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Coral reefs are important regional sources of biogenic sulfur to the tropical marine atmosphere, through stress-induced emissions of dimethylsulfide (DMS). Recent estimates suggest that the Great Barrier Reef (GBR), Australia emits 0.02-0.05 Tg yr-1 of DMS (equivalent to 0.010-0.026 Tg yr-1 S), with potential implications for local aerosol-cloud processes. However, the impact of ocean warming on DMS emissions from coral reefs remains uncertain, complicating efforts to improve the representation of coral reefs in DMS climatologies and climate models. We investigate the influence of predicted changes in sea surface temperature (SST), photosynthetically active radiation (PAR) and wind speed on contemporary DMS emissions from the GBR using model output from the Coupled Model Intercomparison Project Phase 6 (CMIP6). A multiple linear regression is used to calculate seawater surface DMS (DMSw) concentration in the GBR in a contemporary (2001-2020) and end-of-century (2081-2100) scenario, as simulated by CMIP6 models under a SSP2-4.5 and SSP5-8.5 Shared Socioeconomic Pathway. By the end of this century, a 1.5-3.0°C rise in annual mean SST and a 1.1-1.7 mol m-2 d-1 increase in PAR could increase DMSw concentration in the GBR by 9.2-14.5%, leading to an increase in DMS flux of 9.5-14.3%. Previous model studies have suggested that the aerosol system has a low sensitivity to relatively large changes in coral reef-derived DMS. Therefore, the predicted change in contemporary DMS emissions is unlikely to influence the regional atmosphere. Further research is needed to understand the combined effects of temperature, light, pH, salinity and ecosystem structure on DMS production in coral reefs to better predict potential changes in emissions. Nevertheless, the findings provide insight into how predicted ocean warming may affect present-day DMS emissions and the source-strength of the GBR to the atmospheric sulfur budget.
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1 Introduction

Coral reefs are strong regional sources of biogenic sulfur through stress-induced emissions of dimethylsulfide (DMS). The atmospheric oxidation products of DMS are important sulfate aerosol precursor compound which can influence non-sea salt sulfate (nss-SO4) aerosol properties (Gabric et al., 2013; Woodhouse et al., 2013; Fiddes et al., 2018; Sanchez et al., 2018; Jackson et al., 2020). It has been hypothesised that DMS emissions from coral reefs may facilitate aerosol nucleation and growth to cloud condensation nuclei (CCN), influencing the lifetime and albedo of low-level clouds (LLC) over coral reefs via aerosol direct and indirect effects on the radiation budget (Fischer & Jones, 2012; Jones, 2015; Jones et al., 2017). The potential for DMS-derived sulfates to influence aerosol-cloud processes over coral reefs is dependent on the rate of DMS emission, oxidation and subsequent atmospheric processing (such as nucleation, condensation or coagulation) (Andreae & Crutzen, 1997). However, the impact of ocean warming on the source-strength of coral reefs to the atmospheric sulfur budget remains uncertain.

The precursor of DMS, dimethylsulfoniopropionate (DMSP), is produced by a number of organisms including marine algae (Sunda et al., 2002), corals and endosymbiotic dinoflagellates (Raina et al., 2013). Catabolism of DMSP by endosymbiotic and free-living microbes occurs via the demethylation and cleavage pathways, with the latter producing DMS (Bullock et al., 2017).

When dissolved DMS is present in excess, seawater surface DMS (DMSw) is ventilated to the marine boundary layer where it is rapidly oxidised to nss-SO4 aerosol precursor compounds including sulfur dioxide (SO2), methanesulfonic acid, hydroperoxymethyl thioformate and sulfuric acid (H2SO4) (Andreae & Crutzen, 1997; Berndt et al., 2019; Hodshire et al., 2019; Veres et al., 2020). These nss-SO4 aerosol precursors may condense onto existing particles or nucleate to form new secondary marine aerosols (Andreae & Crutzen, 1997). Both processes can influence the number concentration and growth of aerosols to CCN and cloud droplets (Korhonen et al., 2008; Woodhouse et al., 2013; Sanchez et al., 2018). When high concentrations of fine-mode aerosol grow rapidly to CCN, cloud droplet number increases, cloud droplet size decreases (assuming constant cloud liquid water content) and the albedo and lifetime of LLC is enhanced (Andreae & Rosenfeld, 2008; Dave et al., 2019).

Various field studies, remotely sensed observations and model simulations have identified a significant link between atmospheric DMS (DMSa), nss-SO4 aerosol formation and growth, CCN and cloud droplet radius over the remote ocean (Korhonen et al., 2008; Woodhouse et al., 2013; Fiddes et al., 2018; Gabric et al., 2018; Sanchez et al., 2018). A mesocosm experiment found that submicron secondary marine aerosols primarily consisted of biogenic nss-SO4 (> 50%) and organic species, and had a higher hygroscopicity and CCN potential than sea spray aerosols (Mayer et al., 2020). These findings suggest an important biogenic influence on cloud microphysical properties.

Globally, DMS emission estimates range from 17.6-34.4 Tg yr-1 S (Kettle & Andreae, 2000; Lana et al., 2011; Land et al., 2014). The total contribution of coral reefs to the atmospheric sulfur budget is not yet certain. However, it is estimated that the Great Barrier Reef (GBR), Australia, emits 0.02-0.05 Tg yr-1 of DMS (0.010-0.026 Tg yr-1 S) from approximately 347,000 km2 of coral reefs and lagoon waters (Jones et al., 2018; Jackson et al., 2021). Assuming that DMS production and sea-air flux is consistent across coral reefs, tropical coral reefs and lagoon waters (~600,000 km2) could emit 0.08 Tg yr-1 of DMS (0.041 Tg yr-1 S).

