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Abstract Increasing ocean temperature has become one

of the major concerns in recent times with reports of var-

ious related ecological impacts becoming commonplace.

One of the more notable is the increased frequency of mass

coral bleaching worldwide. This study focuses on the Coral

Triangle region and utilizes the National Oceanic and

Atmospheric Administration-Coral Reef Watch (NOAA-

CRW) satellite-derived sea surface temperature (SST) and

Degree Heating Weeks (DHW) products to investigate

changes in the thermal regime of the Coral Triangle waters

between 1985 and 2006. Results show an upward trend in

SST during this period with an average rate of 0.2�C/

decade. However, warming within this region is not uni-

form, and the waters of the northern and eastern parts of the

Coral Triangle are warming fastest. Areas in the eastern

part have experienced more thermal stress events, and these

stress events appear to be more likely during a La Niña.
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Introduction

The Coral Triangle (CT) is the center of the highest coastal

marine biodiversity in the world (Allen and Werner 2002).

This region, located in the heart of the Indo-Pacific,

includes the countries such as the Philippines, Indonesia,

and Papua New Guinea (Fig. 1) and is home to more than

500 species of corals (Green and Mous 2004). Studies have

also shown that the waters around Indonesia and the

Philippines possess the highest reef fish endemism (Mora

et al. 2003) and that the Philippines is also considered the

global center of marine fish biodiversity (Carpenter and

Springer 2005). As a bio-region, the CT, known also as the

‘‘East Indies Triangle’’ (Briggs 2005, 2007) and the ‘‘Indo-

Malay-Philippines Archipelago’’ (Carpenter and Springer

2005), has become one of the most important target areas

in marine biodiversity research.

Reports have shown, however, that species diversity and

abundance in many parts of this region have been greatly

threatened by both man-made and natural stresses (Burke

et al. 2002; Wilkinson 2004). Specifically, studies have

highlighted the alarming decline in coral cover in this

region (Bruno and Selig 2007; Carpenter et al. 2008). The

decline has been attributed to numerous contributing fac-

tors (Edinger et al. 1998; Fox et al. 2003) including the

effect of increasing sea surface temperature (SST) over

recent years (Carpenter et al. 2008).

The effect of SST increase has a wide range of effects

on the marine ecosystem. Studies have shown that warm

temperature anomalies have led to a reduction in primary

production and a decrease in fish catch (Barber and Chavez

1986; McGowan et al. 1998). Another visible effect related

to elevated SST is the resultant mass coral bleaching and

related mortality (Hoegh-Guldberg 1999; Wilkinson 2004),

which led to a decline in reef fish population in some areas

(Pratchett et al. 2006), and may trigger coral disease out-

breaks (Bruno et al. 2007). A pronounced increase in SST

and coral bleaching such as that predicted for the coming

decades (IPCC 2007; Hoegh-Guldberg et al. 2007) could
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therefore lead to a significant depletion of the CT’s already

stressed marine resources.

The CT as a whole is known to experience a pronounced

increase in SST during phases of ENSO (El Niño Southern

Oscillation), which is a fluctuation between unusually

warm and cold conditions in the tropical Pacific that typi-

cally recur with a period of 2–7 years (McPhaden et al.

2006). A good example of this was during the 1997–1998

ENSO when intense warming led to the widespread

occurrences of coral bleaching in this region (Wilkinson

1998; Oliver et al. 2009). Bleaching in corals can be trig-

gered when the thermal condition is as little as 1�C higher

than the mean summer maximum (Berkelmans and Willis

1999; Jokiel and Brown 2004).

In order to monitor the presence of large-scale thermal

stress, the National Oceanic and Atmospheric Administra-

tion’s (NOAA)-Coral Reef Watch (CRW) developed a suite

of satellite products based on the NOAA 0.5� (approxi-

mately 50 km) resolution Advanced Very High Resolution

Radiometer (AVHRR) twice-weekly SST product. This

CRW suite of satellite products has been successfully used

to predict and monitor bleaching events all over the world

(Liu et al. 2003; Skirving et al. 2006b; Strong et al. 2006).

