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Marine dimethylsulfide (DMS) is an important source of natural sulfur to the

atmosphere, with potential implications for the Earth’s radiative balance. Coral

reefs are important regional sources of DMS, yet their contribution is not

accounted for in global DMS climatologies or in model simulations. This study

accounts for coral-reef-derived DMS and investigates its influence on the

atmosphere of the Great Barrier Reef (GBR), Australia, using the Australian

Community Climate and Earth System Simulator Atmospheric Model version 2

(ACCESS-AM2). A climatology of seawater surface DMS (DMSw) concentration

in the GBR and an estimate of direct coral-to-air DMS flux during coral

exposure to air at low tide are incorporated into the model, increasing DMS

emissions from the GBR region by 0.02 Tg yr-1. Inclusion of coral-reef-derived

DMS increased annual mean atmospheric DMS concentration over north-

eastern Australia by 29%, contributing to an increase in gas-phase sulfate

aerosol precursors of up to 18% over the GBR. The findings suggest that the

GBR is an important regional source of atmospheric sulfur, with the potential to

influence local-scale aerosol-cloud processes. However, no influence on

sulfate aerosol mass or number concentration was detected, even with a

reduction in anthropogenic sulfur dioxide emissions, indicating that DMS

may not significantly influence the regional atmosphere at monthly, annual

or large spatial scales. Further research is needed to improve the representation

of coral-reef-derived DMS in climate models and determine its influence on

local, sub-daily aerosol-cloud processes, for which observational studies

suggest that DMS may play a more important role.
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1 Introduction
Aerosols and clouds play a key role in the Earth’s radiative

budget and climate by governing the amount of incoming and

outgoing solar radiation and heat (Ramanathan et al., 1989;

Andreae, 1995). Since the industrial revolution, anthropogenic

greenhouse gas (GHG) emissions have exerted an average global

radiative forcing of +2.72 (1.96 to 3.84) W m-2 (IPCC, 2021).

Anthropogenic and natural aerosols have partially offset this

warming effect through scattering of incoming short-wave

radiation (aerosol-radiation interactions) (McCormick and

Ludwig, 1967) and influencing the albedo, lifetime and cover

of clouds (aerosol-cloud interactions) (Twomey et al., 1984).

In comparison to GHG emissions, the influence of aerosols

on the climate is complex and less well quantified due to

uncertainties in aerosol source strengths and their radiative

effects (Twomey, 1974; Andreae and Rosenfeld, 2008).

Consequently, estimates of aerosol radiative forcing range

from -1.9 to -0.1 W m-2 (IPCC, 2013; IPCC, 2014).

Approximately 45% of the variance in aerosol radiative forcing

since the pre-industrial period is derived from uncertainties in

natural aerosol sources, including marine dimethylsulfide

(DMS) (Carslaw et al., 2013).

The precursor of DMS, dimethylsulfoniopropionate (DMSP),

is produced throughout the ocean by a number of marine

organisms including planktonic and benthic algae (Stefels, 2000;

Sunda et al., 2002), corals and their endosymbiotic dinoflagellates

(Raina et al., 2013), and marine bacteria (Curson et al., 2017).

DMSP is produced for a range of physiological and ecological

functions (Stefels, 2000; McParland and Levine, 2019). Catabolism

of DMSP is mediated by the demethylation and cleavage

pathways, with the latter producing DMS (Bullock et al., 2017).

Seawater surface DMS (DMSw) is ventilated to the marine

boundary layer (MBL) where it is rapidly oxidized, primarily by

hydroxyl radicals (OH), to sulfate aerosol precursor gases

including sulfur dioxide (SO2), methanesulfonic acid (MSA),

hydroperoxymethyl thioformate (HPMTF) and sulfuric acid

(H2SO4) (Andreae and Crutzen, 1997; Berndt et al., 2019;

Hodshire et al., 2019; Veres et al., 2020).

Sulfuric acid, an aerosol precursor, may condense onto

existing particles, facilitating growth to cloud condensation

nuclei (CCN), or nucleate to form new non-sea salt sulfate (nss-

SO4) aerosol (Andreae and Crutzen, 1997; Woodhouse et al.,

2013). The latter primarily occurs in the free troposphere, where

background aerosol concentration and temperature are relatively

low and conditions are optimal for the nucleation of trace gases

(Korhonen et al., 2008; Sanchez et al., 2018). New nss-SO4

particles may be entrained from the free troposphere to the

MBL and increase the number of CCN and cloud droplets.

When high concentrations of fine aerosol grow rapidly to

CCN, cloud droplet number increases and cloud droplet

diameter decreases (assuming constant cloud liquid water
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content), enhancing the albedo and lifetime of clouds and

suppressing precipitation (Rosenfeld et al., 2007; Dave et al.,

2019). Conversely, when CCN activation size is not met, water

vapor may remain in the atmosphere, suppressing local

precipitation and increasing precipitation downwind if

conditions for particle growth are more favorable (Andreae

and Rosenfeld, 2008; Fan et al., 2018).