Estimates of DMS emissions from coral reefs are comparable to those from other highly productive regions. In polar waters, DMS production is closely related to phytoplankton productivity, particularly during seasonal sea ice melting which can induce ice algae blooms (Gabric et al., 2018; Gali et al., 2021). The Austral Polar biogeographic region (south of 59°S) is estimated to release 1.1 Tg yr-1 S (Webb et al., 2019), representing 3-6% of global emission estimates from ~3% of the ocean surface. Normalising the above estimates by area, the GBR and Antarctic waters release ~0.4 Tg yr-1 S per 1% of the ocean surface.

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 (Jones et al., 2007; Deschaseaux et al., 2014) and low salinity (Gardner et al., 2016). Oxidative stress is caused by the release of reactive oxygen compounds (ROS) by coral mitochondria and zooxanthellae photosystems (Weis, 2008; Lesser, 2011). The rate of photosynthesis in zooxanthellae increases linearly with photosynthetically active radiation (PAR) until Photosystem II (PS II) becomes saturated (Anderson et al., 1995; Gorbunov et al., 2001; Winters et al., 2003). Beyond this threshold, excess light energy is dissipated as heat via various photoprotective mechanisms (Melis, 1999; Gorbunov et al., 2001). However, when not all excess light energy is dissipated, photodamage can occur to PS II, inhibiting electron transport and damaging protein structure. High SST can exacerbate irradiance stress by lowering the PAR absorption capacity (Jones et al., 2000; Jones et al., 2002). Accumulating photodamage results in the release of ROS into coral tissues (Weis, 2008; Lesser, 2011) and if conditions persist, can result in corals expelling their zooxanthellae and becoming bleached (Downs et al., 2002; Yakovleva et al., 2009).

Irradiance stress can be exacerbated in corals when exposed to air at low tide (Buckee et al., 2020). During aerial exposure, corals produce a layer of mucous which has been reported to contain up to 54 μmol DMSP and 18 μmol DMS (Broadbent & Jones, 2004). Given the strong concentration gradient between coral mucous and the atmosphere, large plumes of DMS can be exchanged directly from the coral surface to the atmosphere (Andreae et al., 1983; Jones et al., 2007; Hopkins et al., 2016; Swan et al., 2017). This mechanism of direct coral-air DMS flux distinguishes coral reefs from open ocean regions, where DMS flux is solely driven by diffusive mixing across the sea-air interface (Yang et al., 2011).

DMSa concentrations above aerially exposed coral reefs can exceed 500 ppt (~23 nmol m-3) (Jones et al., 2007), and on one occasion reached 1122 ppt (45.9 nmol m-3). The latter was measured over Heron Island in the southern GBR in the winter of 2013, when the coral was apparently osmotically and thermally shocked by rainfall while exposed to air at low tide (Swan et al., 2017). These plumes of DMSa can persist for around eight hours and are significantly more concentrated than the background DMSa signal, which seasonally averages ~25 ppt (1 nmol m-3) in winter to ~100 ppt (4 nmol m-3) in summer (Swan et al., 2017).

DMS(P) can alleviate oxidative stress in corals by scavenging ROS and forming dimethyl sulfoxide (DMSO) (Deschaseaux et al., 2014; Jones & King, 2015). When oxidative stress exceeds coral thermal stress thresholds, DMS(P) oxidation increases and a decline in ambient DMSw concentration occurs (Jones et al., 2007; Fischer & Jones, 2012; Deschaseaux et al., 2014). DMS(O) may also be formed via photoreactions at the sea surface (Gabric et al., 2008; Galí et al., 2013) and by algal and microbial metabolic processes (Spiese et al., 2009; Bourne et al., 2016), highlighting the complexity in the cycling of dimethylated sulfur compounds. The concentration of DMS in coral reef waters is therefore dependent on the rate of DMS(P)(O) biosynthesis, which is often related to coral oxidative stress.

Ocean warming poses one of the greatest threats to coral reefs (Ainsworth et al., 2016; Hughes et al., 2019). In addition to more frequent and severe coral bleaching events, warmer oceans may lead to a change in DMS production and emissions (Jackson et al., 2020). Given that DMS(P) production in the coral holobiont is upregulated in response to thermal stress (Raina et al., 2013), rising SST could increase coral DMS(P) biosynthesis. However, dissolved DMS concentrations have been found to decline when coral physiological stress thresholds are exceeded (Jones et al., 2007; Fischer and Jones, 2012), possibly due to a coral antioxidant response where DMS(P) scavenge reactive oxygen to form DMSO (Deschaseaux et al., 2014). Therefore, rising SST may increase stress-induced production of DMS(P), followed by oxidation to DMSO in temperature sensitive coral species, leading to a decline in ambient DMS concentrations and emissions. A decline in DMS emissions could be further exacerbated by increased coral bleaching and mortality. Conversely, if coral reefs are able to acclimate to rising ocean temperatures via natural or assisted means, such as the recruitment of temperature-tolerant zooxanthellae species (Berkelmans & Van Oppen, 2006; Bay et al., 2016), coral reef DMS emissions may not change significantly at all.

Here, we explore the impact of changes in SST, PAR and wind speed on DMSw and DMS emissions from the GBR by the end of this century. A linear regression (described in Jackson et al., 2021) is used to calculate DMSw, and the parameterisation of Liss and Slater (1974) is used to calculate DMS sea-air flux for a contemporary (2001-2020) and two end of century (2081-2100) scenarios, as simulated by Coupled Model Intercomparison Project Phase 6 (CMIP6) models under a SSP2-4.5 and SSP5-8.5 Shared Socioeconomic Pathway (SSP) (Moss et al., 2010; Gidden et al., 2019). The SSP2-4.5 scenario assumes a medium positive radiative forcing by 2100 (~4.5 W m-2) (Fricko et al., 2017), while the SSP5-8.5 scenario assumes a high positive radiative forcing by 2100 (~8.5 W m-2) (Kriegler et al., 2017). The influence of the predicted change in DMS emissions on the regional atmosphere is then discussed.



