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Ship fuel sulfur content regulations may
exacerbate mass coral bleaching events
on the Great Barrier Reef
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Global shipping fuel sulphur content regulations introduced in 2020 reduced the radiative cooling
effects of sulfate aerosol over the ocean. Here we use the WRF-Chem model to estimate the effect
these regulations have had on aerosols, clouds and solar radiation at the Great Barrier Reef, where
climate change is increasing the frequency of mass coral bleaching events. During February 2022, the
build-up to a La Nifia mass coral bleaching event, we find 11 Wm™2 extra daytime downwards
shortwave radiation reaches the reef post-sulfate regulation, compared to the control pre-regulation
scenario. The enhancement is dominated by clear-sky-only forcing changes and less severe in
cloudier and windier periods. Persistent incoming shortwave radiation enhancements on the order of
5-11 Wm™2 likely lead to sea-surface temperature increases of 0.05-0.15 °C, implying that during
bleaching-conducive conditions, 5-10% additional thermal stress is felt by GBR corals now than

before the regulation of ship sulfate emissions.

Australia’s Great Barrier Reef (GBR) is under severe threat from climate
change'”. As ocean temperatures increase, coral bleaching events are
becoming increasingly frequent, with mass bleaching events occurring in
1998, 2002, 2016, 2017, 2020, 2022 and 2024". Coral bleaching occurs as
the symbiotic relationship between corals and their algal symbiont
organisms breaks down under thermal stress, leaving the coral exposed
and at high mortality risk’. While rising ocean temperatures are under-
stood to be the primary cause of mass coral bleaching, enhanced solar
radiation has also been associated with GBR bleaching events’ and
research suggests the severity of bleaching events can be mitigated by
natural or artificial shade’ . The opportunity of shading reefs has led
scientists to propose marine cloud brightening (MCB) on the GBR,
which utilises aerosols and aerosol-cloud interactions to reduce the
amount of solar radiation reaching the ocean surface' ™.
Simultaneously, an unintentional geoengineering effect has occurred
over the world’s oceans, including the GBR, with ship aerosol and gaseous
emissions perturbing the local radiation balance. Primary and secondary
sulfate aerosol from ships interacts with radiation directly, as well as
indirectly by acting as cloud condensation nuclei (CCN)"*. Extra CCN alters
cloud properties by dividing the available cloud water among more droplets,
decreasing the size of the cloud droplets and thereby enhancing cloud
albedo, cloud lifetime, and optical depth'®"”. Ship-polluted clouds can also
exhibit liquid water path increases, which also enhances cloud albedo'®. This

effect has been observed in satellite images of ship tracks, with marine cloud
cover and albedo enhanced above regions of high ship traffic'®"’. Recent
research also shows a substantial radiative forcing effect due to liquid water
path enhancements within marine clouds, even when ship tracks are not
visible in satellite images'*.

Australia relies on the maritime industry for more than 99% of its
imports and exports by volume, and shipping is expected to constitute a
large portion of the country’s transport sector into the future®. Ships in the
GBR region cause a deterioration in air quality in and around Queensland
port cities and coastal regions’** as well as other parts of Australia™,
Europe™ ™, Asia” ™, and the Americas™ . Primary emissions from the
shipping industry include sulfur dioxide (SO,), carbon monoxide (CO) as
well as sulfate (SO27), black (BC) and organic carbon (OC) aerosol as
depicted in Fig. 1. Ships also emit greenhouse gases such as carbon dioxide
(CO,), methane (CH,) and nitrous oxide (N,0)” as well as perturbing
tropospheric ozone (Os) and CH, by emission of volatile organic com-
pounds (VOCs) and nitrogen oxides (NO, = NO + NO,)***. The overall
radiative impact has been modelled on global'>* and regional™* scales,
with Partanen et al. (2013) determining that the effective radiative forcing
from shipping aerosol emissions in 2010 was —0.39 W m ™ *.

