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Abstract The global coral bleaching event of 2014–2017

resulted from the latest in a series of heat stress events that

have increased in intensity. We assessed global- and basin-

scale variations in sea surface temperature-based heat

stress products for 1985–2017 to provide the context for

how heat stress during 2014–2017 compared with the past

3 decades. Previously, undefined ‘‘Heat Stress Year’’

periods (used to describe interannual variation in heat

stress) were identified for the Northern and Southern

Hemispheres, in which heat stress peaks during or shortly

after the boreal and austral summers, respectively. The

proportion of reef pixels experiencing bleaching-level heat

stress increased through the record, accelerating during the

last decade. This increase in accumulated heat stress at a

bleaching level is a result of longer stress events rather than

an increase in the peak stress intensity. Thresholds of heat

stress extent for the three tropical ocean basins were

established to designate ‘‘global’’ events, and a Global

Bleaching Index was defined that relates heat stress extent

to that observed in 1998. Notably, during the 2014–2017

global bleaching event, more than three times as many

reefs were exposed to bleaching-level heat stress as in the

1998 global bleaching.

Keywords Coral bleaching � Heat stress � Coral Reef

Watch � DHW � Hotspot � CoralTemp

Introduction

The global coral bleaching event spanning 2014–2017 was

the longest, most extensive, most intense (in terms of

accumulated heat stress) and probably most damaging (in

terms of coral mortality) ever recorded (Eakin et al. 2017).

The event coincided with three consecutive record-setting

years for globally averaged surface temperature: 2014 set a

record that was surpassed in 2015, which in turn was sur-

passed in 2016; global temperature during 2017 was the

third highest on record (Blunden and Arndt 2018). Ano-

malously, warm ocean temperatures from 2014 to 2017

were associated with the El Niño–Southern Oscillation

(ENSO; Blunden and Arndt 2018), and oceanographic

phenomena, such as ‘‘the blob’’ (Bond et al. 2015). Mass

coral bleaching has been long associated with temperature

above expected summertime conditions (Glynn and D’Croz

1990; Jokiel and Coles 1990; Hoegh-Guldberg 1999).

Many coral reef areas experienced their worst observed

bleaching and more than half bleached twice or more

during the 36-month period, 2014–2017 (Eakin et al.

2017). A more complete understanding of this global event

can be achieved by considering the context of global and

regional heat stress through time.

Here, we examine two coral-specific products from the
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(NOAA) Coral Reef Watch (CRW) heat stress product

suite: HotSpot (HS), a measure of daily coral heat stress,

and Degree Heating Week (DHW), a measure of accu-

mulated coral heat stress. HS is a positive anomaly product

based on the difference between the daily sea surface

temperature (SST) and the maximum monthly mean

(MMM) climatology, whereas DHW is an accumulation of

HS values (Liu et al. 2013, 2014, 2017). Using these

products, we assess global- and basin-scale variations for

1985–2017 and place the global coral bleaching event of

2014–2017 into the context of heat stress over the past

3 decades.

Materials and methods

Datasets

Developed by the NOAA CRW program, the recently

released CoralTemp Version 1.0 SST data product pro-

vides, for the first time, a single dataset at a resolution

comparable with the scale of many coral reefs (* 5 km)

that is spatially and temporally replete. CoralTemp uses

three separate but related level-4 (using multiple sensors,

spatially and temporally replete; Merchant et al. 2014)

satellite SST products that have consistent bias correction

through time to provide a continuous record of daily,

global SST data at 0.05 degree resolution, spanning the

period January 1, 1985 to the present (https://coralreef

watch.noaa.gov/product/5km/index_5km_sst.php). The

products are (i) the United Kingdom Met Office Opera-

tional SST and Sea Ice Analysis, reasnalysis (OSTIA;

Roberts-Jones et al. 2012), which is used to cover

1985–2002; and (ii) the NOAA/National Environmental

Satellite, Data, and Information Service’s (NESDIS) Geo-

stationary-Polar-orbiting Blended Night-only SST Analysis

reanalysis (2002–2016) and (iii) operational near real-time

(2017–present) products (Maturi et al. 2017). The combi-

nation of 5 km resolution and consistency through time

(historical to near real-time) in the CoralTemp dataset is

unique among global SST datasets, thus providing an

unprecedented opportunity to directly compare historical

conditions with near real-time observations at reef scale for

coral reef locations.

