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A R T I C L E  I N F O
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A B S T R A C T

The cloud condensation nuclei (CCN) concentrations greatly determine the vertical microphysical evolution and 
rain initiation of warm convective clouds. We investigated the vertical profile of aerosol particles large enough 
(diameter > 60 nm) to act as CCN in marine air masses over the Great Barrier Reef. Such data were collected 
during an aircraft research campaign in February 2024. The results show a strong relationship between the 
microphysical processes measured in the cloud and the aerosol properties measured at the same altitude. The 
number concentration of aerosol particles decreases significantly above cloud bases due to CCN activation into 
cloud droplets. For heights above the in-cloud rain initiation level, the aerosol concentrations decrease further 
due to the scavenging of particles by drizzle and raindrops. The Hoppel minimum in particle size distributions is 
observed up to the altitude at which the coagulation process intensifies. Furthermore, a tail of larger aerosol 
particles was measured above the altitudes of rain initiation. These results suggest that the vertical profile of 
aerosols measured in marine air masses is dominated by cloud processing.
Plain text summary: Understanding the role of aerosol-cloud interactions is crucial information in accurately 
predicting the effects of climate change on the Great Barrier Reef (GBR). Characterizing the properties of aerosol 
particles found over the Reef is essential in determining their ability to act as cloud condensation nuclei (CCN). 
The evaporation of cloud droplets and raindrops represents an additional source that may influence the con
centrations and sizes of aerosol. Here, we show that warm clouds dominate the vertical profiles of aerosol 
particles in the lower troposphere over the GBR. Our research shows that marine clouds work like a sink of 
aerosol particles found over the Reef. The cloud microphysical processes (activation of CCN into cloud droplets 
and the collision and coalescence processes) decrease the concentration of aerosol particles at the same altitude 
in the lower troposphere. Cloud processing develops the “Hoppel minima” or Hoppel minimum of the marine 
boundary layer aerosol size distributions as clouds evaporate. The Hoppel minimum is not observed in the 
particle size distributions above altitudes of intense coagulation processes. Above this level, the ultrafine par
ticles dominate the aerosol concentrations.

1. Introduction

The interactions between aerosol particles and clouds represent a 
major remaining uncertainty in estimates of future climate (IPCC, 2021). 
The properties of aerosol particles control their ability to interact with 
solar and thermal radiation (direct effect) and act as cloud condensation 
nuclei - CCN (indirect effect). Except for polluted conditions with 

updraft limited activation, the number concentration of cloud droplets 
(Nd) at the bases of warm clouds mainly depends on the activation 
spectrum of the CCN as a function of the supersaturation over water (Sw) 
(Braga et al., 2021a; Braga et al., 2017; Reutter et al., 2009; Twomey, 
1959). Above the cloud bases, the droplets grow by condensation, and in 
cases of small number concentrations (about 100 cm− 3), they coalesce 
quickly to form raindrops at low cloud depths < ∼ 400 m (Braga et al., 
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2017; Freud and Rosenfeld, 2012; Gunn and Phillips, 1957; Konwar 
et al., 2012). The height of rain initiation within clouds is proportional 
to Nd at cloud bases, and thus, when droplet concentrations are larger, a 
slower increase in droplet sizes is observed during the condensational 
growth with height. The presence of Giant CCN (GCCN) (particles with 
sizes >1 μm) in air parcels would lead to the formation of relatively large 
cloud droplets near cloud bases that intensify the process of collision and 
coalescence, and thus, decreasing the height of rain initiation (Feingold 
et al., 1999; Gerber and Frick, 2012; Rosenfeld et al., 2002). In polluted 
cases (Nd > ∼ 500 cm− 3 at cloud bases), precipitation is formed at 
higher levels than clouds formed in clean air masses and can reach 
supercooled temperatures (Andreae et al., 2004; Braga et al., 2017; 
Rosenfeld et al., 2008).

Previous studies based on the analysis of aircraft and satellite mea
surements and cloud model simulations have described the effect of 
clouds on the aerosol properties measured around the clouds compared 
to cloud-free zones (Altaratz et al., 2013; Bar-Or et al., 2012; Eytan et al., 
2020; Konwar et al., 2015; Koren et al., 2007). Koren et al. (2007)
described the region around clouds as a twilight zone, “a belt of forming 
and evaporating cloud fragments and hydrated aerosols extending tens 
of kilometers from the clouds into the so-called cloud-free zone”. The 
authors state that the gradual transition from cloud to dry atmosphere is 
proportional to the aerosol loading in the cloud, and it might affect 
about 30 % - 60 % of the free atmosphere by increasing the aerosol 
optical depths. Based on aircraft data collected during the Cloud Aerosol 
Interaction and Precipitation Enhancement Experiment (CAIPEEX) in 
India in 2011 (Kulkarni et al., 2012), Konwar et al. (2015) have explored 
the physical properties of near and far cloud aerosols and their impact on 
radiative forcing. The authors found that near the cloud edges, the 
aerosol effective diameter may increase by a factor of 2 compared to 
measurements far from clouds. The practical effect of the humidified 
aerosols near cloud edges is the increase of the reflected flux of solar 
radiation back to space and a decrease in the mean surface cooling 
compared to cloud-free regions. A recent study from Eytan et al. (2020)
described, based on satellite measurements, the global radiative effect of 
the twilight zone from low-level clouds over the oceans. The study found 
that the average longwave radiative effect of the twilight zone is about 
0.75 W m− 2, which is equivalent to the radiative forcing from increasing 
atmospheric CO2 by 75 ppm, or 60 % of the CO2 increase in the atmo
spheric column since the pre-industrial period. This effect extends up to 
∼11 km from detectable clouds, with over 90 % of the effect confined to 
a belt within ∼4 km around the clouds.