With the strengthening of global ship fuel-sulfur content (FSC) reg-
ulations in 2020, some of the flow-on effects of ship-emitted aerosols on the
short-wave radiation term of the ocean heat budget have been reduced.
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Fig. 1 | Summary of STEAM emissions in WRF-Chem. a Map of the WRE-Chem
simulation domain over north-eastern Australia and the Coral Sea, showing total
NO, emissions from shipping, post-FSCO5 regulation, during the 18-28 February
2022 simulation period. Yellow markers show major Queensland cities: Cairns
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(pentagon), Townsville (triangle), Gladstone (diamond), and Brisbane (circle). The
extent of the GBR World Heritage Area is indicated by the shaded red region. b The
proportion, by mass, of all pollutants emitted by ships during the simulation period,
in the pre-FSCO05 scenario. ¢ Same as b but for the post-FSC05 scenario.

These regulations, welcomed for their health benefits in reducing local air
pollution®, reduced allowable sulfur content from 3.5% to 0.5% (FSC05)*".
Recent research has suggested that the ensuing reduction in SO~ aerosol
load over the oceans has resulted in a net increase in radiative forcing relative
to pre-2020 conditions* ™. Some studies suggest that this may explain a
major proportion of recent global warming acceleration trends**’, while
other recent work found that surface temperature changes due to ship
emission regulations may only be significant in some small oceanic
regions”. Findings regarding enhanced warming due to ship emission
changes align with recent research focusing on aerosol ‘demasking’ of
Greenhouse gas warming over land and the risks posed to vulnerable
communities**** and highlight the importance of balancing air pollution
mitigation and energy transition policies with rapid reductions in green-
house gases.

Here, we quantify for the first time, to the best of our knowledge, the
role of shipping emissions in reducing incoming solar radiation to the GBR
and examine the impact of the 2020 FSC05 regulations on coral bleaching
potential.

Results and discussion

Ship emissions

We examine ship-mediated aerosol-cloud-radiation interactions over the
GBR by implementing a state-of-the-science ship emissions inventory
(STEAM, the Ship Traffic Emissions Assessment Model version 2*°~*") in the
Weather Research and Forecasting model coupled to chemistry
(WRF-Chem,*), see the “Methods” section). Figure 1a shows how the ship
emissions are distributed spatially in the simulation domain. The spatial
pattern of emissions seen for NO, holds for all emitted species: emissions are
concentrated in the southern part of the domain, emanating from the major
port of Brisbane. A major shippinglane is evident roughly following the 153°
longitude line northwards from the coast, outside the GBR, taking con-
siderable import and export traffic to and from Australia’s largest cities on
the east coast. Smaller emission hotspots are evident in and around the GBR,
especially near the ports of Cairns, Townsville and Gladstone.

Figure 1b shows the proportions, by mass, of pollutants in the pre-
FSCO5 inventory. This is the sum of all emissions from 18 to 28 February
2022, the initial simulation period, with NO, and sulfur dioxide (SO,)
being the dominant pollutants. The mass of emitted NO,, VOCs, CH,
and carbon monoxide (CO) is unchanged post-FSCO05 (Fig. 1c), with
reductions of —79% for SO,, —76% for SO?[ aerosol, —45% for organic
carbon (OC) aerosol and —57% for black carbon (BC) aerosol. This
comparison highlights the dramatic reduction in SO3~ and the relative
increase of NO, dominance, post-FSC05 regulation. STEAM assumes
that the change in fuel grade to low fuel sulfur content is accompanied by
reductions in BC and OC emissions following the emission factors in

Grigoriadis et al. (2021)”. We chose three simulation periods with
varying prevailing meteorology, as discussed below, and for each simu-
lated three ship emission scenarios. (A) “post-FSC05”, which is the
contemporary ship emission scenario after sulfate content regulation; (B)
“pre-FSC05”, which is a counterfactual scenario with ship emissions as
they would have been prior to the fuel sulfate regulation; and (C)
“NoShips”, which is a second retrospective scenario with ship emissions
removed from the emission fields, allowing us to diagnose the absolute
impact of ship pollutants on atmospheric chemistry and radiation at
the GBR.

