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Abstract
Marine fauna, including coral reefs, exist under particular oceanographic and
meteorological (metocean) processes that maintain water quality within the
range limits to which they have adapted over millennia. Climate-induced
changes to these metocean processes could alter ambient marine water quality
to ranges beyond those limits and at rates faster than species can adapt. Extreme
(or marginal) coral reefs, such as those in arid tropical regions, already exist at
the limits of their ranges for water quality parameters such as temperature and
turbidity. Here, we apply projected anomalies from ensemble climate models to
the metocean processes that drive turbidity in the Exmouth Gulf region of north
Western Australia where habitats of significant environmental value exist. We
also apply projected sea surface temperature anomalies to look at how a com-
bined effect of turbidity and temperature might impact important habitats. We
find that turbidity is predicted to increase in some parts of the Gulf and decrease
in others due to differing metocean drivers of turbidity throughout the region.
Temperature anomalies reveal year-round increases in temperature consistent
with current summer marine heat wave events (>2.5◦C above mean temper-
atures). Climate models used in the predictions varied between themselves
underscoring the importance of model choice and of using ensembles.
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1 INTRODUCTION

Climate change is already resulting in the degradation
of tropical marine near-coastal ecosystems (IPCC, 2022;
Thirukanthan et al., 2023), with impacts expected to
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worsen significantly by the end of the century (Babcock
et al., 2019; Doney et al., 2012; Lu et al., 2018). Predicted
future events include prolonged marine heatwaves (Smale
et al., 2019), sea-level rise (Lowe et al., 2021b; Nerem et al.,
2018), changes in seasonal wind and wave power (Morim
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et al., 2019; Reguero et al., 2019), more intense cyclones
(Knutson et al., 2020) and alterations to oceanic circulation
patterns (Palter et al., 2018), as well as changes in freshwa-
ter input and precipitation (Konapala et al., 2020). While
outcomes will likely differ regionally, the consequences for
many tropical marine ecosystems could include reduced
water quality through nutrification (Hull, 2021), turbidity
(Cartwright et al., 2021; Chen et al., 2018), acidification
(Doney et al., 2020), the physical destruction of reefs
(Puotinen et al., 2020), coral bleaching (Hughes et al.,
2017), permanent functional changes including coral–algal
regime shifts (Norström et al., 2009), altered trophic flows
(Ullah et al., 2018), species migrations (Birkmanis et al.,
2020), marine animal biomass decline (Lotze et al., 2019)
and extinctions (Song et al., 2021). In addition, increas-
ing land-use change and industrialisation along coastlines
could worsen the impacts of climate change by further
reducing water quality in marine habitats (Kunzmann
et al., 2018; Lu et al., 2018).
One critical component of tropical marine water qual-

ity is turbidity due to its multifaceted effects on the
health, morphology and distribution of benthic assem-
blages including coral reefs. Turbidity, defined as total
suspended matter (TSM) in the water column, reduces
the light available for benthic primary productivity (Kirk,
1994), limits coral larval settlement (Hodgson, 1990) and
can smother coral recruits (Bothner et al., 2006). Further,
turbidity can enhance algal overgrowth (Tebbett & Bell-
wood, 2019) and negatively affect the feeding ability of fish
and other organisms (Lowe et al., 2015). Ecological thresh-
olds for turbidity in Australian coastal waters follow the
guidelines set by the Australian and New Zealand Guide-
lines for Fresh and Marine Water Quality (ANZECC &
ARMCANZ, 2000); however, these do not provide a dis-
creet guideline value for turbidity but rather a range
that considers ecosystem-specific modifiers. For coral reef
ecosystems, threshold values for exposure to turbidity have
been published as 1.5 mg/L (chronic exposure), with val-
ues above this leading tomacroalgal colonisation and steep
declines in coral richness (De’ath & Fabricus, 2010). How-
ever, moderate turbidity may also increase the resilience of
corals to UV-induced bleaching events due to its ‘shading’
effect (Zvifler et al., 2021), and marginal coral reefs exist-
ing at the limits of their turbidity range are increasingly
being examined for their ability to withstand environmen-
tal extremes such as marine heat waves (Browne et al.,
2019; Burt et al., 2020).
Marine heat waves have been increasing in occurrence

this century with the trend expected to continue over
the coming decades under climate change (Frölicher &
Laufkötter, 2018). Coral reefs and other marine coastal
ecosystems are likely to respond differently to heat stress
depending on their region and the environmental condi-

tions to which they are adapted (Heidemann & Ribbe,
2019; Hughes et al., 2017). Habitats already existing close
to the limits of their range may not persist in their
same state, while habitats with more scope for change
may persist but be closer to their range limits (Hughes
et al., 2003; Wooldridge, 2009). Understanding how trop-
ical marine ecosystems may be affected by climate change
can be achieved by utilising our current understanding of
the long-term baseline metocean conditions to which an
environment has been exposed and projecting how those
metocean conditions are likely to change under climate
forcing. For example, if we have amodel that best describes
the historical contribution of metocean processes (wind,
waves, etc.) to water turbidity, we can apply future cli-
mate anomaly projections tometocean data to predict how
turbidity could change in the future, and therefore how
benthic assemblages may be impacted. A similar approach
was used by Birkmanis et al. (2020), who applied sea
surface temperature (SST) anomaly projections to predict
future habitat suitability for sharks in Australian waters,
by Goldsmit et al. (2020) who used projected temperature,
salinity and sea ice thickness anomalies to predict invasion
hotspots in Arctic seas and by Harrison (2021) to iden-
tify ideal locations and species for ecosystem restoration
endeavours in Tasmania.
Marine ecosystems in arid tropical north Western Aus-