The influence of DMS on Earth’s radiative balance is

dependent on the efficiency of DMS oxidation and nucleation to

secondary nss-SO4, which ranges from 0.14-0.95 in the MBL (Von

Glasow and Crutzen, 2004). The high range in efficiency is due to

regional variability in pre-existing aerosols and the aerosol

condensational sink (Woodhouse et al., 2013; Hoffmann et al.,

2016). The annual mean contribution of DMS to CCN is

estimated to be 3.3% in the Northern Hemisphere and 9.9% in

the relatively cleaner Southern Hemisphere (Woodhouse et al.,

2010). This response varies with season and location, with the

greatest response occurring in pristine regions of high biological

activity (Korhonen et al., 2008; Lana et al., 2012; Gabric et al.,

2013; Woodhouse et al., 2013; Sanchez et al., 2018; Zavarsky et al.,

2018). For example, when phytoplankton productivity (and DMS

production) increases, DMS-derived sulfates contribute up to 46%

of CCN over the Southern Ocean (30-45°S) in summer

(Korhonen et al., 2008), and 33% of CCN over the North

Atlantic in spring (Sanchez et al., 2018) via new particle

nucleation and particle growth to CCN.

Coral reefs are identified as important regional sources of

DMS (Broadbent and Jones, 2004; Swan et al., 2017; Jones et al.,

2018). In the coral holobiont, DMS(P) production is

upregulated in response to physiological stress caused by

exposure to high sea surface temperature (SST), solar

irradiance and changes in salinity (Raina et al., 2013;

Deschaseaux et al., 2014; Gardner et al., 2016; Hopkins et al.,

2016), all of which can be exacerbated during exposure to air at

low tide (Buckee et al., 2020). This biogenic sulfur source could

facilitate nss-SO4 aerosol nucleation and growth to CCN,

increasing the lifetime and albedo of low-level clouds (LLC)

over coral reefs (similarly to Charlson et al., 1987). Evaporation

over shallow, warm coral reef waters contributes to the

formation of a convective boundary layer (~65-130 m), with

relatively high humidity and temperature that is favourable for

low-level cloud formation (McGowan et al., 2019). It has been

hypothesized that DMS emissions facilitate the formation of a

local or regional negative feedback within the coral reef

boundary layer, shading and cooling the coral reef below

(Fischer and Jones, 2012; Jones, 2015; Jones et al., 2017).

Global modelling studies have found that marine DMS is an

important source of nss-SO4 aerosol, influencing regional

aerosol and cloud microphysical properties (Thomas et al.,

2010; Woodhouse et al., 2010; Gabric et al., 2013; Mahajan

et al., 2015) and providing a cooling effect of up to 0.45°C

(Fiddes et al., 2018). However, with the exception of only two

model studies (Fiddes et al., 2021, 2022), the coral reef source of
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DMS is not currently accounted for in DMS climatologies or in

climate models.

Global climate models typically prescribe DMSw concentrations

using the Kettle et al. (1999) or Lana et al. (2011) monthly mean

climatologies. These climatologies were derived from more than

three decades of DMSw observations over most of the global ocean

(Kettle et al., 1999). However, very few observations were included

for coral reef regions and extrapolation did not account for seasonal

or spatial variability across coral reef flats and lagoon waters.

Only two model studies have investigated the importance of

DMS flux from coral reefs on the climate (Fiddes et al., 2021;

Fiddes et al., 2022). Both of these studies accounted for the coral

reef source of DMSw by adding a scaled laboratory-derived

estimate of 50 nmol L-1 to the Lana et al. (2011) DMSw
climatology for coral reef regions. This method added 0.03

nmol L-1 to the global average seawater concentration and

increased global sea-air emissions by 0.3 Tg yr-1 of DMS,

representing 1.7% of global DMS emission estimates (Fiddes

et al., 2021). This is higher than the estimate of 0.06-0.08 Tg yr-1

of DMS estimated to be released from tropical coral reefs based

on field observations (Jones et al., 2018; Jackson et al., 2021).

Despite the relatively high coral reef DMSw and DMS sea-air

flux source, Fiddes et al. (2021) report only a small response in

nucleation and Aitken mode aerosol number concentration and

mass when the coral reef source of DMS was removed from the

global ACCESS-UKCA (Australian Community Climate and

Earth System Simulator-United Kingdom Chemistry and

Aerosol) model. This suggests that tropical coral reef DMS

emissions have no robust impact on contemporary global or

regional climate, possibly due to confounding impacts of

industrial sulfate emissions and other anthropogenic pollutants

dominating the aerosol signal. Fiddes et al. (2022) demonstrated

similar findings in the GBR region using the regional WRF-

Chem (Weather Research and Forecasting model coupled with

chemistry) model. However, observational studies suggest that

the coral reef source of DMS may influence sulfate aerosol and

LLC properties, at spatial or temporal scales that are perhaps not

captured by global or regional climate models (Modini et al.,

2009; Swan et al., 2016).

For example, positive correlations have been identified

between the number concentration of atmospheric particles

ranging from 0.5-2.5 mm (wet diameter) and both DMS sea-air

flux (Deschaseaux et al., 2022) and DMSa concentration

(Jackson et al., 2020) at Heron Island in the southern GBR.

The magnitude of the correlation between DMSa and particle

number concentration increased during daylight hours, when

DMS oxidation rates over relatively clean oceans are highest

(Gabric et al., 2008; Galı ́ et al., 2013), and when wind speed was

low (< 2 m s-1) (Jackson et al., 2020). Although the observed size

range was larger than newly nucleated particles, the positive

correlation during calm, daylight hours may have reflected local

condensational growth of existing fine particles (< 0.5 mm) to the

larger, detectable size range (Jackson et al., 2020). Therefore,
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DMS-derived sulfates may play an important role in aerosol

composition over the GBR.