In our previous study, (Braga et al., 2022), we focused our analysis 
on understanding the physical processes of aerosol-cloud interactions 
near convective ice-free clouds over the Amazon basin. Through 
airborne measurements conducted with the German HALO aircraft, we 
demonstrated that the CCN particles located at the lateral boundaries of 
non-precipitating convective clouds primarily derive from evaporated 
cloud droplets. The turbulent mixing in cloud bases causes the 
entrainment of CCN particles from lower levels, resulting in their acti
vation into cloud droplets. Particles ingested from below cloud bases 
evaporate at the lateral boundaries above the cloud base, transforming 
into CCN particles again. The concentration of CCN is reduced when 
smaller droplets are removed through collision and coalescence pro
cesses. This also decreases the number of detrained droplets that evap
orate outside of clouds. The formation of larger CCN particles around 
clouds directly results from the evaporation of larger droplets released 
from clouds above the height of coalescence initiation. Notably, non- 
precipitating convective clouds primarily produce CCN particles at 
their edges, which are the residues of the evaporated cloud droplets. 
Conversely, CCN concentrations in the atmosphere decrease consider
ably due to scavenging by rain resulting from drop coalescence in 
precipitating clouds. When a high concentration of CCN particles is 
significant from long-range transport above cloud base heights, the 
impact of convective clouds in the discharge of CCN particles at their 
lateral boundaries is overshadowed by the excess CCN particles.

In this study, we performed a similar analysis of the vertical distri
bution of aerosol particles for background conditions in which the ma
rine air masses affect cloud formation and development. The 
measurements were performed at the Great Barrier Reef (GBR) in the 
region of Gouda Reef (16.43◦S, 157.04◦E), onboard a research aircraft 
during the Marine Cloud Brightening (MCB) campaign in 2024 
(Hernandez-Jaramillo et al., 2024). We researched aerosol particles 
using an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) (Cai 
et al., 2008; Moore et al., 2021) to measure their vertical profiles. The 
UHSAS measurement range includes particle size diameters (d) that are 
crucial for the formation of warm clouds (60 nm < d < 1000 nm) (Braga 
et al., 2022; Haarig et al., 2019; Mamouri and Ansmann, 2016; Rogers 
and Yau, 1989). As in the Amazonian study, the aerosol particles were 
measured at low relative humidities (< 40 %) to prevent the high 
variability of aerosol sizes due to the environmental humidity. A Cloud 
Combination Probe (CCP) was used to measure the cloud properties. The 
CCP combines multiple individual instruments, including a Cloud 
Droplet Probe (CCP-CDP) and a grayscale Cloud Imaging Probe (CIPgs) 
(Baumgardner et al., 2001). Combining the CDP and CIPgs allows cloud 
particles from 3 μm to 960 μm to be analyzed, which covers the mea
surements of cloud droplets and precipitating particles (drizzle drops 
and raindrops) (Braga et al., 2021b; Lucke et al., 2022; Moser et al., 
2023).