Based on the initial release of CoralTemp, CRW has

updated its heat stress product suite (to Version 3.1), pro-

viding a dataset of anomaly-based products that are well

suited to the investigation of coral heat stress over the past

3 decades. Two of these CRW products (HS and DHW)

were analysed to describe global heat stress for the period

1985–2017. Heat stress is present for a coral location when

HS (https://coralreefwatch.noaa.gov/product/5km/index_

5km_hs.php) reaches or exceeds 1 �C. Accumulated heat

stress, as measured by DHW (https://coralreefwatch.noaa.

gov/product/5km/index_5km_dhw.php), provides the best

predictor of bleaching onset and severity (e.g. Eakin et al.

2010; Heron et al. 2016a). Details of the derivation of these

metrics can be found in Liu et al. (2014); Version 3.1 of

these products uses the SST climatology calculated from

the initial release of CoralTemp, as described in Liu et al.

(2017).

Analyses were undertaken using only values at coral

reef locations compiled at 5 km resolution by CRW from

multiple data sources (described in Heron et al. 2016a).

Northern and Southern Hemispheres were analysed sepa-

rately, as were the northern and southern portions of each

ocean basin (Indian, Pacific and Atlantic). Numbers of

reef-containing pixels for each region are listed in Table 1.

Defining the heat stress year

Interannual variation in heat stress requires definition of the

heat stress year (HSY). Logically, Northern and Southern

Hemispheres will have different timings for the onset and

peak heat stress and so are considered separately. For the

period 1985–2017, the percentage of heat-stressed reef

pixels (i.e. HS C 1 �C) was determined for each day of the

year (separately for each hemisphere). Daily percentages

were then averaged for each month. The HSY was identi-

fied as beginning from the month in which the climato-

logically lowest percentage of stressed reefs occurred.

Analysis of annual variation

The HS product is applied to identify if (and when) heat

stress is present for a reef pixel (i.e. HS C 1 �C), which

may occur for a single day or an extended period. The

DHW product combines the duration and intensity of heat

stress (i.e. the magnitude of the HS) to give the accumu-

lated heat stress from which predictions of bleaching

severity are determined. Using the derived austral and

boreal HSY, three annual datasets were created: the annual

maximum HS, the annual maximum DHW and the annual

number of days of heat stress (i.e. HS C 1 �C). The per-

centage of reef pixels each year corresponding to the fol-

lowing levels of heat stress was determined:

(1) annual maximum HS C 1 �C, indicating that heat

stress was present at some point during the year,

leading to DHW[ 0 �C-weeks, and the triggering

of the CRW Bleaching Warning level (Liu et al.

2014);

(2) the threshold of DHW C 2 �C-weeks, indicated by

Hughes et al. (2017) as relating to low-level

bleaching on the Great Barrier Reef during 2016;

and
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(3) accumulated heat stress levels of DHW C 4 and

C 8 �C-weeks, which correspond to the CRW

Bleaching Alert 1 and Alert 2 levels, respectively

(Liu et al. 2014).

Previous versions of the CRW DHW product have been

compared against bleaching survey data, from which it was

concluded that DHW C 4 �C-weeks is a measure of eco-

logically significant bleaching, while DHW C 8 �C-weeks

is considered to be characteristic of severe bleaching with

ecologically significant mortality (Eakin et al. 2010; Liu

et al. 2013; Heron et al. 2016a). CRW is currently vali-

dating the Version 3.1 DHW product against bleaching

observations. Anecdotal evidence suggests that the above

interpretation for DHW C 4 and C 8 �C-weeks may be

slightly conservative for some reef locations. In fact,

Hughes et al. (2018b) suggested that a DHW Version 3.1 of

4 �C-weeks is the heat stress at which mortality begins;

