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Figure 1. Global distribution of tropical coral reefs (map data © 2019 Google). Locations provided by ReefBase (http://www.reefbase.org,
last access: 16 July 2018).

Figure 2. Diversity of corals at Norman Reef in the northern Great
Barrier Reef, Australia (R. Jackson).

Shallow-water coral reefs cover only 0.1 %
(" 600000 km2) of the marine environment (Spalding
et al., 2001) yet provide numerous essential ecosystem,
economic and social services (Barbier et al., 2011; Hoegh-
Guldberg et al., 2007; Jones, 2015), with an estimated value
of USD 9.9 trillion annually (Costanza et al., 2014). Ap-
proximately one-third of all described marine species obtain
their food and habitat from coral reefs (Reaka-Kudla, 1997).
This biodiversity makes them hotspots for global tourism,
providing approximately USD 36 billion annually (Spalding
et al., 2017), and for the discovery of new medically im-
portant biochemical compounds (Kumar, 2006). The high

productivity of coral reefs also provides a valuable source
of income for global Þsheries, estimated at USD 5.7 billion
per year (Cesar et al., 2003). Fringing and barrier reefs
are also highly effective at mitigating coastal erosion by
reducing wave energy by up to 97 % (Ferrario et al., 2014).
Coral reefs provide many other services including nutrient
cycling (Barbier et al., 2011; Gattuso et al., 1998; Bourne
et al., 2016) and potentially climate regulation through
stress-induced emissions of volatile sulfur compounds
(Cropp et al., 2018; Fischer and Jones, 2012; Jones, 2015;
Fiddes et al., 2018).

When corals experience physiological stress from high sea
surface temperature (SST), irradiance, hyposalinity or expo-
sure to air at low tide, they increase production of dimethyl-
sulfoniopropionate (DMSP), which acts as an antioxidant for
the coral holobiont (Deschaseaux et al., 2014a; Hopkins et
al., 2016; Gardner et al., 2016). Depending on the degree
of coral stress, a portion of DMSP is enzymatically cleaved
to form the volatile gas dimethylsulÞde (DMS; Raina et al.,
2009; Bullock et al., 2017). Upon ventilation to the atmo-
sphere, DMS is oxidised to form aerosol precursors (An-
dreae and Crutzen, 1997), which can affect aerosol and cloud
properties (Sanchez et al., 2018; Charlson et al., 1987). DMS
emissions from coral reefs may therefore exert a signiÞcant
inßuence o n local climate.

The role of coral reefs in climate has only recently be-
gun to be appreciated, despite zooxanthellate corals being
amongst the largest individual sources of biogenic sulfur in
the marine environment (Burdett et al., 2015; Broadbent and
Jones, 2004; Haydon et al., 2018; Swan et al., 2017a; Van Al-
styne et al., 2009). However, our understanding of the bio-
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geochemical and oceanÐatmosphere interactions involved in
the coral-reef DMS cycle is not yet complete (Jones, 2015),
contributing to the large uncertainty in the role of natural
aerosols in our estimates of radiative forcing (Carslaw et al.,
2013). The ongoing degradation of the worldÕs coral reefs
provides an urgency to gaining a better understanding of
these processes. A concern is whether a decline in emis-
sions of DMS-derived aerosol will alter the local radiative
balance and accelerate warming in coral reefs, impeding the
ability of corals to cope with future climate change. In this
review we examine the role of DMS in coral ecophysiology
and the emerging topic of coral reefs as a source of marine
biogenic aerosol (MBA). The implications of coral bleaching
and ongoing coral-reef degradation will also be discussed to
highlight the importance of a multi-disciplinary approach to
coral-reef management.

2 The role of dimethylated sulfur compounds in coral
reefs

2.1 The coral-reef sulfur cycle

Scleractinian corals are recognised as being a signiÞ-
cant source of DMS(P), with reported concentrations of
54 381 nmol DMSP in a 50 mL sample of coral mucous ropes
(Broadbent and Jones, 2004), 409Ð459 nmol DMSP cm#2 of
coral surface (Frade et al., 2016; Hill et al., 1995, 2010)
and 45.9 nmol m#3 atmospheric DMS (DMSa) above a coral
reef exposed to air at low tide (Swan et al., 2017a). In the
coral-reef-dense region of the Indo-PaciÞc,Acroporaspp. are
abundant and contain the highest reported concentrations of
DMS(P) amongst coral genera (Swan et al., 2017b), exceed-
ing 3500 nmol DMSP cm#2 (Broadbent et al., 2002). Other
zooxanthellate organisms including octocorals (soft coral)
and giant clams contain high amounts of DMSP, with con-
centrations of up to 4710 nmol mg#1 protein (Haydon et al.,
2018) and 33 000 nmol g#1 tissue (Hill et al., 2000), respec-
tively. Concentrations in the coral holobiont and other zoox-
anthellate organisms are substantially higher than that re-
ported for benthic macroalgae (1.5 nmol cm#2 ) and individ-
ual free-living dinoßagellates (1.5$ 10#4 nmol per zooxan-
thellae cell; Broadbent et al., 2002).

In the coral holobiont, the biosynthesis of DMSP is upreg-
ulated in response to physiological stress. DMSP catabolism
occurs via the cleavage and demethylation pathways, yield-
ing DMS or methanethiol (MeSH), respectively (Fig. 3).
The cleavage pathway is mediated by either DMSP-lyase
enzymes, yielding DMS and acrylate (Bullock et al., 2017;
Caruana and Malin, 2014; Raina et al., 2009), or via the ad-
dition of an acyl coenzyme A (encoded for by the micro-
bial dddD gene) before cleavage to DMS occurs (Todd et al.,
2007). The amount of DMS ultimately released to surround-
ing reef waters is dependent upon the ratio of DMSP break-
down to DMS and DMS(P) photo-oxidation to dimethyl sul-

foxide (DMSO) by reactive oxygen produced by the coral
holobiont under stress (Fig. 3). Although oxidation to DMSO
is a sink of DMS(P), DMSO may also be reduced back to
DMS and therefore also acts as a DMS source in coral-reef
waters (Fischer and Jones, 2012; Gardner et al., 2016; De-
schaseaux et al., 2014b). The physiological requirements of
microbial communities within the coral host and in coral-reef
waters also play an important role in the cycling of DMSP,
switching between the DMSP cleavage and demethylation
pathways (Fig. 3). Microbial cleavage of DMSP yields DMS
(and acrylate via the DMSP-lyase cleavage pathway), which
serves as an important carbon source, while the demethyla-
tion pathway yields an organic sulfur source for the coral mi-
crobiome (Bourne et al., 2016; Sun et al., 2016; Bullock et
al., 2017).

DMSP is a zwitterion and will not diffuse across cell mem-
branes. Corals expel their endosymbiotic microalgae at a rate
of 0.2 %Ð0.4 % zooxanthellae cells per day in response to el-
evated irradiance or temperature (Jones et al., 2007). DMSP,
in the form of dissolved (DMSPw) or particulate (DMSPp)
DMSP, is instead released into surrounding waters from ex-
pelled zooxanthellae (Fig. 3) via natural cell senescence or
grazing by zooplankton and herbivorous Þsh (Dacey and
Wakeham, 1986). Dissolved DMS (DMSw) and dissolved
DMSO (DMSOw) may also be released in zooxanthellae
exudates or in coral mucous (Broadbent and Jones, 2006;
Raina et al., 2009). DMSw is then ventilated to the atmo-
sphere, where it has a residence time of approximately 1 d
(Khan et al., 2016), before atmospheric reaction mechanisms
such as oxidation to sulfur dioxide (SO2) or methane sulfonic
acid (MSA) occur (Andreae and Crutzen, 1997; Barnes et al.,
2006; Veres et al., 2020).

Figure 4 provides a simpliÞed overview of the role of
dimethylated sulfur compounds in the DMS-aerosolÐcloud
feedback over coral reefs. When pre-existing aerosol con-
centrations and cloud cover are high, for example when high
wind speeds enhance sea-spray aerosol (SSA) emission, het-
erogenous oxidation of DMS-derived sulfates occurs rapidly
in cloud droplets, contributing to the growth of existing par-
ticles rather than the formation of new particles (Woodhouse
et al., 2013; Hoffmann et al., 2016). Conversely, during calm,
clear conditions, DMS-derived sulfates may undergo further
oxidation to sulfuric acid (H2SO4), followed by gaseous-
phase nucleation to form new non-sea salt sulfate (nss#SO4)
particles (Fig. 4). Nucleation of H2SO4 may occur within
the marine boundary layer (MBL) or in the free troposphere
where conditions are more favourable, with entrainment pro-
viding an important source of new sulfate particles to the
MBL (Sanchez et al., 2018). These secondary aerosols can
be efÞcient cloud condensation nuclei (CCN) and may affect
cloud albedo, lifetime and cover over oceans (Charlson et al.,
1987).
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Figure 3. Basic processes involved in the cycling of dimethylated sulfur compounds involved in a coral reef. In corals, dimethylsulfoniopro-
pionate (DMSP) is produced by both the coral host and endosymbiotic algae in response to physiological stress. DMSP catabolism occurs
via the demethylation and cleavage pathways, yielding methanethiol (MeSH) or dimethylsulÞde (DMS), respectively. DMS(P) scavenge re-
active oxygen species (ROSs) produced in coral tissues and by zooxanthellae photosystems during exposure to high temperatures, irradiance
and/or hyposalinity, forming dimethyl sulfoxide (DMSO). DMS(P)(O) can be released to surrounding waters via zooxanthellae expulsion,
followed by cell senescence and/or grazing by zooplankton or herbivorous Þsh. DMS(O) may also diffuse from the coral into surround-
ing waters. Dissolved DMSP may undergo microbial catabolism, yielding organic carbon or sulfur depending on bacterial needs (bacterial
switch). DMS(P)(O) may sink and become stored in sediment pore water. DMS(O) may be ventilated to the lower atmosphere by wind- and
temperature-driven transfer across the oceanÐatmosphere interface.

Figure 4. SimpliÞed overview of the coral-reef DMS-aerosolÐcloud feedback (DMS Ð dimethylsulÞde). Dimethylsulfoniopropi-
onate (DMSP) is produced by the coral holobiont and may be oxidised to dimethyl sulfoxide (DMSO) or cleaved to DMS. Atmospheric
DMS is oxidised to sulfate aerosol precursor compounds including methane sulfonic acid (MSA) and sulfur dioxide (SO2) and secondarily
to sulfuric acid (H2SO4), which may condense onto existing particles (e.g. sea-spray aerosol Ð SSA Ð or organic matter Ð OM) or nucleate
to non-sea salt sulfate particles (nss#SO4). These may increase the number of cloud condensation nuclei (CCN) and increase cloud life-
time and albedo. Background image: http://catlinseaviewsurvey.com/gallery/i853_lady-elliot-island-australia/ (last access: 2 March 2020),
© Underwater Earth/XL Catlin Seaview Survey/Aaron Spence/CC BY-NC-SA 4.0.

2.2 Mechanisms of biosynthesis

The biochemical pathways involved in DMSP biosynthe-
sis in corals are complex (Bullock et al., 2017). Until re-
cently, it was thought that biosynthesis in the coral holobiont
was limited to photosynthetic endosymbionts. However, re-
cent Þndings show that coral hosts themselves are substan-
tial sources of DMSP (Raina et al., 2013). In phytoplankton,

DMSP is produced via a series of four enzymes (Gage et
al., 1997) which assimilate sulfur into cysteine and methio-
nine and subsequently into the stable, soluble-form DMSP
(Bourne et al., 2016; Stefels, 2000).Acropora spp. con-
tain orthologues of genes responsible for the expression of
two of these enzymes, which encode NADPH-reductase and
AdoMet-dependent methyltransferase enzymes involved in
the second and third steps of the DMSP biosynthesis path-
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way, respectively (Raina et al., 2013). The methyltransferase
enzyme is particularly speciÞc to this pathway and is highly
expressed inAcropora juveniles which have not yet assim-
ilated endosymbiotic Symbiodiniaceae. Expression declines
with adult development likely due to coral association with
zooxanthellae (Raina et al., 2013). Additionally, high levels
of intracellular DMSP are reported inAcropora spp., with
A. tenuisand A. millepora juveniles exhibiting 65 % and
76 % increases in DMSP concentration in response to ther-
mal stress (Raina et al., 2013). Similar responses were ob-
served in adult corals after exposure to temperatures of 32! C
for 10 d. Despite a decline in zooxanthellae density of 84 %
(where the remaining 16 % were severely structurally com-
promised and not producing DMSP), DMSP concentration
increased by 68 %, suggesting that the coral polyp was the
source of biosynthesis (Raina et al., 2013).

There are a number of hypotheses as to why corals synthe-
sise DMSP. Sulfur is an essential nutrient for all life forms,
involved in amino acid and protein synthesis. Carbon is also
an essential component of life, providing an energy source
for respiration. DMSP provides an abundant organic source
of both sulfur and carbon in coral reefs, and biosynthesis
is thought to play a role in the structuring of the coral mi-
crobiome (Bourne et al., 2016; Raina et al., 2009, 2010).
These endosymbionts provide a number of services to the
coral host, including carbon and nitrogen Þxation (Falkowski
et al., 1984; Dubinsky and Falkowski, 2011) and disease
prevention via production of antimicrobial compounds such
as tropodithietic acid (TDA), derived from microbial DMSP
catabolism (Raina et al., 2016). DMSP is also involved in al-
leviating oxidative stress in Scleractinian corals (Hopkins et
al., 2016; Gardner et al., 2016; Deschaseaux et al., 2014b).

2.3 The coral antioxidant response

Empirical evidence shows that DMSP biosynthesis in Scle-
ractinian corals is upregulated during periods of elevated
SST, irradiance, aerial exposure at low tide, and hyposalin-
ity associated with rainfall or ßuvial discharges from adja-
cent river systems (Andreae et al., 1983; Swan et al., 2017a;
Broadbent and Jones, 2006; Jones et al., 2007; Gardner et
al., 2016; Hopkins et al., 2016; Raina et al., 2013). Corals
and the endosymbiotic relationship they depend upon have a
relatively narrow thermal, light and salinity tolerance range
(Lesser, 2011; Nielsen et al., 2018). Enhanced production of
dimethylated sulfur compounds when these tolerance ranges
are approached suggests that DMSP may play a key role
in the coral stress response. Strong production of DMS by
corals exposed to air at low tide was Þrst noted by An-
dreae et al. (1983) during ship measurements throughout the
Florida Keys. Although DMSw production was dominated
by benthic and planktonic algae, the coral reef became a
much stronger source of DMS during low tide, with spikes in
DMSa more than twice those of the background oceanic sig-
nal (Andreae et al., 1983). This was more recently observed

in the Great Barrier Reef (GBR), Australia, where DMSa can
exceed 45 nmol m#3 during low tide (Swan et al., 2017a).
Field measurements show that DMSP and DMS are corre-
lated with SST (Jones et al., 2007) and tide height (Jones
and Trevena, 2005) throughout the GBR. This relationship
has also been demonstrated in chamber experiments (Raina
et al., 2013; Hopkins et al., 2016). For example,A. inter-
mediasampled from Heron Island in the southern GBR in-
creased intracellular DMSP production by 45 % in response
to a 2! C rise in ambient SST (Jones et al., 2014). Similarly,
in Cura•ao reef-building corals the biosynthesis of a number
of betaines, including DMSP, is modulated by irradiance, in-
dicating a role in photoprotection in the coral holobiont (Hill
et al., 2010).

Elevated irradiance and/or SST can impair zooxanthel-
lae photosystems, destabilising the photosynthetic electron-
transport chain and increasing the production of harmful re-
active oxygen species (ROSs; Lesser et al., 1990; Jones et
al., 2002; Yakovleva et al., 2009; Downs et al., 2002). These
ROSs can diffuse from the symbiosome into the coral gas-
trodermis, where antioxidant defences may prevent oxidative
damage by reducing ROS levels to the tolerance threshold
of the coral holobiont. In phytoplankton, superoxide dismu-
tase (SOD) and glutathione interactions form an antioxidant
pathway, whereby SOD converts superoxide anions to hydro-
gen peroxide (H2O2) and oxygen (O2) while the glutathione
pathway regenerates the enzyme ascorbate peroxidase, re-
sponsible for scavenging H2O2 (Lesser, 2006). DMSP, DMS
and acrylate are also capable of scavenging ROSs (Sunda et
al., 2002) and may therefore form a similar antioxidant sys-
tem in corals (summarised in Fig. 3). Furthermore, Cura•ao
corals contain high concentrations of other photoprotective
betaines, with collective total concentrations ranging from 12
to 20 nmol L#1 4 (mean 75 nmol L#1 ) of coral tissue (Hill et
al., 2010). Glycine betaine and proline betaine were the most
prominent compounds in the sampled corals and may, too,
increase the oxidative stress threshold of the coral holobiont.

The role of DMSP in the coral antioxidant response is
supported by several studies which show that when stress
exceeds coral physiological limits (e.g. SST> 30! C, salin-
ity < 24 psu Ð psu: practical salinity units Ð or exposure to air
at low tide), DMSP and DMS concentrations decline as the
rate of oxidation to DMSO increases (Hopkins et al., 2016;
Gardner et al., 2016; Deschaseaux et al., 2014b). For exam-
ple, whenAcropora spp. were exposed to SST 2! C above
the climatological summer maximum for a period of 36 h,
chamber headspace DMS concentrations declined by 93 %
as the ratio of dissolved DMSO to DMSP increased (Fis-
cher and Jones, 2012). Similarly, increases in DMSa occur
when corals are exposed to air at low tide due to direct atmo-
spheric exchange (Swan et al., 2017a). DMSa declines with
time as oxidation to DMSO increases. When corals are re-
submerged, a second spike in DMSa occurs as the dissolution
of DMS-rich coral mucous increases sea surface concentra-
tion and ventilation to the atmosphere. Atmospheric and dis-
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solved DMS levels then decline again as DMSO concentra-
tions increase (Hopkins et al., 2016; Swan et al., 2016). This
trend is also observed when corals are exposed to low salinity
(" 16 psu; Gardner et al., 2016), as occurs on inshore conti-
nental reefs during the wet season when ßuvial discharge is
high. The decline in intracellular DMSP and DMS emissions
with high stress levels reßects enhanced photochemical ox-
idation to DMSO, suggesting that DMS(P) is a sensitive in-
dicator of coral stress and an important antioxidant in the
coral holobiont. As mentioned earlier, soft corals (e.g. Octo-
corallia spp.) contain large quantities of DMS(P). However,
unlike Scleractinian corals, emissions of DMS from zooxan-
thellate soft corals do not vary seasonally, perhaps indicating
an alternative ecological role involving holobiont community
structuring (Haydon et al., 2018). Given the increasing dom-
inance of soft corals in disturbed coral-reef systems (Inoue et
al., 2013; Norstršm et al., 2009), a shift in coral community
structure could lead to a signiÞcant change in DMS emis-
sions from coral reefs.

3 Environmental stressors and their impact on DMSP
cycling

A key question is how the DMS(P) antioxidant system in
corals will respond to a changing climate and whether a
change in DMS(P) synthesis facilitates or hinders coralsÕ
ability to adapt to rapid environmental change. Bourne et
al. (2016) review the cumulative impacts of coral-reef stres-
sors and claim that when temperature, ocean acidiÞcation,
water quality and other stressors such as overÞshing accumu-
late, the diversity and resilience of the coral microbiome and
coral-reef ecosystem decline. Reduced diversity may lead
to a higher risk of coral disease and mortality and wide-
scale ecosystem shifts before a new stable state is achieved
(Bourne et al., 2016). Figure 5 summarises the impacts of
climate change and modiÞcation of land use on coral reefs
and the possible impact on DMS emissions. However, the
impacts of ocean warming, ocean acidiÞcation and declin-
ing water quality on net DMS production and seaÐair ßux in
coral reefs remain uncertain.

3.1 Ocean warming

Ocean warming is considered to be one of the greatest threats
to coral reefs (Baker et al., 2008; Heron et al., 2016; Hughes
et al., 2018; Skirving et al., 2019). More than 90% of the heat
energy accumulated in the EarthÕs climate system, largely a
result of anthropogenic greenhouse gas (GHG) emissions, is
stored in the ocean. Consequently, global mean SST has risen
by 0.5! C over the last 40 years (IPCC, 2014). The stability of
the coral system is dependent upon the range of temperature
and irradiance experienced by the coral host and their en-
dosymbionts (Dubinsky and Falkowski, 2011; Lesser, 2011).
If thermal and/or irradiance stress induces the production of

excess ROSs (Lesser, 2011), corals may change the compo-
sition of zooxanthellae clades (symbiont switching or shuf-
ßing) in an attempt to reduce oxidative stress (Bay et al.,
2016) or expel their zooxanthellae, resulting in coral bleach-
ing (Gates et al., 1992; Nielsen et al., 2018; Lesser et al.,
1990). Temperature and irradiance stress can be exacerbated
during exposure to air at low tide during the day, which can
result in extensive partial mortality of intertidal corals (Buc-
kee et al., 2019). The severity of coral bleaching and subse-
quent mortality is dependent on the magnitude of stress and
duration of exposure (Ainsworth et al., 2016).

As many Scleractinian corals now reside in regions with
SST close to their upper physiological limits, a 0.5! C rise
in SST above the local summer maximum for a period of
several weeks is sufÞcient to cause coral bleaching and mor-
tality (Berkelmans, 2009). SST greater than" 2 ! C above
the summertime maximum can result in coral bleaching
over much shorter timescales, depending on coral tolerance
to thermal and/or irradiance stress and on the magnitude
and duration of exposure (Bainbridge, 2017). If stress lev-
els subside quickly, corals may regain their zooxanthellae
and recover, although surviving corals can have reduced
growth, calciÞcation and reproductive rates and a higher in-
cidence of disease and competitive susceptibility (Baker et
al., 2008; Ward et al., 2002; Chaves-Fonnegra et al., 2018).
Recent work found an 89 % decline in larval recruitment
during the 2018 spawning event in the GBR after consecu-
tive mass bleaching events adversely affected populations of
adult spawning corals (Hughes et al., 2019). If current GHG
emissions continue, it is estimated that 50 % of coral reefs
will experience annual severe coral bleaching by 2030 and
more than 95 % by 2050 (Burke et al., 2011), assuming corals
cannot adapt or acclimate to the changing climate.

Empirical evidence has demonstrated that DMS(P)
biosynthesis is upregulated during thermal stress, followed
by oxidation to DMSO in temperature-sensitive species
(e.g. Deschaseaux et al., 2014a). Therefore, warmer oceans
will likely cause an upregulation of DMSP biosynthesis and
oxidation to DMSO in coral reefs (Fig. 5). However, varia-
tion among coral species and zooxanthellae type and their
interactions with marine macro- and microalgae will gov-
ern changes to the coral-reef sulfur cycle. When corals ex-
perience thermal stress,Acropora spp. in the GBR have
been found to expel thermo-sensitive clade C Symbiodini-
aceae, instead taking up the more tolerant clade D variety
(Bay et al., 2016). Coral switching and/or shufßing of en-
dosymbionts may occur rapidly over timescales of several
days to weeks or occur gradually over several months in
response to changes in environmental conditions. Changing
their endosymbiont community structure to favour more tol-
erant species can assist corals in coping with physiological
stress, as thermo-tolerant zooxanthellae photosystems do not
produce an excess amount of ROSs. For example, symbiont
shufßing to favour type D symbiont dominance inA. mille-
pora increased thermo-tolerance by" 1.5! C (Berkelmans
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Figure 5. The impacts of climate change and land use on coral reefs. Orange arrows reßect the predicted increase or decrease in DMS
emissions from the coral holobiont and marine micro- and macroalgae.

and Van Oppen, 2006). Interestingly, temperature-tolerant
zooxanthellae clades (e.g. clade D) produced less DMSP
compared to temperature-sensitive clades when exposed to
the same conditions (Deschaseaux et al., 2014b; Bay et
al., 2016), likely reßecting differences in thermo-tolerance.
However, tolerance thresholds within zooxanthellae clades
are highly variable (Klueter et al., 2017) and do not always
predict DMSP biosynthesis (Steinke et al., 2011).

Marine micro- and macroalgae compete with corals for
light, nutrients and space. When coral reefs are degraded
by coral bleaching, ßeshy macroalgae such asPolysipho-
nia spp. and Ulva spp., which also synthesise DMSP
(Van Alstyne and Puglisi, 2007), may dominate (DeÕath and
Fabricius, 2010; Bell, 1992; McClanahan et al., 2011; Mc-
Cook and Diaz-Pulido, 2002). Phytoplankton blooms, which
are additional sources of DMSP in coral reefs, have been pos-
itively correlated with aerosol concentration in the Southern
Ocean, reßecting an enhanced biogenic particle source from
DMS and other organic emissions (Korhonen et al., 2008;
McCoy et al., 2015). This additional algal source of biogenic
sulfur may counteract any decline in coral emissions (Fig. 5).
Algal blooms may also increase light attenuation at the sur-
face, alleviating coral light stress; however, these organisms
also promote heat absorption at the ocean surface, convert-
ing " 60 % of absorbed photons to heat (Lin et al., 2016).
Therefore, increasingly algae-dominated coral-reef commu-
nities may exacerbate the warming effects of GHGs in coral
reefs.

3.2 Ocean acidiÞcation

Ocean acidiÞcation (OA) affects coral reefs by enhancing
dissolution and limiting pH-sensitive coral calciÞcation rates
(Tresguerres et al., 2017; Albright et al., 2018; Steiner et al.,

2018). Anthropogenic carbon dioxide (CO2) emissions are
10.1± 0.5 Gt C yr#1 (Le QuŽrŽ et al., 2018), of which ap-
proximately 30% is absorbed by the oceans and affects sea-
water chemistry (IPCC, 2014; Orr, 2011). Increased CO2 lev-
els enhance the formation of carbonic acid (H2CO3), which
readily dissociates into bicarbonate ions (HCO#

3 ) and pro-
tons (H+ ) as per Eq. (1). These protons react with carbon-
ate (CO2#

3 ) to produce more HCO#3 ions, which, in turn,
decrease the bioavailability of CO2#

3 for marine calciÞca-
tion (Orr, 2011). The current concentration of CO2#

3 ions in
the ocean is 200 µmol kg#1 of seawater (Zeebe and Tyrrell,
2019), around 40 µmol kg#1 less than the minimum over the
past 420 000 years (Hoegh-Guldberg et al., 2007). OA also
favours erosion of calcareous structures (Eq. 2), with mas-
sivePoritescorals in the northern GBR displaying annual de-
clines in linear extension rates and skeletal density of 1.02 %
and 0.36 % respectively (Cooper et al., 2008). If current GHG
emissions persist, it is estimated that less than 15 % of the
worldÕs tropical coral reefs will be in regions with carbonate
saturation sufÞcient for coral growth by 2050 (Burke et al.,
2011):

CO2(g) + H2O(l) % H2CO3(aq) % HCO#
3(aq)+ H+

(aq)

% CO2#
3(aq)+ 2H+

(aq), (1)

CaCO3(s) + 2H+
(aq) % Ca2+

(aq) + 2HCO#
3(aq). (2)

It is unclear how DMSP cycling will be inßuenced by OA,
and this is particularly true of coral reefs. In remote oceans
such as the Arctic, biosynthesis of DMSP is predicted to in-
crease due to enhanced phytoplankton biomass and availabil-
ity of inorganic carbon (Archer et al., 2013). Other studies
predict that the ßux of DMS to the atmosphere will decrease
due to a decline in the abundance of DMSP producers such as
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phytoplankton (Schwinger et al., 2017; Archer et al., 2018).
Regardless, acidiÞcation appears to be adversely affecting
coral calciÞcation and health (Cooper et al., 2008; Hoegh-
Guldberg et al., 2007; Orr, 2011; Albright et al., 2018). If this
continues, a decline in coral cover may result in a decline in
DMS emissions from coral reefs (Fig. 5). Again, opportunis-
tic growth of marine algae is predicted to dominate degraded
coral-reef systems (DeÕath and Fabricius, 2010; Brodie et
al., 2011; McCook and Diaz-Pulido, 2002). It is possible
that increased DMS emissions from this algal source may
counteract the decline in coral emissions (Fig. 5). However,
recent evidence from the southern GBR demonstrated that
the combined effects of ocean warming and acidiÞcation un-
der RCP8.5 conditions (an IPCC representative concentra-
tion pathway Ð RCP Ð whereby GHG and aerosol emissions
drive an 8.5 W m#2 increase in radiative forcing by 2100)
also impaired calciÞcation in the macroalgaHalimeda het-
eromorpha(Brown et al., 2019). Other studies have demon-
strated that temperature has a stronger inßuence on DMS(P)
production in cultured microalgae, whereby increased pro-
duction in response to temperature outweighed the decline in
DMS(P) biosynthesis due to OA (Arnold et al., 2013).

