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Abstract 

Coral reefs are among the most biologically important ecosystems on Earth and are highly 
sensitive to climate change. The Great Barrier Reef (GBR) is the largest coral reef system 15 
globally, yet the extent to which it contributes to local atmospheric particle loading remains 
poorly understood. Here, we present a case study focusing on particle formation processes 
observed during a six-week measurement campaign at Heron Island on the GBR. Our results 
show that when air masses spent considerable time over the reef itself, we observed a 
number of new particle formation events. These events were preceded by an increase in 20 
dimethylsulfoxide (DMSO) concentrations and led to increased sulfate and ammonium in 
the resulting particle population. Importantly, DMSO concentrations were not higher during 
event days in comparison to other days, suggesting that both precursor availability and 
favorable photochemical conditions such as increased solar irradiance played a role in 
initiating particle formation over the reef. These findings provide evidence that the GBR 25 
ecosystem can influence local aerosol formation processes, with implications for regional 
cloud formation and climate feedbacks in marine ecosystems.  

1. Introduction 

The Great Barrier Reef (GBR) is the largest reef ecosystem in the world and an important 
economical, natural and cultural heritage site (Harris et al., 2018; Knowlton et al., 2010; 30 
Reaka, 1997; Rowland et al., 2025; Santavy et al., 2021). However, the GBR as well as other 
coral reefs around the world are under significant stress from increased ocean 
temperatures, ocean acidification, extreme weather events and habitat destruction (Dietzel 
et al., 2021; Fox-Kemper et al., 2021; Hughes et al., 2017b, a). The GBR has also seen an 
increased number of coral bleaching events, with severe bleaching an almost annual 35 
phenomenon in the 2020s (AIMS, 2025; Hughes et al., 2018). Due to this, the Reef 
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Restoration and Adaptation Program (RRAP) focuses on developing strategies to help the 
GBR resist and adapt to the impacts of climate change (Anthony et al., 2020; Condie et al., 
2021).  

The RRAP Cooling and Shading subprogram focused on developing methods to cool and 40 
shade the reef. Some of the more promising interventions involved the introduction of 
additional aerosol particles into the atmosphere to increase the refraction of solar radiation 
away from the reef (Bay et al., 2019; Braga et al., 2025; Harrison, 2024; Hernandez-Jaramillo 
et al., 2024; Khan et al., 2025; Li et al., 2025). Aerosol particles play a key role in the Earth’s 
climate system through their interactions with radiation and clouds (Storelvmo et al., 2016). 45 
Aerosol particles can act as cloud condensation nuclei (CCN), influencing cloud droplet 
number concentrations, cloud albedo, and precipitation processes (Albrecht, 1989; 
Twomey, 1974). The properties of these particles, including their size distribution, chemical 
composition, and hygroscopicity, are strongly influenced by both atmospheric transport 
and local sources of precursor gases (Dusek et al., 2006; Petters and Kreidenweis, 2007). In 50 
relatively clean marine environments where aerosol particle number concentrations are 
well below 1000 cm-3, such as the GBR region (Braga et al., 2025; Eckert et al., 2024; 
Hernandez-Jaramillo et al., 2024; Horchler et al., 2025; Sulo et al., 2026a), small changes in 
aerosol precursor availability or atmospheric oxidation conditions can have 
disproportionate effects on particle formation processes and CCN populations (Kerminen 55 
et al., 2018; Quinn and Bates, 2011). Accurate representation of these relationships in 
regional models is challenging and requires adequate validation through measurement 
studies.  However, 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). 60 

Coral reef environments are known to emit a variety of aerosol precursors that can influence 
atmospheric chemistry and aerosol formation (Broadgate et al., 1997). In particular, marine 
ecosystems produce S-containing compounds such as dimethyl sulfide (DMS), which is 
generated by phytoplankton, algae, and coral-associated symbiotic organisms 
(Deschaseaux et al., 2015; Stefels et al., 2007). Once emitted to the atmosphere, DMS 65 
undergoes oxidation to form products including dimethyl sulfoxide (DMSO), sulfur dioxide, 
and ultimately sulfuric acid, which can contribute to aerosol particle formation and growth 
in the marine boundary layer (Berndt et al., 2023; Chen et al., 2018). These processes have 
been proposed as part of a climate-relevant feedback linking marine biological activity to 
aerosol formation and cloud properties over the ocean (Charlson et al., 1987). While the role 70 
of marine sulfur emissions in aerosol formation has been widely studied in open ocean 
environments, much less is known about how coral reef ecosystems influence local aerosol 
chemistry and particle formation (Fiddes et al., 2022; Modini et al., 2009; Swan et al., 2016). 

New particle formation (NPF), a process in which molecular clusters grow into stable 
aerosol particles, represents an important pathway for generating atmospheric aerosol. 75 
NPF has been extensively documented in continental and forested environments, where 
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sulfuric acid, organic vapors, ammonia, and amines are known to play important roles in 
stabilizing molecular clusters and enabling particle growth (Kerminen et al., 2018; Lehtipalo 
et al., 2025). NPF has also been observed in marine and coastal environments (Peltola et al., 
2022; Zheng et al., 2021). However, the occurrence and controlling mechanisms of NPF at 80 
the GBR remain poorly understood.  