Meteorology during the simulation periods
We explored three simulation periods with contrasting weather condi-
tions and coral bleaching outcomes. We first simulate the period 18-28
February 2022 because this was in the lead-up to the 2022 mass coral
bleaching event. Surface meteorological conditions are shown for Davies
Reef in the central GBR in Fig. 2, with <7% normalised mean bias (NMB)
for the model compared to observations. Figure 2a shows that 18-28
February 2022 was characterised by moderate south-easterly trade winds
between 18 and 24 February, before winds slackened and turned
northerly on 25 February. During the period of light northerly winds,
doldrum-like conditions were set up, and air temperatures increased to
over 29 °C at Davies Reef. This was associated with strong downwards
shortwave solar radiation flux, well above the 1997-2022 mean for this
time of year, contributing to enhanced sea surface temperatures and
conditions conducive to the mass bleaching event™. This event was
notable for being the mass coral bleaching event to occur at the GBR
during La Nifia conditions™” with 91% of coral reefs surveyed by the
Great Barrier Reef Marine Park Authority (GBRMPA) suffering
damage™. Additional model evaluation is shown in Figs. $2 and S3 in
the Supplementary Information.

The second simulation period is a year later, 3-14 February 2023.
We choose this period as meteorological conditions are similar to 18-28
February 2022, with periods of south-easterly trade winds and periods at
the start and end of the simulation with light, northerly winds, as shown
in Fig. 2b. However, the northerly periods in early February 2023 did not
result in air temperature enhancements and incoming solar radiation was
lower. This is also shown by top-of-atmosphere outgoing shortwave
radiation flux being higher than in February 2022, indicating that there
was more cloud cover (see model and satellite observation comparison in
Fig. S1 in the Supplementary Information). Crucially, there was no mass
coral bleaching event in 2023. The third simulation period is the end of
February 2023, providing a contrasting meteorological scenario. Between
18 and 28 February 2023, winds remained south-easterly and air tem-
peratures below 28 °C (Fig. 2¢).
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Fig. 2 | Meteorological summary at Davies Reef (18.83°S, 147.63°E) for the three
WRE-Chem simulation periods. The periods are: a 18-28 February 2022, b 3-14
February 2023, ¢ 18-28 February 2023. Each panel shows (top to bottom) air
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South-easterly trade winds,
cooler temperatures, often
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pressure, air temperature, wind direction and wind speed. Surface observations from
the Australian Institute of Marine Science weather station are in blue, WRF-Chem
surface modelled values are in red.

Sulfate aerosol changes due to ship emissions

Figure 3 shows changes in SO2™~ aerosol amounts over the model domain in
different simulation scenarios. During 18-28 February 2022, the mean cal-
culated enhancement in SO2™ aerosol due to pre-FSCO5 regulation ship
emissions alone is 0.14 pg kg™, or around 24% (Fig. 3a). There is a strong
enhancement of SO2™ aerosol within the shipping corridors to the east of
the GBR, but also signficant SO}~ aerosol increase close to the Queensland
coast. Implementation of FSC05 regulations halves the enhancement in
SO2™ aerosol compared to the NoShips emission scenario (Fig. 3b). Fig-
ure 3c shows that the post-FSC05 scenario reduces the amount of SO~
aerosol by 10% compared to the pre-FSCO5 change in February 2022, with
the spatial impact of the pollutant change again accumulated over the GBR/
coastal corridor and further out to sea in the trans-continental ship-
ping lanes.

Figure 3d shows that if we compare post-FSC05 and pre-FSC05
emission conditions in the 18-28 February 2023 period, however, when
south-easterly trade winds were persistent, then the magnitude of the
accumulated pollutant impact is greatly reduced. When trade winds are
persistent, the SO~ aerosol change due to emission regulation drops to 0.03
from 0.07 pg kg™ when a period of light northerly winds is included in the
simulation. We saw a similar result in terms of the magnitude and spatial
variation for cloud condensation nuclei (CCN) and amount and aerosol
optical depth (AOD), with the emissions regulation simulated during 18-28
February 2023 producing much smaller changes than the 3-14 February
2023 and 18-28 February 2022 periods (see Supplementary Information
Fig. S10). For example, the post-FSCO5 regulation means changes in CCN at
0.2% supersaturation over the GBR for the two periods with a light north
wind scenario were -8.7 and —8.8 cm ™, respectively, compared to only

—2.6 cm™ for the persistent trade wind period. SO~ aerosol, CCN and
AOD changes in all simulations exceeded the mean model internal varia-
bility (IMV) as shown in Supplementary Information Fig. S8 (see the
“Methods” section for details on IMV calculation).

