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Research related to the potential for coral reef-derived dimethylsulfide (DMS) oxidation
products to regulate the regional climate of the Great Barrier Reef (GBR) according to the
CLAW hypothesis is summarized in this mini review. The GBR has been indicated as a
region of high DMS production where atmospheric emissions may be increased when
corals are subject to environmental stresses associated with low tide. During low wind
speeds over aerially exposed coral reefs, plumes of atmospheric DMS and new sulfate-
containing nano-particle production under photo-oxidative conditions have been
detected on the GBR. Hygroscopic growth of these particles in combination with
coagulation and condensation processes could potentially provide a coral-mediated
mechanism of new aerosol for seeding low-level stratocumulus clouds. Fine mode
aerosol optical depth over GBR coral reefs has been correlated with low wind speeds
and a coral stress metric formulated as a function of irradiance, water clarity, and tide
height. This correlation has been proposed as a possible mechanism by which the GBR
might alter the optical properties of the overlying atmosphere to attenuate local insolation
leading to regional climate regulation. However, recent regional-scale aerosol-climate
modeling indicates that the potential for GBR regional climate regulation via DMS
atmospheric oxidation products is weak under current anthropogenic conditions which
have instigated mass coral bleaching events along the entire length of the GBR between
1998 and 2022. This increased bleaching indicates that DMS oxidation products are
insufficient to regulate the regional climate of the GBR according to the CLAW hypothesis
under current global warming conditions.

Keywords: dimethylsulfide (DMS), Great Barrier Reef (GBR), climate, oxidation, sulfate

INTRODUCTION

It is now fifty years since Lovelock et al. (1972) proposed that dimethylsulfide (DMS) was the
missing link in the natural biogeochemical sulfur cycle capable of annually cycling megatonnes of
sulfur from the sea back onto the land. Later, in 1987, DMS was assigned as the driving force in a
mechanism by which the ocean and the atmosphere were hypothesized to be dynamically coupled in
a global system that had the potential to affect and possibly even regulate climate (Charlson et al.,
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1987). This hypothesis, which was conceived almost by accident
in 1985 during a visit by James Lovelock to Robert Charlson at
the University of Washington in Seattle (Liss and Lovelock,
2007), has become known as the CLAW hypothesis, an
acronym of the four contributing authors’ surnames. CLAW
hypothesized that the Earth’s radiation balance may be
modulated by reflection or absorption of solar radiation by
clouds seeded by the oxidation products of the marine volatile
DMS, an algal metabolic by-product that is constantly exchanged
from the oceans to the atmosphere. Consequential changes in sea
surface temperate (SST) could affect algal growth and hence
DMS emissions, thereby providing a potential climate feedback
loop where surface ocean primary productivity is dynamically
linked to marine cloud production and albedo. Regarding this
CLAW mechanism, it has more recently been stated by Liss and
Lovelock (2007) that any climate feedback effect could be
stabilizing (i.e. negative) or destabilizing (i.e. positive) and the
extent, or even its existence, to play any part in the present day
climate is in question. What makes the CLAW hypothesis so
scientifically compelling is that it continues to be possible to
provide empirical evidence for various processes in the proposed
mechanism (Figure 1). For example, in Southern Ocean clean
marine air sampled at Cape Grim in north-west Tasmania it has
been possible to show coherence in the seasonal cycles of
atmospheric DMS (DMS,) and its major oxidation products
methanesulfonic acid (MSA) and non-sea-salt sulfate (nss-SO,)
(Ayers et al, 1991). Additionally, cloud condensation nuclei
(CCN) number concentrations, modeled cloud droplet

concentrations, and mean cloud droplet effective radii were
also shown to have the same seasonal phase cycles as DMS
(Boers et al., 1994). These early data strongly indicated a
connection between DMS emissions, aerosol particle chemistry,
and CCN and cloud droplet concentrations (Ayers and Gillett,
2000). Other data have shown a strong relationship between
DMS and solar radiation dose over the global surface ocean,
providing support for a negative climate feedback (Vallina and
Simé, 2007).

