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Abstract. This study investigates the relationship between measured and calculated cloud condensation nu-
clei (CCN) number concentration and its dependence with organic fraction utilizing aircraft observations from
The Aerosol and Cloud Experiments in the Eastern North Atlantic (ACE-ENA, 2017–2018) and The Holistic
Interactions of Shallow Clouds, Aerosols, and Land Ecosystems (HI-SCALE, 2016) campaigns, which repre-
sent midlatitude marine and continental environments, respectively. For the ACE-ENA marine region, aerosol
and CCN concentrations were significantly higher in summer than in winter, whereas at continental site for HI-
SCALE, aerosol and CCN concentrations showed no pronounced differences between spring and autumn. Using
aerosol chemical composition and number size distribution data, CCN concentrations at various supersaturations
are calculated based on Köhler theory and then compared with observations from CCN counter. The results show
that CCN closure performs well at both sites with a slight overestimation, with mean closure ratio (CR) of 1.13
and 1.17, respectively. Further investigation reveals that CR at lower supersaturation perform better than that
at higher supersaturation. The dependence of CR on organic mass fraction (MForg) varies by environment: for
marine aerosols, CR decreases with increasing organic fraction at lower supersaturations, whereas continental
aerosols exhibit a consistent overestimation, with CR decreasing as organic fraction increases at higher super-
saturations. This study provides key insights into CCN characteristics over midlatitude marine and continental
environments, emphasizing the necessity of incorporating size-resolved chemical composition and mixing states
into future model parameterizations, and contributing to a better understanding of aerosol–cloud interactions.

1 Introduction

Atmospheric aerosols, defined as tiny solid or liquid particles
suspended in the atmosphere, exert substantial influence on
the Earth’s climate system (Intergovernmental Panel On Cli-
mate Change (IPCC), 2023). Aerosols modulate the energy
budget of the Earth through two primary pathways: direct and
indirect radiative effects. The direct effect stems from aerosol
scattering and absorption of incoming solar shortwave radia-
tion, altering the Earth’s radiative balance and thereby modi-

fying heating rates in the surface–atmosphere system (Charl-
son et al., 1992). The indirect effect arises because aerosols
act as cloud condensation nuclei (CCN) and/or ice nuclei
(IN), participating in cloud formation and consequently mod-
ifying cloud microphysical (Twomey, 1974) and macrophys-
ical (Albrecht, 1989) properties, further influencing cloud ra-
diative effects. The highly nonlinear and complex nature of
aerosol–cloud interactions makes aerosol indirect effect one
of the largest uncertainty sources in global climate models
(GCMs) (Fan et al., 2016; Li et al., 2022).
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CCN are aerosol particles that can be activated to form
cloud droplets under supersaturated water vapor conditions,
serving as the critical linkage between aerosols and clouds.
The ability of aerosol particles to act as CCN is governed
chiefly by their size distribution, chemical composition, and
mixing state (Petters and Kreidenweis, 2007). Larger parti-
cles with higher solubility generally activate at lower super-
saturations; compositional differences (e.g., sulfate, organ-
ics, black carbon) influence hygroscopicity and thus the size
threshold of aerosol activation; mixing state (internal vs. ex-
ternal) alters effective solubility and surface characteristics,
further modulating activation efficiency (Dusek et al., 2006;
McFiggans et al., 2006; Petters and Kreidenweis, 2007;
Pöschl, 2005; Vu et al., 2019). With these complexities, there
is no single parameter of aerosols can be used to estimate
CCN number concentration.

GCMs usually calculate CCN number concentration us-
ing κ-Köhler theory (Chang et al., 2010; Ghan et al., 2013).
It needs size and composition information of aerosols, with
prescribed hygroscopicity of each composition and assum-
ing certain mixing state (e.g., Liu et al. 2016). These aerosol
parameters can be measured in the real world to estimate
CCN number concentration. Moreover, CCN number con-
centration can be directly measured by controlling supersat-
uration level and counting how many cloud droplets form
due to aerosol activation. Therefore, one can use observa-
tions to conduct CCN closure analysis, which compares mea-
sured and calculated CCN number concentration, to inform
whether the aerosol parameters and mixing assumptions in
GCMs are realistic (Fountoukis and Nenes, 2005; Gunthe
et al., 2009; Moore et al., 2013).

Previous CCN closure studies have been conducted across
various regions utilizing airborne, ship, and ground-based
platforms. For instance, early ground-based observations
by Snider et al. (2003) in the Sub-tropical North-East At-
lantic (Tenerife) revealed that closure was only achieved in
air masses unaffected by continental pollution, with calcu-
lations typically overestimating measured CCN. Similarly,
Broekhuizen et al. (2006) found that closure improved in
Toronto, Canada, when accounting for samples containing
two distinct modes. Subsequently, airborne measurements by
Asa-Awuku et al. (2011) over Eastern Texas and the North-
ern Gulf of Mexico highlighted the influence of industrial
and urban emissions, emphasizing the importance of the
water-soluble organic carbon fraction for accurate CCN cal-
culations. In Hong Kong, Meng et al. (2014) demonstrated
that assuming internally mixed particles produced calculated
CCN concentrations within 10 % of ground-based measure-
ments. More recently, Redemann and Gao (2024) applied
machine learning to global airborne and satellite data, calcu-
lated aerosol light absorption and CCN concentrations with
mean relative errors of 21 % and 13 %, respectively; how-
ever, as the model initially performed poorly in clean con-
ditions (CCN < 100 cm−3), these measurements required
higher weighting in the algorithm to improve accuracy. Col-

lectively, these studies have advanced the diagnosis of phys-
ical mechanisms governing aerosol–cloud interactions, op-
timized parameterization schemes, and reduced associated
uncertainties. Specifically, for the US Southern Great Plains
(SGP) region, which we analyzed in this study, Kulkarni et al.
(2023) evaluated the sensitivity of calculated CCN (they call
it prediction) to different mixing state assumptions – includ-
ing single-component, internal, and external mixtures – and
further explored how variations in hygroscopicity and parti-
cle density assumptions affect the accuracy of CCN closure.
However, no previous work has examined whether variations
in aerosol composition – particularly the fraction of organ-
ics – influence closure accuracy, leaving a key uncertainty in
calculating CCN under diverse atmospheric conditions.

