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Abstract

The Great Barrier Reef (GBR) is the largest reef ecosystem in the world and a home to diverse marine
life. In-situ measurements characterizing lower troposphere aerosol concentrations and dynamics over
the GBR are lacking in the literature. In this study, we present analysis of multi-year in situ aerosol
measurements over the GBR, showing for the first time direct observations of coral reefs contributing
to aerosol loading over the reef. Our results show that aerosol concentrations over the GBR are typical
of a clean coastal environment, and the aerosol loading over the GBR is primarily influenced by long-
range transport of aerosol particles. However, a non-negligible effect from local sources is also
observed. The fraction of small aerosol particles in the particle population increases in air masses the
pass over the coral reef ecosystem. Finally, our statistical modelling shows that cloud condensation
nuclei concentrations over the GBR are dominantly driven by availability of accumulation and Aitken
mode aerosol particles with negligible effects from local meteorology. While accumulation mode
particle concentrations have the strongest impact on cloud condensation nuclei concentrations,
counterfactual modelling simulation shows that Aitken mode concentrations can contribute up to 6%
to cloud condensation nuclei concentrations over the reef.

Introduction

Coral reefs are one of the most diverse ecosystems in the world, believed to be home to more than
25% of all marine life while only covering less than one percent of the ocean floor (Knowlton et al.,
2010; Reaka, 1997). Globally, coral reefs offer protection to coastlines from extreme weather events
(Harris et al., 2018), provide job opportunities to nearby communities, and provide recreational
opportunities to locals and tourists alike (Santavy et al., 2021). The Great Barrier Reef (GBR) is the
largest reef ecosystem in the world, and an important cultural site for indigenous Australians (Rowland
et al., 2025). However, coral reefs are under severe stress from multiple stressors, including increased
ocean temperatures and extreme weather events, ocean acidification, and habitat destruction by
humans (Dietzel et al., 2021; Hughes et al., 2017b, a). The increase in ocean temperatures is associated
with the corresponding increase in surface-intensified warming (Fox-Kemper et al.,, 2021).
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Furthermore, coral bleaching is primarily caused by heat stress from increased sea water temperature
and irradiative stress from UV radiation (Berkelmans, 2002; Brown, 1997; Courtial et al., 2017). The
GBR has seen an increasing frequency of mass coral bleaching events, with severe and prevalent mass
bleaching events observed on approximately 40 % of the reefs nearly every year since 2020 (Coral
bleaching events | AIMS, 2024).

Aerosol particles can attenuate temperature and radiation extremes both directly by scattering light
as well as via aerosol-cloud interactions. Combined aerosol-radiation and aerosol-cloud interactions
are estimated to have a -1.3 W m [-2.0 to -0.6] W m™? net effective radiative forcing on the global
energy budget, which has masked around one third of continental warming from greenhouse gases
(Storelvmo et al., 2016). Cloud properties are modified by the availability and concentration of cloud
condensation nuclei (CCN) as well as precursor aerosol. However, substantial uncertainties remain
regarding the sources and variability of CCN in remote marine environments, where aerosol
concentrations are typically low and local aerosol-cloud interactions may exert a proportionally larger
climatic influence (Carslaw et al., 2013). Due to its remote location, aerosol dynamics over the GBR
have been mostly studied by satellite measurements and modelling (Cropp et al., 2018; Fiddes et al.,
2022; Jackson et al., 2018; Swan, 2022). In-situ measurements characterizing lower troposphere
aerosol concentrations and dynamics over the GBR are lacking in literature. Month-long field
campaigns with limited instrumentation and case studies have been reported, showing that new
particle formation (NPF) and local source contribution to CCN are possible (Modini et al., 2009; Swan
et al., 2016; Vaattovaara et al., 2014). However, this contribution has not been quantified using robust
in-situ measurements for long-term effects or magnitude. Many of the studies also focus on the
potential of marine dimethyl sulfide (DMS) as a precursor for non-sea salt sulfate and new aerosol
particles as part of the CLAW (Charlson, Lovelock, Andreae and Warren) hypothesis (Swan et al., 2016).
The CLAW hypothesis is a negative feedback loop that links ocean warming due to increase in solar
irradiance with higher emissions of DMS and subsequent new particle formation (NPF) leading to_an
increase in CCN concentration and cloud albedo. Condensable vapours such as DMS can also
contribute to aerosol growth and loading without ongoing NPF process.

Fiddes et al. (2022) argued in their modelling study that reef sources likely do not contribute
meaningfully to increased aerosol number concentration due to the prevalence of anthropogenic
sulfur over the reef from the Queensland coast but rather may contribute to increased aerosol mass
or size. Earlier aerosol measurements by Modini et al. (2009) detected NPF in air masses that passed
over the GBR, but the aerosol source was left uncertain. Furthermore, there are currently no in situ
studies characterizing spatiotemporal aerosol variations over the GBR.