Despite these potential links, observational studies directly connecting coral reef emissions 
to aerosol formation remain limited. Previous work has suggested that while reef-derived 
emissions may not strongly influence regional aerosol populations at large spatial and 
temporal scales, they could still contribute to particle formation or growth processes at 85 
local scale or mesoscale  (Fiddes et al., 2022; Sulo et al., 2026b). Characterizing these 
interactions requires coordinated measurements of aerosol properties, trace gases, and 
meteorological conditions within the reef environment. 

To address these questions, we conducted an intensive six-week atmospheric 
measurement campaign at Heron Island, located near the southern most extent of the GBR, 90 
during late 2024. A comprehensive suite of real-time aerosol and trace gas instruments was 
deployed to measure particle concentration and size distributions, cloud condensation 
nuclei (CCN), black carbon, aerosol chemical composition, and volatile organic 
compounds (VOCs). These measurements provide a detailed picture of the atmospheric 
composition over the reef and its variability under different meteorological conditions. 95 

In this study, we aim to (i) characterize typical aerosol and air quality conditions in the reef 
environment, (ii) examine how meteorology and air-mass transport influence aerosol 
properties, (iii) investigate the occurrence and characteristics of new particle formation 
events, and (iv) assess the potential contribution of reef-derived emissions to local aerosol 
populations. Understanding these processes is important not only for improving our 100 
knowledge of atmospheric chemistry in coral reef environments, but also for assessing 
how biological–atmospheric interactions may influence cloud formation and climate at 
local and regional scales. 

2. Methods 

2.1. Site Description 105 

The field measurements took place at the University of Queensland’s Heron Island Research 
Station (Fig. 1), located on Heron Island (-23.442728 N, +151.913440 E) in the Capricorn 
Group of the southern GBR, approximately 80 km off the coast of Queensland, Australia. The 
research station is on the south side of the island, roughly 100 meters from the shoreline. 
The island’s environment is characteristic of a coral cay; a flat, sandy island atop a coral reef 110 
platform. Surrounding reef flats are exposed at low tide and submerged at high tide, 
potentially affecting local aerosol and vapor sources. The meteorological conditions in 
November–December are typically tropical, with warm temperatures, predominantly 
southeasterly trade winds, and high relative humidity (RH) typically above 70%. The main 
on-site sources of anthropogenic pollutants are the station’s power generators, cooking 115 
emissions from gas stoves on the island and occasional boat traffic. This setting provides a 
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clean marine background punctuated by natural reef-related emissions and intermittent 
localized pollution resulting from human activity. 

 

Figure 1. Map of Heron Island (© Google Maps 2025). The position of a laboratory used for 120 
atmospheric measurement is marked with a purple triangle. 

2.2. Instrumentation 

A broad range of instruments was deployed to measure particle-phase, gas-phase, and 
meteorological parameters (Table S1) during November-December 2024 (for a detailed 
timeline see S1). All aerosol and trace gas instruments drew air from a common sampling 125 
inlet mounted on the roof of the lab, approximately 12 m above ground level. The inlet 
consisted of 6 meters of 1-inch stainless steel tubing running vertically and then horizontally 
through a wall into the laboratory. The design included a laminar-flow inlet manifold that 
split the flow to feed each instrument. Aerosol size distributions were measured by a Neutral 
cluster and Air Ion Spectrometer (NAIS, Airel Ltd.) measuring mobility size distributions of 130 
0.8 – 42 nm ions and ~2.5– 42 nm neutral particles, a Scanning Electrical Mobility 
Spectrometer (SEMS, Brechtel Inc.) measuring 10–800 nm particle size distributions, and an 
Aerodynamic Particle Sizer (APS, TSI Inc.) for particles 0.5–20 µm. These three instruments 
together provided the aerosol size distribution from the ultrafine to coarse size range. Total 
particle number concentration was measured by an Airmodus A20 for particles larger than 135 
10 nm at 1-second resolution. This provided a continuous record of integrated aerosol 
number concentration to compare with size-distribution-derived counts. A Cloud 
Condensation Nuclei counter (CCNc, Droplet Measurement Technologies) was used to 
quantify CCN concentrations at controlled supersaturation levels. The CCNc alternated 
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between supersaturation settings (0.1%, 0.3%, 0.5%) to measure the number of aerosol 140 
particles that can activate into cloud droplets at each supersaturation. 

Aerosol chemical composition was measured by a compact-Time of Flight Aerosol Mass 
Spectrometer (c-ToF AMS, Aerodyne Research Inc.). The AMS measures submicron aerosol 
composition (organics, sulfate, nitrate, ammonium, chloride). The compact time-of-flight 
AMS was operated in cycles of mass spectrum (MS) and particle time-of-flight (PToF) 145 
modes, yielding 1-minute average concentrations of non-refractory PM1 and their 
composition. This instrument provided detailed insight into the chemical makeup of the 
marine aerosol. All collected aerosol data were corrected for hygroscopic growth where 
relevant.  

