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Abstract. We present a new regional coupled atmosphere and ocean model of the Great Barrier Reef (GBR), Australia,
called ACCESS-EMS-GBR. The model comprises a regional configuration of the Australian Community Climate and Earth
System Simulator (ACCESS) atmospheric model (the United Kingdom Met Office Unified Model), coupled to the
Commonwealth Scientific and Industrial Research Organisation Environmental Modelling Suite (EMS) hydrodynamic and
biogeochemical model of the GBR. The model includes detailed aerosol and cloud microphysics in the atmosphere, as well
as hydrodynamics, biogeochemistry, ecology and coral reef processes in the ocean. When coupled, the models form a
valuable tool for simulating interactions between the atmosphere and ocean. The ACCESS-EMS-GBR model was developed
to assess the plausibility and implications of marine cloud brightening (MCB) in the GBR, as part of the Reef Restoration
and Adaptation Program (RRAP) Cooling and Shading Sub-program (RRAP-CS) but can also be utilised to study various
processes including sources of marine aerosol and the impact of aerosol deposition on marine biogeochemistry. Here, we
describe the model as configured for the GBR region, including the coupling framework, and evaluate the model skill in
simulating measured aerosol and seawater temperature and irradiance. We configure the model aerosol scheme and emission
sources to capture observed aerosol properties over the GBR region, with boundary layer nucleation and terrestrial biogenic
emissions having a large influence on aerosol number concentration, size distribution and composition. The distribution of
sea salt emissions is also expanded to include the soluble Aitken mode; a significant improvement in capability for

simulating MCB and possibly for improving global climate model biases.
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1 Introduction

Regional models are useful tools for studying spatially complex environments and to account for processes that are not
resolved by global models (Giorgi, 2019). Coral reefs in particular require high-resolution modelling to capture regionally
important features such as the coral reef matrix and processes including emissions of aerosol precursors (Deschaseaux et al.,
2022; Swan et al., 2017), phytoplankton dynamics, nutrient cycling (Skerratt et al., 2019) and coral bleaching (Baird et al.,
2018; Ellis et al., 2025).

As the frequency of coral bleaching events continues to rise, high-resolution models are increasingly needed to predict
impacts and to help inform management practices (Melbourne-Thomas et al., 2011; Suggett & Smith, 2020). The Great
Barrier Reef (GBR), Australia, has experienced eight mass thermal coral bleaching events since 1998, six of which have
occurred since 2016. It is estimated that more than 98% of coral reefs in the GBR have been affected by bleaching during
these events (Hughes et al., 2021), with adverse impacts on coral growth and calcification (De'ath et al., 2009; Razak et al.,
2020), larval supply and stock-recruitment (Cheung et al., 2021; Hughes et al., 2019) leading to biodiversity loss and
potential ecosystem collapse in future (Pratchett et al., 2021).

The Reef Restoration and Adaptation Program Cooling and Shading Sub-program (RRAP-CS) is researching and developing
a range of interventions to help the GBR recover and adapt to the impacts of climate change. Regional marine cloud
brightening (MCB) has been suggested as one way to mitigate coral bleaching in the GBR by reducing surface irradiance
and temperature during summer (Harrison et al., 2019). The concept of MCB was first suggested by Latham (1990, 2004)
and involves emitting sea spray aerosol from the sea surface into the lower atmosphere to enhance aerosol direct and first
indirect effects (Twomey, 1974), thereby shading and cooling the sea below (Harrison, 2024; Harrison et al., 2019;
Tagliafico et al., 2022). Given the predicted rise in global mean temperature, even under optimistic emission scenarios
(IPCC, 2023), such interventions may be necessary to protect vulnerable ecosystems such as the GBR (Condie, 2022;
Kleypas et al., 2021; Kwiatkowski et al., 2015).

Interventions such as MCB require thorough assessments to be undertaken to understand their efficacy, impacts and any
unintended or undesirable consequences (McDonald et al., 2019). While numerous regional atmospheric and ocean models
are available, the complexity of the MCB intervention requires a specialised and optimised regional coupled model, with
detailed representation of aerosol and cloud microphysics in the atmosphere, as well as the physical and biological properties

of the marine environment.

ACCESS-EMS-GBR is a high-resolution, regional coupled atmosphere-ocean model of the GBR and provides a valuable
tool to undertake these assessments, being the first regional model capable of simulating the impact of aerosol emissions
(including sea spray emissions for MCB) on clouds, radiation, precipitation and ecological responses to changes in
temperature and light in the underlying coral reef. The model comprises a regional configuration of the Australian

Community Climate and Earth System Simulator (ACCESS) atmospheric model (the United Kingdom Met Office Unified



70

75

80

85

90

95

https://doi.org/10.5194/egusphere-2026-2761
Preprint. Discussion started: 16 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Model) coupled to the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Environmental Modelling
Suite (EMS) hydrodynamic and biogeochemical model of the GBR. The model includes detailed aerosol and cloud
microphysics in the atmosphere, as well as hydrodynamics, biogeochemistry, ecology and coral physiological processes in

the marine environment, providing a valuable tool for ocean-atmosphere studies.

ACCESS is a suite of modelling tools used by the Australian community to simulate past, present and future climate and
weather from global to local scales. EMS is a suite of ocean modelling tools developed by the CSIRO to simulate
hydrodynamic and biogeochemical processes at the regional scale, with nesting capability. The EMS GBR configuration
used here has a curvilinear horizontal grid spacing of approximately 4 km (henceforth GBR4) (Baird et al., 2020). The
GBR4 configuration was developed for the eReefs project (Steven et al., 2019) and provides detailed information on the state
of the marine environment to understand and address issues surrounding water quality, coral bleaching, ocean acidification,
reef connectivity and to inform management processes. While developed for assessing MCB, the capabilities of the
ACCESS-EMS-GBR model make it well suited for studying various other ocean and atmosphere processes in the GBR, such
as sources of marine aerosol and precursors (Fiddes et al., 2022; Jackson et al., 2020), heat and radiation feedbacks
(McGowan et al., 2022), links between meteorology and hydrodynamics during coral bleaching events (Richards et al., 2024,
2026), and biogeochemical cycles (Skerratt et al., 2019).

Both the regional ACCESS and EMS source models are relocatable and domains may be customised to regions of interest.
Here, we describe and evaluate the ACCESS-EMS-GBR model as configured for the GBR region. Details of the coupling
approach and parameters are provided, and possible applications and areas for future development of the coupled model are
discussed. The model skill in capturing observed aerosol, seawater temperature and irradiance in the GBR are evaluated
against observations from recent RRAP-CS field campaigns and in-situ monitoring networks. Details of the approach to
simulate MCB and the impact on cloud, radiation, precipitation and ecological processes in the coral reef, along with a

detailed evaluation of cloud properties, will be presented in a follow-up paper.

2 Model setup
2.1  Atmospheric model

The atmospheric component of ACCESS-EMS-GBR is the United Kingdom Met Office Unified Model (UM, version 13.0).
The UM Regional Nesting Suite (RNS) supports one-way nesting of limited area domains within the global UM or a
reanalysis dataset. Here, the global UM is used as the driving model and provides initial and hourly boundary conditions to

the regional atmospheric model.

The global model configuration is based on the Global Atmosphere 8 and Global Land 9.0 (GA8-GL9) science configuration
(Willett et al., 2026) and is run on the ‘N216° grid, which has a horizontal grid-spacing of approximately 65 km at the mid-
latitudes and 70 vertical levels (surface-80 km). Simulated meteorology is constrained by nudging the global model to the

3
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European Centre for Medium-Range Weather Forecasts Reanalysis version 5 (ERAS) dataset (Hersbach et al., 2020).

Nudging of temperature and horizontal winds is applied above the boundary layer every three hours.

The nested domain covers north-eastern Australia, the GBR and part of the Coral Sea (referred to here as NE AUS; Fig. 1).
100 The NE AUS domain has a horizontal grid-spacing of 0.04° (approximately 4 km) and 90 vertical levels (including 17 below
1 km), reaching a model top of 40 km. The atmospheric component of ACCESS-EMS-GBR is called ‘ACCESS-GBR’ and
uses the Regional Atmosphere and Land version 3.2 (RAL3.2) science configuration (Bush et al., 2025). The nested domain
may be free-running or re-initialised daily, depending on simulation requirements. However, meteorology will always be
constrained to the global simulation at the domain boundary, preventing simulated meteorology deviating far from reality.
105 Here, the nested domain is re-initialised daily using initial conditions from the nudged global model to enable a better
comparison between simulated and measured variables. The aerosol fields are re-initialised from the end of the previous
cycle to allow aerosol mass and number concentration to persist through time and thus, are always free-running. Each cycle
has a 48-hour forecast period, with the second 24-hour period of simulation used in the analyses below. Land surface

processes are represented by the Joint UK Land Environment Simulator (JULES) (Best et al., 2011; Clark et al., 2011).

110

20°S

40°S

500 1,000 1,500 km
I

Figure 1. Map of Australia showing the regional atmosphere domain over north-eastern Australia (NE AUS; 0.04° horizontal grid-
spacing) and the regional ocean domain (GBR4; approximately 4 km horizontal grid-spacing on a curvilinear grid). Basemap
image © 2026 Google Satellite.
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2.1.1  Aerosol and atmospheric chemistry

In both the global and regional domains, atmospheric composition is simulated by the United Kingdom Chemistry and
Aerosol (UKCA) model. Aerosol processes are represented by the GLObal Model of Aerosol Processes modal version
(GLOMAP-mode) aerosol scheme (Mann et al., 2012; Mann et al., 2010). GLOMAP-mode is a double-moment scheme
(mass and number concentration) that represents the full aerosol cycle from emission through to deposition. The aerosol size
distribution is simulated in five log-normal size modes (four soluble modes: nucleation, Aitken, accumulation and coarse;
and one insoluble Aitken mode), with sulphate (from primary and secondary sources), sea salt, organic carbon (representing
organic matter from primary and secondary sources, with a ratio of organic matter:organic carbon of 1.4) and black carbon
aerosol species represented within each mode. The mean dry particle diameter, geometric standard deviation and aerosol

species contributing to each size mode is shown in Table 1. Dust is represented separately as per Woodward (2001).