however, their results came from the northern Great Barrier

Reef (GBR), Australia, in 2016—the first significant mass

bleaching in that region. The reefs of the northern GBR

may therefore have been more sensitive to heat stress and

hence may have exhibited bleaching and mortality at lower

values of DHW than might normally be expected of most

reefs globally. Here, we chose to use three DHW thresh-

olds: a conservative 2 �C-week threshold (indicative of at

least low-level bleaching), and the well-established inter-

pretation of DHW thresholds of 4 and 8 �C-weeks that can

be considered as ecologically significant bleaching and

severe bleaching with ecologically significant mortality,

respectively.

The DHW metric combines the intensity and duration of

accumulated heat stress. Here, we consider the relative

contributions of these components through time. Analysis

of heat stress intensity was examined by determining

statistics (mean, maximum and 90th percentile values) of

the observed values of HS C 1 �C for each year. Analysis

of heat stress duration was examined by determining

statistics (mean, maximum and 90th percentile values) of

the number of days that each reef pixel had HS C 1 �C for

each year.

Analyses were undertaken globally, for Northern and

Southern Hemisphere reefs, for the three tropical ocean

basins (Indian, Pacific and Atlantic) and for the northern

and southern regions of each tropical ocean basin.

Outcomes presented here reflect the most informative

results from these analyses. Since all analyses were initially

performed as either Northern or Southern Hemisphere,

counts of reef-containing pixels (Table 1) were used to

weight results from individual regions for the basin and

global analyses.

Results

Defining the heat stress year

The average percentage of reefs with heat stress (HS

C 1 �C) for each month revealed an expected result—that

the minimum extent of coral stress occurred during the

winter in each hemisphere (Fig. 1). Based on these results,

we define the heat stress year (HSY) for the Northern

Hemisphere as February 1–January 31 (Fig. 1a), with the

period referred to by the year at the beginning of the period

(i.e. the year of February). The HSY for the Southern

Hemisphere is offset from this by 6 months (Fig. 1b),

August 1–July 31, defined by the minimum percentage of

heat stress exposure during the austral winter. Since most

of the austral heat stresses (and thus almost all bleaching)

occurs in the later year of the period, we refer to the austral

HSY using the year in which the period ends. This means

that for both Northern and Southern Hemisphere analyses,

the year referred to contains the peak heat stress; for

example, 1998 refers to (1) August 1, 1997–July 31, 1998

for the Southern Hemisphere (peak heat stress in February);

and (2) February 1, 1998–January 31, 1999 for the

Northern Hemisphere (peak heat stress in August).

Analysis of annual variation

The proportion of reef pixels experiencing heat stress (i.e.

HS C 1 �C) was mostly consistent at just over 50% for the

first 2 decades of the record, with a marked increase during

the most recent 12 years (Fig. 2; Table 2). The increasing

trend in the proportion of reef pixels reaching DHW

thresholds of 2, 4 and 8 �C-weeks throughout the record

and especially in the last 12 years was even more evident

(Fig. 2; Table 2). In contrast to that for the HS C 1 �C
threshold, the extent of reef pixels exposed to the DHW

thresholds showed three clear peaks in 1998, 2010 and

Table 1 Numbers of reef-containing satellite pixels at the 5 km resolution of CoralTemp for the various regions considered in this analysis

Number of reef pixels Indian Ocean Pacific Ocean Atlantic Ocean

Northern Hemisphere 6716 12,775 6687

Southern Hemisphere 5329 23,087 306
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2016 corresponding to the three global bleaching events

(Eakin et al. 2017).