Over GBR, marine aerosols have an important effect on mitigating 
the coral’s physiological stress by reducing surface solar irradiance and 
sea surface temperature (Eckert et al., 2024; Jackson et al., 2020; 
McGowan et al., 2022). Aerosol particles with diameters smaller than 
0.1 μm are predominantly formed through heteromolecular homoge
neous nucleation. These particles are composed mainly of oxidation 
products of dimethyl sulfide (DMS) (Andreae and Raemdonck, 1983; 
Jackson et al., 2020; O’Dowd and de Leeuw, 2007). DMS is oxidized 
primarily by hydroxyl radicals (OH), nitrate radicals (NO₃), and halogen 
species such as bromine oxide (BrO) and chlorine radicals. These re
actions produce intermediates like sulfur dioxide (SO₂), sulfuric acid 
(H₂SO₄), and methane sulfonic acid (MSA), which play critical roles in 
aerosol nucleation and growth (Chen et al., 2018; Wollesen De Jonge 
et al., 2021). The production of MSA and H₂SO₄ particularly enhances 
particle formation in the marine boundary layer. Furthermore, aerosols 
formed from DMS oxidation serve as CCN, influencing cloud albedo and, 
thus, the regional radiative balance. Fine and ultrafine aerosol particles 
may also result from the oxidation products of organic vapors (Volatile 
organic compounds - VOCs) and can produce CCN mostly in the Aitken 
mode size range (Andreae and Crutzen, 1997; Swan et al., 2016). Over 
the Reef, large marine aerosol particles (d > 0.1 μm) result mainly from 
cloud processing and sea spray (Eckert et al., 2024; Jackson et al., 2020; 
McGowan et al., 2022). Aerosol particles from sea spray, generally 
larger than 0.5 μm, are produced depending on surface wind speeds over 
oceans and may contain organic material (Andreae and Rosenfeld, 2008; 
Hoppel et al., 1990; Quinn et al., 2017; Wex et al., 2016). Another 
important characteristic of sea spray is the production of GCCN 
(Feingold et al., 1999; Rosenfeld et al., 2002). The presence of GCCN 
during cloud droplet formation at the cloud base can lead to a faster 
formation of raindrops due to both the rain embryo effect and the 
competition effect, which reduces cloud base maximum supersaturation 
and consequently reduces the number of droplets activated.

During the aircraft campaign over GBR, we measured a characteristic 
bimodal aerosol size distribution from marine air masses with relatively 
low concentrations below cloud-based altitudes (Gong et al., 2019; 
Hoppel et al., 1986, 1990; Quinn et al., 2017; Wex et al., 2016). Hoppel 
et al. (1990) described that the major factor in shaping the bimodal 
submicron aerosol size distribution is associated with the cycling of 
aerosol particles, which are frequently observed at the top of the marine 
boundary layer. Cloud-processed aerosols are formed from repeated 
formation and evaporation of cloud droplets, resulting in CCN particles 
at the boundary layer. In the cloud stage, cloud droplets may absorb 
trace gases, altering their composition and the size of the resulting CCN 
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after evaporation. Furthermore, smaller interstitial particles are 
captured by cloud droplets, decreasing the concentrations of particles 
too small to act as CCN. These processes cause an increase in the mass of 
the cloud-processed CCN and create a minimum in the size distribution 
(i.e., Hoppel minimum), which separates CCN particles (Accumulation 
mode sizes; ∼ 100 nm < d < 1 μm) from interstitial particles (Aitken 
mode sizes; ∼ 10 nm < d < 100 nm).

The in situ measurements of boundary layer clouds coupled with the 
underlying marine boundary layer over GBR exhibited similar micro
physical characteristics of convective clouds found in different regions 
of the globe (e.g., Amazon, Atlantic Ocean, Israel, and India) (Braga 
et al., 2017; Freud and Rosenfeld, 2012; D. Rosenfeld, 2018). During our 
flights, trade wind cumuli generally covered the sky, and the effective 
radius of the cloud droplets increased with height above the cloud base 
at a nearly adiabatic rate, reflecting the near-extreme inhomogeneous 
nature of the mixing. The rain initiation due to collision and coalescence 
processes started at low cloud depths (∼500 m) for the cleaner cases. 
The coagulation processes are significant and form warm rain when the 
re exceeds ∼12 μm (due to large aerosol particles below cloud bases, 
possibly GCCN from sea spray), and fully develop when re exceeds ∼14 
μm. When aerosol concentrations were relatively higher below cloud 
base heights, the rain initiation started at higher cloud depths due to a 
slower increase in droplet sizes during condensational growth with 
height.

The following sections present the data and methodology applied to 
investigate the role of clouds in the vertical profiles of aerosols measured 
at GBR. We describe the relationship between the characteristics of the 
aerosol particle size distributions (PSDs) and the cloud processes 
measured at the same altitude. The results show how the activation of 
aerosol particles into cloud droplets, the condensational growth of 
droplets, and the collision and coalescence processes affect the observed 
vertical profiles of aerosols in the lower troposphere.

Fig. 1. Strategy of aerosol and cloud vertical profile measurements on 20 
February 2024. The colors indicate the altitude of the aircraft. The thicker lines 
indicate the region of aerosol and cloud measurements. The region of back
ground aerosol measurements is shown at the bottom of the map. The aerosol 
measurements near clouds were performed with a horizontal distance of at least 
1 km of cloud elements. Cloud passes are indicated in pink. The prevailing wind 
directions at 500 m, 1500 m and 3000 m were E-SE, E-SE, and E, respectively. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 2. Images from the camera below the aircraft’s right wing during the cloud profiling on 20 February 2024. The altitude of cloud passes is shown in the upper- 
right corner.
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2. Methods

The research aircraft used during the 2024 campaign for aerosol and 
cloud microphysics sampling was a Cessna 337, with the instrumenta
tion setup detailed fully in Hernandez-Jaramillo et al. (2024). Briefly, 
the aircraft had a meteorological sensor system, AIMMS-30 (Aircraft 
Integrated Meteorological Measurement System), incorporating an 
ARIM-200 Air Data Probe mounted under the left wing. The AIMMS-30 
provides temperature, relative humidity, and wind speed data with an 
estimated uncertainty of 0.3 ◦C, relative humidity at 2 %, and 0.5 m s− 1, 
respectively.