Beyond this near real-time warning of bleaching occur-

rence, it is important to investigate how the SST and thermal

stress have changed over time and in space in one of the most

ecologically important regions in the world. To date, no

study has been published that provides details of the long-

term changes in spatial and temporal SST and thermal stress

levels for the CT. This article will use a hindcast version of

the NOAA CRW satellite product suite to examine the

changes in SST and bleaching-level thermal stress within the

Coral Triangle for the period 1985 to 2006.

Materials and methods

This study utilized the gap-filled, 0.5� resolution, biweekly

SST product developed by the NOAA’s CRW over the

period 1985–2006. This product is based on the AVHRR

Pathfinder SST data (http://pathfinder.nodc.noaa.gov) and

was derived by CRW mimicking the methodology of the

CRW near real-time product (Eakin et al. 2009).

The study area was extended beyond the CT boundary

(Green and Mous 2004; verified by J. E. N. Veron, pers.

comm. with WJS) by including a 200-km buffer zone to

ensure that the analyses would not suffer from edge effects.

Only data from this ‘‘buffered CT’’ (Fig. 1) were included

in the study.

The SST data were then used to determine annual aver-

ages and ranges for the entire region. The annual average

maximum and minimum for the entire region were

Western Pacific Ocean
South China
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Java Sea Banda
 Sea

Flores Sea

Fig. 1 Map of the Coral Triangle region. Solid line depicts border

after Green and Mous (2004) and J. E. N. Veron (pers. comm.). The

broken line represents the 200-km buffer zone extension used in this

study. The gray polygon near Papua New Guinea represents the

western end of the western Pacific warm pool (after Kleypas et al.

2008)
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calculated based on monthly SST averages. The trends in

SST within the Coral Triangle were also calculated on a

pixel by pixel basis by fitting a linear regression to the

22 years of biweekly SST data. Moreover, a spatial clus-

tering of the entire SST data was also performed on the

monthly means of each pixel, grouping pixels with similar

SST signatures. The analysis made use of a web-based

software, designed for geospatial clustering, called ‘‘Deluxe

Integrated System for Clustering Operations’’ (DISCO)

(http://fangorn.colby.edu/disco-devel). The clustering is

based on k-means method, a popular clustering algorithm

known for its speed and simplicity (Arthur and Vassilvitskii

2007). Several iterations of randomly seeded runs were

performed to determine the consistency of pixel classifica-

tion. As k-means requires the number of clusters as input,

DISCO also provides means to estimate the optimal number

of clusters in a given dataset. An article that describes the

background of this online tool is downloadable at the URL

cited above. The development of DISCO and its applications

have been highlighted in Buddemeier et al. (2008).

An analysis using 0.5� resolution HotSpot and Degree

Heating Weeks (DHW) was then conducted to determine

the thermal stress levels and frequency of bleaching-level

stress within the study area. The HotSpot anomaly, which

is derived by subtracting a pixel’s SST by its maximum

monthly mean SST climatology, is an index that indicates

the current intensity of thermal stress for a given location.

The SST climatology is constant in time but differs in each

of the pixels (Liu et al. 2003). DHW, on the other hand,

computes the cumulative thermal stress by accumulating

HotSpot values greater than or equal to one. This is per-

formed over a running 12-week period. Both are anomaly

products derived from satellite sea surface temperatures. It

is assumed that the surface anomaly products are approx-

imately representative of conditions experienced by corals

at depth. This is a reasonable assumption since the absolute

temperatures at depth are likely to trend in the same

direction as those on the surface during a coral bleaching

event due to a lack of wind-driven mixing (Skirving et al.

2006a). A full description of these products is presented in

Skirving et al. (2006b) and Strong et al. (2006).

In this analysis, a pixel-by-pixel calculation of the

thermal stress frequency and annual thermal stress levels of

reef pixels (1985–2006) were determined. The former

highlighted areas within the study area with high occur-

rences of thermal stress events while the latter was used to

compare the interannual changes in thermal stress level in

reef locations. Data from the World Resources Institute’s

Fig. 2 Average sea surface

temperatures (annual maximum,

mean, and minimum) for the

entire study area for the period

1985–2006. Arrows indicate Mt.