A parameterization of DMSw in the Great Barrier Reef

(GBR), Australia, was recently derived from observational data

obtained during Marine National Facility RV Investigator voyage

IN2016_V05 (RVI). This parameterization was used to calculate

a 19-year climatology of DMSw and DMS flux from the GBR

using remotely sensed observations (Jackson et al., 2021). The

calculated DMSw climatology reproduced observed seasonal and

spatial variability well in the GBR (summarized in Jones et al.,

2018) and estimates that the 347,000 km2 of coral reefs and

lagoon waters in the GBR release 0.03-0.05 Tg yr-1 DMS (0.015-

0.026 Tg yr-1 S) (Jackson et al., 2021).

Here, we build on previous modelling work by investigating

the influence of coral-reef-derived DMS on the contemporary and

a relatively clean regional atmosphere. Coral-reef-derived DMS is

accounted for by incorporating a climatology of DMSw calculated

from observational data in the GBR, and an estimate of direct

coral-air DMS flux, into the Australian Community Climate and

Earth-System Simulator Atmospheric Model version 2 (ACCESS-

AM2). The accuracy of DMS sources in the model is evaluated by

comparing model output with observations, and the influence of

coral-reef-derived DMS on the regional atmosphere over north-

eastern Australia is quantified.
2 Materials and methods

2.1 ACCESS-AM2 description

ACCESS-AM2 is a global physical climate model, which

contributed to the World Climate Research Programme’s

Coupled Model Intercomparison Project Phase 6 (CMIP6).

The physical atmospheric model in ACCESS is the Met Office

Unified Model (UM) version 10.6 (Walters et al., 2019). This

version uses the Global Atmosphere 7.1 (GA7.1) configuration

and includes the Global Model of Aerosol Processes

(GLOMAP) aerosol scheme (Mann et al., 2010; Mann

et al., 2012).

GLOMAP-mode resolves aerosol mass , number

concentration, size distribution, composition, and optical

properties. Prognostic aerosol species included in GLOMAP-

mode are sulfate, black carbon, organic carbon and sea salt,

which are internally mixed within five modes corresponding to

soluble nucleation (dry diameter < 5 nm), Aitken (dry diameter

5-50 nm), accumulation (dry diameter 50-500 nm), coarse (dry

diameter > 500 nm) and insoluble Aitken mode. Processes

simulated within GLOMAP-mode include primary emissions,

new particle nucleation, particle growth via coagulation,

condensation and cloud processes, particle removal by dry

deposition, and in-cloud and below-cloud scavenging (Mann

et al., 2010; Mann et al., 2012). Oxidant concentrations necessary

for the sulfur cycle are prescribed from monthly varying inputs.
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Atmospheric variables are resolved at a horizontal resolution

of 1.25° latitude x 1.875° longitude (~135 km x ~200 km

resolution in the low-latitudes), with 85 vertical levels (50

below 18 km and 35 above) reaching a model top of 85 km.

Further details on the physical parameterizations in UM GA7.1

are described in detail in Walters et al. (2019). ACCESS-AM2

uses an identical implementation, of which a detailed description

is provided in Bi et al. (2020). In this work, an atmosphere-only

(ACCESS-AM2) configuration is used (Bodman et al., 2020).
2.2 Experimental design

2.2.1 Seawater surface DMS concentration
In ACCESS-AM2, DMSw is prescribed from the global Kettle

et al. (1999) monthly mean climatology, henceforth K99

(Figure 1A). As discussed above, the K99 climatology was

derived from DMSw observations over most of the global ocean

(Kettle et al., 1999). However, very few observations were included

for coral reef regions and extrapolation did not account for

seasonal or spatial variability across coral reef flats and lagoon

waters. For this analysis, K99 is modified to include a climatology

of DMSw derived from an empirical relationship in the GBR

(Jackson et al., 2021), henceforth referred to as the GBR

climatology. The GBR climatology calculated in Jackson et al.

(2021) (0.25-degree grid) was scaled up to the model grid by

binning the values to a resolution of 1.25 x 1.875 degrees. K99 was
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then modified by substituting pixels within the GBR region (10.5-

25°S; 142-154°E) with the GBR climatology, which added an

average of 0.5 nmol to the GBR seawater surface

concentration (Figure 1C).

The GBR climatology was derived from an empirical

relationship between DMSw, SST and PAR, measured during

the RVI surveys from 28 September to 24 October 2016. The

RVI surveys were undertaken as part of the ‘Great Barrier Reef

as a significant source of climatically relevant aerosol particles’

project, known as the ‘Reef to Rainforest’ (R2R) campaign.

The RVI path is shown in Figure 1A. The calculated GBR DMS

climatology agrees with the range of observed seasonal and

spatial (lagoon versus reef flat) seawater DMS concentrations

at several locations in the GBR (summarized in Jones et al.,

2018) and is considered to be a reasonable representation of

DMSw produced by corals and other marine organisms in

GBR waters.

2.2.2 DMS sea-air and coral-air flux
DMS sea-air flux is calculated using the Liss and Merlivat

(1986) parameterisation (Figure 1B). Current DMS sea-air flux

parameterisations do not account for direct release of DMS from

coral mucous when the reef is exposed to air during low tide.