Aircraft-based observations play an indispensable role
in CCN closure studies. Compared to ground-based or re-
mote sensing techniques, aircraft platforms can sample in-
situ aerosol and cloud parameters from near the surface
to the mid/upper troposphere, filling critical observational
gaps (Schmale et al., 2018). Aircraft also provide spatial
and environmental flexibility, enabling targeted sampling
over oceanic, continental, polluted, and biomass burning
regimes – essential for scientific research under a wide range
of aerosol conditions. Simultaneous in-situ measurements
of size distributions, chemical composition, and CCN num-
ber concentrations allow direct testing and refinement of κ-
Köhler theory and related activation models under realistic
conditions (Petters and Kreidenweis, 2007). Therefore, con-
ducting CCN closure analysis based on aircraft observations
is a powerful means to deepen understanding of aerosol–
cloud microphysical mechanisms, reduce uncertainties in pa-
rameterizations, and improve the performance of climate
model projections (Li et al., 2022).

In this study, we analyzed aircraft measurements of
aerosols and CCN collected at two mid-latitude locations: the
Azores over the Eastern North Atlantic (ENA) and SGP at
north-central Oklahoma. After comparing aerosol composi-
tion and concentrations at different locations across different
seasons, we assessed the consistency between observed CCN
and calculated CCN based on aerosol size distributions and
chemical composition under the internal mixing assumption.
Furthermore, we examine the relationships between aerosol
and CCN concentrations, aerosol size distribution, and clo-
sure ratio (CR) with organic mass fraction (MForg). Sum-
mary of main findings and discussions are given at last.

2 Data and Method

The US Department of Energy’s Atmospheric Radiation
Measurements (ARM) program supported an instrumented
Gulfstream 1 (G-1) aircraft for atmospheric field campaigns
since 2010. It has been carried out in seven field campaigns
between 2013 and 2018, and retired in 2019. We use the air-
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Figure 1. Locations of HI-SCALE and ACE-ENA field campaigns and the flight trajectories, overlaid on historical locations of the ARM
field campaigns. Map is adapted from the ARM website (https://arm.gov/capabilities/observatories, last access: 30 December 2025).

craft data from two field campaigns in this study and will
introduce them in this section.

2.1 Field Campaigns

The two aircraft field campaigns used in this study are the
Aerosol and Cloud Experiments in the Eastern North Atlantic
(ACE-ENA, Wang et al., 2022) at ENA site and the Holistic
Interactions of Shallow Clouds, Aerosols, and Land Ecosys-
tems (HI-SCALE, Fast et al., 2019) at SGP site (Fig. 1). Both
field campaigns include two intensive observation periods
(IOPs): in ACE-ENA, the aircraft completed a summer de-
ployment of 20 flights from 21 June to 20 July 2017 and a
winter deployment of 19 flights from 19 January to 19 Febru-
ary 2018, “to measure key aerosol and cloud processes under
various meteorological and cloud conditions with different
aerosol sources” across the two seasons (Mei et al., 2024a).
In HI-SCALE, it consisted of two 4-week intensive cam-
paigns in spring (April–May 2016) and late summer (late
August–September 2016) (regarded as early autumn), pro-
viding an extensive dataset “geared toward coupled processes
that affect the life cycle of shallow clouds through the inter-
action among aerosol, cloud, the land surface, and ecosys-
tems” (Mei et al., 2024a). SGP represents a typical conti-
nental mixed-air environment with complex aerosol sources
including background pollution, agricultural emissions, and
biogenic contributions (Liu et al., 2021), while ENA sam-

ples a relatively clean marine-influenced regime that captures
interactions between oceanic aerosols and long-range trans-
ported background aerosols, these data enable systematic as-
sessment of CCN activation behaviour under both continen-
tal and marine backgrounds and different seasons, thereby
enhancing the generality and physical interpretability of clo-
sure results (Mather and Voyles, 2013; McFarlane et al.,
2002).

2.2 Aircraft data preprocessing

The G-1 aircraft was equipped with in situ sensors to sam-
ple aerosol properties, cloud microphysics, and atmospheric
state variables. In this study, we use aerosol number size
distribution, chemical composition, and CCN number con-
centration data to conduct closure analysis. CCN data was
measured by a Continuous-Flow Streamwise Thermal Gra-
dient CCN Counter (CCN-200, Droplet Measurement Tech-
nologies) at prescribed supersaturation levels, for the ACE-
ENA campaign, SS was set to 0.14 % (channel A) and
0.32 %/0.37 % (channel B); for HI-SCALE, the levels were
0.24 % (channel A) and 0.46 % (channel B). The super-
saturations were determined at 600 mbar for two distinct
temperature settings, with each temperature setting corre-
sponding to one column. To ensure reliable and consis-
tent measurements, the instruments were calibrated before
and after each deployment, and twice during the field cam-
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paign. Throughout the flights, the CCN instrument was op-
erated with a constant-pressure inlet carefully maintained at
600 mbar. The measurements were then converted to am-
bient temperature and pressure conditions. Aerosol chemi-
cal composition was measured by a High-Resolution Time-
of-Flight Aerosol Mass Spectrometer (AMS), quantifying
major non-refractory submicron components. To estimate
aerosol hygroscopicity, we adopt values from the 3-mode
version of Modal Aerosol Module (MAM3, Liu et al., 2012):
κorg= 0.1 and κinorg= 0.507 (applied to sulfate, nitrate, am-
monium, and chloride), assuming an internal mixing state to
link results to GCM biases. Fixed densities were assigned
at 1.0 gcm−3 for organics, 1.77 gcm−3 for inorganic salts,
and 2.2 gcm−3 for chloride. Aerosol number size distribu-
tions were derived from the Best Estimate Aerosol Size
Distribution (BEASD) product, which harmonizes observa-
tions from multiple complementary sensors. Each instrument
contributed data within its “most reliable size range,” with
overlapping regions carefully reconciled to yield a continu-
ous distribution spanning from a few nanometers to several
micrometers. Specifically, for the ACE-ENA campaign, the
FIMS covered 10–600 nm and the PCASP spanned 0.095–
2.9 µm, while the super-micron range was supplemented by
the CAS (0.55–12.73 µm) and FCDP (0.75–13.49 µm). Dur-
ing the HI-SCALE campaign, the FIMS provided coverage
from 10 to 400 nm, the PCASP from 0.095 (or 0.125) to
2.9 µm, and the CAS and FCDP extended the distribution up
to approximately 11–12 µm. Furthermore, aerosol chemical
composition measured by the HR-ToF-AMS was utilized to
estimate the refractive index (RI). This allowed for the cor-
rection of equivalent optical sizes into geometric sizes, en-
suring physical consistency across the integrated spectrum of
different sensors (Mei et al., 2024a). The total aerosol num-
ber concentration measured by CPC (the condensation parti-
cle counter) 3772 (> 10 nm) and CPC 3025 (> 3 nm) are also
used to verify the integrated aerosol size distribution from
BEASD. Together, these data products provide the key in-
puts for the subsequent κ–Köhler parameterization and CCN
closure analysis.