Pinatubo eruption (1991) and

strong El Niño/La Niña events

(1998). Boxes indicate one

standard deviation around

1985–2006 mean (in broken,

horizontal line)
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Reefs at Risk (http://www.wri.org) were utilized to deter-

mine the reef locations within the study area. A mask was

then created to select pixels in the satellite products with

reef sites, deemed ‘‘reef-pixels’’. All reef-pixels were then

divided into clusters, as previously defined. The thermal

stress level was calculated by determining the maximum

DHW of that pixel within the duration of a stress event. A

stress event is defined in this study to begin when DHW

first has a value greater than 0 and end just before HotSpot

goes below the value of 1. The event year is defined as the

year when the stress event started. For example, if a stress

event in a certain reef-pixel started in 1997 and ended in

1998 then the DHW value will be attributed to 1997. For

some reef-pixels with multiple stress events in a year, only

the event with the highest DHW value was considered. The

per-pixel thermal stress frequency, on the other hand, was

calculated by counting all the number of events reaching

DHW [ 0 and DHW C 4. Occurrences of multiple stress

events within a year were therefore considered in this part

of the analysis.

The ecological impact of the thermal stress at particular

DHW values is well established (Skirving et al. 2006b;

Strong et al. 2006). DHW values greater than zero indicate

the existence of thermal stress (regardless of severity)

while DHW values of 4 and greater indicate the existence

of sufficient thermal stress to produce significant levels of

coral bleaching.

Results and discussion

The annual averages show that the entire region as a whole

has experienced a slight increase in SST (maximum, aver-

age, and minimum) over the period 1985–2006 (Fig. 2).

This trend seems to have stabilized since 2000. There are

two noteworthy years. During 1991, the region experienced

a drastic decrease in SST as a result of the Mt. Pinatubo

eruption in the Philippines. The effects of this cooling are

evident for 2–3 years after the eruption. Conversely, the

region experienced dramatic warming in 1998. This

warming resulted in widespread bleaching in many parts of

this region (Wilkinson 1998; ReefBase [http://www.reef

base.org]). Interestingly, temperatures during 1997 were

remarkably low considering the dramatic warming in 1998.

This seesaw in SST was due to the occurrence of a very

strong El Niño in 1997 and a very strong La Niña in 1998.

Fig. 3 Trends in sea surface temperature within each 0.5� 9 0.5� pixel for the period 1985–2006 calculated from biweekly data
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The contrasting differences in SST during these years are

due to the temperature and geographic extent of the western

Pacific warm pool (WPWP, SST [ 28�C) that oscillates

during ENSO events (Kawahata and Gupta 2004). This

warm pool of surface water, which is normally located in

the western equatorial Pacific, spreads eastward as the trade

winds in the western and central equatorial Pacific weaken

during an El Niño and shifts to the west of average location

during a La Niña as trade winds intensify (McPhaden 1999;

Kawahata and Gupta 2004). Normally, these easterly trade

winds create a warm surface water pool in the western

Pacific while upwelling cold water occurs on the eastern

side (McPhaden et al. 2006). The weakening, or relaxation,

of the trade winds during an El Niño leads to an ocean

relaxation process as well, resulting in a shallower ther-

mocline and cooler than normal temperature in the west

Pacific and a deeper thermocline and warmer than normal

temperature in the east Pacific (Enfield 2001). Conse-

quently, in the CT region, an El Niño has a relative cooling

effect while a La Niña is accompanied by warming.

The trends in SST within the Coral Triangle show that

on average, the region’s SST increased at a rate of 0.2�C/

decade over the period 1985-2006 (Fig. 3). This value is

comparable with the trends in many other tropical seas

(Hoegh-Guldberg 1999). The SST trends varied spatially

across the region with higher warming rates around the

Philippines and north of Irian Jaya and Papua New Guinea,

as compared to the southernmost CT areas (below 5S)

where rates were much lower. Investigating the SST trends

in an area can be valuable in explaining the occurrences of

mass bleaching events because of the strong correlation

between SST and bleaching events (Hoegh-Guldberg

1999). Studies have also shown that a rapid increase in SST

has been a major factor in many large-scale coral bleaching

occurrences in recent decades (Berkelmans et al. 2004;

Lough et al. 2006).