Examination of the extent of exposure for the DHW

C 2 �C-week threshold separately for the three tropical

ocean basins (Fig. 3a) indicated 3 years—1998, 2010 and

2016—for which a substantial proportion of reefs experi-

enced levels of heat stress, likely to result in at least a low

level of bleaching in all of the tropical ocean basins (i.e.

global events). Analyses of extent of DHW C 4 �C-weeks

indicate that periods of pan-tropical heat stress associated

with ecologically significant bleaching occurred in 1998,

2010, 2015, 2016 and 2017 (Fig. 3b). For DHW C 8 �C-

weeks, significant coral loss was predicted to have occurred

in all three tropical ocean basins in 1998, 2010, 2016 and

2017 (Fig. 3c). Notably, there are other years in the record

(e.g. 1988, 2005) in which one or two—but not all three—

a b

Fig. 1 Average, 1986–2017, percentage of reef pixels with heat stress for each month in the a Northern Hemisphere and b Southern Hemisphere

Fig. 2 Percentage of global reef pixels exposed to heat stress as

determined using thresholds of HS and DHW

Table 2 Rate of change in

percentage of global reef pixels

exposed to various levels of heat

stress over three time periods,

1986–2017, 1986–2005 and

2006–2017

Heat stress exposure Trend (%/year) SE in trend (%/year) p value

1986–2017 (32 years)

HS C 1 �C 0.533 0.251 0.043

DHW C 2 �C 1.039 0.226 0.000

DHW C 4 �C 0.711 0.166 0.000

DHW C 8 �C 0.212 0.058 0.001

1986–2005 (20 years)

HS C 1 �C - 0.351 0.482 0.475

DHW C 2 �C 0.403 0.322 0.227

DHW C 4 �C 0.323 0.173 0.077

DHW C 8 �C 0.066 0.027 0.027

2006–2017 (12 years)

HS C 1 �C 2.906 0.853 0.007

DHW C 2 �C 3.352 1.156 0.016

DHW C 4 �C 2.477 0.969 0.029

DHW C 8 �C 0.876 0.364 0.037
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ocean basins showed extensive exposure to heat stress,

resulting in significant regional (but not global) events.

The contribution of heat stress intensity through time

varied across the six reef regions (Fig. 4). Significant

trends (p\ 0.05) in the maximum HS were observed only

in the northern Atlantic (increasing) and southern Atlantic

(decreasing). Northern Hemisphere maximum values

increased, while those in the Southern Hemisphere

decreased through the record. While p values have been

provided for each analysis, we note that the values anal-

ysed (HS C 1 �C) violate the assumption of normal dis-

tribution. Examination of spatial mean and 90th percentiles

of annual maximum HS (not shown) revealed similar but

smaller magnitude trends across the period 1985–2017.

The maximum duration of heat stress increased through

time in all six reef regions (Fig. 5). The only non-signifi-

cant (p[ 0.05) increases were for the southern Indian and

northern Pacific regions, which were the only two regions

that experienced event durations in excess of 160 days

(approximately 5 months). Those unusually long durations

affected the significance of the trends. We again note that

while p values have been provided, these can only be

considered indicative of statistical significance, as the

values analysed were not normally distributed. Spatial

mean and 90th percentiles of annual maximum duration of

heat stress (not shown) revealed similar but smaller trends

across the period 1985–2017.

Discussion

Heat stress years (HSYs) were defined as beginning

February 1 and August 1 for the Northern and Southern

Hemispheres, respectively. Heat stress at global reef loca-

tions, assessed using the HSYs, revealed a clear increase in

the extent of accumulated heat stress events defined by

DHW thresholds of 2, 4 and 8 �C-weeks. While annual

maximum temperature increased in only two of six coral

reef regions, the duration of accumulated heat stress

increased in all six reef regions.