Coral aerial exposure is an important, albeit intermittent, source

of atmospheric DMS (DMSa) (Andreae et al., 1983), that can

lead to rapidly released plumes of DMSa over coral reefs (Jones

et al., 2007; Swan et al., 2017). DMSa plumes over aerially
A

B D

C

FIGURE 1

Annual mean (A) DMSw and (B) DMS sea-air flux based on the K99 climatology, and the change in each variable due to the inclusion of (C) the
GBR DMS climatology and (D) the GBR DMS climatology and coral-air DMS flux. The RVI path (black), Mission Beach (orange) and Heron Island
(yellow) survey locations are shown in (A).
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exposed coral reefs are significantly more concentrated than the

background DMSa signal, for which the seasonal average ranges

from approximately 1 nmol m-3 (~25 ppt) in winter to 4 nmol

m-3 (~100 ppt) in summer over the GBR (Swan et al., 2017).

It has been estimated that Acropora corals exposed to air

release 9-35 mmol m-2 d-1 (mean 22 mmol m-2 d-1), according to

measurements of gas-phase DMSa in chamber experiments

containing Acropora corals exposed to air (Hopkins et al.,

2016). To account for direct coral-air DMS flux, the mean of

the Hopkins et al. (2016) laboratory-derived estimate was added

to the modelled DMS sea-air flux, scaled by the percentage of

coral reef cover (i.e. coral-air flux = reef fraction x 22). The

fraction of reef cover was calculated as the number of reef pixels

within a 0.25-degree grid (as determined in Jackson et al., 2021),

using a database of coral reef locations obtained from ReefBase

(https://www.refbase.org) in MATLAB R2020a. The estimate of

coral cover across the GBR ranged from 0.01-34% within the

0.25 degree-resolution grid.

The estimate of coral-air DMS flux used in Jackson et al.

(2021) was scaled up to the model grid by binning the mean

values to a resolution of 1.25 x 1.875 degrees. The resulting coral-

air DMS flux estimate ranged from 0.2-2.6 mmol m-2 d-1 and

added an average of 1.4 mmol m-2 d-1 of DMS to the regional sea-

air flux. Our estimate may be a conservative representation of

coral-air DMS flux, given that it is two orders of magnitude

lower than the 0.01-0.02 Tg yr-1 estimate of Hopkins

et al. (2016).

The approach used to estimate coral-air DMS flux is limited

as it assumes that Acropora spp. are the sole source of DMS and

it does not account for variability in the extent of coral exposure

or the complexity of the reef environment (Hopkins et al., 2016).

Further research is needed to reduce the uncertainty in coral-air

DMS flux, to accurately scale laboratory-derived fluxes to the

natural coral reef environment, and to account for diurnal

variability in DMS coral-air flux and DMSa concentration with

variability in tidal cycles and photo-oxidation rates, respectively.

Nevertheless, inclusion of the coral-air DMS flux estimate

provides a more accurate estimate of total DMS flux from

the GBR.

Incorporating both the GBR climatology and coral-air DMS

flux into the model increased DMS flux from the GBR by an

average of 3 mmol m-2 d-1 (Figure 1D); equivalent to 0.02 Tg yr-1

of DMS. In this study, coral-reef-derived DMS refers to the total

contribution of DMS from corals and other organisms within

the GBR, and includes the GBR DMSw climatology and coral-air

DMS flux estimates described above.
2.3 Analysis

Simulations were run for a 12-month period from January

to December 2016, to coincide with three surveys undertaken
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as part of the R2R campaign in February and September-

October 2016. Meteorology in the model was nudged to the

ERA-5 data set (Hersbach et al., 2020). Although nudging

dampens meteorological responses, this method allows

simulated responses to be attributed to a change in an

independent variable (e.g. DMSw and coral-air DMS flux),

while eliminating the need to run computationally expensive,

long-term simulations to account for internal model

variability. Nudging also allows the best comparison with

field observations, by minimising uncertainty associated

with meteorology.

As part of the R2R campaign, measurements were taken on

board the RVI from 28 September to 24 October 2016. During

the same period, shore-based measurements were made using

the Atmospheric Integrated Research Facility for Boundaries

and Oxidative Experiments (AIRBOX) mobile atmospheric

chemistry laboratory at Mission Beach (17.82°S; 146.12°E)

from 20 September to 16 October 2016. An overview paper

describing these two field campaigns and datasets is currently in

preparation (Trounce et al.,). A prior survey was undertaken at

Heron Island (23.44°S; 151.91°E) on the southern GBR from 5 to

18 February 2016 (Swan and Jones, 2017; see also Deschaseaux

et al., 2022). The RVI path, Mission Beach and Heron Island

survey locations are shown in Figure 1A. A brief description of

these surveys undertaken for the R2R campaign and methods

used are provided in the Supplementary Information (SI).