tralia are already impacted by climate-related events such
as marine heatwaves (Lafratta et al., 2017) and cyclones
(Goebbert & Leslie, 2010) on inter-annual timescales.
Metocean conditions in the region are influenced by
phases of the El Niño-Southern Oscillation (ENSO) that
effect local/regional sediment transport dynamics, water
turbidity, wind-wave conditions, cyclone intensity and sea
surface heights (Cartwright et al., 2021; Cuttler et al., 2020;
Lowe et al., 2021a). Nearshore environments, in particular,
are considered marginal, with many marine species exist-
ing close to the limit of their temperature and turbidity
range, making them highly susceptible to further climate-
induced impacts (Evans et al., 2020; Gilmour et al., 2019).
An improved understanding of how environmental condi-
tions, including water quality, could change by the end of
the century is required to assess risk to important species
and their habitats, and therefore providemore robust guid-
ance on how to best manage or protect nearshore marine
habitats.
Future climate predictions based on ensemble climate

models can be projected from the Coupled Model Inter-
comparison Phases 5 and 6 (CMIP5, CMIP6) to evaluate
how ecosystem health might look under future climate
states with varying degrees of emissions scenarios (Freer
et al., 2018). For CMIP5, these scenarios are called Rep-
resentative Concentration Pathways (RCPs) and consist
of four plausible greenhouse gas trajectories that describe
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potential future discharges affecting Earth’s radiation bal-
ance (Moss et al., 2010). RCP 4.5 (the ‘stabilisation path-
way’) and RCP 8.5 (‘business as usual’) are commonly used
for predicting ‘middle-of-the-road’ and ‘worst-case’ scenar-
ios, respectively, of future environmental changes (Arias
et al., 2021; Van Vuuren et al., 2011). The more recent
CMIP6 simulations represent almost a decade of updated
modelling over its predecessor CMIP5 (CMIP6 landscape,
2019). Instead of using only RCPs to predict radiative forc-
ing, CMIP6 includes socio-economic policies that may
mitigate or enhance radiative forcing. CMIP6 describes
five shared socioeconomic pathways (SSPs) that work in
conjunction with the four RCPs to give a wider range
of forcing potential into the scenario matrix (Bourdeau-
Goulet & Hassanzadeh, 2021). Top priority scenarios
include SSP1-2.6 (the ‘sustainability’ pathway), SSP3-7.0
(‘regional rivalry’ pathway) and SSP5-8.5(‘fossil fuel devel-
opment’ pathway; O’Neill et al., 2016). CMIP6 also better
represents physical processes at smaller scales than CMIP5
and shows an improved representation of seasonality and
spatial patterns during the historical period (Grose et al.,
2020).
This study builds on Cartwright et al (2021) where

regression modelling was applied to in situ validated,
remotely sensed turbidity data spanning from 2002 to
2020, to establish the primary metocean processes respon-
sible for driving elevated turbidity in the Exmouth Gulf
region of north Western Australia (Cartwright et al., 2021).
Here, we apply future climate projections of CMIP6 sce-
narios (SSP3-7.0, SSP5-8.5) and CMIP5 scenarios (RCP4.5,
RCP8.5) to predict how end-of-century environmental con-
ditions affecting the Exmouth Gulf could alter water
quality, specifically turbidity and SST, and therefore affect
benthic habitats such as coral reefs in the region. The
objective is to provide a practical application of climate
model science that can be utilized by managers to iden-
tify potential refugia and enhance the conservation and
stewardship of important marine habitats.

2 METHODS

2.1 Site description

The Exmouth Gulf is a large (∼3000 km2) embayment
lyingwithin theGascoyne bioregion of northWesternAus-
tralia, approximately 1000 km north of Perth. The Gulf
marks the transition zone from the deep Indian Ocean
waters off the Ningaloo Reef coast to the shallow, turbid
NorthWest Shelf. Water depths in the Gulf vary from<2m
along the eastern and southern shorelines to ∼20 m in the
northern and central regions. The Gulf contains a diverse
range of ecosystems (sand islands, coral–algal reefs, man-

groves, seagrasses, tidal creeks, cyanobacterial mats and
salt flats), together supporting one of the most fauna-rich
coastal regions in Australia (Irvine et al., 2018; Oceanica,
2006; Preen et al., 1997). Habitats here are exposed to a
spatially and temporally variable turbidity regime that is
partially driven by both regional (winds, tides) and large-
scale (ENSO and Indian Ocean Dipole [IOD]) metocean
processes (Cartwright et al., 2021).
The region experiences an arid tropical climate,with less

than 300 mm of precipitation annually and has no per-
manent riverine inputs. Regional wind patterns are due
to low-pressure troughs extending over the inland Pilbara
rangelands during summer resulting in a mostly south-
to-south-easterly regime. However, localized sea breezes
are often present due to differential land/sea temperatures
causing south-westerly and north-easterly wind patterns.
Cyclones form one to three times a year with a severe
cyclone occurring approximately every 25 years. In the
past, these have caused irreversible damage to reefs, sea-
grasses, mangroves and foredunes, significantly altered
nearshore bathymetry and water flow paths and shifted
entire tidal creeks (Loneragan et al., 2013). Dust storms
here also occur during strong wind conditions across the
adjacent arid rangelands, and these aeolian dusts are dom-
inant contributors to the marine sediments of the North
West Shelf (Brunskill et al., 2001; Gingele et al., 2001;
McTainsh et al., 2011).
Coral reefs in the Exmouth Gulf mostly exist along

the eastern and northern Gulf and are exposed to a
highly variable turbidity regime (Cartwright et al., 2021).
While turbidity may offer these reefs some protection
from bleaching events (Morgan et al., 2017; Zvifler et al.,
2021), severe bleaching related to marine heatwaves has
occurred in the region in recent years, for example, in 2011
(north-west Gulf; Depczynski et al., 2013) and 2013 (Pilbara
coast east of the Gulf; Lafratta et al., 2017). Post-bleaching
recovery from these events has, in some cases, involved a
strong shift in dominant taxa away from branching/foliose
corals to low densities of massive corals and turfing-algae-
dominated reefscapes (Cartwright et al., 2023; Depczynski
et al., 2013). The Gulfs reefs include stand-alone shoals,
as well as fringing reefs along islands and the mainland
coast, mostly in depths of 3–7 m. Since the first known
benthic surveys were conducted here (over 25 years ago),
macroalgae (mostly Sargassum spp.) has been apparent in
these reef areas (McCook et al., 1995). Primary productivity
is disproportionately high for a nutrient-poor arid tropical
region, and this has been attributed to the cyanobacte-
rial mats along the eastern coastline as well as iron-rich
terrestrial input (Ayukai & Miller, 1998; Loneragan et al.,
2013; Lovelock et al., 2010; McTainsh & Strong, 2007).
This productivity has driven a large prawn fishing indus-
try that has trawled up to 40% of the Gulf’s waters for

 26924587, 2024, 1, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/cli2.66 by E
ddie K

oiki M
abo L

ibrary, W
iley O

nline L
ibrary on [20/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 17 CARTWRIGHT et al.