2 Methods


2.1 Calculation of seawater DMS concentration

The GBR spans 2,300 km of the north-eastern Australian coastline, with the Great Barrier Reef Marine Park (GBRMP) covering an area of approximately 347,000 km2. DMSw and DMS sea-air flux is calculated for the GBRMP region (10.5-25°S; 142-154°E) shown in Figure 1.




Figure 1 | Map of north-eastern Australia, showing the boundary of the Great Barrier Reef Marine Park for which the change in each variable was investigated (white outline). Base map © Google Earth 2020.



Jackson et al. (2021) used a multiple linear regression to predict DMSw (Eq. 1.1) from measurements taken during Marine National Facility RV Investigator voyage IN2016_V06 (RVI) from September to October 2016 in the southern and central GBR. The RVI voyage was undertaken as part of the Australian Research Council Discovery Project ‘The Great Barrier Reef as a significant source of climatically relevant aerosol particles’. The regression is used to calculate DMSw (nmol L-1) concentration from standardized SST and daily total PAR at 5 m (Eq. 1.1).

 

Water clarity affects the amount of solar irradiance which penetrates the sea surface and is accounted for by reducing surface PAR by the corresponding diffuse attenuation coefficient (k490: m-1) for a depth of 5 m (where PAR at 5 m=PAR×e−5 k490 ). This depth was chosen because DMSw samples were taken between 0-5 m during the RVI surveys. The regression derived in Jackson et al. (2021) explained 71% of the variance in observed DMSw (p<0.001, n=24) and reproduced seasonal and spatial (reef flat versus lagoon) variability in observed concentrations moderately well for the GBR (summarised in Jones et al., 2018). The calculated DMSw climatology represents average seawater surface DMS concentration derived from corals, algae and other DMS producing organisms in GBR waters.

DMSw in coral reefs does not linearly increase with SST when corals experience high levels of thermal stress (Jones et al., 2007; Fischer & Jones, 2012). To account for this, a coral thermal stress threshold was calculated as 1°C above the local climatological maximum monthly mean (MMM) SST (i.e. the warmest monthly average SST) (Liu et al., 2006). SST anomalies above the MMM+1°C threshold can be used to calculate accumulated coral thermal stress and predict the risk of coral bleaching using metrics such as Degree Heating Weeks (DHW) (Liu et al., 2006) or the Light Stress Index (Skirving et al., 2018). Ecologically significant coral bleaching typically occurs when DHW > 4°C-weeks (where SST has remained 1°C above the MMM for four consecutive weeks, or 4°C above the MMM for 1 week). Several studies have shown that indices calculated from the MMM+1°C threshold can predict the extent and severity of coral bleaching well in the GBR (Bainbridge, 2017; Hughes et al., 2018; Skirving et al., 2018). Therefore, the MMM+1°C threshold can be used as a good indication of coral thermal stress.

Corals are assumed to be experiencing thermal stress (but not necessarily bleaching) when SST ≥ MMM+1°C (Liu et al., 2006). When corals are thermally stressed, reactive oxygen concentrations can increase (Lesser, 2011). DMS(P) scavenge ROS, forming DMSO (Deschaseaux et al., 2014), which can result in a decline in ambient DMS concentrations (Jones et al., 2007). We therefore assume that for days when SST ≥ MMM+1°C DMSw no longer continues to increase with SST.

To avoid overestimating DMSw on days when this threshold was exceeded, the SST terms in Eq. 1.1 were replaced with the calculated coral thermal stress threshold (MMM+1°C) (Eq. 1.2). Calculated DMSw may still vary with PAR on these days. Capping the influence of SST on calculated DMSw reduced daily mean concentration by less than 0.1 nmol L-1.

 

The coral thermal stress threshold was recalculated for the contemporary and each end of century climate scenario, making an optimistic assumption that corals will acclimate to rising ocean temperatures. The coral thermal stress threshold for the contemporary period ranged from 26.8°C in the southern GBR to 31.0°C in the northern GBR (mean 28.9°C), and was most commonly exceeded between late January to March. For the end of the century, the coral thermal stress threshold ranged from 28.7-32.6°C (mean 30.7°C) for the SSP2-4.5 scenario and from 30.2-34.1°C (mean 32.2°C) for the SSP5-8.5 scenario.

It is assumed that the empirical relationship derived between DMSw, SST and PAR in the southern and central GBR can be used to estimate DMSw beyond the region for which Eq. 1 was defined. We acknowledge that this may not be an accurate representation of DMSw in the northern GBR or under future climate scenarios, however further research is needed to establish the validity of the observed relationship in other regions and time-periods. Further, the ability of corals to acclimate to rising SST, ocean acidification, sea-level rise, changes in water quality and ecosystem structure are uncertain, and we do not attempt to assume how corals will respond to such changes here. The purpose of this analysis is to investigate how predicted changes in SST, PAR and wind speed may affect contemporary DMSw and sea-air flux from the GBR.



2.2 Calculation of DMS sea-air and coral-air flux


2.2.1 DMS sea-air flux

DMS sea-air flux was calculated as a function of wind speed at 10 m (U10), SST and calculated DMSw. DMS concentration is typically several orders of magnitude lower in the atmosphere than at the sea surface. Therefore, DMS sea-air flux is calculated as the product of the total gas transfer velocity (Kw: cm hr-1) and the concentration of DMS at the sea surface (Cw: nmol L-1) using Eq. 2 (Liss & Slater, 1974). Sea-air flux is then converted from units of μmol cm-2 hr-1 to μmol m-2 d-1.

