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Abstract

Projections of climate change impacts on coral reefs produced at the coarse resolution (~1°) of Global Climate Models
(GCMs) have informed debate but have not helped target local management actions. Here, projections of the onset of
annual coral bleaching conditions in the Caribbean under Representative Concentration Pathway (RCP) 8.5 are pro-
duced using an ensemble of 33 Coupled Model Intercomparison Project phase-5 models and via dynamical and statisti-
cal downscaling. A high-resolution (~11 km) regional ocean model (MOM4.1) is used for the dynamical downscaling.
For statistical downscaling, sea surface temperature (SST) means and annual cycles in all the GCMs are replaced with
observed data from the ~4-km NOAA Pathfinder SST dataset. Spatial patterns in all three projections are broadly simi-
lar; the average year for the onset of annual severe bleaching is 2040-2043 for all projections. However, downscaled pro-
jections show many locations where the onset of annual severe bleaching (ASB) varies 10 or more years within a single
GCM grid cell. Managers in locations where this applies (e.g., Florida, Turks and Caicos, Puerto Rico, and the Domini-
can Republic, among others) can identify locations that represent relative albeit temporary refugia. Both downscaled
projections are different for the Bahamas compared to the GCM projections. The dynamically downscaled projections
suggest an earlier onset of ASB linked to projected changes in regional currents, a feature not resolved in GCMs. This
result demonstrates the value of dynamical downscaling for this application and means statistically downscaled projec-
tions have to be interpreted with caution. However, aside from west of Andros Island, the projections for the two types
of downscaling are mostly aligned; projected onset of ASB is within 10 years for 72% of the reef locations.
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Projections at ~1° resolution are also effective education

and outreach tools, raising awareness among stake-
holders and the public of future regional-scale climate

Introduction

The ocean components of the Coupled Model Intercom-

parison Project phase-5 (CMIP5) Global Climate Mod-
els (GCMs or ‘climate models’) used by the
Intergovernmental Panel on Climate Change (IPCC) to
publish their fifth assessment report have a coarse reso-
lution (on the scale of 1°) (Frieler ef al., 2012; Taylor
et al., 2012). This is due to climate models being extre-
mely computationally intensive and costly to run. This
coarse resolution prevents climate models from resolv-
ing local-scale features that influence climate (Oey et al.,
2005; Karnauskas & Cohen, 2012). Climate model pro-
jections at ~1° resolution have informed discussions
among policymakers at regional and global scales (Le-
mos & Rood, 2010) and have been used to lobby for leg-
islation that would curb emissions (Stern, 2008).
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variability (Jylha et al., 2010). However, the on-ground
management of land, coast, and ocean ecosystems
always requires managers make decisions at the local
scale (a few km or 10s of kms) (Palumbi, 2004; McLeod
et al., 2009). These decisions shape or restrict human—
environment interactions to avoid user conflict and are
increasingly made in the hope of mitigating impacts
associated with climate change (Hughes et al., 2003;
Hoegh-Guldberg et al., 2007). Informing decisions
related to increasingly urgent local-scale actions means
there is often value in producing downscaled climate
model projections (Oreskes et al., 2010). This study
describes and compares projections of coral bleaching
events for the Gulf of Mexico, Florida, and Caribbean
using both statistical and dynamical downscaling.
Coral bleaching events are expected to increase in
frequency and severity as the climate changes
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(Hoegh-Guldberg, 1999; Donner et al., 2005, Hoegh-
Guldberg et al., 2007; Donner, 2009; van Hooidonk
et al., 2013, 2014). Stony corals bleach when warm
sea temperatures disrupt their mutualistic relation-
ship with algal symbionts, called zooxanthellae,
which reside within coral tissue (Douglas, 2003).
With the colorful algae expelled, the limestone coral
skeleton can be seen through transparent tissue.
Corals can either regain their zooxanthellae and sur-
vive (Baker, 2001) or die if temperature stress per-
sists. The most severe bleaching event ever recorded
in the Caribbean occurred in 2005 due to high ocean
temperatures in the tropical Atlantic and Caribbean
Sea. During this event, 80% of corals by area were
affected by bleaching and 40% died at many loca-
tions across 22 countries (Eakin ef al., 2010). Coral
reefs provide numerous goods and services such as
coastal protection and can be critically important to
livelihoods. As an example, in 2010, the tourism
industry supplied 12.8% or US$39.4 billion of the
Caribbean’s gross domestic product (World Travel &
Tourism Council (WTTC), 2010). Further loss of cor-
als on Caribbean reefs due to bleaching can directly
impact both food security and island economies
(Trotman et al., 2009).

Spatial variation in the extent and severity of coral
bleaching can be predicted in near real time by deter-
mining whether empirically derived temperature stress
thresholds strongly correlated to bleaching have been
exceeded (van Hooidonk & Huber, 2009). The common
metric used for predicting spatial variation in coral
bleaching severity due to temperature stress is degree
heating weeks (DHWs) (Gleeson & Strong, 1995). DHW
represent the accumulation of temperature stress above
long-term averages for the warmest month; 1 degree
above the long-term average for the warmest month in
a climatology for 1 week equals 1 DHW. 6.1 DHW is
the global optimum predictor of bleaching presence
(van Hooidonk & Huber, 2009), and eight DHW is
known to cause severe bleaching and mortality (Donner
et al., 2005; Eakin et al., 2010; Frieler et al., 2012). These
uniform thresholds have practical application but do
not account for species-specific thresholds or any possi-
ble adaptation or acclimatization of the corals (Logan
et al., 2014).

Global projections of bleaching conditions and ocean
acidification (OA) using the CMIP5 models were made
publicly accessible in an interactive format in late 2013
for all four Representative Concentration Pathways
(RCP, see Moss et al., 2010; van Hooidonk et al., 2014).
However, at the resolution of the GCMs, there is great
spatial variation (30+ years) across the globe in the pro-
jected timing of the onset of annual bleaching condi-
tions. This suggests that resolving this variation at

higher resolution through downscaling will enable
managers to identify relative refugia and undertake
more informed conservation planning. Climate model
projections can be downscaled either dynamically or
statistically. With dynamical downscaling, outputs
from various GCMs are used to drive a regional numer-
ical model in higher spatial resolution, enabling local
conditions to be simulated in greater detail (Liu et al.,
2012; Sun et al., 2012). Dynamical downscaling is fre-
quently used to produce projections of local-scale varia-
tion in variables such as temperature and precipitation
(Maraun et al., 2010; Paeth et al., 2011). We use the
GFDL Modular Ocean Model version 4.1 (MOM4.1)
here. MOM4.1 is available for the Gulf of Mexico and
wider Caribbean following multiple years of invest-
ment of effort in bias correction and to establish initial
and boundary conditions (Liu et al., 2015). The down-
scaled projection is of sea surface temperature (SST),
which we assess with respect to the likelihood of severe
bleaching events by calculating accumulated DHW for
each year through 2100.