Coral heat stress over the past 3 decades

The historical extent of exposure between 1985 and 2017

to any level of heat stress (HS C 1 �C) fluctuated through

the record, but overall showed only a small positive trend

with a much larger increase in the last 12 years. The

increase in the latter part of the record may reflect the onset

of a spatial broadening of heat stress extent driven by

global warming, in which individual locations are exposed

to locally extreme summertime temperature more fre-

quently than in previous decades; however, noting the

decrease during the first 2 decades, it may also represent an

a

b

c

Fig. 3 Percentage of reef pixels globally and in the three tropical

ocean basins exposed to bleaching-level heat stress as determined

using thresholds a DHW C 2, b DHW C 4 and c DHW C 8 �C-

weeks. The horizontal line in each panel indicates the threshold for

the percentage of reef pixels required in each tropical ocean basin for

a global heat stress event (explained in: discussion—defining a global

bleaching event). Note that the vertical scale changes between the

panels

Coral Reefs (2019) 38:547–557 551
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Fig. 4 Annual variation in maximum HS observed for the Northern and Southern Hemisphere regions of the three tropical ocean basins

Fig. 5 Annual variation in maximum number of days exposed to heat stress (HS C 1 �C) observed for the Northern and Southern Hemisphere

regions of the three tropical ocean basins
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upward inflection of a longer cyclical variation that has a

period comparable with or greater than the analysed record.

Lough et al. (2018) described similar global heat stress

patterns and trends over a period of 1871–2017, which

tends to indicate that the trend is a climate change signal

rather than a cyclical variation.

The proportion of reef locations exposed to heat stress is

larger ([ 50%) than might previously have been expected.

This result is realistic, given that the annual maximum HS

values represent a positive deviation from the expected

summertime maximum temperature, for which a single

daily value of 1 �C would not be uncommon, even

historically.

The clear increase in the extent of accumulated heat

stress (at all DHW thresholds) through the entire record is

consistent with previous temperature-based analyses (e.g.

Hoegh-Guldberg et al. 2014; Heron et al. 2016b; Eakin

et al. 2018) and with observations of coral bleaching

(Donner et al. 2017; Oliver et al. 2018). The consistency

through time of the CoralTemp dataset has enabled direct

comparison of past events.

The rapid increase in the extent of peak events though

time is alarming. For example, Fig. 3b clearly shows the

rapid increase in the extent of DHW C 4 �C-weeks glob-

ally (which is also mirrored in Fig. 3a, b, i.e. DHW

C 2 �C-weeks and DHW C 8 �C-weeks, respectively).

This is the reason for the rapid increase in the number of

reefs that have seen bleaching worldwide as reported by

Hughes et al. (2018a). The most eye-catching peaks in this

graph are for 1987, 1998, 2010 and 2016 when the per-

centage of reefs with DHW C 4 �C-weeks was 8.4%,

19.8%, 31.1% and 49.3%, respectively (it must be noted

that 2015 and 2017 were 21.4% and 29.9%, respectively).

Although four peak events are too few to perform a valid

trend analysis, it is extremely tempting to look at this graph

and expect another peak event sometime in the mid-2020s,

where significant bleaching (i.e. DHW C 4 �C-weeks) is

experienced on more than 60% of the world’s reefs, and if

the multi-year event over 2015–2017 is an indicative of

future events, the next peak may also be a multi-year event.

This sharp increase in extent of bleaching-level thermal

stress is mirrored in all basins with the exception of the

Atlantic, where 2005 was a standout year with 61% of reefs

reaching DHW C 4 �C-weeks. Nevertheless, the Atlantic

continued to experience widespread bleaching-level ther-

mal stress during 2010 and 2015, and although these years

were slightly less than the extent during 2005, the values of

51% and 39% remain alarmingly high.

While severe heat stress events (DHW C 8 �C-weeks)

have been observed at some reef pixels in all years

(Fig. 3c), the increase through the study period has been

dramatic. Prior to the 1998 event, the average global per-

centage of reef pixels exposed at this level was 0.3%

(1986–1997). From 1998 to 2009, this exposure increased

to 1.1% of reef pixels, on average. Since 2010, 5.5% of reef

pixels have, on average, reached or exceeded 8 �C-weeks.

Prior to 1998, there was no instance of the global propor-

tion of severe heat stress exceeding 1% in the study period;

of the 20 years since, ten have had severe heat stress at

over 1% of reef pixels. The high percentage of reef pixels

exposed to severe heat stress in 2005 was strongly driven

by the regional event in the Caribbean (Atlantic basin),

during which many reefs were severely damaged.

