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Abstract
We examined the seasonal and spatial variability in the temperatures of nearshore reef waters over 19 months
across Coral Bay at Ningaloo Reef, Western Australia. Local deviations in the mean daily temperature of
nearshore reef waters from offshore values (DT) were a linear function
of the combined effect of net atmospheric

pﬃﬃﬃﬃﬃ
heating (Qnet) and offshore wave height and period Hs tp . Whereas intra-annual variation in local heat
exchange was driven mainly by seasonal changes in shortwave radiation, intra-annual variation in local cooling
was driven mostly by changes in relative humidity (r2 5 0.60) and wind speed (r2 5 0.31) that exhibited no
apparent seasonality. We demonstrate good agreement between nearshore reef temperatures modeled from
offshore sea surface temperatures, offshore wave forcing, and local atmospheric heat fluxes with observed
temperatures using a simple linear model (r2 5 0.31–0.69, root-mean-square error 5 0.4–0.9uC). Using these
modeled nearshore reef temperature records, we show that thermal stresses across the reef reached between 16uC
weeks and 22uC weeks in the summer of 2011 when a mass coral bleaching event was reported, and between 12uC
weeks and 13uC weeks in the following summer of 2012 when no mass bleaching was reported. After
compensating for differences between observed and modeled thermal stresses, we found that maximum thermal
stresses across the reef likely reached as high as 18–34uC weeks in the summer of 2011. The approach used here
could thus improve our ability to predict spatial variation in thermal stress and bleaching across other wavedriven nearshore reef systems.

The continued warming of the world’s oceans is driving
the increased frequency and severity of coral bleaching
(Hughes et al. 2003; Hoegh-Guldberg et al. 2007). This
issue has stimulated considerable work to determine levels
of thermal stress and bleaching thresholds in coral reefs
based on regional temperature variability (Manzello et al.
2007; Eakin et al. 2010; van Hooidonk and Huber 2011).
Applying these bleaching thresholds to predictions of
regional ocean temperatures from coupled ocean–atmosphere global circulation models has given us the means to
predict the frequency of future bleaching events under
different climate scenarios on regional and global scales
(Teneva et al. 2011; Frieler et al. 2012; van Hooidonk et al.
2013). A number of studies have shown, however, that the
in situ temperatures of nearshore waters at the local or
reef scale (, 1 km) can deviate significantly from the
temperature of offshore waters (Leichter et al. 2006;
Castillo and Lima 2010; Pineda et al. 2013). Furthermore,
spatial variations in water temperature and bleaching
intensity within nearshore reef systems can occur over tens
to hundreds of meters (Davis et al. 2011; van Woesik et al.
2012; Pineda et al. 2013). Such small-scale variations in
temperature and thermal stress could thus pose a challenge
for predicting the bleaching or reduced growth of corals
* Corresponding author: Jim.Falter@uwa.edu.au

based solely on offshore sea surface temperatures (SST;
McClanahan et al. 2007; Maynard et al. 2008; Weeks et al.
2008). An improved understanding of the forcing mechanisms driving reef-scale temperature variability will help
constrain how regional climate forcing translates into finescale patterns of locally varying thermal stresses across
nearshore reef systems.
The elevation or depression of nearshore reef temperatures relative to offshore waters is caused by the net flux of
thermal energy across the air–sea interface (Weller et al.
2008; McGowan et al. 2010). How much water temperatures change for a given level of heat exchange, however,
further depends on the strength and pattern of reef
circulation (Nadaoka et al. 2001; McCabe et al. 2010;
Davis et al. 2011). Earlier studies have examined the
combined role of atmospheric forcing and circulation on
changes in water temperature over the scale of hundreds of
meters in smaller reef systems (McCabe et al. 2010; Davis et
al. 2011); however, there are many larger reef systems that
span several kilometers and contain waters whose age
ranges from several hours to several days (Jouon et al.
2006; Zhang et al. 2012). The complex dependency of reef
circulation and water residence time on offshore wave
conditions, tides, and overall reef geomorphology would
suggest that spatial variations in temperature within many
of these larger reef systems can be resolved only with the
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aid of a three-dimensional hydrodynamic model (Andréfouët et al. 2006; Zhang et al. 2013). Indeed, the
development and application of numerical models have
provided us with a powerful tool for interpreting spatial
and temporal variations in water quality as well as the
physical and biological processes that drive them (Watanabe et al. 2012; Zhang et al. 2012, 2013). The construction
and validation of such coupled hydrodynamic models,
however, is specific to each individual reef system and
requires a significant amount of time, resources (e.g.,
supercomputers), and experience to complete. It would be
helpful if there were a simpler and more straightforward
approach with which to interpret observed spatial temperature variations in nearshore reef environments based on
local climatic forcing, and to reconstruct local records of
temperature and thermal stress over periods when no in situ
observations are available. Such an approach would be
particularly helpful in reef systems where mass bleaching
is observed, but no in situ records of the local water
temperatures responsible for the bleaching event are
available. Furthermore, understanding the full range of
temperature variability (and hence thermal stress) to which
particular reef habitats are normally exposed is critical to
determining their particular bleaching threshold and, thus,
the longer-term response of reef communities to ongoing
climate change.
Here we examine the influence of local net heat fluxes
and offshore wave forcing on temperature variations across
a wave-driven nearshore reef system , 10 km2 in area for a
year and a half at Ningaloo Reef in Western Australia. We
show that differences between daily observed nearshore
temperatures and daily offshore SST can be explained by a
combination of offshore wave height, wave period, and net
atmospheric heat flux data provided by global climate
models. We then use these empirical relationships in
conjunction with records of high-resolution offshore SST
to model variations in nearshore reef temperatures during
two consecutive and anomalously warm summers: one that
resulted in a mass coral bleaching event and one that did
not. We further explore how spatial variations in nearshore
temperatures at Coral Bay responded to various regional
climate factors in the southeast Indian Ocean. More
importantly, the simple, semiempirical approach used here
could improve our ability to predict spatial variation in
thermal stress and bleaching across other wave-driven
nearshore reef systems.