F IGURE 1 The Exmouth Gulf region in north Western Australia, showing 13 locations where future projections of turbidity under two
climate change scenarios were modelled. Yellow line indicates north-western limit of the fisheries sanctuary zone.

decades (∼1000–1500 tonnes biomass removed annually,
not including bycatch). Further, the Gulf is heavily fished
recreationally, and decreases in catch limits have been
applied in recent years (Department of Fisheries, 2017). A
fisheries sanctuary zone and newly named Marine Park
(extent yet to be finalized) exist in the south-east third
of the Gulf, while the rest of the Gulf is used heavily by
commercial and recreational fishers (Figure 1).

2.2 Modelling baseline and future
climate data

In Cartwright et al. (2021), we developed linearmodels that
best describe the relationship between measured (2002–
2020) metocean climate variables and turbidity measured
as TSM at 13 locations in the Exmouth Gulf (Figure 2).
The historical turbidity valueswere derived frommoderate
spatial resolution (250 m2) and high temporal resolution
(daily) remotely sensed MODIS satellite data (NASA),
using an in situ validated turbidity algorithm derived and
calibrated in the same optically complex marine waters
as this study (Dorji et al., 2016). The models metocean
variables included u (zonal velocity) and v (meridional
velocity) wind components, mean sea level, wave power,
tidal maxima, tidal range, rainfall, ENSO and the IOD.
For the historical analysis, each model contained only
the metocean variables that best described turbidity, by
applying the lowest Akaike Information Criterion value

(Akaike, 1987). To predict future turbidity in the region,
we updated the models to include all metocean vari-
ables that significantly contributed to turbidity, with p ≤

0.05 (Figure 2; full model regression tables in Supporting
Information). Into these updated models, we input pro-
jected future climate variables under two levels of forcing
(RCP4.5 and RCP8.5), replacing the historical climate val-
ues, to derive a projected turbidity value for end-of-century
scenarios. All linear models were produced in the R stats
package (RStudio, 2020).

2.3 Metocean climate data

Historical climate data between 2002 and 2020 were
sourced for the Exmouth Gulf region as described in
Cartwright et al. (2021). Historical SST data were extracted
from MODIS Level 3 SST 4-km spatial resolution satel-
lite imagery (NASA, 2018) to obtain a monthly average
SST from 2003 to 2020 for all sites in the Gulf. Future cli-
mate predictions were retrieved from the Climate Change
Web Portal developed by the National Oceanic and Atmo-
spheric Administration’s Earth (NOAA) System Research
Laboratory to collate and regionally downscale (to approx-
imately 1◦ spatial resolution) the climate model outputs
from CMIP5 and CMIP6 (Scott et al., 2016). The portal cal-
culates the anomaly as the difference in the mean SST,
precipitation and surface wind speeds between the future
climate (2070−2099) and the model baseline reference
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CARTWRIGHT et al. 5 of 17

F IGURE 2 Linear regression models describing the relationship between metocean processes and turbidity at 13 locations in the
Exmouth Gulf; adapted from Cartwright et al. (2021). Input variables include wave power (waves), tidal maximum (tide max), tidal range,
rainfall, zonal velocity winds (EW wind), meridional velocity winds (NS wind), mean sea level (MSL), Indian Ocean Dipole (IDM) and El
Niño Southern Oscillation (ENSO).

periods, which are CMIP6 (1985−2014) and CMIP5(1956–
2005).
Projected SST anomalies were extracted from an ensem-

ble of six CMIP6 global climate models, under two climate
forcing scenarios, SSP3-7.0 and SSP5-8.5 (Table 1). The
CMIP6 models were chosen for the SST analysis as they
are shown to have an improved equilibrium climate
sensitivity—the global temperature change estimated from
a doubling of CO2, over CMIP5 (CMIP6 landscape, 2019;
O’Neill et al., 2016). The six climate models were cho-
sen for use in the ensemble as they have shown the
best performance against the historical climate of north-
ern Australia (Ridder et al., 2021). The models used were
CESM2-WACCM (NSF-DOE-NCAR, USA), FGOALS-G3
(Chinese Academy of Sciences), INM-CM5-0 (INM, Rus-
sia), ACCESS-CM2 (CSIRO-BOM, Australia), MRI-ESM2-
0 (MPI-M, Germany) and NorESM2-MM (NCC, Norway,
SSP5-8.5 only).
Projected eastward (u wind) and northward (v wind)

near-surface wind speed anomalies and precipitation
anomalies (Tables 1–3) were extracted from an ensem-
ble of eight CMIP5 models, under two RCPs, RCP4.5 and
RCP 8.5. The CMIP5 portal was used for this part of the
analysis, as the CMIP6 portal does not yet contain the
wind forcing anomalies that are needed in the turbid-
ity model. (The metocean turbidity model anomalies here
are analysed separately from the SST anomalies, as the
temperature was not found to be a driver of turbidity, so
there is no mixing of CMIP5 and CMIP6 models.) This

eight model sub-set was chosen as they are representative
of the range of seasonal rainfall projections for Australia
and achieved a high ranking across a suite of perfor-
mance metrics (CSIRO and Bureau of Meteorology, 2015).
These models were MIROC5 (JAMSTEC, Japan), GFDL-
ESM2M (NOAA, USA), CNRM-CM5 (CNRM-CERFACS,
France), CESM1-CAM5 (NSF-DOE-NCAR, USA; precipi-
tation only), CAN-ESM2 (CCCMA, Canada), ACCESS1-0
(CSIRO-BOM, Australia), HADGEM2-CC (MOHC, UK)
and NORESM1-M (NCC, Norway).
Futurewave climate predictionswere taken fromMorim

et al. (2019), which used a multi-method ensemble of
future global wave climate scenarios derived from 10 inde-
pendent studies to identify robust regional future changes
in significant wave height and wave period for 2081−2100
relative to a 1979−2004 baseline. Wave power values used
in the historical regression model of Cartwright et al.
were extracted from a 20-year regional-scale, fully coupled
wave-circulation hindcast (Delft3D-SWAN) that has been
extensively validated along the Pilbara coast (Branson &
Sun, 2017; Cuttler et al., 2020). Proportional wave power
(p) was calculated using the equation:

𝑝 = 𝐻2 𝑇, (1)

where H2 is the squared significant wave height, and T is
the peak wave period. The anomalies were added to the
historical equation components separately before recal-
culating a new projected wave power. Wave power was
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TABLE 1 Sea surface temperature (SST) anomalies for the Exmouth Gulf region of north Western Australia. for the period 2077–2099
(SSP3-7.0, SSP5-8.5) as projected by six CMIP6 global climate models.

SST anomalies (◦C)—Mean (SD)
SSP3-7.0
CMIP6 model Annual JFM AMJ JAS OND
CESM2-WACCM 2.6 0.0 2.3 0.1 2.8 0.0 2.6 0.0 2.7 0.0
FGOALS-G3 1.5 - 1.3 - 1.8 - 1.7 - 1.4 -
INM-CM5-0 1.8 0.1 1.8 0.0 1.6 0.1 1.7 0.1 2.1 0.0
ACCESS-CM2 2.5 0.2 2.4 0.0 2.7 0.2 2.6 0.2 2.7 0.2
MRI-ESM2-0 2.1 0.1 2.0 0.1 2.2 0.1 2.1 0.1 2.2 0.0
Ensemble 2.1 0.5 1.9 0.4 2.2 0.5 2.2 0.4 2.2 0.5
SSP5-8.5

Annual JFM AMJ JAS OND
CESM2-WACCM 3.5 0.0 3.1 0.1 3.7 0.0 3.6 0.0 3.5 0.0
FGOALS-G3 1.8 - 1.7 - 1.9 - 2.0 - 2.0 -
INM-CM5-0 2.0 0.1 1.9 0.1 1.9 0.0 2.0 0.1 2.4 0.0
ACCESS-CM2 3.2 0.2 2.9 0.0 3.3 0.3 3.3 0.2 3.5 0.3
MRI-ESM2-0 2.6 0.1 2.3 0.1 2.6 0.1 2.6 0.1 2.8 0.1
NorESM2-MM 2.1 0.0 2.1 0.0 2.2 0.1 2.0 0.1 2.2 0.0
Ensemble 2.5 0.7 2.3 0.5 2.6 0.8 2.6 0.7 2.7 0.7

Note: JFM—January February March, AMJ—April May June, JAS—July August September, OND—October November December. NorESM2-MM does not have
SSP3-7.0 anomalies.
Abbreviations: CMIP6, Coupled Model Intercomparison Phase 6; SSP, shared socioeconomic pathway.

TABLE 2 North-south (v wind) anomalies for the Exmouth Gulf region of north Western Australia for the period 2077–2099 (RCP4.5,
RCP8.5) as projected by six CMIP5 global climate models.

North-south (v) wind anomalies—Mean (SD)
RCP 4.5
CMIP5 model Annual JFM AMJ JAS OND
MIROC5 −0.7 0.1 −1.7 0.1 0.2 0.0 0.5 0.0 −1.8 0.3
GFDL-ESM2M 0.7 0.0 0.6 0.1 1.5 0.0 0.9 0.1 −0.1 0.0
CNRM-CM5 −0.1 0.1 −0.5 0.1 0.4 0.1 0.4 0.2 −0.5 0.1
CAN-ESM2 0.8 0.1 −0.3 0.2 1.5 0.1 1.1 0.3 0.7 0.0
ACCESS1-0 0.2 0.1 0.0 0.1 0.5 0.1 0.4 0.1 −0.1 0.0
HADGEM2-CC 0.8 0.0 0.3 0.2 1.1 0.1 0.7 0.0 1.1 0.1
NORESM1-M 0.1 0.1 −0.4 0.1 0.2 0.2 0.4 0.1 0.4 0.0
Ensemble 0.3 0.6 −0.3 0.8 0.8 0.6 0.6 0.3 −0.1 0.9
RCP 8.5

Annual JFM AMJ JAS OND
MIROC5 −1.1 0.0 −2.2 0.0 0.3 0.1 −0.1 0.1 −2.4 0.1
GFDL-ESM2M 0.6 0.0 0.7 0.1 1.8 0.0 0.4 0.1 −0.5 0.0
CNRM-CM5 0.0 0.2 −1.4 0.1 0.9 0.0 0.7 0.3 −0.1 0.4
CAN-ESM2 1.6 0.1 0.7 0.3 2.2 0.2 1.1 0.5 1.8 0.0
ACCESS1-0 0.6 0.1 0.7 0.2 0.8 0.1 0.1 0.2 0.6 0.1
HADGEM2-CC 1.4 0.1 1.6 0.2 2.6 0.2 0.6 0.3 0.7 0.1
NORESM1-M −0.7 0.1 −2.0 0.0 −0.2 0.1 0.3 0.2 −1.0 0.3
Ensemble 0.3 1.0 −0.3 1.6 1.2 1.0 0.5 0.4 −0.1 1.4

Note: JFM—January February March, AMJ—April May June, JAS—July August September, OND—October November December.
Abbreviations: CMIP5, Coupled Model Intercomparison Phase 5; RCP, Representative Concentration Pathway.
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TABLE 3 East west (u wind) anomalies for the Exmouth Gulf region of north Western Australia for the period 2077–2099 under two
emission scenarios (RCP4.5, RCP8.5) as projected by seven CMIP5 global climate models.