Clustering analysis allows further examination of the

SST scenarios within the region, and indicated 12 distinct

sub-regions (clusters). Annual mean SST’s were calculated

for each of the clusters to determine the temporal changes

in SST of these areas (Fig. 4). The majority of the clusters

had greater number of warmer-than-average years in the

latter 11 years, which explained the SST trends shown in

Fig. 3. The pronounced increase in SST in 1998 was also

Fig. 4 The Coral Triangle divided into 12 clusters. Graphs show the annual mean SST for each cluster with horizontal line indicating the mean

of the biweekly SST for all years
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evident in many of the clusters. Northern clusters showed a

consistent positive slope but with less frequent annual

fluctuations. Corals located in these areas are more likely to

be susceptible to future bleaching unless they develop

mechanisms to cope with expected rapid increases in SST.

The caveat to this statement is that corals in these areas

could also have more time to reestablish due to the infre-

quency of stress events. The southern clusters, on the other

hand, had smaller positive trends in SST but exhibited

frequent pronounced fluctuations. The fluctuations may

indicate that these areas frequently undergo temperature

changes and it is possible that marine organisms in these

areas (e.g., corals) have adapted to cope with more variable

temperatures (more eurythermal). It has also been pointed

out that high variability in temperature may help corals to

better acclimate or adapt to an increase in temperature

(McClanahan et al. 2007).

The trends in SST, however, are not the whole story as

the length of time that corals are exposed to thermal stress

is as important as the temperature reached. While the rel-

atively slow SST increase in the southern sub-region could

be interpreted to mean that coral reefs in this part of the CT

have been subjected to less long-term thermal stress levels

than in other areas of the region, this may not necessarily

the case. The DHW product provides the metric to inves-

tigate trends in thermal stress.

An analysis of the thermal stress event frequency in this

region (Fig. 5) revealed more thermal stress (DHW [ 0)

events and more occurrences of bleaching-level thermal

stress (DHW C 4) during 1996–2006 than during 1985–

1995. Results also indicated the emergence of multiple

stress events within a single year (DHW [ 0) during the

latter 11 years. The multiple stress events were most

prominent in areas nearest to the WPWP.

Fig. 5 Maps of the return frequency of thermal stress events reaching

two thresholds, DHW [ 0 (left) and DHW C 4 (right). Upper images

show the frequency of stress event occurrences from 1985 to 1995

while lower images depict years from 1996 to 2006. Some pixels

show multiple event occurrences within a year, indicated by values

greater than 11
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The WPWP is of particular interest as this part of the

Pacific has been shown to have warmed less over the past

six decades in comparison to other tropical seas (Kleypas

et al. 2008). This suggests a higher sensitivity of the corals

in this region to small temperature fluctuations, yet these

reefs seem to have a lower proportion of bleaching reports

relative to other reefs in the world (Kleypas et al. 2008).

Reefs in southeastern Papua New Guinea have not only

experienced a relatively high frequency of thermal stress

events (Fig. 5) but also showed a lower rate of increase in

SST and experienced more extreme temperature fluctua-

tions that oscillated about a relatively stable mean (Figs. 3,

4, respectively). In contrast, the inner seas of Indonesia had

a few to no occurrences of significant thermal stress

(DHW C 4) even during the latter 11 years. The low fre-

quency of thermal stress events in these areas may possibly

have been due to the complex hydrodynamic processes in

these areas (Gordon 2005; Qu et al. 2005). The complex

geometry and connectivity through straits and passages

coupled with other factors such as surface heat flux, tidal

mixing, and monsoonal winds drive the complex distribu-

tion of SST in this region (Qu et al. 2005).