To investigate whether the model output represents

observations, modelled DMSa (parts per trillion or pmol mol-1)

and wind speed (m s-1) are compared with hourly mean

observations for the RVI, Mission Beach and Heron Island survey

periods and coordinates (± 0.05 degrees). Given the coarse model

resolution, modelled DMSa and wind speed were first interpolated

to a 0.1-degree (~10 km) grid using a linear interpolation in

MATLAB v2020a.
2.3.1 Experiment 1
For the control simulation, DMSw was prescribed from the

oceanic K99 climatology (Figure 1A). For the experimental

simulation, DMSw in the GBR region is prescribed from the

GBR climatology and includes the estimate of coral-air DMS flux

(henceforth GBR DMS). The change in annual mean DMSa, gas-

phase SO2 and H2SO4 (ppt), sulfate aerosol mass (ppt), the

number concentration of aerosol in the four soluble GLOMAP

size modes (m-3), aerosol with dry diameter greater than 3 nm

(N3) (cm-3), CCN with dry diameter greater than 70 nm

(CCN70) (cm-3) and cloud droplets (Nd) (m-3), and surface

downwelling short-wave radiation (SWR) (W m-2) is then

quantified between the control and experimental simulations

over north-eastern Australia (9.5-26°S; 135-155°E). The analysis

focused on this region to capture changes due to the inclusion of

coral-reef-derived DMS.
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2.3.2 Experiment 2

Given the global and Australian Government initiatives to

shift towards renewable energy, anthropogenic sulfur emissions

may decline in future. Therefore, it is important to understand

the relative importance of biogenic and anthropogenic sulfate

aerosol sources, and the effects of a change in emissions on the

aerosol system. The influence of coral-reef-derived DMS in a

relatively clean atmosphere is investigated by repeating the

control and experimental simulations described above, with

high level anthropogenic SO2 emissions from north-eastern

Australia removed from the model. ‘High level’ anthropogenic

SO2 in ACCESS-AM2 includes 100% of energy sector emissions,

and 50% of industrial emissions. Given that the focus of this

study is on atmospheric sulfate, other anthropogenic emissions

(e.g. black carbon) were not modified, but could also have

an impact.
Frontiers in Marine Science 06
3 Results

3.1 Comparison of observed and
modelled data

Simulations using K99 and GBR DMS performed similarly

in predicting observations of DMSa at the local, hourly scale

(Figures 2A–C). Both K99 and GBR DMS sources overestimated

observed DMSa during the R2R surveys (Table 1). Given that the

nudged model simulations predicted observed wind speed

moderately well (r > 0.5, p < 0.001) (Figures 2D–F), the

differences between observed and modelled DMSa are largely

due to DMSw and coral-air DMS flux sources in the model.

Nevertheless, modelled DMSa was within the range of

concentrations previously reported for the GBR, which range

from approximately 50-200 ppt (mean ~100 ppt) in summer
A

B

D

E

FC

FIGURE 2

Time-series of observed (black) and modelled (left panels) DMSa and (right panels) wind speed for the K99 (orange) and GBR DMS (blue)
simulations during the (A, D) RVI, (B, E) Mission Beach and (C, F) Heron Island surveys.
TABLE 1 Mean and range of observed and modelled DMSa (ppt or pmol mol-1) during the RVI, Mission Beach and Heron Island surveys of the R2R
campaign [concentration (deviation from observed mean)].

Mean Range

RVI Observed 33 <1 – 158

(n = 456) K99 86 (+ 53) 8 – 213

GBR DMS 114 (+ 81) 33 – 245

Mission Beach Observed 31 9 – 99

(n = 296) K99 80 (+ 49) 27 – 187

GBR DMS 89 (+ 58) 41 – 195

Heron Island Observed 90 49 – 156

(n = 274) K99 157 (+ 67) 60 – 289

GBR DMS 199 (+ 109) 74 – 316
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(Jones et al., 2007; Swan et al., 2017; Swan and Jones, 2020; 2017)

and can exceed 500 ppt over aerially exposed coral reefs (Jones

et al., 2007; Swan et al., 2017). Therefore, the DMSw
climatologies in the model are assumed to represent the upper

range of observed DMS in the GBR.

DMSa concentration varies with the rate of DMS sea-air flux

(which is primarily dependent on seawater surface DMS

concentration, SST and wind speed) (Yang et al., 2011), coral-

air DMS flux (Swan et al., 2017) and photochemical processes

such as production of OH and subsequent oxidation of DMSa to

sulfate aerosol precursor compounds (Ayers and Gillett, 2000;

Barnes et al., 2006). Consequently, observed and modelled DMSa
display a diel cycle (Figures 2A–C), decreasing around midday

when solar radiation and the abundance of oxidative free

radicals are highest (Gabric et al., 2008; Galı ́ et al., 2013;

Jackson et al., 2020). Increases in modelled DMSa often

aligned with modelled wind speed, reflecting wind-driven sea-

air flux (Figure 2). Occasional pulses in modelled DMSa
occurred for the GBR DMS simulation during low wind

speeds, reflecting the addition of coral-air flux (e.g. on 18

February 2016; Figure 2C). Conversely, observations of DMSa
and wind speed did not align well, possibly reflecting advection

to and from the measurement platform.

Observations of DMSa at Heron Island were approximately

two-times higher than the RVI and Mission Beach observations,

highlighting the variability in DMS concentrations in the GBR. It

was expected that observed DMSa would be highest at Heron

Island, given that measurements were taken less than 100 m

from the coral reef flat and were more likely to capture the high

end of atmospheric concentrations over the reef. Further, the

RVI and Mission Beach surveys took place six months after the

March-April 2016 mass coral bleaching event on the GBR, which

led to the loss of up to 40% of hard coral cover by November

2016 (Hughes et al., 2018). Observed DMSw (not shown here)

and DMSa were lower during the RVI and Mission Beach

surveys than previously reported for the GBR region (Swan

and Jones, 2017; Jones et al., 2018, 2020), which may have been

in part due to the loss of DMS-producing hard corals. Prior to

the 2016 mass coral bleaching event, DMSa measured at Heron

Island ranged from 49-156 ppt (Table 1). However, with the

exception of a pulse of DMSa on 12 October 2016, DMSa was

below 100 ppt during the RVI and Mission Beach surveys

(Figures 2A, B).