East-west (u) wind anomalies—Mean (SD)
RCP 4.5
CMIP5 model Annual JFM AMJ JAS OND
MIROC5 −0.1 0.1 −0.3 0.3 −0.1 0.0 −0.2 0.0 0.1 0.1
GFDL-ESM2M 0.9 0.3 0.9 0.2 1.9 0.5 0.2 0.3 0.7 0.1
CNRM-CM5 0.5 0.1 0.8 0.1 0.3 0.1 −0.4 0.1 1.0 0.0
CAN-ESM2 1.5 0.2 2.0 0.3 1.7 0.4 0.6 0.2 1.4 0.1
ACCESS1-0 1.0 0.1 1.4 0.1 1.5 0.2 0.7 0.2 0.3 0.0
HADGEM2-CC 1.0 0.3 0.8 0.3 1.5 0.4 1.1 0.3 0.6 0.2
NORESM1-M 0.9 0.3 1.2 0.5 0.8 0.2 0.6 0.3 1.2 0.2
Ensemble 0.8 0.2 1.0 0.3 1.1 0.3 0.4 0.2 0.8 0.1
RCP 8.5
CMIP5 model Annual JFM AMJ JAS OND
MIROC5 0.2 0.1 0.1 0.3 0.5 0.1 −0.7 0.1 −0.7 0.1
GFDL-ESM2M 1.1 0.3 1.5 0.3 1.7 0.6 0.3 0.3 0.3 0.3
CNRM-CM5 0.3 0.2 0.8 0.3 0.4 0.2 −0.4 0.2 −0.7 0.1
CAN-ESM2 2.8 0.3 5.8 0.5 2.7 0.6 −0.4 0.2 1.6 0.2
ACCESS1-0 1.6 0.2 2.4 0.2 1.8 0.3 1.1 0.4 1.1 0.4
HADGEM2-CC 1.6 0.2 3.3 0.6 2.4 0.7 1.4 0.6 1.4 0.6
NORESM1-M 0.8 0.2 1.9 0.1 0.2 0.1 0.1 0.4 0.1 0.4
Ensemble 1.2 0.2 2.3 0.3 1.4 0.4 0.2 0.3 0.4 0.3

Note: JFM—January February March, AMJ—April May June, JAS—July August September, OND—October November December.
Abbreviations: CMIP5, Coupled Model Intercomparison Phase 5; RCP, Representative Concentration Pathway.

the only variable in the turbidity model analysis where
input valueswere specified separately at all locations of the
study region due to the availability of high spatial resolu-
tion wave data from the Delft-3D model and because wave
energy is heterogeneous throughout the Gulf.
Predictedmean sea-level rise was taken fromKopp et al.

(2014), who present a global dataset of localized sea-level
projections using the aggregation of individual compo-
nents that contribute to sea-level change as outlined in
Milne et al. (2009). Because proportional changes between
maximum tidal height andmean sea level are not predicted
to be significantly different with sea-level rises below 1
m (Pickering et al., 2017), as considered in this analysis,
tidal maximum values were predicted based on the histor-
ical relationship (2002–2020) with mean sea level in this
region. The relationship can be described by the equation:

𝑦 = 1.0019𝑥 − 423.25
(
𝑅2 = 0.4282

)
, (2)

where y is the tidal maximum (cm), and x is the mean sea
level (cm).
Tidal range in north Western Australia is expected to

reduce along shelf areas where there are presently large
amplitudes; however, for scenarios where the projected
sea-level rise is less than 1 m (as we have considered here

in both scenarios), tidal range is not expected to alter sig-
nificantly (Harker et al., 2019). Therefore, we have left it at
the historical amplitude in this analysis.
The ENSO is expected to increase in variability and

exhibit more extreme El Niño and La Niña events with
anthropogenic warming (Cai et al., 2021). It is not, how-
ever, possible to forecast values for this variability, and
therefore we have maintained historical ENSO values for
the forecast models. We give the same treatment to the
IOD, as despite being expected to increase in variability
with climate forcing (Wang et al., 2020), it can be consid-
ered a covariate of ENSO (Kug & Kang, 2006; Wang et al.,
2019), and we leave it at historical values in the forecast
model.

3 RESULTS

3.1 Projected climate anomalies

Metocean anomalies projected from the CMIP5 and
CMIP6 ensemble climate models for SST, precipitation,
winds, waves and sea surface heights in the Exmouth Gulf
varied from the baseline under the different climate forcing
emission scenarios (Tables 1–5). SST, u and v winds, mean
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8 of 17 CARTWRIGHT et al.

TABLE 4 Precipitation anomalies for the Exmouth Gulf region of north Western Australia. for the period 2077–2099 (RCP4.5, RCP8.5) as
projected by eight CMIP5 global climate models.

Precipitation anomalies (mm)—Mean (SD)
RCP 4.5
CMIP5 model Annual JFM AMJ JAS OND
MIROC5 84.4 12.8 56.9 6.1 14.5 2.7 −2.2 0.7 25.0 7.6
GFDL-ESM2M −103.5 2.6 −30.5 8.8 −54.0 6.4 −7.4 1.1 −5.5 1.5
CNRM-CM5 27.6 12.2 34.7 3.5 3.7 8.8 −6.5 2.1 −0.6 1.3
CESM1-CAM5 −59.3 1.1 −44.7 1.7 −18.5 1.4 −1.4 1.3 8.0 1.0
CAN-ESM2 −15.1 6.4 16.8 5.7 −7.8 0.7 −14.1 2.3 −1.8 0.3
ACCESS1-0 −4.7 5.2 2.8 2.7 −1.8 2.4 −5.1 2.7 0.9 0.5
HADGEM2-CC −38.7 9.3 −15.7 8.0 −15.3 0.5 −5.5 1.3 −0.4 0.2
NORESM1-M −18.1 3.8 14.2 0.5 −18.4 1.6 V11.2 1.2 −13.4 0.1
Ensemble −15.9 56.3 4.3 33.7 −12.2 20.5 −6.7 4.3 1.5 11.3
RCP 8.5