All these measurements are in 1 Hz frequency, which ex-
hibit strong instantaneous fluctuations caused by turbulence
and instrument noise. In order to obtain statistical robustness
or compare with coarse-resolution models, temporal resolu-
tion coarsening is needed (e.g., Tang et al., 2022; Mei et al.,
2024a). In this study, we perform calculation of flight-leg
statistics to obtain more robust values of aerosols across a
wider spatial region. In airborne observations, a flight leg
typically refers to a continuous segment of the aircraft’s tra-
jectory under relatively stable conditions, such as maintain-
ing constant altitude and heading, thus the measurements
within one flight leg usually represent the same environmen-
tal condition. We perform leg-mean values and percentiles
(5, 10, 25, 50, 75, 90, 95) for measurements obtained in each
flight leg, and use leg-mean values throughout of this study.
The results are robust if median values (50 percentile) are

used (not shown). Figure 2 shows an example of the raw
data and leg-statistics for one-day measurements. Extreme
values in raw aerosol and CCN measurements can be effec-
tively smoothed out by conducting leg-statistical processing.

2.3 CCN Closure Calculation

2.3.1 CCN Calculation from Aerosol Size Distribution
and Composition

In the CCN–closure workflow, the calculated CCN con-
centration (CCNcalc) combines bulk chemical composi-
tion with the κ–Köhler activation criterion. First, AMS-
resolved mass concentrations Ci (organics, sulfate, ni-
trate, ammonium, chloride) are converted to volumes via
Eq. (1) using fixed densities given by Liu et al. (2012)
for MAM3. (organics: ρorg= 1.0 gcm−3; sulfate/nitrate/am-
monium: ρsalt= 1.77 gcm−3 ; chloride: ρchl= 2.2 gcm−3).
Summing over species yields the total particle volume Vtotal
and the corresponding organic/inorganic volume fractions.

Vi =
Ci

ρi
, (1)

the bulk hygroscopicity is then computed as a volume-
fraction–weighted κ (Eq. 2), adopting fixed component val-
ues κorg= 0.1 and κinorg= 0.507 (for all species except or-
ganics in AMS measurements) (also obtained from Liu et al.,
(2012).

κ =
Vorg

Vtotal
· 0.1+

Vinorg

Vtotal
· 0.507, (2)

the κ obtained from Eq. (2) is denoted as κAMS in this study.
The assumption of complete internal mixing was adopted
primarily to maintain consistency with the parameteriza-
tion schemes utilized in mainstream global climate models,
such as MAM3 (Liu et al., 2012). An external mixing as-
sumption has also been discussed in many previous studies
(Broekhuizen, 2006; Kulkarni et al., 2023; Lathem et al.,
2013; Moore et al., 2011; Schulze et al., 2020; Wang et al.,
2010), in which aerosol species are treated as composition-
ally distinct particle populations rather than internally mixed
particles. Compared with the internal mixing assumption, ex-
ternal mixing generally reduces the effective hygroscopicity
and CCN activation efficiency, resulting in lower predicted
CCN concentrations. However, accurately representing ex-
ternal mixing states requires detailed particle-resolved com-
positional information that is not available from the AMS
measurements used in this study. Therefore, evaluating al-
ternative mixing-state representations is beyond the scope
of this study and warrants further investigation using single-
particle observational constraints. Given κ and a prescribed
supersaturation SS (in percent), the critical dry diameter Dc
is obtained from the κ–Köhler condition ∂S/∂D= 0. In prac-
tice, we solve for Dc numerically by locating the maximum
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Figure 2. Example of leg-mean (red) and percentiles (blue box, with box representing 25th and 75th percentiles and bars representing
5th and 95th percentiles) on 25 June 2017 during ACE-ENA: (a) GPS altitude; (b) ambient temperature; (c) aerosol number concentration
(size > 10 nm) measured by CPC 3772; and (d) CCN concentration. Gray dots denote the original 1 Hz measurements.

of S(D)− 1 using a Newton-type iteration,

Dc =

(
4A3

27κln2S

)1/3

(3)

where the Kelvin term is expressed with a constant Kelvin
length A= 2.1× 10−9 m, corresponding to pure-water sur-
face tension at ∼ 298 K. Finally, CCN is calculated by inte-
grating the dry number size distribution N (D) greater than
Dc (Eq. 4): we sum all bins whose lower bound exceeds Dc
and add the linear fractional contribution from the bin con-
taining Dc. All calculations use nanometer units for Dc and
bin edges to ensure consistency. This procedure is applied at
each supersaturation considered in CCN counter (ACE-ENA:
supersaturation from A channel (SSa)= 0.14 %, supersatura-
tion from B channel (SSb)= 0.32 % in IOP1 and 0.37 % in
IOP2; HI-SCALE: SSa= 0.24 %, SSb= 0.46 %), producing
leg-mean CCNcalc values directly comparable to in-situ CCN
counter measurements for closure assessment, i.e.,

CCNcalc =
∑

D>Dc
N (D)+ f ·Nbin(Dc), (4)

where f = (Dmax,i −Dc)/(DDmax,i −Dmin,i) is the linear
fractional area of bin i greater than Dc, assuming uniform
number density within each bin.

2.3.2 Kappa from CCN (κccn) Calculation

To infer the hygroscopicity parameter κ implied by the ob-
served CCN concentration (κccn), we also invert the κ–
Köhler activation criterion using the leg-mean aerosol dry
size distribution and the in-situ CCN measurements.

For each flight leg, CCN concentrations measured at su-
persaturation SS (for channel A or B) are matched against
the leg-mean dry number size distribution N (D). The size
distribution is expressed in discrete bins with lower and up-
per bounds Dmin,i and Dmax,i , and bin-integrated number
concentrations Ni (cm−3). We first construct the cumulative
number concentration above each bin:

N≥i =Nj (5)

which approximates
∫
∞

Dmin,i
N (D)dD.

https://doi.org/10.5194/acp-26-7967-2026 Atmos. Chem. Phys., 26, 7967–7984, 2026



7972 G. Ai et al.: Dependence of CCN closure relationship with organic fraction

Given the observed CCN concentration CCNobs, we de-
termine the diameter Dc for which the cumulative number
equals CCNobs. In practice, this is achieved by monotonic in-
terpolation between adjacent cumulative points: all bins with
Dmin,j >Dc are fully counted, the bin containing Dc con-
tributes a fractional number assuming uniform number den-
sity within the bin,

f =
Dmax,i −Dc

Dmax,i −Dmin,i
(6)

so that

CCNobs ≈Nj + fNi (7)

Legs where CCNobs exceeds the total aerosol number con-
centration are rejected from inversion.