The accumulation of pollutant effects during the 18-28 February 2022
period was also observed for several key gas-phase oxidative chemistry
species. Figure S11 in the Supplementary Information shows that compared
to the NoShips simulation, post-FSC05 conditions in the lead-up to the
bleaching event result in a 34% increase in surface level SO, over the GBR,
along with increases of 97% for nitrogen dioxide (NO,), 36% for for-
maldehyde, 47% for ozone (Os) and 90% for hydroxyl radicals (OH).

Shortwave radiation changes due to ship emissions

During the pre-bleaching period in 2022, we see that changes in ship
emissions would likely have resulted in changes to aerosol concentrations
over the GBR. Next, we see whether this would have led to changes in the
amount of downwards shortwave radiation at the bottom of the atmosphere
(SWDNB). Figure 4a shows that in the 18-28 February 2022 period, the pre-
FSCO05 emission scenario effectively masked a mean of 13 W m~> SWDNB
reaching the GBR during the daytime (results averaged over 9:00-18:00 local
time). Post-FSCO5 regulation, this influence of ship emissions on SWDNB is
reduced to —4.1 Wm >, with the pre-FSC05-post-FSC05 SWDNB de-
masking equating to 11 W m . The 24-h mean of SWDNB change for the
same simulation is slightly more than half the 9 am. to 5 p.m. mean, at
6.6 W m ™2 There is a large root mean squared deviation (RMSD) associated
with the total SWDNB changes due to the highly variable nature of cloud
fields in WRF-Chem simulations. However, the mean IMV for SWDNB is
only 1.6 Wm™’, meaning that the SWDNB changes described here are
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Fig. 3 | Summary maps of mean surface SO2~ aerosol changes over the Coral Sea  February 2023. Panels a—c highlight the accumulation of pollutant effects during the

and GBR in different simulation scenarios. a Difference between pre-FSC05 pre-bleaching period in 2022, while panel d highlights that if strong south-easterly
regulation and the NoShips scenario during February 2022, b difference between trade winds dominate, pollutant effects are dissipated. Maps are annotated above
post-FSCO5 regulation and the NoShips scenario during February 2022, c difference  with the mean absolute and percentage changes over the GBR and ocean
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larger than can be described by model noise alone. We found that net
radiative forcing at the top of the atmosphere was similarly impacted by ship
emission changes during the 18-28 February 2022 period (see Supple-
mentary Information Fig. S7b).

Figure 4a also shows, however, that the SWDNB de-masking asso-
ciated with the FSCO05 emission regulation was less pronounced in the two
other simulation periods. In the persistent trade wind period of 18-28
February 2023, the RMSD was larger than for 18-28 February 2022, but the
mean SWDNB change was reduced from 11 to 2.2 W m ™. This indicates
that strong trade winds rapidly advecting the ship pollution away from the
GBR greatly dilute the influence of ship emissions on incoming shortwave
radiation. The mean SWDNB change for 18-28 February 2023 is only
slightly larger than the SWDNB IMV.