Methods
Study site—Coral Bay (also known as Bill’s Bay,
S 23.13uE 113.76u) is a reef–lagoon system , 5 km long
and , 2 km wide located in the southern part of the
Ningaloo Reef Tract, which is a regional fringing reef
system extending , 300 km along the northwestern
Australian coast between Shark Bay and the North West
Cape (Fig. 1). What most distinguishes Ningaloo Reef
from other reef systems attached to the western coastlines
of major land masses is the presence of a perennial warm,
oligotrophic, and poleward eastern boundary current
known as the Leeuwin Current. The nearly constant flow

of warm water provided by the Leeuwin Current water
helps to constrain the depth and intensity of wind-driven
upwelling normally associated with western coastal margins and thus maintain conditions suitable for the growth
of scleractinian coral. Increased temperatures in the source
waters feeding the Leeuwin Current combined with a
strengthening of the current itself, however, can result in
elevated thermal stress across the entire system. This was
best demonstrated by a historically unprecedented ‘‘marine
heat wave’’ that formed along Ningaloo Reef and much of
Western Australia in early 2011 due to particularly strong
La Niña conditions across the Indo-Pacific (Feng et al.
2013). The mass bleaching associated with this event
(Depczynski et al. 2012; Moore et al. 2012) clearly
demonstrated how global climate patterns could affect
coral communities within an individual reef system through
regional climate-forcing mechanisms.
The overall morphology of Coral Bay is fairly typical for
both the greater Ningaloo Reef Tract that extends , 300 km
along the northwest Australian coastline as well as
numerous other Indo-Pacific reef systems (Wiens 1962). It
has a modestly sloping fore-reef (, 1 : 30) that rises up to a
shallow barrier reef (, 400 m wide and 0.5–1 m deep at mean
sea level) that encloses a lagoon 3–6 m deep (Fig. 1). Like
numerous other nearshore reef systems, the circulation of
Coral Bay is predominantly wave driven (Bonneton et al.
2007; Lowe et al. 2009; Zhang et al. 2012). Shoreward of the
surf zone, wave-induced setup drives water across the reef
flat, through the lagoon, and out the two main channels:
False Passage to the west (which we will herein refer to as the
West Channel) and the channel off Point Maud to the north
(which we will herein refer to as the North Channel).
Significant wave heights offshore of Coral Bay average
around 2 m, but can exceed 4 m during particularly strong
swells. Water residence times across the lagoon can vary
between a few hours and several days, depending on the
offshore wave conditions and the particular location within
the reef system (Zhang et al. 2012).
Observed temperature records—Our strategy for studying
the seasonal and spatial variability in water temperature
within the Coral Bay system was to target reef zones that
would exhibit a variety of distinct thermal behavior based on
differences in depth and residence time, i.e., ranging from
sites where offshore water had just come across the reef flat
(e.g., Boat Channel and Snapper Hole) to sites where water
was leaving the lagoon through the West and North
Channels (e.g., Ashos Gap and North Channel), and finally
to sites that would receive the least amounts of wave-driven
flushing within the inner lagoon (Inner Bay and Skully). We
deployed temperature loggers 0–2 m off the bottom at six
locations throughout Coral Bay to record changes in water
column temperatures every 5 min (6 0.2uC accuracy, Hobo
Pro-v2 U22, Onset; Fig. 1; Table 1) from 14 February 2011
through 01 March 2012 (12.5 months). Daily mean
temperatures (T) at each site were calculated by averaging
sensor data on a given day from midnight to midnight.
Because continuous measurements of offshore SST from
a moored instrument were not available at Coral Bay, we
instead used global high-resolution (, 1 km) Level 4 SST
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Fig. 1. Satellite image of Coral Bay (courtesy of Digital Globe and Google Earth) showing
sites where temperature loggers (red circles) and a light logger (yellow circle) were deployed. The
red-outlined box indicates the offshore region of interest over which 1 km high-resolution
satellite-derived SST data were averaged (6 3 3 km).