The objectives of this study are to (1) characterize spatiotemporal aerosol variability over the GBR, (2)
quantify the relationship between aerosol populations and CCN concentrations, and (3) investigate the
influence of cloud processing and local aerosol sources on lower tropospheric aerosol dynamics over
the reef environment. To address these objectives we characterize the spatiotemporal variation of
aerosol concentrations over the GBR and quantify the drivers behind CCN concentrations using a
synthesis of multiple previous campaigns conducted via mobile and stationary platforms over the span
of eight years—asihy—emestisnlommra il dadlevd precessineandle sl oraselpariclesarrze

everthe GBR. Assessing background aerosol concentrations and their dynamics over the GBR is part
of the Reef Restoration and Adaptation Program (RRAP) Cooling and Shading subprogram, which
investigates technologies to mitigate bleaching stress on coral reefs by reducing the amount of
downwelling solar radiation. Previous RRAP-related atmospheric studies over the GBR have focused
on targeted observations using airborne platforms such as drones (Eckert et al., 2023, 2024) and light
aircraft (Hernandez-Jaramillo et al., 2024, 2025), as well as characterization of specific atmospheric
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properties including boundary layer height (Ryan et al., 2024), cloud vertical structure (Braga et al.,
2025), continental influence (Horchler et al., 2025), BVOC fluxes within the reef lagoon (Deschaseaux
et al., 2025), and spatial cloud distributions(Zhao et al., 2024). Quantifying lower troposphere aerosol
concentrations, their sources, spatiotemporal variability and capacity to act as CCN are key steps in
understanding aerosol dynamics over the reef environment. Furthermore, they are important in
understanding the baseline conditions over the reef for attempting any solar radiation management
interventions to protect the reef from bleaching.

Methods

Measurement campaigns

Over the last decade, there have been multiple atmospheric measurement campaigns to understand
different aspects of the atmosphere over the GBR. These campaigns have large spatial variability along
the reef, and different-varying parts of the reef have been monitored over different years (Fig. S1). An
overview of the campaign datasets used in this study is shown in Table 1. The Reef to Rainforest (R2R)
campaign in 2016 studied the effects of the GBR itself on cloud properties and rain. The 2019 dataset
represents opportunistic measurements captured during a transit voyage for the RV Investigator from
Brisbane to Darwin. The remaining campaigns since 2021 have been part of the RRAP Cooling and
Shading Program focused on an effort to protect the reef corals from heat and light stress, but also to
improve fundamental understanding of metrological, aerosol, and cloud microphysical processes over
the GBR (Braga et al., 2025; Deschaseaux et al., 2025; Eckert et al., 2023, 2024; Hernandez-Jaramillo
et al., 2024; Richards et al., 2024; Ryan et al., 2024; Zhao et al., 2024). Overall, these campaigns
represent both stationary measurements and longer voyage tracks, with a greater density in the
southern and central reef.

Table 1. Overview of campaigns used in this study.

Starting date  Ending date  Coordinates Type of campaign

2016-09-29 2016-10-23  Starting: - 16.95, 145.97 R2R Shipborne: Investigator (INO5)
Ending: -24.50, 153.73

2019-10-05 2019-10-10  Starting: -24.48, 153.93 Transit voyage Shipborne: Investigator
Ending: -10.44, 142.55 (T02)

2021-03-14 2021-03-24  -18.85, 147.72 Stationary: Broadhurst reef

2021-12-04 2021-12-16  Starting: -18.85, 147.69 Shipborne: Magnetic, Guardian
Ending: -18.66, 147.70

*2022-02-08  2022-04-01  Starting: -18.90, 147.70 Shipborne: Magnetic, Guardian
Ending: -19.26, 146.83

2023-02-17 2023-03-27  -23.44,151.91 Stationary: Heron Island

* data from this campaign is published in (Horchler et al., 2025)

Measurements

Measurements used in this study include comprehensive measurements of the physical and
meteorological properties of the atmosphere over the GBR. The variables used in the general
spatiotemporal characterisation were narrowed down to those that appear in each measurement
campaign, providing maximum spatial and temporal coverage. An overview of variables used in the
analysis is listed in Table S2. The dataset was harmonized to a time resolution of 15 minutes, with
median values used for aggregating data with a higher time resolution.

Aerosol particle number concentration was measured using a condensation particle counter (CPC,
Brechtel, USA or Airmodus, Finland or TSI, USA) with a cutoff of 10 nm (N:«:) and the aerosol number
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size distribution was measured using a Scanning Mobility Particle Sizer (SMPS, TSI, USA) or Scanning
Electrical Mobility Spectrometer (SEMS, Brechtel, USA) and an Aerodynamic Particle Size (APS, TSI,
USA), covering a combined size range between 10 and 5000 nm. Particle number concentrations were
calculated for nucleation mode (under 20 nm), Aitken mode (20 — 80 nm), accumulation mode (80 —
1000 nm), and coarse mode (1000 — 5000 nm). In addition to the aerosol number concentration, the
cloud condensation nuclei (CCN) concentration was measured using the CCN-100 counter (Droplet
Measurement Technologies, USA). In some of the campaigns, CCN concentration was measured using
a single supersaturation level of 0.5% only, and therefore for the spatiotemporal analysis, CCN
concentration at 0.5% supersaturation was chosen as indicative of CCN concentrations in the entire
dataset.

Meteorological variables were measured with a number of different weather stations and instruments.
Campaigns in 2016 and 2019 used the RV Investigator’s built-in suite of weather sensors to investigate
meteorological conditions on the reef. The March 2021 campaign utilized the WS800-UMB weather
station (Lufft, Germany), and subsequent campaigns used the MaxiMet GMX501 (Gill Instruments Ltd.,
UK). Temperature, pressure, relative humidity, solar irradiance, and wind direction and speed were
measured in each campaign. Auxiliary measurements like precipitation and dew point temperature
were only available in some campaign datasets and were not used in the analysis.