The UHSAS was mounted inside the aircraft cabin and supplied with 
air sampled by an isokinetic inlet located under the right wing. The 
measurements were collected for altitudes up to 10,000 ft. (∼ 3200 m; 
∼9 ◦C). The vertical aerosol profiles were performed in the region 
around Gouda Reef. The profile consisted of a vertical ascending spiral 

flight maneuver to establish the background conditions of aerosol con
centrations as a function of height. The ascending spiral was performed 
out of clouds as far as practical while measuring the background aero
sols. For measurements around clouds, a horizontal distance of about 1 
km was excluded from our analysis due to cloud contamination. 
Furthermore, only aerosol measurements in which the number con
centration of droplets measured with CCP-CDP was smaller than 0.2 
cm− 3 were used in our analysis. A similar strategy was applied in our 
previous study in the Amazon region (Braga et al., 2022). The CCP was 
installed under the aircraft’s left wing and was used to measure the 
cloud properties in the vicinities of aerosol measurements. The back 
trajectories from NOAA’s Hybrid Single-Particle Lagrangian Integrated 
Trajectory model (HYSPLIT) (Stein et al., 2015) were used to charac
terize the long-range source of aerosol particles during the aerosol 
measurements. The following subsections describe the characteristics of 
aerosol and cloud measurements.

Fig. 3. Vertical profile of cloud droplet number concentration [upper-left], cloud droplet effective radius (re) [upper-right], re vs. Rain Water Content (RWC) [lower- 
left], and rain fraction as a function of altitude [lower-right] measured on 20 February 2024. Cloud Water content (CWC), RWC, and rain fraction [i.e., RWC / (CWC 
+ RWC)] are color-coded in the panels.
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2.1. Aerosol measurements

The UHSAS measured particles between 60 and 1000 nm in the 
diameter size range with 1 Hz frequency (Cai et al., 2008). The probe 
combines a high-power infrared laser (λ = 1054 nm) and a large solid 
angle range in a side-ways direction to detect light scattered by indi
vidual particles. The sampling inlet was mounted in an under-wing pod. 
The sampled air is entered into the instrument by a forward-facing dif
fusor inlet with a computer-controlled flow to create an isokinetic 
sampling of ambient air. Within the body of the isokinetic inlet, a pair of 
second inlets subsample the reduced velocity airflow at approximately 
matched velocity. The measured particle diameter is assumed to be the 
dry diameter since the air passed through two Nafion driers before being 
measured by aerosol probes. Relative humidity was monitored at the 
inlet of the instrumentation and maintained between ∼ 20 % - 40 % 
during the measurements (this is typically below the efflorescence point 
for NaCl).

Before the aircraft campaign, the UHSAS was calibrated with 
monodisperse polystyrene latex spheres of known size at DMT (Droplet 
Measurement Technologies, Inc., Longmont, CO, USA). Typical un
certainties of UHSAS measurements are 15 % in diameter and concen
tration (Cai et al., 2008; Kupc et al., 2018; Moore et al., 2021). Only 
UHSAS measurements outside of clouds (Nd < 0.2 cm− 3) were used in 
our analysis. We performed smooth maneuvers during research flights to 
avoid contamination due to the aircraft’s exhaust. In our flight tests, 
before the field campaigns, we observed that aerosol particles from the 
exhaust were measured in relevant concentrations for roll angles greater 
than 30◦ when rapid maneuvers were performed. In our analysis, we 
believe the contribution of exhaust particles is negligible. Furthermore, 
the undersizing of particles by UHSAS measurements due to absorbing 
(e.g., black carbon) is unlikely since we are analyzing the relative 
changes in concentrations and shape of the aerosol PSD. The average 
PSDs were calculated for at least 20 s of measurements (about 1 km in 
horizontal distance). The standard error of the mean PSD measurements 
in this manuscript varied from about 10 % to 30 %. These values depend 
on the measurement size range.

The total concentrations of UHSAS were compared with two Mixing 
Condensation Particle Counter-MCPC (Models 1720 and 9403) (Lopez- 
Yglesias et al., 2014; Wang et al., 2002). As expected, the UHSAS size- 
integrated number concentrations consistently measured fewer parti
cles than those obtained by the MCPCs. This occurs because the UHSAS 
only encompasses a fraction of the complete spectrum of particle sizes (d 
> ∼ 10 nm) that the MCPCs can measure.