OnceDc (nm) is obtained, κ is determined by inverting the
κ–Köhler activation relationship.

For a dry particle of diameter Ds=Dc (converted to me-
ters), the equilibrium saturation ratio over a droplet of wet
diameter D under κ–Köhler theory is

S(D;κ)=
D3
−D3

s

D3−D3
s (1− κ)

exp
(
A

D

)
(8)

where A= 2.1× 10−9 m is the Kelvin length.
For a given κ , the critical supersaturation is obtained by

locating the maximum of S(D;κ)− 1 over all D >Ds:

SScrit(κ)= 100×[S(D;κ)− 1] (9)

This maximum corresponds to the peak of the Köhler
curve, representing the activation barrier that a haze droplet
must overcome to transition into a stable cloud droplet. To in-
vert for κ , we tabulate SScrit (κ) for a sequence of trial κ val-
ues (0.01–2.0 in increments of 0.01) and then interpolate that
mapping to find the κ corresponding to the leg-mean super-
saturation SS:

S

∫
crit

(κobs)= SSleg (10)

The resulting κccn represents the hygroscopicity implied
by the observed CCN activation under the measured size
distribution. Legs where Dc ≤ 0, SS≤ 0, the inversion fails,
or the retrieved κ falls outside a physically plausible range
(0.01–2.0) are flagged and excluded.

3 Results

3.1 Aerosol and CCN Characteristics

During the ACE-ENA, both aerosol and CCN concentra-
tions exhibited a pronounced “summer-high and winter-low”
pattern. The mean total aerosol mass concentration mea-
sured by the AMS was approximately 0.13 µgm−3 in win-
ter and increased to about 0.55 µgm−3 in summer (Fig. 3a).

In both seasons, aerosols over the ENA region were mainly
composed of sulfate (65.3 % in summer, 57.8 % in win-
ter) and organics (20.8 % in summer, 26.7 % in winter),
whereas nitrate, ammonium, and chloride each contributed
less than 10 %. Although both organic and sulfate aerosols
are much more numerous in summer, the oxidation of bio-
genic dimethyl sulfide (DMS) emissions is likely contributed
more to aerosol formation in summer, causing higher sul-
fate fraction over this region (Zawadowicz et al., 2021). Ac-
cordingly, mean condensation nuclei (CN) concentrations in-
creased from roughly 260 cm−3 (> 10 nm) in winter to about
480 cm−3 in summer, while mean concentration of CN larger
than 3 nm rose from 350 cm−3 to nearly 600 cm−3 (Fig. 3c).
In addition to the greater emission rates of aerosol precursors
in summer, stronger wet-scavenging effects due to thicker
clouds and more frequent precipitation in winter is also a
reason of the seasonal aerosol contrast (Gallo et al., 2023;
Zheng et al., 2024). This is also consistent with Fig. 3b,
showing that the accumulation-mode aerosols were much
more numerous in summer than in winter while the Aitken-
mode aerosols were similar or even slightly less for parti-
cles of∼ 20 nm in diameter. The higher particle number con-
centration in summer resulted in much higher CCN concen-
trations under both supersaturation conditions (0.14 % and
0.32/0.37 %) (Fig. 3d).

Figure 3d also shows aerosol activation fraction, which
is the proportion of aerosol particles that can be activated
into cloud droplets at a given supersaturation. A higher ac-
tivation fraction indicates larger and/or more hygroscopic
particles, whereas lower values suggest smaller or less sol-
uble aerosols. As shown in Fig. 3d, activation fraction is
much higher in summer than in winter. The contrast high-
lights differences in aerosol properties and cloud microphys-
ical conditions in different seasons. In summer season, there
are much more accumulation mode aerosols and slightly less
Aitken mode aerosols than in the winter season (Fig. 3b). As-
sociated with slightly higher sulfate fraction and thus higher
hygroscopicity (Fig. 3a), a much larger fraction of aerosol
particles can be activated to form cloud droplets. It is also
straightforward that the activation fraction at higher super-
saturation is higher than at lower supersaturation.

For HI-SCALE, the two IOPs are in spring and autumn
seasons, respectively. As shown in Fig. 4a, the total aerosol
mass concentrations averaged in the two IOPs were similar,
approximately 2.3 and 2.6 µgm−3 , respectively. In both sea-
sons, aerosols were dominated by organic matter (account-
ing for 60.4 % in spring and 67.7 % in autumn), then sul-
fate (20.9 % in spring and 14.8 % in autumn). The slightly
higher concentration of organics is likely due to more local
or near-local emission accumulated under weaker winds (Liu
et al., 2021). According to CPC instrument measurements,
in both seasons, the concentrations of CN (> 10 nm) and CN
(> 3 nm) remained at the same order of magnitude; the me-
dian values were 2600 (> 10 nm, spring), 2708 (> 10 nm, au-
tumn), 3608 (> 3 nm, spring), and 3198 (> 3 nm, autumn),
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Figure 3. Seasonal variations of aerosol and CCN properties during the ACE-ENA campaign (marine environment). (a) Aerosol chemical
composition measured by AMS. (b) Seasonal-mean (thick) and flight-mean (thin) aerosol number size distributions from BEASD, n refers to
the number of dates. (c) Total aerosol number concentrations measured by CPC 3772 (> 10 nm) and CPC 3025 (> 3 nm). (d) CCN number
concentrations and activation fraction (the ratio of CCN number concentration over aerosol number concentrations, dashed lines) at two
supersaturations (SSa= 0.14 %, SSb= 0.32 % in summer and 0.37 % in winter, respectively). Summer is for IOP1 (21 June–20 July 2017)
and winter is for IOP2 (19 January–19 February 2018). In the box plots, the center line represents the median, the box boundaries denote the
25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles of the data.

respectively. Accordingly, the CCN concentration and acti-
vation fraction showed no systematic seasonal dependence.
CCN number concentration at SS= 0.24 % shows very small
seasonal contrast (429.7 cm−3 in spring and 430.5 cm−3 in
autumn), but the spring season has much smaller 10th per-
centile value, indicating stronger wet deposition in occa-
sional spring storms. At SS= 0.46 %, CCN number concen-
tration is higher in autumn, consistent with the higher con-
centration of aerosols around 100 nm (Fig. 4b). The sea-
sonal difference of CCN concentration is smaller than the
seasonal difference of accumulation-mode aerosols as shown
in Fig. 4b, which is likely due to the higher relative organic
content in autumn reduces the overall hygroscopicity of the
aerosols (Saliba et al., 2023).

