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An evaluation of the effect of recent temperature variability
on the prediction of coral bleaching events

SIMON D. DONNER
1

Department of Geography, 133-1984 West Mall, University of British Columbia, Vancouver, British Columbia V6T1Z2 Canada

Abstract. Over the past 30 years, warm thermal disturbances have become commonplace
on coral reefs worldwide. These periods of anomalous sea surface temperature (SST) can lead
to coral bleaching, a breakdown of the symbiosis between the host coral and symbiotic
dinoflagellates which reside in coral tissue. The onset of bleaching is typically predicted to
occur when the SST exceeds a local climatological maximum by 18C for a month or more.
However, recent evidence suggests that the threshold at which bleaching occurs may depend
on thermal history.

This study uses global SST data sets (HadISST and NOAA AVHRR) and mass coral
bleaching reports (from Reefbase) to examine the effect of historical SST variability on the
accuracy of bleaching prediction. Two variability-based bleaching prediction methods are
developed from global analysis of seasonal and interannual SST variability. The first method
employs a local bleaching threshold derived from the historical variability in maximum annual
SST to account for spatial variability in past thermal disturbance frequency. The second
method uses a different formula to estimate the local climatological maximum to account for
the low seasonality of SST in the tropics. The new prediction methods are tested against the
common globally fixed threshold method using the observed bleaching reports.

The results find that estimating the bleaching threshold from local historical SST variability
delivers the highest predictive power, but also a higher rate of Type I errors. The second
method has the lowest predictive power globally, though regional analysis suggests that it may
be applicable in equatorial regions. The historical data analysis suggests that the bleaching
threshold may have appeared to be constant globally because the magnitude of interannual
variability in maximum SST is similar for many of the world’s coral reef ecosystems. For
example, the results show that a SST anomaly of 18C is equivalent to 1.73–2.94 standard
deviations of the maximum monthly SST for two-thirds of the world’s coral reefs. Coral reefs
in the few regions that experience anomalously high interannual SST variability like the
equatorial Pacific could prove critical to understanding how coral communities acclimate or
adapt to frequent and/or severe thermal disturbances.

Key words: climate variability; coral bleaching; coral reefs; disturbance; El Niño/Southern Oscillation;
equatorial Pacific; sea surface temperature.

INTRODUCTION

Coral reef ecosystems worldwide have been exposed to

large thermal disturbances over the past thirty years due

to rising ocean temperatures (Glynn 1993, Hoegh-

Guldberg 1999) and anthropogenic climate change

(Donner et al. 2007). Such periods of elevated water

temperature can cause bleaching, a paling of reef-building

corals and other reef species caused by disassociation of

the dinoflagellates ‘‘Symbiodinium’’ from the host species

(Hoegh-Guldberg 1999). Episodes of extensive ‘‘mass’’

coral bleaching have led to coral mortality, declines in

coral cover and shifts in the distribution of other reef

dwelling organisms (Baker et al. 2008). Increases in sea

surface temperature (SST) over the next several decades

are projected to make coral bleaching a frequent

occurrence and threaten the long-term viability of coral

reef ecosystems around the world (Hoegh-Guldberg

1999, Sheppard 2003, Donner et al. 2005, Donner 2009).

The magnitude of a thermal disturbance is commonly

used as a predictor of the likelihood of coral bleaching.

The most common method assumes that coral bleaching

begins when the SST exceeds a local climatological

maximum by the globally fixed threshold of 18C for a

month or more (Goreau and Hayes 1994, Liu et al. 2003,

Donner et al. 2005). Yet there is evidence that the

threshold at which bleaching begins may depend on

temperature history. Coral communities may increase

thermal tolerance after a temperature anomaly and

bleaching event via a variety of mechanisms, including

but not limited to selective mortality, shifts in the

symbiont community and physiological acclimatization

(Rowan et al. 1997, Baker et al. 2004, Berkelmans and

van Oppen 2006, Baird et al. 2007, Maynard, 2008a).
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Numerous studies have found that the recent tempera-

ture history can determine the level of resistance to

bleaching and/or the resilience to bleaching and

bleaching-related mortality (Coles and Jokiel 1978,

Brown et al. 2002, West and Salm 2003).

Thermal disturbance history or past temperature

variability may therefore be a key factor in determining

susceptibility to coral bleaching. The bleaching thresh-

old may be higher for corals exposed to a recent thermal

disturbance (Maynard 2008a) or to a higher background

frequency of disturbances (Thompson and van Woesik

2009). Kleypas et al. (2008) reported that corals in the

Western Equatorial Pacific, which experience low SST

variability, may bleach at monthly temperature anom-

alies of as low as 0.48C, rather than 18C. Lower coral

mortality was reported after the 1997–1998 bleaching in

the Western Indian Ocean in areas with higher historical

SST variability (McClanahan et al. 2007, Ateweberhan

and McClanahan 2010).

This study examines the temporal variability in SSTs

on coral reefs worldwide and the implications of that

variability on sensitivity to coral bleaching. First, the

global pattern in seasonal SST variability and interan-

nual SST variability is analyzed and used to construct

two variability-based methods of predicting mass coral

bleaching events. Second, the new prediction algorithms

are tested with 1985–2005 SST data and a global

database of coral bleaching observations. Emphasis is

placed on the regions which experience high SST

variability due to the El Niño/Southern Oscillation

(ENSO). The results identify an improved method for

predicting mass coral bleaching and the importance of

the Equatorial Pacific to research on coral reef resilience

under a warming climate.