Table 1. Aerosol size modes and chemical species represented in ACCESS-GBR.

Mode Dry diameter (nm) Geometric standard deviation Species!

Soluble nucleation <5 1.59 S04, OC

Soluble Aitken 5-50 1.59 S04, OC, BC, SS?
Soluble accumulation 50 - 500 1.40 S04, OC, BC, SS
Soluble coarse > 500 2.00 S04, OC, BC, SS
Insoluble Aitken 5-50 1.59 OC, BC

S04 = sulphate, OC = organic carbon, BC = black carbon, SS = sea salt. 2 Introduced in this work.

Emissions of natural aerosol (e.g. sea salt and primary marine organics) and precursor gases (e.g. dimethylsulfide, DMS) are
calculated by the model using simulated wind speed and prescribed surface concentrations. Emissions of anthropogenic and
terrestrial aerosol and precursors are prescribed. Prescribed oxidant concentrations are used to simulate the oxidation of

aerosol precursors, including the oxidation of DMS to sulphur dioxide and further to sulfuric acid.

2.1.2  Revised aerosol setup

Initial ACCESS-EMS-GBR simulations strongly underestimated simulated aerosol number concentration (N10, dry diameter
>10 nm) over the GBR (see Results). Conversely, the model captured the number concentration of cloud condensation nuclei

(CCN) and aerosol composition reasonably well, indicating that the model was missing sources of smaller Aitken mode
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aerosol. The below changes were made to address the bias in simulated aerosol. The extent to which these changes have

reduced biases is discussed in the Results.

Firstly, the UM and UKCA source code was updated to allow sea salt to be emitted into the soluble Aitken mode (see Code
Availability statement) (Table 1). Sea salt is an important source of aerosol over the GBR (Z. Chen et al., 2019; Eckert et al.,
2024) and is typically emitted into the soluble accumulation and coarse modes in GLOMAP-mode. However, sea salt
emissions are not emitted into the soluble Aitken mode in the standard configuration, potentially contributing to the
underestimate of aerosol number concentration. The addition of Aitken mode sea salt has allowed emissions (both natural
and for simulating MCB) to be more realistically distributed over the Aitken to coarse size modes, representing a significant
improvement in capability, both for simulating MCB and possibly for reducing long-standing biases in climate models
(Fiddes et al.,, 2025). The model currently simulates natural sea salt emissions using a wind speed-dependent

parameterisation (Gong, 2003), which may be updated to include the influence of SST in future (Venugopal et al., 2025).

Prescribed anthropogenic surface-level emissions of sulphur dioxide and organic and black carbon from biofuel and fossil
fuel sources (using the model emission assumptions for fossil fuel) were initially represented as a time-slice for the year
2014 derived from the Coupled Model Intercomparison Project Phase 6 (CMIP6). To reduce uncertainty associated with the
anthropogenic emissions, the global and regional emissions were updated to use data from the Emissions Database for
Global Atmospheric Research (EDGAR) Community Greenhouse Gas database (Crippa et al., 2024) for the year 2022. The
sectoral assumptions of the emissions were also updated, with sulphur dioxide emitted at both the surface and lofted into the
atmosphere (e.g. from ship stacks), and biofuel and fossil fuel emissions (and respective emission size assumptions)
represented separately. At the global scale, the impact of the 2022 anthropogenic emissions is a decrease in the annual total
anthropogenic sulphur dioxide (-265.5 Tg yr'!), organic carbon (-11.4 Tg yr!) and black carbon (-9.4 Tg yr'!) emissions.
Over the NE AUS domain, the annual total anthropogenic sulphur dioxide emissions also decreased (-1.8 Tg yr'!), yet the
organic (0.06 Tg yr'!) and black carbon (0.08 Tg yr'!) emissions increased. The large reduction in sulphur dioxide emissions
relative to organic and black carbon is largely due to the introduction of the International Maritime Organization 2020

regulations, which reduced the global limit on the sulphur content of shipping emissions from 3.5% to 0.5% (IMO, 2020).

Organics (from primary and secondary sources) are an important component of aerosol over the GBR (Horchler et al., 2025;
Mallet et al., 2016). Primary marine organics are emitted in the model as primary marine organic carbon (PMOC), using
assumptions for the modal mean dry diameter (160 nm), geometric standard deviation (2.0) and emission mode (25% / 75%
to the soluble / insoluble Aitken mode), and at a rate that is dependent on wind speed, surface chlorophyll-a concentration
and primary sea salt emissions (Gantt et al., 2012; Gantt et al., 2015). To better represent the PMOC component of sea spray
aerosol across the soluble Aitken to coarse modes, and to help improve the Aitken mode low bias, we reduce the emission

mean dry diameter from 160 nm to 40 nm.
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Monoterpene emissions from terrestrial vegetation are another important source of organics, particularly over the Australian
region (Emmerson et al., 2016). Monoterpenes are oxidised by hydroxyl, ozone and nitrate species in the model to form
secondary aerosol precursors, which influence the rate of new particle formation in the lower atmosphere when boundary
layer nucleation is enabled. Emissions were initially derived from biomass burning sources. However, the background
terrestrial vegetation source is approximately two orders of magnitude larger over Australia and so monoterpene emissions
were instead prescribed by a climatology (2001-2010) from the Model of Emissions of Gases and Aerosols from Nature -
Monitoring Atmospheric Composition and Climate project (MEGAN-MACC) biogenic emission inventory (Sindelarova et
al., 2014).

Lastly, organic-mediated boundary layer nucleation (BLN) was enabled in the model. The parameterisation of Metzger et al.
(2010) is used, producing new particles (1.5 nm dry diameter) at a rate that is determined by the concentration of gas-phase
sulfuric-acid and secondary organic aerosol (SOA). The SOA yield may be scaled to adjust the BLN rate in the model and
from UM v12.0 is scaled to a factor of 0.13, which has been shown to substantially improve agreement with observed
aerosol number concentrations in the lower atmosphere (Ranjithkumar et al., 2021). Here, the SOA yield is further scaled to
a factor of 0.1 (0.013) in both the global and regional domains to adjust the BLN rate for the large source of monoterpene
emissions and secondary organics over Australia. Doing so helped to reduce the modelled CCN bias, where CCN was
occasionally overestimated, possibly due to condensational growth of the Aitken mode to the accumulation mode in the
presence of high concentrations of condensable vapours from the oxidation of monoterpenes over the Australian region (see

Results).

2.1.3  Large-scale cloud and precipitation

Large-scale cloud cover is represented by the Prognostic Cloud and Prognostic Condensate (PC2) scheme (Wilson et al.,
2008). Convection is parameterised in the global model, with large-scale precipitation simulated via the auto-conversion of
cloud droplet number concentration (from GLOMAP-mode) to rain droplets. In the nested domain, GLOMAP-mode is
coupled to the Cloud AeroSol Interacting Microphysics (CASIM) cloud microphysics scheme (Field et al., 2023; Shipway &
Hill, 2012). CASIM is a double-moment scheme that represents the mass and number concentration of five hydrometeor
classes (cloud liquid water, rain, ice, snow and graupel). When coupled to GLOMAP-mode, simulated aerosol mass, size,
number concentration, and composition are used to calculate cloud droplet number concentration, improving the
representation of CCN activation to cloud droplets (Abdul-Razzak & Ghan, 2000) and surface precipitation at convection-
permitting resolutions (Field et al., 2023). We also implement the recommendations of Ghosh et al. (2025), where the Abdul-
Razzak and Ghan (2000) activation scheme is updated to improve simulated cloud droplet concentration and aerosol-cloud
radiative effects (see Code Availability statement). These updates are expected to improve the representation of cloud droplet
activation under very high CCN concentrations (such as can occur for MCB), where the non-monotonic Abdul-Razzak and

Ghan (2000) scheme can unrealistically suppress activation (Tippett et al., 2026).
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GLOMAP-mode and the cloud schemes are also coupled to the Suite of Community Radiative Transfer Codes based on
Edwards and Slingo, 1996 (SOCRATES) radiation scheme to represent aerosol direct and indirect effects. Further details of
the radiation scheme are provided in Bush et al. (2020).

2.2 Ocean model

The regional ocean circulation, biogeochemical properties and coral reef ecosystem are represented by the CSIRO EMS
marine model of the GBR. The GBR4 (~4 km horizontal grid spacing on a curvilinear grid) configuration used here has 48
vertical levels with a model domain that covers the GBR and part of the Coral Sea (Fig. 1). A description of the GBR4
hydrodynamic and biogeochemical components is provided in Baird et al. (2020). ACCESS-EMS-GBR currently uses
version 4.0 of the GBR4 hydrodynamics and version 4.2 of the GBR4 biogeochemistry, as described in Maggiorano et al.
(2025), with modified atmospheric forcings.

In ACCESS-EMS-GBR, GBR4 is initialised using model output from the eReefs GBR4 hindcast archive (see Data
Availability statement). The open ocean boundary conditions for seawater temperature, salinity, sea surface elevation and
current velocities are provided by the Bluelink Reanalysis version 2020 (BRAN2020) (Chamberlain et al., 2021). Inputs
from 64 rivers along the Queensland coastline are specified as open boundaries with inputs of momentum, freshwater,
nutrients and sediment. An additional 37 sources of nutrients and sediments are also represented. The riverine inputs into the
Great Barrier Reef Marine Park area are derived from the Dynamic SedNet catchment model (Ellis, 2018; McCloskey et al.,

2021), while riverine inputs further south are derived from the Queensland Government Water Monitoring Network.

2.2.1 Hydrodynamics

The EMS Sparse Hydrodynamic Ocean Code (SHOC) (Herzfeld, 2006) represents hydrodynamic processes in the GBR4
model. SHOC simulates seawater temperature, salinity, density, current velocity, mixing coefficients, sea level and other

physical states on a three-dimensional curvilinear grid.