The SWDNB change due to FSCO5 regulation is also much reduced
in the 3-14 February 2023 period too, from 11 to 5.0 W m™. This is
despite northerly wind, doldrum-like conditions being present, allowing
the accumulation of CCN, AOD and SO2™ aerosol changes. The mean
5.0 W m™~? change for FSCO5 regulation compared to pre-FSC05 condi-
tions, for 3-14 February 2023, is still distinct from the 1.6 W m 2
SWDNB IMV. The doubly-strong solar radiation flux impact seen for
February 2022 compared to 3-24 February 2023 occurs when the actual
incoming solar radiation was much higher, as shown in Fig. 1 and
Supplementary Information Fig. S1. So a stronger influence of the ship
emissions change is observed when the sky was clearer and when air
temperatures were hotter. This strongly suggests that the bulk of the
SWDNB impact predicted by WRF-Chem for ship emission changes is
due to direct, rather than indirect aerosol-radiative effects.

This is supported by examining the mean clear-sky only SWDNB
change for post-FSC05-pre-FSCO05 emission reduction (Fig. 4b). In the
18-28 February 2022 scenario, the regulation-induced change is 8.5 W m 2,
or 77% of the total SWDNB change. In the 3-14 February 2023 period, when
itisless sunny on average, the regulation-induced clear-sky SWDNB change
is only 2.4 W m™?, or half the total SWDNB change. It is worth noting that
the much smaller RMSD associated with the clear-sky only SWDNB
changes in Fig. 4b emphasises that the bulk of the radiative flux change
uncertainty is due to cloud-radiation interactions. The clear-sky only
SWDNB results also give confidence in the overall SWDNB results, as the
range of changes for post-FSCO5-pre-FSCO05, and pre-FSC05-NoShips
scenarios do not overlap with zero.

Supporting the primary importance of aerosol-radiation interactions
in our results, we also find minimal changes in cloud liquid water path
(CWP) or cloud optical thickness as a result of the FSC05 emission change
(see IMV results in Supplementary Information Fig. S7). The mean CWP
change over the period due to FSCO05 regulation in the 18-28 February 2022
period is —0.67 g m?, only one third higher than the IMV and <10% of the
RMSD. The change in COT is —0.10, a quarter of the RMSD and less than
the IMV for that variable.

Implications for marine heat waves and coral bleaching

Our WRF-Chem results quantify the extent to which ship aerosol emissions
have likely reduced incoming solar radiation to the GBR ocean surface in the
past, prior to FSCO5 regulations and under the most severe pre-bleaching
conditions: 14 W m™ overall and almost 9 W m ™ from clear-sky condi-
tions alone. To derive an equivalent global mean shortwave forcing com-
parable with other studies, we use the change in shortwave upwelling
radiation at the top of the atmosphere (SWUPT, mean magnitude of the
radiative effect —1.3 W m ™ over the ocean pre-FSC05 in February 2022)
and the calculation method outlined in Marelle et al. (2016)”. Multiplying
—1.3 W m’ by the area of the simulation domain, we obtain the forcing in
Watts, which is then divided by the surface area of the earth to give
—15.1 mW m™2 In the post-FSCO5 emissions, February 2022 scenario, the
whole-ocean SWUPT radiative effect is —1.1 W m ™2, giving an equivalent
global mean TOA forcing of —12.8 mW m . These are 1.7 and 1.4 times
larger, respectively, than the value calculated in Marelle et al. (2016)*’, who
simulated the impact of pre-FSC05 ship emissions around Norway.

However, in the 3-14 February 2023 scenario with lower clear sky radiative
effect from the emissions regulation, the mean SWUPT change is
—0.68Wm™>, giving an equivalent global mean TOA forcing of
—7.9 mW m™?, more comparable with the results of Marelle et al. (2016)”".
However, equivalent global mean radiative forcing estimates due to ship
emissions in this paper and Marelle et al. (2016) are much lower than in
global modelling studies’*’ because they do not consider the world’s busiest
shipping lanes.

Large impacts on SWDNB from ship emissions have been shown in
Schreier et al. (2006)'°, with up to 43 W m” less shortwave radiation pene-
trating ship-track pixels than non-ship-track pixels in satellite data taken
over the North Atlantic. Considering all low cloud pixels compared to ship
track pixels, the shortwave decrease was around 2 W m 2 in their scene, but
this does not include direct aerosol effects, which our WRF-Chem clear-sky
SWDNB results show to be substantial.