METHODS

Sea surface temperature data

The 1985–2005 twice-weekly SST was obtained from

the 0.58 3 0.58 Advanced Very High Resolution

Radiometer (AVHRR) Pathfinder data. This data set

was employed in this study because it is used by the

National Oceanic and Atmospheric Administration

(NOAA) Coral Reef Watch program for real-time

bleaching prediction (Eakin et al. 2008) and has served

as the climatology for climate change prediction studies

(Donner et al. 2005, 2007, Donner 2009). It is a

retrospective analysis in which sensor drift and atmo-

spheric attenuation is accounted for by comparison with

SST observations from a buoy network. The composite

SST product is calibrated to 1 m depth. This data set is

referred to as the ‘‘NOAA data set’’ throughout the text.

The NOAA data set was contrasted with the monthly

18 3 18 Hadley Centre 1901–2005 globally complete sea-

ice and SST data set (Rayner et al. 2003; available

online).2 The HadISST data set is a blend of observed

and reconstructed SST values where observations are

missing. Though the data set begins in 1870, there is

more limited spatial coverage until the mid-20th century.

This coarser resolution data set is less suited to coral

bleaching prediction than the NOAA data set because it

has a monthly time step and poorer resolution of islands

and coastal areas. The length of the data set did however

allow analysis of how spatial patterns in seasonal and

interannual SST variability have changed over time.

The two SST data sets were used to compute the

seasonal and interannual SST variability experienced by

the world’s coral reefs. For each grid cell, the standard

deviation of maximum monthly SST (rm) was calculated

as a measure of the variability in the maximum monthly

temperature (SSTMyear) experienced by corals each year:

rm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

ðSSTMi � SSTMÞ

n� 1

v

u

u

u

t

where n ¼ number of years.

The magnitude of the seasonal SST cycle was also

computed and contrasted with the interannual range in

maximum SST. The seasonal range in SST was

calculated as the difference between the maximum

(SSTCmax) and minimum (SSTCmin) in the monthly

SST climatology. The ratio (VSST) of the interannual

range in maximum monthly SST and the seasonal range

in monthly SST was therefore

VSST ¼
ðmaxn

i¼1½SSTMi� �min½SSTMi�Þ
ðSSTCmax � SSTCminÞ

:

If VSST is greater than 1, the range in the maximum

monthly SST exceeds the seasonal cycle in SST in the

grid cell.

Coral bleaching prediction

Three different methods were used to retroactively

compute thermal stress and the likelihood of mass coral

bleaching at coral reefs worldwide from the historical

SST data. The first or ‘‘control’’ method was the ‘‘degree

heating week’’ (DHW) method employed by the NOAA

Coral Reef Watch program (Liu et al. 2003, Eakin et al.

2008), which emerged from findings that mass coral

bleaching begins when the SST exceeds a local

climatological maximum by 18C for a month or more

(e.g., Goreau and Hayes 1994). A DHW (8C-week) is

equal to one week of SSTs greater than the maximum in

the monthly climatology (‘‘maximum monthly mean’’ or

MMM), computed over a rolling 12-week period. If the

DHW value reaches 48C-week, a Bleaching Alert Level I

is issued to indicate that mass coral bleaching may be

occurring; if the DHW value reaches 88C-week, a

Bleaching Alert II is issued to indicate that severe mass

coral bleaching with some associated coral mortality

may be occurring (Eakin et al. 2008). The bleaching

thresholds of 48C-week and 88C-week are roughly

equivalent to monthly thresholds of 18C-month and2 hhttp://badc.nerc.ac.uk/data/hadisst/i
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28C-month in excess of the maximum monthly mean

(Donner et al. 2005, 2007).

The second method determined the Bleaching Alert

thresholds for a given coral reef or reef cell from the past

variability in the maximum SST reached each year,

rather than the globally fixed threshold of 18C-monthþ
MMM. The lower or Bleaching Alert Level I threshold

(L1, in 8C-month) and upper or Bleaching Alert Level II

threshold (L2, in 8C-month) for a given coral reef cell (i )

was determined from the ratio of the local value of rm

and median value of rm for the world’s coral reef cells:

L1ðiÞ ¼ KvarrmðiÞ

L2ðiÞ ¼ 2L1ðiÞ

where

Kvar ¼
1

medianðrmÞ
:

Using this formulation, the median values of L1 and

L2 for the world’s coral reef cells were set to 18C-month

and 28C-month, respectively. Grid cells for which the

interannual variability in maximum SSTs is higher than

the median for coral reefs will have higher bleaching

thresholds. Bleaching Alert Level I occurs when the

thermal stress exceeds the local value of L1¼ 2.45rm 8C-

month (or 9.8 rm 8C-week); Bleaching Alert Level II

occurs at L2 ¼ 4.9rm 8C-month (or 19.6rm 8C-week).

The third method addressed possible bias introduced

in the computation of the MMM. Employing the

maximum from a monthly climatology (e.g., average

August SST) as the MMM leads to an underestimate of

the mean maximum annual SST in regions where the

timing of the seasonal peak in SST varies from year to

year. The third method replaced the MMM with the

mean of the maximum monthly SST from each year in

the time period of the climatology (MMMmax). Since by

definition the MMMmax � MMM, the accumulated

thermal stress using the MMMmax method was equal to

or lower than that computed with the standard DHW

method. With this method, the Bleaching Alert Level I

and Level II occur at the previous levels of 48C-week and

88C-week.

