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28. A MULTIFACTOR RISK ANALYSIS OF THE RECORD 2016 
GREAT BARRIER REEF BLEACHING 

Sophie C. LewiS and Jennie MaLLeLa

Anthropogenic greenhouse gases likely increased the risk of the extreme Great Barrier Reef bleaching 
event through anomalously high sea surface temperature and the accumulation of thermal stress.

Introduction. The 2016 global coral bleaching event 
was severe: 93% of the northern, 700km stretch, of 
the Australian Great Barrier Reef (GBR) coral was 
bleached and by June, >60% of this coral was killed 
in association with heat stress (Hughes et al. 2017; 
Fig. ES28.1). Bleaching occurred during an extended 
period of unprecedented global-average heat (Mann 
et al. 2016). Coral heat stress is accumulated through 
the magnitude and duration of temperatures above a 
threshold. A short-duration, high-magnitude event, 
or a long-duration low-magnitude event can cause 
bleaching, which is also moderated by thermal stress 
in preceding seasons (Ainsworth et al. 2016).

While heat stress impacts bleaching risk, coral 
reef health and resilience also integrates multiple 
environmental and biotic factors. Resilience is prede-
termined in part by ecosystem health that depends on 
historical disturbance events, the present day water 

quality (e.g., exposure to runoff) and the functional 
redundancy of the resident reef biota (Bellwood et 
al. 2003). These factors are also affected by anthro-
pogenic activities (e.g., greenhouse gas emissions, 
overfishing, pollution), local weather, and large-scale 
modes of variability (ENSO). The 2016 ENSO episode 
was among the most severe recorded and may have 
impacted GBR bleaching.

The integration of multiple interrelated factors by 
reef ecosystems represents important considerations 
for attribution of bleaching. This study explores 
these complexities through a multifactor analysis of 
climatic and environmental influences contributing 
to the 2016 GBR bleaching.

Approach. Model and observational datasets were 
analyzed for ecosystem-relevant climatic and en-
vironmental variables (see online supplement). 

We investigate the influ-
ence of anthropogenic 
greenhouse gases (GHGs) 
and ENSO conditions on 
anomalously warm SSTs 
in the wider Coral Sea re-
gion that encompasses the 
GBR. Although the GBR 
occupies just a fraction 
of the Coral Sea region, 
its seasonal temperatures 
a re h igh ly correlated 
(Weller et al. 2008). We 
use CMIP5 climate model 
data (Taylor et al. 2012; 
Table ES28.1) to examine 

bleaching from a climate perspective. We use obser-
vational data from HadCRUT4 gridded (Morice et 
al. 2012) and NOAA OISSTV2 observed sea surface 
temperatures (SSTs; Reynolds et al. 2002) datasets. 
We explore a suite of climatic metrics (Fig. 28.1), 
motivated by the bleaching observed through early 
2016 aerial surveys (Cressey 2016; Normile 2016), and 
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Table 28.1. Qualitative assessment of climatic and environmental factors 
contributing to the GBR bleaching events, with letters denoting primary (P) and 
secondary (S) influences that potentially made bleaching more likely to occur, 
and factors that potentially made bleaching less likely (L). Although influences 
are interrelated (for example, water quality is impacted by local rainfall, human 
activities, and the resulting runoff), they are broadly categorised as ‘anthropogenic,’ 
‘multiple,’ or ‘natural.’

Category Factor 
Risk of Bleaching

2016 2011 1998

Anthropogenic Climate forcings 
(greenhouse gases)

P S S

Multiple Local water quality L P —

Local climate variability S P —

Natural ENSO conditions S S P
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the record high Coral Sea SSTs (region shown in Fig. 
28.2a; Bureau of Meteorology 2016) and significant 
El Niño conditions observed in 2016.

Analysis of a broad suite of reef-relevant climate 
metrics allows deeper investigation of the climatic 
drivers of coral thermal stress. Ainsworth et al. (2016) 
recently demonstrated that background warming 
promotes thermal tolerance in reef-building corals 
and potentially mitigates bleaching events.. As such, 
a suite of climatic metrics is required. Metrics are:

Metric 1. (Immediate heat stress): Assessed by JFM 
SSTs in the Coral Sea (Fig. 28.1a). Although both 
maximum and minimum SSTs are relevant to reef 
ecosystems, only mean SSTs are provided in CMIP5 
(ts variable).

Metric 2. (Antecedent and coincident heat stress): 
Assessed by the combination of MAM and antecedent 
(December–February, DJF) SSTs in the Coral Sea (Fig. 
ES28.2a; Glynn and D’croz 1990).