Comparing the measurements at ACE-ENA and HI-
SCALE, both the aerosol number concentration and CCN
concentration over the continental site are higher than the
marine site by an order of magnitude. This is consistent with
the surface observations (Wilbourn et al., 2023), contributed
by various terrestrial sources in agricultural region (Liu
et al., 2021) and minimal local pollution at the remote ma-
rine environment (Wang et al., 2021; Wilbourn et al., 2023;

Zheng et al., 2018, 2024). In terms of chemical composition,
aerosols at ENA are dominated by marine biogenic sources
and long-range transport (Wang et al., 2022; Zawadowicz
et al., 2021), with substantial sulfate produced from DMS
oxidation, extremely low nitrate, chloride, and ammonium
concentrations, and overall acidic particles; organic aerosol
levels are relatively low and mainly associated with trans-
ported continental air masses (Nah et al., 2021). In contrast,
HI-SCALE reflects a mixture of regional sources, where sec-
ondary organic aerosol from isoprene oxidation is prominent,
abundant NH3 emissions from agriculture and livestock cre-
ate an alkaline environment that enhances ammonium sul-
fate and ammonium nitrate formation, and episodic biomass
burning further elevates organic aerosol mass (Liu et al.,
2021). Size distributions also differ markedly: at ACE-ENA,
Aitken-mode particles partly arise from marine new particle
formation and a distinct coarse-mode sea-salt peak extends
to several micrometers (Zheng et al., 2021), whereas at HI-
SCALE, Aitken-mode particles are more strongly influenced
by continental new particle formation (NPF) and combustion
emissions and coarse particles are generally scarce except
during dust or biomass-burning events (Zheng et al., 2024).
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Figure 4. Same as Fig. 3, but for the HI-SCALE campaign (continental environment) and here spring is for IOP1 (5 April–20 May 2016)
and autumn is for IOP2 (29 August–17 September 2016).

Overall, the marine environment tends to exhibit relatively
larger particles due to sea-salt contributions, while the conti-
nental environment is dominated by submicron particles with
a much higher fraction of small particles.

3.2 CCN Closure Analysis

Figure 5 presents the scatter plots of observed and calculated
CCN for all data from ACE-ENA and HI-SCALE (exclud-
ing extreme values where CCN concentrations are less than
10 cm−3 or more than 2000 cm−3). Overall, under the Köh-
ler theoretical framework, CCN closure fitting performs well,
with 67.7 % (ACE-ENA) and 61.1 % (HI-SCALE) of the
data points fall within the± 20 % closure interval. Calculated
CCN slightly overestimates observed CCN, with CR values
of 1.13 for ACE-ENA and 1.17 for HI-SCALE. The over-
estimation of calculated CCN for ACE-ENA is concentrated
in relatively clean conditions (below 200 cm−3), while the
overestimation for HI-SCALE is more frequently occurred
in higher concentration conditions (400–1600 cm−3). Wex
et al. (2010) suggests that complete internal mixing tends to
overestimate CCN concentrations especially when less hy-
groscopic species dominates. Organics coating outside the
more hygroscopic aerosol particles, which has been observed
over regions, including SGP, with different organic emission
sources, may decrease the overall hygroscopicity estimated

using internal mixing assumption (Li et al., 2023; Mei et al.,
2024b).

Figure 6a–d and e–h shows the CCN closure performance
for ACE-ENA and HI-SCALE, respectively, separated by
season and supersaturation. Consistent with the results in
Sect. 3.1, both the observed and calculated CCN concentra-
tions during IOP2 of ACE-ENA are clearly lower than those
during IOP1, whereas no significant difference in CCN con-
centration is observed between the two intensive observation
periods in HI-SCALE.

Because CCN concentrations during HI-SCALE IOP2 are
generally higher, applying the original form of linear regres-
sion (y = ax+b) results in an unrealistically large y-axis in-
tercept (Fig. 6h, red solid line). Therefore, a zero-intercept
regression (y = ax) is adopted instead (Fig. 6h, red dashed
line).

Overall, CCN closure performs better under low super-
saturation (SS) conditions, whereas at higher SS the perfor-
mance degrades slightly and exhibits a systematic overes-
timation, with slopes generally exceeding 1. Within the κ–
Köhler framework, increasing SS reduces the critical activa-
tion diameter and enhances sensitivity to the small-particle
end of the size distribution; consequently, any bias in the
counting or measurement of small particles (e.g., from the
FIMS instrument) is amplified, which may lead to system-
atic CCN overestimation (Wang et al., 2018; Xu et al., 2021).
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Figure 5. Comparison of observed and calculated CCN number concentrations for ACE-ENA (left) and HI-SCALE (right). Each dot rep-
resents mean CCN concentration of one flight leg. The black line denotes the 1:1 reference line, with the gray shaded area represents the
± 20 % range. The red line indicates the best-fit linear regression. The linear fitting function, R value, sample number, mean Closure Ratio
(CR= calculated CCN/observed CCN) and percentage of samples within ± 20 % range are given in the figure inserts.

Figure 6. Same as Fig. 5, but stratified by season and supersaturation level.

In addition, assuming a constant κ value derived from bulk
AMS composition tends to overestimate aerosol hygroscop-
icity because the AMS does not detect certain non-volatile or
low-κ components, such as weakly oxidized organic matter
or refractory species. A notable limitation in this approach is
the exclusion of black carbon (BC). Since the AMS exclu-
sively measures non-refractory submicron components, the
volume fraction of hydrophobic BC (κ ≈ 0) is omitted from
the volume-weighted average in Eq. (2). This omission arti-
ficially inflates the bulk hygroscopicity of the particles, ren-
dering the modeled internal mixture more hygroscopic than
the actual ambient population. Such an effect is particularly
relevant in environments influenced by combustion or long-

range transport of continental pollution, further contributing
to the systematic overestimation of CCN activation. (Ren
et al., 2023; Saliba et al., 2023; Soloff et al., 2025).

3.3 CCN Relation with Organic Mass Fraction

As shown before, the bulk hygroscopicity of aerosols are pri-
marily determined by the ratio of two groups of aerosols:
hydrophilic inorganic particles including sulfate, nitrate, and
ammonia aerosols, and hydrophobic particles including pri-
mary and secondary organic matters. Therefore, here we fur-
ther investigate the relationship of CCN concentration and
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Figure 7. Dependence of (left) total aerosol number concentration, (middle) CCN concentration, and (right) CCN activation ratio on MForg
for ACE-ENA (top) and HI-SCALE (bottom). Shaded areas indicate interquartile ranges (IQRs) and the lines show the median values across
all flight legs.