Masiri et al. (2008)° found a 1% decade ™" increasing trend in surface
incoming solar radiation over the GBR and postulated that this may be
influencing the increasing trend in coral bleaching events. Our results
suggest that this trend may have been occurring despite the decrease in
SWDNB due to pre-FSCO05 ship emissions, especially during clear-sky
conditions. Zhao et al. (2021) determined that during severe coral bleaching
events, negative total cloud cover anomalies and associated positive short-
wave downwards radiation (SWDNB) anomalies at the surface were
strongly correlated with regions of high sea surface temperature’. Our
results indicate that with the implementation of FSC05 regulations, a sub-
stantial part of the surface dimming effect of shipping emissions over the
GBR during exactly these periods has been removed. Enhancements in
SWDNB during the events studied by Zhao et al. (2021) were in the range of
10-30 W m2°, while the surface shortwave flux anomaly over the GBR
during the 2022 mass bleaching event was estimated to be 43 W m™>*. The
24-h mean SWDNB changes attributable to the post-regulation change in
SWDNB in February 2022, therefore, represent 15% of the SWDNB
anomaly reported by Richards et al. (2024)™.

Karnauskas et al. (2020) showed that in the lead up to the 2016 GBR
bleaching event, surface heating rate anomalies of between 0.4 and
0.8 °C month™" explained the bulk of the GBR mixed layer energy budget
changes’. Here, we use the surface net radiative forcing NETRF, to esti-
mate the likely marine heating rate in °C month ™" associated with the ship
sulfate emission regulation. The attributable heating rate is calculated by
dividing the 24-h mean NETRF,s change by the product of the ocean
mixed layer depth (taken to be 50 m following Huang et al., 2024”’), a mean
value for the specific heat capacity of sea water (3850 ] kg ' K™') and a mean
value for sea water density (1025 kg m ). Note that this gives the air-sea
flux heating rate only, neglecting advection terms. This result is a heating
rate resulting from the FSCO5 changes in late February 2022 of
0.06 °C month™", or =10% of pre-2016 bleaching surface energy budget
anomalies. The value is half this for the more cloudy 3-14 February 2023
period. These results suggest that periods of summertime northerly winds at
the GBR, the cleaner atmosphere created by FSCO5 regulations, may
exacerbate positive radiative flux anomalies by 5-10%. Even so, this localised
effect may be swamped by global post-FSCO05 global radiative forcing
increases, estimated to be between 120 and 200 mW m ™ * (=10 times
more than our estimated equivalent ship-derived global radiative forcing).

We also contextualise our results in terms of coral bleaching stress
using relationships derived from response rates in Harrison et al. (2019)"".
That work used the eReefs hydrodynamic model with atmospheric inputs
from the Australian Community Climate and Earth System Simulator
(ACCESS) to simulate the impact of changes in downwards shortwave
radiation on GBR sea surface temperature (SST). Simulations were run for a
range of forcings, over different parts of the GBR, and for two summers,
2016 and 2017, showing that when a forcing was applied continuously over a
period of 3 months, the SST change was primarily driven by the net
downwards shortwave radiation change. Neither the summer period
simulated, nor whether the forcing was applied intermittently or evenly,
significantly impacted the relationship between SST and SWDNB. The
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linear relationship of 0.225 °C per 10 W m ™ forcing (SWDNB forcing from
all hours of the day, not just daylight hours) described the magnitude of the
expected cooling due to SWDNB change. Applying the results in Harrison
et al. (2019) to simulated periods with northerly wind conditions, we find a
range of SST variations attributable to the FSC05 regulation of 0.05 °C (3-14
February 2023 period) to 0.15 °C (18-28 February 2022 period).

The latter represents an additional coral stress, for the extreme pre-
mass bleaching event post-FSCO05 regulation scenario, of 1.8 °C heating
weeks (DHW) in the case of ambient temperature being at or above the
maximum monthly mean for 12 weeks™. The threshold for severe wide-
spread coral bleaching and associated mortality is 8§ DHW* and during the
2022 mass bleaching event, large portions of the GBR regions peaked at =8,
10-12 DHW?™. In DHW terms, our results therefore suggest that the aerosol
de-masking due to ship sulfate regulations may have made bleaching con-
ducive conditions more likely by around 10% in the hot and sunny lead-up
to the 2022 mass bleaching event. This is on par with the 10% demasking
influence calculated using the radiative flux approach above.