Volatile organic compounds (VOCs) were measured by a high-resolution proton-transfer-150 
reaction time-of-flight mass spectrometer (Aerodyne VOCUS PTR-MS). After splitting from 
the common inlet line, the remaining sample line leading to VOCUS PTR-MS was heated to 
avoid condensation in the sampling line. VOC measurements are crucial for understanding 
biogenic emissions from the reef (such as coral-produced sulfur compounds) and any 
anthropogenic influences.  155 

Several gas-phase species were measured to provide context on sources and atmospheric 
chemistry. A Li-Cor LI-840A analyzer measured CO₂ (non-dispersive infrared detection), an 
O3 monitor measured ozone (O₃, 9810B, Ecotech Pty Ltd.) via UV absorption, and a NOx 
chemiluminescent analyzer measured oxides of nitrogen (NO and NO₂, 9841A, Ecotech Pty 
Ltd.). All gas monitors recorded data at 1-second resolution. These gases help identify 160 
pollution events (e.g. combustion sources via CO₂ and NOx) and provide information on 
photochemical activity (O₃ levels). Refractory black carbon mass was monitored by two 
instruments – a Tricolor Absorption Photometer (TAP, Brechtel) and a Magee Scientific 
Aethalometer (model AE31). Both measure light absorption by particles on a filter (at 
multiple wavelengths) to infer BC concentration in real time. The Aethalometer operated at 165 
7 wavelengths (370–950 nm) on a 5-minute time base, while the three-wavelength TAP 
provided complementary absorption data at 1-second resolution. 

A weather station (Gill MaxiMet GMX501, Gill Instruments Ltd.) mounted on the station roof 
provided meteorological parameters including wind speed and direction, air temperature, 
relative humidity (RH) and barometric pressure. Rainfall data was retrieved from the AIMS 170 
weather tower on Heron Island. Additionally, temperature/RH probes (Vaisala HMP60) were 
installed in the aerosol inlet line to monitor conditions inside the sampling system. One 
HMP60 sensor measured T/RH immediately after the aerosol dryer, and a second sensor 
monitored ambient T/RH before the dryer, allowing calculation of drying efficiency and 
humidity conditions experienced by the aerosol sample. 175 

2.3. Data Processing and Calibration 

Regular maintenance and calibration activities were performed throughout the campaign. 
Daily zero checks and flow checks were conducted. During these checks, the inlet line was 
briefly disconnected or filtered (drawing zero air or room air) and those periods have been 
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removed from the final datasets. Additional key data processing steps and calibration 180 
procedures are outlined below. 

The losses in the aerosol inlet were calculated based on standard aerosol loss formulas 
(Baron and Willeke, 2001; Hinds, 1999). The losses accounted for included diffusional and 
gravitational losses as well as bend and contraction losses, which were calculated for their 
flow regimes, determined based on calculated Reynolds numbers. The calculated efficiency 185 
of particle penetration for different particle sizes is shown for APS and SEMS in Fig. S1-2. The 
SEMS and APS provided overlapping size distributions in the ~700–800 nm range. To create 
a single continuous particle size distribution from ~5 nm up to 2 µm, we merged the two 
datasets. First, APS aerodynamic diameters were converted to mobility-equivalent 
diameters. We assumed a representative aerosol particle density of ~1.3 g/cm³ (sea-salt-190 
dominated at 50% RH) and applied the equation from DeCarlo et al. (2004) to get mobility-
equivalent diameters. Both SEMS and APS distributions were then corrected for the sample 
RH difference: since the aerosol was dried to ~50% RH in the inlet, whereas ambient 
humidity can be higher, we adjusted the measured diameters to “ambient equivalent” 
diameters using a hygroscopic growth factor model (assuming primarily ammonium 195 
sulfate/sea salt composition). Finally, in the overlapping size region we used a Tikhonov 
regularization approach to smoothly join the SEMS and APS data. The merged distribution 
was used for computing integrated aerosol properties and for visualizing size spectra. 

Total aerosol number concentration was corrected for detection efficiency and any obvious 
false spikes (e.g., electrical noise spikes) in the CPC time series were removed. CCNc data 200 
required processing due to its supersaturation stepping. The instrument cycled through 
supersaturation (SS) settings of 0.5%, 0.3%, and 0.1% (each held for 10 minutes). To ensure 
steady state, we discarded the initial warm-up period at each new setting (specifically, the 
first 90 s at 0.5% SS, 150 s at 0.3%, and 240 s at 0.1% SS). The remaining CCN concentrations 
were averaged for each SS level interval. CCN concentrations at 0.3% SS were chosen for 205 
further analysis as 0.3% SS is likely the closest to a true supersaturation in the clouds 
(Horchler et al., 2025). We then derived CCN spectra (CCN concentration vs. 
supersaturation) for selected periods and calculated the activation ratio (CCN/CN ratio) at 
each supersaturation as a function of time. 