Annual JFM AMJ JAS OND
MIROC5 28.7 18.7 41.8 14.4 −14.6 2.7 −2.1 2.2 10.3 0.5
GFDL-ESM2M −105.5 2.5 −25.9 9.1 −58.8 8.6 −10.5 0.2 −5.8 0.8
CNRM-CM5 22.6 6.1 48.7 1.4 −14.3 2.9 −14.5 0.3 1.9 4.2
CESM1-CAM5 −126.3 11.2 −93.4 17.9 −17.0 7.2 −10.3 1.1 1.9 1.2
CAN-ESM2 −87.2 11.8 −40.2 15.5 −23.7 0.9 −20.4 4.2 −1.3 0.4
ACCESS1-0 −33.8 6.8 −11.0 2.5 −15.6 8.3 −6.2 1.5 0.4 0.5
HADGEM2-CC −78.8 23.6 −47.5 19.5 −24.3 6.6 −9.7 2.7 2.9 1.4
NORESM1-M 28.6 6.1 46.0 3.3 −13.7 6.3 −8.0 0.6 9.1 3.3
Ensemble −44.0 64.1 −10.2 51.8 −22.7 15.1 −10.2 5.4 2.4 5.3

Note: JFM—January February March, AMJ—April May June, JAS—July August September, OND—October November December.
Abbreviations: CMIP5, Coupled Model Intercomparison Phase 5; RCP, Representative Concentration Pathway.

sea level and significant wave heights all increased from
baseline values, while precipitation and wave period both
showed decreases from the baseline (Table 5). For u and
v winds, this equates to increased westerly and southerly
wind forcing (the positive components of u and v winds)
and lower easterly and northerly wind forcing (the nega-
tive components of u and v winds). For wave power, the
increased significant wave height was offset by a decreased
wave period, and the projected wave power values were
(slightly) lower than historical values.
Seasonal anomalies differed for all the metocean condi-

tions under both emission scenarios. SST anomalies were
similar across most of the year (SSP3-7.0−2.2◦C, SSP5-
8.5–2.6◦C) apart from January–March (SSP3-7.0–1.9◦C,
SSP5-8.5–2.3◦C) coinciding with the hottest time of the
year (Table 1, Figure 3). The seasonal differences also var-
ied with other metocean processes. For example, v winds
show an overall annual increase that would result in
increased southerly wind forcing; however, these increases
are mostly from April to September (incorporating Austral
winter). The warmer months fromOctober to March show
a decrease in v winds and therefore predict an increase
in northerly winds during that time of year (Table 2). In

contrast, uwinds show increased anomalies during all sea-
sonswith the largest increase from January throughMarch
and only a small increase from July to September. These
results indicate that increased westerly wind forcing will
be strongest during Austral summer (Table 3).
Precipitation also showed varied seasonal anomalies

for both emission scenarios (RCP4.5 and RCP8.5). While
annual precipitation showed an overall decrease, the
largest decreases occur during the cooler months of April
to June, while the warmer months see a slight increase in
rainfall, particularly in October to December (Table 4).
The global climate models for both CMIP5 and CMIP6

thatwere used in the ensembles themselves showed a large
variation in their anomaly results (Tables 1–4). For exam-
ple, the annual SST anomaly for 2100 under SSP5-8.5 from
the CESM2-WACCM (NSF-DOE-NCAR, USA) model was
3.5◦C, compared to FGOALS-G3 (Chinese Academy of Sci-
ences) at 1.8◦C (Table 1). Other large discrepancies between
the climate models included precipitation anomalies pro-
jected by GFDL-ESM2M (NOAA, USA) and MIROC5
(JAMSTEC, Japan), which were (−103.5 mm/year) and
(+84.4 mm/year), respectively (Table 4), and v wind
anomalies projected by CAN-ESM2 (CCCMA, Canada)
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CARTWRIGHT et al. 9 of 17

TABLE 5 Historical climate data and future percentage change projections for the Exmouth Gulf region of north Western Australia.

Projected % change by 2100

Metocean
variables

SSP3-
7.0/RCP4.5

SSP5-
8.5/RCP8.5

Historical mean (SD) (2002 −2020) (% change) (% change) Source
SST (◦C) 25.7 (0.11) 8.2 10.0 CMIP6–NOAA

https://psl.noaa.gov/
ipcc/cmip6/ccwp6.html

u wind (km/h) 5.0 (7.7) 20.0 24.3 CMIP5–NOAA
https://psl.noaa.gov/
ipcc/ocn/ccwp.html

v wind (km/h) 6.1 (3.9) 5.4 7.0 CMIP5–NOAA
https://psl.noaa.gov/
ipcc/ocn/ccwp.html

Precipitation
(mm/year)

236.3 (127.2) −7.0 −20.0 CMIP5–NOAA
https://psl.noaa.gov/
ipcc/ocn/ccwp.htm

Mean Sea Level
(mm)

6908.9 (116.9) 9.4 14.5 Kopp et al. (2014)

Permanent Service for
Mean Sea Level (MSL)

https://www.psmsl.org/
data/

Wave period (T) Large variation in wave power per site in Gulf,
0.2–2.8(Hs2*T)

−5.0 −10.0 Morim et al. (2019)
Wave height (Hs) 2.5 5.0
Tidal Max (cm) 269.0 (17.8) 24.2 37.2 Product of MSL; Pickering

et al. (2017)

Abbreviations: CMIP6, Coupled Model Intercomparison Phase 6; NOAA, National Oceanic and Atmospheric Administration’s Earth; RCP, Representative
Concentration Pathway; SSP, shared socioeconomic pathway.

and MIROC5 (JAMSTEC, Japan), which were (−1.1) and
(+1.6), respectively (Table 2).