The NOAA SST data set was used for the prediction

of thermal stress throughout this study. The 1985–2000

period was used to compute the MMM and the metrics

for the alternative bleaching algorithms (rm, Kvar, and

MMMmax ) in order to match the climatology used in

recent climate model studies (Donner et al. 2007,

Donner 2009). The sensitivity of rm, Kvar, and

MMMmax to the choice of data set and the time period

of the climatology were analyzed using the longer

HadISST data set. The effect of length of the

climatology on the computation of MMM was not

analyzed here because it has been addressed in previous

studies (Donner et al. 2005, 2007).

Coral reef distribution

A gridded map of the world’s coral reefs was derived

from a point map developed by the World Resource

Institute’s Reefs at Risk Project and updated with

observations from Reefbase and Google Earth satellite

imagery (Donner 2009). This exercise identified that

2158 of the 0.58 3 0.58 grid cells employed by the NOAA

data set, and 1142 of the 18 3 18 resolution grid

employed by the HadISST data set, contain coral reefs.

For the purposes of analysis, the coral reef cells were

also grouped into 11 provinces based on the ocean

basins and major currents (Donner 2009). The provinces

follow typical boundaries (e.g., Kleypas et al. 2008); a

separate ‘‘Central Pacific’’ province was included here

because of the unique SST variability in the Central

Equatorial Pacific. The 3% of isolated reef cells not

located within a reef province (e.g., Hawaii, Clipperton

Atoll) were still included in all global analyses.

Coral bleaching observations

Observed reports of mass coral bleaching between

1985 and 2005 were obtained from Reefbase, the only

global database of mass coral bleaching reports (avail-

able online).3 Reports typically listed the year and

occasionally month of the observation, the latitude

and longitude of the observation, a measure of severity

scaled from 0 (‘‘no bleaching’’) to 3 (‘‘severe bleaching’’),

and other qualitative and quantitative data. The reports

were interpolated to the 0.58 3 0.58 grid of the NOAA

data and the 18 3 18 grid of the HadISST data set and

filtered to remove duplicate and erroneous reports. Of

the 4937 reports between 1985 and 2005, only 994 (19%)

could be employed here (Table 1). More than one-third

(34%) of the reports indicated that no bleaching had

occurred. A further 47% of the reports represented

duplicate observations of an event within a given grid

cell. The 994 filtered reports were organized by year,

rather than month and year, because the majority of the

post-filtering reports did not list the month of observa-

tion.

There are several key limitations to the Reefbase data.

Foremost, the reports are clustered in regions with

ongoing monitoring like the Caribbean and the

Galapagos. The data therefore includes an unknown

number of unobserved events or ‘‘false negatives’’

particularly in the Pacific Ocean. To supplement the

Reefbase data in the under-reported Equatorial Pacific, a

thorough survey of the peer-reviewed literature, the gray

literature, and the scientists working in the region was

conducted. Additional reports of the location, year, and

severity of bleaching were obtained for the three island

chains of Kiribati, Tuvalu, and U.S. overseas territories

(Cohen et al. 1997, Brainard et al. 2005, Alling et al.

2007; Donner et al., in press; Obura et al., in press; K.

Friedman, personal communication; J. Maragos, personal

3 hhttp://www.reefbase.orgi
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communication; J. Flora, personal communication; P.

Jokiel, personal communication). These mass coral
bleaching reports translated to 18 additional observa-
tions of coral bleaching from 1985 to 2005 using 0.58 3

0.58 grid employed in this study.
The maximum annual DHW accumulation and the

occurrence of Bleaching Alert Level I and Bleaching
Alert Level II from 1985 through 2005 according to each
of the three prediction methods was computed using the

biweekly NOAA SST data and tested against the
Reefbase observations. The occurrence of a Bleaching
Alert Level I during a year in which there was a positive

bleaching report was treated as a positive prediction.
The occurrence of Bleaching Alert Level II during a year
in which there was a severe bleaching report (severity¼3

in Reefbase) was also treated as a positive prediction.

RESULTS

Seasonal and interannual SST variability

Analysis of the 1985–2000 NOAA monthly data for

the world’s coral reef cells revealed a small distribution
in both the seasonality of SST and the year-to-year
range in maximum SST (Fig. 1). For example, the

seasonal SST range was less than 58C in 70% of the 2158

coral reef cells. The majority of coral reef cells also had

low variability in the maximum monthly SST reached

each year (Fig. 1). The standard deviation of the

maximum monthly SST (rm) for each of the coral reef

cells ranged from 0.158C to 1.328C . The median value of

rm was 0.418C , with two-thirds (66%) of the cells with

rm values from 0.348C to 0.588C. A maximum monthly

SST anomaly of 18C was therefore equivalent to 1.73–

2.94 standard deviations for two-thirds of the world’s

coral reef cells.

The NOAA data analysis revealed three general

exceptions to the low seasonality and low interannual

variability environment experienced by coral reefs (Figs.

1, 2a). First, higher latitude coral reefs in Asia, the

Caribbean and Polynesia (Pitcairn and Easter Island)

experience relatively high seasonality but moderate

variability in the maximum SST reached each year.

Second, coral reefs in the semi-enclosed seas of the

Middle East experience relatively high seasonal and

interannual SST variability (Figs. 1, 2). Third, coral

reefs in the Central and Eastern Equatorial Pacific, as

well as some high latitude Western Australian coral

TABLE 1. Bleaching observations from Reefbase.