 

DMS sea-air flux is calculated using two parameterisations for Kw. The water-side transfer velocity (kw) parameterisation of Nightingale et al. (2000) was derived for carbon dioxide and is normalized to the SST-dependent Schmidt number of 660 for DMS (ScDMS), calculated as follows: ScDMS=2674−147.2 SST+ 3.726 SST2−0.038 SST3 (Saltzman et al., 1993). For this parameterisation, kw increases with U10 (Eq. 3).

 

Kw is then calculated using Eq. 4 (McGillis et al., 2000; Nightingale et al., 2000). The atmospheric gradient fraction (γa) is defined by γa= 1/(1+ ka/αkw,600) (McGillis et al., 2000), where α is the solubility coefficient for DMS (11.4 at 26°C) and ka is the airside transfer velocity, calculated as a function of U10 and the molecular weight of DMS and water as follows: ka = 659 U10 (62.13/18.02)-0.5 (Kondo, 1975)

 

The second parameterization of kw provides a more conservative estimate of Kw, by accounting for non-linearity in the DMS transfer velocity at high wind speeds (> 10 m s-1). This is done by including an attenuation of the Henry’s Law constant (Hatten) calculated using Eq. 5 (Vlahos & Monahan, 2009). H is the Henry’s Law constant in seawater (0.089) (Przyjazny et al., 1983), ϕB is the surface area of bubbles under the sea surface given by ϕB=0.09 (U10/10)3  and Cmix/Cw is the solubility enhancement of DMS (~40) from Vlahos and Monahan (2009).



Kw is then calculated using Eq. 6 as a function of Hatten, kw= 4×10−4+ 4×10−5(U10)2  and ka= 0.2 U10+0.3  (Schwarzenbach et al., 2005; Vlahos & Monahan, 2009). The parameterizations of kw and ka are given in units of cm s-1 and are converted to cm hr-1 in order to calculate the total DMS transfer velocity (Eq. 6).

 



2.2.2 DMS sea-air + coral-air flux

Current DMS sea-air flux parameterisations do not account for direct coral-air DMS flux from corals that are exposed to air at low tide. This is an important, albeit intermittent, source of DMSa over coral reefs. Hopkins et al. (2016) estimate that Acropora corals exposed to air for an average of 12 hours per month release 9-35 μmol m-2 d-1 (mean 22 μmol m-2 d-1). Given that Acropora are the dominant coral genus in the GBR, we add a fraction of the mean estimate to the DMS sea-air flux (Eq. 2), scaled by the percentage cover of coral reefs within each grid cell (where DMS flux= KwCw+[0.22×reef cover]). 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.reefbase.org) and MATLAB R2020a. Inclusion of the direct coral-air DMS flux estimate added 0.2-7.7 μmol m-2 d-1 (mean 1.6 μmol m-2 d-1) to the calculated DMS sea-air flux from coral reefs in the GBR.

The approach used to estimate coral-air DMS flux is limited because it assumes that Acropora spp. are the sole source of direct coral-air DMS flux and it does not account for seasonal, diurnal or spatial 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 this estimate and to accurately scale laboratory-derived fluxes to the natural coral reef environment. Nevertheless, inclusion of coral-air DMS flux improves the representation of coral reefs in DMS flux climatologies.




2.3 CMIP6 model output

CMIP6 model output was obtained from the Australian Community Climate and Earth-System Simulator Coupled Model (ACCESS-CM2) (Dix et al., 2019) and the ACCESS Earth System Model (ACCESS-ESM 1.5) (Ziehn et al., 2019) for the CMIP6 historical, SSP2-4.5 and SSP5-8.5 experiments. For the historical simulations, solar variability, volcanic aerosols and anthropogenic-driven changes in atmospheric composition (greenhouse gases and aerosol) are forced by datasets which are largely based on observations up to 2014 (Eyring et al., 2016). For the SSP scenario experiments, variables are simulated from 2015 onwards under the respective SSP trajectories. Model output from both models was used to ensure that data for all required physical and biological variables was available. These data are available from the Earth System Grid Federation (https://esfg-node.llnl.gov/search/cmip6/).

ACCESS-CM2 is a global physical climate model, consisting of the Met Office physical atmosphere Unified Model (UM) version 10.6 (Walters et al., 2019), the Modular Ocean Model version 5 (MOM5), the Community Atmosphere Biosphere Land Exchange version 2.5 (CABLE2.5) land surface model and the CICE5 sea ice model, coupled by the OASIS3-MCT numerical coupler. A detailed description of the ACCESS-CM2 configuration is provided in Bi et al. (2020). ACCESS-ESM 1.5 consists of a previous version of ACCESS (ACCESS 1.3), which uses the CABLE version 2.4 land surface model, along with coupled terrestrial (CASA-CNP) and ocean biogeochemistry (WOMBAT) models (Ziehn et al., 2020). ACCESS model output for CMIP6 historical simulations predicted spatial and interannual variability in observations and reanalysis data well for a range of variables, including over the Australian region (Bodman et al., 2020; Ziehn et al., 2020). Therefore, the ACCESS-CM2 and ACCESS-ESM1.5 model output was chosen for this analysis.

Atmospheric variables are resolved at a horizontal resolution of 1.25° latitude x 1.875° longitude, with 38 vertical levels for ACCESS-ESM1.5 and 85 vertical levels for ACCESS-CM2. Oceanic variables are resolved at a horizontal resolution of 1°, with 50 vertical levels. Each model provided various ensembles and model run variations. For this analysis, the most commonly available r1i1p1f1 ensemble is used for each scenario.