3.3 Water quality and eutrophication

Declining water quality is another cause of coral-reef degra-
dation. Although inner-shelf coral reefs exposed to reduced
water quality are more resistant to coral bleaching, resilience
is low due to increased susceptibility to disease and preda-
tion (MacNeil et al., 2019). Eutrophication arises when en-
hanced loading of the limiting macro-nutrients nitrogen (N)
and/or phosphorous (P) induce excessive growth of marine
algae (Howarth et al., 2011; Diaz and Rosenberg, 2008;
McEwan et al., 1998), which impede coral growth and re-
duce the opportunity for new corals to establish (DeÕath
and Fabricius, 2010; Bell, 1992; McClanahan et al., 2011).
This is often caused by catchment runoff and soil erosion
from land clearing, agriculture and urbanisation (Brodie et
al., 2011; McKergow et al., 2005). Resulting algal blooms
can reduce water clarity, deplete dissolved oxygen and re-
lease toxins (Osborne et al., 2001), all of which adversely
affect coral health and grazing Þsh populations. Depletion
of grazing Þsh populations further favours algal growth by
removing top-down control (McClanahan et al., 2011). Eu-
trophication leading to an increase in phytoplankton stand-
ing stock also contributes to outbreaks ofAcanthaster planci
(crown-of-thorns sea star), an invasive predator of corals and
a signiÞcant threat to coral reefs (Fabricius et al., 2010;
DeÕath et al., 2012; Wooldridge and Brodie, 2015). These
impacts are compounded by enhanced sedimentation from
riverine discharge and dredging, which cause benthic smoth-
ering, increased turbidity and reduced light penetration, all
of which adversely affect photosynthesising organisms, in-
cluding coral zooxanthellae (Erftemeijer et al., 2012). Sea-
level rise and changes to large-scale oceanic circulation in re-

sponse to global warming exacerbate coastal erosion, which
contributes to declining water quality. Climate change has
also caused an increase in storm surges which further degrade
coral reefs (Mellin et al., 2019). Measurements of dissolved
DMS(P) have been found to decline along a gradient of rel-
atively pristine to human-impacted coral reefs in the central
GBR (Jones et al., 2007). However, it is unclear whether poor
water quality will result in a net decline in DMS ßux from
coral reefs in future, as an enhanced algal source may coun-
teract declining emissions from corals (Fig. 5).

4 Marine biogenic aerosols

4.1 The CLAW hypothesis

The CLAW hypothesis (1987) proposed that marine DMS
emissions increase the formation of low-level, high-albedo
cloud cover, establishing a biologically derived negative
feedback on the warming effects of GHG (Charlson et al.,
1987; Shaw, 1983). Despite decades of research, our knowl-
edge of the biological, chemical and atmospheric processes
involved in the biosynthesis, ßux and climatic inßuences of
DMS remains incomplete. Some suggest that the original
hypothesis is an oversimpliÞcation (Green et al., 2014) or
no longer relevant (Quinn and Bates, 2011) due to anthro-
pogenic perturbation of the atmosphere throughout much of
the globe (Spracklen and Rap, 2013). However, others re-
main steadfastly positive about the role of DMS in global
climate (Grandey and Wang, 2015).

4.2 DMS sea-to-air ßux

The global seaÐair ßux of DMS is estimated to be 17.6Ð
34.4 Tg S yr#1 (Kettle and Andreae, 2000; Lana et al., 2011;
Land et al., 2014), accounting for approximately 50 % of the
natural global atmospheric sulfate burden (Bates et al., 1992;
Sim—, 2001; Barnes et al., 2006). The large DMS ßux range
reßects the uncertainty in undersampled ocean regions where
newly collected data improve the estimate (Webb et al.,
2019). Emissions are highly variable in both space and time
and are primarily governed by ocean biology in the middleÐ
low-latitude oceans (Broadbent and Jones, 2006; Jones et al.,
2007; Korhonen et al., 2008) and seaÐice dynamics in polar
regions (Gabric et al., 2018). The sea-to-air ßux of DMS de-
pends on its surface ocean concentration (Lana et al., 2011),
SST (Yang et al., 2011), wind speed (Ho and Wanninkhof,
2016), and water depth or tide height (Swan et al., 2017a).
Higher sea surface DMS concentration, SST and wind speed
(which increase diffusivity), and reduced tide height will en-
hance the seaÐair ßux of DMS in coral-reef waters.

It is unclear how marine DMS production and seaÐair ßux
will change in response to climate change. In the Arctic,
DMS ßux is estimated to increase by 86 % to 300 % under
modelled scenarios of 3 to 4 times present-day CO2 con-
centrations. This predicted increase is due to a combination
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of enhanced biological activity and changes to sea-ice dy-
namics (Gabric et al., 2005; Qu et al., 2017). On a global
scale, atmospheric DMS concentrations are predicted to in-
crease by 41 % with a tripling of atmospheric CO2, increas-
ing mean aerosol optical depth (AOD) by 3.5 % and cool-
ing the Northern and Southern Hemisphere by 0.4 and 0.8 K,
respectively (Gabric et al., 2013). Other studies simulate a
global reduction of the DMS ßux by 10 %Ð18 % (Kloster
et al., 2007; Six et al., 2013) and 48 % (Schwinger et al.,
2017) under various ocean acidiÞcation scenarios by the end
of the 21st and 22nd centuries, respectively. Modelled sce-
narios predict an additional global warming of 0.23Ð0.48 K
due to a decline in DMS-derived sulfate aerosols and cloud
albedo (Schwinger et al., 2017; Six et al., 2013), although
signiÞcant regional variability in the response of DMS emis-
sions to climate perturbations was present. In the Southern
Ocean, DMS emissions increased in response to warming,
counteracting the predicted regional decrease in emissions
in response to OA (Schwinger et al., 2017). This regional
variability is likely driven by differences in carbonate chem-
istry and conditions to which phytoplankton communities are
adapted, which play an important role in phytoplankton com-
munity structure and DMS production (Hopkins et al., 2020).
Overall, studies from the last few decades of global biogeo-
chemical modelling and mesocosm experiments provide both
negative and positive changes in DMS ßux under future cli-
mate conditions and highlight the need for an improved un-
derstanding of regional biogeochemical responses to climate
change. This is particularly true of coral reefs, where few
studies have attempted to quantify DMS emissions under cur-
rent or future climate conditions.

The total contribution of coral reefs to the global sulfur
budget is not yet clear; however, the GBR and lagoon waters
(347 000 km2) are estimated to emit 0.02 Tg S yr#1 (Jones
et al., 2018). It is noted that coral cover in the GBR is"
20000 km2 and, consequently, DMS ßux from the surround-
ing lagoon would appear to be higher than estimates from the
coral reef. Sources of DMS in lagoon waters include phyto-
plankton, macroalgae and dissolved DMS released from the
coral holobiont and other zooxanthellate organisms. There-
fore, the total DMS ßux can be considered an estimate of
coral-reef DMS emissions. This is the Þrst estimate of DMS
ßux from the GBR; however it is based on a limited num-
ber of Þeld observations and does not account for occasional
large pulses of DMS emitted by corals during aerial expo-
sure at low tide (Swan et al., 2017a). When these events are
considered, DMS seaÐair ßux from coral reefs would period-
ically increase. Hopkins et al. (2016) provided an estimate
of DMS ßux per unit area of the GBR, based on labora-
tory measurements taken fromA. horrida periodically ex-
posed to air. AsAcroporaare the dominant genus through-
out the Indo-PaciÞc and are amongst the strongest produc-
ers of DMS(P), it was estimated that corals in the GBR re-
lease 3Ð11 mmol S m#2 d#1 . According to this estimate the
GBR releases 0.01Ð0.04 Tg S yr#1 , consistent with the esti-

mate provided by Jones et al. (2018). Assuming that DMS
ßux is constant across coral reefs and lagoon waters, trop-
ical coral reefs (" 600000 km2) emit 0.02Ð0.08 Tg S yr#1 .
Although this represents< 1 % of global or tropical aver-
age DMS seaÐair ßux estimates (Lana et al., 2011), it is a
substantial amount of sulfur released from only 0.2 % of the
ocean surface, with the potential to inßuence local climate in
coral reefs.

4.3 Complexity of the climate response to DMS

Once ventilated to the atmosphere, the inßuence of DMS on
climate is dependent on the efÞciency of DMS oxidation to
SO2 and secondarily to H2SO4 (Barnes et al., 2006), which
ranges from 0.14 to 0.95 in the MBL due to spatiotemporal
variation in pre-existing atmospheric properties (von Glasow
and Crutzen, 2004). The annual mean contribution of DMS
to CCN is estimated to be only 3.3 % in the Northern Hemi-
sphere and 9.9 % in the Southern Hemisphere (Woodhouse
et al., 2010). Consequently, the sensitivity of CCN to DMS
emissions on a global scale is low, with a 1 % increase in
global DMS ßux resulting in only a 0.1 % increase in mean
CCN (Woodhouse et al., 2010). Although the response of
CCN to DMS is low on a global scale, spatial and seasonal
estimates vary, with higher responses evident in pristine re-
gions of high biological activity (Woodhouse et al., 2013;
Lana et al., 2012; Vallina et al., 2007; Zavarsky et al., 2018).
However, an alternate DMS oxidation pathway, involving the
formation of hydroperoxymethyl thioformate (HPMTF), was
recently observed in the marine atmosphere and accounts for
" 30 % of oceanic DMS oxidation, with important implica-
tions for the representation of DMS-derived sulfates in atmo-
spheric models (Veres et al., 2020). Further, models may un-
derestimate DMS emissions in some parts of the ocean due
to sparsity in global observations, resulting in large uncer-
tainties in interpolated ßux estimates (Mulcahy et al., 2018).

In the remote MBL, biogenic aerosols such as DMS-
derived sulfates may be important in smaller-scale climate
regulation. Vallina et al. (2007) identiÞed a strong sensi-
tivity of the Þne-mode AOD and CCN number to the rate
of DMSa oxidation in pristine, high-latitude regions. In the
North Atlantic, new sulfate particles formed via the nucle-
ation of DMS-derived H2SO4 in the free troposphere ac-
counted for 33 % of CCN at 0.1 % supersaturation, largely
due to enhanced phytoplankton biomass in spring (Sanchez
et al., 2018). Similarly, in the Southern Ocean, seasonal
variability in cloud droplet number is primarily driven by
changes in sea spray, organic matter and biogenic sulfates,
with seasonal maxima during spring and summer, coinciding
with enhanced biological activity and DMS emissions. DMS-
derived nss#SO4 particles account for 7 %Ð20 % of mean
CCN in winter and 43 %Ð65 % in summer (Korhonen et al.,
2008), increasing the Southern Ocean summertime mean re-
ßectivity by more than 10 W m#2 (McCoy et al., 2015). Con-
versely, complete removal of DMS resulted in a modelled
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top-of-atmosphere radiative forcing of+1.7 W m#2 (Fiddes
et al., 2018).

5 Do coral reefs affect the climate?

The GBR provides a valuable study location for the analysis
of biogenic aerosols. Given its large spatial extent (2300 km
in length and 60Ð250 km in width) and Southern Hemisphere
location, the atmosphere over the GBR is considered to be
relatively unpolluted. The region also experiences predom-
inant east to south-easterly trade winds year-round, which
carry clean, marine air to the GBR and advect biogenic com-
pounds northward over downwind coral reefs. Consequently,
the majority of research examining the role of coral reefs in
MBA production has focused on the GBR region.

5.1 Inßuence on particle formation and growth

The ability of corals to inßuence local atmospheric prop-
erties has only recently begun to be appreciated. Bigg and
Turvey (1978) measured total atmospheric particle concen-
tration along the north-eastern Queensland (QLD) coastline
from 1974 to 1977 and found that concentrations were up
to 7 times higher in maritime air directly over the GBR
compared to the seaward side. Three decades later, Leck
and Bigg (2008) observed ßuctuations in particle concentra-
tion at Lizard Island in the northern GBR during Septem-
ber 1998 and July 2005. Nucleation events forming parti-
cles with a diameter greater than> 0.01 µm were observed
on all study days, with concentrations reaching 40 000 cm#3

during the warmer September period and up to 4300 cm#3

in July (Leck and Bigg, 2008). There is strong seasonal-
ity in both DMS (Jones et al., 2018; Swan et al., 2017a)
and AOD in the GBR (Cropp et al., 2018; Jackson et al.,
2018). The large seasonal difference in aerosol loading im-
plies a temperature- or irradiance-dependent biological in-
ßuence. Furthermore, Modini et al. (2009) observed nucle-
ation events at Agnes Water in the southern GBR, in which
corals were concluded to be the most likely source of pre-
cursor compounds. These events occurred in clean, easterly
air masses originating in the MBL, when solar irradiance at
the sea surface was high ("1000 W m#2 ). Particles consisted
of 40 % organics and 60 % sulfate. In the strongest nucle-
ation event, Aitken mode (<0.1 µm in diameter) concentra-
tion was measured at 3200 cm#3 . This event occurred during
a NNE wind, accumulating particles of marine origin from
upwind coral reefs. The authors concluded that Aitken mode
concentration was too low to have been derived from coagu-
lation alone; thus new particles were largely derived from the
condensation of low-volatility vapours such as DMS-derived
H2SO4 (Modini et al., 2009). Swan et al. (2016) also mea-
sured high particle concentration over Heron Island in the
southern GBR, which coincided with a peak in DMS emis-
sions from the coral-reef ßat during calm conditions after a

low tide, again suggesting that the coral reef was a source of
MBA precursor compounds.

The ability of corals to inßuence the atmosphere above
them has also been investigated using remote-sensing ap-
proaches. Lana et al. (2012) found that sulfate aerosols pos-
itively correlated with CCN and negatively correlated with
cloud droplet radius throughout the mid- to high-latitude
oceans and in some tropical latitudes, where a high density
of coral reefs exists. Observations of satellite-derived Þne-
mode aerosol over parts of the GBR show concentrations to
be positively correlated with conditions that are empirically
shown to cause a stress response in corals and, thus, enhance
DMS emissions (Cropp et al., 2018; Jackson et al., 2018).
Correlation strength between aerosol and coral light stress
(a function of PAR, tide height and water clarity) improved
with decreasing wind speed at Heron Island, suggestive of a
substantial local MBA source over the southern GBR (Cropp
et al., 2018).

Figure 6 shows the seasonal zonally averaged variation
in daily-mean (2001Ð2017) total AOD (869 nm) over the
GBR, highlighting the seasonality in aerosol loading. These
data were acquired at 4 km resolution from the Moderate
Resolution Imaging Spectroradiometer (MODIS) aboard the
Terra and Aqua satellites (https://oceancolor.gsfc.nasa.gov/,
last access: 25 May 2019). Observations over the Australian
continent were excluded; thus Fig. 6b shows only zonally av-
eraged AOD for the GBR and adjacent Coral Sea (Fig. 6a). In
the northern half of the GBR, AOD is highest during the win-
ter dry season (MayÐOctober). Conversely, the southern half
of the GBR displays a marked increase in AOD during the
warmer months (NovemberÐApril) and a decrease in winter
(Fig. 6b). It is not clear what is driving this latitudinal vari-
ability; however emissions of DMS and other volatile organic
compounds (VOCs) such as isoprene cannot be excluded as a
potential driver of seasonal variability. Existing research has
linked seasonal variability in aerosol and CCN formation to
enhanced biological activity in other remote ocean regions
(Gabric et al., 2018; Korhonen et al., 2008). The increase in
AOD during summer in the southern GBR is also suggestive
of a temperature- or light-dependent biogenic inßuence, po-
tentially from the high biomass of coral reefs below.

5.2 Inßuence on low-level clouds, sea surface
temperature and surface solar radiation

The western PaciÞc warm pool (WPWP) is a coral-reef-
dense region located to the north-east of Australia, where
SST reaches an upper limit of" 30! C due to regular pulses
of low-level cloud (LLC) cover which closely follow the
tidal cycle (Kleypas et al., 2008; Takahashi et al., 2010;
Ramanathan and Collins, 1991). It has been posited that
coral-reef DMS emissions contribute to the formation of this
Òocean thermostatÓ, acting to suppress ocean temperatures
below coral thermal tolerance thresholds, resulting in few
coral bleaching events over the past 25 years (Kleypas et al.,
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Figure 6. (a)Map of the GBR, Australia (map data © 2019 Google), showing the region deÞned in(b) longitude-averaged Hovmšller plot
of daily mean (2001Ð2017) total AOD (869 nm) over the GBR.

Figure 7. (a)Low-level convective clouds aligned over the Swain Reefs in the MackayÐCapricorn Management Area of the southern GBR.
True-colour image captured by MODIS Terra on 31 May 2018 (NASA Earth Observing System Data and Information System).(b) Map of
the southern GBR shown to be covered by clouds in the true-colour image (map data © 2019 Google).

2008; Takahashi et al., 2010). Similarly, although an overall
warming trend is apparent along the NE coast of Australia,
SST in the far northern GBR is warming at a slower rate com-
pared to southern regions (Lough, 2008; Heron et al., 2016).
As in the WPWP, this is potentially due to enhanced LLC,
which is estimated to account for approximately 30 % of the
variance in SST over the GBR (Leahy et al., 2013). Fig-
ure 7 shows LLC closely aligned over the Swain Reefs in the
southern GBR, captured by MODIS Terra on 31 May 2018.
Back trajectories computed by the National Oceanic and At-
mospheric Administration (NOAA) Air Resources Labora-
tory HYSPLIT model show dominant south-westerly winds

on this day (Stein et al., 2015; Rolph et al., 2017), poten-
tially explaining the north-eastward migration of LLC in the
true-colour image (Fig. 7).

Reduced SST and irradiance due to enhanced LLC have
also been observed to mitigate mass coral bleaching events.
For example, high SST in the summer of 1998 resulted in
widespread coral bleaching throughout the tropics (Wilkin-
son et al., 1999). This event caused severe bleaching and
subsequent mortality of 99 % ofPocilloporacorals in the Tu-
amotu Archipelago, French Polynesia (Mumby et al., 2001a).
However, high LLC cover signiÞcantly reduced the amount
of surface solar radiation at coral reefs in the nearby So-
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ciety Islands, where bleaching did not occur (Mumby et
al., 2001b). Similarly, high SST (>31! C) in 1994 caused
coral bleaching at Nelly Bay (Magnetic Island) in the cen-
tral GBR (Jones et al., 1997); however, no bleaching was ob-
served" 60 km away at Pioneer Bay (Orpheus Island; Jones
et al., 2007). Jones et al. (2017) examined DMSa before,
during and after this bleaching event at both locations. At
the unbleached reef, regular pulses of LLC often coincided
with pulses of DMS (14Ð20 µmol m#2 d#1 ). Conversely, at
the bleached reef LLC cover and DMS emissions were low
when SST exceeded 30! C (Jones et al., 2007) and coincided
with high solar irradiance (Jones et al., 2017). Together these
Þndings suggest that stress-induced emissions of DMS from
coral reefs may inßuence local LLC cover to mitigate stress
and prevent coral bleaching. However, spatial variation in
this phenomenon is apparent, possibly due to prevailing me-
teorological conditions or other factors affecting coral-reef
health as discussed in Sect. 2.

5.3 Inßuence on precipitation

Coral-reef-derived aerosol emissions have also been pro-
posed to affect precipitation patterns. Jones (2015) discusses
high rainfall in regions lying in the path of SE trade winds
travelling over the GBR, implying that emissions of DMS
and other organic compounds from the coral reef contributed
to cloud droplet formation. Conversely, Fiddes et al. (2018)
found that DMS-derived sulfate particles enhanced LLC
cover and lifetime and consequently suppressed rainfall in
parts of the tropics. When high concentrations of Þne par-
ticles rapidly grow to CCN activation sizes, cloud droplet
size decreases, cloud lifetime increases and rainfall is sup-
pressed (Rosenfeld et al., 2007; Dave et al., 2019; Singh et
al., 2018). However, when CCN minimum size is not met,
water vapour remains in the atmosphere, suppressing local
rainfall yet enhancing rainfall downwind when conditions for
particle growth are more favourable (Andreae and Rosenfeld,
2008; Fan et al., 2018; Grandey and Wang, 2015; Lin et al.,
2018; Guo et al., 2016). Changes to the source strength of
ultra-Þne and Þne aerosols may therefore affect climate by ei-
ther increasing or suppressing rainfall. The possibility of re-
duced precipitation is a critical question for rainfall-sensitive
agriculture in NE Australia with ongoing degradation of the
GBR and highlights the need for an improved understanding
of the relationship between MBA emissions and their impact
on cloud micro-physics.

5.4 Other biogenic volatile organic compounds

Although DMSP and its derivatives are the most abundant
compounds in the coral-reef sulfur cycle ("95 % of sulfur
compounds), other VOCs such as isoprene, dimethyl disul-
Þde (DMDS), carbon disulÞde (CS2) and the recently discov-
ered DMSP variant, dimethylsulfoxonium propionate (DM-
SOP), are also produced in coral reefs (Swan et al., 2016;

Thume et al., 2018). Isoprene is the most abundant biogenic
VOC in the atmosphere, largely derived from terrestrial veg-
etation; however, oceanic emissions are also reported from
marine algae including Symbiodiniaceae (Exton et al., 2013).
Swan et al. (2016) recorded large quantities of isoprene in
A. asperamucous, likely produced by expelled coral zoox-
anthellae. Isoprene may be oxidised in the atmosphere or
condenses onto existing particles, thus also contributing to
aerosol formation over coral reefs with the potential to af-
fect local climate (Fan and Zhang, 2004; Kroll et al., 2006;
Surratt et al., 2007). Photochemistry at the ocean surface is
a sink of organic compounds, yet interfacial photochemical
reactions also produce an important abiotic source of VOCs,
estimated to be 23.2Ð91.9 Tg C yr#1 , contributing approxi-
mately 60 % of organic aerosol mass in the remote MBL
(BrŸggemann et al., 2018).

6 Outlook and the implications for coral bleaching

The physiological response of corals to increasing light
and/or temperature stress is nonlinear. As these environmen-
tal factors increase beyond optimal levels, DMS emissions
initially increase, but when thermal and/or light stress be-
comes too great, DMS emissions from corals essentially shut
down (Jones et al., 2007; Fischer and Jones, 2012). This
means that there are fewer aerosol precursor compounds and
potentially fewer secondary aerosols forming over the coral
reef. Recent work examined anomalies in Þne-mode AOD
over the GBR during four mass coral bleaching events which
occurred primarily due to marine heat waves (Jackson et al.,
2018). Prior to each bleaching event, when SST was rising
and corals were likely emitting more DMS, above-average
AOD was observed. However, just prior to and during the
bleaching events, when corals were likely experiencing phys-
iological stress, AOD declined to normal background levels
or below average levels where the coral reef was severely
affected. Although these covarying events may be a coin-
cidence, the synchronous decline in AOD with the onset of
coral bleaching suggests a link between coral health and at-
mospheric properties in the GBR.

This raises some important and concerning questions. Will
the nonlinear response of DMS emissions from coral reduce
its ability to cope with future temperature rises? If coral
reefs signiÞcantly affect local atmospheric conditions, what
will the consequences of ongoing coral-reef degradation and
coral bleaching be for local or regional climate? A decline in
aerosol and LLC formation over relatively pristine coral reefs
such as the GBR could occur, potentially increasing SST and
establishing a positive feedback on coral stress.

7 Future research

Coral reefs are a signiÞcant source of dimethylated sulfur
compounds; however, there remains substantial uncertainty
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surrounding the importance of DMS in coral homeostasis and
local climate and the implications ongoing coral-reef degra-
dation may have on these complex biogeophysical processes.
It is important that future research monitors changes to coral
health and community structure, the processes driving DMS
biosynthesis and emissions, and characterises the properties
of marine aerosols and LLC over coral reefs. Understanding
these complex ecological and biogeophysical processes will
require a multi-disciplinary approach, utilising Þeld, labora-
tory and remotely sensed data in conjunction with Earth sys-
tem models.

A key area for future research is the investigation of
DMS(P) biosynthesis amongst different coral-reef taxa. The
relative abundance of a range of VOCs has been investi-
gated in some species which occupy coral reefs, including
Acropora spp.,Stylophora pistillata,Favitessp., Lobophy-
tumsp. (soft coral), and cultured samples of benthic macroal-
gae and crustose coralline algae (Broadbent et al., 2002;
Swan et al., 2016, 2017b). Further studies quantifying the
biosynthesis of DMS(P)(O) in other coral genera and other
DMS-producing life forms are needed. These studies should
particularly focus on species which currently or are predicted
to dominate disturbed coral-reef systems after an ecologi-
cal regime shift, such as temperature-tolerant Scleractinian
corals, soft corals (e.g. octocorals) and macroalgae. Further
laboratory or mesocosm experiments must also investigate
how DMS(P)(O) biosynthesis varies under multiple, syn-
ergistic stressors (e.g. Arnold et al., 2013) and whether a
change in biosynthesis will assist corals in coping with fu-
ture disturbances. For example, it is not known whether DMS
emissions from thermo-tolerant coral species will increase
with further ocean warming or whether ocean acidiÞcation
and deteriorating water quality will impede coral resilience
and result in a decline in emissions.

Long-term, high-frequency measurements of seawater and
atmospheric DMS concentrations in coral reefs are also
needed. Short-term Þeld campaigns measuring DMSw and
DMSa have been conducted over periods ranging from sev-
eral days of consistent measurements to several months of
sporadic measurements (e.g. Andreae et al., 1983; Jones et
al., 2007, 2018; Swan et al., 2017a). These campaigns have
been crucial in providing high-frequency, detailed data nec-
essary to begin to understand the processes driving DMS
emissions from coral reefs. For example, Swan et al. (2017a)
identiÞed spikes in DMSa emitted by corals at low tide at
Heron Island during consistent DMSa sampling over a 2-
week period. Such periodic emissions may not have been
captured without consistent measurements (every" 15 min)
of local tide height and DMSa concentrations. This Þnd-
ing supported early indications that corals can be a much
stronger, albeit intermittent, source of DMS during low tide,
compared to the background oceanic signal, which is likely
dominated by algal emissions (Andreae et al., 1983). How-
ever, Þeld surveys are very cost- and resource-intensive (re-
viewed in Hedley et al., 2016). The establishment of an au-

tonomous system (e.g. Dacey, 2010) would alleviate some of
these caveats and greatly beneÞt this Þeld of research. These
data would allow diel and seasonal changes in DMS emis-
sions from coral reefs to be investigated more thoroughly
and allow long-term changes in emissions strength with on-
going climate change to be determined. However, Þeld sur-
veys alone cannot always capture the larger-scale processes
involved in DMS oxidation, particle formation and growth.
DMS has an atmospheric residence time of up to 1 d (Khan
et al., 2016) and may therefore accumulate and affect aerosol
and cloud properties over coral reefs downwind of the emis-
sions source, where Þeld sampling may not occur. Therefore,
it can be difÞcult to deduce empirical relationships between
local DMS emissions and atmospheric properties from Þeld
surveys alone.

Remote-sensing approaches are useful in this regard, as
they enable rapid, cost- and time-efÞcient analysis of a
wide range of variables at large temporal and spatial scales
and can be directly compared with Þeld observations. For
example, long-term, high-frequency observations of Þne-
mode AOD are available from the Aerosol Robotic Net-
work (AERONET) at Lucinda in the central GBR. Com-
parison of this dataset with long-term measurements of me-
teorological conditions and DMSa above the adjacent coral
reef would provide valuable insight into the role of DMS in
local atmospheric properties. Furthermore, if empirical re-
lationships between coral physiological stress and DMS(P)
biosynthesis can be deduced from Þeld and laboratory exper-
iments, a remotely sensed proxy for sea surface DMS con-
centrations and seaÐair ßux from coral reefs can be calcu-
lated (e.g. Cropp et al., 2018; Jones et al., 2007, 2018), sim-
ilar to that produced for phytoplankton (Gal’ et al., 2018).
Such proxies could be used in conjunction with long-term
data on coral cover and health (e.g. Australian Institute of
Marine Science Long-term Monitoring Program) to estimate
the source strength of DMS emissions over large regions
such as the GBR under future climate scenarios.

Several remote-sensing approaches are currently used by
coral-reef scientists and managers to monitor environmen-
tal conditions in coral reefs. The majority of these focus
on SST and PAR anomalies, as these are largely considered
to be the major stressors to corals and are often the dom-
inant factors contributing to coral bleaching (Jones et al.,
2002; Lesser, 2011). The National Oceanic and Atmospheric
Administration (NOAA) Coral Reef Watch utilises satellite-
derived SST and PAR to produce several measures of coral
thermal and light stress, including the Hotspot, Degree Heat-
ing Week (DHW) and Light Stress Damage (LSD) products
(Liu et al., 2006; Skirving et al., 2018). For example, the
DHW product is based on spatially dependent SST anomalies
above the maximum climatological summertime SST. Em-
pirical evidence has demonstrated that these remotely sensed
products reliably predict the severity and extent of mass coral
bleaching (Hughes et al., 2018; Bainbridge, 2017; Berkel-
mans, 2009; Liu et al., 2003; Skirving et al., 2018, 2019).
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These are also conditions which are known to affect coral
DMS(P) biosynthesis. Investigating spatiotemporal trends in
conditions that inßuence DMS(P) biosynthesis (e.g. thermal
stress, measured as DHW), and atmospheric properties such
as AOD, could provide insight into the role of DMS in local
climate of coral reefs (e.g. Cropp et al., 2018; Jackson et al.,
2018).

This information could then be used to inform regional
Earth system models and to quantify the role of DMSa in
the formation of sulfate aerosols, CCN and the properties
of low-level marine clouds over coral reefs. Currently, DMS
emissions from coral reefs are poorly constrained and are not
explicitly included in any global DMS climatology. Some
modelled studies show a weak relationship, or no relation-
ship, between DMSa and atmospheric properties in the trop-
ics, whereas strong relationships have been demonstrated in
other ocean regions (e.g. Vallina et al., 2007). This may be
due to low sensitivity of aerosol and CCN to DMS in the low
latitudes or a consequence of poor representation of coral-
reef DMS emissions in global climatologies. Improving the
representation of coral reefs in DMS databases, which are
subsequently incorporated into Earth system models, would
provide insight into the sensitivity of local climate to coral-
reef DMS emissions. Quantifying the radiative cooling effect
of marine biogenic aerosols over coral reefs is increasingly
important with ongoing ocean warming and coral bleaching.

8 Mitigation strategies

The predicted increase in the frequency and severity of mass
coral bleaching events may require biological and/or physical
interventional management strategies to conserve coral reefs.
One possible method is the propagation of temperature-
tolerant coral species throughout coral-reef ecosystems
(Van Oppen et al., 2015). This may help degraded coral reefs
recover from disturbances such as coral bleaching and help
to prevent further mass coral bleaching events. As discussed
above, our understanding of DMS(P) biosynthesis amongst
coral taxa is relatively limited, and temperature tolerance
does not always predict the rate of DMS emissions (Steinke
et al., 2011). However, the propagation of these temperature-
tolerant species may counteract the predicted decline in DMS
emissions in coral reefs dominated by sensitive coral species
with ongoing coral-reef degradation.