2.2. Cloud droplet measurements

The cloud droplet number concentration and particle size distribu
tion were measured at 1 Hz by a Cloud Combination Probe (CCP), which 
was mounted below the left wing of the research aircraft. The CCP 
combines two individual instruments, a Cloud Droplet Probe (CCP-CDP) 
and a grayscale Cloud Imaging Probe (CIPgs). The CDP counts the 
number of cloud particles and determines their individual size (detec
tion range 3–50 μm) from the intensity of the forward-scattered laser 
light. The CIPgs detect larger particles from 15 μm to 960 μm, and the 
particle sizes are reconstructed from 2D shadow images using the 
shadowgraph technique (Baumgardner et al., 2001). The data process
ing was done with the software SODA [Software for OAP Data Analyses; 
(Bansemer, 2023)] using standard methods for liquid cloud processing 
[similar to what is applied in (Moser et al., 2023)]. Combining the CDP 
and CIPgs allows cloud particles from 3 μm to 960 μm to be analyzed [e. 
g., (Braga et al., 2017, 2021b; Lucke et al., 2022; Moser et al., 2023). 
This study also used the size and shape information from the CCP to 
identify rain droplets within the clouds.

Both probes performed measurements at a temporal resolution of 1 s, 
thus covering between 40 m and 50 m of horizontal distance. Cloud 
passes were defined for conditions under which the number of droplet 

Fig. 4. CCP-CIP images at a) cloud base (∼ 740 m a.s.l.) and b) ∼ 1220 m when 
drizzle droplets start to be measured, and c) when coalescence is intense (∼
1800 m). The width of the CCP-CIP images is 0.96 mm.
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concentration (i.e., particles with a diameter larger than 3 μm) exceeded 
20 cm− 3 (Braga et al., 2021a; Campos Braga et al., 2017; Kirschler et al., 
2023). This criterion was applied to avoid cloud passes well mixed with 
sub-saturated environment air (RH < 100 %) and counts of haze parti
cles, typically found at cloud edges. The cloud passes were usually 
performed in different legs with a vertical distance of about 500 ft. (150 
m). A variability of ∼ 50 ft. could occur for the same cloud leg due to the 
turbulence within clouds.

Before the aircraft campaign, standard methods using monodisperse 
glass beads for calibrating the CDP were applied by DMT (Lance et al., 
2010). Additionally, calibrations with glass beads of five different sizes 
(5.3 μm, 8.1 μm, 32.5 μm, 42.3 μm, 49.3 μm) were performed between 
the research flights to monitor the stability of the size bin classification. 
The uncertainties in particle sizing of CCP-CDP measurements have 
shown uncertainties smaller than 10 % during the campaign. Similar low 
uncertainty was found for the liquid water content estimated by the 
mass of the drops integrated over the diameter range of 3–50 μm and 
measured by a Kingprobe-type device (King et al., 1978) mounted on the 
CCP. During the campaign, measurements with the spinning disk cali
bration tool from DMT were regularly taken to check the CIP’s 

functionality and consistent resolution.

2.3. Calculations of aerosol and cloud properties from airborne probes

2.3.1. Aerosol properties calculated from UHSAS particle size distribution

- Number concentration of aerosols (Na – [cm− 3]):

Na =

∫ 500 nm

30nm
N(r)dr (1) 

- Aerosol effective radius (Are – [nm]):

Are =

∫ 500nm
30 nm r3N(r)dr
∫ 500nm

30 nm r2N(r)dr
(2) 

where N is the particle number concentration, and r is the particle 
radius.

Fig. 5. Vertical profile of aerosol number concentration [left], effective radius [center], and average particle size distribution [right] as a function of altitude 
(indicated by colors) measured by UHSAS around clouds on 20 February 2024. The dashed lines indicate the altitude of cloud bases, rain initiation, and cloud tops 
(shown in Fig. 2). The mean number concentration of particles and aerosol effective heights are shown on the upper-right side of the right panel.

Fig. 6. Similar to Fig. 5 for background conditions for the same flight on 20 February 2024.
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2.3.2. Cloud microphysical properties calculated from CCP droplet size 
distribution

- Number concentration of cloud droplets (Nd – [cm− 3]):

Nd =

∫ 25μm

1.5μm
N(r)dr (3) 

- Cloud droplet effective radius (re – [μm]):

re =

∫ 25μm
1.5μm r3N(r)dr
∫ 25μm

1.5μm r2N(r)dr
(4) 

- Cloud Water Content (CWC):

CWC =
4
3

π
∫ 25μm

1.5μm
r3N(r)dr (5) 

- Rain Water Content (RWC):

RWC =
4
3

π
∫ 480μm

25μm
r3N(r)dr (6) 

where N is the droplet number concentration, ρ is the density of water, 
and r is the droplet radius.