CR with the MForg, calculated by the mass ratio of total or-
ganics with total aerosols from the AMS measurements.

3.3.1 Variation of CCN Concentration with MForg

Figure 7 shows the dependence of aerosol number concen-
tration, CCN number concentration, and CCN activation ra-
tio (the ratio of CCN and aerosol number concentration) on
MForg for ACE-ENA and HI-SCALE. It is surprising that
the relationships with MForg are dramatically different at the
two sites. For ACE-ENA, along with MForg increasing from
low (∼ 0.1) to moderate (∼ 0.6) values, total aerosol num-
ber remained nearly constant (Fig. 7a), while median CCN
concentrations decreased by roughly 70 %–80 % in both su-
persaturations (SSa= 0.14 %, SSb= 0.32/0.37 %) (Fig. 7b).
Therefore, the CCN activation ratio declined correspond-
ingly from about 0.3 to below 0.1 (Fig. 7c). This phe-
nomenon has also been reported in several previous studies
(Dusek et al., 2010; Liu et al., 2023; Martin et al., 2011; Mei
et al., 2013) and some explained it as the decrease of the
bulk hygroscopicity by an increase of organic fraction, which
increases the critical activation diameter, and decreases the
fraction of particles that can activate at a given supersatu-
ration (Dusek et al., 2010; Liu et al., 2023; Martin et al.,
2011). However, decreasing hygroscopicity alone may not

explain the large differences in CCN activation ratio shown
in Fig. 7c. Figure 8a shows the aerosol size distribution in
different MForg bins for ACE-ENA. It is clearly seen that
when MForg is greater, large particles are much less numer-
ous while Aitken mode aerosols are more numerous. This
is likely because organic aerosols at the ENA site are pri-
marily secondary aerosols. When there is a large fraction of
organics, the atmospheric condition must favor NPF, that is
calm winds and less cloudy with strong solar radiation. Un-
der this condition, aerosol dry deposition is also strong thus
less large-size particles may stay in the atmosphere. This
feature of more Aitken-mode and less accumulation-mode
aerosol leads to much smaller fraction of aerosols above the
critical diameter for activation, therefore decreasing the CCN
activation ratio.

In contrast to ACE-ENA, observations for HI-SCALE
show much more organic aerosols: MForg varies from 0.3
to 0.9 (Fig. 7d). As MForg increases, aerosol number con-
centration first remained nearly constant and then rose
sharply when MForg is around 0.6 to 0.7 (Fig. 7d). How-
ever, CCN number concentration increases continuously as
MForg increases. Therefore, CCN activation fraction exhib-
ited two distinct increasing windows, occurring over the
ranges MForg= 0.3–0.6 and 0.7–0.9 (Fig. 7f). Figure 8b
shows that when the MForg is between 0.6 and 0.7, the
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Figure 8. Aerosol particle size distribution in different MForg ranges in (a) ACE-ENA and (b) HI-SCALE.

Aitken-mode particles are the most abundant. Because these
particles are too small, they cannot be activated as CCN un-
der normal supersaturations. Due to the increase of these
small particles, when MForg is within the range of 0.6–
0.7, the total aerosol number concentration increases sharply.
However, the aerosols at ∼ 100 nm diameter increase contin-
uously when MForg increases, leading to a continuous in-
crease in CCN concentration with rising MForg during the
HI-SCALE campaign.

Organic aerosols at SGP may be influenced by multi-
ple sources and processes, including local emissions and
secondary production associated with NPF. Therefore, the
relationship between MForg, particle size distribution, and
CCN activity is not expected to be controlled by organic
fraction alone. Figure 8b suggests that changes in aerosol
size distribution provide an important explanation for the
non-monotonic variation in CCN activation ratio. In partic-
ular, the MForg= 0.6–0.7 bin is characterized by enhanced
Aitken-mode particles and relatively fewer accumulation-
mode particles. These small particles can substantially in-
crease the total aerosol number concentration but are less
likely to activate as CCN under the measured supersaturation
conditions. As a result, the CCN activation ratio decreases
abruptly (Fig. 7f). At higher MForg, the increased abundance
of larger, CCN-relevant particles likely contributes to the re-
covery of the activation ratio. These results indicate that the
dependence of CCN activity on MForg is strongly modulated
by particle size distribution and should not be interpreted as
a purely compositional effect.

3.3.2 Variation of CCN Closure Ratio with MForg

Figure 9b shows the relations of CR with MForg for the two
supersaturations during the ACE-ENA campaign. At low su-
persaturation (SS= 0.14 %), CR exhibits a clear decreasing
trend with increasing MForg. The CR decreases from slightly

above unity at low MForg values to below unity at MForg
≈ 0.3–0.35, indicating a transition from model overestima-
tion to underestimation. As the CCN calculation uses bulk
hygroscopicity based on composition, this transition means
that the actual hygroscopicity at this SS may not be solely
dependent on aerosol composition. We calculated the hygro-
scopicity inversely based on CCN number concentration and
aerosol size distribution (κccn), and compared with AMS-
based hygroscopicity (κAMS) in Fig. 9c. It shows that the me-
dian κccn is rarely dependent on MForg, which is inconsistent
with the assumption of internal mixing and fixed hygroscop-
icity for each AMS-measured composition. As a result, κccn
is smaller than κAMS in small MForg and greater than κAMS
in large MForg, causing the transition of CCN closure per-
formance in changing MForg.

In contrast, at higher supersaturations (SS= 0.32/0.37 %),
the dependence of CR on MForg is much weaker, remain-
ing nearly constant around 1.1 with a slight positive bias.
The inversely calculated hygroscopicity (κccn) based on CCN
number concentration and aerosol size distribution shows a
negative correlation with MForg (Fig. 9d), indicating MForg
indeed plays a role in determining the overall aerosol hygro-
scopicity. However, κccn is always smaller than κAMS regard-
less of MForg. This indicates that either the fraction of or-
ganic aerosols that can be activated at this SS is greater than
the overall organic fraction, or the prescribed hygroscopicity
of organics or inorganics is too large.