For the statistical downscaling presented here, high-
resolution (4 km) observations of SST are used to adjust
the CMIP5 model baseline to present-day values before
the projections are run. Most previous projections (pre-
2013) of the timing of the onset of annual severe bleach-
ing have not adjusted the annual cycle of the GCMs to
observed values (Sheppard, 2003; Sheppard & Rioja-
Nieto, 2005), which can severely over- or underestimate
the onset of annual bleaching (van Hooidonk & Huber,
2012). Although the spatial patterns of monthly clima-
tological sea surface temperatures (SST) are well repre-
sented by the current generation of GCMs at coarser
scales; the skill is often reduced during the warmest
months (Kwiatkowski et al., 2014). Overall, at reef loca-
tions in the Caribbean, the current CMIP5 models show
a cold bias (Wang ef al., 2014). To account for these
biases, the annual cycle was corrected in the most up-
to-date climate projections of coral bleaching conditions
(van Hooidonk et al., 2013, 2014). For those projections
(van Hooidonk ef al., 2014), the model mean and
annual cycles for SST were replaced with observed
data, but the observed SST data used have the same
coarse resolution as the GCMs (dataset: OISST V2, see
also Oey et al., 2005; Liu et al., 2012; Lauer et al., 2013).
This reduces computational intensiveness but means
known high local-scale variation in SST is smoothed
and hidden. For the statistical downscaling approach
used here, the observed baseline mean present-day SST
and the annual cycles are used from the high-resolution
(4 km) Pathfinder SST climatology.

We present projections as maps and histograms for
the GCMs at model resolution and for both the dynam-
ical and statistical downscaling approaches. Spatial
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patterns in the relative timing of the projected onset of
annual severe bleaching are compared among all three
types of projections (i.e., CMIP5, and dynamical and
statistical downscaling approaches). The primary study
objective was to inform a discussion about the merits of
both dynamical and statistical downscaling for this
application and demonstrate the need for downscaled
projections of climate change impacts for other reef
regions. The secondary objective was to assess whether
and for which locations there is sufficient local-scale
spatial variation in the downscaled projections to
inform conservation planning.

Materials and methods

SST data from GCMs were obtained from the CMIP5 (http://
pemdi9.linl.gov/esgf-web-fe/) for the RCP8.5 experiment
(Moss et al., 2010; Riahi et al., 2011). Currently, and as in all of
the past generations of scenarios used in IPCC reports, emis-
sion concentrations are tracking above the projected concen-
trations of the worst-case scenario (Peters et al., 2012). RCP8.5
is used here as this scenario has the highest emission concen-
trations and growth rates and best characterizes current condi-
tions. Model outputs from 33 GCMs (see Table S1) were
adjusted by substituting the 2006-2011 model mean with the
observed mean from 1982 to 2008 from the Pathfinder v5.0 cli-
matology (Casey et al., 2010) (see Table S1 for list of models).
The 1982-2008 Pathfinder climatology is used for four reasons:
(1) 20062011 is too short a period to calculate a climatology,
(2) it has been found to have low bias and standard deviation
in comparison with other observational datasets (Kara et al.,
2008), (3) it includes a sophisticated harmonic analysis of the
AVHRR Pathfinder versions 5.0 and 5.1 day time and night-
time SST, and (4) another possible option for a climatology,
the NOAA CRW 1985-1993 climatology (excludes 1990 and
1991), has too coarse a resolution (0.5°). The 19822008 period
is slightly cooler than the 2006-2011 period. This makes our
projections slightly conservative or ‘optimistic’; the bleaching
conditions we project could occur slightly earlier than the pro-
jected date.

For the GCM-resolution (1°) projections (1 = 176 cells), the
annual cycle was replaced with the annual cycle from the
Pathfinder climatology following bilinear interpolation of the
Pathfinder to the GCM grid. To produce a statistically down-
scaled output, the model annual cycle was replaced with the
observed annual cycle from the Pathfinder data (Sheppard,
2003; Sheppard & Rioja-Nieto, 2005), after interpolating both
the Pathfinder and GCM data to the grid for the model used
for dynamical downscaling using bilinear interpolation (see
next section). Where model outputs were missing due to a
land mask, SSTs were interpolated in the zonal direction.
Degree heating months were calculated in the projections as
anomalies above the warmest monthly temperature (the maxi-
mum monthly mean or MMM) from the Pathfinder climatol-
ogy (Casey et al., 2010) and were summed for each 3-month
period. An alternative to MMM is the mean of the maximum
monthly SST from each year in the time period of the climatol-

ogy (MMMmax), a metric that represents the maximum clima-
tological temperature better in locations where the warmest
month changes from year to year (Donner, 2011). Here, the
MMM is used instead of the MMMmax for three reasons. (1)
DHW calculated from the MMM baseline outperform DHW
calculated from MMMmax in a global analysis presented in
Donner (2011). (2) MMM and MMMmax differ most for areas
within 5-8° from the equator where low seasonal variability
results in higher differences between MMM and MMMmax
(our study area is >10°N). (3) Using MMM ensures the down-
scaled projections presented here are compared to the GCM-
resolution projections for coral reef areas made publicly acces-
sible with van Hooidonk et al. (2014). The sigma-based vari-
ability method of Donner (2011) is not used because this
results in alert levels (bleaching thresholds) of 2.5 DHWs for
bleaching and ~5 DHWs for severe bleaching. 2.5 DHWs are
occurring annually everywhere now, which we know to be
false so cannot be used to project future bleaching conditions.
Degree heating months are converted into DHW by multiply-
ing by 4.35 (see also Donner 2005 and van Hooidonk et al.,
2013, 2014). The onset of annual severe coral bleaching
(referred to from here as ASB) is defined as the annual excee-
dance of >8 DHW accumulating during any 3-month period
(as in van Hooidonk et al., 2014). The onset of annual bleach-
ing conditions is defined as the annual exceedance of >6 DHW
accumulating during any 3-month period. Thresholds are
used here that are higher than the mean optimum predictor of
5.1 DHW for the Caribbean (van Hooidonk & Huber, 2009)
because at 6 and 8 DHW species-specific differences in suscep-
tibility and adaptive capacity will matter less and we can have
confidence thermal stress is sufficiently great for bleaching to
occur.