Model output was obtained for the GBRMP region (Figure 1) for the contemporary (2001-2020) and end of century (2081-2100) time periods. SST and wind speed at 10 m were downloaded at daily frequency. While using daily mean wind speed to calculate DMS sea-air flux can average out the influence of high wind speeds, daily mean wind speed was used to calculate flux consistently across all model scenarios, allowing the relative change in DMS sea-air flux to be determined. Downwelling shortwave radiation at the sea surface (SWR: W m-2), chlorophyll-a at 5 m depth (CHL: mg m-3) as a proxy for water clarity, and cloud cover (%) were downloaded at the provided monthly frequency. SWR was used to estimate total daily PAR (mol m-2 d-1), using a conversion factor of 2.1 μmol m-2 s-1 PAR per W m-2 of total SWR (Howell et al., 1983). Monthly mean variables were linearly interpolated to a daily mean time-series at each pixel.

Data for k490 was not available from the two ACCESS models. Satellite-derived k490 products are derived from the normalized water-leaving radiance at 490 nm and 555 nm, calculated from top-of-atmosphere radiances in the absence of atmospheric perturbations (Wang et al., 2009). Given that k490 values in the GBR are typically less than 0.05 m-1, the attenuation of PAR at 5 m is less than 10 mol m-2 d-1. We derive a simple linear regression to predict k490 from CHL using a 20-year climatology of Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra observations, area-averaged over the GBR (Eq. 7). The regression accounted for 73.5% (p<0.001, n=365) of the variance in MODIS k490 and is used to estimate k490 at each pixel for the contemporary and end of century CMIP6 model output. Calculated k490 is then used to derive daily total PAR at 5 m (henceforth PAR).



The coarse resolution model output was linearly interpolated to a 0.25-degree grid (for consistency with Jackson et al., 2021) to enable spatiotemporal variability in each variable to be investigated, including along coastal regions. A multi-model average of each variable was then calculated and used to calculate a climatology of DMSw (Eq. 1) and DMS flux (Eq. 2 + coral-air DMS flux) for the contemporary and end of century scenarios. The model source of each variable is listed in Table 1.


Table 1 | CMIP6 models and output used in this analysis.





2.4 Remotely sensed observations

The historical CMIP6 model output was compared with a climatology of MODIS observations and ERA-5 reanalysis data (2001-2020) to evaluate how well the models predicted each variable for the GBR region. Daily mean SST, PAR, k490 and cloud cover were obtained from the MODIS sensor aboard the Aqua and Terra satellites, which both pass over the GBR at approximately noon local time (UTC+10 hr). A daily average at each pixel was calculated from the Aqua and Terra observations (n=7300). SST, PAR and k490 were downloaded at 0.04-degree resolution from NASA OceanColor (https://oceancolor.gsfc.nasa.gov). Cloud cover was downloaded at 1-degree resolution from the NASA Level-1 Atmosphere and Distribution System (http://laadsweb.modaps.eosdis.nasa.gov). Light attenuation at the surface was accounted for by reducing PAR by the corresponding k490 value for a depth of 5 m. Daily mean wind speed at 10 m was calculated from hourly ERA-5 100 m u- and v-wind vector components (Copernicus Climate Change Service, 2019). An area-average of each variable was calculated for the GBRMP region shown in Figure 1.



2.5 Analysis

The change in annual and seasonal mean SST, PAR, cloud cover (to investigate change in PAR), k490, wind speed, Kw, DMSw and DMS flux between the contemporary (2001-2020) and end of century (2081-2100) climatologies was investigated for the GBRMP (Figure 1). A contemporary climatology for each variable was calculated from CMIP6 historical model output from 2001 to 2014, extended to 2020 using an average of the SSP2-4.5 and SSP5-8.5 model output. Two end of century (2081-2100) climatologies were calculated for each variable under the respective SSP scenario.




3 Results


3.1 Comparison of model output and remotely sensed observations

To ensure the models adequately simulated contemporary conditions in the GBR, the CMIP6 contemporary climatology was compared with MODIS-derived SST, PAR at 5 m and cloud cover, and ERA-5 reanalysis wind speed data for the same time period (Figure 2). The CMIP6 model average overestimated MODIS-derived SST by approximately 1°C from February to September, underestimated PAR by up to 10 mol m-2 d-1 from October to May, and underestimated cloud cover by approximately 10% (Figure 2). The model average overestimated ERA-5 wind speed by approximately 1 m s-1 (Figure 2). The differences between the modelled and observed data are small in magnitude (< 20%), and are likely consistent between contemporary and future time periods. It is therefore assumed that the models simulated the relevant variables with enough confidence for this study.




Figure 2 | Area-averaged climatology ± 2 SE (shaded area) of contemporary (2001-2020) (A) SST, (B) PAR at 5 m, (C) wind speed and (D) cloud cover for the GBRMP. Climatologies are calculated from MODIS or ERA-5 reanalysis data (magenta) and CMIP6 model output (black).





3.2 Change in modelled SST, PAR, U10 and cloud cover

By the end of the century, annual mean SST increased by a respective 1.5°C (5.7%) and 3.0°C (11.4%) for the SSP2-4.5 and SSP5-8.5 scenarios (Table 2). The change in SST was relatively consistent year-round (Figure 3A), with minimal spatial variability (< 0.8°C) in the annual and seasonal mean change for the GBRMP (Supplementary Information Figure 1).


Table 2 | Climatological annual mean (± 2 standard errors) and range for variables area-averaged over the GBRMP for the contemporary (2001-2020) and end of century (2081-2100) scenarios.






Figure 3 | Area-averaged climatology ± 2 SE (shaded area) of (A) SST, (B) PAR at 5 m, (C) cloud cover, (D) k490, (E) wind speed and (F) Kw for the GBRMP. Climatologies are derived from CMIP6 contemporary (black) and end of century model output for SSP2-4.5 (blue) and SSP5-8.5 (red) scenarios.



