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Abstract.

Air pollution and fog are closely connected, influencing both visibility and human health. As relative humidity rises, aerosol
particles absorb water and grow hygroscopically, potentially activating into fog droplets when supersaturation is reached.
However, distinguishing between hydrated (non-activated) aerosols and activated dreplets-particles is critical, as their differing
thermodynamic states influence fog chemistry and dissipation. This study quantifies the impact of hydrated aerosol particles
on fog microphysical properties and visibility in the Po Valley, one of Europe’s most polluted regions. We analyzed detailed
aerosol—fog observations from the 2021/22 FAIRARI campaign at San Pietro Capofiume, Italy, using x-Kohler theory and the
Large Eddy Simulation (LES) model MIMICA. The median hygroscopicity x-value of fog residuals (0.45) exceeded that of
interstitial particles (0.40) and out-of-fog aerosols (0.34), reflecting enhanced inorganic content in fog droplets. Hygroscopic
growth calculations show that hydrated particles can reach several micrometers in diameter, significantly influencing inferred
fog microphysical properties. Excluding hydrated aerosols led to an 81% increase in effective diameter (from 11.6 um to
21.0 um) and an 87% decrease in cloud droplet number concentration (from 97.4 to 12.4 cm~3). Hydrated particles contributed
on average 21% to liquid water content and accounted for 36% of sub-kilometer visibility events without droplet activation.
LES results emphasize that fog prediction depends strongly on the largest dry aerosol particles. Our findings demonstrate the
need to distinguish between hydrated and activated particles when interpreting fog observations and modeling fog development

in polluted environments.

1 Introduction

Fog plays an important role in the Earth system. It influences the surface radiation budget (causing daytime cooling and

nighttime warming; see Oliphant et al. 2021 and references therein), modulates soil moisture (Baguskas et al., 2016), and
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serves as an important source of water for ecosystems (Hamilton and Seely, 1976; Seely and Hamilton, 1976; Mitchell et al.,
2020). In addition, fog can pose risks to transportation (Leigh et al., 1998; Pagowski et al., 2004) and human health (Balmes
et al., 1989; Decesari et al., 2017; Patel and Rastogi, 2018). Fog formation is controlled by a combination of meteorological
conditions and aerosol characteristics (Gultepe et al., 2007; Lakra and Avishek, 2022). The meteorological factors include
atmospheric and surface cooling rates, available water vapor, and wind speed, while the aerosol properties include particle
number concentration, size, and chemical composition. Even though many field studies have been conducted during the last
years aiming to better understand the processes involved in fog development and its life cycle (e.g., Haeffelin et al., 2010;
Gultepe et al., 2014; Liu et al., 2017; Price et al., 2018; Fernando et al., 2021; Ghude et al., 2023), fog forecasting is still
challenging (Boutle et al., 2022).

Fog formation is a complex process typically triggered by nocturnal radiative cooling of the surface, leading to an increase
in relative humidity that allows aerosol particles to grow hygroscopically, thereby enhancing light scattering and reducing
visibility (Kasten, 1969). As relative humidity continues to rise and the air becomes supersaturated with respect to water, a
fraction of these aerosol particles activates into fog (or cloud) droplets, which then grow through condensation until limited
by the available water vapor. Particles that have acted as seeds for fog (or cloud) droplets are called activated particles. The
remaining particles persist as hydrated but non-activated aerosols (Pinnick et al., 1978; Hudson, 1980; Gerber, 1981), which
are termed interstitial particles. This activation process and the relative distribution of particles between activated and hydrated
particles can be described by Kohler theory (Kéhler, 1936), which relates particle size and chemical composition to the critical
supersaturation required for activation. Larger or more hygroscopic particles require lower supersaturations to activate into
droplets. Therefore, beyond reducing visibility through light scattering, the physicochemical properties of aerosol particles also
influence their ability to activate into fog droplets. Moreover, the aerosol number concentration impacts the supersaturation that
can be reached (Mazoyer et al., 2019) as well as the droplet number concentration and size: for a constant hiquid-water-content
thquid-water-contert(EWC)HLWC, more aerosol particles are expected to lead to more but smaller droplets, thus decreasing
visibility as compared with fewer and larger droplets (Twomey, 1974). Higher aerosol number concentrations have further
been shown to prolong the fog duration (e.g., Stolaki et al., 2015; Maalick et al., 2016; Yan et al., 2020, 2021). Unlike
clouds that form in turbulent conditions with high supersaturation, fog-developsradiative fogs develop in calm and stable air
through radiative cooling, where supersaturation remains very low. Thus, only a small subset of aerosol particles activates into
fog droplets (e.g. Hudson, 1980), while the remaining hydrated particles stay in equilibrium with the surrounding relative
humidity (RH). Determining the ambient water vapor supersaturation experimentally remains a challenge (Shen et al., 2018).
Nevertheless, considering the concurrent but independent changes in air pollution levels and air temperature, it is important to
improve our understanding of aerosol-fog interactions to understand the drivers of the long-term trends of fog properties and
occurrence.