Black carbon (BC) concentration was measured using an aethalometer (AE31, Aerosol Magee Scientific,
Slovenia) or Tricolour Absorption Photometer (TAP, Brechtel, USA) with red wavelength. The two
instruments have been shown to agree fairly well in temporal variation_(R2 = 0.93, Marto et al. 2020)
, although the absolute values have discrepancies depending on the correction algorithms chosen
[(Laing et al., 2020).

Calculations

Several derived parameters were calculated from the available datasets to support further analysis.
The Hoppel minimum (Hoppel et al., 1985; Noble and Hudson, 2019), the diameter of minimum
concentration between the Aitken and accumulation modes was calculated by fitting a smoothing
spline on the size distribution between 40 and 140 nm and finding the minimum concentration
diameter. In case the minimum concentration was not found within this size limit or it was found at
the edge of it, the size distribution was considered monomodal in terms of Aitken and accumulation
mode, and the Hoppel minimum value was marked as missing. A subsequent Hoppel minimum value
was constrained by the previous value, based on the assumption that a Hoppel minimum diameter
varying more than 10 nm either way in 15 minutes would either be unrealistic or a sign of a rapid
change of airmass.

The critical diameter is the particle diameter above which particles are assumed to be active as the
CCN. Here, we defined it as the diameter above which the reverse sums of total particle concentration
and CCN concentration reach unity (Sihto et al., 2011), and it was calculated for every data point in
which aligned CCN and total concentration data were available. This method of calculating critical
diameter assumes that activation of atmospheric particles as CCN depends only on particle size, not
chemical composition, under the assumption of a fully internal mixture of aerosol particles. This leads
likely to higher uncertainty in critical diameter as ambient aerosol particles have a more complex
mixing state (Riemer et al., 2019). The hygroscopicity parameter kappa (Petters and Kreidenweis, 2007)
was calculated based on the dry critical diameter for the datasets that contained CCN concentrations
measured with varying supersaturation. CCN activation ratio; is defined as the ratio between CCN and
total aerosol number concentrations-was-caleulatedwheneverdata-wasavailable. For consistency, only
the CCN concentrations at 0.5% supersaturation were considered. Because the real supersaturation in
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the atmosphere is likely to vary (Kriiger et al., 2014), CCN concentration, critical diameter, activation
ratio, and kappa have inherently more uncertainties than other measured variables in the dataset.

The pollution flag was calculated using BC concentration to determine episodes when ambient air was
contaminated by local pollution sources such as the ship plume or diesel engine sources on Heron
Island. Fhe-RV-tavestigator-uses-its-ownAn algorithm developed for detecting when the ship plume is
affecting its-the measurements aboard the RV Investigator was used for the relevant campaign datasets
aboard the vessel (Humphries et al., 2019). For shipborne RRAP campaigns, we flagged data points
during which the winds originated from the aft sector (90° — 270° relative to the ship’s heading) and
the black carbon concentration was above 30 ng/m3. For the Heron Island campaign, the limit for black
carbon was increased to 50 ng/m?3, representing elevated background concentrations due to co-
located infrastructure at the island-based sampling site. The specific limits were selected to account
for outliers, that is, values exceeding these limits fall above the 95th percentile of the respective

datasets.that-isvaluestarger—than-thelimits—aretargerthanthe 95" guantile—in-thedatasets: The

pollution-flagged data accounted for 6.7% of our dataset.

In order to determine the effect of both continental and reef sources on the airmasses, 72-hour back
trajectories per-heur-were calculated using the HYSPLIT (Stein et al., 2015) Lagrangian dispersion
model by the National Oceanic and Atmospheric Administration (NOAA), matching the latitude,
longitude and time for each in-situ data point. Global Data Assimilation System (GDAS) dataset at 1°
spatial resolution provided by NOAA was used for HYSPLIT analysis. The land fraction was defined as
the fraction of times during which HYSPLIT output coordinates placed the airmass over land and below
a conservative boundary layer- threshold—defined as the HYSPLIT planetary boundary layer height
plus one standard deviation. The reef fraction was calculated in a similar manner by using the
coordinates of the reefs in the GBR (Great Barrier Reef Marine Park Authority, 2007). The relative
humidity and precipitation values from HYSPLIT analysis were utilized to estimate the in-cloud and
precipitation _exposure of air mass during 24-hours prior arriving at the measurement station
(Isokaanta et al., 2022). We assumed that the air masses were in cloud if the relative humidity
exceeded 90% or 94% threshold. For the results, the 90% threshold was used, but the difference
between the two thresholds was minor. The precipitation data from HYSPLIT were not vertically
resolved, which likely resulted in small overestimation of the fraction of the precipitation exposure as
the air masses could travel over the rain and not get affected. Low and total cloud coverage from ERAS
reanalysis data with 1-hour time resolution (Hersbach et al., 2023) was used as supporting variables in
the analysis. The reanalysis product combines satellite and ground-based measurements, generating
a data product with a spatial resolution of 0.25°, or roughly 31x31 km at the GBR. The data retrieved
from ERAS and airmass back trajectories were forward-filled to a 15-minute resolution. The variables
used from these sources typically vary in time scales larger than 15 minutes, and forward filling avoids
interpolation artifacts from other methods. This was done to allow merging 1-hour data with 15-
minute in situ measurements. While forward-filling does not generate sub-hourly structure, ERAS
reanalysis does not contain physically meaningful sub-hourly information for these variables. Any
other interpolation method would necessarily introduce synthetic variability; therefore forward-filling
is the most conservative choice.