Considering that the K99 and GBR DMS sources are

monthly mean climatologies (and fixed coral-air DMS flux)

with no diurnal variation, a degree of variability was expected

between the observed and coarse resolution modelled DMSa.

While modelled DMSa represents the upper range of

observations previously reported for the GBR region,

simulations using K99 and GBR DMS sources still provide

valuable insight into the influence of coral-reef-derived DMS

on the regional atmosphere. Further research will improve our

understanding of the complex coral reef sulfur cycle and will
Frontiers in Marine Science 07
further improve the representation of coral-reef-derived DMS in

climate models.
3.2 Influence of coral-reef-derived DMS
over north-eastern Australia

Inclusion of coral-reef-derived DMS increased annual mean

DMSa concentration over the GBR by approximately 150%

(Figures 3A, D), resulting in an area-averaged increase of 29%

(29.4 ppt) over north-eastern Australia (Table 2). Similarly,

annual mean gas-phase SO2 and H2SO4 increased by a

respective 1% and 3% over north-eastern Australia, in part due

to the increase in DMSa over the GBR, where the strongest

increase in SO2 (up to 17.6%) and H2SO4 (up to 14.9%) occurred

(Figure 3). Regardless of the increase in SO2 and H2SO4

(FigureS 3E, F), concentrations over marine areas are

negligible in comparison to industrial regions of coastal and

inland Australia (Figures 3B, C).

Changes for annual mean sulfate aerosol mass and number

concentration over north-eastern Australia were small (≤ 2.4%),

yet revealed some interesting results. Nucleation mode sulfate

mass and number concentration decreased by a respective -1%

and -0.6% over north-eastern Australia, while sulfate mass

increased by similar magnitude for the Aitken mode (+0.8%)

and to a lesser extent the accumulation mode (+0.01%)

(Table 2). A small increase in sulfate mass (+2.4%) and

number concentration (+0.5%) also occurred for coarse mode

aerosols. The small increase in Aitken and accumulation mode

mass without a corresponding increase in number suggests that

additional sulfate contributed to the growth of these size modes

via condensation or coagulation on existing particles.

Negligible changes occurred for N3, CCN70, Nd and surface

SWR (≤ 0.1%) that were likely driven by internal model and

meteorological variability. While meteorology in the model was

nudged to the ERA-5 dataset, minor differences in

meteorological fields can still occur between model runs (as

occurred in this study for wind speed; see Table 2). A time-series

of each variable area-averaged over north-eastern Australia is

provided in SI Figure 1. Mapped changes for sulfate aerosol

mass, particle number concentrations and SWR are provided in

SI Figures 2–4.

Similarly to previous model studies (Fiddes et al., 2021;

Fiddes et al.,2022), the weak response to the addition of coral-

reef-derived DMS may be due to the dominant influence of

anthropogenic sulfur and other emissions from north-eastern

Australia (Chen et al., 2019). Anthropogenic sources can

dominate aerosol emissions, particularly over coastal and

inland regions. Consequently, the dominant pathway for

biogenic trace gases in the marine boundary layer is

condensation or coagulation onto existing particles, often

resulting in aerosol growth rather than new particle nucleation

(Woodhouse et al., 2013; Hoffmann et al., 2016).
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Given the response detected for DMSa and gas-phase sulfate

aerosol precursor compounds (SO2 and H2SO4) at the annual

mean time-scale, a stronger response in aerosol mass and

number concentration may occur at local or sub-daily time

scales as observational studies have suggested (Modini et al.,

2009; Swan et al., 2016; Cropp et al., 2018), or with a reduction in

anthropogenic pollutants. The latter is investigated below, where

the influence of coral-reef-derived DMS is quantified when high-

level anthropogenic SO2 emissions (e.g. from industrial

chimneys, shown as hotspots exceeding 2000 ppt in Figure 3B)

are removed from north-eastern Australia.
3.3 Influence of coral-reef-derived DMS
in a relatively clean atmosphere

After removing high level anthropogenic SO2 emissions, the

inclusion of coral-reef-derived DMS again increased DMSa, SO2

and H2SO4 concentrations over north-eastern Australia
Frontiers in Marine Science 08
(Table 2). The increases are similar in space and magnitude to

the results presented in section 3.2 above, however are stronger

over the GBR (Figure 4). The stronger response is likely due to

the addition of DMS-derived sulfur to a reduced pool of

atmospheric SO2 and H2SO4 concentrations.