3. Results

During the research flights, we observed cumulus and stratocumulus 
clouds dominating the sky above GBR. The cloud profiling flights 
measured the cloud microphysical properties from cloud bases to the top 
to evaluate the effect of the cloud processes of condensational growth 
and collision and coalescence in the vertical profiles of aerosol particles. 
The vertical aerosol profile was performed for altitudes from below 
cloud bases up to above the top of clouds. Here, we show the results of 
measurements performed during four days of the aircraft campaign. On 
these days, clouds in different stages of development were measured, 
and the vertical profiles of aerosols are discussed addressing the effect of 
cloud processing on the measured aerosol profiles.

Fig. 7. a), b), and c) Similar to Figs. 1, 2, and 3 (respectively) for measurements on 26 February 2024. The prevailing wind directions at 500 m, 1500 m, and 3000 m 
were S-SE, SE, and NE, respectively.
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3.1. 20 February 2024

Fig. 1 shows the region of aerosol and clouds vertical profile mea
surements on 20 February 2024. On this day, the cloud properties of 
growing convective cumuli were measured from the cloud top to cloud 
base altitudes (cloud images are shown in Fig. 2). The vertical profiles of 
aerosols were performed around clouds and in the south of the cloud’s 
region (background conditions), which developed on marine air masses 
from easterly winds (see Fig. S1).

Fig. 3 shows the microphysical properties of the convective clouds. 
The cloud base was measured at ∼ 740 m a.s.l. at a temperature of 
∼21 ◦C. Given the clean conditions over the ocean, the high relative 
humidity and the low concentration of CCN lead to the formation of few 
and large droplets close to the cloud base (number concentration – Nd <
∼200 cm− 3; and re ∼5–8 μm). The rain initiation due to collision and 
coalescence processes starts at low cloud depths (∼ 500 m). In this flight, 
drizzle droplets were imaged by CCP-CIP above 1200 m (see Fig. 4). The 
rate of coalescence process within the cloud can be ascribed by the 
conversion of cloud water (CWC) into rainwater (RWC) or the rain 
fraction [i.e., RF = RWC/(CWC + RWC)] (Braga et al., 2021b), and in 
this case, it starts growing linearly with height above 1200 m.

Fig. 5 shows the vertical profile of aerosol number concentration 

(Na), aerosol effective radius (Are), and the average particle size dis
tributions (PSDs) measured with UHSAS around the convective cumuli. 
The figure describes the vertical evolution of aerosol particles as a 
function of the cloud properties measured. Below cloud bases, the PSDs 
show a typical bi-modal shape with a Hoppel minimum at a diameter of 
about 75 nm. Na and Are generally decreased with altitude due to 
droplet activation and collision and coalescence processes. Slight in
creases in the Are are observed between cloud bases and the altitude of 
rain initiation (where the condensational growth of cloud droplets 
prevails). When the collision and coalescence processes are intensified, 
large values of Are are observed due to the detrainment of large rain
drops (especially near cloud-top altitudes).

The vertical profile of average PSDs shows that the concentration of 
accumulation mode particles decreases significantly above the level of 
rain initiation. Furthermore, the Hoppel minimum is observed up to the 
altitude at which the collision and coalescence processes are intensified 
(∼ 1800 m). The PSDs from the boundary layer up to the cloud top level 
typically show a tail with low concentrations for diameters larger than 
300 nm. This suggests these particles result from evaporated droplets 
after the cloud processing (condensation and coagulation). The Nd 
measured by the cloud probe exceeds by a factor of ∼2–3 the Na 
measured in different altitudes, indicating that Aitken mode particles 

Fig. 8. a–c. Similar to Fig. 7a-c for measurements on 7 February 2024. The prevailing wind directions at 500 m, 1500 m, and 3000 m were S-SW, SE, and SE, 
respectively.
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with d < 60 nm were activated into cloud droplets (see Fig. S2 for the 
total concentration of particles measured with UHSAS and CPC during 
this flight).

Fig. 6 shows that similar characteristics of aerosol properties were 
measured during the vertical profiling for background conditions 
without clouds (to the south of the clouds sampled region). The mea
surements above cloud top altitudes show an increase in the aerosol 
concentrations above cloud top. The aerosol properties suggest that 
these particles also result from cloud processes of precipitating clouds 
since the Are shows similar characteristics of the measurements around 
clouds.

3.2. 26 February 2024

Fig. 7a shows the region of aerosol and cloud vertical profile mea
surements on 26 February 2024. The cloud properties of convective 
clouds were measured from the cloud base to cloud top altitudes (see 
Fig. S3). The vertical profiles of aerosols were performed around clouds 
that developed on marine air masses (see Fig. S4).