The AMS data were processed with standard AMS software (SQUIRREL/PIKA in Igor Pro). 210 
Periods when the AMS was not sampling (e.g., during tuning or background check) were 
removed. The instrument was also re-tuned on 12 November after noticing sensitivity loss. 
As a result, we split the AMS dataset into two segments (pre-12 November and post-12 
November) and applied the respective calibration values to each period. This ensures the 
reported mass concentrations are accurate throughout. 215 

In order to account for changes in the sensitivity of the VOCUS PTR-MS, both background 
and calibration measurements were collected daily. On 18.11.2025 the tuned settings reset 
to previous values leading to the step change in sensitivity and background measurements. 
The detection limits (DL) were calculated for each calibrant before and after change of 
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settings and if the results were comparable the higher value of DL was used throughout the 220 
campaign (Table S2). 

The raw absorption data from the Aethalometer (AE31) were corrected for known artifacts. 
Specifically, after each filter tape advance the AE31 would report zero or near-zero readings 
for a short period; these points were removed from the dataset. Additionally, a flow 
correction was applied. Although the AE31 was set to a nominal 2.0 L/min, the actual flow 225 
was ~1.6 L/min during operation, so we scaled the BC concentrations accordingly to reflect 
the true sampling volume. The Brechtel TAP data (which are inherently at 1-s resolution and 
lower noise) were averaged to 5-min for comparison to the Aethalometer and corrected for 
spot loading effects using the manufacturer’s algorithm. 

Quality control was performed on all data streams: obviously erroneous data (e.g., negative 230 
particle counts, sensor outages) were removed or flagged. 

2.4. Calculations 

To further support the work presented in this paper, several parameters were calculated. 
The black carbon concentration (threshold of 0.45 µg/m3) was used to identify data strongly 
influenced by the local anthropogenic emissions. The identified data was marked with a 235 
pollution flag and not used in further analysis. 

The Hoppel minimum (Hoppel et al., 1985; Noble and Hudson, 2019) defined as the 
diameter where the minimum concentration occurs between Aitken and accumulation 
modes, was calculated by finding the minimum diameter of a smoothing spline that was 
fitted to the size distribution between 40 and 140 nm. In cases when the minimum diameter 240 
was found on the edge of the studied range (40 or 140 nm), the size distribution was 
considered not to have a Hoppel minimum present. Additionally, the calculation of the 
Hoppel minimum was constrained by the previous value based on the assumption that the 
Hoppel minimum changing by more than 10 nm in 15 minutes is either unrealistic or a sign 
of a rapid change in air masses. 245 

The CCN activation ratio was calculated as a ratio between CCN and total aerosol number 
concentrations. The critical diameter is defined as a diameter above which particles are 
assumed to activate as CCN. The critical diameter was calculated as a diameter above 
which the reverse sum of the particle size distribution concentration matches the CCN 
concentration (Sihto et al., 2011). 250 

The 72-hour back trajectories were calculated per hour using the Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015). The Lagrangian 
dispersion model developed by the National Oceanic and Atmospheric Administration 
(NOAA) was used to determine the pathway that air masses took before arriving at the 
sampling location. The Global Data Assimilation System (GDAS) dataset at 1° spatial 255 
resolution provided by NOAA was used for HYSPLIT analysis. Based on the calculated back 
trajectories, a reef fraction was calculated as the fraction of time that air masses spend over 
the GBR reef area during 12-hour time window before arriving at the station. The reef 
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locations were retrieved from reef mappings provided by the Great Barrier Reef Marine Park 
Authority (Great Barrier Reef Marine Park Authority, 2007).  260 

The cloudiness parameter was calculated as a ratio of global radiation to the theoretical 
maximum radiation arriving at Heron Island (Dada et al., 2017). The theoretical maximum 
radiation is estimated based on the latitude of the Heron Island and the seasonal solar 
cycle. The cloudiness parameter lower than 0.3 represents a complete cloud cover, while 
values above 0.8 can be categorized as clear-sky conditions. 265 

3. Results and discussion 
3.1. Overview 

Our dataset consists of two periods representing distinct meteorological regimes (Fig. 2). 
The first period, spanning from the beginning of the campaign until midnight on 18 
November, is characterized by predominantly northerly winds, higher median relative 270 
humidity, temperature, and dew point, as well as notably lower wind speeds (median < 2 
m/s) and less frequent clear-sky conditions. After this time, conditions shift to a more stable 
trade-wind regime, with air masses arriving primarily from the southeast. This transition is 
also evident in air-mass back trajectories, which show a clear shift from north–northeast 
marine transport during the first period to predominantly southeast marine transport 275 
thereafter (Fig. 2). 

Figure 2: The meteorological regimes during the first (orange) and second (blue) time periods 
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of the campaign showing the RH (a), temperature (b), cloudiness parameter (c), dew point 
(d), wind speed (e), air mass history (f), and wind direction (g).  280 

These two regimes exhibit markedly different aerosol characteristics (Fig. 3). During the first 
period, aerosol number concentrations are substantially elevated, with median total 
particle number concentrations around 600 cm⁻³ compared to approximately 200 cm⁻³ 
during the second period. All particle size modes show higher concentrations during the first 
period. We therefore refer to the first period as the emissions affected period and the second 285 
period as the clean marine period. Aerosol chemical composition shows some small 
changes, with the emission affected period exhibiting higher organic and sulfate and lower 
ammonium concentrations and fractions compared to the clean marine period (Fig. S3-4). 
The CCN concentrations are also enhanced, with median values near 200 cm⁻³ compared 
to below 100 cm⁻³ during the second period. The CCN activation ratio (CCN/CN) displays 290 
greater variability during the first period, particularly toward lower values. Such variability 
may indicate a larger fraction of particles that are either too small to activate at the 
measurement supersaturation or exhibit lower hygroscopicity due to increased organic 
content.  