The sea surface may fluctuate between vertical levels, as can the thickness of the upper-most layer to account for increases in
sea surface elevation, such as can occur with thermal expansion or tidal variations. Tides are explicitly represented using
amplitude and phase of the main eight constituents derived from the Topex Poseidon crossover solution 9.1 (TPXO9v1)
ocean tide model (Egbert & Erofeeva, 2002). Simulating the depth of water over the coral reef allows the influence of tide on
heating of shallow reef waters to be resolved (although this is best captured in higher resolution nested configurations),
which is an important process for coral physiology (Buckee et al., 2020) and for emissions of aerosol precursors such as

DMS (Hopkins et al., 2016; Swan et al., 2017).

The hydrodynamic and biogeochemical components are computationally demanding and operate across different time-steps,

meaning that they are inefficient when fully coupled. To overcome this, SHOC is run in ‘transport mode’, where the system
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is run in stages. The hydrodynamic model is run first on its native time-step (seconds) with outputs saved hourly. The hourly
hydrodynamic outputs are then used in a flux form semi-Langragian (FSSL) advection scheme (Gillibrand & Herzfeld,
2016) to advect and diffuse biogeochemical and sediment tracers (with an hourly time-step). The FSSL advection scheme
allows SHOC to be run with longer time steps (reducing computing time), while accurately reproducing tracer distribution

and mass conversation (Herzfeld & Engwirda, 2023).

2.2.2  Biogeochemistry

The biogeochemical component of the GBR4 model consists of ecology, optical, carbon chemistry and sediment transport
models, which together simulate the productivity, composition and optical properties of the water column and the benthic
and sediment layers. Processes specific to coral reef ecosystems are also represented, including coral calcification, coral-
algal symbiont dynamics and coral bleaching (Baird et al., 2018). A detailed description of the biogeochemical models is

provided in Baird et al. (2020). A brief overview is provided below.

In the pelagic and epibenthic zones, the ecology model simulates the growth and mortality of plankton, seagrasses and
corals. Four phytoplankton types (small and large phytoplankton, microphytobenthos and 7richodesmium) and three
seagrasses (Zostera, Halophila and a general seagrass group) are represented. Benthic communities (e.g. corals and
seagrasses) are represented as a biomass per square meter and influence water column nutrient concentration through
growth, respiration and mortality. Phytoplankton and algal growth through photosynthesis is calculated from the amount of
photosynthetically active radiation (PAR) and dissolved ammonium, nitrate, phosphate and inorganic carbon concentrations.
Algae contain chlorophyll-a (chl-a) and accessory pigments, and carbon:pigment ratios that vary in response to light

availability and photoadaptation.

Corals are represented as a total biomass of the coral host and zooxanthellae (photosynthetic endosymbionts). Zooxanthellae
photosynthesis and growth is represented in the same way as for phytoplankton. Organic matter is assimilated by the coral
host via both translocation from zooxanthellae and via the capture of detritus in the water column. A mechanistic coral
bleaching process is included, which simulates the build-up of reactive oxygen species in zooxanthellae photosystems, coral
oxidative stress and zooxanthellae expulsion based on the relationship between temperature, light and photosystem reaction
centre dynamics (including photo-adaptation and inhibition). The coral bleaching scheme is described in detail in Baird et al.

(2018) and calibrated using Ellis et al. (2025).

Gas exchange of oxygen and carbon dioxide (COz), cycling of nitrogen (N), phosphorus (P) and carbon (C), detritus
remineralisation and the calcification and dissolution of carbonate structures (including corals) is represented. A carbon
chemistry model represents the speciation of dissolved inorganic C along with the calculation of pH and carbonate saturation

states.
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Radiative transfer through the water column and other optical properties are forced using surface downwelling short-wave
radiation (SWR). The GBR4 configuration used in ACCESS-EMS-GBR differs from that used in eReefs by using prescribed
SWR from the atmospheric model (see Sect. 2.4.2) instead of calculating SWR as a function of solar zenith angle and cloud
cover. Total surface downwelling SWR is provided to SHOC, which accounts for sea surface albedo, calculated as a function
of solar zenith angle and wind speed (Zillman, 1972), with the latter also provided by the atmospheric model. The influence
of atmospheric composition (aerosol and gaseous species) is accounted for in the prescribed total surface SWR, ensuring
consistency in net surface SWR between the atmospheric and ocean models. Light attenuation through the water column is
influenced by microalgae (including the concentration of photosynthetic pigments), detritus, dissolved organic matter and
inorganic particles (e.g. suspended sediment), with self-shading also represented at the seabed for macroalgae, seagrasses
and corals. Outgoing irradiance is influenced by the seabed colour, determined by benthic composition. Details of the

inherent and apparent optical properties of each light attenuating component are provided in Maggiorano et al. (2025).

Inorganic and organic compounds are exchanged between the water column and sediment. A sediment transport model
represents the sinking, deposition and resuspension of gravel, sand, mud and dust in various size classes. Sediment
resuspension is influenced by simulated current velocity, wave amplitude period and orbital velocity through the
computation of the bottom sheer stress at the seabed, based on the equations of Grant and Madsen (Grant & Madsen, 1982;
Madsen, 1994). Waves are simulated by AUSWAVE (Australian Wave Model) (Zieger & Greenslade, 2021; Zieger, 2025),
a spectral wave forecasting model adapted from the National Oceanic and Atmospheric Administration (NOAA)
WAVEWATCH III model and operated by the Australian Bureau of Meteorology and CSIRO. Further detail on the
sediment transport model are provided in Margvelashvili et al. (2009, 2018).

2.3  Coupling approach

The atmosphere NE AUS domain is coupled to the ocean GBR4 domain using a simple and customizable approach. The
models run consecutively, exchanging respective atmospheric and ocean forcings at daily intervals. The tasks required to run
the GBR4 model and post-process the model outputs (for compatibility) have been incorporated into the ACCESS-GBR

workflow.

An option has been added to the ACCESS-GBR suite configuration to enable the atmosphere to run with GBR4 as the
coupled ACCESS-EMS-GBR model. When enabled, the atmospheric and ocean models run consecutively, pausing and
exchanging forcings each day. After each day of atmosphere simulation, atmospheric forcing files are created and used to
force the GBR4 hydrodynamic and biogeochemical model for the same day. On completion of each GBR4 simulation, the

sea surface forcings are updated with the GBR4 outputs and used to force the next day of atmosphere simulation.

The limitation of this approach is that the models must run consecutively. The atmosphere typically has a shorter circulation
time and responds to changes in radiative forcing faster than the ocean. Thus, ACCESS-GBR was chosen to run ahead of

GBR4. Consequently, the atmosphere is forced by the mean sea surface state from the previous day within the GBR4

10
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domain. While using the previous day’s sea surface conditions is a limitation, the coupling approach still allows feedbacks in
surface heat and radiation fluxes to be captured at the sea surface at daily resolution and provides a good representation of

variability in daily mean sea surface temperature (SST).

More advanced coupling approaches were considered however, the offline approach described here minimises
developmental overhead, while enabling flexibility in the coupling parameters and simulation requirements. The pause-
resume approach also reduces computational costs, as no cost in computing time is incurred when the atmospheric model is
held while the ocean model completes each day of simulation (and vice versa). Currently, running ACCESS-EMS-GBR on
the Australian National Computational Infrastructure (NCI) requires approximately 2.5 hours of walltime and 2.3 kSU per
simulated day (inclusive of the 48-hour atmosphere forecast, 24-hour ocean simulation and processing tasks), where 1 SU is

0.5 compute hours.

24  Coupled fields

Coupled variables are chosen to capture key feedbacks between the atmosphere and ocean surface. A small number of
variables are currently coupled, however, coupling of additional variables is possible and would be straightforward using the

existing framework.

24.1  Coupled ocean fields

In the atmospheric model, sea surface fields are prescribed by monthly-varying ancillary files (Willett et al., 2026). In both
ACCESS-GBR and ACCESS-EMS-GBR, SST is prescribed by a daily mean ancillary file and is used to calculate sea-air

heat fluxes. The net surface heat fluxes are balanced in the models, as is demonstrated in Appendix A.

For consistency with the GBR4 model boundary conditions, SST is prescribed by a daily mean dataset, derived from the
BRAN2020 near-global (approximately 75°N-75°S) reanalysis product (Chamberlain et al., 2021). The BRAN2020 SST
data are available at 10 km horizontal grid-spacing and were regridded to the global N216 grid and NE AUS 0.04° grids
using a bilinear interpolation (XESMF; Zhuang et al., 2025), with nearest source to destination extrapolation to ensure
alignment of the land-sea masks. Global data beyond 75 degrees North and South were filled using the climatological SST
from the Met Office Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) monthly mean dataset (Rayner et al.,
2003), used in some configurations of the ACCESS global model. While this approach would be problematic for nested
domains beyond 75° latitude, our configuration is focused on north-eastern Australia, where prescribing the BRAN2020 SST

provides benefits that justify its use (e.g. consistency with the ocean model and availability at daily frequency).

When run as the coupled model (ACCESS-EMS-GBR), the prescribed SST is updated with GBR4 daily mean SST as the
simulation progresses. To smooth the transition between the BRAN2020 and GBR4 SST, a bilinear interpolation is applied
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across 10 grid cells at the boundary of the two datasets. The resulting merged BRAN2020-GBR4 SST is then used to force
the global and regional atmospheric domains in ACCESS-EMS-GBR.

The daily mean BRAN2020 ancillary data provides a good representation of SST over short time-scales of days to weeks,
which is important for capturing the impacts of changes in light and temperature in the atmosphere. Elevated SST above the
climatological average is also represented (and is important for the MCB application), as is illustrated in the example
ancillary data for February 2022, which is more than 4°C above the climatological mean (from HadISST, Fig. 2A) during the
lead up to the 2022 coral bleaching event in the GBR (Fig. 2B). The merged BRAN2020-GBR4 SST additionally captures

the influence of surface currents and upwelling along the continental shelf (Fig. 2C).