The Geophysical Fluid Dynamics Laboratory (GFDL) Mod-
ular Ocean Model version 4.1 (MOMA4.1; Griffies et al., 2004) is
used for the dynamical downscaling presented in this study.
The high-resolution, fully eddy-resolving MOM4.1 has a hori-
zontal resolution of 0.13 x 0.1 (~11 km, 3781 model cells with
coral reefs) in the study region and was forced with an ensem-
ble of 18 weighted GCMs (see Table S1). Biases in the surface
forcing fields were corrected by computing the difference
between the observed surface forcing climatology and the cli-
matology from the weighted ensemble of CMIP5 models. The
difference (the bias-correction term) is added to the CMIP5
surface forcing fields for the period of 1900-2098. The initial
and boundary conditions for the temperature and salinity are
also bias-corrected following the same methodology used for
the surface forcing fields. For more details on surface forcing,
bias correction, and initial condition setting for MOM4.1, see
the electronic supplementary material and Liu ef al. (2015).
MOM4.1 was run in hindcast mode for 1900-2005 and pro-
duced SST anomalies that very closely track the HadISST data-
set (see Liu et al., 2015, and Fig. S1). The MOM4.1 outputs
were adjusted by changing the 20062011 model mean to
observed values from the 1982-2008 Pathfinder v5.0 climatol-
ogy, after interpolating Pathfinder to the MOM4.1 grid using
bilinear interpolation. A pseudo-ensemble of the MOM4.1 was
made because the 33-member GCM ensemble mean has less
interannual variability than any one model member used in
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Fig. 1 Projected timing in the onset of annual severe bleaching (>8 DHW) in years for: (a) the ensemble of Global Climate Models
(GCMs, see Table S1 for list) at model resolution (1° x 1°), (b) dynamical downscaling through using GCM outputs to force the GFDL
Modular Ocean Model (MOM4.1, ~0.1° resolution), and (c) statistically downscaling GCM outputs by replacing the model mean and
annual cycle for SST with observed data from 1982 to 2008 re-gridded to the scale of MOM4.1. For each plot, mean year is shown +1

standard deviation.

the 18-member ensemble used to force MOM4.1, or the single
output of MOMA4.1. To create pseudo-ensemble members, the
quadratic trend and annual cycle of the mean-corrected
MOM4.1 output were removed and all remaining monthly
anomalies were randomized 33 times. The observed seasonal
cycle from Pathfinder v5.0 data was then added to these 33
time series and the quadratic trend was re-inserted. To iden-
tify the onset of ASB, ensemble mean DHW values were
calculated for each year by averaging the DHW value from all

ensemble members. The mean, trend, and variation in pro-
jected DHW counts for each year were plotted for the GCM
and MOM4.1 ensembles to ensure projections can be meaning-
fully compared (see Fig. S2).

All model outputs were reduced to a subset of only reef
locations obtained from the coral reef distribution layer from
UNEP-WCMC  (http://www.unep-wemc.org), — generated
using the validated Millennium Coral reef Mapping Project
(MCRMP) data (Andréfouét et al., 2006). The three types of

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901
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Fig. 2 Histograms showing the distribution of the data presented within Fig. 1 (labels here and in Fig. 1 match, (a) GCM, (b) MOM4.1,
and (c) GCMstat); values for number and percent of reef locations (grid cells) are shown in Table S2.

projections (GCM ensemble, and dynamical and statistical
downscaling) are shown as maps of the year of onset of 6 and
8 DHW conditions and are presented with complementary
histograms. Differences in the timing of the onset of annual
severe bleaching (8 DHW) are expressed in years and calcu-
lated for each grid cell by: (1) subtracting the dynamical
downscaling output year from the output year from the
GCMs, (2) subtracting the statistical downscaling output year
from the projected year from the GCMs, and (3) subtracting
the dynamical downscaling output year from the statistical
downscaling output year. Differences in the projected timing
of annual bleaching (6 DHW) and severe bleaching (8 DHW)
conditions are compared using scatter plots and linear regres-
sion. The average difference in the projected timing for the
two bleaching conditions and the standard deviation are cal-
culated for each projection type. GCM cells are identified
within which the dynamical or statistical downscaling results
for the timing of ASB have a range of 10-15, or >15 years.
These thresholds, 10 and 15 years, are suggested to aid in
identifying where the range of model projections is suffi-
ciently great to inform conservation planning. These thresh-
olds are greater than the region-wide standard deviation of
the GCM runs for statistical downscaling (10.47 years).

All interpolation was performed using Climate Data Opera-
tors, a software package available from: https://code.z-
maw.de/projects/cdo/. All model output adjustment,
projections, data visualization, and analysis were conducted
using the NCAR Command Language (NCL; http://
www.ncl.ucar.edu/).

Results

For the projections produced using the GCM ensemble
(Fig. 1a), the onset of ASB occurs before 2030 for 7.95%
of reef locations (Fig. 2a). These locations are in the
northern Yucatan, northeastern Cuba, parts of the
northern and southern Dominican Republic, and north-
ern Colombia (Fig. 1a). Annual severe bleaching is pro-
jected to occur after 2050 for another 7.95% of reef
locations. These locations are in Belize, Haiti, Trinidad,
and Tobago and parts of northern and southern Cuba.

The average year for the onset of ASB projected using
the GCM ensemble mean is 2040 + 10.28 (Fig. 1a).
Greater than 75% (76.14) of reef locations have a pro-
jected timing for the onset of ASB between 2035 and
2050 (Fig. 2a).