It is important to note that this local radiative effect will be acting in
addition to the warming of the surrounding Eastern Pacific sea surface
temperatures due to reductions in global shipping sulfate emissions®.
Widespread SST increases will flow on to the GBR in a way not represented
by our modelling scenario, meaning that our estimate of increased coral
bleaching risk due to reduced ship sulfate is likely conservative.

The strong shortwave radiation response to the ship emission change
during the hot, sunny lead-up to 2022’s mass coral bleaching event may also
provide insight into the usefulness of solar radiation management at the Great
Barrier Reef. The strength of this response compared to the late-February
2023 period, with persistent trade winds, indicates that, according to WREF-
Chem, surface-level emissions of CCN along the major shipping routes east of
Australia are likely to be advected away from the GBR during such conditions
and provide minimal benefit in shading the GBR. Our results show that a
marine cloud brightening scenario in which ships of opportunity in the major
shipping lanes were used as the dispersion mechanism would most likely be
beneficial when light northerly winds are present to aid the accumulation of
aerosol effects. During particularly hot sunny periods, the direct effect of
artificially enhanced CCN levels may contribute strongly to decreased
incoming shortwave radiation, suggesting that marine sky brightening to
target the aerosol direct effect might be most beneficial during these condi-
tions. However, further studies over longer time periods are required to
further constrain the influence of enhanced CCN on both indirect aerosol-
cloud-radiation and direct aerosol-radiation effects over the GBR, and thus
the efficacy of marine cloud or sky brightening in this region.

Methods

WRF-Chem configuration

The Weather Research and Forecasting Model coupled to chemistry (WRE-
Chem v3.9.152) has previously been used to study the influence of shipping
emissions on air quality and radiative forcing in refs. 60””. We simulate
meteorology and chemistry using WRF-Chem over three separate periods:
18-28 February 2022, 18-28 February 2023 and 3-14 February 2023. In
each case, the previous 2 days were used as a model spin-up. We chose the
2022 period to capture a range of conditions at the GBR in the lead-up to the
2022 mass bleaching event, and the 2023 period to provide counterpoints
with a range of meteorological conditions in a year that did not see a mass
bleaching event (as summarised in Fig. 2).

The spatial resolution was 9 x 9km, with grid dimensions of 255
(east-west) and 270 (north-south) giving a total area of 4725 km’. We used
40 vertical levels up to 20 km altitude. The extent of the simulation domain is
shown in Fig la. Boundary and initial conditions were derived from ERA5
reanalysis”'. Key WRF physics namelist settings, informed by the sensitivity
analysis for WRF simulations at the GBR by Zhao et al.”, included the
Yonsei University boundary layer scheme®, the Kain-Fritsch cumulus
paramaterization scheme®, the RRTMG radiative transfer scheme for both
short- and long-wave radiation®, the Noah Land Surface model® and the
Morrison double-moment microphysics scheme®”. WRF-Chem chemistry

namelist settings were informed by the optimal configuration in previous
MCB simulations at the GBR'. These included the Fast-] photolysis
scheme®™, CBMZ gas phase chemical mechanism® and the MOSAIC 8-bin
aerosol scheme’”. The chemistry namelist options are also the same as used
in the study of STEAM ship emissions on air quality and radiative forcing
over Norway and the Arctic by Marelle et al. 7. Analysis nudging was used to
ERAD5, for u- and v-winds in the boundary layer, but not temperature or
water vapour.