10°S

28
15°S

26 0
20°S

24
25°S

2
3005| A B C

141°E 147°E 153°E 159°E 141°E 147°E 153°E 159°E 141°E 147°E 153°E 159°E

Figure 2. Sea surface temperature used to force the atmospheric NE AUS domain for February 2022 (time average) from the (A)
HadISST monthly mean climatology, (B) daily mean BRAN2020 reanalysis used in ACCESS-GBR (atmosphere-only) and (C) the
merged BRAN2020-GBR4 SST used in the coupled ACCESS-EMS-GBR configuration.

24.2  Coupled atmospheric fields

In the GBR4 model, atmospheric conditions are prescribed by outputs from the NE AUS domain at 0.04° horizontal grid-
spacing. Hourly mean surface temperature, dew point, mean sea level pressure, horizontal winds, cloud fraction, total
downwelling surface short-wave radiation (which is responsive to simulated aerosol and cloud) and hourly accumulated
precipitation are provided as netcdf files and are interpolated onto the GBR4 grid by the SHOC code. To overcome problems
arising in coastal grid boxes (e.g. where air temperature over a partial land cell can lead to overheating of coastal waters), all
cells containing land are masked with the nearest ocean value. Using the NE AUS outputs provides several benefits,

including representing the atmospheric state at a high spatial resolution, with good alignment between the atmospheric and
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ocean model grids (~4 km grid-spacing), and the ability to customize atmospheric forcings depending on simulation

requirements (e.g. to include aerosol deposition to the surface ocean).

3 Model evaluation
3.1 Simulations and evaluation metrics

The performance of the ACCESS-EMS-GBR model in simulating observed aerosol and seawater fields is assessed using
measurements from in-situ monitoring networks and two recent field campaigns undertaken by RRAP-CS in February 2022
and March 2023. To coincide with the field campaigns, the model was run for 1-28 February 2022 and 1-31 March 2023.

Validation of the simulated meteorology during these campaigns is provided in Appendix B.

The observational frequency varied between the campaigns and measurements. To best align the time-series of modelled and
measured values and avoid instances where corresponding measurements were not available on the instantaneous time-step,
the observations were averaged into an hourly time-series for comparison with the model. The hourly mean model outputs
were extracted for the coordinates of each hourly mean in-situ observation, using linear interpolation for the regular

atmospheric model grid and the nearest grid cell for the curvilinear ocean model.

Agreement between the modelled and measured variables is quantified using a range of metrics. The normalized mean bias
factor (NMBF, Yu et al., 2006) provides a symmetric indication of bias, where a value of +0.5 and -0.5 indicates a respective
over and under-estimate of a measured value by a factor of 1.5, and a value of 0 indicates perfect agreement. The mean
absolute bias is provided to give further context to the magnitude of model biases, and Spearman’s ranked correlation is used
to assess coherence between the modelled and observed temporal trends. A summary of the in-situ datasets used for this

analysis is provided in Table 2.

Table 2. Summary of in-situ datasets used to evaluate the ACCESS-EMS-GBR model

Dataset Location Measured variables®
RRAP-CS February Central GBR, between Townsville and Davies
2022 Reef (18.50 — 19.25°, 146.83 — 147.77°E) N10 and CCN

N10, CCN, aerosol size distribution, aerosol
RRAP-CS March 2023 Heron Island (23.44°S, 151.91°E)
composition (SO4, BC, Organics)

AERONET Lucinda (18.52°S, 146.39°E) AOD
EcoRRAP Davies Reef:
Oceanographic loggers e Lagoon flat (18.833°S, 147.634°E) Seawater temperature (0.5 m)
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o Front shallow (18.819°S, 147.664°E) Seawater temperature (3.8 m)
o Front deep (18.820°S, 147.664°E) Seawater temperature and PAR (13 m)

Heron Island:

e Lagoon shallow (23.454°S, 151.968°E) Seawater temperature (5 m)
e Front shallow (23.470°S, 151.951°E) Seawater temperature (5 m)
o Front deep (23.471°S, 151.951°E) Seawater temperature and PAR (14.5 m)

*N10 = number concentration of aerosol with a dry diameter > 10 nm. CCN = number concentration of cloud condensation
nuclei (assuming 0.2% supersaturation). AOD = aerosol optical depth. SO4, BC, Organics = aerosol sulphate, black carbon

and organic masses. PAR = photosynthetically active radiation.

3.2 Observations
3.2.1 RRAP-CS February 2022 field campaign

In February 2022, the RV Guardian and RV Magnetic travelled between Townsville and the central GBR near Davies Reef
(18.83°S, 147.63°E) and Big Broadhurst Reef (18.91°S, 147.74°E). Testing of the seawater atomisation systems for MCB
was occurring during this campaign on board the RV Guardian, while background atmospheric and sea spray plume-
influenced measurements were made on board the RV Magnetic. Additional background aerosol measurements were made
on board the RV Guardian, using equipment placed upwind of the sprayers. The modelled aerosol fields were interpolated to

a height of 10 m, to match the height of the sampling inlets.

The number concentration of aerosol with dry diameter between 10 nm and 2.5 pm (N10, cm™) was measured at
approximately 1 second intervals using a butanol Condensation Particle Counter (bCPC, AIRMODUS A20) on board the RV
Guardian until 13 February. Additional measurements were made using a mixing Condensation Particle Counter (mCPC,
Brechtel, upper detection limit of 2 pm) on board the RV Magnetic throughout the campaign. To exclude any potential ship
exhaust artifacts, the aerosol dataset was filtered to include data only when wind direction was within a 180° frontal arc (270°
to 90°) of the ship’s heading, when wind speed relative to the ship speed was greater than 2 m s™! and when particle counts
were less than 10,000 cm™. The same filtering was applied to the modelled N10. Measurements were also excluded when sea
spray emission activities were occurring on board the RV Guardian (for testing of the seawater atomisation systems for

fogging and MCB).

The number concentration of cloud condensation nuclei (CCN, ¢cm™) at 0.1%, 0.2%, 0.3%, 0.5% and 0.7% supersaturation
(SS) was measured using a CCN counter (CCNc, CCN-100, Droplet Measurement Technologies) on board the RV Magnetic

at 10-minute intervals for each SS. During a subsequent campaign in March 2023, measured CCN was dominated by
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accumulation mode aerosol, with only a small fraction of the Aitken mode activating (see Horchler et al., 2025 for a detailed
analysis of the size distribution data, which are not included in this study). The near-surface level (10 m) modelled CCN
number concentration was calculated for each measured supersaturation, assuming an activation dry diameter of ~32.1 nm at
0.7% SS to ~117.2 nm at 0.1% SS, representing a range of theoretical updraught conditions. While the model agreement
across the range of measured SS conditions is assessed, biases in the time-series of modelled CCN are calculated at 0.1% SS,
chosen to reflect the observed critical diameter of approximately 100 nm in both marine and continental air masses in March
2022 (Horchler et al., 2025). The aerosol measurements were made and processed by E. J. Horchler, J. Alroe, L. Cravigan,
L. Harrison, Z. Ristovski and D. Harrison. Further details of the measurement methods on board the RV Magnetic are

provided in Horchler et al. (2025).

3.2.2  RRAP-CS March 2023 field campaign

In March 2023, measurements of aerosol number concentration, size distribution and composition were made at the Heron
Island Research Station (23.44°S, 151.91°E), approximately 5 m above sea level. N10 was measured using a Condensation
Particle Counter (CPC 3782, TSI Inc., upper detection limit of 3 um), while CCN was measured using a CCNc (CCN-100,

Droplet Measurement Technologies).

As for 2022, the modelled CCN was calculated at 0.1%, 0.2%, 0.3%, 0.5% and 0.7% SS, with biases calculated for the
modelled CCN at 0.1% supersaturation (see section 3.2.1). The aerosol size distribution was derived from measurements of
total particle concentration and diameter (5-2000 nm), using measurements from a Scanning Electrical Mobility

Spectrometer (SEMS, Brechtel Manufacturing Inc.) and Aerodynamic Particle Sizer (APS 3321, TSI Inc.).

The aerosol sulphate (SO4) and total organic masses were measured with an Aerosol Mass Spectrometer (c-ToF-AMS,
Aerodyne Research Inc.), and the BC concentration with an Aethalometer (AE33-7, Magee Scientific). Measurements of the

aerosol sea salt mass were not available. Measurements were made and processed by E. J. Horchler.

The model output at 5 m above sea level was compared with the observations. The modelled organic carbon (OC) mass was
converted to organic matter (OM) using the assumed ratio of OM:OC of 1.4. Similarly, the model outputs aerosol sulphate
mass as sulfuric acid, which was converted to SO4 by multiplying by the ratio of the molar masses for SOs and sulfuric acid

(~0.974, as per Talvinen et al., 2025).

The AMS is most efficient at measuring the composition of particles in the 40 — 2000 nm diameter range, but detection
beyond this range is possible. To best compare the observed and modelled aerosol masses (including beyond the most
efficient detection size range), the modelled SOs, organic and BC masses were summed over all aerosol modes, potentially
spanning ~1.5 to > 5000 nm (Table 1) but with an upper limit of approximately 1100 nm during the March 2023 campaign

(see Results).
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3.23 AERONET

Radiometer measurements of aerosol optical depth (AOD) are available from the AERONET Lucinda site (18.52°S,
146.39°E) at approximately 10-minute intervals. Measured AOD for February 2022 and March 2023 were processed into an
hourly mean time-series for comparison with the modelled AOD (550 nm). The measured AOD were obtained for the closest
available wavelength (551 nm in February 2022, 532 nm for March 2023) to the modelled AOD, which was interpolated to a
height of 8 m to align with the measurement elevation. The AERONET Level 2.0 data have undergone quality assurance

with pre- and post-field calibration and are available from https://aeronet.gsfc.nasa.gov, along with details of the

measurement equipment and processing algorithms.