The average year for the onset of ASB projected using
dynamical downscaling is 2041 + 10.33 (Fig. 1b). As is
the case for the GCM ensemble, >70% (72.41) of reef
locations have a projected timing for the onset of ASB
between 2035 and 2050 (Fig. 2b). Just over 15% (15.39)
of reef locations are projected to experience ASB after
2050 for the dynamical downscaling, roughly twice that
seen for the GCM ensemble projections (7.95%, Fig. 2a).
The projected timing in the onset of ASB from dynami-
cal downscaling is within 5 years of the projection from
the GCM ensemble for 50.54% of reef locations
(n =3781). 21.21% of reef locations are projected to
experience ASB >5 years earlier in the dynamically
downscaled projections and 28.25% >5 years later (Fig.
4a).

The projections produced using dynamical down-
scaling (via MOM4.1), shown in Fig. 1b, have many
similar spatial patterns at the regional scale as those
produced with the GCM ensemble (Fig. 1a, b). Differ-
ences in the projected timing of the onset of ASB
between the dynamical downscaling and the GCM
ensemble are shown in numbers of years in Fig. 3a.
Negative and positive values mean that the down-
scaled projection of ASB occurs sooner and later in the
dynamical downscaling, respectively. Differences in
the projected timing of the onset of ASB averaged over
the entire region are <1 year (0.52 £+ 9.52; Fig. 3a) for
the 3781 reef locations in the study region (at MOM4.1
resolution of ~11 km). Timing in the onset of ASB is
projected for the northern Yucatan before 2030, for
Haiti after 2055, and between 2040 and 2050 for the
eastern Caribbean in both the GCM and dynamically
downscaled projections (Fig. 1b). However, there is
also major local-scale variation (>20 years in some

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901
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Fig. 3 Differences in the projected timing in years of the onset of annual severe bleaching between (a) the dynamical downscaling
using GFDL’s Modular Ocean Model (MOM4.1) and the year projected by the ensemble of GCMs, (b) the statistical downscaling of the
GCM outputs and the year projected by the ensemble of GCMs, and (c) the statistical downscaling of the GCM outputs and dynamical
downscaling using MOMA4.1. For each plot, the mean difference is shown +1 standard deviation.

cases) in the projected timing of the onset of ASB
(Fig. 1b) within what are single grid cells (1° x 1°) in
the GCM ensemble projections. The differences are
>5 years for parts of the west Yucatan, the Dominican
Republic, southern Cuba, Turks and Caicos, Andros
Island and for the greater Bahamas and Florida Reef
Tract (Fig. 3a).

There is 25+ years variation in the projected timing of
the onset of ASB for reefs near Andros Island and in
the greater Bahamas area in the dynamical downscaling

(Fig. 5b). Specifically, reefs near the west coast of
Andros Island are projected to experience ASB before
2030 and reefs far offshore of west Andros after 2055.
The projected timing for the onset of ASB from the
GCM ensemble is 2040 for this entire area (Fig. 1a; Fig.
5a). There is also 20+ years of variation within the Flor-
ida Reef Tract (FRT) in projected timing for the onset of
ASB (Fig. 5b). Reef locations in the western FRT are
projected to experience ASB ~20 years sooner (late
2020s in the dynamical downscaling vs. early 2040s in

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901
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Fig. 4 Histograms showing the distribution of the data presented within Fig. 3 (labels here and in Fig. 3 match, (a) MOM4.1-GCM, (b)
GCMstat-GCM, (c) GCMstat-MOM4.1); values for number and percent of reef locations (grid cells) are shown in Table S3.

the GCM ensemble projections). In contrast, reefs in the
eastern FRT are projected to experience ASB 10+ years
later (early 2050s vs. early 2040s in the GCM ensemble
projections).

The spatial patterns in the projected timing of ASB
produced using statistical downscaling of the GCM
ensemble output nearly exactly match those produced
using dynamical downscaling (Fig. 1b, c; Fig. 3c); the
only exceptions being the FRT and Bahamas
(Fig. 2b, ¢). The statistically downscaled projections do
not suggest that the western FRT will experience ASB
10+ years sooner than the GCM ensemble projects, as is
the case for the dynamical downscaling (Fig. 3b, c).
However, both the statistically and dynamically down-
scaled projections suggest the eastern FRT will experi-
ence ASB 10+ years later than the GCM ensemble
projects. The dynamical and statistical downscaling
produced contrasting results for the large reef area off
the west coast of Andros Island in the Bahamas. The
statistically downscaled projections suggest that reefs
along the coast will experience ASB in the late 2040s
and early 2050s (dynamical downscaling — late 2020s
and early 2030s) and that the offshore areas to the west
will experience ASB 20+ years earlier than those near
the coast in the 2030s (dynamical downscaling — late
2040s and early 2050s, see Fig. 5b, c). The average year
for the onset of ASB projected using statistical down-
scaling is 2043 + 10.47. The projected timing in the
onset of ASB from statistical downscaling is within
5 years of the projection from the GCM ensemble for
52.23% of reef locations (n =3781) and is within
10 years of the projection using dynamical downscaling
for (72% of reef locations, Figs. 3c, 4c). Statistical down-
scaling projects ASB >10 years earlier than dynamical
downscaling for 5% of reef locations and >10 years later
for 21% of locations, nearly all of which are west of
Andros Island (Fig. 3c).

There are almost no differences in the spatial varia-
tion in projections for annual bleaching (6 DHW, Figs

S3, 54) and severe bleaching (8 DHW, Fig. 1). Plots
comparing the projected timing of bleaching vs. severe
bleaching conditions are shown in Fig. S5 with R* val-
ues equal to or exceeding 0.95 in all three cases. Pro-
jected spatial variation does not differ between the
thresholds for any of the projection types, but the tim-
ing does shift. The average difference in the projected
timing for annual bleaching conditions is 6 years earlier
than annual severe bleaching conditions for all three
projection types (SD values, GCM - 2.15, MOM4.1 —
1.58, GCMstat — 2.13).

The range for projections of the onset of annual
severe bleaching conditions within GCM cells is
<10 years for ~50% of the GCM cells for both downscal-
ing approaches (Fig. 6). For the dynamical downscal-
ing, 15% of the GCM cells have a range for the
downscaled output for ASB of 10-15 years, and 29%
have a range of >15 years. Similarly, for the statistical
downscaling, 13% of the GCM cells have a range for
the downscaled output for ASB of 10-15 years, and
38% have a range of >15 years. Locations where the
projected range exceeds 15 years for both downscaling
approaches (western Bahamas excluded) include the
Yucatan Peninsula, Belize, Cuba, Puerto Rico, and
northern Brazil (Fig. 6).