3.2 Projected turbidity

Projected increases in annual turbidity by 2100 were found
in central and western Exmouth Gulf locations under both
climate forcing scenarios (Figures 4a and 5). The high-
est projected increases here were found in the South Gulf
(37% increase under RCP4.5 and 58% under RCP8.5), West
Gulf (32% increase under RCP4.5 and 59% under RCP8.5)
and Rest Bay (41% increase under RCP4.5 and 63% under
RCP8.5). Ashburton Island, offshore to the northeast of the
Gulf, also showed turbidity increases under both forcing
scenarios (13% and 21%). In contrast, locations in the far
south and eastern coastal regions showed either decreased
turbidity (e.g., Giralia—20% and 29% reduction) or no
change (<10%; e.g., Hope Island, Eva Island) in turbid-
ity. The north-eastern near-coastal locations displayed the
largest decreases in projected turbidity with both RCP4.5
and RCP8.5 scenarios (Ashburton Delta—40% and 62%
reduction, respectively, and Locker Point—32% and 48%
reduction, respectively, Figures 3b and 4).

Seasonal changes in turbidity anomalies (greater than
0.1 mg/L TSM) were apparent at four locations in the
Exmouth Gulf for both CMIP5 climate forcing scenarios,
RCP4.5 andRCP8.5 (Figure 6). For Eva Island, despite over-
all annual turbidity not increasing under either scenario,
October to December sees a large increase in turbidity,
while April to June shows a large decrease in turbidity.
In contrast, Locker Point shows a steep decline in tur-
bidity from October to December under RCP4.5 and its
lowest turbidity from January toMarch under RCP8.5. Rest
Bay, where overall turbidity increases are the largest in
the region, would see a large turbidity increase from July
to September under RCP4.5; however, under RCP8.5, all
months of the year would see a similarly high level of
turbidity. Seasonal trends remain similar under both sce-
narios for the South Gulf region, where turbidity is highest
during Austral summer.

4 DISCUSSION

Climate-driven shifts in the distribution and survival of
marine species are an increasing global impact of anthro-
pogenic climate change (Gervais et al., 2021). Our results
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F IGURE 3 Boxplots of seasonal sea surface temperature (SST)
variation at Eva Island in the Exmouth Gulf between 2003 and 2020
(boxplots), overlayed with mean historical SST between 2003 and
2020, (blue circles), mean future temperature by 2100 under
SSP3-7.0 (orange circles) and mean future temperature by 2100
under SSP5-8.5 (red circles). Note that the anomalies are relative to a
1984–2014 baseline. Seasons on x-axis are JFM—January, February
March; AMJ—April, May, June; JAS—July, August, September;
OND—October, November, December. SSP, shared socioeconomic
pathway.

indicate that arid tropical coral reefs in northWesternAus-
tralia are likely to be exposed to significant changes in
their environmental conditions by the year 2100, including
increased SSTs and, in some locations, increased turbidity
(TSM), that are likely to impact the ongoing composition,
integrity and functioning of the benthic habitats in this
region. While coral reefs in the Gulf are accustomed to a
variable turbidity regime, it is likely that many corals are
close to the limit of their tolerance for low light and sed-
imentation. We found that TSM is projected to increase
up to 63% in some parts of the Exmouth Gulf, potentially
threatening benthic habitats through multiple pathways
including limitation to photosynthesis, smothering of lar-
val recruits and colonisation of algae. Hard coral richness
steeply declines with increasing TSM, with the highest
richness at less than 0.8 mg/L TSM exposure and low
richness at greater than 2.0 mg/L (GBRMPA, 2009). Fur-
ther, macroalgal stands will potentially thicken across the
reefs where turbidity increases (De’ath & Fabricus, 2010).
Macroalgal cover is known to increase four-fold with a
TSM increase from 1.2 to 2.0 mg/L and remains high above
2.0 mg/L (GBRMPA, 2009), and the combination of tur-
bidity and temperature increases at currently healthy reefs
may exceed a combined threshold for coral–algal coloni-
sation that already appears to impact some regions of the
Gulf (Cartwright et al., 2023).
Seasonal changes in turbidity may also have an impact

on the resilience of reefs to marine heatwave events. For

example, increased turbidity at Eva Island during the
beginning of summer (October to December), despite
the minimal overall annual increase in turbidity, may
protect the reefs here from future heatwave events as these
months also coincide with the largest projected seasonal
anomalies in SST (Table 1). This may be particularly rel-
evant if marine heatwaves were to extend more regularly
to this time of year, which appears inevitable under the
climate scenarios presented here. NorthWestern Australia
has already been exposed to an increasing number of
marine heatwaves in recent years (Le Nohaïc et al., 2017),
as have reefs globally (Oliver et al., 2018), and these have
already led to mass bleaching and changes in coral com-
munity structure in the Exmouth Gulf region (Depczynski
et al., 2013; Moore et al., 2012).
Temperature variabilitymay also play a role in how these

reefs respond to climate change. Coral reefs that show the
least amount of SST variability historically, or leading up
to heatwave events, are the most vulnerable to bleaching
(Carilli et al., 2012; Donner, 2011; Langlais et al., 2017).
While historical temperature variability differed through-
out the Gulf, Exmouth Reef displayed the lowest overall
variability in SST (Figure 7). As one of the least turbid
reefs in the Gulf (and expected to reduce in turbidity under
these climate change projections), Exmouth Reef is poten-
tially one of the higher-risk reefs in the Exmouth Gulf for
bleaching and/or functional changes.
Because these ecosystems are already considered

marginal, existing at the extremes of coral thermal tol-
erance, the projected temperature anomalies under both
emission scenarios could exceed the adaptive capacity of
the corals, affecting their ability to maintain reef rugosity
and perform the same functional services. These findings
are consistent with predicted tropical coral reef habitat
impacts in the Great Barrier Reef (Graham et al., 2015;
Kubicek et al., 2019) as well as temperate reefs in Japan
(Kumagai et al., 2018; Sato et al., 2020) and the degra-
dation of 94% of coral reefs globally under the current
RCP8.5 trajectory of climate change (Cornwall et al.,
2021).
Sea-level rise predictions also pose a significant threat to

the coral and seagrass communities in the Exmouth Gulf.
Many of these habitats currently exist in shallow water (2–
5 m) that allows them to utilize light despite some level of
turbidity in the water column. Projected sea-level rise will
not only increase turbidity according to ourmodels, but the
increasing water depth would further limit light to benthic
habitats. Others have considered this; for example, a study
in the Great Barrier Reef modelled sea-level rise effects
on turbid coral reefs and found that under an RCP4.5 sce-
nario, the spatial extent of ‘framework habitat’ reefs would
decline to 5% by+100 years, and low coral cover and rugos-
ity habitats would expand to 51% of the total reef area as
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CARTWRIGHT et al. 11 of 17