3.24  EcoRRAP Oceanographic Logger data

In-situ measurements of physical seawater variables are available from a network of oceanographic loggers deployed as part
of EcoRRAP, an RRAP sub-program that has involved the establishment of long-term monitoring sites throughout the GBR.
At Davies Reef and Heron Island, seawater temperature loggers (RBRSolo3) are deployed at various reef zones and depths,
with additional photosynthetically active radiation (PAR) sensors (Licor-192) and conductivity, temperature and depth
(CTD) loggers deployed at the deeper reef front sites. Here, we compare the model outputs with measurements of seawater
temperature (°C) at the ‘shallow lagoon’, ‘shallow reef front’ and ‘deep reef front” monitoring sites (Table 2) at Davies Reef

and Heron Island to assess the model skill in capturing local variability in temperature across reef zones, as well as PAR

(mol m? s7!) at the ‘deep reef front’ sites. The data are available from the AIMS Data Repository (https://apps.aims.gov.au/).

Modelled seawater fields were interpolated to the respective depth of each monitoring site (Table 2).

4 Results
4.1 Aerosol number concentration

The measured N10 was characterised by terrestrially influenced air masses during the first week of the February 2022
campaign, when number concentration was often more than double the apparent marine background concentration observed
from 15 February onwards (Fig. 3A). A similar trend was observed at Heron Island in March 2023, where the measured N10
periodically increased above the background around 4, 13 and 19 March (Fig. 3B). The high N10 events around 4 and 13
March 2023 were dominated by particles in the nucleation and Aitken mode, while the event around 19 March was

dominated by larger particles.
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Figure 3. Measured and modelled hourly mean (top) N10 and (bottom) CCN, along the (left) RV Guardian and RV Magnetic ship
tracks in February 2022 and (right) at the Heron Island Research Station in March 2023. Modelled values are shown for both the
control and revised aerosol setup described in Sect. 2.1.2.

For the initial control ACCESS-EMS-GBR simulations, the model captured the background N10 relatively well however,
strongly underestimated events where N10 became elevated above the background during both February 2022 (NMBF = -
2.61, mean bias = -534.1 cm, Fig. 3A) and March 2023 (NMBF = -1.24, mean bias = -275.3 cm?, Fig. 3B). Conversely, the
model represented the measured CCN (0.1% SS) relatively well in February 2022 (NMBF = 0.25, mean bias = 22.6 cm’,
Fig. 3C) and March 2023 (NMBF = 0.05, mean bias = 5.0 cm?, Fig. 3D), indicating that the model was initially missing
sources of Aitken mode aerosol. A bimodal mean size distribution was observed at Heron Island in March 2023 (Fig. 4). The
initial underestimate in simulated number concentration was particularly evident in the size distribution data, where the

Aitken mode was largely missing from the model.
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Figure 4. Measured and modelled aerosol size distribution at Heron Island as a time-average over the March 2023 campaign. The
modelled size distribution is shown for both the control and revised aerosol setup described in Sect. 2.1.2. The shaded region
indicates the 10" to 90" percentile range of the observed size distribution

After revising the aerosol emission sources and assumptions, and enabling BLN (see Sect. 2.1.2), the bias in N10
substantially improved (Fig. 3A-B). The changes contributed to a better representation of both the range and variability in
observed N10 in February 2022 (NMBF = 0.36, mean bias = 269.5 cm™) and March 2023 (NMBF = -6.5x10%, mean bias = -
3.2 em®), including the periodic increases in number concentration from 8-14 February 2022 and around 4 and 13 March
2023. However, the low number concentration observed in late February 2022 was now overestimated, and the timing of the
peak concentration around 19 March 2023 was missed by the model, indicating that further refinement of the emission

sources and assumptions is needed to better capture short-term variability in aerosol over the GBR.

While the revised aerosol setup improved agreement between the modelled and observed N10, the revisions increased the
model CCN (0.1% SS) bias in both February 2022 (NMBF = 0.74, mean bias = 67.3 cm™, Fig. 3C) and March 2023 (NMBF
= (.32, mean bias = 35.2 cm?, Fig. 3D). The revised mean aerosol size distribution shows improved agreement with
observations (Fig. 4) however, the Aitken mode underestimate persists and the accumulation mode bias increased. While the
Aitken and accumulation mode number concentrations increased, the modal mean diameters remained unchanged,
suggesting that the changes predominately contributed to new particle formation and subsequent growth to the Aitken and
accumulation modes, rather than condensational growth of pre-existing particles, in which a shift in the modal diameters

would have also been expected.

Given that the shape and median diameter of the Aitken and accumulation modes are reasonably consistent between the
observed and modelled size distributions (Fig. 4), it is plausible that new particle formation is correctly increasing the
number of aerosol however, growth processes are causing too many particles to contribute to the accumulation mode, when a

portion should instead remain in the Aitken mode.
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Nonetheless, the model captures the measured CCN across the measured SS (representing a range of possible updraught
conditions) reasonably well, particularly in March 2023 (Fig. 5). While the emission size assumptions and possibly the
mode-merging processes in the aerosol scheme require further adjustment for the GBR region, the revised aerosol setup has
substantially improved the model representation of total aerosol number concentration while adequately capturing CCN

during the two field campaigns (Table 3).
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Figure 5. Observed versus modelled CCN at 0.1%, 0.2%, 0.3%, 0.5% and 0.7% supersaturation during the (A) February 2022
campaign in the central GBR and (B) March 2023 campaign at the Heron Island Research Station.

Table 3. Observed and modelled (control and revised) mean and model bias metrics for aerosol variables measured aboard the RV

Guardian and RV Magnetic in February 2022 and at the Heron Island Research Station in March 2023.

February 2022 (RV Guardian and RV Magnetic) March 2023 (Heron Island Research Station)

Varable Mean (and model bias) ~ NMBF  Correlation Mean (and model bias) ~ NMBF Correlation
Observed  739.1 (n=176) - - 498.1 (n=436) - -

211:_3) Control 205.0 (-534.1) -2.61 0.61 (p<0.001)  222.8 (-275.3) -1.24 -0.08 (p=0.10)
Revised 1008.6 (269.5) 0.36 0.37 (p<0.001) 4949 (-3.2) -6.5x1073 0.17 (p<0.001)

CCN Observed  90.73 (n=78) - - 110.81 (n=500) - -
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500

3
(cm™) Control 113.3 (22.57) 0.25 0.19 (p=0.09) 115.9 (5.0) 0.05 0.34 (p<0.001)
Revised 158.0 (67.28) 0.74 -0.24 (p=0.03) 146.0 (35.2) 0.32 0.39 (p<0.001)
Observed — — — 0.47 (n=572) - -
SO,
.. Control - - - 0.46 (0.004) -8.9x1073 0.03 (p=0.47)
(g m~)
Revised - - - 0.56 (0.09) 0.19 0.21 (p<0.001)
Observed — — — 0.29 (n=571) - -
Organics
, Control - - - 0.28 (-0.018) -0.07 0.34 (p<0.001)
(g m~)
Revised - - - 0.24 (-0.051) -0.21 0.34 (p<0.001)
Observed — — — 0.019 (n=522) - -
BC
, Control - - - 0.012 (-0.007) -0.55 -0.05 (p=0.23)
(g m~)
Revised - - - 0.016 (-0.003) -0.19 -0.01 (p=0.75)
Observed  0.136 (n=179) - - 0.070 (n=121) - -
AOD Control 0.126 (-0.01) -0.08 0.27 (p<0.001)  0.098 (0.029) 0.41 0.14 (p=0.13)
Revised 0.132 (-4.5x1073) -0.03 0.35 (p<0.001)  0.087 (0.017) 0.25 0.18 (p=0.045)

4.1.1  Aerosol composition

Aerosol composition was also measured at Heron Island during the March 2023 campaign. For the initial control

simulations, the model represented observed aerosol SOs (NMBF = -8.9x1073, mean bias= 0.004 um, Fig. 6A), organic
(NMBEF = -0.07, mean bias = -0.018 pm™, Fig. 6B) and BC (NMBF = -0.55, mean bias = -0.007 um™, Fig. 6C) masses well.

Revising the aerosol setup (see Sect. 2.1.2) did not improve biases in the modelled aerosol sulphate and organic masses

however, the magnitude of biases remained small (absolute NMBF < 0.22, absolute mean bias < 0.10 um, Table 3).
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Figure 6. Measured and modelled aerosol (A) sulphate, (B) organic and (C) black carbon mass at the Heron Island Research
Station in March 2023. The modelled concentrations are shown for both the control and revised aerosol setup described in Sect.
2.1.2.

The observed sulphate and organic masses closely aligned with the CCN time-series (Fig. 3D), indicating a strong influence
of organics (as secondary organic aerosol, primary marine organics and/or other terrestrial sources) and sulphate (as non-sea
salt sulphate from the oxidation of DMS and/or anthropogenic sources) on CCN composition over the GBR. The peak in
observed N10 on 19 March 2023 was also evident in the SOa4, organic and BC aerosol masses, and in the model, although
occurred approximately 48 hours earlier in the model. The magnitude of the peak in SO4 aerosol mass was overestimated,

leading to an overall positive model bias (Table 3).

The offset in the timing and magnitude of sporadic emission events (such as the observed peak in aerosol number
concentration and masses on 19 March 2023) may be due to a number of factors, including the overestimate of wind speed in

the model at the sheltered Heron Island Research Station (particularly from 17 March 2023, see Appendix B) or point source
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emissions that may not be fully captured at the spatial and temporal resolution of the atmospheric model. While there is
room for improvement, the model captured the observed variability in aerosol composition well (Table 3), including at the
diurnal scale, which can be difficult to model from monthly mean emission fields. Although, the model accounts for some

diurnal variability by scaling the offline oxidant monthly mean fields to ‘mimic’ the diurnal cycle.