Discussion

Looking region-wide, the downscaled projections
describe a future for Caribbean coral reefs with respect
to exposure to bleaching conditions that is broadly sim-
ilar to what is projected by the GCM ensembles. As
examples of this, there are similarities in the spatial var-
iation in the timing of the onset of ASB among the three
types of projections, and there are similarities in the
mean year for the onset of ASB, which is within 2 years
of 2041. Further, the standard deviation around all
three means is very nearly the same, ranging from
10.28 to 10.47 years. For all projection types, all reef
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Fig. 5 Projected timing in years of the onset of annual severe bleaching (~8 DHW) for the Florida Reef Tract and the Bahamas for: (a)
the ensemble of Global Climate Models (GCMs, see Table S1 for list) at GCM-resolution (~1°), (b) dynamical downscaling through
using GCM outputs to force the GFDL Modular Ocean Model (MOM4.1, ~0.1° or ~11 km resolution), and (c) statistically downscaling
GCM outputs by replacing the model mean and annual cycle for SST with observed data from 1982 to 2008. For each plot, mean year is

shown =+1 standard deviation.

locations are projected to experience ASB by the early
2070s and half or more of the locations are projected to
experience ASB by the mid-2050s. Such general similar-
ities are expected given GCM model outputs are the
inputs for both approaches to downscaling. Neverthe-
less, the general similarities among the three projection
types increase confidence that the projections can be

meaningfully compared. Broad similarities aside, the
downscaled projections show high local-scale variation
in the timing of the onset of ASB within what are single
GCM grid cells. There is also a high level of agreement
between the projections produced with dynamical and
statistical downscaling for the great majority of the
study region.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901
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Fig. 6 Projected range in the onset of annual severe bleaching (>8 DHW) conditions within GCM cells for both downscaling
approaches. Dark gray, orange, and blue correspond to a range <10, 10-15, and >15 years, respectively. Percentages are as follows:
MOMA4.1 (0-10 years — 56%, 1015 years — 15%, >15 — 29%); GCMstat (0-10 years —49%, 10-15 — 13%, >15 years — 38%).

When the shallow lagoon west of Andros Island is
excluded, the projected year for the onset of ASB from
statistical downscaling is within +10 years of the pro-
jected year from dynamical downscaling for 90% of reef
locations. The benefit of dynamical downscaling using
a regional ocean model (e.g., Karnauskas & Cohen,
2012; Liu et al., 2012, 2015) is that we can better resolve
features that greatly influence the warming that leads
to thermal coral bleaching. Examples of these features
that relate to local-scale hydrodynamics include hori-
zontal transport and entrainment, upwelling, wind-dri-
ven mixing, eddies, and the influence of shallow
bathymetry on any of the listed variables (Skirving
et al., 2006). Several of these features apply in the large
(~30 000+ km®) shallow area west of Andros Island
where the spatial patterns in the projected timing of the
onset of ASB are very different (see Fig. 5b, ¢) for the
two types of downscaled projections. The dynamical
downscaling projects an earlier onset of ASB for the
shallow region west of Andros Island than the statisti-
cally downscaled projections. The projected enhanced
warming in this shallow region in the dynamically
downscaled projections is directly affected by the pro-
jected changes in the regional current systems.
MOM4.1 projects a weakening of the Loop Current,

which brings warm water from along the eastern part
of the Yucatan Peninsula up into the Gulf of Mexico
and then south and east through the Florida Straights
(between Florida and Cuba, Liu et al., 2015). MOM4.1
projects the Loop Current will slow just west of Andros
Island, which will probably result in warm water pool-
ing during summer months. An additional explanation
for the early onset of ASB west of Andros in the
dynamical but not statistical downscaling is that the
shallow bathymetry in the area prevents vertical mix-
ing, which may not be resolved in all GCMs (see Liu
et al., 2015).

The statistical downscaling of the GCM ensemble
outputs does not resolve local-scale features such as the
eddies required to properly represent the Loop Current
(Oey et al., 2005). Therefore, the statistically down-
scaled projection of ASB for west Andros is 15+ years
later than is seen in the dynamically downscaled pro-
jections. However, if we combine all local-scale deci-
sion-making capacity across the study region, we can
use the level of agreement between the dynamical and
statistical downscaling as a proxy for the value of
dynamical downscaling region-wide for projecting
bleaching conditions. Viewed this way, dynamical
downscaling would be seen as critical for Andros
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Island but low value region-wide, given 90% of the cells
(excluding Andros Island) in the dynamical and statisti-
cal downscaling projections vary by <10 years. This
point is critically important in establishing the merit
and utility of applying statistical downscaling globally
to the projection of bleaching conditions. Dynamical
downscaling requires highly specialized expertise and
is extremely time-intensive and expensive. For these
reasons, dynamical downscaling is unlikely to be feasi-
ble within the coming few years for most reef regions.
The benefit of statistical downscaling in contrast is that
it is inexpensive, is possible now for all reef locations,
and can be undertaken at an even higher resolution
than shown in Fig. 1c and 3c. We interpolated the Path-
finder SST climatology used to replace the mean and
annual cycle in the GCMs from 4 km to the MOM4.1
grid (0.13° x 0.1°, ~11-km). Future statistical downscal-
ing of GCM ensemble outputs to project bleaching con-
ditions could be produced at 4 km resolution with the
same approach used here.

Using the downscaled projections, we identified GCM
cells within which the dynamical and statistical down-
scaling projections for timing of the onset of ASB are
>10 years. At all of these locations, local managers can
use the downscaled projections to identify relative refu-
gia (orange and blue in Fig. 6). These refugia are reefs
projected to experience severe thermal stress annually
later than other locations within the same management
area. Knowing projected local-scale variation in expo-
sure to bleaching conditions can inform management
decision-making in two interrelated ways. Firstly, man-
agers may choose to target actions to reefs likely to have
earlier exposure to bleaching conditions to help mitigate
impacts and support recovery. Such actions include
reducing anthropogenic stressors such as land-based
sources of pollution, herbivore fishing, and other extrac-
tive practices and anchoring. Managers may also target
actions to sites likely to have later exposure to bleaching
conditions (the relative refugia) as these reefs may be
able to provide ecosystem goods and services longer
than the locations with earlier exposure to bleaching
conditions and may be optimal coral nursery locations.
Managers can also target actions to both kinds of sites
(see Salm et al., 2006; McLeod et al., 2009). Secondly,
managers can use downscaled projections as education
and outreach tools. Increased awareness of projected
local-scale variation in exposure to bleaching conditions
may galvanize people into action. Increased awareness
may also increase environmental stewardship, raising
support for and compliance with the actions described
above that shape or restrict resource use.