In addition, the Hoppel minimum occurs at significantly larger diameters during the first 295 
period (>100 nm) compared to approximately 80 nm during the second period (starting on 
19 November). The Hoppel minimum reflects the size threshold separating particles that 
have undergone cloud processing from those that have not (Hoppel et al., 1985; Hoppel and 
Frick, 1990). A shift toward larger diameters suggests that particles required larger sizes to 
activate as cloud droplets, which is commonly associated with lower hygroscopicity or 300 
lower cloud supersaturation conditions (Dusek et al., 2006; McFiggans et al., 2006). It is also 
possible that the air masses contain more aged aerosols that were not cloud processed as 
recently.  

Taken together, these observations indicate that the aerosol population during the first 
period was more variable and likely influenced by additional particle sources or precursor 305 
environments compared to the cleaner marine conditions observed during the second 
period. This interpretation is supported by air-mass history, which shows that during the first 
period air masses spent significantly more time over the GBR and surrounding reef islands 
before reaching Heron Island (Fig. 2a). Such transport pathways may enhance the influence 
of both marine biogenic emissions and local island activities, leading to increased variability 310 
in aerosol concentrations (Fig. 3) and composition (Fig. S3-4). 
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Figure 3: The total particle number concentration (Ntot) (a), accumulation mode 
concentration (b), Aitken mode concentration (c), CCN concentration (d), coarse mode 
concentration (e), Hoppel minimum (f) and activation ratio (g) in the two periods of the data 315 
set.  

https://doi.org/10.5194/egusphere-2026-4869
Preprint. Discussion started: 21 August 2026
c© Author(s) 2026. CC BY 4.0 License.



11 
 

 

Figure 4: The concentrations of isoprene (a), monoterpene (b), DMS (c), acetone (d), 
benzene (e), toluene (f) and cyclohexane (g) in the two periods of the data set.  

Looking at the gas-phase compounds, the concentrations of isoprene, cyclohexane and 320 
toluene are elevated during first period (Fig. 4a,f,g). Isoprene is most likely originating from 
local organic sources such as vegetation, while cyclohexane and toluene are possibly 
coming from an anthropogenic source on the island. Interestingly, the concentrations of 
monoterpene, DMS, and acetone are statistically higher (p < 0.001) during the second period 
(Fig. 4b) when the air spends minimum time over the island (Fig. 2a,d), suggesting biogenic 325 
marine origin such as corals or phytoplankton (Shaw et al., 2010; Swan et al., 2016; Yassaa 
et al., 2008). Previous research (Deschaseaux et al., 2025; Shaw et al., 2010; Swan et al., 
2016; Yassaa et al., 2008) has suggested that corals also emit small concentrations of 
isoprene together with monoterpenes, but the isoprene emissions from local trees are much 
stronger and likely mask this effect. 330 

3.2. Nanoparticle ranking 

We applied nanoparticle ranking analysis (Aliaga et al., 2023) to our dataset, in order to study 
the contribution of local particle formation and growth to the aerosol size distribution. Our 
analysis reveals three distinct Gaussian modes—g1, g2, and g3 (Fig. S5)—each representing 
a characteristic level of NPF intensity. 335 
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The first mode, g1, from here on called the non-event mode, accounts for approximately one 
third of the 15 days of complete data and corresponds to days with negligible or absent NPF 
activity. As shown in Fig. 5a, the median diurnal particle size distribution for non-event days 
lacks any sustained growth features, instead displaying two faint sharp spikes in particle 
concentration across a wide size range before 06:00 and again around 18:00, suggestive of 340 
transient pollution events rather than nucleation. 

The second mode, g2, from here on called the undefined mode, is found in only a fifth of the 
dataset. However, undefined days show a clear midday growth event and a secondary 
growth period in the evening (Fig. 5b). Notably, the evening mode does not appear to connect 
to the sub-2 nm molecular size range (Fig. 5b), indicating it likely does not originate from a 345 
nucleation process but rather from the growth of existing particles, potentially linked to local 
combustion emissions. 

In contrast, days in the third Gaussian, g3, from here on called the NPF event mode, 
represent the strongest NPF events and are characterized by three distinct growth episodes. 
The first event occurs shortly after sunrise (05:00), another near 11:00, and a third around 350 
17:00 (Fig. 5c). These events show sustained growth from the smallest detectable sizes. The 
last event terminates abruptly near sunset, emphasizing the central role of photochemistry 
in driving particle growth. The abrupt termination could not be explained by a shift in wind 
direction, leaving solar chemistry as the most likely reason for it.  