Gradient boosting regression algorithm from the scikit-learn Python package (Friedman, 2001;
Pedregosa et al., 2011) was used to construct a predictive model and help determine which features
of the dataset best explain CCN concentrations at the GBR. Gradient boosting algorithm is an ensemble
method, using several base estimators to build a decision tree in a step-by-step fashion, aiming to
minimize the overall prediction error at each addition (Friedman, 2001). The gradient boosting
hyperparameters were tuned by performing an exhaustive grid search in the hyperparameter space
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(Yang and Shami, 2020), using 5-fold cross-validation and a base regression with a learning rate of 0.1,
250 estimators and a minimum sample split of 2 as scoring estimator. Friedman mean squared error
(MSE; Friedman, 2001) was used as the metric for split quality in building the regression model.
Feature selection was done by using permutation feature importance (Adler and Painsky, 2022;
Breiman, 2001; Doshi-Velez and Kim, 2017) with 10,000 repetitions. The directionality of the selected
features were tested using Shapley Additive Explanations (SHAP) values (Lundberg and Lee, 2017) and
partial dependence plots (Friedman, 2001).

We quantified the conditional effect of Aitken-mode aerosols on CCN concentrations using a
counterfactual modelling framework. Counterfactual analysis (Manshausen et al., 2022; Marelle et al.,
2025) estimates how the predicted variable of a model changes if a single predictor is altered while all
other conditions remain constant. This allows for isolating the modelled contribution of specific
variables under consistent meteorological and compositional contexts. We trained a gradient boosting
model as described above. The model was fitted to all available observations, with predictor variables
representing aerosol size distributions, composition, and concurrent meteorological conditions. The
trained model was then used to generate two sets of predictions: baseline predictions, using the
observed feature values, and counterfactual predictions, where the Aitken mode particle
concentration was fixed to the 1st percentile of its distribution. The resulting difference (ACCN =
baseline — counterfactual) represents the modelled change in CCN concentration under a hypothetical
regime of minimal Aitken-mode aerosol abundance. Uncertainty in ACCN was estimated using a batch
bootstrap procedure that resampled contiguous temporal segments, defined by data gaps exceeding
one hour, to preserve the serial correlation structure typical of atmospheric time series. This
resampling approach produced 95% confidence intervals for the mean and median ACCN based on
10,000 replicates.

Uncertainty of analysis

There are a number of uncertainties related to our analysis. The uneven spatial and temporal
distribution of the data makes it difficult to infer spatiotemporal variability in the analysis. Years 2021-
2023 occurred during the four-year La Nina event from 2020 to 2023, while 2016 was an El Nifio year
and 2019 was a neutral El Nifio Southern Oscillation (ENSO). The different phases of ENSO likely
contribute to the increased variability in our measurements as variations in ENSO affect not only the
meteorology and precipitation over the reef, but also sea surface temperatures. Fhe-trusuaty-high

oncentrations-ob ed in 2016 mayv be linked to the excention ona El Nifiocondition during

that—year—which—was—the—only—clearEl-Nifio—period—in—the—dataset—ENSO can influence CCN
concentrations through changes in sea surface temperature, marine biological activity, DMS emissions,
sea spray production, and boundary layer dynamics, as well as through altered transport, convection,
and wet scavenging. These processes affect both aerosol precursor availability and the growth and
survival of particles into the CCN size range. The unusually high aerosol and CCN concentrations
observed in 2016 may be linked to the exceptionally strong El Nifio conditions during that year, which
was the only clear El Nifio period in the dataset. However, the available data do not allow a direct
attribution, and the cause of the elevated 2016 concentrations remains uncertain.

Additionally, the synthesis of multiple campaigns conducted over several years introduces uncertainty
associated with differences in instrumentation, calibration procedures, CPC detection efficiency,
diffusional losses, and DMPS inversion methods. Metadata and calibration records were not equally
comprehensive for all historical campaigns, particularly the earlier datasets, increasing uncertainty in
absolute intercampaign comparability. Previous intercomparison studies suggest that well-calibrated
mobility particle spectrometers generally agree within approximately 10-20% in the 20-200 nm size
range, while substantially larger uncertainties may occur in the sub-10 nm size range because of low
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charging efficiency, diffusional losses, and counting statistics uncertainties (Kangasluoma et al., 2020;
Wiedensohler et al., 2018). Nevertheless, the observed particle concentrations within individual
campaigns commonly varied several-fold, substantially exceeding expected instrumental uncertainty,
with variability observed across both Aitken and accumulation modes. This suggests that the major
observed patterns are unlikely to be dominated by measurement artefacts.Neverthelessthe-observed

y v - Finally, a lack of reliable
measurements in the nucleation mode range and a lack of sub-10 nm altogether make accounting for
local sources more demanding.