Other strategies are aimed at mitigating the warming ef-
fects of GHGs via physical means. Solar-radiation man-
agement (SRM) strategies essentially mimic natural marine
aerosol emissions and involve injecting sea spray or sulfate
particles into the atmosphere over coral reefs to increase the
albedo of low-lying marine clouds (Crabbe, 2009; Irvine et
al., 2017). In a modelled scenario, injecting 5 Tg SO2 an-
nually into the stratosphere above Caribbean coral reefs re-
duced SST, irradiance and sea-level rise and resulted in a sub-
stantial decline in the number of mass coral bleaching events

predicted to occur over the next 50 years (Zhang et al., 2017).
Similarly, Kwiatkowski et al. (2015) reported that enhancing
SO2 concentrations in the tropical stratosphere reduced SST
and the risk of coral bleaching over the next 30 years un-
der an RCP4.5 scenario (where GHG and aerosol emissions
drive a 4.5 W m#2 increase in radiative forcing by 2100).
Other studies have examined the effect of releasing sea spray
from ocean-based vessels to the MBL over coral reefs to
brighten low-level marine clouds. Latham et al. (2013) found
that an enhanced source of sea-spray aerosol over the GBR,
Caribbean and French Polynesia offset the warming effects
associated with a doubling of atmospheric CO2, and this re-
duced the number of coral bleaching events predicted to oc-
cur until the end of this century. An additional beneÞt of these
SRM strategies is the potential moderation of climate hazards
(Irvine et al., 2019), such as the reduction in the severity of
tropical cyclones with a decline in SST (Zhang et al., 2017;
Latham et al., 2012).

Another approach involves the implementation of a
biodegradable calcium carbonate surface Þlm over coral
reefs. Early trials conducted as part of the Surface Films
to Attenuate Light into the Great Barrier Reef project
have demonstrated that the Þlm increased light attenua-
tion by 30 % and had no adverse effects on coral physiol-
ogy (Great Barrier Reef Foundation, https://www.barrierreef.
org/what-we-do/projects/sun-shield, last access: 10 Jan-
uary 2018). An initiative proposed by the Reef and Rain-
forest Research Centre and QLD tourism industry is inves-
tigating the feasibility of pumping deep, cold water from 10Ð
30 m over coral reefs with high economic and environmental
value. Early pilot studies are currently being conducted to
test the feasibility of the technology at Moore Reef off the
coast of Cairns (Reef and Rainforest Research Centre, un-
published data, 2017).

Solar geoengineering is a realistic approach which may
provide short-term protection for high-value or vulnerable
coral reefs from rising temperatures. Some of these ap-
proaches mimic marine biogenic aerosol emissions and may
counteract a decline in DMS-derived sulfate emissions with
ongoing coral-reef degradation. However, these approaches
are highly cost- and resource-intensive, particularly for large
coral-reef systems such as the GBR, and success would de-
pend upon the willingness of governments and/or organisa-
tions to continue funding and implementing the technology.
These strategies also do not address other coral-reef stres-
sors such as ocean acidiÞcation, and the long-term impli-
cations are not yet completely understood (Crabbe, 2009;
Irvine et al., 2017). Therefore, there is enormous incentive
to improve our understanding of the natural drivers of coral
resilience, including the role of DMS(P) in alleviating ox-
idative stress and inßuencing the radiative balance over coral
reefs. Future research must decipher the role of DMS and
other VOC emissions in marine aerosol and cloud formation.
If DMS signiÞcantly inßuences aerosol and cloud properties
and alleviates coral physiological stress, it is vital that we
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understand how these processes may be affected by ongo-
ing anthropogenic and climate-change-related disturbances.
Further research is also needed to understand the long-term
implications of solar geoengineering strategies, which may
need to be implemented as a last resort to conserve coral
reefs.

9 Conclusions

There is substantial evidence that coral reefs are strong
sources of dimethylated sulfur compounds. These play an
important role in alleviating oxidative stress in the coral
holobiont resulting from high temperatures, irradiance, aerial
exposure and hyposalinity. It is possible that a side effect
of this stress response provides a source of precursor com-
pounds for the formation of secondary sulfate aerosols, with
important implications for the radiative balance over coral
reefs. There is strong seasonality in both DMS emissions and
aerosol loading over the 2300 km stretch of relatively pristine
coral reefs in the GBR Ð a relationship that is indicative of a
substantial biogenic inßuence on AOD. Field studies have
observed new particle formation events occurring over the
GBR, and remote-sensing analyses have demonstrated that
AOD is positively correlated with conditions that have been
empirically shown to enhance coral DMS emissions. It is
therefore possible that pristine coral reefs such as the GBR
are a source of MBA, with important implications for coral
resilience to future rises in ocean temperature.

Corals enhance DMS emissions in response to rising
stress; however, emissions decline when coral physiological
tolerance ranges are approached. The same trend has been
observed for both AOD and LLC cover, which often coincide
with coral bleaching events. Natural aerosols are an impor-
tant source of CCN, and cloud cover is a primary determinant
of the spatial extent and severity of coral bleaching. Although
the response of coral DMS emissions to the changing climate
is uncertain, a decline in DMS-derived particles may exacer-
bate warming and the degradation of coral reefs. Capturing
the complex biogeochemical and oceanÐatmosphere interac-
tions involved in the coral-reef sulfur cycle is a challenging
task. A multi-disciplinary approach which utilises both Þeld
and remote-sensing observations, with Earth system models,
is therefore needed to improve our understanding of the im-
portance of DMS in coral physiology and climate. This will
enable a better understanding of natural aerosol radiative ef-
fects and inform alternative methods of coral-reef manage-
ment.
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Appendix A: Glossary

Aerosol Solid or liquid particle suspended in the atmosphere. Examples include sea spray,
dust, smoke and biogenic sulfates.

Aerosol optical depth (AOD) Unitless measure of the amount of aerosol in the atmosphere, determined by the
extinction of solar radiation.

Albedo The amount of solar radiation which is reßected from a surface, such as an aerosol
particle or cloud droplet.

Catabolism Metabolic pathway by which compounds are degraded into smaller units. In the coral
holobiont, DMSP catabolism occurs via the demethylation (removal of a methyl
group) or cleavage (enzymatic splitting of a chemical bond) pathways.

Cloud condensation nuclei (CCN) Aerosol particles on which water vapour condenses to form cloud droplets. CCN
inßuence the lifetime, albedo and cover of clouds, with implications for precipitation
and the EarthÕs radiative balance.

Coral holobiont The coral host and all endosymbiotic micro-organisms, including microalgae,
microbes and viruses.

Marine boundary layer (MBL) The lower atmosphere in contact with the ocean surface, where the exchange of heat,
moisture, momentum and chemical species between the ocean and atmosphere occurs.

Radiative forcing The net difference between top-of-atmosphere incoming and outgoing radiation due to
interactions between solar radiation, aerosols, clouds and the EarthÕs surface (measured
in W m#2 ). Positive forcing indicates a warming effect, while negative forcing indicates
a cooling effect.

Reactive oxygen species (ROSs) Reactive oxygen produced by impaired algal photosystems and coral tissues during
exposure to high temperatures and/or irradiance, which damage cells and tissues.
Examples include the superoxide anion, hydroxyl radical and singlet oxygen.

Solar-radiation management (SRM) A solar geoengineering approach to mitigating global warming via an increase in the
aerosol and cloud albedo effect.
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endosymbiont composition (Deschaseaux, Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014; Jones &
King, 2015; Steinke et al., 2011).Acropora spp. are the dominant reef!building coral genus in the coral
reef!dense region of the Indo!Paci! c and contain among the highest reported concentrations of DMSP
(Raina et al., 2013; Swan, Deschaseaux, et al., 2017). These species typically harbor temperature!sensitive
endosymbionts (e.g., Clade C), which have been found to contain higher and more variable quantities of
DMSP when exposed to thermal stress, compared to thermo!tolerant clades (e.g., Clade D) (Deschaseaux,
Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014; Jones & King, 2015).

DMSP is the major marine precursor of DMS and has a range of biological functions. In marine algae, DMSP
and its derivatives DMS, acrylate, dimethyl sulfoxide (DMSO), and methane sulfonic acid (MSA) are
involved in raising the oxidative stress threshold (Sunda et al., 2002). A similar antioxidant mechanism exists
in corals (Deschaseaux, Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014; Gardner et al., 2016). When
photosynthetically active radiation (PAR) exceeds the absorption capacity of zooxanthellae photosystems,
damage can occur to the photosynthetic apparatus (Jones et al., 2002; Lesser, 2010). Zooxanthellae may
recover from photo damage at night, but if the rate of damage exceeds that of repair by photoprotective
mechanisms, oxidative stress accumulates and reactive oxygen species (ROS) are leaked into host tissues
(Jones et al., 2002; Lesser, 2006, 2010; Lesser et al., 1990). Higher than normal SST can exacerbate light stress
by lowering the PAR absorption capacity, leading to more oxidative stress in the coral holobiont and coral
bleaching if conditions persist (Lesser, 2010; Skirving et al., 2018; Yakovleva et al., 2009).

DMSP is cleaved to DMS and acrylate by enzymes collectively termed DMSP!lyases, present within coral
zooxanthellae, marine microalgae, and coral!associated and free!living bacteria (Alcolombri et al., 2015;
Bullock et al., 2017; Raina et al., 2009; Sun et al., 2016). DMS/P and acrylate rapidly scavenge these ROS
forming DMSO, which may be further oxidized by ROS to MSA (Sunda et al., 2002). This results in a non-
linearity in coral DMS emissions with rising stress. For example, DMSP biosynthesis and cleavage to DMS
has been shown to increase in corals with rising SST and irradiance (Jones et al., 2007; Jones et al., 2014;
Raina et al., 2013), until SST and/or PAR exceed coral physiological tolerance thresholds. Beyond these
thresholds, the rate of DMS/P oxidation to DMSO increases, resulting in a decline in ambient DMS concen-
trations (Deschaseaux, Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014; Fischer & Jones, 2012; Jones
& King, 2015).

When present in excess, DMS will diffuse into the water column and be ventilated to the MBL (Fischer &
Jones, 2012; Hopkins et al., 2016). Atmospheric DMS (DMSa) is then oxidized primarily by hydroxyl radicals
(OH) in the clean MBL to sulfur dioxide (SO2), which may then undergo gas phase oxidation to sulfuric acid
(H2SO4) and homogenous nucleation to form new nonÐsea salt sulfate (nss!SO4) particles (Andreae &
Crutzen, 1997; Andreae & Rosenfeld, 2008; Charlson et al., 1987). The rate of DMSa conversion to sulfate
aerosol precursors is critical in the formation of nss!SO4. However, this pathway requires high solar irradi-
ance and OH concentrations (! 3 ! 105 cm!3 ) (Andreae & Crutzen, 1997), high DMSa mixing ratios (! 100
pptv) (Chang et al., 2011), and relatively low humidity (~60%) (Modini et al., 2009), wind speeds, and preex-
isting particle number concentrations (< 100 cm! 3) (Chang et al., 2011). These are conditions typically found
in the free troposphere (FT), and thus, entrainment to the MBL is an important source of new sulfate parti-
cles over remote oceans (Sanchez et al., 2018). The dominant pathways in the MBL are the aqueous!phase
oxidation of DMS!derived sulfates within cloud droplets and the condensational growth of preexisting par-
ticles (Hoffmann et al., 2016; Woodhouse et al., 2013). Although these pathways suppress new particle for-
mation, DMS!derived sulfates alter the chemical composition, size, and the climate forcing potential of
atmospheric particles (Andreae & Crutzen, 1997; Hoffmann et al., 2016).

At Heron Island in the southern Great Barrier Reef (GBR), new particle formation events have been
observed to coincide with DMSa spikes above the coral reef (Swan et al., 2016). These events occur during
daylight, low relative humidity, and low wind speeds, when conditions for the local gas phase nucleation
of DMS oxidation products are favorable. Newly formed particles in the submicron size range consisted of
~50% sulfate and 50% organics (Swan et al., 2016), similar to earlier! ndings which characterized nucleation
mode particles (~0.02! m) in the southern GBR as ~60% sulfate and 40% organics (Modini et al., 2009).
Reef!scale micrometeorology is an important driver of coral physiological stress and bleaching in the GBR
(McGowan et al., 2019; McGowan & Theobald, 2017). Local LLC cover reduces downwelling solar radiation
and SSTÑ both of which are major contributors to coral physiological stress and coral bleaching
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(Lesser, 2010). Evaporation and particle emissions over shallow, warm coral reef waters contributes to the
formation of a convective coral reef internal boundary layer (~65Ð130 m), with typically higher
temperatures and humidity than the atmosphere above, favorable for LLC formation (McGowan
et al., 2019). Emissions of DMS and other volatile organic compounds (VOCs) may therefore establish a
negative local climatic feedback to abate coral stress by in" uencing the chemical and physical properties
of marine aerosols, CCN and LLC (Jones et al., 2017; Kleypas et al., 2008; Swan et al., 2016;
Takahashi et al., 2010).

Several studies have demonstrated a signi! cant relationship between DMS, aerosol optical depth (AOD),
CCN, and cloud droplet radius in the remote MBL (Chang et al., 2011; Fiddes et al., 2018; Gabric et al., 2013;
Gabric et al., 2018; Korhonen et al., 2008; Lana et al., 2012; McCoy et al., 2015; Sanchez et al., 2018; Vallina
et al., 2007). A recent modeling study found that H2SO4, aerosol, LLC, and rainfall were sensitive to large
perturbations in DMS (Fiddes et al., 2018). This response was greatest in remote Southern Hemisphere east-
ern ocean basin stratiform cloud decks. Here, enhanced DMS sea!air " ux and DMS!derived aerosols reduced
surface short!wave radiation (!5 W m !2 ) and precipitation (!10%), due to enhanced LLC cover and lifetime
(Fiddes et al., 2018). Similarly, a correlation analysis of global monthly sea surface and atmospheric DMS
concentrations positively correlated with satellite!derived ! ne!mode AOD and CCN number in pristine
ocean regions (Vallina et al., 2007). This suggests that a regionally variable link exists between DMS emis-
sions and atmospheric properties. Coral reefs are strong sources of DMS and may also bioregulate their local
environment. However, the importance of biogenic compounds such as DMS in particle nucleation and
growth and their effect on the local radiative balance in coral reefs remains uncertain.

Here, we investigate seasonal and diurnal variability in DMSa and potential sources of DMSa and atmo-
spheric particles at Heron Island in the southern GBR. DMSa was measured by H.B. Swan above the
Heron Island coral reef" at for four approximately 2!week periods during the summers of 2012, 2016, and
2018 and one winter (2013). Additional measurements of atmospheric particle number concentration in
two size ranges (0.5Ð2.5 and > 2.5! m) were taken during the 2016 and 2018 summer surveys. Seasonal varia-
bility in the 2012 and 2013 DMSa data sets is reported in Swan, Jones, Deschaseaux, and Eyre (2017). This
study builds on those! ndings through further analysis of additional DMSa data, in conjunction with pre-
viously unanalyzed measurements of atmospheric particle number concentration and satellite derived
observations of AOD and chlorophyll!a (CHL).

2. Materials and Methods

Heron Island (23.44¡S, 151.91¡E) is an outer!shelf lagoonal coral reef, located in the Capricorn Bunker
region of the southern GBR (Figure 1). Surface level DMSa (nmol m! 3) was measured above Heron Island
at approximately 15!min intervals during four separate surveys: 6Ð20 March 2012, 18 July to 5 August
2013 (Swan, Jones, & Deschaseaux, 2017a), 5Ð18 February 2016 (Swan, Jones, & Deschaseaux, 2017b),
and 27 January to 7 February 2018 (Swan et al., 2018). These data were averaged into an hourly time series
(for 2012n = 330; for 2013n = 430; for 2016n = 307; for 2018n = 265). Measurements were taken using an

Figure 1. Map of (a) the southern GBR, showing the location of Heron Island in the Capricorn Bunker region and (b) the
location of Australian Integrated Marine Observing System sensors used in this analysis. Sensor" oats (SF) and relay
poles (RP) indicate the location of sensors listed in Table 1. Satellite imagery © 2019 Google Earth.
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in 2018 were then similar in magnitude to wind speeds measured during the other surveys (< 15 m s!1 ).
Hourly tide height (Tide: m) was calculated using daily high and low tide predictions provided by the
Australian Bureau of Meteorology. The predicted tide height was shifted +1.25 hr to re" ect on!site observa-
tions of low tide over the Heron Island reef" at, which consistently occurred 1.25 hr later than the predicted
time (Swan, Jones, Deschaseaux, & Eyre, 2017).

2.2. Remotely Sensed Data

To disentangle local from remote sources of observed DMSa, back trajectories of air masses arriving at Heron
Island within 24 hr (the approximate atmospheric residence time for DMSa) were computed for each study
day (supporting information Figure S1) by the National Oceanic and Atmospheric Administration (NOAA)
Air Resources Laboratory HYSPLIT transport and dispersion model (Rolph et al., 2017; Stein et al., 2015).
These show the origin of air masses in space and altitude (m) ASL. A daily area!averaged time series of
CHL (mg m!3 ), a proxy for phytoplankton biomass, was obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard the Terra and Aqua satellites. CHL was downloaded from the NASA
Ocean Color Distributed Active Archive Center (DAAC) (http://oceancolor.gsfc.nasa.gov) and averaged
over a broad region encompassing Heron Island and the adjacent Coral and Tasman Seas (21.65Ð30¡S;
150Ð160¡E). HYSPLIT back trajectories show that low!lying air masses originated within this subset bound-
ary on all study days, and thus, CHL provides an indication of the potential for phytoplankton as a DMSa

source at Heron Island. We also obtained a global (1¡) monthly climatology of ocean mixed layer depth
(MLD: m), calculated using the density algorithm from Argo Float temperature and salinity data for
January 2000ÐApril 2018 (Holte et al., 2017). An area!averaged climatology of MLD was calculated for the
CHL subset region to assess drivers of seasonal variability in CHL.

A daily time series of AOD (869 nm) was also obtained for each survey period for comparison with in situ
measurements of DMSa. AOD was downloaded from the NASA Ocean Color DAAC at 4 km resolution
and area averaged over a ~400! 400 km grid centered on Heron Island (21.65Ð25.27¡S; 150Ð153.93¡E). It
was expected that during low WS (" 2 m s!1 ), locally emitted aerosols would remain within this subset
boundary over a 24!hr period and be captured by the analysis. DMSa has an atmospheric residence time
of ~1 day (Khan et al., 2016) before removal mechanisms such as oxidation to SO2 occur (Andreae &
Crutzen, 1997; Barnes et al., 2006). However, Berndt et al. (2019) suggest that DMS oxidation can occur
far more rapidly via an isomerization pathway, as does Swan et al. (2016) who suggests that DMS oxidation
can occur in a matter of hours over warm, well!lit tropical coral reef waters (Swan et al., 2016), where hydro-
xyl concentrations are high (Andreae & Crutzen, 1997). If DMS!derived sulfates signi! cantly in" uence AOD
over the southern GBR, a positive correlation is expected between daily mean DMSa and AOD during calm
conditions (" 2 m s!1 ).

2.3. DMS Sea!Air Transfer Velocity

The gas transfer velocity of DMS (kDMS: cm hr!1 ) controls the rate of exchange across the sea!air interface
and is related to WS and SST (Ho & Wanninkhof, 2016; Yang et al., 2011). Rising wind speeds increase
sea surface and atmospheric turbulence and enhance interfacial gas transfer between the ocean and atmo-
sphere. Increasing SST also in" uences gas transfer by reducing diffusive resistance. Therefore,kDMS can
be used as an indicator of the potential importance of DMS emissions from coral reef lagoon waters and
the surrounding ocean, relative to direct emissions from aerially exposed corals at low tide, which occurs
independently of the DMS gas transfer velocity. We expect spikes in DMSa detected whenkDMSis low to indi-
cate direct emissions from the coral reef.

Gas transfer velocity parameterizations use wind speeds at 10 m above the sea surface (U10). Thus, to calcu-
late kDMS, WS measured at the Heron Island Research Station (15 m) and RP 5 (2 m) were! rst scaled toU10

using a logarithmic wind speed pro! le, as per Hoffman (2011) (equation 1). For equation 1,U is the observed
wind speed at heightz (m), andz0 is the sea surface roughness, calculated using equation 2 (Hoffman, 2011).

For equation 2, the constantsC0 = 3.7 and C1 = !1.165, were derived from a linear! t between ln ak2

gz U2
! "

and ln z
z0

! "
, where a is the Charnock constant (0.0185),k is the von K‡rm‡n constant (assumed to be 0.4

for seawater) andg is the acceleration due to gravity (9.8 m s!2 ) (see Hoffman (2011) for details).
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U10 ! U z" #
ln 10=z0" #
ln z=z0" #

# $
(1)

z0 ! ze! C0$ C1log ak2U z" #
2=gz" #% & (2)

Total gas transfer velocity is a function of both the air (ka) and water!side (kw) transfer velocities, which
are largely controlled byU10 and SST (Liss & Merlivat, 1986). DMS is a soluble gas produced ubiqui-
tously throughout the ocean and thus, the concentration in seawater is far higher than in the atmo-
sphere. Therefore,kw is the primary rate limiting process in total DMS gas transfer. Consequently,
many studies exclude air!side resistance to DMS transfer and assume thatkDMS is equivalent to kw.
McGillis et al. (2000) demonstrated that air!side DMS transfer velocity becomes important during high
wind speeds and/or low temperatures, such as those which frequently occur in the Southern Ocean
(e.g., Yang et al., 2011). More recently, various eddy covariance methods have shown thatkDMS is line-
arly related to wind speed and thus,ka is important across all wind speeds and temperatures
(Goddijn!Murphy et al., 2012). We calculatedkDMS as a function of bothka, using the parameterization
of Johnson (2010) andkw, using the parameterization of Goddijn!Murphy et al. (2012). Given that WS at
Heron Island rarely exceeds 10 m s! 1, and SST is relatively high (typically > 20¡C), we found that includ-
ing ka in our calculation of kDMS did not substantially in" uence overall transfer velocity, with differences
< 0.002 cm hr!1 between calculations including or excludingka. Therefore, for simplicity, we only
included kw at Heron Island (equations 3 and 4). This was done by! rst calculating kw for a Schmidt
number (Sc) of 600, which was then normalized to the SST dependent Sc for DMS (ScDMS), provided
in Saltzman et al. (1993). Given that we do not have data on seawater DMS concentrations and thus,
cannot calculate DMS sea!air " ux, this simple calculation ofkDMS as a function of only water!side resis-
tance is suf! cient for this analysis.

kw 600" # ! 2:1U10 ! 2:8 (3)

kw DMS" # ! kw 600" #
ScDMS

600

% &! 1
2

(4)

2.4. Correlation Analysis

Seasonal and diurnal variability for each time series was examined for the four survey periods. To inves-
tigate local drivers of DMSa and particle number concentration variability at Heron Island, the data was
! ltered to exclude moderate to high WS (>2 m s!1 ) and the resulting time series were cross!correlated.
Cross!correlation measures the similarity between two time series, where one is lagged before (negative
lag) or after (positive lag) the other. For example, when physical conditions are lagged after DMSa (posi-
tive lag), DMSa is considered to be the dependent variable, thereby implying that physical conditions
affect DMSa at a later time. Similarly, when DMSa is lagged after D0.5 or D2.5, particle number is con-
sidered to be the dependent variable. The data was! rst detrended by removing the temporal mean and
any missing values were! lled using a linear interpolation. As the 2012, 2016 and 2018 surveys were all
taken during summer (JanuaryÐMarch), these data sets were combined for the correlation analysis and
will henceforth be referred to as the summer data set (n = 902). The July 2013 data will be referred to
as the winter data set (n = 430). DMSa was also compared with daily mean MODIS AOD. Given that
MODIS provides only two measures of AOD around midday in the southern GBR, the average morning
DMSa was calculated for the hours 01:00 to 12:00, excluding data when WS > 2 m s! 1. This maximized
the chance that any coral reef!derived particles would remain within the subset boundary around Heron
Island and resulting changes in AOD would be captured by the satellite observations. Given the small
number of survey days (60), the summer and winter data sets were combined for comparison with the
daily AOD observations. DMSa, SST, CHL, D0.5, and D2.5 were log!transformed to a normal distribu-
tion. A conservative signi! cance level (! = 0.01) was used to account for nonnormality in PAR, which
was not improved with any data transformation. All other data were approximately
normally distributed.
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3. Results
3.1. Sources of DMSa at Heron Island

DMSa concentrations at Heron Island (Figure 2) were typically higher in summer (mean 3.2 nmol m!3 /
78 ppt) than winter (mean 1.3 nmol m!3 /32 ppt). Variability in DMSa was also higher during the summer
months, with a diel range of ~2 to 4 nmol m!3 (49Ð98 ppt), compared to ~1 nmol m!3 (24 ppt) in winter.
This was true with the exception of a single large spike of DMSa during the Austral winter, in the evening
of 25 July 2013 (Figure 2b) which reached an hourly average of 16.2 nmol m!3 (maximum 45.9 nmol m!3 )
or 396 ppt (maximum 1,123 ppt). This spike occurred when rain (not plotted) fell onto the aerially exposed
coral reef during the evening low tide on July 25 (Swan, Jones, Deschaseaux, & Eyre, 2017). Several smaller
spikes in DMSa were detected during the four survey periods and also occurred during afternoon low and
rising tides (Figure 2).

As noted,kDMS was largely driven by WS, yet was not a good overall predictor of DMSa (r2 = 0.15,p < 0.001).
This is likely due to the several large spikes in DMSa mentioned above, which were often detected during
relatively calm conditions (WS < 5 m s!1 ) (Figure 2). In terms of wind direction (see Figure S1), DMSa
and particle number concentration were highest in the prevailing south to southeasterly winds, across the
range of observed WS (Figure 3). Northerly winds were not as common and were slower in velocity.
DMSa and particle number concentration were relatively low in these air masses (Figure 3).

Interannual variability in summer DMSa was also present, with consistently higher concentrations detected
during both 2012 (mean 3.9 nmol m!3 /95 ppt) and 2016 (mean 3.7 nmol m!3 /91 ppt), yet relatively low
DMSa detected in 2018 (mean 1.8 nmol m!3 /44 ppt), similar to concentrations expected in winter
(Figure S2). CHL was used as a proxy for phytoplankton biomass, to investigate the potential in" uence of
phytoplankton emissions on observed DMSa. Although CHL did not correlate (p > 0.05) with daily mean
DMSa, interannual variability in summer CHL (Figure S2) agrees with that of DMSa, with consistently
higher mean concentrations in 2012 (0.28 mg m!3 ) and 2016 (0.23 mg m! 3) and lower concentrations in
2018 (0.16 mg m! 3).

The climatology of CHL and MLD for the study region shows a seasonal increase in CHL during winter,
coinciding with a deepening mixed layer (Figure 4). Daily mean CHL observed during our study periods
was well above average in 2012 and 2016, however was lower and remained largely within the expected
range (±2 SE) in winter 2013 and summer 2018 (Figure 4). Phytoplankton are signi! cant sources of DMS
and thus, a shift in biomass may have driven the observed interannual variability in DMSa.

On a diurnal timescale, summertime DMSa was lowest at 13:00 when PAR was high (Figure 5a) and
increased through the evening, reaching a maximum at 05:00 when PAR (Figure 5a), SST (Figure 5c), and
Tide (Figure 5e) were low. Conversely, in winter, DMSa was highest at 13:00, shortly after the peak in
PAR at 12:00 (Figure 5b). DMSa then increased with SST (Figure 5d) and during afternoon low tides
(Figure 5f) in winter.

Table 2 shows the Pearson's linear correlation coef!cients for the hourly time series. In summer, DMSa nega-
tively correlated with SST and PAR, and positively with WS. As expected, SST positively correlated with PAR
and negatively with WS, re" ecting solar heating during the day and evaporative cooling of the sea surface,
respectively. In winter, DMSa only signi! cantly correlated with Tide and WS (Table 2). SST also negatively
correlated with WS in winter, yet did not correlate with PAR. To investigate the drivers of local DMSa varia-
bility at Heron Island, cross!correlation coef!cients were investigated during calm conditions
(WS" 2 m s!1 ) and are shown in supporting information Figure S3. In summer, the negative correlation
between DMSa and both PAR (r = !0.31, p < 0.001) and Tide (r = !0.27, p < 0.001) increased in strength
and were highest at zero time lag. In winter, DMSa signi! cantly positively correlated with SST at
zero!time lag (r = 0.22,p < 0.001). WS no longer correlated with DMSa in summer or winter (p > 0.05).

The positive correlation between SST and PAR also increased as PAR was lagged 4 hr after SST in summer
(r = 0.59,p < 0.001), and by 3 hr in winter (r = 0.70,p < 0.001). This re" ects the delayed response of SST to
increasing solar irradiance shown in Figures 2aÐ2d. For the summer 2016 and 2018 data, particle number
concentration negatively correlated with SST and PAR (Table 2). During low WS (" 2 m s! 1), the correlation
coef!cients strengthened as particle number concentration was lagged 4 hr after SST (for D0.5r = !0.30,

10.1029/2019JD031837Journal of Geophysical Research: Atmospheres

JACKSON ET AL. 7 of 19



Figure 2. Time series of hourly DMSa ( ), WS ( ), kDMS ( ), PAR ( ), Tide ( ) and SST ( ) at Heron Island
during (a) 2012, (b) 2013, (c) 2016, and (d) 2018. Date axis indicates noon local time (UTC + 10 hr).
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p < 0.05; for D2.5r = !0.66, p < 0.001) and with zero!time lag for PAR (for D0.5r = !0.45, p < 0.001; for D2.5
r = !0.70, p < 0.001; see supporting information Figure S3). All other cross!correlation coef!cients did not
improve or were nonsigni! cant (p > 0.05).