Bleaching observations
Number

of observations
Portion

of total (%)

Total for 1985–2005 period 4937
Excluding ‘‘no bleaching’’ 3470 66
Excluding events caused by cold, runoff, or sewage 3460 66
Excluding spatial duplicates (i.e., multiple reports in a cell) 1023 20
Excluding temporal duplicates (i.e., event reported twice) 994 19

FIG. 1. Plot of the interannual range of maximum monthly sea surface temperature (SST) vs. mean seasonal range in SST for
the world’s reefs in the NOAA satellite-derived data set. The interannual range is the difference between the maximum and the
minimum of the maximum monthly SST values from 1985 to 2000. The seasonal range is the difference between the maximum and
minimum monthly SST in the 1985–2000 climatology.
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reefs, experience relatively high interannual SST vari-

ability but moderate or low seasonality (Fig. 2). The
HadISST data set showed a similar global pattern in the

interannual SST variability (Fig. 2b) and the seasonal
SST range (not shown).

The ratio between the interannual range in maximum
SST and the seasonal range in monthly SST (VSST)
highlights the unique climate experience for some

Equatorial Pacific coral reefs (Fig. 3). For 92% of the
world’s coral reefs, VSST was less than 1. The small

fraction (1%) of the world’s coral reefs with VSST . 2
were all found in the Equatorial Pacific. The interannual

range in SSTs for coral reefs in the Phoenix Islands,
Gilbert Islands, the equatorial Line Islands and the
easternmost islands of the Federated States of

Micronesia exceeded the seasonal range by two to six
times (Fig. 3). The interannual SST variability was

highest for the more equatorial coral reefs in the region.
According to power spectra analysis, the magnitude of

SST variability was highest for a period of one year (a
seasonal cycle) for Palmyra Atoll and Caroline Island
(98560 S); a secondary peak in the spectra at four years

was associated with the ENSO cycle (Fig. 4). For the
more equatorial Kiritimati (18520 N) and Jarvis Island

(08220 S), the magnitude of the SST variability for a four
year period was three to five times greater than that for a

one-year period.

Effect of alternative prediction methods
on past bleaching frequency

Application of the variability-based method (‘‘vari-

ability’’) to the 1985–2005 SST record, in place of the

standard DHW method (‘‘control’’), caused regional

changes in predicted bleaching frequency. The mean
frequency of Alert Level events at coral reef cells

worldwide during the 1985–2005 period changed only
slightly from 8% (i.e., every 12.5 years) to 7% using the

variability method (Table 2). The effect of the ‘‘vari-
ability’’ method is expected to be small when averaged
globally because the median bleaching thresholds for the

world’s coral reefs was set as the 18C-month and 28C-
month values used in the ‘‘control’’ method. The largest

decrease in past bleaching frequency occurred in high
interannual variability regions like the Central

Equatorial Pacific, the Middle East, and Western
Australia and the largest increase occurred in low
interannual variability regions like Southeast Asia and

western Micronesia (Table 3). The results followed the
global pattern in historical SST variability and the

variability-based bleaching thresholds (Fig. 5). For
example, since the variability-based Bleaching Alert
Level I threshold (L1 ¼ Kvar 3 rm) is equal to 1 6

0.258C-month for the majority of the tropics, it is not
surprising that bleaching frequency in many cells was

not highly sensitive to the incorporation of past SST
variability in the prediction method (Fig. 5).

The use of the MMMmax method caused a greater
decrease in the predicted frequency of bleaching events

(Table 2). In most regions, the frequency of Alert Level
1 events during the 1985–2005 period is 0.03 to 0.06 (3–
6%) lower using the MMMmax in place of the MMM.

The spatial pattern of the change in bleaching frequency
followed that of the difference between MMMmax and

MMM (Fig. 6). The distribution of the difference

FIG. 2. Standard deviation of the maximum monthly SST in the (a) NOAA AVHRR satellite-derived data set and (b) the
HadISST data set. The standard deviation is calculated from the maximum monthly SST of each year from 1985 to 2000.
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between MMMmax and MMM was positively skewed

(skewness ¼ 0.71). The long tail of high values was

located in the Equatorial Pacific, where applying the

MMMmax method had the largest effect on predicted

bleaching frequency (Fig. 6).

Combining the variability and MMMmax methods

decreased the predicted bleaching frequency to a low

level worldwide (Table 2). The frequency of Alert Level I

events worldwide declined to 2% or once every 50 years

in the 1985–2005 record; the highest regional frequency

reached only 7% (once every 14 years). Alert Level II

events became non-existent in the 1985–2005 satellite

record. These results suggest the combination of the two

methods will substantially under-predict bleaching;

Alert Level II events predicted with the standard method

have been associated with observations of severe mass

coral bleaching and coral mortality (e.g., 2005 bleaching

in the eastern Caribbean).

Test of bleaching prediction methods against observations

Using the Reefbase observations from 1985 through

2005, the variability method had higher predictive power

and fewer Type II errors (‘‘false negatives’’) than either

the control or the MMMmax method (Table 4). The

power (1 � b ¼ 76%) of the variability method was

substantially higher than that of the control method

(40%) for both Alert Level I and Alert Level II events.

The variability method also had a greater number and a

greater rate of Type I errors (15%) or ‘‘false positives.’’

Conversely, the MMMmax approach had the lowest

predictive power (29%) and the lowest rate of Type I

errors (2%). The high number of Type I errors with the

variability method was due primarily to the prediction

of events in low variability regions like southeast Asia

and parts of Micronesia (Table 5).

The predictive power of each metric was lower and the

Type II error rate was higher for the Alert Level II

events using all three methods. The decreased power was

not caused by limiting the analysis to the severe

bleaching observations (severity ¼ 3 in Reefbase); the

power deceased further (e.g., 1 � b ¼ 64% for the

FIG. 4. Magnitude of the variance in SST at different
periods computed by spectral analysis of monthly NOAA
AVHRR SSTs for 1985–2005 in the Line Islands. Included are
the equatorial Kiritimati (Christmas) and Jarvis Islands as well
as the more poleward Palmyra Atoll and Caroline (Millennium)
Island.