Lastly, CCN concentrations in the dataset were measured at a single supersaturation of 0.5%. This limits
our ability to fully characterize the CCN activation spectrum and the sensitivity of aerosol populations
to changing supersaturation conditions. Different aerosol populations may exhibit different activation
behaviour at lower supersaturations due to differences in size distribution, hygroscopicity, and mixing
state. Furthermore, the typical supersaturation level over the GBR is likely variable and often lower
than 0.5% (Horchler et al.,, 2025). Consequently, the measurements may overestimate CCN
concentrations and activation ratios while underestimating critical activation diameter. The relatively
high supersaturation used in this study also increases sensitivity to smaller Aitken-mode particles,
potentially enhancing the apparent contribution of recently formed particles to CCN concentrations
compared with lower-supersaturation marine cloud conditions. Aerosol particles over the GBR are
expected to be transported into shallow marine cloud layers through boundary-layer mixing and
convective uplift (Hernandez et al, 2024), making supersaturations approaching 0.5% physically
plausible under clean marine conditions with low aerosol loading and low condensation sink, where
reduced competition for water vapour allows higher peak cloud supersaturations to develop (Seinfeld
and Pandis, 2016). However, reef- or continentally influenced air masses with elevated aerosol
concentrations likely experience lower cloud supersaturations. Consequently, the 0.5%
supersaturation used in this study likely represents an upper-range activation scenario rather than an
exact representation of cloud supersaturation over the GBR.

Disentangling temporal and spatial variability over the reef requires dedicated multiyear
measurements in a single location, as well as ideally a period of spatially distributed simultaneous
measurements. Furthermore, our analysis does not address the potential of chemical information
revealing more about the sources of the aerosol that exist over the reef. Although vapor emissions
from coral reefs have been studied before, aerosol chemical composition, particularly in combination
with analysis on vapor emissions over the reef, are lacking in current literature. Finally, more detailed
investigation into apparent in-cloud supersaturation and the dynamics of atmospheric convection over
the reef are needed to properly characterize cloud formation and the role of CCN over the GBR.

Results

Overview of meteorological parameters and aerosol population over GBR

Overall, meteorological parameters over the GBR are representative of a subtropical marine
environment, indicating a warm, humid environment (most commonly at ~80%) mostly influenced by
marine airmasses advecting from east to south-east (Fig. S2). Solar irradiance is often around 1000
W/m?, and low cloud cover fraction on the reef is typically low (Fig. S2d, i), confirming that trade wind
cumulus cloud fields tend to dominate over the GBR (Coddington et al., 2016; Zhao et al., 2022). Total
particle concentration (Niot) is typically between 100 and 800 cm (Fig. S3a). These concentrations are
all consistent with a clean coastal environment with a mix of different sources in the Southern
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Hemisphere (Humphries et al., 2021a; Law et al., 2017; Peltola et al., 2022), while aerosol particle
number concentrations in remote marine environments are typically reported as being below 200 cm-
3 (Ansmann et al., 2023; Humphries et al., 2023).

Mode values of Nt (500 cm3), CCN concentration (250 cm3), accumulation mode (80 — 1000 nm)
particle concentration (120 cm?®), and Hoppel minimum (70 nm) are comparable between most
datasets (Fig. S3). However, March 2021 campaign dataset stands out as an exception, exhibiting
generally lower aerosol number concentrations but higher activation ratio, critical diameter and
Hoppel minimum (Fig. S3). Aitken mode (20 — 80 nm) particle concentrations are variable between
years (maximum mode at 260 cm™ and minimum mode at 100 cm?3). Coarse mode (> 1 pm)
concentrations are below 10 cm?, while nucleation mode (< 20 nm) concentrations are commonly
below 100 cm™ (Fig. S3h, i). Correlation analysis of all data shows that CCN concentration correlates
well with Nt (R=0.76) as well as accumulation (R=0.85) and Aitken (R= 0.60) mode particle number
concentrations (Fig. S4). This suggests that the availability of aerosol particles, especially accumulation
mode particles, is an important driver behind CCN concentration over the GBR.

Kappa values, calculated for those datasets in which multiple CCN supersaturation measurements and
size distribution measurements were available, exhibit significant variability between datasets (Fig.
S3j). In particular, December 2021 dataset exhibits kappa values that are often larger than 0.7 (Fig. S3j)
but with large variability, suggesting significant inorganic fraction (Petters and Kreidenweis, 2007) in
the aerosol particles as well as complex sources. The 2023 measurements on the other hand, show
kappa values largely below 0.2 (Fig. S3j), suggesting mostly organic particles (Petters and Kreidenweis,
2007). This can likely be explained by the 2023 measurements being the only ones taking place directly
on a coral cay instead on a ship. Therefore, local biogenic sources will contribute to growth of particles
and result in more organic particle composition. Overall, the observed kappa values fall within the
broad range reported in previous long-term CCN studies and marine aerosol observations, with
median values comparable to moderately hygroscopic marine aerosol populations reported in the
literature(Andrews et al., 2025; Schmale et al., 2017).

Spatiotemporal variability of clouds and aerosols over GBR

The CCN concentrations do not reveal any monotonal spatial trend, however, the spatial distribution
of observed CCN concentration is visually comparable to the spatial distribution of measured Niot
(Fig. S5). The varying speed and scale of aerosol processes (from growth and evaporation in seconds
to synoptic scale processes taking days), and the non-continuous spatially heterogeneous
measurements make detecting spatial variability in our dataset very difficult. Previous research shows
that the GBR region is mainly dominated by high clouds, altocumulus, and low-level clouds (Zhao et
al., 2022). The low-level cloud cover fraction over GBR is usually between 10-20% over the year (Zhao
et al., 2022), consistent with the ERA5 median low cloud cover during our measurement period
(Fig. S2i). Spatial analysis shows that median total cloud cover is the highest at the northern part of
the GBR, and it decreases with higher latitude (Fig. S6a). On the contrary, the median low cloud cover
does not exhibit a clear relation with latitude, but in southern and central parts of the GBR, it is usually
lower between the coast and the outer reef than over the open ocean (Fig. Séb).
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Figure 1: Temporal variability of cloud condensation nuclei (CCN) concentration (a), activation ratio (b),
and total particle number concentration (c). The middle line of a boxplot represents the median value,
the upper and lower edges of a box show the interquartile range, and the whiskers show the entire
range.

