Line Islands, have a stronger El Niño effect (Figure 3b). Under 
current warming rates (SSP3-7.0), warming will outweigh ENSO 
in all regions where both factors are significant by 2028.

The statistical models also demonstrate that climate change has 
been the main driver of coral bleaching risk over the last 40 years. 
By 2000, when GMT15 = 0.77°C, the effect of warming emerged 
from natural variability in half of the 95 regions with significant 
GMT15 terms (Figure 3a). In the current climate of 1.35°C, forc-
ing from global temperature exceeds natural variability in 93% of 
regions (90/97). All regions are expected to exceed their natural 
variability by 2040 (Figure 3c).

DISCUSSION
Both the attribution analysis and the linear modeling indicate 
that rising greenhouse gas emissions and the ensuing rise in 
global temperatures are the main drivers of mass coral bleach-
ing. Without human-induced climate change, reef-wide bleach-
ing would be exceedingly rare, and global bleaching events simply 
would not occur. According to our analysis, large El Niño events 
add to the risk from long-term warming, but temperature changes 

FIGURE 2. Number of coral regions exposed to elevated risk of bleaching. 
(a) Number of regions reaching a particular bleaching risk level (indicated by 
colors as in Figure 1a). The dashed lines show the number of regions where 
the risk is attributable to human-induced warming, meaning that the region’s 
DHWmax calculated with observed temperatures is above the threshold but 
the value using the counterfactual temperatures is below the threshold. 
(b) The number of regions at each risk level in 2024 re-calculated using the 
1992–2023 baseline.
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from El Niño would not be strong enough on their own to result in 
widespread bleaching.

The main advance in our study is the ability to quantify the 
influence of global warming and to isolate it from natural climate 
variability, including El Niño events. The multi-method, daily 
approach developed by Giguere et  al. (2024) is currently being 
used to provide operational assessments of the influence of climate 
change on sea surface temperatures (see https://csi.climatecentral.
org/ocean). This approach provides a convenient pathway for gen-
erating time series of counterfactual temperatures that can be used 
for impact attribution. The main requirement for impact attribu-
tion is a model linking sea surface temperature with the process of 
interest. Marine species distributions (e.g., Morley et al., 2018) and 
fishery population dynamics (e.g., Pershing et al., 2015) have all 
been modeled using sea surface temperature and would be partic-
ularly suited to attribution studies. 

The DHW risk model follows from the understanding that 
reef-building corals are adapted to the prevailing conditions in 
their regions. Exposure to stressful temperatures can cause bleach-
ing; however, it can also lead to physiological acclimatization and 
genetic adaptation, and at the community level, to the loss of the 
species most sensitive to warming. This may explain why some 
reefs do not bleach when exposed to conditions that they have 
previously experienced. For example, in the Chagos Archipelago, 
high DHW values in 2005 and 2010 were comparable in magni-
tude to the 1998 event, yet coral cover did not decline and instead 
increased until 2015 (Sheppard et al., 2017).

Ultimately, a region will only be able to retain a coral reef eco-
system if the rate of adaptation (defined broadly to include pro-
cesses ranging from acclimatization and genetic changes to species 
replacement) is faster than the rate of warming (Pershing et  al., 
2019). Understanding the process of adaptation to rising tempera-

tures is the defining goal of climate change ecology (Witman et al., 
2023). The rate of adaptation in coral reef communities should be 
slow due to the long lifespan and slow growth of most reef-​building 
corals and will be further exacerbated in isolated reefs where spe-
cies replacement is slower. 

Defining bleaching risk relative to the original baseline period 
echoes the fixed-baseline definition of marine heatwaves (Hobday 
et  al., 2016). Jacox (2019) argued for defining marine heatwaves 
after removing the long-term trend. From the perspective of marine 
ecology, removing the trend assumes that adaptation processes 
are fast enough to keep pace with the trend. Coral communities 
lie somewhere between these perspectives. If we shift the baseline 
period for the DHW calculations from the standard NOAA period 
(mean year = 1982.3) to the most recent 30 years (mean year = 
2008.5), there is a reduction in the number of reefs at each risk level 
(Figure 2b); however, the number of reefs exposed in each category 
remains high and is similar to 1998 and 2010. In other words, we 
would still expect a significant global mass bleaching event.

Our analysis suggests that anthropogenic warming was already 
driving coral bleaching in the 1990s, the period when the scien-
tific consensus on human-caused climate change was coming into 
focus. The failure to reduce greenhouse gas emissions after that 
time led to an additional 0.7° of warming, increasing the expo-
sure of reef ecosystems to dangerously warm temperatures. The 
International Union for Conservation of Nature (IUCN) has doc-
umented that 1,008 species have gone extinct since 1600, most due 
to human activities (IUCN, 2025). Continued emissions and addi-
tional warming raise the potential that human actions may soon 
eliminate coral reef ecosystems as we know them from the planet.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
oceanog.2026.e210. 

FIGURE 3. Drivers of bleaching risk. 
(a) The number of regions (expressed 
as a percentile) for which the influence 
of global mean temperature (GMT) on 
DHWmax exceeds that of a strong El Niño 
(blue dots) or natural variability (orange 
dots). The year when the equivalent GMT 
value was or is expected to be reached is 
indicated on the right. The GMT values for 
the start of the four global mass bleach-
ing events are indicated in bold. One set 
of thin lines indicates the equivalent GMT 
when the GMT effect is stronger in 50% of 
regions. The other set highlights the pro-
portion of regions where GMT is stron-
ger in 2025 (current climate of 1.35°C). 
The maps show the decade in which the 
effect of GMT exceeds that of El Niño (b) 
or natural variability (c).
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