4.1.2  Aerosol optical depth

Measured AOD at the AERONET Lucinda site was highly variable, ranging from 0.07 — 0.29 (mean 0.14) in February 2022
and 0.04 — 0.11 (mean 0.07) in March 2023 (Fig. 7). The control simulation captured this variability well during both
campaigns (Fig. 7), with occasional biases in the hourly datasets leading to respective NMBF values of -0.08 and 0.41. The
revised aerosol setup improved agreement with observed AOD (mean bias <0.02, Table 3), with the NMBF reducing to -0.03

in February 2022 and 0.25 in March 2023, indicating reasonable agreement with the observations.
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Figure 7. Measured and modelled aerosol optical depth (AOD) at the AERONET Lucinda site in (A) February 2022 and (B)
March 2023.

4.2  Seawater temperature and PAR

The modelled seawater temperature across the shallow lagoon, reef slope and deep sites were broadly consistent with
observations from the ECORRAP monitoring sites at Davies Reef and Heron Island (Fig. 8). The mean and overall trends in
SST were captured by the model in 2022 and at Heron Island in 2023, although diurnal variability in observed temperature
was more variable. Bathymetry and hydrodynamic processes (such as heating of shallow lagoon waters and upwelling along
the reef slope) influence seawater temperature across the reef zones at sub-kilometre scales, which are not expected to be

fully-resolved by the GBR4 model (~4 km horizontal grid spacing).
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Figure 8. Measured and modelled hourly mean seawater temperature at the Davies Reef (solid) and Heron Island (dashed)
EcoRRAP monitoring sites situated in the (top) shallow lagoon, (middle) shallow reef front and (bottom) deep reef front zones. No
temperature data was available from the Heron Island deep reef front site in February 2022 or lagoon site in March 2023.

Temperature was highly variable at the Heron Island lagoon site in February 2022, with a diurnal range of > 2°C on most
days in the lead up to the 2022 mass coral bleaching event (Fig. 10A). While the model underestimated the full diurnal range
at this site, the means were generally consistent until late February 2022, after which doldrum conditions (increased air
temperature and low winds; Fig. B1) contributed to warming of the shallow reef waters, particularly in the lagoon (Fig.
10A). Similarly, a warming event was observed in mid-March across all reef zones at both locations (Fig. 8B, D, F). The
increase in temperature was captured by the model at Heron Island but underestimated at Davies Reef. Despite the local
variability across reef zones not being fully captured by the GBR4 model, the bias metrics indicate good overall agreement
between the measured and modelled seawater temperature with latitude and depth (absolute mean bias < 0.72°C, absolute

NMBF < 0.03 and statistically significant correlations at p<0.001, Table 4).
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Table 4. Observed and modelled mean and model bias metrics for seawater temperature (°C) and PAR (mol m hr') at Heron
Island and Davies Reef lagoon, shallow reef front and deep reef front monitoring sites in February 2022 and March 2023.

2022 2023
Variable Site” Observed Modelled NMBF Correlation® Observed Modelled NMBF Correlation”
Heron 27.29 26.57(-0.72)  -0.027 035 - - - -
lagoon
Heron 27.14 26.64 (-0.51)  -0.019 056 27.38 27.14 (-0.24)  -0.009  0.78
shallow
i‘j"“ - - - - 27.36 27.14(-0.22)  -0.008 0.81
Temperature P
Q) Davies
29.01 29.17(0.15)  5.3x10%  0.71 28.73 28.24(-0.49) -0.018 0.35
lagoon
Davies 28.94 29.15(0.21)  7.3x10°  0.77 28.64 2822 (-042) -0.015 027
shallow
(?;Vp‘es 28.86 29.12(0.25)  8.8x103  0.78 28.55 28.21(-0.35) -0.012 023
Heron 0.30 0.32 (0.02) 0054 091 0.32 0.26(-0.06) 025  0.87
PAR deep
mol m? hr! ;
( ) Davies 0.37 0.49 (0.12) 0.33 0.87 0.32 045(0.13) 041 091

deep

*All correlation coefficients are statistically significant at p<0.001."At Heron Island and Davies Reef, n=672 in 2022 and n=744 in 2023.

Simulated PAR at the EcCORRAP reef front sites was also consistent with observations for most of the 2022 and 2023

campaigns (Fig. 9), with an absolute NMBF < 0.41 and Spearman’s correlation coefficient > 0.87 (p<0.001) indicating

moderate agreement between the measured and modelled PAR (Table 4). At Davies Reef, the midday peaks in underwater

PAR were often overestimated by the model, although the mean bias was low (< 0.13 mol m hr'!). Conversely, the midday

peaks at Heron Island were occasionally underestimated, particularly during the warm period in mid-March 2023 (Fig. 9D).

The PAR sensors are situated at a depth of approximately 13 m at Davies Reef and 14.5 m at Heron Island, representing light

near corals. The PAR biases may be due to small-scale differences in sea surface albedo and water column composition

along the reef slopes that are not fully represented in the GBR4 model. Even so, the overall mean and daily variability are

captured, indicating that the model adequately represents irradiance, both at the surface and attenuated through the water

column.
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Figure 9. Measured and modelled hourly mean photosynthetically active radiation (PAR) at the EcoORRAP deep reef front
monitoring sites at (top) Davies Reef and (bottom) Heron Island in (left) February 2022 and (right) March 2023.

5 Discussion

The ACCESS-EMS-GBR model described here was designed to assess the feasibility and impacts of MCB in the GBR,
which has been suggested as a way mitigate the severity of coral bleaching. Several atmospheric models are needed to assess
the efficacy and impacts of MCB, covering spatial scales ranging from cloud parcel models to assess impacts at the cloud
microphysical scale, to global models to assess the large-scale impacts. The ACCESS-EMS-GBR model can assess impacts
at global to regional (~4 km horizontal resolution) scales, with the added capability of simulating impacts in the underlying

coral reef and capturing feedbacks due to changes in heat fluxes at the sea surface.

The model is unique in that it is the first regional model to represent detailed aerosol, cloud microphysics and radiative
processes in the atmosphere, as well as hydrodynamics, biogeochemical properties, ecology and coral reef processes in the
marine environment. Fluxes of heat, moisture and radiation between the atmosphere and sea surface are captured, with
subsequent effects on mixing and ecological processes in the ocean (e.g. through changes in temperature and light) also

represented.

The model captures measured meteorology, aerosol and seawater temperature and PAR reasonably well in the GBR. The
revised aerosol setup described in Sect. 2.1.2 substantially improved the initial bias in simulated aerosol number
concentration. The improvement in N10 was largely due to the inclusion of organic-mediated BLN, forming new particles at
a rate that is determined by the concentration of gas-phase sulfuric-acid and secondary organic species (Metzger et al., 2010),
derived from the oxidation of monoterpenes. Revising the monoterpene emission source to represent emissions from

terrestrial vegetation (which are an order of magnitude larger than anthropogenic emissions by mass over north-eastern

25



595

600

605

610

615

620

625

https://doi.org/10.5194/egusphere-2026-2761
Preprint. Discussion started: 16 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Australia) increased sources of secondary organics in the model, contributing to new particle formation and subsequent

growth to the Aitken and accumulation modes.

The strong influence of terrestrial secondary organics on particle number concentration is surprising over the GBR, given the
dominance of south-easterly trade winds during both campaigns (see Appendix B). It is possible that interpolation of the
coarse resolution (N216) global monoterpene emissions onto the regional NE AUS grid led to some overlap at the land-sea
boundary, close to Heron Island and Davies Reef. While BLN correctly increased simulated N10, the BLN rate should
perhaps be influenced by both marine and terrestrial organic sources and could improve the model agreement with sporadic
emission events observed during both campaigns. Nonetheless, the results support previous findings that aerosol over the
GBR is influenced by organic emissions transported from Queensland in both marine and continental influenced air masses

(Horchler et al., 2025; Mallet et al., 2016).

While enabling BLN with the revised aerosol emissions and assumptions improved the model agreement with observed N10,
biases in the Aitken and accumulation mode number concentrations persist, leading to an overestimate of CCN. The changes
led to an increase in the Aitken and accumulation mode particle number concentrations but not the modal mean diameters,
suggesting that new particle formation and growth dominated over the condensational sink, in which a shift in the modal

diameters would have also been expected.

Similarly, Duncan et al. (2026) found that the modelled aerosol size distribution in the UK Earth System Model (UKESM)
v1.0 (UKESM1.0, which uses the same aerosol scheme in a global configuration) responded to a volcanic emission event
(producing high concentrations of Aitken mode aerosol) by increasing the Aitken and accumulation mode particle number
concentration without significant growth of the mean diameter of either mode. When organic mediated BLN was enabled in
UKESM1.0, the volcanic emission event increased both the accumulation mode mean diameter and particle number
concentration, indicating that BLN contributed to both the mass of pre-existing aerosol and the number of aerosol particles.
Our results align closely with the UKESM1.0 case study without BLN, possibly reflecting the reduced SOA yield and thus,
BLN rate in the GBR simulations, leading to an overall increase in particle concentration rather than mass of pre-existing

aerosol.

He et al. (2026) demonstrate that UKESM1.1 underestimates the Aitken mode (as was observed over the GBR), despite
overestimating concentrations of aerosol precursors, and suggest that the Aitken mode bias is due to missing new particle
formation pathways (such as marine boundary layer nucleation), involving species such as marine organic vapours. As
discussed above, the organic concentrations that drive the organic-mediated BLN rate in GLOMAP-mode are entirely
derived from terrestrial monoterpenes. However, the coral reef is also a source of organic vapours (Deschaseaux et al., 2025)

that are not currently represented in the model.