Metric 3. (Cumulative stress): Assessed by anoma-
lously high extended Coral Sea SSTs diagnosed by 
degree heating week (DHW; Liu et al. 2003) in each 
month (Fig. 28.1b).

Metric 4. (Regional conditions): Assessed by SSTs 
in the Niño-3.4 region in JFM (Fig. 28.1c).

We further explore bleaching by examining local 
environmental data. Local stressors, such as degraded 
water quality, potentially reduce coral resilience to ep-
isodic thermal stress and drive bleaching occurrence 
(Mallela et al. 2016; Carilli et al. 2009; Wooldridge 
2016a). By necessity, this study does not explicitly 
consider all climate and environmental factors that 
influence coral reef health, including the impact of 
tropical cyclone frequency and intensity, and natural 
shelf-edge upwelling. Data used are:

Metric 5. Precipitation anomalies (Fig. 28.2a), 
which are linked to cloud cover, temperatures and 
run off.

Metric 6. Cloudiness anomalies (Fig. 28.2b), as in-
creased cloud cover potentially reduces UV exposure 
and ameliorates thermal stress.

Metric 7. Chlorophyll-a concentrations (Fig. 
28.2c), which provide an estimate of the live phyto-
plankton biomass in the surface layer as a nutrient 
indictor.

Metric 8. Concentration of particulate organic 
carbon (Fig. 28.2d), as an indicator of water quality.

Climatic data are examined from an attribution 
perspective, using fraction of attributable risk (FAR) 
to quantify anthropogenic GHG influences on record 

Fig. 28.1. (a) Observed Coral Sea JFM SST anomalies (°C; relative to 1961–90), (b) DHW (°C-week) with hottest 
month calculated over 1981–2016, and (c) NIÑO3.4 JFM SST anomalies (°C; relative to 1961–90). Probability 
density functions for (d) Coral Sea region JFM SST anomalies (°C; relative to 1961–90) for observations (dashed 
black, 1910–2016), historical (blue, 1976–2005 only), historicalNat (green, all years), and RCP8.5 (red, 2006–20) 
simulations. Vertical lines show bleaching events. (e) DHW (°C-week) is compared for historicalNat (green) 
and RCP8.5 (red), with 4°C-weeks threshold. (f) PDFs show comparison of Coral Sea JFM SST anomalies (°C; 
relative to 1961–90) in El Niño (red), La Niña (green), and neutral (blue) years in the historicalNat experiment. 
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SST conditions in the Coral Sea (T1; and second 
hottest occurrence, T2 in 2004), with multimodel 
ensemble median and 10th percentile values given 
(see Lewis and Karoly 2013; 2014). Environmental 
data are examined from a qualitative perspective, 
providing information of environmental risk factors 
that impact reef resilience, and either promoted or in-
hibited bleaching during 2016. We also compare 2016 
conditions with previous severe GBR bleaching events 
of 1997/98, 2001/02, 2005/06 and 2010/11, although 
the remotely sensed climatic and environmental 
datasets used here are of limited length, typically 
commencing in 2002.

Assessment of climatic factors. We compare the occur-
rence of threshold-exceeding events for Metrics 1–3 
in the variously-forced CMIP5 experiments.

Metric 1. The frequency of JFM SST anomalies in 
the Coral Sea region exceeding T1 and T2 were com-
pared for greenhouse gas (RCP8.5) and natural-only 
forced simulations (historicalNat; Fig. 28.1d). There 
is a significant increase in the likelihood of Metric 1 

when anthropogenic forcings are included (Median 
FAR T1 = 0.85; 10th percentile FAR T1 = 0.80).

Metric 2. The 2016 observed conditions for 
combined antecedent and coincident SST anomalies 
(DJF, together with MAM conditions) do not oc-
cur in CMIP5 without anthropogenic forcings (Fig. 
ES28.2a).

Metric 3. An increase in accumulated heat in the 
Coral Sea region (as diagnosed by DHW; Fig. 28.1e) 
is evident in the RCP8.5 experiment, relative to the 
historicalNat experiment for °C-weeks above the 2016 
values, including above the bleaching risk threshold 
of 4°C-weeks (Liu et al. 2013), although the FAR value 
is low (T4°C-weeks = 0.24).