Airmass history provides context for interpreting the nanoparticle ranking analysis. As 355 
shown in Fig. 2, airmasses during the period in which NAIS data are available predominantly 
originated from the east, indicative of a clean marine background. However, distinct 
differences emerge in the trajectories near Heron Island across the three modes (Fig. 6). For 
non-event days, airmasses approach almost directly from the east, spending minimal time 
over the GBR (Fig. 6b). In contrast, undefined days exhibit a modest northerly arc, with air 360 
passing over more of the reef system (Fig. 6d). Most notably, during NPF event days, 
airmasses take a pronounced turn northward before arriving at Heron Island, frequently 
traveling along the main reef chain (Fig. 6dc). Despite these distinctions, all airmasses 
regardless of mode pass directly over Heron Island itself, indicating that potential terrestrial 
influences from the island are common in all cases. 365 

The meteorological conditions associated with each nanoparticle ranking mode show 
subtle distinctions that may influence new particle formation. As shown in Fig. 7d, diurnal 
temperature profiles are broadly similar, but non-event days exhibit slightly lower midday 
temperatures, possibly reflecting increased cloudiness or higher aerosol loading 
suppressing surface heating. In contrast, undefined days show cooler nighttime 370 
temperatures, which may indicate more efficient radiative cooling under clearer skies.  
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Figure 5: Diurnal variation of the median particle number size distribution measured during 
non-event day (a), undefined day (b), and NPF event day (c). 

 375 
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Figure 6: The air mass history for NPF event days (a,c), undefined days (a,d), and non-event 
days (a,b). Color intensity shows the frequency of trajectory overpass for each pixel during 
the analyzed period, with the solid line denoting the average trajectory. The green contours 
(b-d) show locations of coral reefs in the GBR. 380 

Solar radiation profiles support this as well as the cloudiness parameter (Fig. 7f and S6), with 
both indicating clearer skies on undefined and NPF event days. Notably, undefined days 
tend to receive more morning solar radiation (Fig. 7f), suggesting earlier onset of 
photochemical activity, though this does not always lead to particle formation. Wind speed 
is also lower on average during these days (Fig. 7a), likely contributing to lower vertical 385 
mixing and slower replenishment of precursors. In contrast, the NPF event days exhibit 
slightly lower atmospheric pressure likely resulting in better vertical mixing and a higher 
solar radiation (Fig. 7b,f), which, in combination with observed wind direction changes 
aligning with airmass history, may create conditions more conducive to particle growth. 
These patterns suggest that the subtle interplay between radiation, moisture availability, 390 
and boundary layer dynamics could play a role in modulating event likelihood. 

Condensation sink (CS) is a well-established regulator of NPF, as pre-existing aerosol 
surface area can effectively scavenge low-volatility vapors before they contribute to 
nucleation or growth (Kerminen et al., 2018; Kulmala et al., 2001). Over the GBR, CS values 
are typically very low, typically below 4 × 10−4 s−1 (Fig 7i-k), but our analysis reveals distinct 395 
patterns across nanoparticle ranking modes, indicating a delicate balance between 
suppression and source-driven variability (Fig. 7i-k). On non-event days, CS values are 
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typically 3 × 10−4 s−1, coinciding with consistently low nucleation mode concentrations 
(<300 cm⁻³, Fig 7i), suggesting that even relatively modest sinks in this clean marine 
environment can effectively hinder particle formation. In contrast, both undefined and NPF 400 
event days show similarly low median CS values (about 1.5 × 10−4 s−1), yet markedly 
different outcomes in nucleation mode concentrations (Fig. 7j,k). On undefined days, 
concentrations remain moderate (250–350 cm⁻³), while event days exhibit a broader range 
extending up to 1200 cm⁻³. This divergence implies that differences in aerosol sink alone 
cannot account for the variability in NPF intensity and instead points toward variability in 405 
precursor vapor availability or nucleation conditions. Compared to continental or polluted 
coastal environments, where CS frequently exceeds 1 × 10−3 s−1 and can strongly 
suppress NPF (Nieminen et al., 2018; Wang et al., 2021), the GBR represents a regime where 
even subtle changes in CS may modulate particle formation efficiency, but source dynamics 
likely play the dominant role in controlling event strength. 410 

 

Figure 7: Diurnal variation of metrological variables: wind speed (a), pressure (b), relative 
humidity (c), temperature (d), dew point (e), solar radiation (f), wind direction cosine (g) and 
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sine (h) component during NPF event days (yellow), undefined days (blue), and non-event 415 
days (grey). Median values are shown by a straight line, while shaded areas present the 
interquartile ranges. Subplots i-k present the relation between condensation sink and 
nucleation mode measured with NAIS for non-event days (i), undefined days (j), and NPF 
event (k). This relationship is presented as relative densities (kde); hence the color scale 
does not represent absolute values and is irrelevant for the interpretation. 420 

 

Figure 8: Boxplots of VOC concentrations measured on the NPF event days (yellow) and 
combined data for undefined and non-event days (other days, grey). Subplots (a) presents 
calibrated data in ppb unit while subplot (b) shows data as counts per seconds (cps). 