Another possible source of bias in the Aitken and accumulation mode number concentrations is the terrestrial emission size

assumptions. Currently, organic and black carbon emissions from biofuel and biomass burning are assumed to have a mean
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dry diameter of 150 nm (Stier et al., 2005) and thus contribute primarily to the accumulation mode. Several studies report
biomass burning emissions with geometric mean diameters ranging from approximately 30-160 nm (L. Chen et al., 2019;
Pokhrel et al., 2021; Reid et al., 2005), with size depending on measurements of fresh or aged smoke, flaming or
smouldering combustion and vegetation type, with one study reporting eucalypt burning emissions in the ~30-50 nm size
range (Pokhrel et al., 2021). Similarly, several studies report biofuel emission size distributions with median dry diameters
ranging from approximately 50-150 nm, depending on biofuel type (Di et al., 2010; Tiwari et al., 2014). The emission size

assumptions in the model could reasonably be adjusted so that a larger portion contributes to the Aitken mode.

The effect of such model and aerosol emission adjustments on the simulated aerosol size distribution will be investigated as
part of ongoing model sensitivity studies and developments. Future iterations of the model will also use a later version of the
UM that includes updates to reflect recent science, including a bug fix for the calculation of hygroscopicity in the aerosol

scheme (see UKCA Ticket #106).

Biases in the modelled accumulation mode and CCN number concentration can be improved however, the revised aerosol
setup presented here is considered to be a good compromise for future MCB studies over the GBR. While CCN are the most
relevant aerosol class for assessing impacts to cloud properties, the total acrosol load is also important in determining the rate

of condensational growth and thus, the number of particles reaching the CCN activation size.

While no assessment of clouds is presented here, the reasonably good agreement of surface-level CCN at a range of
supersaturations (representing a range of possible updraught conditions) suggests that the model can adequately capture
cloud droplet number concentration, particularly with the revision of the Abdul-Razzak and Ghan (2000) activation scheme
(Ghosh et al., 2025). The model also reproduced underwater PAR at a depth of approximately 15 m at Heron Island and

Davies Reef reasonably well, suggesting that cloud cover and microphysical properties are adequately captured.

A detailed evaluation of cloud properties will be presented in future work alongside an assessment of the impacts of sea
spray aerosol emissions for MCB on clouds, precipitation, radiation, temperature and ecological processes in the coral reef.
The potential for MCB to mitigate coral bleaching will be assessed by quantifying changes in physical metrics such as
Degree Heating Weeks (Liu et al., 2006) and simulated variables such as the concentration of reactive oxygen species in

corals (Ellis et al., 2025) which can contribute to oxidative damage and bleaching (Lesser, 2011).

The capabilities of ACCESS-EMS-GBR make it well suited for studying various other ocean-atmosphere processes in the
GBR, such as the impact of changes in temperature on precipitation or tropical cyclone intensity over the coral reef and
north-eastern Australia. The model also provides the foundation for development of a regional earth system model. A
regional earth system model, with representation of atmospheric dynamics and composition, and physical and biological

processes in the coral reef, would enable numerous detailed studies of the GBR region.

Further work is needed to expand the atmosphere and ocean coupling to include other fields, such as the deposition of dust

and black carbon from the atmosphere, which can influence nutrient concentrations in the ocean. Emissions of marine
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aerosol (e.g. primary marine organics) and precursors (e.g. DMS) can also be coupled by prescribing sea surface
concentrations simulated by the GBR4 model. The more accurate the prescribed emission fields are, the better the model is
able to simulate aerosol fields (and subsequent impacts on clouds and radiation), as is demonstrated in the Results. Emissions
of aerosol and precursors are currently simulated using monthly mean fields in ACCESS-EMS-GBR. While the model
adequately captures measured aerosol over the GBR, the model skill in capturing sporadic, short-term variations in aerosol
fields (such as changes in non-sea salt sulphate aerosol due to DMS emissions from the coral reef, Swan et al., 2017) could

be further improved by refining the emission sources.

Further work is also needed to reduce the time-lag between the atmosphere and ocean models in ACCESS-EMS-GBR. This
could be achieved by increasing the coupling frequency (e.g. from daily to 12-hourly), with an added computational cost, or
by extrapolating the coupled sea surface fields forward through time. Alternatively, a more sophisticated coupling approach
could be implemented, using a dedicated coupling system such as the Ocean Atmosphere Sea Ice Soil Model Coupling
Toolkit (OASIS3-MCT), used to couple the global ocean and sea ice models in the ACCESS Ocean Model (ACCESS-OM2,

Kiss et al., 2020), or its successors.

A dynamic catchment model could also be incorporated into the GBR4 model. Currently, freshwater inputs into the GBR are
prescribed by outputs from the Dynamic SedNet catchment model (Ellis, 2018; McCloskey et al., 2021). Coupling the
catchment model would allow freshwater flows to respond to any possible changes in precipitation simulated by the

atmospheric model, as can occur with changes in aerosol emissions or convective processes.

There is also potential to include higher-resolution nested domains in both the atmosphere and ocean models. The RNS
allows for one-way nesting of multiple limited area domains, with progressively smaller grid-box spacing (down to ~100 m).
Additional regional domains could be nested within NE AUS, with kilometre-scale grid-spacing over small regions of the
GBR. The eReefs modelling system also includes a higher-resolution GBR1 configuration (~1 km grid-spacing) that may be
nested within GBR4. The higher-resolution atmospheric and ocean models are computationally expensive to run but can
provide detailed information on local-scale processes over the coral reef, such as variability in light, temperature and coral

bleaching.

While development of a regional earth system model is an aim for future work, the simple and flexible coupling approach
currently used in ACCESS-EMS-GBR minimises developmental overhead and meets the requirements for simulating the
MCB intervention. The model configuration described here will therefore be used for sensitivity studies, to identify the
optimal sea spray aerosol emission scenario for achieving a surface cooling effect over the GBR, while minimising the

magnitude of sea spray aerosol emissions and the potential for unintended consequences over north-eastern Australia.
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6 Conclusions

The ACCESS-EMS-GBR coupled atmosphere-ocean model is a valuable tool for studying ocean and atmosphere processes
in the GBR region. Distinctive features of the model are its detailed representation of the dynamics and composition of the
atmosphere and the marine environment as well as ecological processes in the coral reef. In this paper, we have described the
setup of the regional atmosphere and ocean models and the coupling framework, and evaluated the model skill in simulating
measured atmospheric and seawater variables in the GBR. The model simulates measured meteorology, aerosol and seawater
temperature and PAR reasonably well. Biases in simulated aerosol were improved by revising the emission sources and
assumptions, and by enabling new particle formation via organic-mediated boundary layer nucleation, highlighting the
importance of capturing regional emission sources and processes in high-resolution models. These model revisions enable
the simulation of MCB over the GBR. Although, further work is needed to investigate the aerosol emission size assumptions
in the model, with tuning likely needed to better represent the aerosol size distribution over the GBR region. The model
provides the foundation for development of a regional earth system model, with pathways for future development provided
in the Discussion. A regional model with coupled aerosol-cloud microphysics and representation of marine biogeochemistry

and the coral reef ecosystem would be an innovative tool for atmosphere-ocean research.

Appendix A: Surface heat fluxes

An important consideration in coupling the atmospheric and ocean models is ensuring that heat fluxes are balanced. In the
GBR4 hydrodynamic model, sensible and latent heat fluxes are parameterised and are proportional to the temperature
gradient across the atmosphere and sea surface, which is influenced by near-surface winds, humidity, precipitation and solar

radiation, all of which are prescribed by the atmospheric model.

In the atmospheric model, radiation is simulated by the SOCRATES scheme. Radiative transfer is represented in six short-
wave bands and nine long-wave bands, which respond to concentrations of gas-phase species (such as greenhouse gases and
water vapour), aerosol and clouds to simulate the total amount of SWR at the surface. Sensible and latent heat fluxes are
derived in a similar manner to the hydrodynamic model, using the air-sea surface temperature gradient (derived from
simulated air temperature and prescribed SST), wind stress and the gridbox mean surface transfer coefficients for heat and

moisture for ocean grid boxes.

Heat fluxes are balanced as best as possible in the coupled model by exchanging atmospheric (radiation, cloud cover, winds,
dew point, precipitation) and ocean fields (SST) that are used to derive heat fluxes between each model. In summer, a net
loss of heat from the ocean to the atmosphere typically occurs over the shallow, warm waters of the GBR lagoon (Fig. Al),
where evaporation can affect humidity and convective processes (McGowan et al., 2022). Conversely, a net positive heat
flux can occur along the continental shelf in both the atmospheric and ocean models, largely driven by a smaller latent heat

flux due to upwelling of cooler waters. The shift towards a net positive heat flux was particularly evident in late February
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2022, when the magnitude of latent heat fluxes decreased, coinciding with the onset of doldrum conditions (characterised by

low wind speeds, less latent heat flux and rapid warming of the reef) in the lead up to the 2022 mass coral bleaching event.
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Figure A1. ACCESS-EMS-GBR simulated surface net heat flux in February 2022, simulated by the (A) atmospheric model and
(B) the ocean model as a time-average and (C) as a time-series area-averaged over the GBR4 domain. Air to sea heat fluxes are
positive, while losses of heat from the ocean to the atmosphere are negative.
725

The magnitude of net heat fluxes are approximately balanced in the atmospheric and ocean models, with both spatial and
temporal variability aligning within the GBR4 domain (Fig. Al). Small differences in surface downwelling long-wave

radiation, latent and sensible heat fluxes are present, in part due to small differences in the model grid box area between the
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atmosphere (regular grid) and ocean models (curvilinear grid). For example, 10 W m™ of surface solar radiation at Heron
Island (-23.44°S, 151.91°E) is equivalent to 181.35 mW when integrated over the closest atmospheric grid box (18.14 km?)
and 187.89 mW when integrated over the GBR4 grid box at the same location (18.79 km?). Small differences in the net heat
flux are also expected when using the lagged SST to force the atmospheric model (resulting in lagged effects of SST on
sensible and latent heat fluxes in the atmosphere), and possibly due to differences in the parameterisations used to calculate
surface heat budgets in the atmospheric and ocean models. Although, keeping the inputs to these parameterisations

consistent where possible should minimise the impact of such limitations.