The change in sulfate aerosol mass and particle number

concentration between the K99 and GBR DMS simulations were

small (≤ 3.6%) (Table 2; SI Figure 5). Sulfate aerosol mass and

number concentration decreased for the nucleation and

accumulation mode, yet increased for the Aitken mode. For

coarse mode aerosols, there was an increase in sulfate mass,

without a corresponding increase in number concentration

(Table 2). As for section 3.2, the inconsistent changes in

sulfate mass and number concentration between aerosol size

modes suggests that DMS-derived sulfate may be a more

important contributor to aerosol mass and growth of existing

aerosols, rather than nucleation of new particles at the monthly

and annual mean time-scale, even with a reduction in

anthropogenic sulfur emissions.
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FIGURE 3

Annual mean (A) DMSa, (B) SO2 and (C) H2SO4 for the GBR DMS simulation, and (D–F) the percentage change in each variable between the
GBR DMS and K99 simulations. The north-eastern Australian region (9.5-26°S; 135-155°E) for which the area-averaged changes are calculated
for Table 2 is shown in red in panel (A).
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4 Discussion

Inclusion of coral-reef-derived DMS added an average of 0.5

nmol L-1 to the sea surface DMS climatology and 3 mmol m-2 d-1

(0.02 Tg yr-1) to the DMS sea-air flux for the GBR region. The

additional DMS increased modelled annual mean DMSa
concentration by approximately 150% over the GBR and by 29%

over north-eastern Australia. The concentration of gas-phase

sulfate aerosol precursor compounds (SO2 and H2SO4) increased

by up to 17.6% over the GBR, supporting previous findings that the

GBR is an important regional source of atmospheric sulfur

(Broadbent and Jones, 2004; Jones et al., 2018; Jackson et al., 2021).

The increase in DMSa and subsequent increase in sulfate

aerosol precursors is primarily attributed to the inclusion of
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coral-to-air DMS flux. The GBR DMSw climatology did not

substantially increase seawater surface DMS concentration (< 1

nmol L-1; Figure 1C), and likely had a minor contribution to the

~150% increase in DMSa (Figure 3D). Previous field work has

suggested that coral-air DMS flux is a stronger, although

intermittent, contributor to DMSa than sea-air flux in the GBR

(Swan et al., 2017), leading to plumes of DMSa above coral reefs that

can exceed 500 ppt (Jones et al., 2007; Swan et al., 2017). This study

supports this hypothesis, where an increase in DMSa, SO2 and

H2SO4 was detected over the GBR (Figure 3), primarily due to the

inclusion of coral-air DMS flux.

Gas-phase SO2 may be further oxidised to H2SO4, which

may condense onto existing particles as the dominant pathway

within the marine boundary layer (Woodhouse et al., 2013;
TABLE 2 Annual mean change [actual (percentage)] between the GBR DMS and K99 simulations area-averaged over north-eastern Australia.

Experiment 1 Experiment 2

DMS flux (mmol m-2 d-1) +0.6 (25.1%) +0.6 (25.9%)

DMSa (ppt) +29.4 (29.2%) +29.5 (29.3%)

SO2 (ppt) +5.6 (1.4%) +3.0 (0.9%)

H2SO4 (ppt) +5.4 x10-3 (3.0%) +6.2 x10-3 (4.0%)

Nuc. sul. mass (ppt) -5.2 x10-5 (1.0%) -4.9 x10-6 (0.1%)

Ait. sul. mass (ppt) +0.3 (0.8%) +0.4 (1.2%)

Acc. sul. mass (ppt) +0.04 (0.01%) -14.5 (3.6%)

Crs. sul. mass (ppt) +0.2 (2.4%) +0.05 (0.7%)

Nuc. no. (m-3) -1.1 x10-21 (0.6%) -1.1 x10-21 (0.6%)

Ait. no. (m-3) -1.5 x10-20 (0.2%) +1.1 x10-20 (0.2%)

Acc. no. (m-3) -8.4 x10-21 (0.1%) -1.1 x10-20 (0.1%)

Crs. no. (m-3) +2.3 x10-22 (0.5%) -8.6 x10-23 (0.2%)

N3 (cm-3) -0.3 (0.1%) +0.3 (0.1%)

CCN70 (cm-3) -0.03 (0.01%) -0.3 (0.1%)

Nd (m-3) +0.07 (0.04%) -0.3 (0.2%)

SWR (W m-2) +0.07 (0.03%) -0.2 (0.1%)

Wind (m s-1) -7.3 x10-3 (0.1%) +3.9 x10-3 (0.1%)
* Nuc., nucleation; Ait., Aitken; Acc., accumulation; Crs., coarse; sul., sulfate; no., number concentration; SWR, surface downwelling short-wave radiation; Wind, wind speed at 10 m.
A B

FIGURE 4

Change in annual mean (A) SO2 and (B) H2SO4 between the GBR DMS and K99 simulations, when high anthropogenic SO2 emissions from
north-eastern Australia have been removed.
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Hoffmann et al., 2016), or nucleate to form new nss-SO4

particles (Andreae and Crutzen, 1997). Despite the increase in

gas-phase sulfate aerosol precursors, coral-reef-derived DMS

had no clear influence on modelled sulfate aerosol mass or

number concentration at the monthly or annual mean time-

scale, supporting previous model studies (Fiddes et al., 2021;

Fiddes et al., 2022) which demonstrate that DMS-derived

sulfates do not play an important role in aerosol formation or

growth over large temporal and spatial scales. Fiddes et al. (2021)

estimated that DMSw derived from global tropical coral reefs

contributed 0.3 Tg yr-1 S to the global sea-air flux in the global

ACCESS-UKCA atmospheric model. Despite modelled DMS

flux being an order of magnitude higher than the current study,

Fiddes et al. (2021) found that coral-reef-derived DMS had only

a minor influence on sulfate aerosol mass and number

concentration for nucleation and Aitken mode aerosols, and

no significant influence on cloud-relevant particles or the Earth’s

radiative balance. Fiddes et al. (2022) reported similar findings in

the GBR region using the regional WRF-Chem model.