3.2. Sources of Atmospheric Particles at Heron Island

Low!altitude marine air masses arrived at Heron Island on 77% (20 of 26 days) of the 2016 and 2018 study
days, with the exception of 13Ð16 February 2016 and 30Ð31 January 2018 (Figure S1). Figure 6 shows the
time series of DMSa, WS and particle number concentration, all of which appear to follow similar trajectories
and are therefore positively correlated (Table 2).

WS is an important driver of DMS and marine aerosol emissions and thus, increases in DMSa and particle
number concentration were detected across the range of observed WS at Heron Island (Figure 3). Solar

Figure 3. DMSa ( ), D0.5 ( ), and D2.5 ( ) as a function of WS, divided into quadrants of WD at Heron Island during
all study periods. Particle concentration data were only available for the 2016 and 2018 periods (n572).

Figure 4. Climatology (2001 2018) of monthly MLD ( ) and 7 day moving average CHL ±2 SE ( ) at Heron Island
and the adjacent Coral and Tasman Seas (21.65 30¡S; 150 160¡E). Moving averages (7 day) of CHL during the 2012
( ), 2013 ( ), 2016 ( ), and 2018 ( ) surveys are also shown.
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identi! ed seasonally dependent diel DMSa cycles and a signi! cant link between DMSa and local oceanic and
atmospheric parameters at Heron Island.

4.1. Sources of DMSa at Heron Island

A seasonal DMSa cycle was observed at Heron Island, with increases in summer driven by temperature and
irradiance!dependent shifts in phytoplankton biomass and coral physiological stress (Broadbent &
Jones, 2006; Jones et al., 2007). DMSa was highest during the prevailing south to southeasterly winds and
positively correlated with WS, indicative of accumulating emissions from local and upwind coral reefs,
lagoon waters and adjacent Coral and Tasman Seas. However, WS andkDMS were not good predictors of
DMSa during relatively calm conditions (WS < 5 m s!1 ), indicative of local emissions from the coral reef" at.
This is supported by several large spikes in DMSa detected during afternoon low and rising tides. The coral
reef" at often becomes aerially exposed during low tide and DMS may be directly transferred from the coral
reef to the MBL (Hopkins et al., 2016; Swan, Jones, Deschaseaux, & Eyre, 2017). DMS emissions also increase
on rising tides when DMS in coral mucous dissolves and accumulates in tidal slack waters (Hopkins
et al., 2016; Jones et al., 2007; Jones et al., 2018; Swan, Jones, Deschaseaux, & Eyre, 2017). The highest spike
occurred during the evening low tide of 25 July and Swan, Jones, Deschaseaux, and Eyre (2017) concluded
that rainfall (hyposalinity) and rapid temperature change stressed the exposed corals. This combination of
stressors most likely triggered an upregulation of DMSP catabolism to DMS, resulting in the detected
DMSa spike above the coral reef (Deschaseaux, Jones, et al., 2014; Gardner et al., 2016; Hopkins et al., 2016;
Swan, Jones, Deschaseaux, & Eyre, 2017). Thus, although DMSa detected at Heron Island was largely within
the range reported for other ocean regions (~100Ð200 ppt) (Lana et al., 2011), occasional spikes well above
this range (>1,000 ppt) can occur during low and rising tides and persist for up to ~8 hr (Swan, Jones,
Deschaseaux, & Eyre, 2017). Similarly, reported concentrations of DMSa detected above the nearby One
Tree Reef lagoon are higher than that typically detected over remote oceans, reaching 23 nmol m!3

(563 ppt) (Jones et al., 2007). Therefore, the coral reef is a much greater, albeit intermittent, source of
DMSa compared to open ocean sources.

Sources of DMSa in coral reefs include zooxanthellate Scleractinian (Raina et al., 2013) and Alcyonacea (soft)
corals (Haydon et al., 2018), crustose coralline algae (Burdett et al., 2015), marine macroalgae and free!living
microalgae (Stefels, 2000; Van Alstyne & Puglisi, 2007), giant clams (Hill et al., 2000), as well as carbonate
sediments dominated by benthic microalgae (Deschaseaux et al., 2019). Corals, particularlyAcroporaspp.
(Broadbent et al., 2002; Broadbent & Jones, 2004; Swan et al., 2016), contain the highest reported

Figure 6. Time series of hourly DMSa ( ), WS ( ), D0.5 ( ), and D2.5 ( ) at Heron Island during (a) 2016 and
(b) 2018. Date axis indicates noon local time.
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concentrations of DMS/P in coral reefs. These species are abundant at Heron Island and are likely the domi-
nant local source of DMSa in the coral reef ecosystem (Swan, Deschaseaux, et al., 2017).Acropora spp.
release large quantities of DMS during aerial exposure (Hopkins et al., 2016), which can occur during low
tide, and during exposure to thermal and irradiance stress (Deschaseaux, Beltran, et al., 2014;
Deschaseaux, Jones, et al., 2014; Jones et al., 2014; Jones & King, 2015; Raina et al., 2013). However, DMS
emissions fromAcroporaspp. have been shown to decline by 92% and 87% during exposure to SST > 26¡C
and PAR > 6 mol m!2 hr!1 , respectively (Fischer & Jones, 2012). As oxidative stress increases in the coral
holobiont, an upregulation of DMS/P oxidation to DMSO and a decline in ambient DMS concentrations
occurs (Deschaseaux, Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014). A similar trend was observed
in late February 2016 (Figure 2c), when daily maximum DMSa declined prior to the coral bleaching event
in March. During this period SST exceeded the estimated coral thermal stress threshold of 27.3¡C, calculated
as the climatological maximum monthly mean SST (Liu et al., 2006), for several consecutive days. WS and
kDMS were low during this time, suggesting that the observed variability in DMSa was driven by a decline
in biosynthesis and emissions from corals exposed to high levels of thermal and oxidative stress.

4.2. Interannual Variability in DMS a and CHL

Interannual variability in summer DMSa showed a decline in concentrations in JanuaryÐFebruary 2018. In
the absence of data on seawater DMS concentration, we may only speculate as to the cause of this apparent
decline. One possible cause is lower CHL (an indicator of phytoplankton biomass) in the southern GBR and
surrounding ocean, which displayed similar interannual variability to that of DMSa (Figure S2). The season-
ally low DMSa observed in summer 2018 may therefore have been driven by lower phytoplankton biomass.
Another possible explanation is that reduced coral health and/or coral cover in the southern GBR after two
consecutive coral bleaching events in the summers of 2016 and 2017, resulted in lower DMS emissions from
the coral reef in 2018. Note that this explanation is less likely as coral mortality rates were relatively low in
the far southern GBR (~5% at Heron Island) (AIMS, 2018).

Interestingly, the climatology of CHL displayed a seasonality that is not typical of subtropical!temperate lati-
tudes. In temperate latitudes, increases in phytoplankton biomass typically occur in spring and autumn,
coinciding with optimal PAR and adequate nutrients in the euphotic zone as the MLD shoals and deepens,
respectively (Longhurst, 1995; Winder & Cloern, 2010). However, our analysis shows a clear winter increase
in CHL (Figure 4). This seasonal cycle was previously documented in the southern Coral Sea adjacent to
Heron Island, with seasonal increases in phytoplankton biomass occurring from May to September
(Welch et al., 2016). Normally light is a limiting factor for phytoplankton growth in winter in temperate lati-
tudes however, MLD remains relatively shallow (< 85 m) in our study region. Reduced photoinhibition, in
combination with enhanced upwelling of nutrients with a deepening MLD may explain this seasonal cycle.

4.3. Diel Cycling of DMS a

Seasonally dependent diel DMSa cycles were also observed. In summer, DMSa was lowest at 13:00 when SST
and PAR (and the abundance of oxidative free radicals such as OH) were high and increased through the
evening. Consequently, DMSa negatively correlated with both SST and PAR during summer. This trend
likely re" ects enhanced photo!oxidation of DMSa by free radicals, which are highest at solar noon. The cor-
relation between DMSa and PAR increased during calm conditions, suggesting that PAR alone explains up to
10% of the diel variability in summer DMSa. Photo!oxidation is a signi! cant sink of both DMSw and DMSa

(Gabric et al., 2008; Gal’ et al., 2013; Toole et al., 2003) and a source of aerosol precursors including MSA,
SO2 and H2SO4 (Andreae & Crutzen, 1997; Ayers & Gillett, 2000; Barnes et al., 2006). This diel cycle agrees
with previous observations of DMSa in remote oceans (Ayers & Gillett, 2000; Bandy et al., 1996; Gal’
et al., 2013; Marandino et al., 2007; Warneke & De Gouw, 2001) and highlights the importance of photo-
chemistry as a driver of diurnal DMSa variability.

Conversely, in winter, DMSa was highest at 13:00 and decreased through the evening. PAR was lower and
midday levels persisted for a shorter period of time in winter (> 4 mol m!2 hr!1 for ~2 hr in winter compared
to ~5 hr in summer). Slower DMSa oxidation with lower solar irradiance, may have revealed enhanced bio-
genic DMS emissions with rising SST and during afternoon low tides. This is supported by the positive cor-
relation between DMSa and SST, and negative correlation between DMSa and Tide in winter (Table 2;
Figure S3). As discussed above, corals are a signi! cant source of DMSa during low and rising tides. SST

10.1029/2019JD031837Journal of Geophysical Research: Atmospheres

JACKSON ET AL. 12 of 19



was well below the estimated coral bleaching threshold in winter and thus, the positive correlation between
DMSa and SST likely re" ects increased coral DMSP biosynthesis and cleavage to DMS in response to rising
SST (Deschaseaux, Beltran, et al., 2014; Deschaseaux, Jones, et al., 2014; Raina et al., 2013).

We recognize that the rate of DMS/P biosynthesis and loss to various sinks including microbial metabolism,
vertical mixing and photochemical processes are important factors in determining DMSa concentration
(Gabric et al., 2008; Gal’ et al., 2013; Toole et al., 2003). It is not possible to quantify the contribution of indi-
vidual DMS/P sources and sinks without complementary DMSw data. However, the results presented here
indicate that variability in DMSa at Heron Island is largely driven by seasonal shifts in phytoplankton bio-
mass and coral physiological stress, and by photochemistry at a diel scale in summer.

4.4. Potential Feedback Between Marine Aerosols and Coral Physiological Stress

In both summer and winter, SST positively correlated with PAR, re" ecting enhanced solar heating during
the day; a contributor to coral physiological stress and bleaching (Lesser, 2010). Interestingly, increased par-
ticle number concentration in! ne to coarse size ranges (! 0.5! m) negatively correlated with both PAR and
SST (Table 2, Figure S3). This suggests that increased particle number concentration enhances incoming
PAR backscattering which consequently lowers SST. Particle number concentration accounted for up to
44% of variability in PAR and up to 49% of variability in SST. Marine aerosols may therefore contribute to
the formation of a negative local climatic feedback over the coral reef, reducing solar irradiance and SST,
thereby mitigating coral physiological stress. Other recent work has identi! ed potential feedbacks between
PAR, SST, AOD, and LLC in the GBR over several days using remotely sensed data (Cropp et al., 2018;
Jackson et al., 2018; Leahy et al., 2013). Similarly, this study demonstrates that a short!term (< 1 day), local
feedback may exist between atmospheric particles, SST and PAR over the southern GBR.

4.5. Sources of Atmospheric Particles at Heron Island

The concentration of atmospheric particles ranging in diameter from 0.5 to 2.5 and > 2.5! m was also mea-
sured at Heron Island during January and February in 2016 and 2018. Additional satellite!derived observa-
tions of total AOD were also obtained for all four survey periods and potential sources of these atmospheric
particles was investigated.

Westerly winds were dominant on a small number of days, primarily in winter 2013 (Figure S1). On these
days, particles were likely in" uenced by continental sources including industrial emissions (Junkermann
& Hacker, 2015) from nearby Gladstone (Figure 1a), continental dust (Cropp et al., 2013), wild! res and bio-
mass burning (Chen et al., 2019). On the remaining study days, prevailing southeasterlies transported mar-
ine aerosols from the GBR and adjacent Coral and Tasman Seas to Heron Island. This is supported by
positive correlations between particle number concentration and WS, which suggests that particles in the
observed size range (! 0.5 ! m) were dominated by wind!driven emissions of sea spray aerosols (SSA)
(Cochran et al., 2017).

Previous studies have characterized marine aerosols in the GBR as clusters of sea salt, organics (Mallet
et al., 2016) and additional nonÐsea salt sulfate fractions largely derived from biogenic emissions of volatile
sulfur compounds such as DMS (Modini et al., 2009; Swan et al., 2016). Biogenic sulfates in" uence atmo-
spheric particles via two main pathways. When preexisting aerosol surface area is low, DMS!derived
H2SO4 may undergo homogenous nucleation to form new nss!SO4 particles (Andreae & Crutzen, 1997;
Andreae & Rosenfeld, 2008; Charlson et al., 1987). This pathway is thermodynamically expensive and thus,
predominantly occurs in the free troposphere where conditions are more favorable (Korhonen et al., 2008).
Turbulent vertical transfer of DMS!derived sulfates to the free troposphere and subsequent entrainment to
the MBL is therefore a signi! cant source of new nss!SO4 aerosols (Korhonen et al., 2008; Sanchez et al., 2018).
Alternatively, heterogeneous oxidation of DMS!derived aerosol precursor compounds commonly occurs in
the MBL, contributing to the growth of existing particles (Hoffmann et al., 2016; Woodhouse et al., 2013).
Back trajectories show that marine air masses remained within the MBL (< 500 m ASL) within 24 hr of arriv-
ing at Heron Island (Figure S1), suggesting that the latter is the dominant process by which observed DMSa

could potentially in" uence atmospheric particles during the surveys at Heron Island.

Previous studies in the GBR have demonstrated signi! cant, positive correlations between estimates of coral
physiological stress and AOD, which increase during calm conditions, suggestive of a local aerosol source
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above the coral reef (Cropp et al., 2018; Jackson et al., 2018). Other global studies have shown regionally vari-
able sensitivity of! ne!mode AOD and CCN number to DMS emissions, which is strongest in relatively
remote, pristine ocean regions (Fiddes et al., 2018; Vallina et al., 2007; Woodhouse et al., 2013). Similarly,
our analysis shows a positive correlation between DMSa and observed particle number concentration.
Maximum cross!correlation coef!cients occurred at zero!time lag and since the 0.5! m minimum measured
particle size is signi! cantly larger than the < 0.1! m size range expected for newly nucleated secondary aero-
sols, we do not expect that this positive correlation re" ects DMS!derived new particle formation events.
Furthermore, it is unlikely that DMSa underwent oxidation and homogenous nucleation to new nss!SO4

within the MBL within 1 hr. Rather, the positive correlations re" ect a common driver of variability, such
as wind!driven emissions of SSA and DMS sea!air " ux.

Interestingly however, the correlation between DMSa and particle number concentration for particles in the
smaller size range (0.5Ð2.5! m), increased during low WS (" 2 m s!1 ) and sunlight (PAR! 1 mol m!2 hr!1 ),
when conditions for the local oxidation of DMSa to sulfate aerosol precursors were optimal. Wind!driven
emissions alone do not explain this increase in correlation strength during calm, daylight hours.
Photochemical oxidation is a strong sink of DMSa and source of sulfate aerosol precursors in summer at mid-
day at Heron Island (Figure 3a). Condensation of DMS!derived sulfates on existing aerosol surfaces can alter
the chemical composition of aerosols and contribute to growth to CCN activation sizes (Cochran et al., 2017;
Grythe et al., 2014; O'Dowd & de Leeuw, 2007). Thus, existing! ne particles consisting of! ne SSA (<
0.5 ! m), organics and biogenic sulfates from upwind oceanic sources, can continue to grow via
aqueous!phase oxidation in cloud droplets and condensation of DMS!derived sulfates in the southern
GBR. The relationship between DMSa and D0.5 may therefore re" ect rapid oxidation of DMSa and subse-
quent condensational growth of existing! ne particles (< 0.5! m) to the detectable size range of this study
(! 0.5! m). DMS!derived aerosol precursors may therefore play an important role in the local radiative bal-
ance by facilitating particle growth and altering the climate potential of marine aerosols (Cochran et al., 2017;
Grythe et al., 2014; O'Dowd & de Leeuw, 2007).

Furthermore, DMSa strongly positively correlated with MODIS AOD during calm, daylight hours. Processes
driving the observed variation in DMS emissions could therefore account for up to 67% of the variability in
situ particle number concentration and up to 50% of MODIS AOD variability. This is in agreement with pre-
vious work which characterized aerosols in the southern GBR as ~60% sulfates, likely derived from DMS
(Modini et al., 2009) and provides further support for the hypothesis that a signi! cant link exists between
DMS emissions and marine aerosols in the southern GBR. Many studies focus on the role of DMS in new
particle formation events however, this analysis suggests that DMS may be just as important in facilitating
the growth of existing aerosols in the GBR.

4.6. Future Directions

The results presented in this analysis support existing! ndings that corals in the GBR are a signi! cant source
of DMSa (Fischer & Jones, 2012; Haydon et al., 2018; Jones et al., 2018; Raina et al., 2013; Swan et al., 2016;
Swan, Jones, Deschaseaux, & Eyre, 2017). Ongoing ocean warming and coral bleaching may therefore lead
to a change in DMS emissions from the GBR. However, it is not yet clear how coral DMSP biosynthesis and
catabolism to DMS will be affected under future climate change scenarios. Furthermore, it is not known
whether the DMS antioxidant system and/or the proposed DMS!aerosol!cloud feedback will assist corals
in coping with these impacts. Corals may change their endosymbiont composition via symbiont switching
and/or shuf" ing to favor thermo!tolerant species and lower oxidative stress (Bay et al., 2016; Smith
et al., 2017). For example,Acroporaspp. favor Clade D symbiont dominance when exposed to thermal stress
(Jones & King, 2015), which can increase temperature tolerance by ~1.5¡C (Berkelmans & Van
Oppen, 2006). These temperature!tolerant clades are typically weaker producers of DMSP (Bay et al., 2016;
Deschaseaux, Beltran, et al., 2014), and may result in a decline in DMS emissions from the GBR as these spe-
cies become more abundant. Note that thermal tolerance thresholds are variable within zooxanthellae type
and do not always predict the rate of DMS/P biosynthesis (Steinke et al., 2011). The ability of the coral holo-
biont to acclimate to the rapidly changing climate will also affect changes to DMS emissions.
DMSP!producing corals have a close association with a wide range of microbes and thus, harbor a diverse
genome (Bourne et al., 2016). It is hypothesized that transgenerational epigenetic inheritance may facilitate
rapid phenotypic change, allowing corals to acclimate to rises in SST (Torda et al., 2017). Further research is

10.1029/2019JD031837Journal of Geophysical Research: Atmospheres

JACKSON ET AL. 14 of 19



needed to determine how the rate of coral acclimatization and changes to coral reef community structure
will affect DMS emissions from the GBR in future and whether this will affect local aerosol emissions.

5. Conclusions

Both local and remote oceanic sources of DMSa were detected at Heron Island. Our results support previous
! ndings that the coral reef is a strong source of DMSa above the background oceanic signal during calm con-
ditions, particularly at low tide. Variability in DMSa is primarily driven by temperature and
irradiance!dependent seasonal shifts in phytoplankton biomass and coral physiological stress and by photo-
chemical processes at the ocean surface. The diel DMSa cycle varied between season at Heron Island, with
daily maximums occurring at midday in winter, yet daily minimums at midday in summer. This is attributed
to rapid photo!oxidation of DMSa with high solar irradiance in summer and a slower oxidation rate revealing
enhanced biogenic emissions at midday in winter.

We also identi! ed a signi! cant link between DMSa and atmospheric particle number concentration at
Heron Island. Particles in the observed size range (> 0.5! m) were likely dominated by SSA. Wind speed
is an important driver of SSA emissions and DMS sea!air " ux and thus, this link re" ects wind!driven varia-
bility. However, the correlation between DMSa and intermediately sized particles (0.5Ð2.5 ! m) increased
substantially during calm conditions and sunlight, when the rate of local DMSa oxidation to sulfate aerosol
precursor compounds is highest. Although particles in this size range are larger than that of newly nucleated
nss!SO4 particles, this relationship could re" ect DMS!derived growth of existing particles which is the domi-
nant pathway by which biogenic trace gases in" uence marine aerosols in the MBL. Increased particle num-
ber concentration negatively affected PAR and SST, potentially forming a negative local climatic feedback
over the coral reef. Our results provide a quantitative assessment of the strength and direction of the relation-
ship between coral physiological stress, phytoplankton biomass, and DMS and marine aerosol emissions in
the southern GBR. Further research is required to decipher the role of biogenic aerosol precursors and their
potential to affect the growth, composition, and climate properties of marine aerosols. This is particularly
important in remote coral reefs such as the GBR, where biogenic sulfates and other VOCs are an important
source of secondary aerosol and a major determinant of local climatic variation.

Data availability

Atmospheric dimethylsul! de, wind speed, wind direction, and particle number concentration data are avail-
able from the Southern Cross University electronic publications website (https://epubs.scu.edu.au/data col-
lections/). The 2012 and 2013 data are available at doi: 10.4226/47/58781bbfca619 (Swan, Jones, &
Deschaseaux, 2017a), the 2016 data are available at doi: 10.4226/47/59c460fbe8322 (Swan, Jones, &
Deschaseaux, 2017b), and the 2018 data are available at doi: 10.25918/5c772187f39b6 (Swan et al., 2018).

Sea surface temperature obtained from IMOS" oats at Heron Island can be downloaded from https://apps.
aims.gov.au/metadata/view/0abcf26e!f3de!4e2a!80b4!909090d9c91d (AIMS 2019a). Photosynthetically
active radiation obtained from IMOS" oats can be downloaded for Heron Island at https://apps.aims.gov.
au/metadata/view/05cbcfc1!8d43!4309!931c!b16603785be5 (AIMS 2019b) and for One Tree Island at
https://apps.aims.gov.au/metadata/view/6a00144d!2aa4!4786!bd0d!dab24ea5aaaf (AIMS 2019c). IMOS
weather station wind speed and wind direction at Heron Island can be downloaded from https://apps.
aims.gov.au/metadata/view/45cf6bef!0999!4c82!ba31!7b9ff54e22db (AIMS 2019d).

Chlorophyll!a concentration and aerosol optical depth derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) was downloaded from the NASA Ocean Color DAAC (http://oceancolor.gsfc.
nasa.gov). Mixed layer depth data derived from Argo" oat measurements can be found at doi: 10.1002/
2017GL073426 (Holte et al., 2017).
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atmospheric properties throughout much of the globe29. However, others remain steadfastly positive about the 
role of DMS in global climate30.

In pristine coral reefs such as the Western Paci$c Warm Pool (WPWP), DMS emissions and enhanced LLC 
formation are thought to be the key drivers behind an ocean thermostat which suppresses ocean warming below 
coral thermal tolerance thresholds (~30 ¡C)31Ð33. Despite corals in this region living close to their thermal maxima, 
few coral bleaching events have been recorded over the past 25 years31. Evidence suggests that a similar mech-
anism exists in the Great Barrier Reef, Australia (GBR), where although ocean temperatures in north-eastern 
Australia are warming, SST in the northern GBR is rising at a slower rate compared to southern regions34,35. As 
in the WPWP, this may be due to the high biomass of DMS producing corals and the accumulation of DMS-rich 
air in the prevailing south-east trade winds over the GBR10,16,36. Acropora corals, the dominant genus throughout 
the GBR, are among the highest producers of DMS and enhance emissions in response to thermal, irradiance 
and osmotic stress9,15,16,20,37. Seasonal increases in DMS emissions from the GBR have therefore been observed 
during spring and summer, particularly during low tides and periods of high rainfall when aerial exposure and 
hypo-salinity a#ect coral physiology15,38.

The atmospheric residence time of DMS is approximately one day39, meaning that radiative effects of 
DMS-derived sulfate aerosols are o&en far from the source location. However, a strong link has been established 
between coral physiological stress and satellite-derived $ne-mode aerosol over the southern GBR during calm 
conditions, when the advection of atmospheric particles and the in"uence of non-biogenic sources are minimal8. 
Strong nucleation events have also been observed over the GBR from compounds originating from the coral 
reef12. ! ese $ndings support the conjecture that corals have the ability to in"uence local ocean albedo and thus, 
mitigate thermal stress.

Disturbingly however, mass coral bleaching events are occurring more frequently throughout the GBR, indi-
cating that ongoing ocean warming is exceeding the capacity of corals natural protective mechanisms. Recent evi-
dence shows that corals reduce emissions of aerosol precursor gases when SST and irradiance levels exceed their 
physiological limits. During these conditions endosymbiont photosystems produce excess amounts of harmful 
reactive oxygen species (ROS), causing an upregulation of the coral antioxidant response whereby the rate of 
intracellular DMSP consumption exceeds that of DMSP breakdown to DMS9,40. Although the extent to which 
coral reef DMS emissions contribute to aerosol formation is uncertain, reductions have the potential to cause 
a decline in CCN and LLC formation and an increase in irradiance, exacerbating coral stress and resulting in a 
positive feedback on SST. ! is raises concern as to whether corals in the GBR will be able to cope with further SST 
rise and suggests a potential weakening of any DMS-SST feedback mechanism.

Our current understanding of aerosol-climate interactions is limited and constitutes a fundamental constraint 
on predicting future climate scenarios13,41. !is is particularly true of coral reef ecosystems where the relation-
ship between coral physiological stress, changes to local atmospheric properties and the e#ect on regional cli-
mate is complex and poorly understood10,28. Our aim in this analysis is to investigate the relationship between 
satellite-derived SST, coral irradiance stress (IR) and $ne-mode aerosol optical depth (AOD) over the GBR. Data 
on key oceanic and atmospheric parameters are used to examine how this relationship varies seasonally and with 
latitude from 2000 to 2017, a period that includes several mass coral bleaching events.

���‡�–�Š�‘�†�•
���–�—�†�› �Ž�‘�…�ƒ�–�‹�‘�•�ä!e GBR spans 2,300 km of the north-east Queensland (QLD) coastline between 10¡S and 
23¡S, and encompasses an area of 347,000 km2, making it the largest living structure on the planet. ! e climate 
in north-eastern Australia ranges from sub-equatorial in the north, to sub-tropical in the south and is charac-
terised by wet, hot summers (November to April) and dry, mild winters (May to October)42. ! e Great Barrier 
Reef Marine Park (GBRMP) was established by the Australian Government in 1975 and consists of four major 
management zones encompassing the southern, central, northern and far northern GBR. !is analysis used four 
sites spanning the length of the GBRMP and representative of each management zone (Supplementary Fig. S1). 
! ese sites consisted of large grids of 1¡ !  1¡ to allow for the inclusion of satellite-derived parameters with varying 
spatial resolution up to 1¡.

���•�ƒ�Ž�›�•�‹�•�äArea-averaged time series for key oceanic and atmospheric parameters were obtained for 2000 to 
2017. Daily $ne-mode (0.1Ð0.25 µm) AOD at 869 nm was obtained from NASAÕs Level 1 Atmospheric Archive 
and Distribution System Distributed Active Archive Center (LAADS DAAC) (https://ladsweb.modaps.eosdis.
nasa.gov/). !is time-series was acquired from the Moderate Resolution Imaging Spectroradiometer (MODIS) 
sensor on board Terra and Aqua satellites which include daily morning and a&ernoon overpasses. Data on 8-day 
chlorophyll-a (as a proxy for phytoplankton biomass: CHL (mg m" 3)), photosynthetically available radiation 
(PAR: einstein m"2 ) and di#use water column attenuation coe%cient (k490: m"1 ), acquired from MODIS Aqua, 
were obtained from the Goddard Earth Sciences Data Information Services CentreÕs (GES DISC) Giovanni v4.24 
online data system43. High-resolution blended analysis of daily SST (¡C) was downloaded from the NOAA Earth 
System Research Laboratory Physical Sciences Division (https://www.esril.noaa.gov/psd/). Daily surface wind 
speed (WS: ms" 1) and direction was obtained from NOAA Blended Ocean Winds Daily Aggregation (https://
www.ncei.noaa.gov/thredds/blended-global/oceanWinds.html). Daily tide predictions were obtained from the 
Australian Government Bureau of Meteorology and used to calculate daily noon tide height (NT: m).

A measure of midday coral irradiance stress (IR) was calculated as a function of PAR, water clarity (k490) 
and NT similarly to Cropp et al. (2018) to examine the e#ects of elevated irradiance on AOD. PAR and k490 
were obtained from MODIS Aqua which passes over the equator at 13:30 travelling north and therefore pro-
vides measures for both parameters over the GBR at approximately noon local time. !e IR metric was greatest 
when PAR was high and both NT and k490 were low and therefore represents conditions likely to cause a stress 
response in corals. Exploratory analysis examined seasonal and latitudinal variability between AOD and each of 
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the aforementioned parameters over the 18-year study period. SpearmanÕs ranked correlation analysis (# =  0.001) 
was used to account for non-normal distribution and the presence of outliers common in environmental data. 
Observations for all parameters were available on only 66% of the 6570-day study period and so 8-day means 
were used to allow for maximum data inclusion (southern GBR n =  690; central GBR n =  682; northern GBR 
n =  667; far northern GBR n =  658). Additionally, 8-day data is appropriate to account for the delay between DMS 
emission and subsequent oxidation and nucleation to form new particles39.