At the time of publication, only one other published
study has employed dynamical downscaling to produce
projections of climate change impacts or ocean acidifi-

cation in coral reef areas. Karnauskas & Cohen (2012)
use an eddy-resolving regional ocean circulation model
to show that warming declines around some Pacific
islands due to enhanced upwelling associated with a
strengthening of the equatorial undercurrent. This
result is analogous to that shown here for Andros Island
but is the opposite finding. Karnauskas & Cohen (2012)
provide an example of dynamical downscaling reveal-
ing locations likely to experience less thermal stress
than the GCM ensembles suggest. Our example from
Andros Island identified a location likely to experience
more thermal stress than the GCM ensembles suggest.

Statistical downscaling has been used to refine previ-
ous generations of GCMs to project coral bleaching at
select sites, but the resolutions of the downscaled pro-
jections were 36 km or in the range of 1-2° (Sheppard,
2003; Donner et al., 2005; Sheppard & Rioja-Nieto, 2005;
Hoeke et al., 2011). Donner et al. (2005) undertake sta-
tistical downscaling to produce projections of bleaching
using the UK Meteorological Office HadCM3 model
and National Center for Atmospheric Research PCM1
model. These authors project biennial bleaching (~4.35
DHW threshold) for 95-98% of reefs by 2050-2059
under the SRES A2 scenario. In contrast, this and
related previous studies (van Hooidonk et al., 2013,
2014) use the current generation of models (CMIP5)
and the new RCP emission scenarios and project annual
severe bleaching conditions (8§ DHW) under RCP8.5 for
>90% of reef locations by 2060 (van Hooidonk et al.,
2014). There are a number of reasons why the current
projections vary so markedly from those presented by
Donner et al. (2005). PCM1 is among the models with
lowest sensitivity; for a doubling of CO2, the projected
temperature increase is only 1.5 °C. The CMIP5 models
resolve climate processes in greater detail and with
greater accuracy than previous generations of climate
models, and a model ensemble is used here to develop
summary projections rather than individual models.
Lastly, RCP8.5 is a more emission-intensive scenario
than SRES A2.

This study is the first to use statistical downscaling to
produce projections of climate-related threats to coral
reefs from a model ensemble and on a scale of <20 km.
We make the case that statistical downscaling of GCM
ensemble projections of coral bleaching conditions is
critical future work for all of the world’s coral reef loca-
tions. Statistically downscaled SST projections can also
potentially be used to produce high-resolution projec-
tions of shifts in aragonite saturation state due to ocean
acidification. However, the results from dynamical
downscaling presented by Karnauskas & Cohen (2012)
and presented here for Andros Island indicate why
statistically downscaled projections would need to be
interpreted with caution in some regions. Statistically
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downscaled projections will have higher uncertainty in
locations where climate change is expected to affect
dynamically changing properties of currents and/or
affect other features that influence warming.

There are a number of caveats and assumptions
that relate to the use of climate models to produce
projections of environmental conditions (see review in
van Hooidonk et al., 2013). These are characteristic of
all studies using climate models and ensembles of
models to project future conditions in coral reef areas
or elsewhere and cannot be completely overcome.
However, some sources of uncertainty in GCM
ensemble projections at average global model resolu-
tion (1° x 1°) can be reduced. A key concern with the
coarse resolution projections is that models describe
surface and deep waters only and thus do not resolve
near-reef and near-coastal processes that can influence
sea temperatures. Here, we reduce the uncertainty
this causes in different ways for each of the downscal-
ing approaches used. In the dynamical downscaling,
MOM4.1 resolves processes such as eddies and eddy
shedding needed to describe the western boundary
currents in the region. At the resolution of the GCM
ensemble members, eddies or the Loop Current can-
not be resolved (Liu et al., 2012, 2015). These pro-
cesses influence transport of heat throughout the
region and thus are important in projecting bleaching
conditions. Here, we use the ensemble mean from the
CMIP5 models to drive the downscaled MOM4.1 sim-
ulations, which may reduce the internal variability
within the individual models. Therefore, this work
can also benefit from performing more downscaled
MOMA4.1 simulations forced by one (or more) of the
individual models, especially by choosing the model
or models with the greatest weights (see Table S1) to
estimate the range of temperature variability within
the 21st century. In the statistical downscaling, the
high-resolution (4-km) SST observations from 1982 to
2008 replace the SST means and annual cycles in the
GCMs, grounding them in the reality of past condi-
tions at the local scale. An implication of using the
19822008 climatology, rather than a climatology
inclusive of even more recent years, is that the projec-
tions presented here are slightly optimistic. Substitut-
ing SST means and annual cycles in the GCMs with
slightly higher values (for some locations) would
result in an even earlier onset of the bleaching and
severe bleaching conditions than is shown here. Knut-
ti & Sedlacek (2013) review robustness and uncertain-
ties in the new CMIP5 climate model projections
(used here). These authors explain that the climate
models are improving and representing more climate
processes in greater detail and that the ‘uncertainties
should not stop decisions being made’.

A 2004 survey revealed that two-thirds of scientists
and managers (survey included 286 people) believe that
local anthropogenic stress poses a greater threat to coral
reefs than global climate change (Kleypas & Eakin,
2007). Even so, climate change impacts on coral reefs
have been so well publicized that climate change is
popularly described as the single greatest threat to coral
reef ecosystems and the goods and services they pro-
vide. The reality is that climate change impacts com-
pound those caused by local human activities and
natural resource managers have far greater influence
over local anthropogenic stressors than the root cause
of global climate change. For this reason, managers
need downscaled projections that increase understand-
ing of what spatial variation in exposure to climate-
related stressors like bleaching conditions may be.
Managers also need to know whether variation in
model projections is sufficiently great to warrant inclu-
sion in decision-making processes (see Fig. 6). In the
framework used by the IPCC to assess vulnerability,
exposure and sensitivity combine to produce potential
impact. Whether the impacts manifest determines vul-
nerability and this vulnerability is moderated by adap-
tive capacity (Schroter et al., 2004; IPCC, 2007). Spatial
variation in sensitivity and adaptive capacity is not
included in the projections presented here. Future
local-scale variation in reef-scale vulnerability to cli-
mate change is likely to be driven as much by variation
in sensitivity and adaptive capacity as by exposure to
thermal stress. Our knowledge of spatial variation in
sensitivity and adaptive capacity and our confidence in
that knowledge varies at all spatial scales. Where and
when available, managers can combine that knowledge
with information on spatial variation in projected expo-
sure to thermal stress made available from downscaled
projections. Vulnerability assessments can be devel-
oped and refined as a result and then used in manage-
ment and conservation planning.