data (herein referred to as 1 km SST) compiled from a
combination of multiple satellite sensors and in situ
observations using a multi-scale two-dimensional blending
algorithm provided by the Regional Ocean Modeling
System group at the National Aeronautics and Space
Administration Jet Propulsion Laboratory (Chao et al.
2009). Comparison of daily-averaged 1 km SST against
daily average SST data recorded at 17 6 1 m depth between
August 2010 and November 2011 from a mooring 4 km off
the Ningaloo reef crest and 90 km to the north of Coral
Bay (Integrated Marine Ocean Observing System, http://
wa.aodn.org.au/wa/) indicated close agreement between the
two data sets (SSTsat 5 1.026 3 SSTobs 2 0.25uC, rootmean-square error [RMSE] 5 0.46uC, r2 5 0.95, n 5 451).
The daily temperature climatology for waters offshore of
Coral Bay was linearly interpolated from mean monthly
averages over the 20 year period spanning 01 January 1990
through 31 December 2009 (Strong et al. 2011). Because the
high-resolution 1 km SST data were available only from
January 2010 onward, we obtained records of daily SST
between 01 January 1990 through 31 December 2009 from
another global high-resolution (25 km) SST data set (herein
referred to as 25 km SST) blended from a combination of
multiple satellite Level 2 AVHRR sensor data and in situ
ship and buoy observations provided by the National
Climate Data Centre (Reynolds et al. 2007). As with the

1 km SST data, there was also close agreement between
daily average observed SST and daily average 25 km SST
(SSTsat 5 1.087 3 SSTobs 2 1.92uC, RMSE 5 0.72uC, r2 5
0.90, n 5 451); however, it was not quite as good as with
the 1 km SST data when considering residual errors
(RMSE 5 0.72uC vs. 0.46uC, F449,449 5 2.45, p , 0.001).
All satellite-derived SST data presented in this paper have
been calibrated against moored observations based on the
regressions reported above.
Oceanic and atmospheric forcing—Offshore significant
wave heights (Hs) and peak periods (tp) were taken from
Wavewatch III (WW3) model simulations run by the
Environmental Modeling Center within the National
Oceanic and Atmospheric Administration. Earlier work
has shown that wave heights predicted on the Coral Bay
forereef using the same WW3 (http://polar.ncep.noaa.gov/
waves/download.shtml) data set were in close agreement
with in situ observations (HWW3 5 1.08Hobs + 0.15, r2 5
0.87, n 5 249, Zhang et al. 2013). Hourly atmospheric data
on air pressure, air temperature, wind speed, specific
humidity, downward shortwave radiation, and net downward long-wave radiation for the broader Ningaloo region
at roughly 0.2u resolution (, 20 km) were provided by the
National Center for Environmental Prediction Climate
Forecast System Reanalysis Version 2 (CFSRV2; http://
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Table 1. RMSEs (in degrees Celsius) and correlation coefficients between daily temperatures modeled from high-resolution (1 km)
pﬃﬃﬃﬃﬃ
offshore SST data with and without climate forcing ðzQnet =Hs tp Þ vs. observed temperatures at all sites across Coral Bay (n 5 382).
Also shown are the maximum thermal stresses (DHW) achieved at each study site in 2011 calculated from modeled temperature record
(Modeled) and compensated (Comp.) for differences between observed and modeled temperature variance (see Fig. 9). Also shown is the
date on which each maximum occurred.
Offshore SST only
Site

RMSE

r2

Offshore
Boat Channel
Snapper Hole
Ashos Gap
North Channel
Inner Bay
Skully

—
0.5
0.8
0.7
1.2
1.2
1.8

—
0.94
0.88
0.90
0.78
0.78
0.65

Offshore SST + climate forcing
RMSE

Modeled

Comp.

—
0.4
0.5
0.5
0.7
0.7
0.9

—
0.96
0.94
0.94
0.92
0.93
0.90

12.6
16.4
17.6
16.9
20.1
20.3
21.9

12.6
17.9
22.7
21.4
31.1
30.6
33.5

rda.ucar.edu/pub/cfsr.html). These bulk atmospheric data
were used to calculate daily averaged net shortwave, net
long-wave, sensible, latent, and total net heat fluxes to or
from the reef system using the Coupled Ocean–Atmosphere
Response Experiment (COARE) atmospheric forcing
model v3.0 (Fairall et al. 2003) for Matlab (Mathworks)
provided by the Center for Ocean Atmospheric Prediction
Studies (http://coaps.fsu.edu/COARE/flux_algor/).
The net flux of heat across the air–sea interface (Qnet) is the
sum of the net absorption of downwelling shortwave radiation
(Qsw), the net emission of long-wave radiation (Qlw), the net
sensible heat flux or convective heat exchange (Qsens), and the
net latent heat flux or evaporative heat exchange (Qlat):
Qnet ~Qsw zQlw zQsens zQlat