Short-term, high frequency (30-minute) $eld measurements of atmospheric DMS at Heron Island (south-
ern GBR) were available from 5th to 18th February 2016 AEST44. ! ese were averaged into hourly values and 
correlated with hourly mean SST (n =  274) obtained from the Australian Institute of Marine Science (AIMS) 
Integrated Marine Observing System (IMOS) Sensor Float 145, located at 0.3 m depth in the Heron Island coral 
reef " at. DMS was not correlated with AOD or other parameters, as these data were only available on approxi-
mately nine days of the DMS sampling period.

Further analysis then examined the variability between AOD anomalies and SST during critical time periods 
surrounding mass coral bleaching events (southern GBR n =  833; central GBR n =  833; northern GBR n =  829; far 
northern GBR n =  824). Coral bleaching degree heating weeks (DHW: ¡C-weeks) were included as a measure of 
coral thermal stress intensity and duration to examine the e#ect of accumulated coral thermal stress on AOD46Ð49.  
Corals are considered to be stressed when SST exceeds the climatological mean monthly maximum (MMM)47. 
DHW was therefore calculated as a moving sum of the positive di#erences between the daily observed SST and 
the MMM over the most recent 84-day period, divided by seven to obtain a weekly value. As this measure is an 
accumulation of SST anomalies, a positive DHW value may occur when SST is not elevated, re"ecting some expo-
sure of corals to temperature stress over the past 12-week period. A value of 2 ¡C-weeks may therefore re"ect one 
week of SST 2 ¡C above the MMM or two weeks of SST 1 ¡C above the MMM, with both conditions theoretically 
eliciting similar stress levels in coral. In several remote sensing studies, 4 ¡C-weeks indicate accumulated thermal 
stress su%cient to cause coral bleaching, while a value of 8 ¡C-weeks or higher indicates extreme warming, likely 
to result in mass coral bleaching and mortality46,47.

���‡�•�—�Ž�–�•
���‡�ƒ�•�‘�•�ƒ�Ž �ƒ�•�† �Ž�ƒ�–�‹�–�—�†�‹�•�ƒ�Ž �˜�ƒ�”�‹�ƒ�„�‹�Ž�‹�–�›�äFigure1 shows mean 8-day (computed for the period 2000 to 2017) 
AOD, SST, PAR and IR at the four study locations. AOD positively correlated with SST, PAR and IR at all sites 
(Table1), with all four parameters displaying approximately synchronous seasonal variability. ! is relationship 
has been demonstrated between SST, irradiance and emissions of aerosol precursor compounds by marine biota 
in regions of the clean MBL previously18,40. ! e positive correlations reported here are therefore suggestive of a 
strong biogenic aerosol source over the GBR.

As expected, IR was mainly predicted by PAR and was greatest when water turbidity, as measured by k490, 
was lowest (Fig.2a). CHL (Fig.2b) was the primary determinant of k490 at all sites, consistent with the $ndings of 
Cropp et al. (2018), and therefore negatively correlated with the irradiance metric (Table1). IR positively corre-
lated with SST and NT at the southern, central and northern GBR, due to seasonal increases in PAR, temperature 
and tide height in summer as expected. Conversely, IR negatively correlated with SST and NT at the far northern 
GBR site. ! e range of midday tide heights was high at this site (Fig.2c), where extremely low winter and spring 
midday tides (<1 m) a#ected the irradiance metric and consequently reduced the dependence of IR on PAR alone 
(Table1). ! e results suggest that aerosol concentration over the GBR is strongly in"uenced by irradiance levels, 
which are compounded by high SST in spring and summer and extremely low tides in winter. ! ese are condi-
tions during which corals enhance emissions of aerosol precursor compounds15,36,37, suggesting that the 2,300 km 
stretch of coral reefs are a substantial source of biogenic aerosol.

Conversely, AOD did not positively correlate with CHL at any site (Table1), suggesting that phytoplankton 
are not major contributors to the aerosol burden over the GBR. ! is is supported by Fig.2b which shows that 

Figure 1. Mean daily area-averaged aerosol optical depth (AOD: blue) and sea surface temperature (SST: 
orange) and 8-day photosynthetically available radiation (PAR: red) and coral irradiance stress (IR: black) 
(2000Ð2017) at the (a) southern, (b) central, (c) northern and (d) far northern Great Barrier Reef (GBR). Solid 
lines represent the 8-day moving average for daily AOD and SST.
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peak CHL and therefore phytoplankton biomass, occurred in late summer a&er the peak in AOD. Wind direction 
and strength may also a#ect AOD, through competing in" uences that transport air masses to or away from the 
source location50,51 and the production of sea-spray via wind-driven mechanical disruption of the ocean surface 
and bubble-bursting processes52,53. AOD did not correlate with WS in the southern half of the GBR, yet weakly 
negatively correlated at the two northern sites (Table1), re"ecting aerosol advection out of the study region with 
high wind speeds and conversely, enhanced local emissions during calm conditions8. ! is is supported by sea-
sonal variation in the WS climatology (Fig.2d), whereby periods of low daily mean WS coincide with peak AOD.

Although the transport of mineral dust from arid regions of Australia may in" uence AOD, the lack of positive 
correlation between AOD and WS and the dominance of easterly winds (Fig.3) suggests otherwise. Previous 
modelled simulations of dust transport and wind direction have shown that while dust-storm activity is greatest 
during late spring in north-eastern Australia, the total in"uence of dust and continental particles on aerosol over 
the GBR is low8,54. Although it is not possible to identify the origin of aerosol particles using remotely sensed data 
alone, the results presented here are suggestive of a local biogenic aerosol source over the GBR.

Interestingly, summer SST and PAR coincided with high frequency variability in AOD (Fig.1). Furthermore, 
correlations between AOD and both SST and IR approached zero for days where SST exceeded the MMM. 
!is point occurred in February at all sites and ranged from 27.3 ¡C at the southern GBR, 28.5 ¡C at the central 
GBR and 29.1 ¡C at both northern sites. Figure4a shows that the correlation between AOD and SST improved 
until SST approached the MMM for each site. ! e lack of improvement in AOD and SST correlation at this 
point is re" ective of the negative or zero SpearmanÕs rank correlation coe%cients ($) for SST beyond the MMM. 
Similarly, Fig.4b shows that the correlation between AOD and IR improved with SST until temperatures reached 

! AOD SST IR PAR NT WS CHL k490

Southern GBR (n = 690)

AOD 1.00 0.39 0.67 0.70 0.38 "0.05 "0.24 "0.22

SST 1.00 0.30 0.39 0.37 0.21 0.17 0.26

IR 1.00 0.98 0.28 "0.17 "0.45 "0.43

PAR 1.00 0.42 "0.13 "0.35 "0.31

NT 1.00 0.04 "0.12 "0.07

WS 1.00 0.17 0.19

CHL 1.00 0.90

k490 1.00

Central GBR (n = 682)

AOD 1.00 0.49 0.57 0.61 0.48 "0.08 "0.09 "0.02

SST 1.00 0.31 0.42 0.49 "0.12 0.33 0.47

IR 1.00 0.98 0.41 "0.34 "0.45 "0.40

PAR 1.00 0.54 "0.32 "0.36 "0.29

NT 1.00 "0.15 "0.13 "0.05

WS 1.00 0.29 0.27

CHL 1.00 0.91

k490 1.00

Northern GBR (n = 667)

AOD 1.00 0.35 0.37 0.41 0.32 "0.16 "0.09 0.01

SST 1.00 0.27 0.38 0.57 "0.40 0.04 0.22

IR 1.00 0.98 0.27 "0.47 "0.46 "0.40

PAR 1.00 0.40 "0.49 "0.38 "0.29

NT 1.00 "0.30 "0.06 0.06

WS 1.00 0.26 0.19

CHL 1.00 0.83

k490 1.00

Far northern GBR (n = 658)

AOD 1.00 0.40 0.31 0.48 0.42 "0.27 "0.19 "0.09

SST 1.00 "0.13 0.32 0.85 "0.62 "0.03 0.11

IR 1.00 0.84 "0.1 "0.14 "0.51 "0.51

PAR 1.00 0.38 "0.42 "0.43 "0.34

NT 1.00 "0.58 "0.11 0.01

WS 1.00 0.15 0.06

CHL 1.00 0.79

k490 1.00

Table 1. SpearmanÕs ranked correlation coe%cients ($) for 8-day data for 2000Ð2017. Values in bold are 
statistically signi$cant (p < 0.001). See Supplementary Table S2 for all P values.
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Figure 2. Mean 8-day (a) di#use attenuation coe%cient (k490), (b) chlorophyll-a (CHL), (c) noon tide height 
(NT) and (d) wind speed (WS) for the period 2000Ð2017.

Figure 3. Wind rose of mean daily wind speed (WS) and direction (blowing from) at 10 m above sea-level at 
the (a) southern, (b) central, (c) northern and (d) far northern Great Barrier Reef (GBR). Bars represent the 
percentage of days that each wind direction occurred, with coloured portions indicating mean speed (ms"1 ). 
Calm conditions (WS < 2 ms"1 ) occurred on approximately 1% of days.
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approximately 1 ¡C below the MMM. At this point the correlation strength declined. Again, this suggests that aer-
osol emissions over the GBR are strongly in"uenced by the combined e#ects of high light levels and temperature 
and that a tipping-point in the relationship between biogenic aerosol emissions and coral thermal stress exists.

A similar pattern is observed in the limited $eld data available, where atmospheric DMS concentration is neg-
atively correlated with SST during February 2016 ($ =  " 0.35, p <  0.001, n =  274). SST exceeded 27.3 C (MMM 
for this site) on all but one day for the duration of the $eld measurements. Given that corals are considered to be 
stressed when SST exceeds the MMM, a negative correlation was expected between DMS and SST. Similarly to the 
correlation between AOD and SST, a peak positive correlation occurred between DMS and SST at 27 ¡C ($ =  0.22, 
p <  0.05, n =  163), although correlation strength was weak likely due to persistently high SST. Correlation 
strength then approached zero for SST > 27.3 ¡C and became negative for SST > 28 ¡C.

���ƒ�•�• �…�‘�”�ƒ�Ž �„�Ž�‡�ƒ�…�Š�‹�•�‰ �‡�˜�‡�•�–�•�äSeven mass coral bleaching events have a#ected the GBR over the past two 
decades. ! ese occurred due to extreme SST in the summers of 1998, 2002, 2006, 2016 and most recently in 
20171,55,56. Localised, yet widespread coral bleaching and mortality also occurred in the summers of 2009 and 
2011 due to the combined e#ects of elevated SST, tropical storms and extreme rainfall57,58. As the correlation 
between AOD and SST over the 18-year study period approached zero for temperatures greater than the coral 
thermal stress threshold, anomalies for both parameters were examined before, during and a&er four mass coral 
bleaching events that occurred primarily due to extreme SST (2002, 2006, 2016 and 2017). ! e 1998 event was not 
examined as satellite data was only available for 2000 onwards. Given the large spatial extent of each site, periods 
of coral bleaching are coarsely de$ned based on the presence and severity of bleached coral in annual coral reef 
surveys conducted by AIMS and the Great Barrier Reef Marine Park Authority (GBRMPA).

Year 2002. Widespread coral bleaching occurred throughout the GBR from January to March 2002, with 41% of 
o#shore and 72% of inshore reefs displaying moderate to high levels of coral bleaching1. Recovery was generally
rapid, with the exception of reefs near Bowen in the central GBR which su#ered up to 70% coral mortality. AOD
was variable and o&en above the long-term average (LTA) for 2000Ð2017 from November to January (Fig.5), sug-
gestive of elevated biogenic aerosol emissions in response to rising temperatures. When SST exceeded the MMM
and DHW approached or exceeded the coral bleaching critical threshold of 4 ¡C-weeks in January (Fig.5), AOD
declined to normal or below average levels for the remainder of the summer.

Year 2006. Extreme SST in the southern GBR resulted in localised, moderate to severe coral bleaching through-
out the Capricorn Bunker and Keppel Island regions respectively, from January to late March 200655 and coin-
cided with accumulated thermal stress well above 4 ¡C-weeks (Fig.6). In October 2005, SST and AOD increased 
simultaneously until SST approached the MMM in November and continued to rise as AOD declined and 
remained exclusively below average until late March when accumulated thermal stress began to subside (Fig.6).

Years 2016 and 2017. During the summer of 2016, extreme SST accompanied by a strong El Ni–o system trig-
gered one of the worst coral bleaching events on record, with 93% of reefs in the GBRMP a#ected, including a 
loss of two-thirds of coral in the northern half of the GBR and 29% of shallow water corals reef-wide56. Coral 
bleaching was most severe in the northern half of the GBR during the 2016 summer and to a lesser extent the 
central GBR59, with accumulated thermal stress meeting or exceeding the critical 4 ¡C-weeks threshold at each of 
these sites (Fig.7bÐd). Corals in the southern GBR were largely una#ected by this event as SST rapidly subsided 
with category 5 tropical cyclone Winston in February. SST remained above the long-term winter average in 2016 
and by the following summer, accumulated thermal stress resulted in a second, consecutive bleaching event. 
! e region of severe coral bleaching shi&ed further south in 2017, with the worst a#ected reefs in the northern

Figure 4. Correlation of (a) aerosol optical depth (AOD) and sea surface temperature (SST) and (b) AOD and 
coral irradiance stress (IR), as a function of SST. Each point represents the correlation for days when SST was 
equal to or less than the corresponding x-axis temperature. ! us, values of $ at the maximum SST for each site 
represent the correlation between AOD and either SST or IR for all available days. Only statistically signi$cant 
(p < 0.001) correlations are included.
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and central GBR60. DHW approached the critical mass coral bleaching and mortality threshold of 8 ¡C-weeks at 
all sites during this event. AOD was highly variable and o&en below the LTA over the 1.5-year period (Fig.7). 
Negative AOD anomalies are more frequent and o&en greater in magnitude than positive anomalies during both 
summer periods, particularly in the northern GBR which was worst a#ected by both bleaching events (Fig.7c).

���‹�•�…�—�•�•�‹�‘�•
In the relatively unpolluted MBL of the southern hemisphere, biogenic sulfate emissions constitute a major 
source of $ne-mode aerosol12,13,61,62. Corals and their endosymbionts are among the greatest sources of this sul-
fate through emissions of DMS and other volatile organic compounds (VOCs), particularly when corals expe-
rience physiological stress from high SST, irradiance and aerial exposure at low tide15,16,36,63,64. Phytoplankton 
and non-biogenic sources such as sea-salt spray and organic matter also contribute to the $ne-mode aerosol 
burden19,52,53,62 however, analysis of phytoplankton biomass, WS and the likelihood of continental dust loading54 
throughout the 18-year study period were not coherent with AOD.

It is hypothesized that enhanced DMS emissions increase the formation of MBA, which may form CCN and 
a#ect cloud microphysics and cover, thus acting as a biologically-derived negative feedback on SST11. Positive 
correlations have been found between DMS and SST and between DMS and irradiance in the GBR previously36,40, 
re" ecting enhanced coral DMS emissions during thermal stress. ! e positive correlation between AOD and both 
SST and irradiance presented here may therefore re" ect enhanced DMS-derived particle formation over the GBR. 
Importantly however, the correlation between AOD and SST approached zero for SST above the relative MMM 

Figure 5. Moving average of 30-day aerosol optical depth (AOD) anomaly (blue), 8-day sea surface 
temperature (SST: black solid line) and degree heating week (DHW: red solid line) during the 2002 mass coral 
bleaching event at the (a) southern, (b) central, (c) northern and (d) far northern Great Barrier Reef (GBR). 
AOD was averaged over a moving 30-day window to smooth the data for visualization. Black dotted line 
represents the climatological mean monthly maximum (MMM). Red dotted lines represent the 4 ¡C-weeks and 
8 ¡C-weeks critical coral bleaching thresholds.

Figure 6. Moving average of 30-day aerosol optical depth (AOD) anomaly (blue), 8-day sea surface 
temperature (SST: black solid line) and degree heating week (DHW: red solid line) during the 2006 mass coral 
bleaching event at the southern Great Barrier Reef (GBR). Black dotted line represents the climatological mean 
monthly maximum (MMM). Red dotted lines represent the 4 ¡C-weeks and 8 ¡C-weeks critical coral bleaching 
thresholds.
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for each site46,47. A tipping point in the correlation between AOD and coral irradiance stress was also apparent, 
whereby aerosol concentration increased with IR until SST reached approximately 1 ¡C below the MMM, at which 
point the correlation strength declined.

A wide range of evidence suggests that DMSP plays an essential role in the coral antioxidant response, whereby 
increasing temperature, light or aerial exposure with low tide, upregulates the biosynthesis of DMSP20,21,40. When 
the rate of DMSP production and breakdown to DMS is greater than conversion to dimethyl sulfoxide (DMSO) 
by ROS, a portion of DMS is emitted to the atmosphere. However, when the rate of consumption exceeds that of 
production, DMS emissions have been shown to decline. In chamber experiments, DMS emissions are reduced 
by up to 92% when Acropora sp. are exposed to elevated temperatures9,21. ! e decline in correlation strength 
between AOD and both SST and IR observed here may therefore re" ect a decline in DMS-source strength with an 
upregulation of the coral antioxidant response. ! e correlation between SST and $eld DMS data at the southern 
GBR followed a similar trend to that of satellite-derived SST and AOD, with a peak positive correlation at approx-
imately 27.3 ¡C, beyond which correlation strength approached zero or became negative. ! is provides further 
evidence of a strong coralline aerosol source over the southern GBR and supports our theory of a tipping-point 
in the coral stress-response.

!is may explain why declines to normal or negative AOD anomalies occurred prior to and during four mass 
coral bleaching events. It is acknowledged that AOD over the GBR is likely not exclusively of biogenic origin, with 
sea-spray and other non-biogenic particles likely in" uencing the observed high variability. However, negative 
AOD anomalies corresponded to SST greater than coral thermal stress thresholds and may re"ect a reduction in 
aerosol precursor emissions as corals experienced extreme stress events, thus providing further evidence that cor-
als in the GBR are a source of MBA above background oceanic levels8,15. Interestingly, SST at the southern GBR 
was above the MMM for more than two months during the 2002 bleaching event and more than three months 
during both 2006 and 2017 events, yet for only around one month during the summer of 2016 when bleaching did 
not occur at this site. ! is suggests that corals in the southern GBR possess a level of temperature tolerance where 
SST must remain elevated for longer periods of time to cause coral bleaching compared to corals in the northern 
GBR. Additionally, local-scale variation in cloud cover may have in"uenced spatial patterns of coral bleaching65, 
protecting corals in the far southern GBR during this event.

Although the extent to which coral reef DMS emissions contribute to the formation of new aerosol particles 
and a#ect climate is not certain, a reduction in DMS source strength with rising SST could lead to a decline in 
CCN formation and thus, low-level, high albedo cloud cover. Ultimately, this would increase the amount of solar 
radiation absorbed by the ocean, lead to further ocean warming and the establishment of a positive feedback on 
SST. ! is may be an additional reason why mass coral bleaching events are increasing in frequency and severity 
globally, particularly in those regions where coral health and cover is low due to poor water quality, disease and 
predators3,4,66. A reduction in coral reef-derived aerosol may also have adverse e#ects far from emission sources, 
where for example, corals in the southern GBR can act as a source of DMS and therefore secondary aerosol for 
the central and northern reef when south-east trade winds prevail10,15,36. A reduction in DMS emissions at a local 
scale could lead to a reduction in aerosol formation at reefs downwind of the source location, potentially exacer-
bating coral stress and bleaching.

Given itÕs southern hemisphere location, large spatial extent and the dominance of easterly trade winds, the 
GBR provides a unique and valuable study location for remote sensing analysis of reefal aerosols. In contrast, 
analysis of MBA from satellite-derived AOD is limited many other regions of the world, due to confounding loads 
of anthropogenic aerosol and other natural particles, particularly in the northern hemisphere. Although there are 
several other coral reef systems which could provide a valuable study location (e.g. French Polynesia) these are 
o&en largely composed of continental reefs and small, scattered atolls. Analysis of the e#ects of ocean warming 

Figure 7. Moving average of 30-day aerosol optical depth (AOD) anomaly (blue), 8-day sea surface 
temperature (SST: black solid line) and degree heating week (DHW: red solid line) during the 2016 and 2017 
mass coral bleaching events at the (a) southern, (b) central, (c) northern and (d) far northern Great Barrier 
Reef (GBR). Black dotted line represents the climatological mean monthly maximum (MMM). Red dotted lines 
represent the 4 ¡C-weeks and 8 ¡C-weeks critical coral bleaching thresholds.
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and coral bleaching on AOD in these regions is an important area for future research however, will require higher 
resolution data.

!e continued degradation of coral reefs globally has led to the proposal of several strategies to mitigate the 
warming e#ects of GHG. One promising strategy involves arti$cially injecting sea-spray or sulfate particles into 
the atmosphere to essentially mimic biogenic aerosols and increase local ocean albedo over coral reefs. In a mod-
elled scenario, injecting 5 Tg SO2 annually into the atmosphere above coral reefs in the Caribbean reduced SST, 
irradiance and sea-level rise and resulted in almost no predicted coral bleaching events over the next 50 years67. 
! is approach would be expensive and ine%cient over the long-term for large coral reef systems such as the GBR, 
however will likely be necessary to protect vulnerable or high value coral reefs in future with ongoing ocean 
warming. Future research is needed to accurately quantify and characterise coral reef-derived aerosol emissions at 
both an ecosystem and species level. Doing so would provide valuable insight into how to enhance corals natural 
protective abilities, thus reducing the dependence of coral conservation on costly arti$cial mitigation strategies.

���‘�•�…�Ž�—�•�‹�‘�•
!e results presented here suggest that corals in the GBR can act as a substantial source of biogenic aerosol and 
support recent $ndings that corals can in" uence local atmospheric properties through stress-induces emissions 
of DMS and other VOCs8,15,63. Importantly however, if ocean warming exceeds the tipping point we identify, the 
ability of corals to in" uence their local environment may be impaired. Although the derivatives of DMSP are 
important sources of aerosol precursor compounds, DMSP is also an important compound in the coral antioxi-
dant response20,21,68. ! e level of coral stress and thus, the consumption rate of DMSP, is therefore an important 
determinant of coralline aerosol precursor emissions.

We hypothesize that the reduction in positive correlations between AOD and SST and between AOD and IR 
for temperatures above coral thermal stress thresholds, re"ects a reduction in aerosol precursor emissions. From 
these $ndings, we posit that corals exhibit a two-stage stress response, whereby increases in temperature increase 
aerosol precursor emissions, potentially reducing coral stress through changes to local atmospheric properties. 
However, when SST exceeds coral physiological limits, aerosol precursor emissions shut-down as corals attempt 
to cope with oxidative stress. Although a biological ocean ÒthermostatÓ may exist within the GBR, rising ocean 
temperatures are likely weakening this mechanism and may explain why the incidence and severity of mass coral 
bleaching events is on the rise. Conserving the worldÕs coral reefs is an important issue and regardless of the 
approach, there is substantial incentive to increase our understanding of natural aerosol processes. !is informa-
tion is vital for the future protection and management of coral reefs worldwide and is of the utmost importance 
to coral reef managers such as the GBRMPA, industry such as tourism, $sheries and agriculture, and climate 
researchers.

���ƒ�–�ƒ ���˜�ƒ�‹�Ž�ƒ�„�‹�Ž�‹�–�›
! e datasets analysed during the current study are available from the corresponding author on request.
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from uncertainties in the role of natural aerosol sources, including marine dimethylsulfide (DMS) (Carslaw 
et al.,2013).

DMS is a volatile sulfur compound produced in the ocean by marine planktonic and benthic algae (Ste-
fels,2000), giant clams (Guibert et al.,2020; Hill et al.,2000), coral endosymbiotic dinoflagellates, and cor-
als (Broadbent et al.,2002; Jones et al.,1994; Raina et al.,2013). The marine precursor of DMS, dimethylsul-
foniopropionate (DMSP) has a range of hypothesized biological and ecological functions (McParland & 
Levine,2019; Stefels,2000), including a physiological stress response (Sunda et al.,2002). DMSP catabolism 
is mediated by algal and microbial processes. DMSP cleavage to DMS occurs via DMSP-lyase enzymes pres-
ent in free-living and coral-associated endosymbiotic algae and microbes (Bullock et al.,2017). The DMSP 
demethylation pathway is a microbial process by which marine microbes convert DMSP into methanethiol 
(Bourne et al.,2016; Bullock et al.,2017; Raina et al.,2009). A portion (!10%) of the dissolved DMS (DMSw) 
pool is ventilated to the marine boundary layer where it is rapidly oxidized to various sulfate aerosol precur-
sor compounds (Andreae & Crutzen,1997; Berndt et al.,2019; Veres et al.,2020).

Field observations and model simulations have identified a significant influence of DMS-derived sulfates on 
aerosol formation and growth, cloud condensation nuclei (CCN), and cloud droplet radius over the ocean 
(Gabric et al.,2013, 2018; Korhonen et al.,2008; Lana et al.,2012; Sanchez et al.,2018). DMS accounts 
for 18Ð43% of the global annual mean nonsea salt sulfate (nss-SO4) aerosol burden (Gondwe et al.,2003; 
Kloster et al.,2006), exerting a top-of-atmosphere radiative forcing of "1.79 W m "2  (Mahajan et al.,2015) to 
"2.03 W m "2  (Thomas et al.,2010). However, regional variability in the importance of DMS in aerosol and 
cloud properties is evident, with the greatest sensitivity occurring over remote oceans where the influence 
of anthropogenic aerosol emissions is minimal (Fiddes et al.,2018; Woodhouse et al.,2013).

The Great Barrier Reef (GBR), Australia, has been recognized as a significant source of DMS, with the 
potential to influence local climate in NE Australia (Jackson et al.,2020; Jones et al.,2018). Acropora spp. 
are dominant throughout the Indo-Pacific and produce amongst the highest reported individual concen-
trations of dimethylated sulfur compounds (Broadbent et al.,2002; Jones et al.,1994; Swan et al.,2017a). 
Early field surveys found that aerosol concentration was significantly higher in the marine atmosphere 
directly over the GBR, compared to the seaward side (Bigg & Turvey,1978). More recent field surveys have 
observed nucleation events occurring over the GBR (Leck & Bigg,2008), where newly nucleated aerosol 
particles consisted of !40% organic matter and !60% sulfates, which are likely derived from DMS (Modini 
et al., 2009). Furthermore, there is a strong seasonal increase in fine-mode aerosol loading in spring and 
summer throughout the GBR, that has been observed from both field (Leck & Bigg,2008) and satellite 
observations (Cropp et al.,2018; Jackson et al.,2018). This increase in fine-mode aerosol implies a temper-
ature or irradiance-dependent biogenic influence (Christiansen et al.,2019; Korhonen et al.,2008; Long 
et al.,2014).

In corals, DMSP biosynthesis and cleavage to DMS is upregulated in response to oxidative stress caused 
by exposure to high sea surface temperature (SST), irradiance (Deschaseaux et al.,2014b; Fischer & 
Jones,2012; Jones et al.,2007; Swan et al.,2017b), and low salinity (Gardner et al.,2016). Oxidative stress 
is caused by the release of reactive oxygen compounds (ROS) by coral cell mitochondria and zooxanthel-
lae photosystems which can damage cells, tissues, and DNA (Lesser,2011; Weis,2008). Irradiance stress 
can be exacerbated in corals during aerial exposure at low tide (Buckee et al.,2020), with DMS being re-
leased directly to the atmosphere and resulting in measured spikes in atmospheric DMS (DMSa) of up to 
45.9 nmol m"3  (1,122 ppt) which can persist for around 8 h (Swan et al.,2017b). This is well above typical 
oceanic emissions of !4Ð8 nmol m3 (!100Ð200 ppt) (Kettle et al.,1999).

The rate of photosynthesis in coral-associated zooxanthellae increases linearly with photosynthetically 
active radiation (PAR) until photosystems become saturated and a maximum rate is achieved (Anderson 
et al., 1995; Gorbunov et al.,2001; Winters et al.,2003). For PAR beyond this maximum light threshold, 
photoinhibition occurs and excess light energy is dissipated as heat via various photoprotective mechanisms 
(Gorbunov et al.,2001; Melis,1999). Excess light energy is quantified as excess excitation energy (EEE) 
and when not all EEE is dissipated as heat, photodamage can occur to Photosystem II (PS II), inhibiting 
the transport of electrons and damaging protein structure. When the rate of photodamage exceeds that of 
photoprotective repair, photodamage accumulates, and ROS are released into coral tissues (Lesser,2011; 
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Weis, 2008). If conditions persist, corals will expel their zooxanthel-
lae and become bleached (Downs et al.,2002; Lesser,2011; Yakovleva 
et al., 2009). High SST can exacerbate photodamage by further reducing 
the PAR absorption capacity (Jones et al.,2000, 2002).

DMS(P) readily scavenge ROS, thereby raising the coral oxidative stress 
threshold (Jones & King,2015). ROS scavenging by DMS(P) produc-
es dimethyl sulfoxide (DMSO), which can be reduced by bacteria and 
algae to DMS (Spiese et al.,2009). The concentration of DMS in coral 
reef waters is therefore dependent on the rate of DMS(P) (O) biosynthe-
sis, which is related to coral oxidative stress (Deschaseaux et al.,2014b; 
Gardner et al.,2016; Raina et al.,2013). However, when oxidative stress 
exceeds coral physiological tolerance thresholds, ROS scavenging, and 
DMS(P) oxidation to DMSO increases, resulting in a decline in ambient 
DMS concentration (Deschaseaux et al.,2014a; Fischer & Jones,2012). 
For example, Fischer and Jones (2012) found that when Acropora spp. 
were exposed to SST !2 ¡C above ambient temperatures (26 ¡C), and PAR 
>6 mol m"2 h"1 , concentrations of DMSa declined by !90%. Similarly, 
Jones et al. (2007) demonstrated a decline in DMSw of !50% prior to a 
mass coral bleaching event in the central GBR when SST was >30 ¡C. The 
decrease in DMSw was likely due to enhanced biochemical oxidation of 
DMS(P) to DMSO and/or a decline in production due to coral bleaching 
(Fischer & Jones,2012; Jones et al.,2007). Thus, DMSw in coral reefs is 
often closely linked to coral oxidative stress.