The CLAW hypothesis has been experimentally shown to be
far more complex than first proposed, and despite much research
it has not been possible to quantitatively demonstrate the
relationship between the mass air-sea flux of DMS-derived
sulfate and the number concentration of CCN (Ayers and
Cainey, 2007). Failure to demonstrate this relationship led
Quinn and Bates (2011) to suggest that it might be time to
retire the CLAW hypothesis with over 20 years of collated
evidence that DMS bio-regulation of climate is prevented by
weak sensitivity to change in each step of the CLAW hypothesis
feedback loop (Figure 1). DMS is, however, the major reduced
sulfur-containing volatile emitted from the global oceans,
currently estimated to be 27.1 Tg (as S) annually (Hulswar
et al, 2021). This massive amount of biogenic sulfur is
suspected to be the origin of the globally dominant nss-SO,
contribution to CCN over the global oceans between 70°S and
80°N (Quinn et al,, 2017); thus, signaling that DMS oxidation
products and CCN are connected with the potential to influence
Earth’s energy budget, and ultimately climate. According to
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FIGURE 1 | Schematic of the proposed climate feedback loop according to the CLAW hypothesis (Charlson et al., 1987) adapted to the GBR with some updated
information. DMSP, produced by coral and phytoplankton, is the dominant source of DMS which on exchange to the atmosphere can be oxidized to products
such as nss-SO,4 and HPMTF which are involved in new particle production, while MSA primarily contributes to the growth of existing particles. CCN formed from
these DMS oxidation products can generate marine clouds with increased albedo, which may alter the Earth’s radiation budget leading to the hypothesized
climatic feedback. The proposed biogenic feedback loop may be perturbed by primary marine sources of CCN such as SSA and organic matter released from
surface waters by bubble bursting. Anthropogenic forcing over the GBR may contribute to recurrent coral bleaching and loss of DMS production to dampen the
feedback loop. Additionally, regional biomass burning may contribute nss-sulfate and primary particles in the CCN size range (D, ~50-100 nm) (Zaveri et al., 2022)
as well as terrestrially-derived oxidants that may alter the background marine atmospheric oxidation processing capacity (Mauldin Il et al., 2012; Zhu et al., 2021).
Condensation nuclei (CN), Cloud condensation nuclei (CCN), Dimethylsulfide (DMS), Dimethylsulfoniopropionate (DMSP), Particle diameter (D), Great Barrier Reef
(GBR), Hydroperoxymethyl thioformate (HPMTF), Methanesulfonic acid (MSA), non sea salt sulfate (nss-Sulfate), Sea spray aerosol (SSA).
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James Lovelock, demonstration of climate regulation via cloud
albedo control linked to DMS emissions is now only probable, if
at all, in the southern hemisphere because of excessive
anthropogenic sulfate pollution in the northern hemisphere
(Lovelock, 2009). Given that global realization of CLAW is
now most likely impossible, a relatively unpolluted location in
the southern hemisphere such as the GBR remains a last marine
frontier where research has been directed to possibly
demonstrate regional climate regulation according to the
CLAW hypothesis.

PRODUCTION OF DIMETHYLSULFIDE
AND DIMETHYLSULFONIOPROPIONATE
(DMS/P) BY SCLERACTINIAN CORALS

It has been known since the early 1990s that coral reef ecosystems
can be significant sessile sources of dimethylsulfoniopropionate
(DMSP), the major marine precursor of DMS (Jones et al., 1994;
Hill et al., 1995). Initially, the algal zooxanthellae endosymbionts
(Symbiodium sp.) were presumed and also indicated to be the
coral’s source of DMS/P because cellular or particulate DMSP was
typically correlated with Symbiodium number (Broadbent and
Jones, 2004; Jones et al., 2007; Van Alstyne et al., 2008); however,
it is now recognized that the coral polyp also has the ability to
produce DMSP (Raina et al., 2013). Just as the symbiotic union of
the zooxanthellae and the polyp provides a very efficient metabolic
system enabling coral to flourish in oligotrophic tropical waters,
this union may also provide the basis for the very high
concentrations of DMS/P that have been measured in coral and
its products. For example, mucus ropes exuded from the staghorn
coral Acropora formosa have been reported to contain 18.7 uM
DMS and 54.4 uM DMSP (Broadbent and Jones, 2004), which are
some of the highest concentrations of DMS/P measured in any
natural marine material. Zooxanthellae DMSP cellular
concentrations of up to 686 mmol L' (cell volume) (Yost and
Mitchelmore, 2009) and 7590 mmol L™ (cell volume) (Broadbent
et al., 2002) are large by comparison with DMSP cellular
concentrations reported in other marine dinoflagellates (Caruana
and Malin, 2014). High zooxanthellae densities typically of 1-4 x
10° Symbiodinium cells cm™ coral surface area in healthy Acropora
sp. (Moothien-Pillay et al., 2005) make these abundant branching
corals throughout the GBR highly concentrated sources of DMS/P.
Consequently, the GBR has been described as a DMS hotspot (Jones
et al., 2017; Jones et al., 2018); however, it is not identified as such
among the 56 biogeochemical global ocean provinces defined by
Hulswar et al. (2021), probably because the GBR is a relatively
under-sampled location.