In terms of temporal variance, the highest median Niw: and CCN concentrations are observed during
the 2016 measurements. The 2016 CCN concentrations are statistically different from the 2023
measurements_(Mann-Whitney U test, p < 0.01), but otherwise concentrations are similar campaign-
to-campaign (Fig. 1a). The CCN activation ratio, remains stable independent of the campaigns with no
statistically significant differences between campaigns (Fig. 1b). Total particle number concentration
splits into three groups, with 2016 and 2019 being statistically similar, measurements post December




349
350
351
352
353

354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

371
372

2021 inclusive being similar with one another, and the low concentrations measured during the March
2021 campaign standing out from the rest (Fig. 1c). The spatial effects can be confounded with
temporal effects, particularly with temporal gaps and uneven spatial coverage. However, even limiting
the dataset to just central and southern GBR and avoiding the sparser northern GBR, the temporal
effects appear similar (Fig. S7).

Cloud processing

Cloud processing occurs to particles with diameters large enough to activate as CCN (Seinfeld and
Pandis, 2016). In air masses where cloud processing has occurred, particularly marine air masses, this
can usually be identified by the presence of a Hoppel minimum (Hoppel et al., 1985). Our analysis
shows that over the GBR, a Hoppel minimum is observed in the size distribution in 92% of times,
suggesting that cloud processing commonly occurs in the air masses that reach the reef (Braga et al.,,
2025). However, bimodality alone cannot uniguely identify cloud processing, as distinct primary and
secondary aerosol populations can also produce multimodal size distributions. To independently
assess whether the observed size-distribution structure was consistent with recent cloud exposure,
air-mass histories were classified using HYSPLIT relative humidity and precipitation along the preceding
24 h of each trajectory (Isokdanta et al., 2022). Overall, 66.9% of air masses experienced precipitation,
while a further 1.5% encountered non-precipitating cloud conditions; 31.6% showed neither (Table
S2). Air masses with precipitation history exhibited lower total, Aitken-mode, accumulation-mode and
CCN concentrations, consistent with aerosol removal by wet scavenging (Fig.S8). These results provide
independent meteorological support for frequent cloud processing of aerosol reaching the GBR,
although the trajectory-based classification and Hoppel minimum represent complementary rather
than equivalent indicators of cloud history.

To investigate processes affecting CCN concentrations and hence cloud processing over the GBR,
comparison between data binned by the CCN concentration was analysed (Fig. 2).
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CCN concentration appears to increase with both total particle number concentration and activation
ratio, but the activation ratio begins to plateau at around 0.7 for CCN concentrations higher than 340
cm? (Fig. 2). The size distribution for CCN concentrations below the median CCN concentration (Q1
and Q2) remains stable for medium and high activation ratios, with low activation ratios associated
with generally smaller Aitken mode diameter and an enriched Aitken mode concentration (Fig. 3a, b).
At higher CCN concentrations, the Aitken mode peak widens considerably towards smaller sizes,
suggesting an influx of ultrafine particles, possibly from more local sources (Fig. 3c, d). At the fourth
quartile (Q4) CCN concentration, a separate nucleation mode peak is observed during low activation
ratio periods, further suggesting influence from more local sources. At high activation ratios, the
Hoppel minimum disappears, suggesting transport of air masses that have not undergone cloud
processing. Considering the high concentrations of accumulation mode particles and small fraction of
Aitken mode particles, it is likely this is due to non-marine sources from the Australian continent. These
periods match with the highest CCN concentrations as observed in Figure 2, where extreme CCN
concentrations are associated with an increase in land fraction, the fraction of time the air mass spent
over the continent. Overall, these findings suggest there could be two mechanisms that contributed
to increased CCN concentrations over the reef, continental transport or locally created new particles.

Plausible drivers of atmospheric CCN concentration

To estimate the importance of atmospheric variables to CCN concentrations over the reef, a gradient-
boosting regression model was constructed. The dataset (N = 1944) was split into 80/20 into a training
and a test set. Features that showed a statistically significant change in the feature importance analysis
are showed in Fig. 4 while the full table of inputs can be found in Fig. S98. The model performs very
well for the test set (r> = 0.907).