Metric 4. Although Pacific Ocean conditions 
(Power et al. 1999) influence Australian climatic vari-
ability, the relationship between El Niño episodes and 
positive Coral Sea SST anomalies is weak in obser-
vations and CMIP5 simulations both including and 
excluding anthropogenic influences (Fig. ES28.2). In 
historicalNat experiments, the likelihood of extreme 
Coral Sea JFM SST anomalies is increased during El 

Fig. 28.2. Satellite-derived observational products for JFM precipitation anomalies in the Coral Sea region for 
(a) 2016 and (b)1998 (mm hr−1; relative to 1998–2016 climatology from TRMM rainfall retrievals for 1998–2016), 
(c) cloud area fraction (%; daytime) from AIRS/Aqua retrieval, 1° × 1° for 2002–16), (d) chlorophyll-a concen-
tration (mg m−3; from MODIS–Aqua 4-km monthly data), and (e) particulate organic carbon (mg m−3; from 
MODIS–Aqua 4-km monthly data). The general location of the GBR is shown in (a). 
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Niño phases (Median FAR T1 = 0.94; 10th percentile 
FAR T1 = 0.88, relative to La Niña). The distribution 
of Coral Sea temperatures during El Niño episodes 
without greenhouse gases is similar to La Niña events 
in the RCP8.5 experiment.

Assessment of environmental factors. Potential envi-
ronmental and local coral stressors were examined 
qualitatively.

Metric 5 and 6. Lower than average JFM rainfall 
was observed in the Coral Sea region in 2016 (Fig. 
28.2a). Regional rainfall can impact coral through 
several mechanism; increased land-based rainfall 
impacts runoff levels and water quality (Graham et 
al. 2015), while decreased rainfall may be associated 
with reduced cloud cover and increased temperatures 
(Nicholls 2003). In 2016, reduced Coral Sea rainfall 
may have increased the risk of bleaching, in combi-
nation with increased temperatures. Reduced cloud 
cover fraction was also observed in 2016, which can 
impact bleaching through increasing UV exposure 
(Fig. 28.2b; Leahy et al. 2013).

Metric 7 and 8. Concentrations of chlorophyll-a 
and particulate organic carbon (Figs. 28.2b,c) were 
considered as metrics of local water quality and driv-
ers of bleaching risk during JFM. Corals located at 
sites with better water quality (reduced particulates 
and nutrient levels) were less prone to bleaching dur-
ing previous events (Mallela et al. 2016). In 2016, nu-
trient loads occurred relative to previous years, which 
may indicate improved water quality and a lower 
bleaching risk, compared to the long-term average.

Assessment of bleaching drivers. We examined inter-
related climatic and environmental conditions in 
the Coral Sea that altered the risk of GBR bleaching 
in 2016 (Table 28.1). Analysis demonstrates that 
anthropogenic GHG-forced trend in regional SSTs 
had a dominant impact on bleaching resulting in the 
record high antecedent and coincident SSTs in 2016 
(Metrics 1 and 2), and accumulated heat over this 
period (Metric 3). A combination of natural climate 
variability and the 2016 El Niño episode also contrib-
uted to ocean conditions resulting in the bleaching 
(Metrics 4, 5, and 6). Hence, the 2016 extreme thermal 
stress was due to the added effects of natural variabil-
ity and ENSO imposed on a regional anthropogenic 
increase in SSTs.

The Coral Sea ocean conditions resulting in the 
2016 GBR bleaching were the result of a confluence 
of increased risk from anthropogenic GHG-forced 
trend in regional SSTs, weak El Niño forcing and 

natural variability (Table 28.1). Differences relative 
to the 1997/98 massive but less severe bleaching event 
(~43%; Hughes et al. 2017), were extremely strong 
eastern equatorial Pacific El Niño conditions (Figs. 
ES28.1a,b). The differences in the flavor of El Niño 
contributed to local SSTs lower in 1998 than 2016 
and higher precipitation (Figs. 28.2a,b). Higher local 
temperatures than 1997/98 were observed in 2001/02 
(~56%) and 2005/06 when bleaching again occurred 
(Fig. 28.1a). In contrast, during the 2010/11 bleaching, 
record high rainfall (Bureau of Meteorology 2012) 
and runoff contributed to freshwater, rather than 
thermal stress. While differences in anthropogenic 
GHG forced trend in regional SSTs were negligible 
between 2016 and 2015, the additional impacts from 
the El Niño–Coral Sea SST relationship, combined 
with other natural climate variability inf luences, 
were sufficient to trigger the record 2016 bleaching.

Our study demonstrates that GHG warming of 
regional sea surface temperatures was the primary 
increase in risk for the 2016 GBR bleaching. This 
assessment indicates the risk of future bleaching 
may become more likely with further greenhouse 
warming, and that local environmental factors, such 
as water quality and upwelling will have increasingly 
limited capacity to remediate anthropogenic driv-
ers of temperature-induced bleaching (Wooldridge 
2016b). Furthermore, explorations of drivers of reef 
bleaching require explicit consideration of biological 
processes, environmental stressors, ENSO dynamics, 
anthropogenic warming and their interactions, as 
bleaching events likely have different drivers.
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