F IGURE 4 Locations in the Exmouth Gulf where turbidity (total suspended matter [TSM]) is projected to (a) increase, and (b) decrease,
from historical levels by 2100 under two climate emission scenarios (RCP4.5 and RCP8.5) using an ensemble of eight climate models from
CMIP5. Red line indicates guideline trigger value for TSM in coral reef ecosystems from De’ath and Fabricius (2010). CMIP, Coupled Model
Intercomparison Phase; RCP, Representative Concentration Pathway.

F IGURE 5 Turbidity (TSM) in the Exmouth Gulf showing (a) historical turbidity (2002–2020) derived from in situ validated, high
resolution, remotely sensed MODIS satellite data; (b) projected turbidity for 2100 under middle-of-the-road climate scenario RCP4.5; and
(c)projected turbidity for 2100 under high-emission scenario RCP8.5. Size of circle at each location represents level of turbidity(as per (a)).
RCP, Representative Concentration Pathway.

the deeper reef slope coral communities move below the
euphotic depth (Morgan et al., 2020).
It is worth noting that the seal-level rise projections used

in this study are moderate projections that do not con-

sider the implications of, for example, the Antarctic ice
sheet melt. In the scenario presented by Kopp et al. (2017),
global mean sea-level (GMSL) rises of 2 m could occur
due to Antarctic melt by 2100 under RCP8.5 emissions.
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12 of 17 CARTWRIGHT et al.

F IGURE 6 Seasonal changes in turbidity by 2100 at four locations in the Exmouth Gulf under RCP4.5 emission scenario (orange circles)
and RCP8.5 climate emission scenario (red circles).Box plots show historical seasonal turbidity. Blue circles are historical mean turbidity.
Seasons on x-axis are JFM—January, February March; AMJ—April, May, June; JAS—July, August, September; OND—October, November,
December.

F IGURE 7 Historical SST variability (boxplots) at 13 sites in the Exmouth Gulf, overlayed with historical mean SST (blue circles), future
SST under SSP3-7.0 (orange circles), and future SST under SSP5-8.5 (red circles). Historical SST is from 2002 to 2020. Anomalies are above
1984–2014 baseline.
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Others have revised this figure to 1 m (Frederikse et al.,
2020); however, by the year 2300, the median contribution
to GMSL from Antarctica is 9.6 m according to DeConto
et al. (2021), almost 10 times more than simulations limit-
ing warming to+1.5◦C. These predictions would obviously
have dramatic implications for coastline changes globally.
One of the notable climate change anomalies that we

found for this region is the weakening of easterly wind
forcing. Easterly winds are a strong predictor for turbid-
ity in some parts (particularly the north-eastern coastline)
of the Exmouth Gulf (Cartwright et al., 2021), and this
is why we see reduced turbidity in these locations in the
projected turbidity models. However, this weakening does
not account for irregular storm/cyclone activity from the
east that will potentially increase in intensity (though
not frequency) with climate change (Abbs, 2012; Knut-
son et al., 2020). Further, lower rainfall and longer periods
of drought in the adjacent rangelands would increase the
amount of terrestrial sediment available as aeolian dusts,
which could potentially enter the Gulf during these storm
events. Dust storms are already a feature of the region
(McTainsh et al., 2011) and may become more severe with
climate forcing, offsetting the projected decrease in turbid-
ity in the north-east coastal locations. Extreme cyclones
also have implications for post-bleaching recovery and
the potential for regime shifts in the coral reefs of north
Western Australia (Puotinen et al., 2020). Previous severe
cyclones in the region, including Cyclone Vance in 1998,
permanently destroyed vast swathes of benthic habitat
(Loneragan et al., 2013; Paling et al., 2008). This is con-
sistent with other regions, for example, the Great Barrier
Reef where cyclones have more impact than any other fac-
tor and have been responsible for 48% of overall coral cover
loss (De’Ath et al., 2012).
There are some limitations in this study that should

be addressed. First, the baseline periods from which the
CMIP5 anomalies are projected (1956–2005) differ from
the historical period of the turbidity and metocean mod-
els (2002–2020) that were adapted from Cartwright et al.
(2021). Second, predictions for end-of-century metocean
anomalies are highly dependent on the chosen global cli-
mate model and emission scenario. For example, some
models predict an increase in precipitation for northWest-
ern Australia, while others predict a decrease, highlighting
the importance of using an ensemble model. Further,
allowances need to be made for the metocean conditions
that do not have projected climate change anomalies (e.g.,
ENSO, IOD) but which will potentially undergo change.
Despite the uncertainties when projecting future climate
data, studies such as this that combine long-term remote
sensing of water quality with metocean modelling of cli-
mate anomalies can provide a valuable addition to the
literature on potential impacts of climate change on impor-

tant marine benthic habitats and provide guidance to
conservation managers.

5 CONCLUSION

We have shown here that future changes to the environ-
ments of turbid coral reefs in arid tropical Australia will
be dependent upon the metocean conditions that drive the
turbidity to those reefs and how climate change will affect
those processes. The drivers of turbidity differ between
reefs even at scales <20 km, and therefore it is likely that
some reefs will be affected more than others. For some
reefs, the conditions are likely to contribute to degradation,
or at the least, structural composition changes, particularly
when temperature predictions are superimposed on top
of turbidity increases. However, predicted environmental
changes that appear to be seasonally related may deter-
mine some regions that could be resilient and persist into
the future.
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