The 1998 value for the global percentage of reef pixels

with DHW C 8 �C-weeks of 2.1% was surpassed in seven

subsequent bleaching years (Eakin et al. 2010, 2017; Heron

et al. 2016b): 2005 (3.1%), 2009 (2.6%), 2010 (8.3%),

2014 (3.0%), 2015 (2.7%), 2016 (17.2%) and 2017

(10.2%). That the four consecutive years 2014–2017 each

had an extent of severely bleached reefs greater than in

1998 is an alarming fact that underlines the overall trend in

the heat stress trend analyses presented here. The combined

extent of severe heat stress from 2015 to 2017 was a more

than 15-fold increase from the percentage of reefs with

severe heat stress in 1998, affecting nearly one-quarter of

reef locations (23.5%).

The CoralTemp dataset will soon be extended back to

1981, with plans to integrate data from phase 2 of the

European Space Agency’s Climate Change Initiative SST

programme (Merchant et al. 2014). This will allow the

inclusion of heat stress from the 1982/83 ENSO event,

which was at least the first widespread bleaching event

(Coffroth et al. 1990) and may have been the first global

bleaching event. Information from these earlier years will

likely further contrast with the recent, rapid increase in heat

stress and associated bleaching that has resulted from

global warming.

Defining a heat stress year

The outcome of the analysis to define the heat stress year

(HSY) periods supports the methodology of separating

Northern from Southern Hemispheres, even for reef loca-

tions near the equator. The starting dates for each HSY

(February 1 in the Northern Hemisphere; and August 1 in

the Southern Hemisphere) were defined as the month with

the minimum climatological average percentage of reef

pixels with heat stress. These dates are sufficiently sepa-

rated from the equinox timings (late March heading into

the boreal summer; and late September heading into the

austral summer), when the sun is directly over the equator

(local solar maximum) that any heat stress near the equator

would fall completely within the relevant HSY. Addition-

ally, peak ocean temperature typically lags the local solar

maximum by 1–2 months, which further separates near-

equatorial heat stress from the starting date of the relevant

Coral Reefs (2019) 38:547–557 553
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HSY. The climatological minimum percentage of heat

stress extent for both hemispheres was well below 0.1%

(Fig. 1); such a low proportion indicates that any historical

occurrence of heat stress during the minimum month is

exceptional.

Temperature variability and resultant heat stress events

in the equatorial region are exceptional, not conforming to

the seasonality of non-equatorial regions (e.g. Barkley et al.

2018). Instead, equatorial oceans (especially the Pacific)

are dominated by interannual, rather than intra-annual,

variability (Donner 2011; Langlais et al. 2017). As such,

equatorial heat stress events can occur independent of

seasonal patterns—as transpired in the Central Pacific

where El Niño-driven heat stress was present from April

2015 to May 2016 (Eakin et al. 2017).

While the analysis here indicates that long equatorial

events, spanning HSYs, are exceptional in the historical

record, this may not hold as climate change progresses. It

may become necessary to consider the equatorial region (in

which there may not be annual periodicity) separately from

the Northern and Southern Hemispheres (in which the

existing seasonal cycles persist). However, for the analysis

presented here, heat stress in equatorial regions is, at least

for the great majority, encapsulated within the defined

HSY.

Defining a global bleaching event

The term ‘‘global bleaching event’’ has been used by many

authors (e.g. Wilkinson 1998; Eakin et al. 2017; Oliver

et al. 2018), and yet, there has been no quantitative defi-

nition of the term. The analyses presented here provide an

opportunity to propose an objective definition for ‘‘global

bleaching event’’. The event of 1998 is widely recognised

as being the first global coral bleaching event (Wilkinson

1998; Oliver et al. 2018), as such the heat stress from this

event provides a useful yardstick to objectively charac-

terise bleaching events as being global. Qualitatively,

events have been defined as global if bleaching is wide-

spread in all three tropical ocean basins (Eakin et al. 2017).