Acknowledgements

This work was supported primarily by a NOAA CRCP grant to
RvH with secondary support for JAM from NOAA CRCP and
NFWF grants and a Marie Curie Actions Fellowship from the
ERC. The Pacific Islands Climate Change Cooperative of Hono-
lulu, Hawaii, funded parts of the initial research upon which
this work is based. We thank the WCRP’s Working Group on
Coupled Modelling, which is responsible for CMIP, and all
groups that have developed and refined the models listed in
Table S1. For CMIP, the U.S. Department of Energy’s Program
for Climate Model Diagnosis and Intercomparison provides
support in partnership with the Global Organization for Earth
System Science Portals. MOM4.1, used here for dynamical
downscaling, was developed and is maintained by the GFDL,
with ongoing support from NOAA’s OAR. The MOM4.1 down-
scaling is supported by a grant from NASA and by the base

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901



12 R. VAN HOOIDONK et al.

funding of NOAA Atlantic Oceanographic and Meteorological
Laboratory (AOML). We are also grateful to Mary Haley and
other developers of the NCAR Command Language (Version
6.2.0) of Boulder, CO (http://dx.doi.org/10.5065/D6WD3XH5).
The authors declare that no conflict of interests exist. The manu-
script contents are solely the opinions of the authors and do not
constitute a statement of policy, decision, or position on behalf
of NOAA or the U. S. Government.

References

Andréfouét S, Muller-Karger FE, Robinson JA, Kranenburg CJ, Torres-Pulliza D,
Spraggins SA, Murch B (2006) Global assessment of modern coral reef extent and
diversity for regional science and management applications: a view from space.
Proceedings of the 10th International Coral Reef Symposium, 2, 1732-1745.

Baker AC (2001) Ecosystems: reef corals bleach to survive change. Nature, 411, 765—
766.

Casey KS, Brandon TB, Cornillon P, Evans R (2010) The past, present and future of
the AVHRR pathfinder SST program. In: Oceanography from Space: Revisited (eds
Barale V, Gower JFR, Alberotanza L), Springer, Dordrecht.

Donner SD (2009) Coping with commitment: projected thermal stress on coral reefs
under different future scenarios. PLoS One, 4, €5712.

Donner SD (2011) An evaluation of the effect of recent temperature variability on the
prediction of coral bleaching events. Ecological Applications, 21, 1718-1730.

Donner SD, Skirving WJ, Little CM, Oppenheimer M, Hoegh-Guldberg O (2005) Glo-
bal assessment of coral bleaching and required rates of adaptation under climate
change. Global Change Biology, 11, 2251-2265.

Douglas AE (2003) Coral bleaching—how and why? Marine Pollution Bulletin, 46, 385—
392.

Eakin C, Morgan J, Heron S et al. (2010) Caribbean corals in crisis: record thermal
stress, bleaching, and mortality in 2005. PLoS One, 5, €13969.

Frieler K, Meinshausen M, Golly A, Mengel M, Lebek K, Donner SD, Hoegh-Guld-
berg O (2012) Limiting global warming to 2 & #xB0;C is unlikely to save most coral
reefs. Nature Climate Change, 2, 1-6.

Gleeson MW, Strong A (1995) Applying MCSST to coral-reef bleaching. Advances in
Space Research, 16, 151-154.

Griffies SM, Harrison MJ, Pacanowski RC, Rosati A (2004) A Technical Guide to
MOM4. NOAA /Geophysical Fluid Dynamics Laboratory, Princeton.

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the
world’s coral reefs. Marine and Freshwater Research, 50, 839-866.

Hoegh-Guldberg O, Mumby PJ, Hooten AJ et al. (2007) Coral reefs under rapid
climate change and ocean acidification. Science, 318, 1737-1742.

Hoeke RK, Jokiel PL, Buddemeier RW, Brainard RE (2011) Projected changes to growth
and mortality of Hawaiian corals over the next 100 years. PLoS One, 6, €18038.

van Hooidonk R, Huber M (2009) Quantifying the quality of coral bleaching predic-
tions. Coral Reefs, 28, 579-587.

van Hooidonk R, Huber M (2012) Effects of modeled tropical sea surface temperature
variability on coral reef bleaching predictions. Coral Reefs, 31, 121-131.

van Hooidonk R, Maynard JA, Planes S (2013) Temporary refugia for coral reefs in a
warming world. Nature Climate Change, 3, 1-4.

van Hooidonk R, Maynard JA, Manzello D, Planes S (2014) Opposite latitudinal gra-
dients in projected ocean acidification and bleaching impacts on coral reefs. Global
Change Biology, 20, 103-112.

Hughes TP, Baird AH, Bellwood DR et al. (2003) Climate change, human impacts,
and the resilience of coral reefs. Science, 301, 929-933.

IPCC (2007): Climate change 2007: impacts, adaptation and vulnerability. In: Con-
tribution of Working Group II to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (eds Parry ML, Canziani OF, Palutikof JP, van
der Linden PJ, Hanson CE), pp. 976. Cambridge University Press, Cambridge,
UK.

Jylhd K, Tuomenvirta H, Ruosteenoja K, Niemi-Hugaerts H, Keisu K, Karhu JA (2010)
Observed and projected future shifts of climatic zones in Europe and their use to
visualize climate change information. Weather, Climate, and Society, 2, 148-167.

Kara AB, Barron CN, Wallcraft AJ, Oguz T, Casey KS (2008) Advantages of fine reso-
lution SSTs for small ocean basins: evaluation in the Black Sea. Journal of Geophysi-
cal Research, 113, 1-15.

Karnauskas KB, Cohen AL (2012) Equatorial refuge amid tropical warming. Nature
Climate Change, 2, 530-534.