FIG. 3. Global map of the VSST, the ratio of the interannual range in maximum monthly SST and the seasonal range in monthly
SST.
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variability-based method) when the Alert Level II events

were contrasted with all bleaching observations. The

lower predictive power for more severe events was not

surprising given the qualitative nature of reported

bleaching severity and the range of different observers.

The relative performance of the three prediction

methods was robust throughout the 21-year period of

analysis. Roughly half (46%) of the bleaching observa-

tions and 56% of the ‘‘severe bleaching’’ observations

occurred in 1998 when El Niño conditions and a switch

to La Niña conditions caused bleaching in the

Caribbean and much of the Indo-Pacific. The variability

method correctly predicted 80% of the Alert Level II in

1998 but also falsely predicted Alert Level II bleaching

in 23% of reef cells worldwide. The percent of Type I

and Type II errors with each prediction method was also

similar between 1998 and the remainder of the time

period.

Regional improvements in predictive power with the

variability method reflected the geography of the

bleaching observations (Table 5). The variability meth-

od increased predictive power in all regions; the one

exception was the Central Pacific, where there was only

one bleaching observation in the original Reefbase data

and evidence for many unreported events (see

Discussion). The increased power may be most mean-

ingful in the Caribbean, Western Indian Ocean, Eastern

Pacific, and Great Barrier Reef [GBR]/Melanesia where

the majority of the Reefbase bleaching reports were

located. The variability method increased the number of

Type II errors in every region, except GBR/Melanesia

(Table 5). The MMMmax method decreased predictive

power and Type II errors in every region except the

Caribbean, where there was a slight increase in

predictive power from 10% to 14%.

Uncertainty due to time period of climatology

The lower-resolution HadISST data set was used to

evaluate the effect of the SST data set and the time

period for the climatology on the formulation of the

variability-based bleaching metric. For the 1985–2000

period, the value of rm for the 1142 18 3 18 resolution

coral reef cells in the HadISST data set ranged from

0.098C to 1.318C. The median of 0.308C equates to Kvar¼
3.31, which is 35% greater than the value of Kvar (2.45) in

the NOAA data. The gap in values was not caused by

difference in spatial resolution of the data set; the value

of Kvar from the NOAA data set changed to 2.55 when

the data set was interpolated to HadISST resolution. The

similarity in the spatial pattern of rm between the two

data sets suggests that the pattern of predicted bleaching

frequencies, if not the magnitude of bleaching frequen-

cies, would be similar using a variability-based predic-

tion method developed from either data set (Fig. 2).

The effect of the time period was evaluated by

calculating the distribution of rm and then the value

of Kvar for the world’s coral reef cells using running 16-

year periods in the HadISST 1901–2000 data (n ¼ 85).

The value of Kvar for the different HadISST climatol-

ogies ranged from 2.79 to 4.61 over the century (Fig. 7).

Median rm increased (Kvar decreased) from the begin-

ning of the last century in the HadISST data set until the

early 1970s. The temporal trend during at least the first

half of the record may be an artifact of the lack of

observations in mid-ocean grid cells; the interpolation

process used to fill in data gaps tends to reduce local SST

variance (Rayner et al. 2003).

TABLE 3. Mean Bleaching Alert Level 1 frequency (1985–2005) for reef cells by region.

Region Control (%) Variability (%) MMMmax (%)
Variability

þ MMMmax (%)

Caribbean 7 6 4 3
West Indian 8 6 4 3
Central Pacific 44 33 11 7
Central Indian 5 5 3 3
Southeast Asia 6 7 2 2
Great Barrier Reef/Melanesia 8 7 2 1
Micronesia 11 11 2 1
Equatorial Pacific 12 9 8 5
Polynesia 4 4 1 1
Mideast 16 6 12 4
West Australia 15 10 6 3

TABLE 2. Range of bleaching frequencies (1985–2005) for global reef cells using the standard and alternative prediction methods.

Alert 1 events Alert 2 events

Mean 5th percentile 95th percentile Mean 5th percentile 95th percentile

Control 8 0 24 2 0 10
Variability 7 0 19 1 0 5
MMMmax 3 0 14 1 0 5
Variability þ MMMmax 2 0 10 0 0 0
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If the variability in the HadISST data set is assumed

to be representative of reality only for the past few

decades, the choice of time period for the climatology

would still impact the value of Kvar and regional

bleaching prediction. For example, the results indicated

that if the period from 1961 to 1990, used by the World

Meteorological Organization to estimate climate nor-

mals, was used as the climatology, the value of Kvar

(2.80) would be 15% lower than the 1985–2000 Kvar

(3.31). A lower Kvar implies higher interannual SST

variability (median rm) on average. In addition, the

results indicated that the spatial distribution of rm

differed between potential climatological periods be-

cause of variability in the behavior of ENSO and other

atmosphere–ocean oscillations. For example, although

the median rm for the world’s coral reef cells was 0.068C
greater for the 1961–1990 period than the 1985–2000

period, the value of rm was �0.068C lower in 5% of the

reef cells, including many cells in the Central Pacific,

because of differences in ENSO activity.

DISCUSSION

This analysis finds that the seasonal and interannual

SST variability for the majority of the world’s coral reefs
lies within a small range (Fig. 1). The lowest interannual

and seasonal SST variability is generally found in

Southeast Asia and Micronesia, including the ‘‘Coral

Triangle’’ biodiversity hotspot. This includes the region

known as the Western Pacific Warm Pool, where the

SST is the highest of any open ocean region on the

planet. Coral reefs within the West Pacific Warm Pool

are thought to have experienced fewer thermal stress
events and possibly fewer bleaching events than other

coral reef provinces in the past half century (Kleypas et

al. 2008, Van Hooidonk and Huber 2009).