We therefore propose that if a threshold is used, it must be

applied to each ocean basin separately. To include 1998 as

a global bleaching event, each basin would have to exceed

one of the three possible thresholds: (1) the percentage of

reef pixels with DHW C 2 �C-weeks exceeds 27%

(indicative of widespread exposure to at least low-level

bleaching), or (2) the percentage of reef pixels with

DHW C 4 �C-weeks exceeds 12% (indicative of exposure

to greater heat stress linked to ecologically significant

bleaching), or (3) the percentage of reef pixels with

DHW C 8 �C-weeks exceeds 1.5% (indicative of exposure

to high heat stress linked to severe bleaching and ecolog-

ically significant mortality). These thresholds for extent

(shown as horizontal lines in Fig. 3a–c) represent the

minimum basin extents during 1998 (Tables 3, 4, 5).

Applying this to the historical record (1986–2017) indi-

cates that 1998, 2010, 2015 and 2016 meet all three cri-

teria, while 2017 meets the second and third criteria

(falling short of the first criterion by a narrow margin).

All three thresholds are therefore candidates for use as

an objective definition of the term ‘‘global bleaching

event’’. It seems logical that DHW C 4 �C-weeks can be

used to define a ‘‘global bleaching event’’, since this is the

lowest DHW value that is associated with ecologically

significant bleaching levels.

In terms of event onset, it is possible to use the hemi-

sphere results to see if the global bleaching event, when

defined quantitatively, began in the northern HSY or the

southern HSY. The 1998 event began during the 1998

southern HSY and continued into the 1998 Northern

Hemisphere HSY. The 2010 event began in the 2010

southern hemisphere HSY, continuing through the 2010

northern HSY and into the subsequent 2011 southern HSY,

therefore spanning almost 18 months. The third global

event extended from the 2015 southern HSY through to the

2017 southern HSY (spanning August 1, 2014–July 31,

2017), hence remaining over the extent threshold of 12% in

all tropical ocean basins for a total of 30 months. We note

that bleaching was observed from June 2014 (Eakin et al.

2017) and may be the beginning of the global event;

however, the quantitative threshold for widespread expo-

sure in all three tropical ocean basins was first exceeded

during the 2015 southern HSY.

Using the 1998 event to define a global event can be

extended to evaluate the relative extent of heat stress

conditions in subsequent global events—a Global Bleach-

ing Index (GBI). We propose defining the GBI using the

extent from the global DHW C 4 �C-weeks as this reflects

ecologically significant global bleaching. By definition, the

1998 event has a GBI value of 1 (corresponding to a global

extent of 19.8%). From this, we see that 2015 was com-

parable with 1998; the years 2010 and 2017 were compa-

rable and more extensive than in 1998; and the extent of

heat stress in 2016 far exceeded those (Table 6). The GBI

Table 3 Percentage of reef pixels exposed to DHW C 2 �C-weeks

(indicative of at least low-level bleaching) in the years designated as

being global events. Note that the period labelled as ‘‘2015–2017’’

spans August 1, 2014–July 31, 2017

% 1998 2010 2015 2016 2017 2015–2017

Global 39.1 52.1 38.0 68.8 50.6 85.5

Indian 62.6 55.9 31.4 80.1 25.0 90.8

Pacific 27.5 47.0 35.4 69.3 59.1 85.9

Atlantic 58.6 72.7 64.1 46.1 51.0 73.7
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allows a simple comparison of any global bleaching event

with the 1998 event; for example, the number of reef pixels

predicted to have significant bleaching in 2016 was 2.5

times greater than in 1998, while the combined impact in

2015–2017 was that 3.3 times as many reefs bleached in

that period as bleached in 1998. Note that we only intend

for the GBI to apply to those years that meet the definition

of a global bleaching event (i.e. the Indian, Pacific and

Atlantic basins each achieving a proportion of 12% of reefs

with DHW C 4 �C-weeks).

Temperature or time?