ð1Þ

In the COARE model, latent heat fluxes Qlat are
modeled as a function of bulk atmospheric conditions near
the air–sea boundary (Fairall et al. 1996)
Qlat ~ra Cx Ua Le ðqs {qÞ

ð2Þ

where ra is the density of air, Cx is a boundary flux scaling
term, Ua is the wind speed, Le is the latent heat of
vaporization, qs is the saturation specific humidity at the
water surface, and q is the specific humidity of the air. To
discriminate between how much changes in Qlat were being
driven by the capacity of the air to absorb water vapor (and
therefore latent heat) vs. the atmospheric boundary layer
physics driving convective heat and mass transfer velocities
 
(Ua), here we define the ‘‘potential latent heat storage’’ Le
of the atmosphere based on the last three variables in Eq. 2:
Le ~Le ðqs {qÞ

Maximum DHW (uC weeks)

r2

ð3Þ

Finally, we calculated the net absorption of shortwave
radiation
from the incident downward shortwave radiation
 z
Qsw assuming an average total albedo of 14% for the
water column and benthos Qsw ~ 0:86 Qz
sw . This albedo
was calculated from the known distribution of benthic
community types within Coral Bay (Zhang et al. 2013) and
their associated spectrally averaged bottom albedos (ranging
from 0.14 for coral and algae to 0.46 for bare sand; Hochberg
and Atkinson 2000) as well as accounting for additional losses

Date
26
11
18
30
03
03
03

Apr
Apr
Mar
Mar
Mar
Mar
Mar

due to the absorption of light in the water column (kd 5
0.14 m21, Zhang et al. 2012) and reflection of light at the air–
sea interface (Kirk 1994). Our independently calculated value
is in line with prior estimates of total albedo for other coral
reefs (10%; Davis et al. 2011). We further collected our own
light data using a downwelling scalar photosynthetically active
radiation (PAR) sensor (Odyssey) mounted on the roof of the
Coral Bay Research Station managed by Murdoch University
(Fig. 1). This sensor was calibrated against a factorycalibrated LiCor LI-192 downwelling scalar PAR sensor kept
back at our lab at the University of Western Australia.
Hindcasting temperature and thermal stress—Prior studies have indicated that changes in water chemistry across
Coral Bay and other wave-driven reefs are primarily
dependent on the ratio of the benthic mass flux to the
square root of the onshore wave energy flux (Zhang et al.
2012; Falter et al. 2013). This is because the depthintegrated transport of water through the reef system is
proportional to wave-driven setup at the reef crest, which,
in turn, is proportional to the square root of the onshore
wave energy flux (Gourlay and Colleter 2005; Lowe et al.
2009). Following a similar approach, we related differences
between daily-averaged temperatures at each reef site and
offshore SST (DT) to the net daily heat flux across the air–
sea boundary and offshore wave conditions according to

pﬃﬃﬃﬃﬃ
DT~a Qnet =Hs tp zb
ð4Þ
where a and b are the best-fit slope and y-intercept
computed from a linear regression of daily-averaged DT
pﬃﬃﬃﬃﬃ
vs. Qnet =Hs tp at each site for the period when in situ reef
water temperatures were available (from 14 February 2011
to 01 March 2012). Using this information, we could then
model daily average temperatures at each reef site (Tmodel)
by starting with the 1 km offshore SST data (SST1km) and
adding DT calculated from records of daily mean Qnet, Hs,
and tp according to Eq. 4:
Tmodel ~SST1km zDT

ð5Þ

We used Eqs. 4 and 5 to hindcast temperature records at
each reef site from 01 October 2010 through 01 May 2012
(19 months) covering three distinct seasons: the anoma-
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Fig. 2. Daily average values of important climate-forcing variables between January 2011
and March 2012 (black line). (A) Local offshore wave heights from WW3. (B) Local wind speed,
(C) air temperature, (D) relative humidity (RH), and (E) potential latent heat storage of the air
Le . The red lines represent smoothing of each time series with a 1 week moving average.
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lously warm summer of 2011 (which began in December
2010) when there was a record-high marine heat wave and
mass bleaching was reported, the following winter of 2011,
and then the anomalously warm summer 2012 (which
began in December 2011) when no bleaching was reported.
To hindcast records of local thermal stress, we calculated
the number of degree heating weeks (DHW) accumulated at
each reef site as well as offshore (Liu et al. 2003; Strong et al.
2011; http://coralreefwatch.noaa.gov/satellite/methodology/
methodology.php). To calculate DHW, we first identified
days on which water temperatures were more than 1uC
above their historical maximum monthly mean (MMM) and
calculated the daily temperature anomaly (or hotspot) for
those days. We then backward-integrated both of the daily
hotspot records with a moving 12 week window (84 d) to
obtain continuous records of daily DHW. The offshore
MMM was calculated from the 20 yr climatology of
offshore water temperatures derived from the 25 km SST
record according to the protocols referenced above. The
MMM at each nearshore reef site was based on its local 20 yr
climatology, which, in turn, was modeled according to Eqs.
4 and 5 using the 20 yr offshore SST climatology and the
20 yr climatology for Qnet obtained from the CFSRV2
database as input and assuming an average offshore wave
height of 1.9 m and peak period of 13 s. Given that in situ
observations of nearshore reef temperatures were available
only from 14 February 2011 through 01 March 2012, and
because a prior 12 week integration window is required to
calculate DHW from a give temperature time series, we
could not calculate DHW from in situ temperature records
during the warmest period in 2011 when bleaching occurred
(before 08 May 2011) nor during the warmest period in 2012
(after 01 March 2012). Therefore, to examine thermal
stresses during these important periods and to be consistent
in our calculation of DHW, we calculated DHW for the
16 month period between 23 December 2010 and 01 May
2012 using nearshore reef temperatures modeled from
offshore SST and climate-forcing data (Eqs. 4 and 5). We
calculated 90% confidence intervals for our DHW records
by Monte Carlo simulation of error propagation based on
uncertainties in either the observed (6 0.2uC) or modeled
(to be determined) temperature data. Finally, to determine
how much DHW calculated from modeled nearshore
temperatures would over- or underestimate the true
DHW, we compared DHW calculated from both modeled
and observed nearshore temperature records between 08
May 2011 and 01 March 2012.