The different behaviours of CR as a function of MForg
under different supersaturations reflect that the composition
structure of marine aerosols is size-dependent. Lower super-
saturation represents larger critical diameter thus only larger-
size particles (e.g., accumulation mode) can be activated,
while higher supersaturation means more small-size (even
the Aitken mode) particles can be activated. The above re-
sults indicate that the variation of organic fraction is mainly
for small particles, while accumulation-mode particles are
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Figure 9. Relationship between CR and observed hygroscopicity (κccn) with MForg for ACE-ENA. (a) Number of flight legs in each MForg
bins. (b) Box plots of CR as a function of MForg at two supersaturations (SSa= 0.14 %, SSb= 0.32/0.37 %). Dashed lines represent the
sensitivity results of maximum and minimum values of median CR derived from the extreme range of density and hygroscopicity parameters
reported in literature. (c, d) Comparison between κ derived from aerosol and CCN number concentration (κccn, box plots) and from AMS-
measured chemical composition (κAMS, red line), (c) for SSa and (d) for SSb. The pre-defined hygroscopicity for organics and inorganics
(κinorg= 0.507, κorg= 0.1) are also plotted in dash. In all box plots, the horizontal line indicates the median, the box boundaries represent
the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles. Only data sample number > 10 was plotted in (b), (c)
and (d).

dominated by more hygroscopic inorganic aerosols such as
sulfate and sea salt. In current atmospheric models, a bulk-
averaged hygroscopicity parameter is used to represent the
entire aerosol population or a bulk aerosol mode with a wide
size range, the compositional heterogeneity across particle
sizes is neglected. This averaging artificially incorporates the
low hygroscopicity of small particles into the overall value,
thereby may underestimate the effective κ of the larger, more
CCN-relevant particles. Size-dependent aerosol composition
and hygroscopicity measurements are needed to improve our
understanding of aerosol activation processes and to further
design size-dependent parameterizations for better represent-
ing aerosol activation in models.

Moreover, some studies suggest that surface tension σ may
be lower than the value assumed here due to the influence
of surface-active organics (Facchini et al., 1999; Forestieri
et al., 2018; Nozière et al., 2014; Ovadnevaite et al., 2017;
Vepsäläinen et al., 2022). Because the Kelvin length (A)
scales linearly with σ , the use of a constant pure water σ may
overestimateA in Eq. (3), leading to an overestimation of the
critical diameter. As a result, the calculated CCN concentra-
tions may be further underestimated at low supersaturation,
contributing to a lower CR.

For HI-SCALE CR under both SS conditions is greater
than 1 across all MForg ranges (Fig. 10b), indicating overall
overestimation of CCN number concentration, as also shown
in Sect. 3.2. Organic aerosol fractions at this site are consis-
tently higher than ACE-ENA, driven by biogenic SOA for-

mation and frequent NPF events (Marinescu et al., 2019).
Such events enrich small particles in organics with intrinsi-
cally low κ regardless of the overall MForg (Fig. 10d). There-
fore, when the closure model applies a single bulk compo-
sition and κ to all particle sizes, it overestimates κ for the
fine-mode particles that dominate activation at high super-
saturations, rendering them “too hygroscopic” and leading to
CCN overestimation (CR> 1). The overestimation is more
severe when MForg is smaller (Fig. 10b).

At lower supersaturations, the critical diameter is larger
and only larger particles (accumulation mode) can be acti-
vated. The overall hygroscopicity of the accumulation model
aerosols is then dependent on MForg, with smaller organic
fraction has larger κ value (Fig. 10c). Therefore, the CR in
lower SS is weakly dependent on MForg, with the overall
overestimation of CR. Previous studies found that the inter-
nal mixing assumption can lead to overestimation of CCN
concentrations Kulkarni et al. (2023), with evidences showed
that organic matter may form a coating layer over inorganic
components (Li et al., 2023; Mei et al., 2024b; You et al.,
2012; Zelenyuk et al., 2010), reducing the overall hygroscop-
icity of the aerosols than assuming internal mixing.

Overall, the influence of the MForg on CCN closure is de-
pendent on the environmental conditions, aerosols sources,
and supersaturation levels. Aerosol composition and bulk hy-
groscopicity are size-dependent, so a single bulk κ value for
the mixture may not fully describe the aerosol activation be-
haviour under different supersaturation levels. It is suggested
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Figure 10. Same as Fig. 9 but for HI-SCALE.

that CCN closure studies must carefully account for the re-
lationship between particle size and chemical composition at
each observational site in order to increase the accuracy of
CCN calculations.

To quantify the potential influence of model parameter as-
sumptions – such as density and hygroscopicity – on the clo-
sure results, sensitivity tests were conducted based on typical
ranges reported in literature. The density of organic aerosol
typically varies from 1.0 to 1.5 gcm−3 (Broekhuizen, 2006;
Cerully et al., 2015; Medina et al., 2007; Meng et al., 2014;
Padró et al., 2012), while the organic hygroscopicity param-
eter (κorg) ranges from 0.01 (nearly insoluble) (Bougiati-
oti et al., 2009; Medina et al., 2007) to 0.2 (Cerully et al.,
2015). Additionally, the maximum assumed κinorg for in-
organic species can reach 0.7 (Kulkarni et al., 2023). The
dashed lines in Figs. 9b and 10b represent the range of clo-
sure ratios (CR) under the combination of these assumptions.
A prominent common feature observed at both ACE-ENA
and HI-SCALE is that the uncertainty range of CR expands
significantly as MForg increases. At low MForg, the varia-
tions in assumed parameters result in minimal CR differences
due to the dominance of inorganic particles. Conversely, at
high MForg, the uncertainty regarding the physicochemical
properties of organic aerosols becomes the primary source
of error in CCN estimations. This underscores the necessity
of obtaining accurate, size-resolved organic composition and
property data, particularly in organic-rich environments.

4 Conclusions

CCN statistics, closure performance, and their dependences
with MForg are examined using airborne observations from
the ACE-ENA and HI-SCALE campaigns, focusing on how
aerosol composition and size distribution influence CCN ac-
tivation across contrasting marine and continental environ-

ments and under different supersaturation levels. The key
findings are summarized below.

During the ACE-ENA campaign, aerosols were domi-
nated by sulfate and organics. The mean aerosol mass con-
centration was 0.55 µgm−3 in summer and 0.13 µgm−3 in
winter. Accordingly, CCN concentrations were substantially
higher in summer than in winter, with median values of
146.1 cm−3 at 0.13 % supersaturation and 220.6 cm−3 at
0.32 %, compared to 38.2 cm−3 and 59.3 cm−3, respectively,
in winter. Large size particles are relatively more abun-
dant, mainly contributed by sea salt aerosols. In contrast,
aerosols at the continental site are more abundant. Mean
aerosol mass concentrations for HI-SCALE were 2.3 µgm−3

in spring and 2.6 µgm−3 in autumn, showing little seasonal
variation. CCN concentrations exhibited no significant sea-
sonal difference either, with median values of 429.7 cm−3

(spring) and 430.5 cm−3 (autumn) at 0.24 % supersatura-
tion, and 720.2 cm−3 (spring) and 857.6 cm−3 (autumn) at
0.46 % supersaturation. More Aitken model aerosols are ob-
served at this location, indicating more frequent new particle
formation. The different geographical locations and aerosol
sources at the two sites lead to differences in terms of aerosol
and CCN number concentrations, chemical composition, and
particle size distributions.