Currently, global DMS climatologies do not explicitly account for cor-
al-derived DMS and the local DMS climatology of the GBR is unknown 
(Kettle & Andreae,2000; Lana et al.,2011; Land et al.,2014). Although 
global DMSw climatologies do incorporate measurements made within or 
nearby to coral reef lagoons (see Kettle et al.,1999), only a small number 
of coral reef regions are included and interpolation techniques do not ac-
count for seasonally variable coral emissions or direct coral-atmosphere 
DMS flux during coral exposure to air at low tide. The sensitivity of local 
climate to coral reef DMS emissions cannot be accurately quantified in 
earth system models without an improved representation of the source 
strength of coral reef-derived DMS.

Here, we derive a proxy for sea surface DMSw in coral reef waters, from field measurements of DMSw and 
physical oceanic parameters taken during Marine National Facility RV Investigator voyage IN2016_V05 
in the GBR. Jones et al. (2018) compiled DMSw measurements from three decades of surveys in the GBR, 
including the RV Investigator data set, to estimate annual DMS sea-air flux. The same data set is used here 
to derive a proxy for DMSw, which is then used to calculate a climatology of DMSw and sea-air flux from 
the GBR. The results provide insight into the importance of coral reefs to the atmospheric sulfur budget; an 
important source which may be lost with ongoing coral bleaching and reef degradation.

2. Materials and Methods

2.1. In-Situ and Remotely Sensed Measurements

DMSw and total DMSP (DMSPt) concentrations were measured in the southern and central regions of the 
GBR from September 29 to October 22, 2016 during RV Investigator voyage IN2016_V05 (Figure1). This 
data set was generously provided by Jones et al. (2018), where detailed sampling and measurement proto-
cols can be found. Seawater samples were taken at subhourly to 5-hourly frequency at 0Ð5-m depth using 
the underway seawater system. Samples were either immediately analyzed for DMSw or preserved with 
10% hydrochloric acid for later onshore analysis of DMSPt. DMSw was measured with a purge and trap gas 
chromatograph (GC) fitted with a flame photometric detector (GC-FPD) up to October 14, at which point 
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Figure 1. Map of northeast Queensland, Australia, showing the 
boundary of the Great Barrier Reef Marine Park (black outline) and DMSw 
sampling locations and daily mean concentration during RV Investigator 
voyage IN2016_V05. Satellite imagery © Google Earth 2020. DMSw, 
dimethylsulfide concentration.
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the equipment was required for Conductivity-Temperature-Depth measurements. From October 14 to 22, 
DMSw was measured with an Equilibrator Inlet-Proton Transfer Reaction Mass Spectrometer (EI-PTR-MS) 
(Kameyama et al.,2009; Omori et al.,2017), which yielded results in agreement with the GC-FPD (Jones 
et al.,2018). DMSPt concentration in 100 ml seawater was determined using a GC-mass spectrometer oper-
ating in Single Ion Monitoring mode as described in .Deschaseaux et al. (2018) DMSw and DMSPt measure-
ments had a detection limit of 0.1 pmol (Jones et al.,2018).

Field and laboratory experiments have demonstrated that DMS concentration in corals and reef seawaters 
is affected by SST, PAR (and water clarity), salinity, and tidal height (Gardner et al.,2016; Jones et al.,2007; 
Raina et al., 2013). These variables were therefore used as potential predictors of DMSw in the GBR. 
Wind-driven mixing and phytoplankton dynamics also influence DMSw (Broadbent & Jones,2006; Gabric 
et al., 2008; Stefels,2000) and are, respectively, represented through the inclusion of wind speed (WS) and 
chlorophyll-a (CHL) as a proxy for phytoplankton biomass.

The DMSw (nmol L"1 ) and DMSPt (nmol L"1 ) measurements were provided by Jones et al. (2018). Cor-
responding underway measurements of SST (¡C), incident PAR (mol m"2 h"1 ), sea surface salinity (SSS: 
psu) and WS (m s"1 ) were downloaded from the Commonwealth Scientific and Industrial Research Or-
ganisation (CSIRO) Marlin online repository (https://www.marlin.csiro.au). Diffuse attenuation coefficient 
(k490: m"1 ) as a proxy for water clarity, and CHL (mg m"3 ) were not available from in the in-situ GBR data 
set. Daily mean k490 and CHL were obtained from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) sensor aboard the Aqua and Terra satellites. Daily total PAR (mol m"2 d"1 ) was also downloaded 
at 0.04-degree (!4 km) resolution for each survey location from NASA OceanColor (https://oceancolor.
gsfc.nasa.gov). To account for light attenuation at the sea surface, MODIS total PAR was reduced by the 
corresponding k490 value for a depth of 5 m, which corresponds to the sampling depth of 0Ð5 m. Although 
many coral reefs reside at depths greater than 5 m, coral reef seawaters are generally well mixed due to tidal 
and wind-driven mixing (Davis et al.,2020; Middleton et al.,1994). Therefore, we assume that DMSw con-
centrations in the upper 5 m are representative of the water column and are most important for calculating 
the DMS sea-air flux.

Tidal height was also provided with the DMSw data set for 8 of the 24 survey days when the RV Investigator 
was close to the Slashers Reefs in the central GBR (18.5¡S, 147¡E). Jones et al. (2018) separated tidal height 
and corresponding DMSw into rising and falling tides and analyzed each data set separately. Significant 
positive correlations were identified between DMSw and both rising and falling tide height. These correla-
tions reflected an increase in DMSw as tides fell, followed by a second increase in DMSw as tides rose (Jones 
et al.,2018), due to dissolution of DMS-rich coral mucous in tidal slack water (Hopkins et al.,2016). For this 
work, tidal data were not separated into rising and falling tides and consequently, there was no significant 
correlation between DMSw and tidal height (p> 0.05, n = 133). Tidal height is more important for meas-
urements of DMSw in seawater directly over the shallow coral reef flat (Jones et al.,2018). Given that the 
RV Investigator sampled deeper coral reef lagoon waters (waters surrounding the coral reef platforms), tidal 
height was not included as a potential predictor of DMSw in the GBR.

2.2. Correlation and Multiple Linear Regression

To identify the strongest predictors of DMSw in the GBR, hourly (n= 184) and daily (n= 24) mean DMSw 
was correlated with each variable. Graphical analysis determined DMSw (1.4 ± 0.07 nmol L"1 ), DMSPt 
(8.5 ± 0.6 nmol L"1 ), total daily PAR at 5 m (49.2 ± 0.2 mol m"2 d"1 ) and WS (6.6 ± 0.4 m s"1 ) to be approx-
imately normally distributed. Values in parentheses represent the mean ± two standard errors (SE). SST 
was left skewed due to the dominance of values above the mean (25.9 ± 0.09 ¡C). Incident PAR was right 
skewed due to the inclusion of nighttime data (2.7 ± 0.4 mol m"2 d"1 ), as was SSS (35.5 ± 0.02 psu) and 
CHL (0.19 ± 0.01 mg m"3 ) due to the dominance of values below the mean. A conservative significance level 
(! = 0.01) was used to account for nonnormality and outliers which are common in environmental data. A 
multiple linear regression was then derived between DMSw and the strongest predictor variables.
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2.3. Estimating DMS w in the GBR

A climatology (2001Ð2019) of DMSw was calculated from satellite observations in the GBR using the mul-
tiple linear regression derived from the RV Investigator IN2016_V05 data set. Daily data for each predictor 
variable were downloaded from MODIS Aqua and Terra at 0.04-degree resolution for the GBR (9.5¡SÐ25¡S, 
142¡E"154¡E) from NASA OceanColor (https://oceancolor.gsfc.nasa.gov). Given the high number of miss-
ing observations in the high-resolution MODIS data set, a 30-days moving average of each variable was 
used. All data beyond the Great Barrier Reef Marine Park (GBRMP) boundary defined in Figure1 were 
excluded.

2.4. DMS Sea-Air Flux

To calculate DMS sea-air flux, instantaneous wind speed at 10 m (U10: m s"1 ) was derived every 3 h from 
ERA5 0.25-degree u and v-wind components (Copernicus Climate Change Service,2019). Calculated DMSw 
and MODIS SST were regridded to a 0.25-degree resolution. DMS sea-air flux was then calculated from 
daily DMSw, SST, and each U10 measurement. U10 was derived every 3 h to avoid underestimating DMS flux 
calculated from daily mean wind speed.

Sea-air gas exchange is calculated as the product of the total gas transfer velocity (Kw) and the concentra-
tion difference between the sea surface (Cw) and atmosphere (Ca) as follows: Flux = KwCw-Ca#, where ! is 
the solubility of DMS (Liss & Slater,1974). DMS concentration is typically orders of magnitude lower in 
the atmosphere than at the sea surface and so, Ca is assumed to be zero. The resulting simplified equation 
(Equation 1) calculates DMS sea-air flux ($mol m"2 d"1 ) from Kw (cm h"1 ) and Cw (nmol L"1 ). This common 
assumption can lead to a global flux overestimation of up to 5% (Johnson et al.,2011)

� w wFlux K C (1)

For this analysis, three parameterizations for Kw are used to provide a range of DMS flux estimates. The pa-
rameterizations of Goddijn-Murphy et al. (2012) and Nightingale et al. (2000) specify that the DMS transfer 
velocity increases linearly with U10 and provide a relatively high estimate of DMS sea-air flux. These two 
parameterizations were derived for carbon dioxide and are normalized to a Schmidt number of 660 for DMS 
(ScDMS). Goddijn-Murphy et al. (2012) assume that Kw is equivalent to the water-side transfer velocity (kw) 
(Equation 2), which is normalized to the SST-dependent ScDMS calculated as follows: ScDMS = 2,674-147.12 
SST+3.726 SST2-0.038 SST3 (Saltzman et al.,1993)

� � � �� � � ���
�  �  � �

0.5
,660 ,660 102.1 2.8 / 600 .w w DMSK k U Sc (2)

For the parameterization of Nightingale et al. (2000), Kw is calculated as a function of both the water-side 
and air-side DMS transfer velocities. For this parameterization, kw is also linearly related to U10 (Equation3) 
and is normalized to the SST-dependent ScDMS (Saltzman et al.,1993)

� � � �� � � ���
� ��

0.52
,660 10 100.222 0.333 / 600w DMSk U U Sc (3)

Total DMS transfer velocity is then calculated using Equation4 (McGillis et al.,2000; Nightingale et al.,2000). 
The atmospheric gradient fraction (�Ja) is defined by � � � �� J � D�  � �,6601 / 1 /a a wk k  (McGillis et al., 2000), where 

! is the solubility coefficient for DMS (11.4 at 26 ¡C) and ka is the air-side transfer velocity calculated as 

a function of U10 and the molecular weight of DMS and water as follows: � � � ���
� 

0.5
10659 62.13 / 18.02ak U  

(Kondo, 1975)

� � � ��J�  � �,660 ,660 1 .w w aK k (4)

The third Kw parameterization suggests that the DMS gas transfer velocity decreases for wind speeds ex-
ceeding 10 m s"1  and provides a more conservative estimate of DMS sea-air flux (Vlahos & Monahan,2009). 
The divergence of the DMS transfer velocity at high wind speeds (>10 m s"1 ) is accounted for by includ-
ing an attenuation of the Henry's Law constant (Vlahos & Monahan,2009). For this parameterization, Kw 
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is calculated using Equation5 as a function of both � � � �� � � ��  � u � � � u
24 5

104 10 4 10wk U  and �  � �100.2 0.3ak U  

(Schwarzenbach et al.,1994; Vlahos & Monahan,2009). The parameterizations for kw and ka are given in 
units of cm s"1  and are converted to cm h"1  in order to calculate the total DMS transfer velocity

��
� § � ·

�  � �� ¨ � ¸� ¨ � ¸
� © � ¹

1

,660
1 1

w
w a atten

K
k k H

 (5)

The attenuated Henry's Law constant for DMS (Hatten) is calculated using Equation6, where H is the Hen-
ry's Law constant in seawater (0.089) (Przyjazny et al.,1983), �IB is the surface area of bubbles under the sea 

surface given by � � � ��I � 
3

100.09 / 10B U  and Cmix/Cw is the solubility enhancement of DMS, calculated to be 40 
from Vlahos and Monahan (2009)

� � � ��I�  � �/ 1 /atten B mix wH H C C (6)

During coral exposure to air at low tide, DMS is directly released to the atmosphere from corals and the 
mucous layer which quickly forms on the coral surface upon exposure (Hopkins et al.,2016). Direct cor-
al-atmosphere DMS exchange can result in large spikes of atmospheric DMS concentration (Hopkins 
et al.,2016; Jones et al.,2007; Swan et al.,2017b). However, coral aerial exposure is not currently accounted 
for in DMS sea-air flux calculations. In this study, we attempt to quantify total DMS emissions from the 
GBR by including a laboratory-based estimate of direct coral-atmosphere DMS flux. Hopkins et al. (2016) 
measured the rate of DMSa production from Acropora horrida periodically exposed to air. Coral nubbins 
were obtained from parent colonies sampled in the Indo-Pacific and an estimate of coral aerial exposure at 
Heron Island in the southern GBR was used (Hopkins et al.,2016), where extreme low tides expose corals 
for about 2 h on 6 days per month (Wild et al.,2004). Assuming a similar pattern of coral exposure across 
the GBR, and given that Acropora is the dominant coral genus, it was estimated that corals in the GBR 
exposed to air release 9Ð35$mol m"2 d"1  (mean 22$mol m"2 d"1 ). A fraction of the mean flux estimate is 
added to Equation1, depending on the percentage cover of coral reefs within each 0.25%0.25-degree grid. 
Swan et al. (2017b) observed that corals have the strongest influence on DMSa levels during winter when 
the background oceanic flux is relatively low. Adding a fixed estimate of coral-atmosphere DMS release to 
our flux estimate is consistent with these findings, as the percentage contribution of aerially exposed corals 
to DMS flux is higher in winter. These intermittent spikes can exceed 40 nmol m"3  (1,000 ppt) and persist 
for up to 8 h during low and rising tides (Swan et al.,2017b). Tidal range is higher in the far northern GBR 
(Jackson et al.,2018), which could affect the frequency and extent of coral exposure to air at low tide. As-
suming direct coral-atmosphere DMS flux for only 2 h on 6 days per month is therefore a reasonable and 
possibly conservative estimate.

3. Results

3.1. Correlation Analysis

Hourly mean observed DMSw positively correlated with SST and WS, and negatively with SSS and instanta-
neous PAR (Table1). Hourly mean DMSPt and CHL did not significantly correlate with DMSw.

Correlation coefficients were also calculated using a daily mean of each variable (n= 24); however, no 
significant correlations occurred (p> 0.01). To reduce the variability in this limited data set, we also calcu-
lated correlation coefficients for a 3-day moving average of each variable (n= 24). This resulted in similar 
correlations as the hourly mean data set, which increased in strength due to reduced variability (Table1). At 
this time scale, instantaneous PAR no longer significantly correlated with DMSw likely due to averaging out 
the diel cycle. However, daily total PAR from MODIS observations was strongly positively correlated with 
DMSw, reflecting a relative increase in concentration for days when total irradiance was high. Wind-driven 
mixing contributes to DMS sea-air exchange, and changes in SST, SSS, nutrients, and phytoplankton dy-
namics, which can explain the positive correlation between hourly mean DMSw and WS. Three-day mov-
ing mean WS did not correlate with DMSw, yet DMSPt strongly positively correlated with DMSw (Table1). 
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Significant relationships between 3-day moving mean DMSw and potential predictor variables (SST, SSS, 
PAR at 5 m, and DMSPt) are shown in Figure2.
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Hourly mean (n = 184a) 3-days moving mean (n= 24)

r p r p

SST 0.29 <0.001 0.56 <0.01

SSS !0.28 <0.001 !0.62 <0.01

WS 0.23 <0.01 0.39 0.06

Instantaneous PAR !0.21 <0.01 "0.19 0.37

Total PAR at 5 mb 0.19 <0.01 0.57 <0.01

DMSPt 0.14 0.08 0.63 <0.01

CHLb "0.08 0.26 "0.10 0.65
aCorresponding WS and DMSPt were not available for all DMSw measurements. For hourly mean WS, n = 183 and for 
DMSPt, n = 169. bData are derived from remotely sensed observations. Significant (p< 0.01) correlations are in bold.

Table 1 
Pearson's Linear Correlation Between Hourly and 3-Day Moving Mean DMSw and Predictor Variables

Figure 2. Relationship between 3-day moving mean observed DMSw and (a) SST (r= 0.56), (b) SSS 
(r = "0.62), (c) total PAR at 5 m (r= 0.57), and (d) DMSPt (r = 0.63). DMSw, dimethylsulfide concentration; 
SST, sea surface temperature; SSS, sea surface salinity; PAR, photosynthetically active radiation; DMSPt, total 
dimethylsulfoniopropionate.
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3.2. Multiple Linear Regression

A multiple linear regression was derived from the 3-day moving mean 
data set (Equation7). The resulting regression with standardized SST and 
total PAR as predictor variables explained 71% of the variance in observed 
DMSw (Figure 3; r2 = 0.76, adjusted r2 = 0.71, p < 0.001, n = 24). Quad-
ratic terms were included to better reflect the observed relationships be-
tween DMSw and SST (Figure2a) and PAR (Figure2c). This ensured that 
the regression residuals were normally distributed, with equal variances 
across the range of calculated DMSw. Removing these terms resulted in 
nonrandom residuals, indicating that the regression model was not reli-
able. Although SSS and DMSPt correlated with DMSw (Table1), includ-
ing these as predictor variables did not improve the regression. Including 
either SST or SSS with PAR as predictors resulted in an r2 > 0.6. How-
ever, SST and SSS are strongly inversely correlated (r= "0.9, p < 0.01) 
and consequently, including both variables in the regression resulted in 
nonrandom residuals and a negative coefficient for SST, which does not 
reflect the relationship shown in Figure2a

�  � � � � � � � �2 20.10 0.34 0.14 0.12 1.28wDMS SST SST PAR PAR (7)

The parameterization of DMSw as a function of SST and PAR at 5 m is 
used to calculate DMSw in the GBR from remotely sensed observations. 
It is important to note that DMSw in coral reefs does not linearly increase 

with SST when coral thermal stress thresholds are exceeded (Fischer & Jones,2012; Jones et al.,2007). To 
avoid overestimating DMSw for days when SST exceeded this threshold, SST in Equation7 is substituted 
with an estimated coral thermal stress threshold.

The National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch define a coral thermal 
stress threshold as 1 ¡C above the SST of the climatologically hottest month of the year (Liu et al.,2006). 
This estimate is used to derive indices to predict coral bleaching (e.g., Degree Heating Weeks) and predict 
the extent and severity of coral bleaching events well in the GBR (Bainbridge,2017; Hughes et al.,2018; 
Jackson et al.,2018; Skirving et al.,2018). These coral bleaching indices assume that living corals can tol-
erate summer PAR levels without bleaching (Skirving et al.,2018); however, when summer PAR combines 
with SST above the thermal stress threshold, coral bleaching (and a decline in DMSw) can occur (e.g., Jones 
et al., 2007). Thus, for days when SST�t thermal stress threshold, DMSw was calculated from Equation7, 
substituting SST for the coral thermal stress threshold. This threshold decreased with latitude, ranging from 
27.5 ¡C in the southern GBR to 30 ¡C in the northern GBR. This reduced the average calculated DMSw in 
the GBR by !0.01 nmol L"1  in late summer.

3.3. Climatology of DMS w

A time series of DMSw in the GBR was calculated using Equation7 from standardized MODIS observations 
of SST and total PAR at 5 m from 2001 to 2019. We assume that the empirical relationship derived between 
DMSw, SST, and PAR at 5 m in the southern and central GBR can be used to estimate DMSw beyond the 
region and time frame for which Equation7 was defined. It is recognized that this may not be an accurate 
representation of DMSw in the northern GBR or for other times of the year; however, in the interest of es-
timating total DMSw and flux, it is important to include an estimate of DMSw for the entire GBR and time 
period.

Calculated annual mean DMSw in the GBR was 1.5 nmol L"1 , ranging from an average of 1.2 nmol L"1  in 
winter to 1.9 nmol L"1  in summer, with little spatial variability (<0.1 nmol L"1 ) (Figure 4). SST decreased 
with latitude and ranged from an average of 24 ¡C (20Ð26 ¡C) in winter to 27 ¡C (25.5Ð29 ¡C) in summer. 
Seasonal average PAR at 5 m ranged from 40 mol m"2 d"1  (35Ð44 mol m"2 d"1 ) in winter to 50 mol m"2 d"1  
(46Ð53 mol m"2 d"1 ) in summer, decreasing with latitude in winter yet increasing with latitude in summer. 
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Figure 3. Observed vs. calculated DMSw, showing the regression line 
(") ± 95% confidence interval bounds ("). DMS w, dimethylsulfide 
concentration.
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Although a small latitudinal gradient is evident in winter, with higher DMSw in the northern GBR due to 
higher SST and PAR, no clear latitudinal gradient is evident in the summer or annual mean DMSw concen-
tration (Figure 4). This is due to the inverse meridional trends in summer SST and PAR, which resulted in 
uniform calculated annual and summer average DMSw (Figure 4). We assume that living corals and marine 
algae are adapted to the typical local environment and so uniform average concentrations can be expected 
throughout the GBR.

Calculated DMSw area-averaged over the GBR ranged from 1 ± 0.01 (2 SE) nmol L"1  in late winter to 
2.1 ± 0.1 nmol L"1  in summer (Figure 5). Daily mean observed DMSw during the RV Investigator voy-
age was 1.5 ± 0.2 nmol L"1 , similar to mean calculated DMSw for the same time period and location 
(1.3 ± 0.04 nmol L"1 ) (Figure 5a). The climatology of calculated DMSw shows a seasonal signal, with in-
creased concentration in early summer (October-December), followed by a plateau in concentration in Jan-
uary-February when SST and PAR were highest and when coral bleaching typically occurs (Figure5b).

3.4. Climatology of DMS Sea-Air Flux

DMS sea-air flux was calculated from MODIS observations of SST, U10 derived from ERA5 u and v-wind 
components and the DMSw time series (Figure5a). Three parameterizations for Kw were used to calculate 
DMS sea-air flux and the mean of these is mapped in Figure6. Annual mean DMS flux averaged over the 
GBR was 4.9$mol m"2 d"1  (0.9Ð11.4$mol m"2 d"1 ), ranging from an average of 4.3$mol m"2 d"1  (0.7Ð
10.1$mol m"2 d"1 ) in winter, to 5.4$mol m"2 d"1  (1.2Ð12.6$mol m"2 d"1 ) in summer (Figure6). DMS flux 
remained consistently high over the coral reef, representing direct coral-atmosphere DMS exchange during 
coral exposure to air at low tide.

The climatologies of DMS sea-air flux area-averaged over the GBR show a seasonal signal, ranging from 
an average of 3.1 ± 0.3$mol m"2 d"1  in late winter to 7.3 ± 1.6$mol m"2 d"1  in late summer (Figure7). 
Including an estimate of coral-atmosphere DMS release at low tide increased the GBR-averaged flux by 
1.5 $mol m"2 d"1 . Nightingale et al. (2000) and Goddijn-Murphy et al. (2012) assume that sea-air flux in-
creases linearly with U10. However, Vlahos and Monahan (2009) suggest that the DMS gas transfer velocity 
decreases when wind speed exceeds 10 m s"1 , thereby providing a more conservative estimate of DMS sea-
air flux (Figure 7). From the three DMS sea-air flux parameterizations (Figure7), it is estimated that the 

JACKSON ET AL.

10.1029/2020JC016783

9 of 17

Figure 4. (a) Annual, (b) winter (May-October), and (c) summer (November-April) average calculated DMSw in the GBR. Northeastern Australia and the 
location of coral reefs in the GBRMP are shown in black. DMSw, dimethylsulfide concentration; GBR, Great Barrier Reef; GBRMP, Great Barrier Reef Marine 
Park.
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347,000 km2 GBR and lagoon waters release 0.03Ð0.05 Tg yr"1  of DMS (1,500Ð2,100 mol km2 yr"1 ), which is 
equivalent to 0.02 Tg yr"1  of sulfur.

4. Discussion

SST and PAR synergistically impact coral physiological stress (Rosic et al.,2020) and were correlated with 
DMSw concentration in the GBR. Both field and laboratory analyses have demonstrated an increase in in-
tracellular and dissolved DMS(P) production from corals and in reef seawaters in response to increasing 
temperature and solar irradiance (Deschaseaux et al.,2014b; Gardner et al.,2016; Jones et al.,2007), until a 
coral physiological tolerance threshold is approached (Jones et al.,2007, 2018).

DMSw negatively correlated with instantaneous PAR (Table1), reflecting photo-oxidation of DMS(P) dur-
ing the day (Gabric et al.,2008; Gal’ et al.,2013). Conversely, DMSw positively correlated with daily total 
PAR (Table1), reflecting a relative increase in coral and algal DMS production with solar irradiance (Des-
chaseaux et al.,2014b; Jones et al.,2007). DMSw also increased with decreasing SSS, supporting previous 
findings that DMS(P) are involved in the coral hyposalinity stress response (Gardner et al.,2016). Hourly 
mean DMSw did not correlate with DMSPt (Table1), perhaps indicating that cleavage of DMSP is not the 
rate-limiting process in DMSw production. DMS(P) removal mechanisms such as rapid photo-oxidation 
during the day, microbial consumption and vertical mixing in the water column can confound the relation-
ship between DMSP and DMS at the sea surface, highlighting the complexity in DMS(P) cycling (Gabric 
et al.,2008; Gal’ et al.,2013).
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Figure 5. (a) Calculated DMSw averaged over the entire GBR from 2001 to 2019. Blue dots represent the daily mean 
observed DMSw in the southern GBR (!18¡SÐ23¡S). (b) Calculated DMSw climatology ±2 SE (shaded regions). DMSw, 
dimethylsulfide concentration; GBR, Great Barrier Reef; SE, standard errors.
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The regression derived between DMSw, SST, and PAR explained 71% of the variance in observed DMSw. 
The resulting calculated DMSw agrees with observed seasonal trends in the GBR (Jones et al.,2018), indi-
cating that the regression predicts DMSw reasonably well. The remaining variability was likely driven by 
nonlinear processes such as DMS(P) cycling by marine microbes (Bourne et al.,2016; Bullock et al.,2017; 
Sun et al.,2016), photolysis and vertical mixing in the water column (Gabric et al.,2008; Gal’ et al.,2013; 
Toole et al.,2003). The relative contribution of corals and marine algae to measured DMSw cannot be 
quantified from this analysis. However, Acropora corals are the dominant coral genus throughout the GBR 
and are a relatively abundant source of DMSP for liberation of DMS to the coral reef environment (Swan 
et al.,2017a). DMSw is often higher in seawater sampled directly over the coral reef compared to the lagoon 
(Jones et al.,2018) and so, corals likely contributed a large portion of measured DMSw.
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Figure 6. (a) Annual, (b) winter (May-October), and (c) summer (November-April) average DMS flux in the GBR. Values represent the average of the three 
DMS sea-air flux parameterizations calculated in this analysis. Northeastern Australia and the location of coral reefs in the GBRMP are shown in black. DMS, 
dimethylsulfide; GBR, Great Barrier Reef; GBRMP, Great Barrier Reef Marine Park.

Figure 7. Climatology ±2 SE (shaded region) of DMS sea-air flux area-averaged over the GBR, calculated from 
the parameterization of Nightingale et al. (2000) (black), Goddijn-Murphy et al. (2012) (red), and Vlahos and 
Monahan (2009) (blue). SE, standard errors; DMS, dimethylsulfide; GBR, Great Barrier Reef.



Journal of Geophysical Research: Oceans

The parameterization of DMSw as a function of PAR at 5 m agrees with that of Vallina and Sim— (2007), who 
derived a linear regression between DMSw and solar radiation in the upper mixed layer. The relationship 
with solar radiation explained >90% of the variance in a global monthly climatology of DMSw derived from 
the Global Seawater DMS database (Kettle et al.,1999). While Vallina and Sim— (2007) suggested that SST 
is not an important predictor of DMSw, the global DMS database contains very few DMSw surveys close to 
a coral reef. In the southern GBR, PAR alone explained only !30% of the variance in observed DMSw and 
required a second predictor variable of SST to explain a significant portion of the variance in observed 
DMSw. The importance of SST in predicting DMSw likely reflects the significant impact of thermal stress on 
DMS production by corals and zooxanthellae (Raina et al.,2013). Although the range of measured SST was 
narrow (3.5 ¡C), laboratory studies have demonstrated that small changes in SST can significantly influence 
DMS production by corals (Deschaseaux et al.,2014b). Further research is needed to establish the validity 
of the GBR observed relationship between DMSw, SST, and PAR in other coral reef systems.