On this day, clean clouds were measured (Nd < ∼ 100 cm− 3), and 
raindrops started to develop at low cloud depths (see Fig. 7b). Fig. 7c 
shows the vertical profile of Na, Are, and the average PSDs measured 

with UHSAS around the convective clouds. Below cloud bases, the PSDs 
show the bi-modal shape with a Hoppel minimum at a diameter of about 
75 nm. The Hoppel minimum vanishes for altitudes above the rain 
initiation level. Na and Are prevailing decreased with altitude up to the 
cloud top. Above the cloud top, the Na increases by a factor of ∼2, 
resulting from the detrainment of CCN particles from other clouds with 
higher cloud tops. This is supported by the measurements of large Are 
resulting from the evaporation of raindrops.

3.3. 7 February 2024

Fig. 8a shows the region of aerosol and cloud vertical profile mea
surements on 7 February 2024. The cloud properties of clouds were 
measured from the cloud base to cloud top altitudes (see images of 
clouds in Fig. S5). The vertical profiles of aerosols were performed 
around clouds, which developed on marine air masses from southeast
erly winds (see air masses back trajectories in Fig. S6). During this day, 
the atmosphere was moist at lower levels and stable with a thermal 
inversion at ∼ 2000 m. Most clouds measured at lower levels were 
cumulus humulis and mediocris and stratiform clouds. In this atmo
spheric condition, the vertical development of clouds is suppressed, 
leading to the formation of cloud tops near the inversion with stratiform 

Fig. 9. a–c. Similar to Fig. 7a-c for measurements on 15 February 2024. The prevailing wind directions at 500 m, 1500 m, and 3000 m were E-SE, E-NE, and N-NE, 
respectively.
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characteristics. Furthermore, the coalescence process is suppressed, and 
thus, most of the aerosol particles measured around clouds result from 
the evaporation of relatively smaller sizes.

On this day, a larger number of cloud droplets was measured at cloud 
bases and above compared to the previous cases (see Fig. 8b), probably 
influenced by continental particles from Australian coast. The number 
concentration of particles measured with CPCs was larger than the Na by 
a factor of ∼2–3, indicating that ultrafine particles were activated at 
cloud bases. Fig. 8b shows that light rain was measured at higher cloud 
depths (∼ 1900 m). Note that this measurement occurred in clouds in 
the southern region of the spiral (while the aircraft was returning to the 
airport). Fig. 8c shows the vertical profile of Na, Are, and the average 
PSDs measured with UHSAS around the clouds. The PSDs show a bi- 
modal shape with a Hoppel minimum diameter of about 90–100 nm 
from below cloud bases and above, with a relatively high concentration 
in the Aitken mode. The height of rain initiation was not identified in the 
clouds since we did not have cloud passes between 1400 m and 1900 m. 
The PSDs suggest that it takes place at an altitude of 1400 m. This figure 
indicates that the observation of the Hoppel minimum in the vertical 
profiles of aerosols is associated with the intensity of the coalescence 
processes, which capture the interstitial aerosol particles in the cloud 
parcel. The maximum value of RWC measured in this case was ∼ 0.1 g 
m− 3. This measurement, which took place far from the spiral (see 
Fig. 8a), emphasizes that the height of rain initiation is the same for 
clouds formed in the same aerosol and thermodynamic conditions.

The scavenging effect of drizzle and raindrops in aerosol particles 
above cloud bases is associated with the size of the precipitating particle 
in clouds or the rain rate below cloud bases (Andronache, 2003; 
Andronache et al., 2006; Croft et al., 2009; Wang et al., 1978). For 
aerosol particles detrained from clouds, the resulting size distribution is 
affected by the scavenging of aerosols by drizzle and raindrops during 
cloud processing. Below cloud bases, the aerosol particle scavenging is 
associated with the sizes of precipitating raindrops.

3.4. 15 February 2024

Fig. 9a shows the region of aerosol and cloud vertical profile mea
surements on 15 February 2024 (see Fig. S7 and S8 for the cloud images 
and marine air masses’ back trajectories). The cloud properties were 
measured from the cloud base to the top altitudes. The vertical profile of 
aerosols was performed between a precipitating cloud and growing 
convective cumuli. On this day, the maximum Nd measured at cloud 
bases was about 155 cm− 3, and raindrops started to be measured at ∼
950 m, with intense precipitation starting at ∼ 1400 m (see Fig. 9b).

Fig. 9c shows the vertical profile of Na, Are, and the average PSDs 
measured with UHSAS around the clouds. The PSDs show the tri-modal 
shape with a Hoppel minimum of about 90 nm below cloud bases. The 
outflow of aerosols from the precipitating clouds affected the coarse 
mode of aerosol particles (d > 300 nm). The average PSDs show that the 
measurements were strongly affected by the detrainment of raindrops at 
all altitudes, especially above the height of rain initiation. The values of 
Are show a large range of sizes due to the measurement of evaporated 
raindrops, with larger sizes observed at higher altitudes.