The analysis shows that accumulation mode particle number concentration is the strongest predictor
of CCN concentration, with higher accumulation mode concentration leading to higher CCN
concentration (Fig. S310 a,b), which is consistent with previous studies (Fossum et al., 2020; Kawana
et al., 2022; Seinfeld and Pandis, 2016). Aitken mode concentration is the second-best predictor.
Importantly, the gradient boosting model evaluates predictor importance conditionally in the presence
of all other variables included in the model. Therefore, the identified importance of Aitken mode
concentration does not simply reflect covariance with accumulation mode concentration but indicates
that Aitken mode particles provide additional predictive information for CCN concentrations beyond
that already explained by accumulation mode particles alone. Critical diameter and sea surface
temperature appear to play a role as well, with higher critical diameter reducing CCN concentration
and sea surface temperature extremes increasing CCN concentration. Finally, black carbon
concentration, nucleation mode concentration and activation ratio appear to have a small but
statistically significant effect. The above results suggest that while accumulation mode concentration
primarily drives CCN concentration, smaller particles in the sub-100 nm range have an effect. However,
nucleation mode concentrations are considered underestimated as they are subject to notable
uncertainties in charging and detection efficiency (Kangasluoma et al., 2020), and thus some
nucleation mode dynamics are underrepresented. Nucleation mode particles will also not directly
contribute to CCN concentration due to being too small to be activated as CCN. However, they can still
contribute indirectly by first growing to larger sizes or by coagulating and contributing to the size and
mass and larger particles. Previous studies suggest that low-intensity new particle formation is likely a
relatively common feature of clean marine air masses over the GBR under conditions of active
photochemistry and low condensation sink (Modini et al., 2009; Vaattovaara et al., 2014).

The effect of Aitken mode particles on CCN concentration was investigated by counterfactual modelling
approach using the gradient boosting algorithm (see Methods section). This method was chosen
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because a simple linear decomposition or subtraction of accumulation mode concentration from CCN
concentration cannot distinguish between direct covariance between aerosol modes and physically
meaningful indirect contributions arising from aerosol growth, coagulation, and nonlinear interactions.
and might over or underestimate the true effect of Aitken mode particles to CCN. For example, smaller
Aitken mode concentration would likely affect coagulation scavenging to accumulation mode. A
modelling approach allows keeping the inherent relationships of the ambient variables intact while
minimizing Aitken mode concentration in a believable way. The results show that Aitken mode particle
concentration can contribute 5.6 % (4.6 % - 5.9 % confidence intervals) to CCN concentration over the
GBR (Fig. S118). The contribution is calculated from counterfactual modelling with confidence intervals
representing the 5™ and 95" percentiles of the effect from bootstrapping.

A log-log ordinary least squares regression showed that 81.6% of the variance in CCN concentration
was explained by accumulation mode concentrations alone. Including Aitken mode concentrations in
the regression did not measurably increase the explained variance (AR2<0.001). However,
counterfactual gradient-boosting analysis still attributed approximately 6% of CCN to Aitken-mode
particles, suggesting a secondary contribution associated with particle growth pathways and nonlinear
interactions not captured by simple linear regression.

We additionally fitted a simple power-law parametrization relating CCN concentration to accumulation
mode concentration (Nacc):

log19(CCN) = a logyo(Nacc) +b
,which corresponds to
CCN = 10° N&.

The resulting parametrizations are summarized in Figure 5. Fits were evaluated for the full dataset as
well as two subsets representing clean marine conditions (reef fraction < 0.1 and land fraction < 0.1)
and reef- and/or land-influenced conditions. While the parametrization is not intended as a predictive
model, it provides a useful framework for comparing how much CCN variance can be explained by
accumulation mode concentrations alone under different air mass regimes.

The CCN-accumulation mode relationship weakened under clean marine conditions (R?=0.656),
suggesting that additional factors beyond accumulation mode abundance, such as aerosol
composition, growth state, or recently formed particles, exert a larger relative influence on CCN
variability in pristine marine air masses. This interpretation is consistent with the counterfactual
gradient-boosting analysis, which indicated a modest but non-negligible contribution of Aitken-mode
particles to CCN concentrations.

To examine whether the Aitken mode is sensitive to specific sources or geographic regions, we examine
the air mass back trajectories that coincided with the highest and lowest quartiles of aerosol number
fraction contributed by the Aitken mode. Figure 6a-d represents two geographic areas where our
dataset contains a high density of data points in a small area, 0.5° x 0.5° or approx. 55 x 55 km each.
When Aitken mode enrichment occurs, air masses predominantly travel over the reef rather than the
open ocean. This is also a general trend, in which increased time spent over the reef enhances the
Aitken mode enrichment in both the Central and Southern GBR irrespective of whether we are
measuring on a reef or on open ocean (Fig. 6g). Air masses also typically travel at lower altitudes and
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473 always within the mixing layer during periods of Aitken mode enrichment, increasing exposure to
474  surface fluxes (Fig. 6 e-f).
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476  Figure 4: Permutation feature importance of climate variables in explaining CCN concentration. The
477  differences between original and permuted mean square errors on the x-axis indicate how important
478  each feature is in predicting the CCN concentration, with larger difference between original and
479  permuted values indicating a more important feature. The black whiskers indicate 95% confidence
480 intervals. The number of permutations used was 10000.
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482  Figure 5: An ordinary least squares regression analysis fitted to log-log accumulation mode (Nacc) and
483  CCN concentration data for all the data (a), clean marine data (b), and reef/land influenced data.
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Figure 6: Spatial distribution of 6-hour back trajectories for data with top 25-percentile (a, b) and
bottom 25-percentile (c,d) of Aitken mode fraction in proportion to total particle concentration in
Central GBR (left) and Southern GBR (right). The green areas are reefs, black areas are islands and the
grey area is the Australian mainland. Kernel density estimates for the back trajectory altitude for top
25% (blue) and bottom 25% (orange) Aitken mode fraction in central (e) and southern (f) GBR. Fraction
of the total aerosol number concentration in the Aitken mode plotted against the proportion of the
past six hours during which the air mass was over the reef at Central and Southern GBR (g). The lines
are linear fits to calculated Aitken mode fraction quantiles and their respective reef fractions. Shaded
areas represent the line fit uncertainty.