In order to investigate changes in thermal stress level for

the CT, a temporal analysis of DHW data was performed

for pixels known to contain coral reefs. The annual thermal

stress levels are shown in Fig. 6, which shows that 1998

was the most anomalous year with 77% of the reef pixels

having DHW [ 0 and 25% with DHW C 4. Higher levels

of thermal stress were observed in 1996–2006 as compared

to 1985–1995. The dramatic increase in the levels of

thermal stress during the 1996–2006 period may have been

linked to the Pacific Decadal Oscillation (PDO) reversal in

the late 1990s (Strong et al. 2006). The PDO refers to the

interdecadal (*2–3 decades) oscillation of Pacific Ocean

temperatures between warm and cold phases (Strong et al.

2006; Mantua and Hare 2002).

Further analysis was performed on the data from the five

years with the highest percentages of reef pixels with

DHW C 4: 1996, 1998, 1999, 2000, and 2005 (Fig. 7).

These years are concurrent with the La Niña events with

the exception of 2005, which is an ENSO-neutral year.

2005 is currently the warmest year on record based on

global temperature averages (Shein 2006). In this analysis,

only pixels with DHW C 4 were included since this level

of thermal stress has been observed to indicate significant

bleaching in corals (Skirving et al. 2006b; Strong et al.

2006). The year 1998, when a very strong La Niña

occurred, again stands out with the highest number of

clusters showing bleaching-level stress. This further sup-

ports the occurrence of widespread bleaching in many parts

of the CT in 1998. Noticeably, clusters 5 and 6 in the

northernmost Philippines are the most impacted during the

very strong La Niña. Cluster 1, at the southeastern extent of

the CT, is the only cluster that had no reef pixels with

bleaching-level thermal stress in 1998. The observed SST

in that year (Fig. 4) was not high enough or sustained for

long enough to cause bleaching-level thermal stress.

Clusters 2 and 3 also have lower proportions of reef pixels

with this level of thermal stress in 1998 but all the three

clusters (1, 2, and 3) showed higher percentages of stress in

the other four years. Figure 7 also shows that reef pixels in

clusters 1, 2, 3, 10, and 12 have more frequent occurrences

Fig. 6 Annual percentages of all known reef-containing pixels in the entire Coral Triangle reaching thermal stress thresholds of DHW [ 0 (left)
and DHW C 4 (right)
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of bleaching-level thermal stress (DHW C 4) in the

selected five years, while the middle latitude clusters, 4 and

7, are among the least frequent. Cluster 8 seemed to be the

least affected overall with very low proportions of this

level of stress.

Overall, this study shows that more warming and more

thermal stress events were observed from 1996 onward as

compared to the earlier half of the record. This is likely to

be a consequence of climate change, i.e., PDO phase shift

superimposed on the warming trend. However, further

investigation is needed to check that this increase is not an

artifact of the relatively short satellite SST record. Results

also show the variability of SST in both time and space for

various parts of the Coral Triangle. There are areas that are

warming up faster but are experiencing less frequent

annual SST fluctuations. These areas are also affected by

Fig. 7 Percentages of reef

pixels (white portion in each pie

chart) for each cluster with

DHW C 4 during selected years
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significant levels of thermal stress as in the case of the

northern Coral Triangle (particularly clusters 5 and 6).

Corals in these areas are likely to be susceptible to future

bleaching occurrences if they cannot cope with the rapid

increase in SST.

There are also areas that afford natural protection from

warming events as in the case of the inner seas of Indo-

nesia. Some areas in the southern portion of the region

(clusters 1, 10, and 12) have highly fluctuating SSTs

accompanied with frequent thermal stress events, and yet

exhibit no significant increase in long-term SST. In these

areas, corals may be more adapted to warm SST anomalies

and more likely to see slower warming in coming decades.

Also, more thermal stress occurrences were observed in the

easternmost parts of the region (clusters 2 and 3), which

may have provided opportunity for the development of

corals that are more resistant to thermal stress events. The

effect of the faster warming rates on corals located in these

areas needs further investigation.

The analyses of SSTs and thermal stress in the Coral

Triangle portray a significantly varied story. The northern

areas are experiencing greater increases in SST through

time compared to the southern areas. The eastern parts of

the region, on the other hand, show significant increases in

thermal stress events compared to the western parts. Lastly,

significant bleaching events are more likely to occur in the

Coral Triangle during a La Niña, and not during El Niño,

with the northern areas more likely affected during a very

strong event.
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