4. Discussion

The results from measurements of the vertical profiles of aerosols 
around clouds and under background conditions emphasize that cloud 
processing dominates the aerosol properties in marine air masses over 
the GBR. This characteristic of aerosol properties in marine air masses as 
a function of cloud processing was also observed with aerosol probes of 
our flights during the campaign 2023 over the Heron Reef region 
(23.44◦S, 151.88◦E), not shown here due to the absence of CCP mea
surements (see Section S2 in the supplementary material). The marine 
air masses over GBR exhibited a characteristic bimodal aerosol size 
distribution with relatively low concentrations below cloud bases of 
convective and stratiform clouds. Above cloud bases, the aerosol con
centrations decreased with height and showed a strong relationship with 

Fig. 10. General characteristics of warm clouds formed over the Great Barrier Reef (GBR) and the effect on the vertical profile of aerosols under the influence of 
marine air masses. CCN particles ingested below the cloud base are activated into cloud droplets. At the cloud stage, the cloud parcel contains cloud droplets and 
interstitial aerosols. During cloud development, cloud droplets evaporate at the lateral boundaries and above the cloud base, releasing the CCNs and the interstitial 
aerosol particles in the cloud-free environment. Large cloud droplets and drizzle droplets resulting from coalescence processes detrain a larger CCN particle than at 
the cloud base. When cloud droplets coalesce and precipitate, the CCNs that produced the coalesced cloud drops and the interstitial particles precipitate with the rain 
instead of detraining from the cloud.
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cloud processes.
Fig. 10 summarizes the effect of warm clouds formed in marine air 

masses on the vertical profile of aerosols. Aerosol particles ingested from 
below cloud bases are partially activated into cloud droplets, decreasing 
the concentrations of particles above this level. At the initial cloud stage, 
the cloud parcel contains cloud droplets and interstitial aerosols. During 
cloud development, cloud droplets evaporate at the lateral boundaries 
and above the cloud base, releasing the CCNs and the interstitial aerosol 
particles in the cloud-free environment. The size of the CCN particles 
released from the cloud depends on the size of the droplet that has un
dergone evaporation. When droplet collision and coalescence processes 
start, drizzle droplets capture smaller droplets and interstitial aerosols. 
During this process, the population of detrained droplets and interstitial 
aerosols diminishes. The interstitial particles captured may enhance the 
Hoppel minimum in the initial stages of coagulation. Large raindrops are 
formed for intense coalescence, and the particle concentration di
minishes drastically. The Hoppel minimum is not observed above this 
altitude. When cloud droplets coalesce and precipitate, the CCNs that 
produced the raindrops and the captured interstitial particles do not 
detrain from the cloud but are deposited to the ground. Larger aerosol 
particles are measured in the vertical profiles below and above cloud 
bases for clouds with intense precipitation developed. The particles 
result from the evaporation of large raindrops in the cloud’s outflow.

When long-range transport (LRT) of aerosol particles is relevant 
above the Great Barrier Reef, the additional aerosol particles overwhelm 
the effect of clouds in releasing aerosol particles at their lateral 
boundaries. This scenario was observed in most flights during the MCB 
campaign 2023 in the region of Heron Reef (see Section S3 in the sup
plementary material). High concentrations of aerosols were measured 
when continental air masses blew from the east coast of Australia. The 
continental aerosols are transported to the free troposphere by 
continental-convective clouds and reach the Reef through the westerly 
winds at the troposphere’s middle levels. Mixing LRT particles at the 
cloud edges may transport particles into the cloud and secondary acti
vation of droplets. In this scenario, clouds are not the primary source of 
particles at higher levels of the atmosphere.

5. Conclusions

The effect of cloud droplet evaporation on aerosol concentrations 
around convective clouds was previously observed over the Amazon 
region and Atlantic Ocean by Braga et al. (2022). That study described 
the aerosol particle activation and deactivation dynamic at the lateral 
boundaries of ice-free clouds. Our observations over the GBR reinforce 
the hypothesis that the aerosol around the cloud is cloud-processed. 
Similar results were found for background conditions, indicating that 
the air masses reaching the GBR had been subject to cloud processing for 
some time prior. We show that warm clouds dominate the vertical 
profiles of aerosol particles at the lower troposphere over the GBR. The 
results from the research flights show a strong relationship between the 
aerosol properties and the cloud microphysical processes observed in 
marine clouds for similar altitudes. As the presence of a Hoppel mini
mum indicates, the aerosol particles found over the Reef are primarily 
associated with prior cloud processing. The concentration of particles 
decreases with height due to the activation of aerosol particles into 
cloud droplets and further due to collision and coalescence processes 
within clouds. When drizzle droplets start to form in clouds, the con
centration of aerosol particles decreases at the same altitude out of 
clouds. Above this level, the accumulation mode particles decrease with 
height, leading to the absence of the Hoppel minimum observation. 
During this process, large aerosol particles are observed due to the 
detrainment of drizzle and raindrops in the open atmosphere. At alti
tudes above the level of intense collision and coalescence process, Aitken 
mode aerosol particles are predominantly detected.
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