Our observational data show that days with NPF events coincide with elevated isoprene 425 
levels, while DMS and its oxidation product DMSO are notably lower than on non-event days 
(Fig. 8). Due to lack of VOC data for most undefined days, we have combined non-event and 
undefined days under the term other days for the rest of this analysis. It can be hypothesized 
that the lower DMS concentrations are due to photochemical oxidation during clear sky 
days. Coral reef VOC emissions (such as DMS and monoterpenes) are known to be capable 430 
of producing new aerosol particles in the marine boundary layer, but the occurrence of NPF 
even when DMS/DMSO are relatively low and its absence when they are higher challenges 
the simple view that more DMS invariably means stronger nucleation. Instead, these results 
support the emerging understanding that NPF in pristine environments requires a 
combination of precursors and favorable conditions: for example, nucleation in clean 435 
marine air may involve a mixture of sulfur species with ammonia, amines, or halogenated 
compounds (e.g. iodine emissions) to stabilize new cluster formation (Kirkby et al., 2011; 
O’Dowd et al., 2002; Sipilä et al., 2016). 
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Figure 9: Timeseries of concentration of DMSO, 2-5 nm particle concentration, sulfate (SO4), 440 
and ammonium (NH4) as well as 12-hour reef fraction relative to the NPF onset. Median 
values are shown by a straight line while shaded areas present the interquartile ranges. 

Figure 9 shows the median time series of DMSO, nanoparticle number concentrations (2–5 
nm), and aerosol sulfate and ammonium mass concentrations relative to the onset of NPF. 
Onset is defined here as the increase of the 2 – 5 nm particle number concentration above 445 
the 75th quantile for a minimum of 30 minutes. This method detects a maximum of three NPF 
events a day in our dataset, consistent with visual inspection of the data (Fig. 5). DMSO 
concentrations are highest during the hours preceding NPF events and decrease gradually 
toward the time of onset (Fig. 9a). The concentrations of 2–5 nm particles increase sharply 
at the onset of NPF as expected and remain elevated for several hours afterward (Fig. 9b), 450 
indicating sustained nucleation or early particle growth during the daytime photochemical 
period. Sulfate mass concentrations do not increase immediately at the onset of particle 
formation but instead rise several hours later (Fig. 9c). Ammonium follows a similar pattern 
(Fig. 9d), suggesting both ammonium and sulfate or their precursors participate in particle 
formation and growth. This temporal sequence of declining DMSO, followed by nanoparticle 455 
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formation, and subsequently increasing sulfate and ammonium mass—is consistent with 
the oxidation of reduced sulfur compounds leading to sulfuric acid production and particle 
growth. Finally, airmass back trajectory analysis shows that the fraction of time the 
airmasses spent over the GBR itself tends to increase towards unity about 10 hours prior to 
onset and remain high until several hours after NPF (Fig. 9e), suggesting that sources at the 460 
GBR, be they reefs, vegetation or anthropogenic sources, affect the initiation of NPF. This 
behaviour is also specific and enhanced during NPF days, as DMSO concentrations are 
elevated particularly on nights prior to NPF event days and airmasses spent significantly 
more time over the reef during NPF days (Fig S7). 

The observation that DMSO concentrations decline approaching NPF onset indicates that 465 
the events are not triggered by elevated concentrations of this compound itself, but rather 
by chemical conversion of a precursor pool accumulated during the preceding night. The 
several-hour delay between nanoparticle formation and detectable increases in sulfate 
mass is consistent with the time required for newly formed clusters to grow (Kulmala et al., 
2001, 2004) into the size range detectable by AMS (over ~50–70 nm). Together, these 470 
observations support a mechanism in which DMSO accumulates overnight in the marine 
boundary layer (Fig. S7) and is subsequently oxidized during the daytime photochemical 
period, producing sulfuric acid that drives nanoparticle formation and growth. Overall S-
containing VOC tend to have higher counts during other than NPF days (Fig S8), highlighting 
that sulfur availability alone may not be the limited factor the NPF, but rather the 475 
combination of sulfur availability and sulfur processing via photochemistry. The decline in 
DMSO prior to NPF onset therefore likely reflects the progression of sulfur oxidation 
chemistry rather than depletion by particle condensation alone. Similar precursor-
conversion dynamics have been observed in other marine environments where biogenic 
sulfur emissions play a central role in particle formation processes (Barnes et al., 2006; 480 
Berndt et al., 2023), suggesting that coral reef ecosystems may represent a locally important 
and previously under-characterized source region for sulfur-driven aerosol formation. 
Previous studies have suggested that coral reefs DMS emissions may not contribute a major 
component to particle number concentrations in large spatial scales, but they may still have 
an impact on a smaller spatial scale (Fiddes et al., 2022; Jackson et al., 2022). 485 

Organic aerosol composition was examined using the AMS f44–f43 framework (Ng et al., 
2010). The aerosol occupy the highly oxidized region of the triangle throughout the campaign 
(Fig. S9), indicating that the organic aerosol is dominated by aged-oxygenated components. 
During nucleation periods the median composition shifts slightly toward higher f43 and 
lower f44 (Fig. S9-10), suggesting the presence of somewhat less oxidized secondary 490 
organic aerosol. However, the aerosol remains highly oxidized overall (f44 > 0.22), 
inconsistent with fresh primary emissions. The shift to mildly less oxidized background 
aerosol suggests that we are likely observing a change in the background conditions towards 
more active photochemistry or increased production of newly oxygenated VOCs.  