CCN closure at both field campaigns shows a system-
atic overestimation, particularly under higher supersaturation
level. No significant seasonal difference was found. The use
of internal mixing assumption in CCN calculation is shown
to overestimate the bulk aerosol hygroscopicity and cause
overestimation of CCN concentration. The overestimation
of calculated CCN for ACE-ENA is more prominent in rel-
atively clean conditions, while the overestimation for HI-
SCALE more frequently occurs in higher CCN concentra-
tion conditions, indicating that the mechanisms of CCN clo-
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sure bias may be different under the continental and marine
environments.

The MForg was primarily distributed between 0 and 0.6
during the ACE-ENA campaign, whereas for HI-SCALE
it ranged mainly from 0.3 to 0.9. However, CCN number
concentration exhibits different correlations with MForg for
the two field campaigns. For ACE-ENA, the total aerosol
concentration shows no clear dependence on MForg, while
both CCN concentration and activation fraction decreased
with increasing MForg under both supersaturation levels.
This is attributed to the increase of less hygroscopic or-
ganic content shifting the size distribution toward a smaller,
Aitken-mode population that cannot activate as CCN at
normal supersaturations, while large-size particles become
much less along with increasing organic aerosols. For HI-
SCALE, aerosol concentration exhibited little variation be-
tween MForg ranges of 0.3–0.6 and 0.6–0.9; however, when
MForg increased from 0.5–0.6 to 0.6–0.7, the aerosol num-
ber concentration exhibits a sharp jump from 1532.7 to
3550.7 cm−3. Large MForg usually indicates stronger emis-
sions of local organic aerosols. More aerosols increase the
total number of CCN, while the sudden jump of Aitken
mode aerosol number concentration due to NPF lowers the
fraction of total aerosols that can be activated into CCN.
This complexity suggests the importance of considering size-
dependent aerosol properties in aerosol activation studies.

The relationship between MForg and CR varies signifi-
cantly based on environmental conditions, aerosol sources,
and supersaturation levels. For ACE-ENA campaign, CR de-
creased with increasing MForg at 0.14 % supersaturation,
with a transition from CCN overestimation to underestima-
tion at approximately MForg= 0.35. At 0.32 % and 0.37 %
supersaturations, CR showed no significant dependence on
MForg and remained greater than 1 across all MForg bins.
For HI-SCALE, CR at 0.46 % supersaturation decreased
with increasing MForg, yet remained above 1 throughout.
At 0.24 % supersaturation, CR exhibits little variation with
MForg and stays consistently greater than 1. These re-
sults show that organic-inorganic variation is size dependent:
small particles at ENA and large particles at SGP are more
likely from a single source, with a certain κ value indepen-
dent of the overall MForg. Large particles at ENA and small
particles at SGP are the main contributors of MForg, thus
MForg influences the overall hygroscopicity and CR is inde-
pendent of MForg.

It should be noted that as the ACE-ENA and HI-SCALE
campaigns were conducted in different seasons, seasonal
variability might potentially influence the observed results.
However, given that the aerosol mass loading differs by
nearly an order of magnitude between the two sites, and the
chemical characteristics exhibit a fundamental contrast be-
tween terrestrial organic dominance at SGP and marine sul-
fate dominance at ENA, the environmental regime plays a
more central role in determining CCN activation properties
and their sensitivity to composition. Seasonality, by compar-

ison, acts as a secondary modulation within the established
framework of each site.

Taken together, these findings emphasize the importance
of considering size dependence of aerosol properties in
aerosol activation studies. While changes in bulk aerosol
composition, such as MForg, are often associated with shifts
in aerosol size distribution, neither composition nor size dis-
tribution alone is sufficient to accurately calculate CCN con-
centrations. Increasing MForg does not universally enhance
or suppress CCN activity, depending on the source of the in-
creased aerosols. Depending on the environmental context,
increased organic mass may result from larger, more read-
ily activatable primary aerosols or from an increase in the
number of smaller particles generated through new parti-
cle formation. Consequently, aerosol activation processes are
highly sensitive to both primary aerosol sources – varying by
location and season – and supersaturation levels, which dic-
tate the size of aerosols most susceptible to activation. Ignor-
ing this size dependence introduces significant uncertainties
and limits the predictive skill of current aerosol activation
parameterizations.

Accurately representing aerosol activation in numerical
models requires moving beyond crude assumptions about
aerosol properties. Current models often employ simple rep-
resentations of aerosol mixing state and fixed hygroscopicity
values for aerosol species, failing to account for processes
like aging that alter composition over time and coating ef-
fects where only a portion of the aerosol composition is di-
rectly available for activation. While the internal mixing as-
sumption serves as a practical baseline consistent with cur-
rent global climate models, it inherently simplifies the com-
plexity of atmospheric aerosols. To overcome these limita-
tions, future studies could employ particle-resolved models,
such as PartMC (Riemer et al., 2009), to explicitly track
the dynamic evolution of diverse mixing states. Further-
more, the assumption of homogeneous mixing neglects com-
plex particle morphologies. Recent evidence demonstrates
that liquid-liquid phase separation (LLPS) within organic-
inorganic mixtures can actively drive aerosol droplet growth
in supersaturated regimes, significantly altering effective hy-
groscopicity (Malek et al., 2023). Although integrating such
advanced frameworks is currently constrained by the bulk
nature of AMS measurements, combining these modelling
approaches with single-particle observational techniques re-
mains a critical frontier for refining aerosol activation pa-
rameterizations. Future model development should prioritize
more sophisticated representations of aerosol composition,
size distribution, and microphysics, with detailed descrip-
tions of particle formation, growth, aging, condensation, and
deposition processes across all relevant size modes. This ne-
cessitates more detailed observational capabilities capable
of resolving the full aerosol size distribution, enabling im-
proved process-level understanding of aerosol activation and
robust model evaluation. Ultimately, bridging the gap be-
tween observations and model parameterizations is crucial
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for reducing uncertainties in our understanding of aerosol–
cloud interactions and their roles in the Earth system.
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