Results
Regional climate—There was little seasonality in either
offshore wave heights or wind speed (Fig. 2A,B), with each
parameter exhibiting average annual value of 1.9 6 0.7 m
and 6.7 6 2.5 m s21, respectively (mean 6 standard
deviation [SD]). The median peak wave period for the
entire study period was around 13 s and , 90% of the daily
average peak wave periods fell between 9 and 16 s (data not
shown). As expected, however, there was clear seasonality
in daily-averaged air temperatures at Coral Bay, which
reached a winter minimum of less than 19uC (July 2011)

and summer maxima of around 29uC in 2011 (January
through April) and around 28uC in 2012 (late January
through February), thus defining a seasonal range of
roughly 10uC (Fig. 2C). There was also little apparent
seasonality in the relative humidity of the air over Coral
Bay (Fig. 2D) or in its potential to store additional latent
heat (Le , Fig. 2E). Estimates of downwelling shortwave
radiation from the CFSRV2 data followed expected
seasonal trends and showed generally good agreement with
daily-integrated downwelling PAR fluxes measured at the
Coral Bay Marine Station over a 4-month period (01
February 2012–02 June 2012, r2 5 0.67, n 5 123), thus
giving us confidence in the climate reanalysis data. These
time series showed even better agreement when the data
were averaged over a week (r2 5 0.87, n 5 17).
Shortwave radiation was the largest term in the heat flux
budget (averaging 275 W m22 in summer, 177 W m22 in
winter, and 232 W m22 over all seasons) and the only heat
flux term that exhibited any coherent seasonality (SD 5
86 W m22; Fig. 3). Net long-wave, sensible, and latent
heat fluxes exhibited annual averages of 270, 29, and
2170 W m22, respectively, with the latent air–sea heat flux
acting as the dominant heat loss term. Although these last
three heat fluxes exhibited little seasonality, they nonetheless
varied substantially over the study period (SD 5 28, 23, and
70 W m22, respectively). Because net shortwave radiation
was the biggest contributor to the variance in Qnet, there was
a clear seasonal dependency in Qnet as well (Fig. 3); it was
positive in the warmer austral spring–summer period
between October and April and negative in the cooler
austral autumn–winter period between April and October.
Both wind speed and the potential latent heat storage of
the air contribute synergistically to the latent heat
 flux
through the product of their values Qlat ! Ua Le . Thus,
how much each parameter contributed to the overall
variance in Qlat is best assessed through their respective
coefficients of variation (SD/X̄ ) to get around fundamental differences in their physical dimensions and value
ranges (m s21 vs. kJ kg21). The coefficient of variation in
wind speed over the entire study period was only 7%,
whereas the coefficient of variation in potential latent heat
storage was 22%, or three times higher. This implies that
changes in relative humidity contributed more to variation
in latent heat fluxes than did changes in wind speed. Net
long-wave radiation was negatively correlated with relative
humidity because of the insular effect of atmospheric
water vapor on long-wave emissions (r2 5 0.45, n 5 424,
p , 0.001). Given that sensible heat fluxes were generally
minor most of the time (Fig. 3), we can approximate the
rate of local atmospheric cooling (i.e., only heat losses) to
be the sum of the latent and long-wave heat fluxes (Qcool
< Qlat + Qlw). Qcool was most strongly and negatively
correlated with relative humidity (Fig. 4A, r2 5 0.60, n 5
424, p , 0.001) and it was, to a lesser extent, positively
correlated with wind speed (Fig. 4B, r2 5 0.31, n 5 424,
p , 0.001). Relative humidity and wind speed, however,
were not correlated with one another (r2 5 0.00).
Water temperatures and thermal stresses—Offshore SST
exceeded 28uC for much of January through February 2011
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Fig. 3. Average daily heat sources and sinks for Coral Bay including net shortwave
radiation, net long-wave radiation, latent heat flux, sensible heat flux, and the total net heat flux
calculated from the CFSRV2 data using the COARE model. All time series shown have been
smoothed with a 7 d moving average for ease of viewing.