Annual mean PAR increased by a respective 1.1 mol m-2 d-1 (3.1%) and 1.7 mol m-2 d-1 (4.8%) for the SSP2-4.5 and SSP5- 8.5 scenarios (Table 2). The increase in PAR (Figure 3B) coincided with a decrease in cloud cover (Figure 3C) and k490 (Figure 3D). The change in annual and seasonal PAR was most pronounced in the southern half of the GBR (Supplementary Information Figure 2), following the zonal changes in cloud cover (Supplementary Information Figure 3) and k490 (Supplementary Information Figure 4). Annual mean cloud cover decreased by a respective 3.0% and 6.8% for the SSP2-4.5 and SSP5-8.5 scenarios (Table 2). Annual mean k490 decreased by < 0.015 m-1 by 2100 (Table 2; Figure 3D), which for a given depth of 5 m, contributed up to 7% of the predicted change in PAR.

The change in annual mean wind speed was minimal (<0.1 m s-1) (Table 2; Figure 3E), but showed opposing seasonal trends. Wind speed increased throughout the GBR in winter, yet decreased in summer in the southern GBR under the SSP2-4.5 scenario, extending throughout the GBR under the SSP5-8.5 scenario (Supplementary Information Figure 5). The change in Kw was also minimal (<0.4 cm hr-1) (Table 2; Figure 3F), with spatial changes (Supplementary Information Figure 6) that approximately correspond to those for wind speed.

In ACCESS, DMS sea-air flux is simulated using the Liss and Merlivat (1986) parameterisation, using monthly varying DMSw concentrations prescribed by the Lana et al. (2011) climatology and evolving wind speed and SST. While DMSw concentration does not change between model years, DMS sea-air flux can evolve with changes in SST and wind speed. Previous model studies have demonstrated that large perturbations in DMS sea-air flux do not substantially influence cloud cover or surface SWR in ACCESS (Fiddes et al., 2018). Therefore, we can assume that the influence of evolving DMS sea-air flux between the contemporary and end of century scenarios has a negligible influence on modelled cloud cover, PAR, SST and calculated DMSw. While it has been hypothesised that DMS emissions can influence cloud properties (Fischer & Jones, 2012; Jones, 2015; Jones et al., 2017), the change in cloud cover is only reported here to investigate changes in surface PAR.



3.3 Change in calculated DMSw

For the contemporary scenario, annual mean DMSw area-averaged over the GBR was 1.52 ± 0.02 nmol L-1 (Table 2), ranging from 0.99 ± 0.003 nmol L-1 in winter to 2.03 ± 0.02 nmol L-1 in summer (Figure 4). By the end of the century, annual mean DMSw increased by a respective 0.14 nmol L-1 (9.2%) and 0.22 nmol L-1 (14.5%) for the SSP2-4.5 and SSP5-8.5 scenarios. Seasonal changes ranged from a 6.1%-14.1% (SSP2-4.5 - SSP5-8.5) increase in the winter minimum, and a 12.8%-15.3% (SSP2-4.5 - SSP5-8.5) increase in the summer maximum concentration (Table 2; Figure 4). There was minimal spatial variability in the contemporary annual and seasonal mean DMSw (<0.4 nmol L-1), and in changes in DMSw by the end of this century (<0.1 nmol L-1) (Figure 5).




Figure 4 | Area-averaged climatology ± 2 SE (shaded area) of DMSw in the GBRMP, derived from CMIP6 contemporary (black) and end of century model output for SSP2-4.5 (blue) and SSP5-8.5 (red) scenarios.






Figure 5 | Contemporary (A) annual, (B) summer (November-April) and (C) winter (May-October) mean DMSw and the change in (D, G) annual, (E, H) summer and (F, I) winter mean DMSw by the end of this century modelled under a (middle panels) SSP2-4.5 and (lower panels) SSP5-8.5 scenario. The boundary of the GBRMP for which the area-averaged climatologies are calculated is shown as the bold black outline in each panel. Note that the colour scales differ between the SSP2-4.5 and SSP5-8.5 changes.



The sensitivity of calculated DMSw to SST and PAR was 0.013 and 0.003, respectively, where a 1% increase in SST or PAR resulted in a respective 1.3% or 0.3% increase in DMSw. Annual mean SST increased by 5.7-11.4% (Table 2), driving > 95% of the change in calculated DMSw. Annual mean PAR increased by 3.1-4.8% (Table 2), contributing < 5% to the change in DMSw. Calculated DMSw was highest from February to March for all climate scenarios, when SST is highest and the calculated coral thermal stress threshold was most often exceeded. During days when this threshold was exceeded, the influence of SST was capped at the thermal stress threshold (Eq. 1.2), resulting in a plateau in the calculated summer DMSw concentration.



3.4 Change in calculated DMS sea-air flux

For the contemporary scenario, annual mean DMS flux was 4.2 ± 0.2 μmol m-2 d-1 (Table 2), ranging from 2.9 ± 0.1 μmol m-2 d-1 in winter to 6.2 ± 0.3 μmol m-2 d-1 in summer (Figure 6). Annual and seasonal mean DMS flux was consistently highest over coral reefs in the GBR (up to 12.6 mol m-2 d-1) (Figure 7) due to the addition of direct coral-air DMS flux, which is an important source of emissions leading to significantly higher DMSa concentrations over coral reefs (Jones et al., 2007; Swan et al., 2017). By the end of the century, annual mean DMS flux increased by a respective 0.4 μmol m-2 d-1 (9.5%) and 0.6 μmol m-2 d-1 (14.3%) for the SSP2-4.5 and SSP5-8.5 scenarios (Table 2; Figure 6). Minimal spatial variability occurred for the change in DMS flux (<0.8 μmol m-2 d-1) under these future scenarios (Figure 7).