Kleypas JA, Eakin CM (2007) Scientists” perceptions of threats to coral reefs: results of
a survey of coral reef researchers. Bulletin of Marine Science, 80, 419-436.

Knutti R, Sedlacek J (2013) Robustness and uncertainties in the new CMIP5 climate
model projections. Nature Climate Change, 3, 369-373.

Kwiatkowski L, Halloran PR, Mumby PJ, Stephenson DB (2014) What spatial scales
are believable for climate model projections of sea surface temperature? Climate
Dynamics, 43, 1483-1496.

Lauer A, Zhang C, Elison-Timm O, Wang Y, Hamilton K (2013) Downscaling of cli-
mate change in the Hawaii region using CMIP5 results: on the choice of the forcing
fields*. Journal of Climate, 26, 10006-10030.

Lemos MC, Rood RB (2010) Climate projections and their impact on policy and prac-
tice. Wiley Interdisciplinary Reviews: Climate Change, 1, 670-682.

Liu Y, Lee S-K, Muhling BA, Lamkin JT, Enfield DB (2012) Significant reduction of
the Loop Current in the 21st century and its impact on the Gulf of Mexico. Journal
of Geophysical Research, 117, C05039.

Liu Y, Lee S-K, Enfield DB, Muhling BA, Lamkin JT, Muller-Karger F, Roffer MA
(2015) Potential impact of climate change on the intra-Americas sea: Part-1. A
dynamic downscaling of the CMIP5 model projections. Journal of Marine Systems,
148, 56-69.

Logan CA, Dunne JP, Eakin CM, Donner SD (2014) Incorporating adaptive responses
into future projections of coral bleaching. Global Change Biology, 20, 125-139.

Maraun D, Wetterhall F, Ireson AM et al. (2010) Precipitation downscaling under cli-
mate change: recent developments to bridge the gap between dynamical models
and the end user. Reviews of Geophysics, 48, RG3003.

McLeod E, Salm R, Green A, Almany J (2009) Designing marine protected area net-
works to address the impacts of climate change. Frontiers in Ecology and the Envi-
ronment, 7, 362-370.

Moss RH, Edmonds JA, Hibbard KA et al. (2010) The next generation of scenarios for
climate change research and assessment. Nature, 463, 747-756.

Oey LY, Ezer T, Lee HC (2005) Loop current, rings and related circulation in the Gulf
of Mexico. In: A Review of Numerical Models and Future Challenges, in Circulation in
the Gulf of Mexico: Observations and Models (eds Sturges W, Lugo-Fernandez A),
American Geophysical Union, Washington, DC.

Oreskes N, Stainforth DA, Smith LA (2010) Adaptation to global warming: do climate
models tell us what we need to know? Philosophy of Science, 77, 1012-1028.

Paeth H, Hall NM, Gaertner MA et al. (2011) Progress in regional downscaling of
West African precipitation. Atmospheric Science Letters, 12, 75-82.

Palumbi SR (2004) Marine reserves and ocean neighborhoods: the spatial scale of
marine populations and their management. Annual Review of Environmental
Resources, 29, 31-68.

Peters GP, Andrew RM, Boden T et al. (2012) The challenge to keep global warming
below 2°C. Nature Climate Change, 3, 4-6.

Riahi K, Rao S, Krey V et al. (2011) RCP 8.5—A scenario of comparatively high green-
house gas emissions. Climatic Change, 109, 33-57.

Salm RV, Done T, McLeod E (2006) Marine protected area planning in a changing cli-
mate, in coral reefs and climate change. In: Science and Management (eds Phinney
JT, Hoegh-Guldberg O, Kleypas ], Skirving W, Strong A), American Geophysical
Union, Washington, DC.

Schroter D, Metzger M], Cramer W, Leemans R (2004) Vulnerability assessment-anal-
ysing the human-environment system in the face of global environmental change.
Environmental Science Section Bulletin, 2, 11-17.

Sheppard CRC (2003) Predicted recurrences of mass coral mortality in the Indian
Ocean. Nature, 425, 294-297.

Sheppard C, Rioja-Nieto R (2005) Sea surface temperature 1871-2099 in 38 cells in the
Caribbean region. Marine Environmental Research, 60, 389-396.

Skirving W, Heron M, Heron S (2006) The hydrodynamics of a bleaching event: impli-
cations for management and monitoring. In: Coral Reefs and Climate Change: Science
and Management (eds Phinney ]JT, Hoegh-Guldberg O, Kleypas ], Skirving W,
Strong A), American Geophysical Union, Washington, DC.

Stern N (2008) The economics of climate change. The American Economic Review, 98, 1—
37.

Sun C, Feng M, Matear R], Chamberlain MA, Craig P, Ridgway KR, Schiller A (2012)
Marine downscaling of a future climate scenario for Australian boundary currents.
Journal of Climate, 25, 2947-2962.

Taylor KE, Stouffer RJ, Meehl GA (2012) An overview of CMIP5 and the experiment
design. Bulletin of the American Meteorological Society, 93, 485-498.

Trotman A, Gordon RM, Hutchinson SD, Singh R (2009) Policy responses to GEC
impacts on food availability and affordability in the Caribbean community. Envi-
ronmental Science & Policy, 12, 529-541.

Wang C, Zhang L, Lee S-K, Wu L, Mechoso CR (2014) A global perspective on CMIP5
climate model biases. Nature Climate Change, 4, 201-205.

World Travel & Tourism Council (WTTC) (2010). Travel and Tourism Economic Impact
2010. WTTC, London, UK. pp.1-16.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901


http://dx.doi.org/10.5065/D6WD3XH5

DOWNSCALED PROJECTIONS OF CORAL BLEACHING 13

Supporting Information
Additional Supporting Information may be found in the online version of this article:

Appendix S1. Methods related to the MOM4.1 model run.

Figure S1. MOM4.1 in hindcast mode compared to HadISST.

Figure S2. Comparison of mean DHW count variability and trend.

Figure S3. Projections of annual bleaching conditions (6 DHW).

Figure S4. Histograms for projections of annual bleaching conditions (6 DHW).
Figure S5. Scatter plot comparing projected timing of annual 6 and 8 DHW.
Table S1. List of models used in GCM ensemble and to force MOM4.1.

Table S2. Data distribution for Fig. 2 in paper.

Table S3. Data distribution for Fig. 4 in paper.

Table S4. Data distribution for Fig. S3.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12901