While this may be problematic for climate simulations (over years to decades), where small imbalances can propagate and
induce artificial trends, the purpose of the regional domain is to provide information over short time-scales of days to months
(e.g. to simulate a coral bleaching event). Further, heat fluxes are constrained in the models at the domain boundaries and
during re-initialisation of the atmospheric model from the global nudged simulation, preventing imbalances from amplifying

significantly through time.

Appendix B: Validation of simulated meteorology

The Australian Institute of Marine Science (AIMS) Northern Australia Automated Marine Weather and Oceanographic
Stations provide measurements of air temperature (°C), pressure (hPa), wind speed (m s') and wind direction (degrees).
These data were obtained from an automated weather station (AWS) at Davies Reef (18.83°S, 147.63°E) and Heron Island
(23.44°S, 151.91°E) for February 2022 and March 2023 (Australian Institute of Marine Science, 2020). Modelled
meteorological fields were interpolated to a height of 10 m and 6 m above sea level for consistency with the observed
meteorological data at Davies Reef and Heron Island, respectively. These data are available from the AIMS Data Repository

(https://apps.aims.gov.au/). No meteorological data was available from the AIMS Heron Island weather station in March

2023. However, an automated weather station was operating on the Heron Island Research Station during the March 2023
field campaign. The meteorological measurements at the Heron Island Research Station are instead compared with the

modelled meteorology in March 2023.

The model reproduced the observed meteorology well at both Heron Island and Davies Reef during the February 2022 and
March 2023 campaigns (Fig. B1). At Heron Island in 2022, modelled air temperature (NMBF = -4.4x1073, mean bias = -
0.12°C), air pressure (NMBF = -2.0x10*#, mean bias = -0.19 hPa) and wind speed (NMBF = 0.01, mean bias = 0.1 m s™)
were consistent with observations, with less than 1.2% difference between the modelled and observed means, and correlation
coefficients that are statistically significant at p<0.01 (Table B1). Modelled wind direction was biased East during the first
three days of February 2022, although was consistent with observations for the remainder of the campaign (mean bias = -

15.62 degrees).
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Figure B1. Measured (black) and modelled (blue) hourly mean air temperature, air pressure, wind speed and wind direction at
(left) the AIMS Heron Island AWS in February 2022 and (left-centre) the Heron Island Research Station in March 2023, and at
the AIMS Davies Reef AWS in (right-centre) February 2022 and (right) March 2023.

At the Heron Island Research Station in March 2023, the model reproduced air temperature (NMBF = 0.02, mean bias =
0.61°C), air pressure (NMBF = 1.8x107, mean bias = 1.87 hPa) and wind direction (mean bias = -14.19 m s™!) reasonably
well, but overestimated wind speed (NMBF = 1.50, mean bias = 3.55 m s!). The Heron Island Research Station is more
sheltered than the AIMS AWS, which is situated on the exposed eastern side of the reef. The horizontal grid spacing of the
atmospheric model makes it best suited to capturing the more exposed conditions and may explain the poorer overall

agreement between the measured and modelled meteorology at the Heron Island Research Station in March 2023.

At Davies Reef, modelled air temperature and air pressure had very good agreement with observations in February 2022 and
March 2023 (NMBF < 0.02), again with less than 2% difference between the modelled and observed means and statistically
significant correlation coefficients (Table B1). Modelled wind speed (NMBF < +0.09) and direction (mean bias < -20
degrees) were also well represented (Table B1). The diurnal range of air temperature and air pressure were not fully captured
at Davies Reef, possibly reflecting small-scale convective processes that are not captured at the ~4 km horizontal grid
spacing of the atmospheric model. However, the overall variability in simulated meteorology was consistent with

observations (Table B1).
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Table B1. Observed and modelled mean and model bias metrics for meteorological variables at Heron Island and Davies Reef in

780  February 2022 and March 2023.

Heron Island

Heron Island

Davies Reef

Davies Reef

Variable Metric 2022 2023 2022 2023
Observed mean (°C) 26.03 (n=672) 25.97 (n=620) 27.65 (n=669) 27.86 (n=726)
Modelled mean (and
Air bias, °C) 25.91 (-0.12) 26.58 (0.61) 28.10 (0.45) 27.82 (-0.04)
temperature
NMBF -4.4x1073 0.02 0.016 -0.002
Correlation” 0.65 0.40 0.57 0.54
Observed mean (hPa) 1008.37 (n=667) 1010.55 (n=620) 1005.81 (n=666) 1009.06 (n=720)
Modelled mean (and
Air bias, hPa) 1008.18 (-0.19) 1012.42 (1.87) 1005.75 (-0.05) 1009.38 (0.32)
pressure
NMBF -2.0x10* 1.8x10-3 -0.034 3.0x10*
Correlation” 0.94 0.95 0.73 0.93
Observed mean (ms™))  8.09 (n=673) 2.37 (n=620) 6.73 (n=673) 6.0 (n=728)
gl"de”e‘_ilmean (and ¢ 19 (0.10) 5.93 (3.55) 6.51 (-0.22) 6.51 (0.51)
Wind speed ias, m s
NMBF 0.012 1.50 -0.034 0.085
Correlation” 0.79 0.67 0.73 0.84
Observed mean _ _ _ _
143.35 (n=673) 136.89 (n=620) 142.1 (n=673) 137.44 (n=729)
. (degrees)
Wind
direction Modelled mean (and

bias, degrees)

127.73 (-15.62)

122.70 (-14.19)

137.84 (-4.26)

118.34 (-19.11)

*All correlation coefficients are statistically significant at p<0.001.
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Code availability
Obtaining the UM and UKCA code:

The Unified Model (UM) and United Kingdom Chemistry and Aerosol (UKCA) code and documentation are available under

a closed license agreement from the UK Met Office Science Repository Service (https://code.metoffice.gov.uk/). A number

of research organisations and national meteorological services use the UM and UKCA in collaboration with the Met Office

to undertake research, produce forecasts, develop the code and build and evaluate models. Information on how to apply for a

license can be provided by contacting scientific_partnerships@metoffice.gov.uk. Further information is available from the

UM (https://www.metoffice.gov.uk/research/approach/modelling-systems/unified-model, last access: 27 May 2026) and

UKCA (https://www.metoffice.gov.uk/research/approach/collaboration/jwerp/ukca, last access: 27 May 2026) Met Office

webpages.

Obtaining Rose and Cylc:

The UM is compiled and run from suites, using the Rose suite engine (available from https://github.com/metomi/rose, last

access: 27 May 2026) (Shin et al., 2025) and Cylc workflow scheduler (available from https://cylc.github.io/, last access: 27
May 2026) (Oliver et al., 2019). Further information on Rose Cylc configurations are available at https://cylc.github.io/cylc-

doc/stable/html/plugins/cylc-rose.html (last access: 27 May 2026). Both Rose and Cylc are available under a GNU General

Public License.

Obtaining the ACCESS-EMS-GBR v1.0 model configuration:

The ACCESS-EMS-GBR v1.0 model suite configuration is available to any licensed user of the UM via the Met Office

Science Repository Service at https://code.metoffice.gov.uk/trac/roses-u/. The suites have the identifier ‘u-ds142’ (control

aerosol setup, at revision 353745) and ‘u-dn070’ (revised aerosol setup, at revision 353734). The ancillary files required to
run the nested atmospheric domains were generated by the Regional Ancillary Suite with identifier ‘u-dr306° (at revision

326287).

Additional code branches required to enable sea salt emissions into the soluble Aitken mode are available from the UM and
UKCA repositories (um.xm/branches/dev/matthewwoodhouse/vn13.0_SSinAit and
ukca.xm/branches/dev/matthewwoodhouse/um13.0_SSinAit), with additional branches to enable the diagnostic output of

primary sea salt emissions to the soluble Aitken mode (um.xm/branches/dev/rebeccajackson/uml13.0_AitSSflux and
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ukca.xm/branches/dev/rebeccajackson /um13.0 AitSSflux). The revised primary marine organic emission assumptions are

implemented in ukca.xm/branches/dev/matthewwoodhouse /um13.0 PMOC size.

The modified Abdul-Razzak and Ghan (2000) activation scheme, as per the recommendations of Ghosh et al. (2025), is
implemented in a UKCA branch for UM v13.0, derived from Andy Jones’ revisions for a later version of the model
(ukca.xm/branches/dev/rebeccajackson /um13.0_Ghosh_2025, derived from
ukca.xm/branches/dev/andyjones/um13.8  ARG2024).

For this paper, ACCESS-EMS-GBR was run and the output stored on NCI. A User Guide for running the ACCESS-EMS-
GBR model at NCI is provided in the Supplementary Material.

Obtaining the EMS code:

The EMS model code and documentation are available from the EMS webpage: https://research.csiro.au/cem/software/ems/
(last access: 27 May 2026). A permanent link to the EMS code used in ACCESS-EMS-GBR v1.0 is available under release
1.5.3 (https://github.com/csiro-coasts/EMS/releases/tag/v1.5.3, last access: 27 May 2026) (CSIRO, 2024) and also from the
CSIRO Data Portal (https://doi.org/10.25919/a34v-3d81; CSIRO, 2021). Further information on the GBR4 configuration is

available on the eReefs project webpage (https://research.csiro.au/ereefs/models/, last access: 27 May 2026).

Analysis:

The analysis scripts used to compare the modelled and observed variables, as well as a script with example model outputs

and visualisations are available at https://github.com/rebeccajacksonl/access-ems-gbr (last accessed: 27 May 2026).

Data availability

The RRAP-CS field campaign datasets are not currently publicly available but may be provided upon request. The eReefs
GBR4 hydrodynamic and biogeochemical hindcast outputs used to initialise the ocean model are available on NCI to users
registered to project ‘th54: Coastal Numerical Modelling Collaboration Hub’. The BRAN2020 reanalysis products are
available on NCI under project ‘gb6: Bluelink Ocean Reanalysis Data Collection’. The AERONET Lucinda AOD data are
available from https://aeronet.gsfc.nasa.gov. The AIMS Weather Station and Mooring datasets, and EcoORRAP seawater

datasets, are available from https://aims.gov.au/data.
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