CONDITIONS THAT PROMOTE DMS
TRANSFER FROM CORAL REEFS TO THE
ATMOSPHERE

In chamber experiments with three Indo-Pacific coral species, it
was shown that gas phase DMS increased by an order of

magnitude when the corals were exposed to air, and this was
followed by an additional rise in gas phase DMS on their re-
submersion (Hopkins et al.,, 2016). In the environment,
atmospheric DMS (DMS,) was observed to peak over coral
reefs in the northern GBR at, or shortly after, low tide when
the reefs were exposed to the atmosphere (Jones and Trevena,
2005). This was also observed at Heron Island, a coral cay in the
southern GBR, where it was possible to demonstrate that median
DMS, mixing ratios were a function of tide height, which
controls the extent and duration of coral reef aerial exposure,
Figure 2 (Swan, 2017). A combination of DMS, source signals
are shown in Figure 2, where DMS, derived from the coral reef is
the tidally-induced contribution above the oceanic background
DMS, continuum. When a coral reef is aerially exposed, DMS
can diffuse from the mucus covered coral surfaces directly to the
atmosphere, a process that circumvents DMS air-sea exchange;
hence, low-tide DMS emissions may result in rapidly released
plumes. These were observed as intermittent DMS, time-line
spikes in the Heron Island datasets, which were in most instances
detected under low wind speeds (WS < 2 m s™') when
atmospheric mixing with oceanic air was least (Swan et al,
2017). Coral reefs emit DMS at low tide in response to
environmental stresses when corals can be subject to elevated
solar irradiance, heating and hypoxia in shallow pooled water,
and dehydration due to air exposure (Deschaseaux et al., 2014).

DMS FLUX AND EMISSION ESTIMATES
FROM THE GBR

Seasonally averaged DMS flux estimates for five coral reefs across
the GBR, determined from spatially and temporally combined
data, have been reported by Jones et al. (2018). These averaged
fluxes, estimated from dissolved DMS (DMS,,) and WS using the
gradient approach of Liss and Merlivat (1986), were 6.4 and 2.4
pmol m™ d™? for summer (Oct-Mar, n = 237) and winter (Apr-
Sep, n = 156), respectively. Seasonal fluxes at Heron Island,
estimated from DMS, using the mass balance-photochemical
box model of Ayers et al. (1995), were 5.0 and 1.4 ymol m™ d™!
for the 2012 summer wet season (n = 651) and the 2013 winter
dry season (n = 923), respectively (Swan et al., 2017). For those
Heron Island field campaigns, the coral reef surrounding the
island was estimated to contribute 4% during the summer and
14% during the winter to the background oceanic DMS flux
sourced from the dominant south-easterly trade winds. A proxy
for DMS,, across the GBR was derived by Jackson et al. (2021)
using a multiple linear regression model, satellite-derived
photosynthetically active radiation, SST data, and DMS,, field
data compiled by Jones et al. (2018). Using that modeled DMS,,
data, a climatology of DMS air-sea flux across the GBR was
calculated using three gradient approach parameterizations.
Average (£ 10) seasonal DMS fluxes were 7.3 + 1.6 and 3.1 +
0.3 umol m™> d™' in late summer and late winter, respectively,
where inclusion of an estimate for DMS release from exposed
corals at low tide increased the average flux by 1.5 umol m™>d™.
DMS emission across the 347,000 km” area of the GBR is
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FIGURE 2 | Median atmospheric DMS mixing ratios plotted against low tide seawater height at Heron Island (23.44°S, 151.91°E) on the southern GBR, 18 Jul -
5 Aug 2013 (austral winter), derived from 30 min resolution measurements of DMS,. The plotted median values are for measurements made in a time window
approximately + 1 h either side of the low tide height range that, to varying extents, aerially exposed the 27 km? lagoonal platform coral reef surrounding Heron
Island shown in the photo (H.B. Swan). According to the dominant south-easterly trade winds at this location, the Heron Reef and the adjacent Wistari Reef, 1
km to the south, are expected to be the sources of DMS, in excess of the approximately 20 pmol mol™' DMS, background wintertime mixing ratio.