The year-to-year consistency of seasonal SST cycle and

the low interannual SST variability across much of the

tropics may explain the effectiveness of coral bleaching

prediction using the MMMþ18C approach. It is possible

that a threshold value of 18C appeared to researchers to

be a global property because a SST anomaly of 18C

represents a similarly low frequency disturbance event

for many of the world’s coral reef ecosystems. The

regions with markedly higher interannual SST variabil-

ity, like those in the Central Equatorial Pacific, or

markedly lower interannual SST variability, like those in

western Micronesia, happen to also have been the subject

of less monitoring and research in the past.

The global application of the alternative bleaching

prediction methods provides some limited evidence that

a variability-based bleaching threshold could have

higher predictive power than the fixed MMM þ 18C

threshold approach. If correct, this would support the

conclusion from Western Indian Ocean field studies

(McClanahan et al. 2007, Ateweberhan and McClan-

ahan 2010) and oceanographic analyses (Kleypas et al.

2008, Thompson and van Woesik 2009) that bleaching

susceptibility depends in part on past SST variability.

The high number of Type I errors may indicate that the

variability method, as constructed, over-predicts bleach-

ing in low-variability regions; a minimum value for the

FIG. 6. Frequency distributions of rm and the difference
between maximum monthly mean temperature (MMM) and
the mean of the maximum monthly SST (MMMmax) for the
world’s coral reef grid cells, computed using NOAA 1985–2000
data. The distribution of rm is included for contrast.

FIG. 5. Global map of the proposed mass bleaching threshold (2.45rm, in 8C-months [defined in Methods]) computed from
NOAA AVHRR 1985–2000 data. The color scheme is set to highlight where the threshold is below or above 18C.
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bleaching threshold may be necessary. The MMMmax

method decreases predictive power overall, but some

version of the method may be necessary in regions like

the Central Pacific where the SST seasonality is

inconsistent from year to year.

In addition to metrics describing past temperature

variability, a number of other climate variables could

help improve prediction of coral bleaching at regional

and local scales. Spatial variability in cloudiness and

wind strength influences the severity of bleaching

through effects on evaporative cooling, sensible heat

transfer and UV penetration (Eakin et al. 2008). The

rate at which a thermal anomaly develops is also an

important determinant of the timing and extent of

bleaching (Berkelmens et al. 2004, Maynard et al.

2008a). For example, in a high-resolution study of coral

bleaching on the Great Barrier Reef, Maynard et al.

(2008b) found the rate of SST rise computed from daily

data was a better predictor of bleaching than the

aggregate thermal stress.

The key limitation in developing a more advanced

global method of bleaching prediction may be the

quality and geographical extent of bleaching observa-

tions, not the consideration of other weather variables.

The statistical tests conducted for this study revealed as

much about the shortcomings of the Reefbase data for

numerical analysis as the skill of the various prediction

methods. The shortcomings include (1) the unknown

number of unobserved bleaching events, particularly in

low and high variability that are most sensitive to the

design of the algorithm, (2) the lack of ‘‘no bleaching’’
reports in the same regions, (3) the lack of data on the

timing of bleaching onset, (4) the geographical cluster-

ing of the observations, (5) the categorical rather than

continuous nature of the bleaching severity data, and (6)

the ‘‘false positives’’ due to observers mistaking disease

or predation scars as bleaching. A particular problem is

distinguishing between Type I errors caused by a false

prediction and Type I errors caused by the lack of a

bleaching report. The data limit our ability to test the

precise relationship between past temperature variability

and bleaching severity or to conduct a global test of

more advanced prediction methods, like those developed

in regions with high-resolution observations of bleach-

ing, coral mortality, and coral cover over time (e.g.,

Maynard et al. 2008b).

Bleaching and temperature variability

in the Equatorial Pacific

The analysis found prominent zonal and meridional

gradients in both seasonal and interannual SST vari-

ability across the Equatorial Pacific, which effect

bleaching prediction. The pattern in tropical Pacific

currents, depicted in Fig. 8, helps explain the observed

gradients in rm and VSST. Throughout much of the year,

the east-west surface-air-pressure gradient drives easter-

ly trade winds and the westward flowing South

Equatorial Current (SEC) over a band of roughly 38 N

to 38 S (see McPhaden et al. 1998). To the north and to

the south of the SEC are two eastward flowing counter-

currents, the North Equatorial Counter Current

(NECC), at roughly 68 N, and the South Equatorial

Counter Current (SECC), at roughly 88 S (Keenlyside

and Kleeman 2002). During an ENSO event, weakening

FIG. 7. The median rm of all coral reef cells (Kvar) in 16-
year climatologies of the HadISST data. Data are presented by
year of the midpoint of the climatology (1993 represents 1985–
2000). The dotted line represents the value of Kvar in the NOAA
1985–2000 data interpolated to 18 3 18 resolution to match the
HadISST data.

TABLE 4. Prediction of mass coral bleaching events, 1985–2005, by method.