Figure 6 | Area-averaged climatology of DMS sea-air flux in the GBR, derived from CMIP6 contemporary (black) and end of century model output for the (A) SSP2-4.5 (blue) and (B) SSP5-8.5 (red) climate.






Figure 7 | As for Figure 5, but for DMS flux.



From the mean of the Nightingale et al. (2000) and Vlahos and Monahan (2009) parameterisations (Figure 6), contemporary DMS emissions from the GBR range from 0.028-0.038 Tg yr-1 of DMS (1297-1771 mol km2 yr-1). For the SSP2-4.5 and SSP5-8.5 end of century scenarios, DMS emissions are respectively estimated to be 0.030-0.043 Tg yr-1 of DMS (1403-1990 mol km2 yr-1) and 0.031-0.045 Tg yr-1 (1435-2086 mol km2 yr-1), representing a 7.1-13.2% and 10.7-18.4% increase in total annual DMS emissions.

DMS sea-air flux was calculated from DMSw (Eq. 1) and Kw (a function of SST and wind speed, Eq. 4 and Eq. 6). The sensitivity of DMS flux to DMSw, SST and wind speed was 0.008, 0.003 and 0.015, respectively, where a 1% change in DMSw, SST or wind speed would result in a respective 0.8%, 0.3% or 1.5% change in DMS sea-air flux. Annual mean DMSw increased by 9.2-14.5%, SST increased by 5.7-11.4% and wind speed changed by less than 0.1%. Therefore, the change in DMSw, SST and wind speed contributed up to 77.5%, 23.9% and 1.0% of the change in annual mean DMS flux. Given that DMSw is almost entirely dependent on SST (> 95%) and Kw is partially dependent on SST, more than 97.5% of the change in calculated DMS flux is driven by changes in SST, with the remaining 2.5% driven by changes in PAR (used to calculate DMSw) and wind speed.




4 Discussion

Annual mean DMSw in the GBR is estimated to be 1.52 nmol L-1. The predicted rise in SST and PAR under an optimistic (SSP2-4.5) and worst-case (SSP5-8.5) end of century scenario may increase average DMSw concentration in the GBR by a respective 9.2% and 14.5%. DMSw was calculated as a function of SST and PAR, which respectively increased by 5.7-11.4% (SSP2-4.5 - SSP5-8.5), and 3.1-4.8% (SSP2-4.5 - SSP5-8.5). The increase in PAR was in part due to a decrease in and k490, and a decrease in cloud cover which has been predicted to occur in the tropics and subtropics under future greenhouse gas warming (Schneider et al., 2019). The sensitivity of Eq. 1 to SST was greater than PAR and consequently, the increase in SST drove more than 95% of the change in calculated DMSw.

Contemporary DMS emissions from the GBR ranged from 0.028-0.038 Tg yr-1, equivalent to 0.015-0.020 Tg yr-1 of sulfur as DMS. By the end of this century, increased DMSw concentration and predicted changes in wind speed could increase annual mean DMS emissions by a respective 9.5% and 14.3% under an optimistic (SSP2-4.5) and worst-case (SSP5-8.5) scenario.

In the Southern Hemisphere, the sensitivity of CCN to oceanic DMS sea-air flux is estimated to be 0.07 (Woodhouse et al., 2010). From this estimate, the predicted 9.5-14.3% increase in annual mean DMS flux from the GBR could result in only a 0.7-1.0% increase in annual mean CCN. Previous model studies have demonstrated that DMS emissions from coral reefs that are an order of magnitude larger than estimated in the current study (0.3 Tg yr-1), do not significantly influence aerosol or cloud processes (Fiddes et al., 2021; Fiddes et al., 2022). Therefore, a 9.5-14.3% increase in DMS flux is unlikely to influence the regional atmosphere. However, observational studies suggest that local biogeophysical processes in the GBR could be more sensitive to changes in DMS emissions (Jones et al., 2007; Modini et al., 2009; Fischer & Jones, 2012; Jones et al., 2017; Cropp et al., 2018). This is an important question for future research.

Field and laboratory studies have observed an increase in DMS concentration in coral tissues and in reef seawaters with rising SST, until SST exceeds the coral thermal stress threshold (Jones et al., 2007; Fischer & Jones, 2012; Jones et al., 2017). For example, Jones et al. (2007) observed a ~50% decrease in DMSw when SST exceeded 30°C and caused coral bleaching in the central GBR. The observed decrease in DMSw may have been due to enhanced biochemical oxidation of DMS(P) to DMSO and a decline in DMS(P) biosynthesis as corals bleached (Jones et al., 2007; Fischer & Jones, 2012). To avoid overestimating calculated DMSw concentration in this study, a coral thermal stress threshold was calculated and substituted into Eq. 1 for days when SST exceeded the threshold. Imposing an upper limit on the influence of SST on calculated DMSw reduced calculated concentration by < 0.1 nmol L-1.

Re-calculating the coral bleaching threshold for the end of the century assumes that living corals will be able to cope with rises in SST. This may occur through natural means such as the recruitment of temperature-tolerant zooxanthellae species (Berkelmans & Van Oppen, 2006; Bay et al., 2016), through assisted evolution (Van Oppen et al., 2015) or via solar radiation management strategies which can reduce surface irradiance and temperature (Kwiatkowski et al., 2015; Zhang et al., 2017).