The parameterization of DMSw in coral reef seawaters as a function of SST and PAR is a simple approach 
and does not account for the impacts of other factors which may influence DMS biosynthesis such as ocean 
acidification and changes to coral reef ecosystem structure. Mesocosm experiments in the subtropical North 
Atlantic revealed a decrease in algal-derived DMS with lower pH due to reduced rates of microbial catab-
olism of DMSP (Archer et al.,2018). The same could be true of coral-derived DMS production, which is 
partially driven by microbial DMSP catabolism (Raina et al.,2009). Other studies have demonstrated that 
temperature has a stronger influence on DMS production in algae, where increased production in response 
to temperature outweighed the decline in biosynthesis due to acidification (Arnold et al.,2013). Ongoing 
coral reef degradation, due to coral bleaching, crown of thorns outbreaks and changing water quality may 
also affect DMSw concentration in reef seawaters (discussed in Jackson et al. (2020)). A decline in coral-de-
rived DMSw could occur with reduced coral cover; however, DMS-producing marine algae can dominate 
degraded coral reef ecosystems (De'ath & Fabricius,2010; McCook & Diaz-Pulido,2002) and counteract a 
decline in coral-derived DMS production. Further research is required to determine the synergistic impacts 
of ocean warming, ocean acidification, and coral reef degradation on DMS(P) biosynthesis in coral reefs. 
Additional measurements of DMSw in coral reef seawaters are also needed and will greatly improve the pa-
rameterization presented in this analysis. Nevertheless, the results provide insight into the source strength 
of coral reefs to the atmospheric sulfur budget.

Calculated DMSw area-averaged over the GBR ranged from !1 nmol L "1  in late winter to !2.4 nmol L "1  in 
late summer (Figure5a). Reported mean DMSw concentrations for the GBR lagoon (deeper waters which 
surround the coral reef platforms) range from 0.8 nmol L"1  (0.6Ð1 nmol L"1 , n = 4) in winter to 1.9 nmol L"1  
(0.1Ð3.4 nmol L"1 , n = 224) in summer (Jones et al.,2018). DMSw is typically higher in shallow waters 
over the coral reef, ranging from 1.7 nmol L"1  (0.1Ð7.7 nmol L"1 , n = 160) in winter to 3.1 nmol L"1  (0.1Ð
54 nmol L"1 , n = 226) in summer (Jones et al.,2018). The range of calculated DMSw falls within the mean 
range reported for the GBR lagoon and coral reef waters. This was expected given that the RV Investigator 
data set is comprised of measurements taken both in the deeper lagoon and at several stations in shallower 
waters close to the coral reef (Figure1). DMSw calculated from the multiple linear regression derived from 
the RV Investigator data set may therefore underestimate concentrations over the coral reef (Figure4).

The range of calculated DMSw is !1 nmol L "1  lower than that reported in the Lana et al. (2011) climatology 
for the Eastern Australian biogeochemical province (!2Ð4 nmol L"1 ). The seasonal summer peak in DMSw 
also occurs later in our climatology (February-March, rather than October), due to prescribing a maximum 
DMSw value for days when SST exceeds the coral thermal stress threshold. Imposing an upper limit on 
DMSw accounted for the effect of high SST and irradiance on coral and algal DMS production. High SST 
can reduce the PAR absorption capacity of algal photosystems, leading to excess production of ROS and 
oxidative damage in the coral holobiont (Lesser,2006, 2011). DMS(P) scavenge ROS, forming DMSO, which 
results in a decline in ambient DMSw concentration (Deschaseaux et al.,2014a; Fischer & Jones,2012; Jones 
et al.,2007). The DMSw climatology presented in this analysis may be closer to contemporary concentrations 
in the GBR after back-to-back coral bleaching events and the loss of up to !40% of hard coral cover between 
March and November 2016 (Hughes et al.,2018). The RV Investigator sampled DMSw in the GBR 8 months 
after the 2016 mass coral bleaching event and this may be one reason why measured DMSw was lower than 
other studies have documented in the GBR (e.g., Jones et al.,2018).
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Average DMS sea-air flux in the GBR ranged from !3 $mol m"2 d"1  in late winter to a maximum of 
!11 $mol m"2 d"1  in late summer (Figure7). This estimate is similar in magnitude to that presented in Lana 
et al. (2011) for the Eastern Australian biogeochemical province (!5Ð15$mol m"2 d"1 ). Again, the seasonal 
peak in sea-air flux occurs later in summer in our climatology (February-March, rather than October), likely 
due to prescribing an upper limit on DMSw for SST beyond the coral thermal stress threshold. DMS flux was 
highest over the coral reef (Figure6), due to the inclusion of a direct coral-atmosphere DMS flux estimate. 
Field-based findings have demonstrated that the southern GBR is a strong, albeit intermittent, source of 
DMS above the background oceanic signal (Jones et al.,2007; Swan et al.,2017b). However, there remains 
uncertainty in the source strength of direct coral-atmosphere DMS release.

Swan et al. (2017b) estimate that only 0.2$mol m"2 d"1  is released from the coral reef, based on meas-
urements of DMSa made at a fixed location at Heron Island (southern GBR). This is significantly lower 
than the estimate of !22 $mol m"2 d"1  provided by Hopkins et al. (2016), possibly due to difficulties in 
distinguishing the coral reef and oceanic DMSa sources under strong atmospheric mixing conditions from 
the prevailing southeasterly trade winds. The estimate provided by Hopkins et al. (2016) is the only direct 
measurement of coral-atmosphere DMS release; however, this estimate assumes that Acropora spp. are the 
sole source of direct coral-air DMS flux and does not account for variability in the extent of coral exposure or 
the complexity of the reef environment (Hopkins et al.,2016). Inclusion of this previously unaccounted for 
influence on DMS flux yields a more accurate estimate of the contribution of coral reefs to the atmospheric 
sulfur budget. Further research is needed to reduce the uncertainty in coral-air DMS flux and to accurately 
scale laboratory-derived fluxes to the natural coral reef environment.

We estimate that 0.03Ð0.05 Tg yr"1  of DMS is released from the GBR (0.02 Tg yr"1  of sulfur). This agrees 
with a previous estimate of 0.03 Tg yr"1  of DMS for the GBR lagoon and associated coral reefs, calculated 
from field measurements of DMSw over the past three decades (Jones et al.,2018). The range is slightly 
higher due to the inclusion of direct coral-atmosphere DMS release in our flux calculations. Assuming that 
DMS production and flux are constant across coral reefs, global tropical coral reefs (!600,000 km2) could 
release 0.06Ð0.08 Tg yr"1  of DMS (0.03Ð0.04 Tg yr"1  of sulfur). Global sea-air flux is estimated to be 17.6Ð
34.4 Tg yr"1  of sulfur in the form of DMS (Kettle & Andreae,2000; Lana et al.,2011; Land et al.,2014). The 
contribution of sulfur as DMS from coral reefs represents 0.1Ð0.2% of global sea-air flux estimates, which is 
a disproportionate amount of sulfur released from !0.1% of the ocean surface (Spalding et al.,2001).

Global modeling studies have found that marine DMS is an important source of sulfate aerosol, influencing 
climate (Gabric et al.,2013; Mahajan et al.,2015; Thomas et al.,2010; Woodhouse et al.,2010) and providing 
a cooling effect of up to 0.45 ¡C (Fiddes et al.,2018). Given that coral reefs are strong regional sources of 
DMS, it is hypothesized that DMS emissions may influence the local radiative balance (Jackson et al.,2020; 
Jones et al.,2018; Swan et al.,2016) via a negative feedback on aerosol and cloud formation (e.g., Cropp 
et al., 2007). However, this coral reef source of atmospheric sulfur is not currently accounted for in global 
climatologies. Fiddes et al. (2020) was the first model study to explicitly account for the coral reef source of 
DMS by adding a laboratory-based estimate of 50 nmol to the Lana et al. (2011) DMSw climatology, scaled 
to the percentage of coral cover. This approach estimated that coral reefs release 0.3 Tg yr"1  of DMS (Fid-
des et al.,2020), an order of magnitude higher than what is estimated by this study. Despite the high coral 
reef DMS flux estimate, Fiddes et al. (2020) found only a small response in nucleation and Aitken mode 
aerosol number concentrations and mass. This implies that coral reef DMS emissions are not important in 
contemporary regional climate, likely due to the dominance of anthropogenic, continental, and sea spray 
aerosols (Chen et al.,2019; Mallet et al.,2016). However, observational studies in the GBR suggest that DMS 
flux could influence local aerosol processes (Modini et al.,2009; Swan et al.,2016), which are perhaps not 
captured by global or regional climate models. Therefore, the importance of coral reef-derived DMS on the 
local radiative balance remains uncertain. Future work will test if the inclusion of coral reef-derived DMS in 
regional climatologies and regionally focused earth system models improves model accuracy and addresses 
the importance of coral reefs in biogeophysical processes.
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5. Conclusions

This analysis supports previous findings that coral reefs are a significant regional source of DMS. The re-
lationship between DMSw, SST, and PAR is successfully parameterized and used to estimate the source 
strength of coral reefs to the sulfur cycle. The release of DMS from corals exposed to air at low tide is an im-
portant process that is not accounted for in current DMS sea-air flux calculations. By accounting for direct 
coral-atmosphere DMS release, we show that the total contribution of coral reefs is higher than previous 
estimates. Assuming that DMS production and sea-air flux are constant across coral reefs, 0.08 Tg yr"1  of 
DMS (0.04 Tg yr"1  of sulfur) could be released from tropical coral reefs, with the potential to influence the 
local radiative balance. This is the first parameterization of seawater DMS concentration in coral reefs and 
provides valuable insight into the role of coral reefs in global sulfur cycling.

Our DMSw proxy can be used to investigate how changes to SST and PAR (due to changes in cloud cover and 
water clarity) might affect DMS production and flux from coral reefs in future. Ongoing ocean warming, 
acidification, and declining water quality are adversely affecting coral reef ecosystems and may lead to an 
ecological regime shift as coral resilience to disturbances continues to decline. This may lead to a change 
in DMS production and sea-air flux from coral reefs, with potential impacts on the local radiative balance.
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&.4!/%$=-2!2&*!-2(!,$-(.-"&'!-$!".)'0(.1(!##e!1$.1(.-%&-"$.!&.4!1'$04!+"1%$,25*"1*!

$>(%!1$%&'!%(()*!40%"./!1(%-&".!1$.4"-"$.*<!*012!&*!40%"./!4&5'"/2-!2$0%*<!'$=!=".4!

*,((4*<!&.4!".!&"%!+&**(*!-2&-!&110+0'&-(!78934(%">(4!*0')&-(*!="-2".!-2(!+&%".(!

@$0.4&%5!'&5(%;!

E4<4O&=):9;*$&/-&:0/P#;*#+&;.%)9*#&;"9,2#&

E">(.!-2(!,%$I(1-(4!%&-(*!$)!/'$@&'!1'"+&-(!12&./(<!-2(!*$0%1(3*-%(./-2!$)!1$%&'!%(()*!-$!

-2(!&-+$*,2(%"1!*0')0%!@04/(-!="''!'"J('5!12&./(!".!)0-0%(;!F5!-2(!(.4!$)!-2(!OS%&!

1(.-0%5<!+$4(''(4!".1%(&*(*!".!*(&!*0%)&1(!-(+,(%&-0%(!&.4!"%%&4"&.1(!&%(!,%(4"1-(4!-$!

".1%(&*(!&..0&'!+(&.!789!*(&3&"%!)'0K!)%$+!-2(!EFG!@5!&!%(*,(1-">(!YX!&.4!SSX!)$%!

&.!P$,-"+"*-"1C!699^O3U;N:!&.4!P=$%*-31&*(C!699^N3T;N:!(+"**"$.*!*1(.&%"$!6\&1J*$.<!

V$$42$0*(<!E&@%"1!{!#%$,,<!)'$1+-)+D:;!E">(.!-2(!+$4(''(4!%(*,$.*(!$)!&(%$*$'!&.4!

1'$04!,&%-"1'(*!-$!WSMMX!".1%(&*(*!".!789!*(&3&"%!)'0K!4(+$.*-%&-(4!".!#2&,-(%!Z<!&.!

".1%(&*(!$)!Y3SSX!"*!0.'"J('5!-$!*"/.")"1&.-'5!".)'0(.1(!-2(!%(/"$.&'!&-+$*,2(%(;!!

D2(!,%(4"1-(4!12&./(!".!789!(+"**"$.*!"*!@&*(4!$.!-2(!$,-"+"*-"1!&**0+,-"$.!-2&-!

1$%&'*!".!-2(!EFG!="''!&11'"+&-(!-$!%"*"./!-(+,(%&-0%(*<!&.4!4$(*!.$-!1$.*"4(%!-2(!

1$.)$0.4"./!"+,&1-*!$)!$1(&.!&1"4")"1&-"$.<!12&./"./!=&-(%!R0&'"-5<!1$%&'!%(()!

(1$'$/"1&'!1$+,$*"-"$.!$%!*(&!'(>(';!]0%-2(%<!"-!"*!0.1'(&%!2$=!-2(!1$+,'(K!&(%$*$'3



! SZ_!

1'$04!*5*-(+!="''!%(*,$.4!-$!12&./(*!-$!&.-2%$,$/(."1!&.4!.&-0%&'!&(%$*$'!(+"**"$.*;!?)!

&.-2%$,$/(."1!(+"**"$.*!4(1'".(<!-2(!'$1&'!$%!%(/"$.&'!&-+$*,2(%(!+&5!@(1$+(!+$%(!

*(.*"-">(!-$!12&./(*!-$!.&-0%&'!&(%$*$'!*$0%1(*<!".1'04"./!1$%&'!%(()34(%">(4!789;!!

e(>(%-2('(**<!-2(!)".4"./*!,%(*(.-(4!".!#2&,-(%!Y!,%$>"4(!".*"/2-!".-$!-2(!"+,&1-*!$)!

,%(4"1-(4!$1(&.!=&%+"./!$.!1$.-(+,$%&%5!789!(+"**"$.*!)%$+!-2(!EFG<!&.4!

4(+$.*-%&-(*!2$=!-2(!789$ !,&%&+(-(%"*&-"$.!4(*1%"@(4!".!#2&,-(%!N!+&5!@(!&,,'"(4!-$!

2(',!"+,%$>(!$0%!0.4(%*-&.4"./!$)!789!(+"**"$.*!)%$+!1$%&'!%(()*;!

!

H=D).($(%,)/&%,2$&"#-)

D2(!%(*(&%12!,%(*(.-(4!".!-2"*!-2(*"*!2"/2'"/2-*!-2(!1$+,'(K"-"(*!$)!@"$/($12(+"1&'!

,%$1(**(*!&.4!&(%$*$'31'$04!".-(%&1-"$.*<!&.4!-2(!.((4!)$%!)0%-2(%!%(*(&%12!".-$!-2(*(!

,%$1(**(*<!,&%-"10'&%'5!".!1$%&'!%(()!(1$*5*-(+*!=2"12!&%(!-2%(&-(.(4!@5!1'"+&-(!12&./(;!

E4@43&=):0/?%,2&*"#&0#:0#$#,*9*%/,&/-&;/09.&0##-$&%,&567&;.%)9*/./2%#$&9,+&

;.%)9*#&)/+#.$&

H44"-"$.&'!)"('4!+(&*0%(+(.-*!$)!*(&!*0%)&1(!&.4!&-+$*,2(%"1!789!&%(!%(R0"%(4!-$!

"+,%$>(!-2(!,&%&+(-(%"*&-"$.!4(*1%"@(4!".!#2&,-(%!N!$)!-2"*!-2(*"*;!V2"'(!-2(!

,&%&+(-(%"*&-"$.!1&.!,%(4"1-!$@*(%>(4!*,&-"&'!&.4!-(+,$%&'!>&%"&@"'"-5!=(''!&-!*(>(%&'!

'$1&-"$.*!".!-2(!EFG<!-2(!$@*(%>(4!%('&-"$.*2",!@(-=((.!789$<!99D!&.4!^HG!+&5!.$-!

@(!%()'(1-">(!$)!1$.1(.-%&-"$.*!".!%(/"$.*!$%!-"+(!,(%"$4*!@(5$.4!-2&-!)$%!=2"12!-2(!

,&%&+(-(%"*&-"$.!=&*!4()".(4;!H.&'5*"*!$)!-2(!)&1-$%*!".)'0(.1"./!*(&*$.&'!&.4!".-(%3

&..0&'!>&%"&@"'"-5!".!789$ !".!$-2(%!1$%&'!%(()!%(/"$.*!="''!/%(&-'5!"+,%$>(!-2(!789$ !

,&%&+(-(%"*&-"$.!&.4!-2(!%(,%(*(.-&-"$.!$)!1$%&'!%(()*!".!789!1'"+&-$'$/"(*;!!

]0%-2(%!%(*(&%12!"*!&'*$!.((4(4!-$!"+,%$>(!-2(!%(,%(*(.-&-"$.!$)!@"$/(."1!&.4!,25*"1&'!

,%$1(**(*!".!1'"+&-(!+$4('*<!&-!>&%5"./!*,&-"&'!&.4!-(+,$%&'!*1&'(*;!D2"*!"*!,&%-"10'&%'5!

-%0(!$)!1$%&'!%(()*<!=2"12!&%(!1$+,'(K!(.>"%$.+(.-*!-2&-!+&5!.$-!@(!&110%&-('5!1&,-0%(4!

@5!*"+,'")"(4!,&%&+(-(%"r&-"$.*<!*012!&*!-2(!*(&!*0%)&1(!789!1$.1(.-%&-"$.!&.4!1$%&'3

&"%!789!)'0K!,&%&+(-(%"*&-"$.*!0*(4!".!-2"*!-2(*"*;!A"/2(%!*,&-"&'!&.4!-(+,$%&'!

%(*$'0-"$.!1'"+&-(!+$4(''"./<!".!1$.I0.1-"$.!="-2!$@*(%>&-"$.&'!*-04"(*!-$!"+,%$>(!



! SYM!

+(12&."*-"1!+$4('*!$)!1$%&'!,25*"$'$/5!&.4!789!,%$401-"$.!&.4!151'"./<!&%(!.((4(4!-$!

&44%(**!-2(*(!'"+"-&-"$.*;!

E4@4<&=):9;*$&/-&;.%)9*#&;"9,2#&/,&;/09.&0##->+#0%?#+&567 &

H.$-2(%!"+,$%-&.-!&%(&!)$%!)0-0%(!%(*(&%12!"*!-2(!"+,&1-!$)!1'"+&-(!12&./(!$.!1$%&'!%(()!

(1$*5*-(+!*-%01-0%(!&.4!789!(+"**"$.*;!D2(!"+,&1-*!$)!$1(&.!&1"4")"1&-"$.<!12&./(*!-$!

=&-(%!R0&'"-5!&.4!*2")-*!".!1$%&'3&'/&'!1$++0."-5!*-%01-0%(!$.!-2(!*$0%1(3*-%(./-2!$)!

1$%&'!%(()*!-$!-2(!&-+$*,2(%"1!*0')0%!@04/(-!"*!0.1(%-&".!6&*!4"*10**(4!".!\&1J*$.!(-!&';<!

OMOM@:;!D2(!789$ !,&%&+(-(%"*&-"$.!4(%">(4!".!#2&,-(%!N!$)!-2"*!-2(*"*!4$(*!.$-!

&11$0.-!)$%!-2(!"+,&1-*!$)!$1(&.!&1"4")"1&-"$.<!*(&!'(>('!%"*(<!12&./"./!=&-(%!R0&'"-5!$%!

-2(!1&,&1"-5!$)!1$%&'!&11'"+&-"$.!$.!789!1$.1(.-%&-"$.!".!1$%&'!%(()!*(&=&-(%*;!

#$.*(R0(.-'5<!-2(!,%(4"1-(4!12&./(!".!789!)'0K!)%$+!-2(!EFG!@5!-2(!(.4!$)!-2"*!

1(.-0%5!"*!'"+"-(4!-$!-2(!,$-(.-"&'!"+,&1-*!$)!99D<!^HG<!1'$04!1$>(%!&.4!=".4!*,((4;!!

#$%&'!@'(&12"./!(>(.-*!&%(!,%(4"1-(4!-$!".1%(&*(!".!)%(R0(.15!&.4!*(>(%"-5!".!-2(!1$+"./!

4(1&4(*!6s="&-J$=*J"!(-!&';<!OMSNk!o&.!A$$"4$.J!(-!&';<!OMSZ:;!?)!1$%&'*!1&..$-!

&11'"+&-(!$%!&4&,-!-$!-2(!%&-(!$)!$1(&.!=&%+"./!&+$./*-!$-2(%!&4>(%*(!"+,&1-*<!-2(!

*-%01-0%(!$)!1$.-(+,$%&%5!1$%&'!%(()*!+&5!12&./(!".!)0-0%(;!8&%".(!&'/&(!1&.!4$+".&-(!

4(/%&4(4!1$%&'!%(()*!&.4!+&5!-%&.*)$%+!(1$*5*-(+!*-%01-0%(!67(C&-2!{!]&@%"10*<!OMSMk!

81#$$J!{!7"&r3^0'"4$<!OMMO:;!E">(.!-2&-!+&%".(!&'/&(!&%(!&'*$!"+,$%-&.-!*$0%1(*!$)!

789!6(;/;!F%$&4@(.-!{!\$.(*<!OMMUk!9-()('*<!OMMMk!o&.!H'*-5.(!{!^0/'"*"<!OMMYk!

F0''$1J!(-!&';<!OMSYk!90.!(-!&';<!OMSZ:<!".1%(&*(4!&'/&'!@"$+&**!+&5!1$0.-(%&1-!&!4(1'".(!

".!1$%&'34(%">(4!789;!!

#$.>(%*('5<!")!1$%&'*!1&.!&11'"+&-(!$%!&4&,-!-$!-2("%!12&./"./!(.>"%$.+(.-<!1$%&'!%(()3

4(%">(4!789!+&5!".1%(&*(!="-2<!)$%!(K&+,'(<!%"*"./!$1(&.!-(+,(%&-0%(*!6&*!"*!,%(4"1-(4!

".!#2&,-(%!Y:;!?-!"*!,%(4"1-(4!-2&-!&..0&'!+(&.!789!*(&3&"%!)'0K!="''!".1%(&*(!@5!Y3SSX!

".!%(*,$.*(!-$!&!S;N3Oq#!%"*(!".!99D!&.4!12&./(*!-$!*(&*$.&'!=".4!*,((4!@5!-2(!(.4!$)!

-2"*!1(.-0%5!6\&1J*$.<!V$$42$0*(<!E&@%"1!{!#%$,,<!)'$1+-)+D:;!]0%-2(%!%(*(&%12!".-$!

-2(!"+,&1-*!$)!1'"+&-(!12&./(!$.!1$%&'!%(()!(1$*5*-(+!*-%01-0%(!&.4!789!(+"**"$.*!

="''!"+,%$>(!-2"*!(*-"+&-(<!&.4!,%$>"4(!".*"/2-!".-$!-2(!"+,'"1&-"$.*!)$%!-2(!1$%&'!%(()!

*0')0%!151'(!&.4!&-+$*,2(%"1!*0')0%!@04/(-;!



! SYS!

E4@4@&Q+9:*9*%/,&9,+&)%*%29*%/,&)#9$'0#$%

E">(.!-2(!,%(4"1-(4!%&-(*!$)!1$%&'!%(()!4(/%&4&-"$.!$>(%!-2(!1$+"./!4(1&4(*!6H".*=$%-2!

(-!&';<!OMSZk!F&@1$1J!(-!&';<!OMS_k!F&J(%!(-!&';<!OMMTk!A$(/23E0'4@(%/!(-!&';<!OMMY:<!

*(>(%&'!+(&*0%(*!&%(!10%%(.-'5!@("./!".>(*-"/&-(4!&*!&!+(&.*!-$!+"-"/&-(!-2(!"+,&1-*!$)!

1'"+&-(!12&./(!&.4!,%(>(.-!1$%&'!@'(&12"./;!D2(!+0'-"34"*1",'".&%5!G(()!G(*-$%&-"$.!

&.4!H4&,-&-"$.!^%$/%&+!62--,*cdd/@%%(*-$%&-"$.;$%/d:!="''!".>(*-"/&-(!+(&*0%(*!".1'04"./!

1'$04!@%"/2-(."./!&.4!-2(!,%$,&/&-"$.!$)!-(+,(%&-0%(3-$'(%&.-!1$%&'*!-$!)&1"'"-&-(!'$1&'!

&4&,-&-"$.!".!-2(!EFG;!^%(>"$0*!=$%J!2&*!*0//(*-(4!-2&-!-2(*(!+(&*0%(*!1&.!+"-"/&-(!

-2(!"+,&1-*!$)!$1(&.!=&%+"./!&.4!+&5!,%(>(.-!$%!%(401(!-2(!*(>(%"-5!$)!1$%&'!@'(&12"./!

(>(.-*!6(;/;!o&.!L,,(.!(-!&';<!OMSNk!‚2&./!(-!&';<!OMSY:;!

L.(!&*,(1-!$)!-2(!G(()!G(*-$%&-"$.!&.4!H4&,-&-"$.!^%$/%&+!".>$'>(*!".I(1-"./!*(&!*,%&5!

,&%-"1'(*!".-$!-2(!&-+$*,2(%(!&@$>(!-2(!EFG!-$!".1%(&*(!-2(!'")(-"+(!&.4!&'@(4$!$)!'$1&'!

'$=3'(>('!1'$04*!6D$''()*$.<!OMOS:;!V2"'(!"+,'(+(.-"./!-2"*!-(12.$'$/5!"*!'"+"-(4!".!

*,&1(!&.4!-"+(<!,%('"+".&%5!%(*0'-*!)%$+!)"('4!-%"&'*!&.4!+$4(''"./!*0//(*-!-2&-!-2(!

&44"-"$.&'!*(&!*,%&5!&(%$*$'!1&.!(.2&.1(!'$1&'!1'$04!@%"/2-.(**!6D$''()*$.<!OMOS:;!

?.1%(&*"./!&(%$*$'!.0+@(%!1$.1(.-%&-"$.*!="-2".!-2(!1$.>(1-">(!1$%&'!%(()!@$0.4&%5!

'&5(%!+&5!".1%(&*(!&(%$*$'!&.4!1'$043%('(>&.-!,&%-"1'(*!*0))"1"(.-'5!-$!%(401(!*0%)&1(!

%&4"&-"$.<!99D!&.4!0'-"+&-('5<!1$%&'!,25*"$'$/"1&'!*-%(**;!A$=(>(%<!)0%-2(%!%(*(&%12!"*!

%(R0"%(4!-$!@(--(%!0.4(%*-&.4!2$=!-2(!&(%$*$'31'$04!*5*-(+!%(*,$.4*!-$!12&./(*!".!

&(%$*$'!*$0%1(*!&1%$**!>&%5"./!-(+,$%&'!&.4!*,&-"&'!*1&'(*;!D2(!&(%$*$'!12(+"*-%5!

*5*-(+!"*!1$+,'(K!&.4!-2(!())(1-*!$)!%(+$>"./!$%!(.2&.1"./!&!*$0%1(!$)!&(%$*$'!4$(*!

.$-!.(1(**&%"'5!%(*0'-!".!&!12&./(!".!&(%$*$'!$%!1'$04!,%$,(%-"(*!$)!-2(!*&+(!4"%(1-"$.!$%!

+&/."-04(<!&*!4(+$.*-%&-(4!".!#2&,-(%!Z;!]0%-2(%!%(*(&%12!"*!%(R0"%(4!-$!0.4(%*-&.4!

-2(*(!,%$1(**(*!&.4!2$=!-2(5!+&5!12&./(!".!)0-0%(;!

D2(!+$*-!())(1-">(!&.4!*0*-&".&@'(!'$./3-(%+!&,,%$&12!-$!,%$-(1-"./!1$%&'!%(()*!"*!-$!

&12"(>(!.(-!r(%$!1&%@$.!(+"**"$.*!&*!%&,"4'5!&*!,$**"@'(;!V2"'(!'$1&'!+"-"/&-"$.!&.4!

&4&,-&-"$.!+&5!,%(>(.-<!$%!'(**(.!-2(!*(>(%"-5!$)!1$%&'!@'(&12"./!(>(.-*!".!-2(!*2$%-3

-(%+<!/'$@&'!+(&.!99D!%"*(!"*!(K,(1-(4!-$!(K1((4!S;N¡#!6%('&-">(!-$!-2(!,%(3".40*-%"&'!

,(%"$4:!@5!OSMM!0.4(%!&!%&./(!$)!#8?^Z!*1(.&%"$*!6s="&-J$=*J"!(-!&';<!OMOM:;!H-!S;N¡#!

&@$>(!,%(3".40*-%"&'!99D<!1$%&'!-2(%+&'!%()0/"&!r$.(*!&%(!,%(4"1-(4!-$!4(1'".(!67"K$.!(-!

&';<!OMOO:!&.4!$./$"./!1$%&'!%(()!4(/%&4&-"$.!+&5!@(1$+(!0.&>$"4&@'(;! !



! SYO!

H=E)B,7,%,#2,-)

H".*=$%-2<!D;!7;<!A(%$.<!9;!];<!L%-"r<!\;!#;<!80+@5<!^;<!E%(12<!H;<!L/&=&<!7;<!B&J".<!

#;!8;<!{!b(//&-<!V;!6OMSZ:;!#'"+&-(!12&./(!4"*&@'(*!1$%&'!@'(&12"./!,%$-(1-"$.!

$.!-2(!E%(&-!F&%%"(%!G(();!.3)+'3+C$]KJ6ZOTQ:<!QQT3QUO;!

4$"cSM;SSOZd*1"(.1(;&&1YSON!

H.4%(&(<!8;<!F&%.&%4<!V;<!{!H++$.*<!\;!6S_TQ:;!D2(!@"$'$/"1&'!,%$401-"$.!$)!

4"+(-25'*0')"4(!".!-2(!$1(&.!&.4!"-*!%$'(!".!-2(!/'$@&'!&-+$*,2(%"1!*0')0%!@04/(-;!

\30<0/)3&<$2:<<+*)'.C$]K<!SZY3SYY;!!

H.4%(&(<!8;!L;<!{!#%0-r(.<!^;!\;!6S__Y:;!H-+$*,2(%"1!&(%$*$'*c!F"$/($12(+"1&'!