Prediction method True positive Type I error Type II error a (%) b (%) Power (1 � b) (%)

Bleaching Alert Level 1

Control 401 1507 593 3 60 40
Variability 753 6643 241 15 24 76
MMMmax 289 857 705 2 71 29

Bleaching Alert Level 2

Control 80 533 384 1 83 17
Variability 323 4586 152 10 32 68
MMMmax 59 305 416 1 88 12

Notes: True positives (T ) were predicted and observed; type I error indicates predicted but not observed (P); type II error
indicates observed but not predicted (O); a (false positive rate)¼P/(PþN ), where N¼ ([number of reef cells]3 [number of years]),
or all instances where bleaching was not predicted; b (false negative rate) ¼ O/(O þ T ).
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or reversal of the trade winds and the SEC brings

anomalously warm SSTs to Eastern and Central

Equatorial Pacific coral reefs (Philander 1990, Ma-

ragos et al. 2008b).

The ENSO cycle creates the strong gradients in

seasonal and interannual temperature variability. The

value of rm decreases westward from the Galapagos

toward the Federated States of Micronesia (Fig. 2). It

also decreases in a poleward direction away from the

equatorial zone influenced by the SEC. The equatorial

coral reefs of Kiritimati (18520 N, 1578240 W) in the Line

Islands, the U.S. territories Howland (08480 N, 1768380

W) and Baker (08120 N, 1768280 W), and Tarawa (18250

N, 1738020 E) in the Gilbert Islands have high rm due to

anomalous SSTs during ENSO events (Maragos et al.

2008b, Sandin et al. 2008). More poleward coral reefs

within the same island chains, like Palmyra Atoll (58530

N) in the Line Islands, have lower rm because they

experience less anomalous warming during ENSO

events. The Central Equatorial Pacific reefs also have

the highest VSST due to the combination of this ENSO-

driven interannual variability and the very low season-

ality typical of equatorial regions (Fig. 3).

A qualitative comparison of Bleaching Alert Level I

frequencies for 1985–2005 at representative coral reef

cells across the Equatorial Pacific illustrates the

potential importance of the choice of bleaching

prediction method in regions with low or high SST

variability (Fig. 9). The predicted bleaching frequency is

lowest with each method in the Western Pacific (Palau,

Micronesia), the more poleward island chains (Samoa,

Marshall Islands, S Line Islands) and the poleward reefs

within north-south island chains (Butaritari and Arorae

in the Gilbert Islands; Kingman in the Northern Line

Islands). The predicted bleaching frequency is highest

for the Central and Eastern Equatorial Pacific reef cells

within ;38 of the equator. The high frequency of events

reflects the recurrence of ENSO events from 1985 to

2005, particularly ‘‘Central Pacific’’ ENSO events

centered near the International Date Line (Yeh et al.

2009).

The variability method has a smaller impact on the

results for the Central and Eastern Equatorial Pacific

reef cells than the MMMmax method (Fig. 9). Although

the variability method reduced the predicted bleaching

frequency in these cells, the Alert Level I frequency is

FIG. 8. Map of the equatorial Pacific transect including key island chains and the 25 selected coral reef cells (see Fig. 9). The
background shading is derived from SST from a mild La Niña event (January 2001) to best illustrate the average location of the
West Pacific Warm Pool, the equatorial cold tongue driven by the eastward South Equatorial Current (SEC), and the warmer
westerly North Equatorial Counter Current (NECC). Also depicted is the South Equatorial Counter Current (SECC). Coral reef
cells are: 1, Santa Clara; 2, Espanola; 3, Floreana; 4, Kingman; 5, Palmyra; 6, Tabuaeran; 7, Kiritimati; 8, Malden; 9, Caroline; 10,
Howland; 11, Baker; 12, Jarvis; 13, Kanton; 14, McKean; 15, Manra; 16, Arorae; 17, Butaritari; 18, Abaiang; 19, Tarawa; 20,
Majuro; 21, Upolu; 22, Pohnpei; 23, Chuuk; 24, Yap; 25, Koror.

TABLE 5. Regional results from prediction of mass coral bleaching events, 1985–2005.

Region

False positives, a (%) � False negatives, b (%)

Control Variability MMMmax Control Variability MMMmax

Caribbean 4 24 2 90 37 86
Mideast 2 6 2 50 29 50
West Indian 1 10 1 82 20 91
Central Indian 0 7 0 79 15 97
Western Australia 2 8 1 100 0 100
Southeast Asia 0 2 0 77 34 88
Great Barrier Reef/Melanesia 1 0 0 94 45 99
Micronesia 0 4 0 57 36 79
Central Pacific 4 10 0 100 100 100
Polynesia 0 4 0 91 39 100
Equatorial Pacific 19 33 13 42 19 42

� All results are based on Alert Level II events.
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still �20% (once every five years) in all the high rm cells

and �33% (once every three years) in equatorial

Tarawa, Howland, and Baker. Such a high frequency

of bleaching events might be expected to lead to

perennially low coral cover, contrary to observations

(Brainard et al. 2005). This suggests the variability

threshold may still overestimate the actual bleaching

frequency in high-variability regions.

Although the predicted bleaching frequency for the

more equatorial islands is lower with the alternative

prediction methods than the control method, it is still

greater than the observed frequency. This discrepancy

likely reflects that limit of the observed data. Only 24 of

the Reefbase bleaching reports come from the ‘‘Pacific’’

regions of Micronesia, Southwestern Pacific, U.S.

Overseas Islands, and Central and Southeastern Pacific

(excluding the Galapagos, Costa Rica, and Panama),

despite these regions including 25% of the global coral

reef cells in this study. The 18 additional Central Pacific

observations that were gathered by surveying the

published literature, gray literature, and researchers in

the field represent only 6% of the false positive Alert

Level II predictions in the region (using the variability

method). Since the additional observations come from

opportunistic monitoring during pre-planned marine

surveys, they likely exclude many bleaching events.