If corals do not acclimate to the predicted increase in SST, the frequency of coral bleaching and mortality events will continue to reduce coral cover (Hughes et al., 2019), leading to a decline in coral-derived DMSw. A decline in coral-derived DMSw could be exacerbated by increased biochemical oxidation of DMS(P) to DMSO in surviving corals exposed to high temperatures (e.g. Fischer & Jones, 2012). While it is not possible to distinguish between coral and algal-derived DMSw from observations of dissolved DMS concentration alone, increases in DMS-producing marine algae in degraded coral reef ecosystems (McCook and Diaz-Pilido, 2002; De’ath & Fabricius, 2010) could counteract a decline in coral-derived DMSw (as discussed in Jackson et al., 2020). More research is required to determine whether corals can acclimate to rising SST and how DMSw in coral reefs will be affected by changes in surface temperature, irradiance and coral-algal interactions.

Further research is also needed to determine the synergistic impacts of ocean acidification on DMS(P) biosynthesis. In comparison to coral DMS(P) biosynthesis, the impact of ocean acidification on algal DMS(P) production has been relatively well studied (Hopkins et al., 2020). Given that DMS concentration in coral reef waters is partially driven by algal and microbial cycling of DMSP (Raina et al., 2009), changes in DMS concentration in the GBR may have similar responses to those reported for algal communities.

The impact of ocean acidification on algal DMS(P) production varies with location, season and community structure (Hopkins et al., 2020). In the subtropical North Atlantic, mesocosm experiments revealed a decrease in algal-derived DMS with lower pH due to reduced rates of microbial catabolism of DMSP (Archer et al., 2018). Conversely, the response of surface ocean micro-algae to acidification in the temperature north-western European shelf resulted in 110-225% increases in dissolved DMS concentrations in response to atmospheric CO2 concentrations of 550-1,000 μatm, respectively (Hopkins & Archer, 2014). Other studies in the Artic and Southern Ocean have reported no significant impacts of short-term ocean acidification on micro-algal DMS production (Hopkins et al., 2020). Further complicating the matter, one study demonstrated that temperature had a stronger influence on DMS production in algae than pH, where increased production in response to temperature outweighed the decline in biosynthesis due to acidification (Arnold et al., 2013). Further research is needed to understand the influence of ocean acidification on DMS(P) biosynthesis in the global ocean and in coral reefs.

Sea level rise and the rate of coral reef vertical accretion is also likely to affect coral physiological stress and DMS emissions. Global mean sea level is predicted to rise by 40-80 cm under an end of century climate (Sanborn et al., 2020). In the late Holocene in the GBR, fast-growing branching corals (such as Acropora spp.) grew in relatively shallow, clear waters, which are representative of conditions which are still found in parts of the contemporary GBR. During this time, coral reef vertical accretion occurred at a rate of 0.2-1.1 cm yr-1 (mean 0.5 cm yr-1) (Sanborn et al., 2020). Therefore, if sea level rise in the GBR remains below ~1 cm yr-1, coral vertical accretion could keep pace with the rate of sea level rise.

Short-term processes such as El Nino Southern Oscillation (ENSO) can also influence regional sea level. During strong El Nino events, regional sea level in the tropical western Pacific can decline by up to 30 cm, leading to more frequent extreme low tides and coral air exposure (Becker et al., 2012; Widlansky et al., 2015). El Nino events are charactersied by a weakening or reversal of easterly trade winds and subsequent thermocline shoaling in the western Pacific and deepening in eastern Pacific. Regional sea level anomalies typically mirror these thermocline shifts (Widlansky et al., 2015). More frequent and prolonged coral exposure to air could increase direct coral-air DMS flux and concerningly, increase coral oxidative stress. In the western Pacific, El Nino events are associated with clear skies, high solar irradiance and high SST. When combined with increased aerial exposure of corals, these conditions could result in more frequent and severe coral bleaching (Buckee et al., 2020). Alternatively, rising sea levels could facilitate increased coral cover, due to reduced temperature, irradiance and coral physiological stress at depth, and less (if any) aerial exposure of corals at low tide (Brown et al., 2019).

The impacts of climate change on coral reef biogeochemical processes are complex and difficult to predict. This study assumes that corals will acclimate to rising ocean temperatures and predicts that DMS emissions from the GBR will increase as a result. However, further research is needed to understand the effects of temperature, light, ocean acidification, salinity, and changing sea level, water quality and ecosystem structure on DMS production and emissions in coral reefs before the change in DMS emissions by the end of this century can be more accurately determined. Nevertheless, we suggest that ocean warming could increase present-day DMS emissions and the source strength of the GBR to the atmospheric sulfur budget, if corals can acclimate to their changing environment.



5 Conclusions

Coral reefs are important regional sources of DMS, with potential implications for local aerosol and cloud processes. By the end of this century, a 1.5-3.0°C rise in annual mean SST and a 1.1-1.7 mol m-2 d-1 increase in PAR is predicted to increase calculated DMSw by a respective 9.2% to 14.5%, leading to an increase in calculated DMS flux of 9.5% to 14.3% under an optimistic and worst-case emissions scenario, as simulated by ACCESS models for CMIP6. Previous model studies using ACCESS have demonstrated little to no sensitivity to larger fluctuations in coral reef DMS emissions. Therefore, a 9.5-14.3% increase in DMS emissions from the GBR is unlikely to significantly influence the regional atmosphere. However, anthropogenic aerosol emissions may decline in future with initiatives to shift towards renewable energy, in which case aerosol-cloud processes may become more sensitive to small changes in DMS flux, particularly at the local scale. Understanding the complex coral reef sulfur cycle and how the atmospheric aerosol system responds to changes in emission will require further research. The predicted increase in DMSw and DMS flux from the GBR by the end of this century assumes that corals will acclimate to rising SST, and does not account for the impact of ocean acidification, changes to water quality, sea level or other factors associated with climate change. Nevertheless, the findings presented here provide insight into the effects of ocean warming on contemporary DMS emissions from the GBR and the contribution of the GBR to the atmospheric sulfur budget.
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