estimated by Jackson et al. (2021) to be 0.03-0.05 Tgyr' of DMS ~ However, a thermal tipping point in the coral stress metric
(1,500-2,100 mol km?* yr™'), which represents 0.06-0.1% of the ~ was identified where it became uncoupled from AOD, this
52.5 Tgyr' of DMS estimated on average to be transferred from  being interpreted as a threshold for coral bleaching based on
the global oceans to the atmosphere (Hulswar et al., 2021).  the assumption that bleaching leads to a reduction in emission
Reported DMS fluxes from the GBR are not extraordinary;  of biogenic aerosol. The thermal threshold that leads to coral
they are within the 0-10 umol S m™ d™' range emitted from  bleaching, separation of Symbiodinium from its polyp host and
93% of the world’s oceans according to Hulswar et al. (2021). cessation of coral DMS production, has been reported to be

when SST exceeds 30°C for an extended period (Fischer and

Jones, 2012; Jones et al., 2017; Jones et al., 2018). Such marine

heatwaves are increasing in frequency and, from a culmination

AEROSOL OPTICAL DEPTH AND CLOUD of events in 1998, 2002, 2016, 2017 and 2020, have now resulted
COVER OVER THE GBR in mass coral bleaching along the entire GBR (Hughes et al,,

2021). Increased summer cloud cover may alleviate coral
The direct effect of marine aerosol to alter the extent that the  bleaching by surface cooling, an effect that has been
atmosphere reflects and absorbs solar radiation can be  quantified over the GBR using satellite imagery and in-situ
evaluated by aerosol optical depth (AOD). A 16-year (2000-  temperature and light loggers (Leahy et al., 2013). In that study,
2015) satellite-derived record of fine mode AOD (0.1-0.25 pm  cloud cover alone was responsible for up to 32% of the variation
radius) for an area of the GBR centred over Heron Island, was ~ in SST, although there was a 3-day lag between a change in
correlated with a coral reef stress metric formulated as a  cloud cover and a change in SST. Local-scale cloud cover over
function of irradiance, water clarity, and tide height (Cropp  shallow GBR waters was recently reported to be more highly
et al., 2018). The correlation, which assumes that biogenic  correlated with SST cooling than the larger-scale regional
aerosol derived from the GBR was primarily linked to AOD,  modulation of cloud cover linked to the El Nifo-Southern
was strongest at low WS when biogenic aerosol is least advected ~ Oscillation (Zhao et al., 2021). This cloud cover-SST
away from its source point, and there is less sea spray aerosol  relationship has been proposed to operate as an ocean
generation. This correlation, which was consistent with field  thermostat in the western Pacific warm pool to the north of
observations of DMS, plumes at Heron Island at low-tide under ~ Australia where coral bleaching events have been relatively few
low WS, was proposed as a possible mechanism by which coral ~ in number despite the region having the highest average SST of
reefs might alter the optical properties of the overlying  all ocean regions (Kleypas et al., 2008). It has been proposed
atmosphere to attenuate local insolation (Cropp et al, 2018).  that DMS atmospheric oxidation products might promote a
This analysis was extended by Jackson et al. (2018) who  similar cloud cooling ocean thermostat effect over the GBR
analyzed fine mode AOD (2000-2017) over the entire 2,300 (Fischer and Jones, 2012), although this phenomenon may be
km length of the GBR and found AOD to be positively  explained by physical processes alone (Johnson et al., 2001;
correlated with both SST and the coral reef stress metric. Takahashi et al., 2010).
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MODELLING THE CLAW HYPOTHESIS
GLOBALLY AND REGIONALLY ON
THE GBR