We assessed the significance of our results relative to the internal model
variability (IMV) by conducting four additional ensemble simulations in
WREF-Chem. Our ensemble method involves analysing the same period,
18-28 February 2022, with different start times (15 February 00:00, 15
February 12:00, 16 February 12:00 and 17 February 00:00) to create different
meteorological initial conditions, following the example in Singh et al.
(2021)”. All ensemble simulations use post-FSCO5 regulation ship emis-
sions. The IMV for a given variable is calculated as the difference between
the standard post-FSCO05 simulation (starting on 16 February, 00:00) and the
mean of the four ensemble members, as this difference would be zero in an
ideal scenario where the result was not impacted by the initial conditions. A
significant result for a given variable due to ship emission changes is where
that result is greater in magnitude than the absolute value of the IMV for that
variable. The IMV values for all variables discussed in this paper are shown
in the Supplementary Information (Figs. S7-S9).

Ship emissions inventory

We used a shipping emissions inventory derived from the Ship Traffic
Emissions Assessment Model version 2 (STEAM)*™'. Automatic Iden-
tification System (AIS) information from individual ships is used to
geolocate vessels in STEAM. Detailed technical specifications for each
vessel are obtained from its Maritime Mobile Service Identity (MMSI) or
International Maritime Organization (IMO) numbers. The positioning,
speed and vessel specifications are then used to calculate fuel con-
sumption, whether the ship is in port or in transit. Note that STEAM is
not able to model emissions from small boats without AIS transponders.
Emitted species in the STEAM inventory are sulfur dioxide (SO,), sulfate
aerosol (SOi_), black carbon (BC) and organic carbon (OC) aerosol,
nitrogen oxides (NO,, 94% as nitric oxide NO, 6% as nitrogen dioxide
NO,), carbon monoxide (CO), methane (CH,) and lumped volatile
organic compounds (VOCs).

STEAM was run for February 2022 over the Coral and Tasman Seas,
east of Australia and incorporating the GBR region, producing emission files
at 1 hourly temporal resolution and 1 x 1 km spatial resolution. These were
later re-gridded to match the WRF-Chem resolution and domain. As the
WREF-Chem simulations were conducted using the EDGAR inventory for
other anthropogenic emissions, we incorporated STEAM emissions in
WREF-Chem by replacing the EDGAR ship emissions with the STEAM ship
emissions in the EDGAR input files. SOi_, BC and OC emissions were
divided 20% into the Aitken mode EDGAR particulate emission category
(<0.1 um) and 80% into the accumulation mode category (>0.1 pm), con-
sistent with the mass-fraction size distribution measurements in Chu et al.
(2018)"" and Lyranen et al. (1999)”. A source of uncertainty we do not
consider here is potential changes to the ship emission aerosol size dis-
tribution following FSC regulation’. Bulk VOC emissions in STEAM were
speciated to the CBMZ and EDGAR VOC species following the metho-
dology in Xiao et al. (2018)"". That is (EDGAR names in brackets, percen-
tages all by mass), 1.29% small alcohols and alkanes (‘HC3’), 3.35% medium
chain alcohols and hydrocarbons (‘(HC5’), 3.62% xylene and other large
aromatics (XYL’), 6.65% ketones (‘KET’), 9.53% medium chain alkenes
(‘OLr’), 14.85% toluene and benzene (‘TOL’) and 52.36% long-chain
hydrocarbons (‘HCS’).

For consistency of emissions between simulation periods, we used the
same ship emissions input for the February 2023 simulations as for February
2022. We conducted model evaluation using the post-FSC05 emissions
scenario results, as they represent our best understanding of current emis-
sions for this region. Model evaluation was conducted using in-situ
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meteorological and air pollution datasets collected in Queensland, and also
using satellite air pollution and cloud datasets. An overview of the model
evaluation is given in the Supplementary Information (Figs. S2-S6).

Data availability

WREF-Chem output files and emission files for this work are available in the
following publicly accessible repository: https://doi.org/10.5281/zenodo.
15115134.

Code availability

WRF-Chem code is publicly available at https://github.com/wrf-model/
WREF. Details of the Ship Track Emissions Assessment Model are in
Johansson et al. (2017)*'. Namelist settings files for this work are available in
the following publicly accessible repository: https://doi.org/10.5281/zenodo.
15115134.
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