and was on average 2.7uC higher than the offshore MMM
for the prior 20 yr (29.3uC vs. 26.6uC, Fig. 5A). This event
was part of a larger marine heat wave moving southward
along the coast of Western Australia (Feng et al. 2013).
From the beginning of our observations in mid-February
2011 to around early March 2011, temperatures inside
Coral Bay frequently exceeded 29uC and reached values
that were 1–2uC warmer than waters offshore (Fig. 5B).
Not surprisingly, this period of historically elevated
temperatures led to the mass bleaching of around 30% of
the coral cover within Coral Bay (Moore et al. 2012).
Although this period of extreme offshore temperatures
continued well into April, temperatures inside Coral Bay
switched from being predominantly higher than offshore
SST to being predominantly lower than offshore SST by
late March (Fig. 5). By May 2011, offshore SST was no
longer much different from its prior 20 yr climatology and
remained close to its historical average for the next 7–
8 months, until around January 2012. During the interim
winter, however, daily mean temperatures recorded inside
Coral Bay would occasionally reach levels 5uC cooler than
offshore SST. Although offshore SST reached temperatures
of well over 28uC in February 2012, it did not do so for a
consistent period of time (i.e., more than a week) until early
March of that year. Thus, offshore SST exceeded its mean
20 yr climatology by 1.2uC on average in January and
February of 2012 and by 1.7uC on average in March of

2012. Regardless of the time of year, the difference between
nearshore and offshore temperatures generally increased
when moving from sites closer to the reef crest (e.g., Boat
Channel and Snapper Hole) to sites closer to shore (e.g.,
Inner Bay and Skully).
Linear correlations between daily DT and daily
pﬃﬃﬃﬃﬃ
Qnet =Hs tp were significant at all sites (r2 5 0.31–0.69,
RMSE 5 0.4–0.9uC, p , 0.01, n 5 372; Fig. 6). Slopes
pﬃﬃﬃﬃﬃ
from the regression of DT vs. Qnet =Hs tp generally
increased with the distance of each site from the reef crest
(from 0.015 at the Boat Channel to 0.070 at Skully)
reflecting a broader spatial trend of temperature deviations
increasing with distance from the reef crest. The relatively
small magnitude of the y-intercepts indicated little bias in
temperature elevations or depressions under the range of
atmospheric thermal forcing observed (i.e., |DT| # 0.3uC
when Qnet 5 0 for all sites except Skully). Hindcasts of reef
temperatures based on the 1 km offshore SST and observed
pﬃﬃﬃﬃﬃ
relationships between DT and Qnet =Hs tp generally
showed good agreement with in situ observations (r2 5
0.90 to 0.96, RMSE 5 0.4uC to 0.9uC; Fig. 7; Table 1) and
led to a significant reduction in error vs. predictions from
offshore SST alone (F . 1.5 for all sites, p , 0.001).
Modeled thermal stresses (DHW) across the reef reached
maximum levels in the summer of 2011 that were estimated
to be between 16uC weeks and 22uC weeks, or 5–11uC
weeks higher than the offshore maximum of 12.6uC weeks,
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thermal stresses across the reef likely reached between
, 18uC weeks and 34uC weeks (Fig. 8).

Discussion

Fig. 4. Rates of local atmospheric cooling at Coral Bay
(Qcool < Qlat + Qlw) vs. (A) humidity and (B) wind speed.

and arrived 2–6 weeks earlier than did the offshore
maximum (Fig. 8; Table 1). The following summer of
2012 was still anomalously warm by historical standards;
however, modeled thermal stresses across the reef reached
maximum levels that were between 12uC weeks and 13uC
weeks, or just 2–3uC weeks higher than the offshore
maximum of 10.1uC weeks, and arrived roughly 1–3 weeks
earlier than did the offshore maximum (Fig. 8; Table 1).
No coral bleaching was reported in Coral Bay during the
summer of 2012. DHW calculated solely from observed in
situ reef temperatures were 8–54% higher than DHW
calculated using temperatures modeled from offshore SST
and climate-forcing data; however, relationships between
the two were linear and highly correlated (slope 5 1.08–
1.54, y-intercept # 0.15, r2 $ 0.97, n 5 299 for all reef sites;
Fig. 9). Applying these regressions to the entire time series
of modeled DHW, we estimate that in 2011 maximum