Application of aerosol microphysics models to calculate the
sensitivity of CCN, cloud fraction and surface incoming short-
wave radiation to change due to varying DMS air-sea emissions
over a wide range of climatologies have indicated the role of DMS in
climate regulation to be globally weak (Woodhouse et al., 2010;
Fiddes et al.,, 2018). These modeled outcomes are underpinned by
observational evidence showing (i) gas-to-particle nucleation of
DMS-derived H,SO, does not commonly occur in the marine
boundary layer (MBL) (Clarke et al, 1998; Gras et al, 2009;
Kerminen et al,, 2018); (ii) ultra-fine sea salt (Clarke et al., 2006;
Smith, 2007; Xu et al, 2022) and other primary marine-derived
materials (Leck and Bigg, 2007; Hawkins and Russell, 2010; Zelenyuk
et al, 2010) can effectively act as CCN; and (iii) there are other
marine-derived volatile organic compounds in addition to DMS that
can form secondary organic aerosol (Meskhidze and Nenes, 2006;
Exton et al., 2015; Swan et al.,, 2016). DMS may, however, have more
importance regionally than globally to attenuate insolation according
to large spatial and temporal differences in DMS,, concentrations
and air-sea fluxes among the 56 global oceans provinces of Hulswar
et al. (2021). Modelling of CCN production per unit mass of DMS
emitted sulfur has been found to vary regionally by a factor of 20,
suggesting that DMS emissions in some marine locations might
provide regional climate regulation (Woodhouse et al, 2013). A
recent GBR modeling study that added a coral-derived DMS surface
emission of 0.3 Tg yr'' S (1.7% of the global DMS sulfur emission)
concluded that this superambient input of atmospheric sulfur into
the model provided no robust effect on the regional climate of the
GBR from direct and indirect aerosol effects (Fiddes et al., 2021).
Another study that examined the effect of sub-daily changes in coral
reef-derived DMS in a regional-scale climate model that was
constrained using data gained from a recent field study (Sep-Oct
2016) on the GBR similarly found no significant changes in sulfate
aerosol mass or total aerosol number to promote regional climate
regulation (Fiddes et al., 2022). In that study, it was suggested that the
close proximity of anthropogenic aerosol sources, such as power
stations and other biomass burning sources, prevents the GBR from
having any significant influence on the regional sulfate aerosol
burden. The field study data used to constrain the model was
collected following the 2016 summer of mass coral bleaching
across the northern third of the GBR (Hughes et al., 2017).
Although the field study was conducted on a section of the GBR
that was less impacted by bleaching, uncertainty exists about the
health of the GBR study zone at that time. Continuing bleaching of
the GBR is closing the window of opportunity to research this topic
(Jackson et al., 2020).

CONCLUDING COMMENTS

Periodic new sulfate-containing particle production (D, < 20
nm) in the MBL has been indicated from the GBR (Modini

et al,, 2009) and on the GBR (Vaattovaara et al., 2013). These
nano-particles can grow to the climatically active CCN size
range (D, ~50-100 nm) attenuating irradiance and
contributing to marine cloud formation. However, aerosol
contributions to CCN and cloud formation over the GBR have
not been clearly identified and quantified, so it remains
uncertain if the proposed ocean thermostat effect from low-
level clouds to cool GBR SST is actually a negative feedback
driven by coral-derived DMS oxidation products.
Additionally, while clouds can reflect incoming sunlight
leading to localized 3-day delayed temporal surface cooling,
they also trap outgoing infrared radiation; hence, net radiative
forcing by clouds over the GBR remains an uncertain complex
component of the planetary greenhouse effect. While
aerosol-climate models are important tools to assess the
potential for DMS-facilitated climate regulation on the GBR,
all are restricted by limited multiphase DMS chemistry,
nucleation and nanoparticle growth mechanisms as well as
other inherent short-comings and biases in meteorological,
physical and chemical processes (Lee et al., 2019). DMS
oxidation is far more complex than first imagined by
Charlson et al. (1987) and continues to be elucidated (Von
Glasow and Crutzen, 2004; Hoffmann et al., 2016). Notably, a
previously unrecognized stable DMS oxidation product,
hydroperoxymethyl thioformate (HPMTF, HOOCH,SCHO)
is currently not widely incorporated into atmospheric models.
More than 30% of oceanic DMS emissions may form HPMTF,
a major reservoir of sulfur in the MBL that is involved in new
particle formation and growth (Veres et al., 2020). Mindful of
these limitations, recent modeling (Fiddes et al., 2022; Jackson
et al., 2022) indicates that DMS emissions from the GBR are
currently insufficient, relative to background anthropogenic
sulfur emissions, to significantly enhance sulfate aerosol and
CCN number concentrations according to CLAW. Perhaps in
pre-industrial times coral reef-derived DMS emissions may
have exerted sufficient influence to regulate GBR regional
climate (Fung et al., 2022). However, the GBR is no longer a
pristine environment; it is impacted by regional pollution
(Chen et al., 2019) and is also under immediate threat from
global warming (Smith, 2019; Osman et al.,, 2021). Under
current anthropogenic driven radiative forcing, the option to
geo-engineer marine stratocumulus cloud albedo using ultra-
fine sea salt, known as marine cloud brightening (MCB), has
been proposed as a solution to protect the GBR. Modeling has
indicated that MCB has the potential to sufficiently cool SST
to limit coral bleaching on the GBR under a scenario of
doubled atmospheric CO, levels (Latham et al., 2013). There
are, however, logistical difficulties, uncertainties and risks of
applying MCB (Stuart et al., 2013). Given that since 1998 only
2% of the GBR now remains untouched by bleaching (Hughes
et al., 2021), which has again occurred in the 2021-22 summer
during a La Nifa year (GBRMPA et al,, 2022), it is now
apparent that it will not be DMS but an immediate
coordinated global reduction of green house gas emissions
that will save the GBR from continuing decline.
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