VOC analysis reveals that the overall VOC composition remains broadly similar between 495 
nucleation and non-event days (Fig. S11). NPF days show enhanced signal intensity for 
oxygenated hydrocarbons during the morning and midday period (Fig. S8 and S11). This 
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indicates increased oxidation of the existing VOC pool rather than the introduction of 
distinct precursor compounds. The non-event days show higher median concentrations of 
C4H9

+ ion, except at 9 and 10 a.m. when its concentration is higher during NPF events (Fig. 500 
S12). The C4H9

+ is a common fragmentation ion that most likely comes from more than one 
compound. Although the difference in C4H9

+ signal during NPF is the most noticeable one, 
overall S-, and N-containing compounds show lower concentrations on NPF event days (Fig. 
S8). This can suggest stronger influence of nitrogen oxide chemistry on days without NPF 
events, which can suppress NPF (Wildt et al., 2014; Zhao et al., 2018). Our analysis indicates 505 
that NPF and the remaining days share a broadly similar VOC composition space, 
suggesting that nucleation is not triggered by big changes in precursor vapour composition. 
Instead, the main difference lies in the relative abundance and timing of oxygenated 
species, consistent with stronger oxidation and precursor processing on NPF days. 

4. Conclusions 510 

Our results highlight the strong influence of regional transport and air-mass residence time 
over the GBR on aerosol properties and particle formation dynamics. Two distinct regimes 
were observed during the campaign. The first period was characterized by air masses 
arriving from the north and northeast that travelled along the main reef chain before reaching 
Heron Island. During this period, particle number concentrations were substantially higher 515 
and aerosol properties were more variable, suggesting the influence of multiple particle 
sources or precursor environments. In contrast, the second period was dominated by 
southeasterly trade winds, representing a cleaner marine regime in which air masses spent 
most of their transport time over the open Pacific Ocean before arriving at the site. This 
regime was associated with lower aerosol concentrations and more stable aerosol 520 
properties. Because both regimes originate from the eastern Pacific sector, these 
observations suggest that increased residence time over the continental shelf and the reef 
system enhances both particle number concentrations and the complexity of aerosol 
dynamics. Air mass trajectories also indicate that NPF event days were associated with 
transport pathways that followed the reef chain before reaching Heron Island, suggesting 525 
that processes occurring within the reef environment may influence the availability of 
particle precursors. 

The strength of NPF events appears to follow patterns commonly observed in other 
environments, where particle formation is controlled by a combination of meteorological 
conditions, precursor availability, and the magnitude of the condensation sink. Non-event 530 
days were generally characterized by higher condensation sinks and increased cloudiness, 
which likely reduced photochemical activity and resulted in higher concentrations of less-
oxidized VOCs such as DMS, DMSO, and methanethiol. NPF event days displayed multiple 
growth episodes beginning shortly after sunrise and continuing throughout the daytime 
photochemical period. Both undefined and event days exhibited similarly low condensation 535 
sinks and lower concentrations of DMS, DMSO, and methanethiol, consistent with 
enhanced photochemical processing. The remaining differences in NPF intensity between 
undefined and event days are therefore likely driven by additional factors, such as the 
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availability of co-condensing vapors or subtle meteorological differences including wind 
speed, wind direction, and air-mass history. 540 

Trace gas and chemical composition measurements suggest a possible mechanism for NPF 
events over the reef. By aligning both DMSO and aerosol chemical composition 
measurements with NPF start times we show that DMSO concentrations peak prior to NPF 
onset, followed by NPF onset and increase in 2 – 5 nm particles while DMSO concentrations 
decline. Furthermore, several hours after the onset of NPF, aerosol chemical composition 545 
measurements exhibit an increase in sulfate and ammonia mass. This temporal sequence 
suggests that DMSO and possibly other S-containing compounds accumulate overnight and 
are subsequently oxidized during the daytime photochemical period, producing sulfuric 
acid that contributes to particle formation and growth.  

Our findings highlight the importance of coral reef environments as potential sources of 550 
aerosol precursors in otherwise clean marine atmospheres. These results support a novel 
constraint for regional modelling and an incorporation of biogenic aerosol processes from 
reef systems into Earth system models. While previous studies have suggested that reef-
derived emissions may have a limited impact on regional particle number concentrations, 
our results indicate that they may influence particle formation at smaller spatial scales. 555 
Further work is needed to better constrain the roles of sulfur chemistry, organic oxidation 
products, and other potential species such as ammonia, amines, or halogen compounds in 
driving nucleation in reef environments. Understanding these processes is important not 
only for aerosol chemistry but also for assessing the potential influence of coral reef 
ecosystems on cloud formation and regional climate in the tropical marine atmosphere. 560 
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