We were able to explain much of the variance in the
difference between daily nearshore reef temperatures and
daily offshore SST across a , 10 km2 reef system using
only offshore wave and atmospheric data provided by
global climate models (Fig. 6). This was done without in
situ measurements of offshore temperatures or local heat
fluxes, and, more importantly, without a spatially and
temporally explicit circulation model to properly simulate
the hydrodynamic connectivity between the reef sites and
offshore. Although having in situ measurements of offshore
SST would certainly have been preferable, the generally
good agreement between observed offshore SST and highresolution satellite SST data (1 and 25 km) further supports
their use as a proxy for offshore temperatures (Toscano et
al. 2000; Donner et al. 2005; Schiller et al. 2009). Moreover,
the very good agreement between the hindcast and
observed reef water temperatures indicates that the
pﬃﬃﬃﬃﬃ
composite forcing variable Qnet =Hs tp still captures the
basic physical mechanisms through which offshore wave
forcing controls the age (or residence time) of water at each
reef site and how atmospheric forcing controls the amount of
heat lost or gained by reef waters in that time. The fact that
pﬃﬃﬃﬃﬃ
the slopes of DT vs. Qnet =Hs tp increased with circulatory
distance from the reef crest largely reflected spatial patterns
of increasing water age across Coral Bay (Zhang et al. 2012).
Thus, spatial changes in water temperature throughout
Coral Bay and other wave-driven nearshore reef systems
depend not only on the particular degree of wave exposure
and atmospheric conditions, but also on the specific
geomorphology of the reef system, much like spatial changes
in reef water chemistry (Falter et al. 2013).
Beyond just providing us with a predictive tool, the
semiempirical model further provided us with the means to
assess the relative importance of the different climate
factors driving reef-scale variations in thermal stresses by
evaluating their independent contributions to the forcing
pﬃﬃﬃﬃﬃ
variable Qnet =Hs tp . Although average significant wave
heights offshore of Ningaloo Reef are slightly higher than
‘‘average’’ conditions reported for other reef systems (1.8
vs. 1.3 m; Falter et al. 2013), our results imply that
nearshore reef systems exposed to weaker wave forcing will
experience even greater spatial and temporal variation in
water temperature than those exposed to stronger wave
forcing. Similarly, nearshore reef systems exposed to
naturally higher and more variable cloud cover relative to
Coral Bay will likely experience even greater short-term
variation in local heating than we observed here. High
cloud cover has been thought to ameliorate bleaching in
other reef systems; however, this could also be due to the
additional effects of reduced light stress (Fabricius 2006).
How atmospheric climate drives the cooling of reef
waters (Qlat + Qlw) is less straightforward than forcing by
either waves or sunlight. Because latent heat fluxes and net
long-wave radiation are the two largest sources of heat loss,
and they both depend on the relative humidity of the
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Fig. 5. (A) Daily mean temperatures at reef sites across Coral Bay. Also shown are the daily
offshore SST (1 km) averaged over the region of interest shown in Fig. 1 and the 20 yr average of
SST for the nearest offshore region derived from the 25 km blended SST data; both time series
have been smoothed with a 1 week moving average. (B) Differences in daily mean temperatures at
select sites across Coral Bay relative to offshore SST (1 km). The dashed line indicates zero
difference in temperature.

atmosphere, changes in relative humidity alone explained
most of the variance in rates of local atmospheric cooling
(60%). Both latent and sensible heat fluxes depend on the
local wind speed through its influence on convective heat
and mass transfer velocities; however, sensible heat fluxes
were almost always the smallest of all the heat flux terms.
Therefore, wind speed effectively contributed to air–sea
heat exchange only through its influence on latent heat
fluxes and thus explained only 31% of the variance in rates
of local atmospheric cooling. Furthermore, because changes in relative humidity and wind speed were completely
independent of one another (r2 5 0.00), together they could
explain 90% of the variance in rates of local atmospheric
cooling. Surprisingly, both latent heat fluxes and rates of

local atmospheric cooling were insensitive to the large
seasonal changes in air temperature (r2 , 0.06 for both)
even though saturation humidity increases with air
temperature (Fairall et al. 2003). This indicates the limited
role that air temperature plays in the net heating or cooling
of reef waters. Taken in total, our results indicate that
changes in the physical capacity of the air over Coral Bay
to absorb additional moisture Le were the most
important source of variation to the cooling of reef waters,
followed to a lesser extent by changes in wind speed. This
emphasizes how much relative humidity can influence the
local heat budgets of reef waters. It also implies that the net
atmospheric heating of reef waters could be more intense in
very humid, tropical regions.
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Fig. 6. Daily average difference in temperature between reef and offshore waters vs. the
ratio of daily average atmospheric to offshore wave forcing for the period from 15 February 2011
through 01 March 2012 (n 5 372). The red lines represent the best-fit linear regression and the
blue lines represent the 90% confidence intervals of each fitted regression.