Small (≤ 2.4%) and inconsistent changes in sulfate aerosol

mass and number concentration over north-eastern Australia in

the present study are more likely due to internal model

variability and minor changes in meteorology, than to coral-

reef-derived DMS. While meteorology was nudged to the ERA-5

dataset, minor differences between model runs can occur. In this

analysis, annual mean wind speed at 10 m differed by ± 0.1%

between the control and experimental simulations (Table 2).

In comparison to the increase in gas-phase sulfate aerosol

precursors, the negligible change in aerosol mass and number

concentration may be due to the dominant influence of

anthropogenic and other natural emissions (e.g. dust) from

north-eastern Australia (Chen et al., 2019). To investigate

whether the sensitivity of aerosol to DMS increased in a

relatively less polluted atmosphere, we repeated the

simulations with reduced anthropogenic SO2 emissions from

north-eastern Australia; representing an optimistic future

scenario where a shift to renewable energy may reduce

anthropogenic pollutants. It was hypothesised that by reducing

emissions from industrial hotspots, such as Gladstone in south-

east Queensland, a stronger response in aerosol mass and

number concentration to DMS might be detected. However,

the results presented in section 3.3 highlight the complexity and

non-linearity of the aerosol system, where a change in aerosol

sources does not necessarily result in a change in aerosol

composition or concentration of the same direction

or magnitude.

Addition of coral-reef-derived DMS to a simulated cleaner

regional atmosphere did increase DMSa, SO2 and H2SO4.

However, no clear influence was detected for sulfate aerosol

mass or particle number concentration, suggesting that even

with a reduction in anthropogenic sulfur emissions, coral-reef-

derived DMS may not play a significant role in aerosol

production and processing over the GBR. Again, negligible
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(≤ 3.6%) changes occurred that were not restricted to the GBR

region. These changes are more likely due to model and

meteorological variability than coral-reef-derived DMS and so

are not discussed further here.

While this analysis provides further insight into the influence

of coral-reef-derived DMS on the contemporary and relatively

clean regional atmosphere, further research is needed to improve

DMS sources in the model. Simulations using both K99 and GBR

DMS overestimated observed DMSa during the 2016 R2R

campaign, yet modelled concentrations were still within the

range previously reported for the GBR (Swan and Jones, 2017;

Jones et al., 2018; Swan and Jones, 2020). As discussed above, the

R2R surveys were taken approximately two weeks prior, and six

months after the 2016 mass coral bleaching event, which led to the

loss of up to 40% of hard coral cover in the GBR (Hughes et al.,

2018). The loss of DMS-producing corals may be one reason why

observed DMSw and DMSa during the RVI and Mission Beach

surveys were low compared to previous surveys and modelled

concentrations, highlighting the complexity in predicting coral-

reef-derived DMS.

Further research is also required to understand the aerosol

chemistry system and how it responds to changes in

anthropogenic and natural emissions sources. While DMS

emissions from the GBR did not influence aerosol mass or

number concentration at the scales modelled in this study,

observational studies suggest that DMS may be more

important in local or sub-daily feedbacks. Nucleation events

forming new particles that primarily consist of sulfates have been

observed over the GBR (Modini et al., 2009), and coincided with

elevated DMSa concentrations on one occasion in the southern

GBR (Swan et al., 2016). Further, DMS emissions and DMSa
concentration are positively correlated with atmospheric particle

number concentration (>0.5 mm wet diameter) at Heron Island,

likely reflecting condensational growth of smaller aerosols to the

detectable size range (Jackson et al., 2020; Deschaseaux et al.,

2022). Given that DMS emissions from the GBR are comparable

to other highly productive regions such as the Southern Ocean

or North Atlantic, where DMS-derived sulfates account for a

significant portion of CCN (Korhonen et al., 2008; Sanchez et al.,

2018), it is possible that DMS influences aerosol processes in the

GBR at scales that are not captured by the coarse resolution

global model.
5 Conclusions

This modelling study supports previous findings that the

GBR is an important regional source of atmospheric sulfur.

Inclusion of coral-reef-derived DMS increased the concentration

of atmospheric DMS by 150% and sulfate aerosol precursor

compounds by up to 18% over the GBR, with potential

implications for local or sub-daily aerosol processes. However,

no influence on modelled sulfate aerosol mass or particle
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number concentration was detected in this study. While

reducing anthropogenic SO2 emissions did not strengthen the

aerosol response to coral-reef-derived DMS, other

anthropogenic and natural (e.g. dust) emissions from north-

eastern Australia may confound the biogenic sulfur signal,

particularly over large temporal and spatial scales. A stronger

response to coral-reef-derived DMSmay occur at local, sub-daily

time-scales, that are perhaps not captured by global or regional

climate models, or in the absence of anthropogenic emissions.

However, further research is needed to disentangle the relative

influence of natural and anthropogenic aerosol sources. Given

the predicted rates of coral reef degradation and the global

initiatives to shift towards renewable energy, it is important to

understand how the complex aerosol-cloud system will respond

to changes in natural and anthropogenic emissions.
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