Conclusions

Aerosol concentrations over the GBR are typical of a clean coastal environment (Dall’'Osto et al., 2011),
sitting somewhere between a clean marine (Humphries et al., 2021a, 2023) and Australian land
environment (Chen et al., 2019; Milic et al., 2017; Tessendorf et al., 2013). While the North Atlantic
and GBR are not directly equivalent marine environments, the comparison with Mace Head (Dall’Osto
et al., 2011) provides useful context for clean coastal aerosol conditions. The comparison to Southern
Ocean (Humphries et al., 2021b, 2023) represents a substantially more pristine Southern Hemisphere
marine environment showing that aerosols in the GBR are higher than that baseline. The air masses
observed at the GBR frequently went through cloud processing resulting in a particle number size
distribution that often contains a Hoppel minimum (92%). While mode values of most particle
parameters, Nwt, CCN concentration, accumulation mode particle concentration, and Hoppel
minimum, are comparable between most measurements, the hygroscopicity parameter exhibits
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significant variability between data. This suggests that we are capturing a variety of different aerosol
particles in terms of chemical composition. The heavily organic particles measured at Heron Island in
2023 are of particular note, as the stark difference suggests local organic emissions could play a key
role in aerosol loading over coral cays and islands.

As it stands, it appears that aerosol loading over the GBR is primarily influenced by long-range
transport of aerosol particles. It is also apparent that there is a non-negligible effect from local sources.
Air masses traveling over the reef are enriched in small particles, and their contribution to CCN
concentration is up to 6% (Fig. S161). It is important to note that this enrichment is clearly not the
dominant process, but rather occurs in the background. The process is likely similar to silent NPF
described in Kulmala et al. (2022), in which it is mostly unobservable in surface plots. This is one of the
key reasons why the effect can only be inferred through statistical modeling and back trajectory
analysis. Bire enfirmation—of-thi equireslong-term-dedicatedaerosol-measuremen Aat-we

Akt anehaes

Meteorology, sea surface temperature in particular, appears to play a role as well. However, although
meteorological conditions do vary over the reef, their effect on CCN concentration is notably small. It
could be that the meteorological effect is contained in the changing aerosol loading and the residual
effect in our statistical modelling is small. We can hypothesize that long-term changes in climate and
large-scale weather patterns such as ENSO and the Southern Oscillation affect CCN concentrations
primarily through changes in aerosol sources, sinks, and transport pathways. Variations in sea surface
temperature influence marine biological activity, DMS emissions, and sea spray production, all of
which alter the availability of aerosol precursors and primary particles. At the same time, ENSO-driven
changes in boundary layer height, convection, precipitation, and large-scale circulation modify vertical
mixing, wet scavenging, and the transport of aerosols and precursor gases. Together, these processes
influence both the production of new particles and the survival and growth of existing particles into
the CCN size range. However, confirming this hypothesis

possible with the available data.

Previous multi-site observational studies have demonstrated strong relationships between CCN
concentrations and aerosol number concentrations across a range of environments (Andrews et al.,
2025; Schmale et al., 2017), and our results agree well with these observations. However, direct
quantitative comparison of fitted coefficients between studies is complicated by differences in
regression formulation, supersaturation conditions, and variable transformations. Within the GBR
dataset itself, the clean marine subset exhibited both a weaker power-law dependence and lower
explained variance than reef- and/or land-influenced air masses. This suggests that under very clean
marine conditions, accumulation-mode number concentration alone becomes a less complete
parametrization of CCN variability, likely because aerosol composition, growth state, activation
efficiency, and recently formed particles exert a proportionally larger influence. Overall, accumulation
mode parametrizations work reasonably well overall, but clean marine environments may require
additional treatment of growth processes and aerosol composition.

Coral reef contributions to aerosols and CCN are typically not explicitly parameterized in climate
models. This analysis highlights the importance of resolving atmosphere-biosphere processes at fine
spatial scales to capture subtle but climatically relevant sources of CCN. By directly isolating and
quantifying the effect of coral reef emissions on CCN concentrations, our study provides, to our
knowledge, the first direct observational evidence of a reef-origin aerosol contribution to cloud-
relevant particle populations. While likely negligible at global scales, this reef signal represents a
unique natural marine source that can influence regional CCN budgets and cloud microphysics. It is
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important to note that we cannot distinguish between various sources within the coral reef ecosystem,
and therefore quantifying the exact sources within the ecosystem itself remains a subject of future
work. These results offer a novel constraint for regional modelling and a foundation for incorporating
biogenic aerosol processes from reef systems into Earth system models. Furthermore, this analysis
method could be extended to cover other biologically active systems that are potentially important
regional sources of CCN.

Our results have important implications for the RRAP Cooling and Shading subprogram. The observed
sensitivity of CCN concentrations to air-mass conditions, and the complex aerosol dynamics having an
impact specifically in clean marine air masses suggests the effectiveness of cooling and shading
intervention over the GBR is likely notably variable in space and time. Consequently, consistent long-
term atmospheric monitoring at fixed locations, together with robust characterization of baseline
aerosol-cloud interactions, is essential both for resolving long-term variability in natural GBR aerosol
processes and for evaluating the potential effectiveness and environmental impacts of future solar

radiation management interventions over the reef.
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