*$0%1(*!&.4!%$'(!".!&-+$*,2(%"1!12(+"*-%5;!R3)+'3+<!J5V6NQSN:<!SMNO•SMNT;!4$"c!

SM;SSOZd*1"(.1(;OYZ;NQSN;SMNO!

F&@1$1J<!G;!#;<!F0*-&+&.-(<!G;!A;<!]0'-$.<!B;!H;<!]0'-$.<!7;!\;<!A&5=$$4<!8;!7;<!

A$@4&5<!H;!\;<!s(.5$.<!G;<!8&-(&%<!G;!\;<!^'&/ƒ.5"<!B;!B;<!{!G"12&%4*$.<!H;!\;!

6OMS_:;!9(>(%(!1$.-".(.-&'3*1&'(!"+,&1-*!$)!1'"+&-(!12&./(!&%(!2&,,(."./!.$=c!

BK-%(+(!1'"+&-(!(>(.-*!"+,&1-!+&%".(!2&@"-&-!)$%+"./!1$++0."-"(*!&'$./!UNX!

$)!H0*-%&'"&C*!1$&*-;!W10'*)+1.$)'$X&1)'+$R3)+'3+C$V<!USS;!!

F&".@%"4/(<!9;!\;!6OMSY:;!D(+,(%&-0%(!&.4!'"/2-!,&--(%.*!&-!)$0%!%(()*!&'$./!-2(!E%(&-!

F&%%"(%!G(()!40%"./!-2(!OMSN•OMSZ!&0*-%&'!*0++(%c!0.4(%*-&.4"./!,&--(%.*!$)!

$@*(%>(4!1$%&'!@'(&12"./;!F0:1'&<$0G$U6+1&*)0'&<$U3+&'0/1&6"7C$4A6S:<!SZ3O_;!

4$"cSM;SMTMdSYNNTYZ|;OMSY;SO_MTZQ!

F&J(%<!H;!#;<!E'5..<!^;!V;<!{!G"(/'<!F;!6OMMT:;!#'"+&-(!12&./(!&.4!1$%&'!%(()!

@'(&12"./c!H.!(1$'$/"1&'!&**(**+(.-!$)!'$./3-(%+!"+,&1-*<!%(1$>(%5!-%(.4*!&.4!

)0-0%(!$0-'$$J;!\.*:&1)'+C$30&.*&<$&'($."+<G$.3)+'3+C$SA6U:<!UQN3UYS;!

4$"cSM;SMSZdI;(1**;OMMT;M_;MMQ!

F(%.4-<!D;<!912$'r<!V;<!8(.-'(%<!F;<!]"*12(%<!b;<!A$))+&..<!B;!A;<!D"'/.(%<!H;<!A5--".(.<!

e;<!^%"*'(<!e;!b;<!A&.*('<!H;<!{!A(%%+&..<!A;!6OMS_:;!]&*-!,(%$K5!%&4"1&'!

"*$+(%"r&-"$.!&.4!LA!%(151'"./!".!-2(!%(&1-"$.!$)!LA!%&4"1&'*!="-2!4"+(-25'!

*0')"4(;!9"+$F0:1'&<$0G$!"7.)3&<$%"+=).*17$B+**+1.<!4A6OS:<!ZUYT•ZUTQ;!4$"c!

SM;SMOSd&1*;I,1'(--;_@MONZY!



! SYQ!

F"//<!B;<!{!D0%>(5<!7;!6S_YT:;!9$0%1(*!$)!&-+$*,2(%"1!,&%-"1'(*!$>(%!H0*-%&'"&;!

>*=0.6"+1)3$\'-)10'=+'*C$4J6T:<!SZUQ3SZNN;!!

F%$&4@(.-<!H;!7;<!{!\$.(*<!E;!F;!6OMMU:;!789!&.4!789^!".!+010*!%$,(*<!1$%&'!

+010*<!*0%)&1(!)"'+*!&.4!*(4"+(.-!,$%(!=&-(%*!)%$+!1$%&'!%(()*!".!-2(!E%(&-!

F&%%"(%!G(();!X&1)'+$&'($W1+."D&*+1$I+.+&13"<!KK6T:<!TU_•TNN;!4$"c!

SM;SMYSd8]MUSSU!

F01J((<!\;<!^&--"&%&-12"<!#;<!{!o(%40".<!\;!6OMOM:;!^&%-"&'!+$%-&'"-5!$)!".-(%-"4&'!1$%&'*!

40(!-$!*(&*$.&'!4&5-"+(!'$=!=&-(%!'(>('*!&-!-2(!A$0-+&.!H@%$'2$*!?*'&.4*;!

%01&<$1++G.C$]_<!NQY3NUQ;!4$"cSM;SMMYd*MMQQT3MS_3MSTTY3N!

F0''$1J<!A;!H;<!b0$<!A;<!{!V2"-+&.<!V;!F;!6OMSY:;!B>$'0-"$.!$)!

4"+(-25'*0')$."$,%$,"$.&-(!+(-&@$'"*+!".!+&%".(!,25-$,'&.J-$.!&.4!@&1-(%"&;!

W10'*)+1.$)'$X)310;)0<0/7<!S<!ZQY;!4$"c!SM;QQT_d)+"1@;OMSY;MMZQY!

#%$,,<!G;<!E&@%"1<!H;<!>&.!D%&.<!7;<!\$.(*<!E;<!9=&.<!A;!F;<!{!F0-'(%<!A;!6OMST:;!#$%&'!

%(()!&(%$*$'!(+"**"$.*!".!%(*,$.*(!-$!"%%&4"&.1(!*-%(**!".!-2(!E%(&-!F&%%"(%!G(()<!

H0*-%&'"&;!>=;)0C$?56Z:<!ZYS3ZTS;!4$"cSM;SMMYd*SQOTM3MST3SMST35!

7(C&-2<!E;<!{!]&@%"1"0*<!s;!6OMSM:;!V&-(%!R0&'"-5!&*!&!%(/"$.&'!4%">(%!$)!1$%&'!

@"$4">(%*"-5!&.4!+&1%$&'/&(!$.!-2(!E%(&-!F&%%"(%!G(();!\30<0/)3&<$>66<)3&*)0'.<!

JA6Q:<!TUM•TNM;!4$"c!SM;ST_MdMT3OMOQ;S!

7(*12&*(&0K<!B;!9;!8;<!\$.(*<!E;!F;<!7(*($<!8;!H;<!92(,2(%4<!s;!8;<!s"(.(<!G;<!9=&.<!

A;!F;<!A&%%"*$.<!^;!b;<!{!B5%(<!F;!7;!6OMSU:;!B))(1-*!$)!(.>"%$.+(.-&'!)&1-$%*!$.!

4"+(-25'&-(4!*0')0%!1$+,$0.4*!&.4!-2("%!,$-(.-"&'!%$'(!".!-2(!&.-"$K"4&.-!*5*-(+!

$)!-2(!1$%&'!2$'$@"$.-;!B)='0<0/7$&'($U3+&'0/1&6"7C$K_6Q:<!YNT3YZT;!

4$"cSM;UQS_d'$;OMSU;N_;Q;MYNT!

7"K$.<!H;!8;<!]$%*-(%<!^;!8;<!A(%$.<!9;!];<!9-$.(%<!H;!8;!s;<!{!F(/(%<!8;!6OMOO:;!

]0-0%(!'$**!$)!'$1&'3*1&'(!-2(%+&'!%()0/"&!".!1$%&'!%(()!(1$*5*-(+*;!!<0.$%<)=&*+<!

46O:<!(MMMMMMU;!4$"c!SM;SQYSdI$0%.&';,1'+;MMMMMMU!

]"44(*<!9;!b;<!V$$42$0*(<!8;!D;<!b&.(<!D;!^;<!{!912$)"('4<!G;!6OMOS:;!#$%&'3%(()3

4(%">(4!4"+(-25'!*0')"4(!&.4!-2(!1'"+&-"1!"+,&1-!$)!-2(!'$**!$)!1$%&'!%(()*;!



! SYU!

>*=0.6"+1)3$%"+=).*17$&'($!"7.)3.<!J46T:<!NTTQ•N_MQ;!4$"c!SM;NS_Ud&1,3OS3NTTQ3

OMOS!

]"44(*<!9;!b;<!V$$42$0*(<!8;!D;<![-(+@(<!9;<!912$)"('4<!G;<!H'(K&.4(%<!9;!^;<!H'%$(<!\;<!

#2&+@(%*<!9;!7;<!#2(.<!‚;<!#%&>"/&.<!b;<!{!70..(<!B;!6OMOO:;!D2(!1$.-%"@0-"$.!$)!

1$%&'3%(()34(%">(4!4"+(-25'!*0')"4(!-$!&(%$*$'!@0%4(.!$>(%!-2(!E%(&-!F&%%"(%!G(()c!&!

+$4(''"./!*-045;!>*=0.6"+1)3$%"+=).*17$&'($!"7.)3.<!JJ6U:<!OUS_•OUUN;!4$"c!

SM;NS_Ud&1,3OO3OUS_3OMOO!

]"*12(%<!B;<!{!\$.(*<!E;!F;!6OMSO:;!H-+$*,2(%"1!4"+(-25*0',2"4(!,%$401-"$.!)%$+!

1$%&'*!".!-2(!E%(&-!F&%%"(%!G(()!&.4!'".J*!-$!*$'&%!%&4"&-"$.<!1'"+&-(!&.4!1$%&'!

@'(&12"./;!2)0/+03"+=).*17C$44A6S3Q:<!QS3UZ;!4$"cSM;SMMYd*SMNQQ3MSO3_YS_35!

E&'…<!8;<!9"+}<!G;<!o"'&~#$*-&<!8;<!G0"r~E$.rƒ'(r<!#;<!E&*$'<!\;!8;<!{!8&-%&"<!^;!

6OMSQ:;!7"('!,&--(%.*!$)!$1(&."1!4"+(-25'*0')"4(!6789:!151'"./c!8"1%$@"&'!&.4!

,25*"1&'!4%">(%*;!H<0;&<$2)0/+03"+=)3&<$%73<+.<!J56Q:<!ZOM•ZQZ;!4$"c!

SM;SMMOd/@1;OMMUY!

A"''<!G;<!b&%J0+<!H;<!^%ƒ‡"'<!L;<!s%&+(%<!7;<!9r&@}<!8;<!s0+&%<!o;<!{!G&',2<!^;!6OMSO:;!

b"/2-3".401(4!4"**$1"&-"$.!$)!&.-(..&!1$+,'(K(*!".!-2(!*5+@"$.-*!$)!

*1'(%&1-"."&.!1$%&'*!1$%%('&-(*!="-2!*(.*"-">"-5!-$!1$%&'!@'(&12"./;!%01&<$1++G.C$

]46U:<!_ZQ3_YN;!4$"cSM;SMMYd*MMQQT3MSO3M_SU3r!

A$(/23E0'4@(%/<!L;<!80+@5<!^;!\;<!A$$-(.<!H;!\;<!9-(.(1J<!G;!9;<!E%((.)"('4<!^;<!

E$+(r<!B;<!A&%>(''<!#;!7;<!9&'(<!^;!];<!B4=&%4*<!H;!\;<!{!#&'4("%&<!s;!6OMMY:;!

#$%&'!%(()*!0.4(%!%&,"4!1'"+&-(!12&./(!&.4!$1(&.!&1"4")"1&-"$.;!.3)+'3+C$

]4S6NTNY:<!SYQY3SYUO;!4$"cSM;SSOZd*1"(.1(;SSNONM_!

A$,J".*<!];!B;<!F(''<!D;!E;<!x&./<!8;<!90//(--<!7;!\;<!{!9-(".J(<!8;!6OMSZ:;!H"%!

(K,$*0%(!$)!1$%&'!"*!&!*"/.")"1&.-!*$0%1(!$)!4"+(-25'*0')"4(!6789:!-$!-2(!

&-+$*,2(%(;!R3)+'*)G)3$1+601*.C$V<!QZMQS;!4$"cSM;SMQTd*%(,QZMQS!

A0/2(*<!D;!^;<!s(%%5<!\;!D;<!F&"%4<!H;!A;<!#$..$''5<!9;!G;<!7"(-r('<!H;<!B&J".<!#;!8;<!

A(%$.<!9;!];<!A$(5<!H;!9;<!A$$/(.@$$+<!8;!L;<!{!b"0<!E;!6OMST:;!E'$@&'!

=&%+"./!-%&.*)$%+*!1$%&'!%(()!&**(+@'&/(*;!T&*:1+C$KKV6YYMO:<!U_O3U_Z;!

4$"cSM;SMQTd*USNTZ3MST3MMUS3O!



! SYN!

\&1J*$.<!G;<!E&@%"1<!H;<!8&-%&"<!^;<!V$$42$0*(<!8;<!#%$,,<!G;<!\$.(*<!E;<!7(*12&*(&0K<!

B;<!L+$%"<!x;<!81^&%'&.4<!B;<!{!9=&.<!A;!6OMOS:;!^&%&+(-(%"r"./!-2(!"+,&1-!$)!

*(&=&-(%!-(+,(%&-0%(!&.4!"%%&4"&.1(!$.!4"+(-25'*0')"4(!6789:!".!-2(!E%(&-!

F&%%"(%!G(()!&.4!-2(!1$.-%"@0-"$.!$)!1$%&'!%(()*!-$!-2(!/'$@&'!*0')0%!151'(;!

F0:1'&<$0G$H+06"7.)3&<$I+.+&13"8$U3+&'.C$4JV6Q:<!(OMOM\#MSZYTQ;!

4$"cSM;SMO_dOMOM\#MSZYTQ!

\&1J*$.<!G;!b;<!E&@%"1<!H;!\;<!{!#%$,,<!G;!H;!6OMST:;!B))(1-*!$)!$1(&.!=&%+"./!&.4!

1$%&'!@'(&12"./!$.!&(%$*$'!(+"**"$.*!".!-2(!E%(&-!F&%%"(%!G(()<!H0*-%&'"&;!

R3)+'*)G)3$1+601*.C$S6S:<!SUMUT;!4$"cSM;SMQTd*USN_T3MST3QOUYM3Y!

\&1J*$.<!G;!b;<!E&@%"1<!H;!\;<!V$$42$0*(<!8;!D;<!{!#%$,,<!G;!H;!6OMOM@:;!

7"+(-25'*0')"4(!6789:<!+&%".(!@"$/(."1!&(%$*$'*!&.4!-2(!(1$,25*"$'$/5!$)!

1$%&'!%(()*;!2)0/+0.3)+'3+.C$45<!OSTS3OOMU;!4$"cSM;NS_Ud@/3SY3OSTS3OMOM!

\&1J*$.<!G;!b;<!E&@%"1<!H;!\;<!V$$42$0*(<!8;!D;<!9=&.<!A;!F;<!\$.(*<!E;!F;<!#%$,,<!G;!

H;<!{!7(*12&*(&0K<!B;!9;!8;!6OMOM&:;!#$%&'!%(()!(+"**"$.*!$)!&-+$*,2(%"1!

4"+(-25'*0')"4(!&.4!-2(!".)'0(.1(!$.!+&%".(!&(%$*$'*!".!-2(!*$0-2(%.!E%(&-!

F&%%"(%!G(()<!H0*-%&'"&;!F0:1'&<$0G$H+06"7.)3&<$I+.+&13"8$>*=0.6"+1+.C$4JK<!

(OMS_\7MQSTQY;!4$"cSM;SMO_dOMS_\7MQSTQY!

\&1J*$.<!G;!b;<!V$$42$0*(<!8;!D;<!E&@%"1<!H;!\;<!#%$,,<!G;!H;<!9=&.<!A;!F;<!

7(*12&*(&0K<!B;!9;!8;<!{!D%$0.1(<!A;!6)'$1+-)+D:;!8$4(''"./!-2(!".)'0(.1(!$)!

1$%&'!%(()34(%">(4!4"+(-25'*0')"4(!$.!-2(!&-+$*,2(%(!$)!-2(!E%(&-!F&%%"(%!G(()<!

H0*-%&'"&;!W10'*)+1.$)'$X&1)'+$R3)+'3+8$%01&<$I++G$I+.+&13";!

\&1J*$.<!G;!b;<!V$$42$0*(<!8;!D;<!E&@%"1<!H;!\;<!{!#%$,,<!G;!H;!6)'$1+-)+D:;!#8?^Z!

,%$I(1-"$.*!$)!$1(&.!=&%+"./!&.4!-2(!"+,&1-!$.!4"+(-25'*0')"4(!(+"**"$.*!)%$+!

-2(!E%(&-!F&%%"(%!G(()<!H0*-%&'"&;!W10'*)+1.$)'$X&1)'+$R3)+'3+8$%01&<$I++G$

I+.+&13";!

\$.(*<!E;!F;!6OMSN:;!D2(!G(()!90',20%!#51'(c!?.)'0(.1(!$.!#'"+&-(!&.4!B1$*5*-(+!

9(%>"1(*;!?.!e;!e&%12"!{!b;!^%"1(!6B4*;:<!\*"'0;)0<0/7$0G$%01&<.$&'($%01&<$

I++G.!6,,;!OY3NY:;!#2&+c!9,%"./(%;!



SYZ!

\$.(*<!E;!F;<!#0%%&.<!8;<!F%$&4@(.-<!H;<!s"./<!9;<!]"*12(%<!B;<!{!\$.(*<!G;!6OMMY:;!

]&1-$%*!&))(1-"./!-2(!151'"./!$)!4"+(-25'*0')"4(!&.4!4"+(-25'*0')$."$,%$,"$.&-(!

".!1$%&'!%(()!=&-(%*!$)!-2(!E%(&-!F&%%"(%!G(();!\'-)10'=+'*&<$%"+=).*17C$?6N:<!

QSM3QOO;!4$"cSM;SMYSdBeMZMZN

\$.(*<!E;!F;<!#0%%&.<!8;<!7(*12&*(&0K<!B;<!L+$%"<!x;<!D&."+$-$<!A;<!9=&.<!A;!F;<!B5%(<!

F;<!?>(5<!\;<!81^&%'&.4<!B;<!{!E&@%"1<!H;!6OMST:;!D2(!)'0K!&.4!(+"**"$.!$)!

4"+(-25'*0')"4(!)%$+!-2(!E%(&-!F&%%"(%!G(()!%(/"$.!&.4!,$-(.-"&'!".)'0(.1(!$.!

-2(!1'"+&-(!$)!eB!H0*-%&'"&;!F0:1'&<$0G$H+06"7.)3&<$I+.+&13"8$>*=0.6"+1+.C$

4J]6OU:<!SQ<TQN3TSQ<TNZ;!4$"cSM;SMO_dOMST\7MO_OSM!

\$.(*<!E;!F;<!#0%%&.<!8;<!9=&.<!A;!F;<!{!7(*12&*(&0K<!B;!6OMSY:;!7"+(-25'*0')"4(!&.4!

#$%&'!F'(&12"./c!b".J*!-$!9$'&%!G&4"&-"$.<!b$=!b(>('!#'$04!&.4!-2(!G(/0'&-"$.!

$)!9(&=&-(%!D(+,(%&-0%(*!&.4!#'"+&-(!".!-2(!E%(&-!F&%%"(%!G(();!>=+1)3&'$

F0:1'&<$0G$%<)=&*+$%"&'/+C$V6MO:<!QOT3QN_;!4$"cSM;UOQZd&I11;OMSY;ZOMSY!

s(--'(<!H;!\;<!{!H.4%(&(<!8;!L;!6OMMM:;!]'0K!$)!4"+(-25'*0')"4(!)%$+!-2(!$1(&.*c!H!

1$+,&%"*$.!$)!0,4&-(4!4&-&!*(-*!&.4!)'0K!+$4('*;!F0:1'&<$0G$H+06"7.)3&<$

I+.+&13"8$>*=0.6"+1+.C$4AK67OO:<!OZY_Q3OZTMT;!4$"cSM;SMO_dOMMM\7_MMONO!

s2&.<!8;<!E"''(*,"(<!9;<!G&r"*<!F;<!|"&$<!^;<!7&>"(*3#$'(+&.<!8;<!^(%1">&'<!#;<!7(%=(.-<!
G;<!75J(<!\;<!E2$*2<!8;<!{!b((<!B;!6OMSZ:;!H!+$4(''"./!*-045!$)!-2(!&-+$*,2(%"1!
12(+"*-%5!$)!789!0*"./!-2(!/'$@&'!+$4('<!9DL#AB83#G?;!>*=0.6"+1)3$
\'-)10'=+'*<!4J5<!Z_•Y_;!4$"c!SM;SMSZdI;&-+$*(.>;OMSN;SO;MOT<!OMSZ;!

s="&-J$=*J"<!b;<!#$K<!^;<!A&''$%&.<!^;!G;<!80+@5<!^;!\;<!{!V"'-*2"%(<!H;!\;!6OMSN:;!

#$%&'!@'(&12"./!0.4(%!0.1$.>(.-"$.&'!*1(.&%"$*!$)!1'"+&-(!=&%+"./!&.4!$1(&.!

&1"4")"1&-"$.;!T&*:1+$%<)=&*+$%"&'/+C$K6T:<!YYY3YTS;!

4$"cSM;SMQTde#b?8HDBOZNN!

s="&-J$=*J"<!b;<!D$%%(*<!L;<!F$,,<!b;<!H0+$.-<!L;<!#2&+@(%'&".<!8;<!#2%"*-"&.<!\;!G;<!

70..(<!\;!^;<!E(2'(.<!8;<!?'5".&<!D;<!\$2.<!\;!E;<!b(.-$.<!H;<!b"<!A;<!b$>(.40*J"<!

e; 9;<!L%%<!\;!#;<!^&'+"(%"<!\;<!9&.-&.&3]&'1$.<!x;<!912="./(%<!\;<!9()(%"&.<!G;<

9-$1J<!#;!H;<!D&/'"&@0(<!H;<!D&J&.$<!x;<!DI",0-%&<!\;<!D$5&+&<!s;<!D*0I".$<!A;<

V&-&.&@(<!8;<!x&+&+$-$<!H;<!x$$'<!H;<!{!‚"(2.<!D;!6OMOM:;!D=(.-53)"%*-

1(.-0%5!$1(&.!=&%+"./<!&1"4")"1&-"$.<!4($K5/(.&-"$.<!&.4!0,,(%3$1(&.!.0-%"(.-



! SYY!

&.4!,%"+&%5!,%$401-"$.!4(1'".(!)%$+!#8?^Z!+$4('!,%$I(1-"$.*;!2)0/+0.3)+'3+.<!

456SQ:<!QUQ_3QUYM;!4$"c!SM;NS_Ud@/3SY3QUQ_3OMOM!

b&.&<!H;<!F(''<!D;<!9"+}<!G;<!o&''".&<!9;<!F&''&@%(%&~^$5<!\;<!s(--'(<!H;<!7&12*<!\;<!F$,,<!

b;<!9&'-r+&.<!B;<!{!9-()('*<!\;!6OMSS:;!H.!0,4&-(4!1'"+&-$'$/5!$)!*0%)&1(!

4"+(-2'5*0')"4(!1$.1(.-%&-"$.*!&.4!(+"**"$.!)'0K(*!".!-2(!/'$@&'!$1(&.;!H<0;&<$

2)0/+03"+=)3&<$%73<+.C$JK6S:<!EFSMMU;!4$"cSM;SMO_dOMSMEFMMQTNM!

b&.4<!^;!B;<!920-'(%<!\;!7;<!F(''<!D;<!{!x&./<!8;!6OMSU:;!BK,'$"-"./!*&-(''"-(!(&%-2!

$@*(%>&-"$.!-$!R0&.-")5!10%%(.-!/'$@&'!$1(&."1!789!)'0K!&.4!"-*!)0-0%(!1'"+&-(!

*(.*"-">"-5;!F0:1'&<$0G$H+06"7.)3&<$I+.+&13"8$U3+&'.C$44_6SS:<!YYON3YYUM;!

4$"cSM;SMMOdOMSU\#MSMSMU!

b(**(%<!8;!^;!6OMSS:;!#$%&'!@'(&12"./c!1&0*(*!&.4!+(12&."*+*;!?.!‚;!70@".*J5!{!e;!

9-&+@'(%!6B4*;:<!%01&<$I++G.8$>'$\30.7.*+=$)'$91&'.)*)0'!6,,;!UMN3US_:;!

7$%4%(12-c!9,%"./(%;!

b"0<!E;<!9-%$./<!H;!B;<!9J"%>"./<!V;<!{!H%r&50*<!b;!];!6OMMZ:;!U-+1-)+D$0G$TU>>$301&<$

1++G$D&*3"$610/1&=b.$'+&1Z1+&<$*)=+$.&*+<<)*+$/<0;&<$301&<$;<+&3")'/$=0')*01)'/$

&3*)-)*)+.@!^&,(%!,%(*(.-(4!&-!-2(!^%$1((4"./*!$)!-2(!SM-2!?.-(%.&-"$.&'!#$%&'!

G(()!95+,$*"0+<!LJ".&=&<!\&,&.;!

81#$$J<!b;!\;<!{!7"&r3^0'"4$<!E;!6OMMO:;!D2(!)&-(!$)!@'(&12(4!1$%&'*c!,&--(%.*!&.4!

45.&+"1*!$)!&'/&'!%(1%0"-+(.-;!X&1)'+$\30<0/7$!10/1+..$R+1)+.C$J]J<!SSN3SOT;!

4$"cSM;QQNUd+(,*OQOSSN!

81E$=&.<!A;<!9-0%+&.<!H;<!9&0.4(%*<!8;<!D2($@&'4<!H;<!{!V"(@(<!H;!6OMS_:;!?.*"/2-*!

)%$+!&!4(1&4(!$)!%(*(&%12!$.!1$%&'!%(()•&-+$*,2(%(!(.(%/(-"1*;!F0:1'&<$0G$

H+06"7.)3&<$I+.+&13"8$>*=0.6"+1+.C$4J?6T:;!4$"cSM;SMO_dOMST\7MO_TQM!

8$4"."<!G;!b;<!G"*-$>*J"<!‚;!7;<!\$2.*$.<!E;!G;<!A(<!#;<!90%&=*J"<!e;<!8$%&=*J&<!b;<!

90."<!D;<!{!s0'+&'&<!8;!6OMM_:;!e(=!,&%-"1'(!)$%+&-"$.!&.4!/%$=-2!&-!&!%(+$-(<!

*0@3-%$,"1&'!1$&*-&'!'$1&-"$.;!>*=0.6"+1)3$%"+=).*17$&'($!"7.)3.C$_6S_:<!YZMY3

YZOS;!4$"cSM;NS_Ud&1,3_3YZMY3OMM_!



! SYT!

9J"%>"./<!V;!\;<!B.%…R0(r<!9;<!A(4'(5<!\;<!7$>(<!9;<!B&J".<!#;<!8&*$.<!G;<!7(!b&!#$0%<!

\;<!b"0<!E;<!A$(/23E0'4@(%/<!L;<!{!9-%$./<!H;!6OMST:;!G(+$-(!*(.*"./!$)!1$%&'!

@'(&12"./!0*"./!-(+,(%&-0%(!&.4!'"/2-c!,%$/%(**!-$=&%4*!&.!$,(%&-"$.&'!

&'/$%"-2+;!I+=0*+$R+'.)'/C$4A6S:<!S;!4$"cSM;QQ_Md%*SMMSMMST!

9-()('*<!\;!6OMMM:;!^25*"$'$/"1&'!&*,(1-*!$)!-2(!,%$401-"$.!&.4!1$.>(%*"$.!$)!789^!".!

+&%".(!&'/&(!&.4!2"/2(%!,'&.-*;!F0:1'&<$0G$R+&$I+.+&13"<!?]6Q•U:<!STQ•S_Y;!4$"c!
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Supplementary Figure S1. Great Barrier Reef Marine Park (GBRMP) management zones 

showing the location of sampling grids used in the analysis. 

 

 

 

 

 

 

 

  



Supplementary Table S2. Significance (p) values for SpearmanÕs ranked correlation 

coefficients for 8-day data for 2000-2017 (! =0.001). 

 

p AOD SST PAR IR NT WS CHL k490 
Southern GBR (n=690)  
AOD 1.000 0.000 0.000 0.000 0.000 0.167 0.000 0.000 
SST  1.000 0.000 0.000 0.000 0.000 0.000 0.000 
PAR   1.000 0.000 0.000 0.000 0.000 0.000 
IR    1.000 0.000 0.000 0.000 0.000 
NT     1.000 0.306 0.001 0.052 
WS      1.000 0.000 0.000 
CHL       1.000 0.000 
k490        1.000 
Central GBR (n=682)  
AOD 1.000 0.000 0.000 0.000 0.000 0.044 0.021 0.590 
SST  1.000 0.000 0.000 0.000 0.001 0.000 0.000 
PAR   1.000 0.000 0.000 0.000 0.000 0.000 
IR    1.000 0.000 0.000 0.000 0.000 
NT     1.000 0.000 0.001 0.198 
WS      1.000 0.000 0.000 
CHL       1.000 0.000 
k490        1.000 
Northern GBR (n=667)      
AOD 1.000 0.000 0.000 0.000 0.000 0.000 0.022 0.758 
SST  1.000 0.000 0.000 0.000 0.000 0.350 0.000 
PAR   1.000 0.000 0.000 0.000 0.000 0.000 
IR    1.000 0.000 0.000 0.000 0.000 
NT     1.000 0.000 0.123 0.152 
WS      1.000 0.000 0.000 
CHL       1.000 0.000 
k490        1.000 
Far northern GBR (n=658)       
AOD 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.027 
SST  1.000 0.000 0.0005 0.000 0.000 0.419 0.004 
PAR   1.000 0.000 0.000 0.000 0.000 0.000 
IR    1.000 0.010 0.000 0.000 0.000 
NT     1.000 0.000 0.003 0.847 
WS      1.000 0.000 0.117 
CHL       1.000 0.000 
k490        1.000 
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