The observed increase in accumulated heat stress (DHW)

has been driven by increased duration rather than increased

heat stress intensity. The finding that maximum HS has

increased marginally, if at all, is underpinned by the exis-

tence of a theoretical limit to the maximum SST value

(Kleypas et al. 2008 and references therein). This is driven

by the balance of incoming solar radiation and other radi-

ation fluxes at the ocean surface. Unless the solar constant

radically changes, or unless significant changes occur in

atmospheric chemistry (in particular, the amount of water

vapour), the maximum temperatures are unlikely to sub-

stantially change. In contrast, the maximum number of heat

stress days per year has shown a significant upward trend.

This increase in duration of heat stress events—a

lengthening of ‘‘summer’’ conditions—could lead to a

shifted onset of bleaching events, an outcome that coral

reef stakeholders may already be seeing. Furthermore,

while summer maxima may be ‘‘capped’’ by the physics at

the ocean–atmosphere interface, increases in summer and

annual temperatures have been observed, which have led to

a shortening of ‘‘winter’’ periods on reefs (Heron et al.

2016b) consistent with the fingerprint of global warming on

seasons seen in the atmosphere (Santer et al. 2018). This

may have significant implications in the phenology of coral

processes (e.g. spawning, Keith et al. 2016).

Seasonal differences in warming are important when

considering climate experiments on corals, which should

not simply simulate climate change by incrementing tem-

perature but rather determine the increased duration

required to elevate annual average temperature conditions.

For example, to simulate a 2 �C increase in annual average

SST, it involves working out how long to hold the ‘‘sum-

mer’’ temperature at or near the maximum while increasing

‘‘winter’’ temperatures to arrive at the target average

warming of 2 �C.

Limiting warming to 2 �C above pre-industrial levels

has been demonstrated as insufficient to save the great

majority of coral reefs (Frieler et al. 2013) and other

marine ecosystems (Gattuso et al. 2015). The observed

increase in heat stress described here, and the concomitant

escalation in coral bleaching, has occurred with a warming

of * 1 �C from pre-industrial times (Eakin et al. 2018).

Further, warming is projected, which unless averted will

continue the relentless march of mass coral bleaching and

lead to further loss of coral reefs around the world.
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Table 4 Percentage of reef pixels exposed to DHW C 4 �C-weeks

(indicative of ecologically significant bleaching) in the years desig-

nated as being global events. Note that the period labelled as

‘‘2015–2017’’ spans August 1, 2014–July 31, 2017

% 1998 2010 2015 2016 2017 2015–2017

Global 19.8 31.1 21.4 49.3 29.9 65.0

Indian 34.7 35.2 18.5 65.5 13.2 74.8

Pacific 12.2 26.0 19.1 49.3 36.2 64.9

Atlantic 34.1 51.3 38.8 20.3 26.3 48.1

Table 5 Percentage of reef pixels exposed to DHW C 8 �C-weeks

(indicative of severe bleaching and ecologically significant mortality)

in the years designated as being global events. Note that the period

labelled as ‘‘2015–2017’’ spans August 1, 2014–July 31, 2017

% 1998 2010 2015 2016 2017 2015–2017

Global 2.1 8.3 2.7 17.2 10.2 23.5

Indian 4.4 11.8 3.4 25.7 2.3 28.4

Pacific 1.5 4.8 1.9 16.8 12.5 24.6

Atlantic 1.7 20.6 5.6 4.1 11.8 9.3

Table 6 Global Bleaching Index (GBI) in the years with the greatest

extent of heat stress, referenced to the percentage of reef pixels

exposed to DHW C 4 �C-weeks in 1998. Note that the period

labelled as ‘‘2015–2017’’ spans August 1, 2014–July 31, 2017

% 1998 2010 2015 2016 2017 2015–2017

GBI 1 1.6 1.1 2.5 1.5 3.3
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Gattuso J-P, Magnan A, Billé R, Cheung WWL, Howes EL, Joos F,

Allemand D, Bopp L, Cooley SR, Eakin CM, Hoegh-Guldberg
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