ENSO-driven bleaching events during the 1980s and

1990s in the Gilbert Islands, Phoenix Islands, U.S.

territories, and/or equatorial Line Islands may have

gone unreported (Maragos 2008a). The fact that the

Alert Level I frequency predicted using the MMMmax

method matches the observed frequency in Tarawa,

Manra, McKean, Kanton, Baker, Howland, and

Kiritimati, despite the limited monitoring in these

locations suggests that the MMMmax method may

underestimate the effect of thermal stress.

Determining background temperature regime

for bleaching prediction

Accurate bleaching prediction requires historical SST

data which represents the experience of the coral and

symbiont community. This study finds that prediction

may be sensitive to the data source and the time period

of the climatology. Although the NOAA and HadISST

data sets exhibit similar global patterns in SST

variability, the HadISST data exhibits lower interannual

variability in the maximum monthly SST in 68% of the

reef cells. The low variance in the tropics in HadISST

with respect to other SST data sets is not surprising. The

procedure used to blend raw satellite observations and

in situ ship data in the HadISST data set involves a

variance correction of the in situ data that tends to

reduce local variability in the final processed data

(Rayner et al. 2003). In addition, the coarser spatial

resolution HadISST data set may not capture some of

the higher-resolution SST variability caused by smaller-

scale currents and coastal geography.

The historical analysis does raise questions about

whether the SST variability during the 1985–2000 period

is representative of SST variability experienced by coral

reefs over previous decades or centuries. According to

the HadISST data, interannual variability was lower for

the majority of coral reef cells in the 1985–2000

FIG. 9. Bleaching Alert Level I frequency from 1985 to 2005
for 25 coral reef cells across the equatorial Pacific (see Fig. 8)
computed using the standard degree heating week (DHW)
methodology (control, in light gray), the variability-based
methodology (Kvar, in dark gray), and the alternate MMM
(MMMmax, in black). The mass bleaching frequency from
Reefbase and other accounts over the same time period is also
shown (Observed, in white). Observations may include many
false negatives.
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climatology than in earlier climatologies, but higher for

the Central Equatorial Pacific cells. The magnitude of

ENSO variability is known to have varied over time

(Trenberth and Hurrell 1994, Alexander et al. 2002,

Cobb et al. 2006). In the last three decades, there has

been an increase in the occurrence of ‘‘Central Pacific’’

ENSO events, in which the zone of anomalous SSTs

associated with ENSO is centered near the International

Date Line (Kug et al. 2009, Yeh et al. 2009). Such

variability in ENSO activity suggests the distribution

and magnitude of rm and therefore Kvar may be sensitive

to the time period of the climatology.

The suitability of the 1985–2000 period or any other

modern period as a baseline climatology for determining

variability also depends on assumptions about the

acclimation or adaptation of coral reefs to recent

climate experience. For example, the global surface

ocean has warmed by ;0.48C from 1850 to 2000

according to the HadISST data. The practice of

predicting bleaching with a threshold of 18C-month in

excess of the maximum from a climatology from the

1980s and 1990s therefore implicitly assumes that either

(1) corals have acclimated or adapted to temperature

change since the preindustrial period or (2) the ‘‘true’’

bleaching threshold is ;1.48C-month greater than the

maximum monthly temperature in the background

climatology. Given the limited spatial and temporal

resolution of SST data before the satellite era, a recent

period is the necessary default choice for computing SST

variability for bleaching prediction. In that case, a

variability-based bleaching prediction method implicitly

assumes (1) coral and symbiont communities are

acclimated or adapted to recent climate experience or

(2) variability in the modern period is representative of

the variability experienced over previous decades and

centuries.

CONCLUSIONS

The frequency of thermal disturbances may be critical

to understanding the structure of coral reef ecosystems

and the resilience of those ecosystems to rising ocean

temperatures. The development of improved bleaching

prediction algorithms and improved ecological models

will depend on the reporting of bleaching events to

international databases like Reefbase and better coor-

dinating data collection in key under-serviced regions

like the Equatorial Pacific. Statistical evaluation of

global bleaching prediction and forecast algorithms

requires more precise observational data than is

currently available in the global database, notably

including the date that bleaching was observed.

Although refinement of the proposed methods of

bleaching prediction is unlikely to change the global

forecast for coral reefs under a rapidly changing climate

(Donner 2009), the results of this study suggest they

could be critical to regional predictions.

Identifying and protecting coral reefs that are more

naturally resilient to thermal stress and bleaching may

be critical to maintaining reef biodiversity and continued

provision of ecological services (West and Salm 2003,

Knowlton and Jackson 2008) Regions with modes of

climate variability unique among the world’s coral reef

ecosystems, like the Middle East (Riegl 2002, 2003) and

the Central Equatorial Pacific, may provide natural

models for studying coral reef resilience to climate

change. Although isolated oceanic reefs are usually

considered to have low resilience (Graham et al. 2006,

Smith et al. 2008), coral reefs in Central Equatorial

Pacific may be more resistant or resilient to bleaching

due to their unique thermal disturbance history. The

region may be subject to additional stress in the future

due to further increase in the frequency of ‘‘Central

Pacific’’ ENSO events in a warmer climate (Yeh et al.

2009). The recent creation of Kiribati’s Phoenix Islands

Protected Area and the U.S. Pacific Remote Islands

Marine National Monument, including Howland,

Baker, and Jarvis Islands, may protect some of these

high variability environments from development.

Research in areas subject to higher natural frequencies

of thermal disturbance could be critical to identifying

the characteristics of resilient coral communities and

strategies for enhancing the resilience of coral reefs to

climate change.
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