When and where nearshore reef temperatures differ from
offshore SST because of the combined influence of
circulation and heat exchange depends largely on the
prevailing oceanic and atmospheric weather as well as the
morphology of the particular reef system. Although we
found that modeling nearshore reef temperatures from
offshore SST and local climate forcing significantly reduced

the error between observed and hindcast temperatures at all
reef sites when compared to using offshore SST alone, the
improvements were fairly modest on average (, 1uC),
particularly at the most seaward reef sites (Boat Channel,
Snapper Hole, and Ashos Gap). Such small corrections
indicate that local temperature deviations from offshore
SST in the more seaward reef zones are likely minor under
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Fig. 7. Time series of daily mean offshore SST taken from
the 1 km satellite data and observed daily mean temperatures at
Snapper Hole, North Channel, and Skully sites for the period
between 01 October 2010 and 01 May 2012. Also shown are reef
water temperatures hindcast over the same period by correcting
the offshore SST data with data from global wave and
atmospheric climate models using Eqs. 4 and 5 (see text).
Correlation coefficients and RMSEs shown represent a comparison of the observed and hindcast temperatures. A full comparison
between offshore SST and hindcast temperatures vs. observed reef
temperatures at all sites is provided in Table 1.
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typical climate conditions. However, these temperature
deviations can become more substantial when the reef is
already being subjected to strong regional ocean warming
and/or when climate forcing is particularly intense, even in
more seaward reef zones. This was most evident in the
summer of 2011, when offshore temperatures were several
degrees Celsius above their historical norms, local net heat
fluxes were well above normal seasonal highs, and offshore
wave heights were lower than average (Zhang et al. 2013).
Under these conditions, thermal stresses across Coral Bay
reached maximum levels that were much higher than the
maximum offshore thermal stress and also arrived 2–
6 weeks earlier than the offshore maximum (Fig. 8;
Table 1). Furthermore, thermal stresses within Coral Bay
reached levels favorable for severe mass bleaching by early
February 2011 (8.5–15.4uC weeks at all sites by 07
February), even when offshore thermal stress had just only
exceeded 4uC weeks. Both regional ocean warming and
local climate forcing were less intense in the following
summer of 2012 than during the prior summer of 2011. As
a result, disparities between the timing and magnitude of
offshore and nearshore thermal stress maxima were also
much lower (Fig. 8). This could have been a major factor in
why no equivalent mass coral bleaching was recorded in
Coral Bay during the following summer of 2012. We note,
however, that thermal stresses at all reef sites still reached
maxima in April 2012 (12–13uC weeks) that were similar to
the level of thermal stress when bleaching was first reported
in February 2012. This may also indicate some capacity of
the coral community to acclimate in response to the stress
imposed during the prior summer, perhaps due to a shift
toward more stress-resistant algal symbionts (Baker 2001).
One important limitation of the semiempirical model used
here, or of any model for that matter, is that they cannot
capture all of the observed temperature variance (Figs. 6, 7).
The lower temperature variance produced by modeled
nearshore temperature records in comparison with observed
records will lead to lower predictions of hindcast thermal
stress than what actually occurred. Van Hooidonk and
Huber (2011) encountered a similar problem with temperature records hindcast by global circulation models. They
found that most models underestimated observed temperature variance at seasonal frequencies and therefore likely
underestimated the frequency of future global bleaching
events. They compensated for this bias toward predicting
lower thermal stress by replacing the lower simulated
seasonal temperature variance with the higher observed
seasonal variance. We were also able to compensate for
model variance underestimation to produce more likely
estimates of actual thermal stress (Fig. 9); however, these
corrections sometimes required extrapolation of the underlying linear relationships. Nonetheless, our results suggest
that actual thermal stresses across the reef reached maxima
in the summer of 2011 could have been 40–165% higher than
the maximum offshore stress of 12.6uC weeks (Fig. 8).
Another limitation to the present approach for modeling
nearshore reef temperatures from offshore SST and
climate-forcing data is that it is capable of hindcasting
temperature anomalies and thermal stress records only
within the immediate vicinity of the site where the
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Fig. 8. Time series of thermal stress (DHW) calculated from offshore SST as well as at
nearshore reef sites calculated from modeled reef temperatures between 23 December 2010 and 01
May 2012. Also shown are time series of estimated DHW compensated for model
underestimation of temperature variance based on the regressions shown in Fig. 9. The lightly
shaded regions represent the 6 90% confidence intervals for each DHW record.
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measurements, local measurements of air–sea heat fluxes,
offshore wave observations, or a working circulation model.
Limits to the spatial resolution of this empirical approach
could be partly overcome by increasing the number of
temperature sensors deployed and the period over which
they are deployed. The approach we present here could be
used by researchers to reconstruct more accurate records of
in situ temperature and thermal stress in other wave-driven
nearshore reef environments. This would help constrain
predictions of future nearshore bleaching patterns in much
the same way that observed temperature records have been
used to constrain predictions of future global bleaching
patterns (van Hooidonk and Huber 2011).

Fig. 9. DHW calculated from observed temperatures vs.
DHW calculated from modeled temperatures for the period
between 08 May 2011 and 01 March 2012. Solid lines denote bestfit linear regressions at each site where the slopes range from 1.08
to 1.54 and y-intercept # 0.15 uC weeks, r2 $ 0.97, and n 5 299
for all sites. The dashed line represents a 1 : 1 relationship.
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