Generally, fog occurrence should be defined based on the purpose of the study (Spénkuch et al., 2022). It is typically defined
as horizontal visibility below 1 km (e.g., Tardif and Rasmussen, 2007; Vautard et al., 2009; Haeffelin et al., 2010; Maier et al.,
2013; Hammer et al., 2014; Mazoyer et al., 2019, 2022). However, in polluted regions with high particle number concentra-

tions, not only droplets but also the hydrated aerosol particles contribute to the visibility reduction (e.g., Elias et al., 2009;
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Haeffelin et al., 2013; Hammer et al., 2014; Shen et al., 2018). Fogs with the same visibility can, therefore, consist of very
different droplet size distributions and result from different supersaturations. This complicates the interpretation and intercom-
parison of field observations in terms of the microphysical conditions within the fog, and has consequences for fog forecasting
as well as understanding and projecting long-term trends in fog occurrence and properties. For the aviation sector, for example,
accurate prediction of fog onset and clearance are particularly important (Shankar and Sahana, 2023). The mechanisms leading
to fog dissipation can vary depending on the microphysics of the fog (Steeneveld et al., 2015). On the one hand, activated
particles can exist in environments with lower relative humidity than hydrated aerosol particles, thus generally requiring a
larger temperature increase to evaporate. On the other hand, large activated droplets-particles exhibit significantly higher sed-
imentation rates than small hydrated particles. Activated and unactivated fogs, as classified by Haeffelin et al. (2013), with
unactivated fogs often referred to as haze, are therefore expected to have different microphysics, lifetime, and occurrence -
hence responding differently to e.g. trends in air pollution and climate change. To accommodate this variation, earlier studies
{e-g—Ehasetal;2015)(e.g., Elias et al., 2015) have utilized LWC as an additional metric alongside visibility thresholds, as
the LWC is proportional to the volume of the particles and thereby controlled by the large, activated drepletsparticles. How-
ever, the relationships between fog microphysics, the fraction of activated particles, and their controlling factors still need to
be better understood through detailed observations and modeling. Selecting an appropriate study region is equally crucial to
capture these interactions effectively.

Plains around the world, such as the Sichuan basin (China), the Indo-Gangetic Plain, the California central valley, and the Po
Valley are among the most prone to frequent, long-lasting, and dense fog events. Their proximity to mountain foothills provides
ideal conditions for fog formation, including high humidity, stable air, and low temperatures. These regions are also densely
populated and highly polluted due to intensive industrial, agricultural, and economic activities. Our study focuses on the Po

Valley, a densely populated and industrialized region in northern Italy, bordered by the Alps to the north, the Apennines to the

southwest, and the Adriatic Sea to the east. Although pollution levels have declined in recent decadesBigi-and-Ghermandi; 2046 GHardent

+, with clear reductions in PMs 5 (e.g. reduction of 2-5 % per year depending on location, see Bigi and Ghermandi, 2016) and
elemental carbon (around 4 % per year, see Gilardoni et al., 2020), the Po Valley remains one of Europe’s most polluted areas

(Daellenbach et al., 2020; EEA, 2020), influenced by traffic, industry, agriculture, and residential biomass burning (Paglione
et al., 2020; Scotto et al., 2021). This unique combination of geography and emissions favors the frequent formation of radi-
ation fog, particularly under anticyclonic conditions and weak southerly winds that supply moisture (Egli et al., 2019). Calm
nocturnal winds promote a stable stratification, and together with radiative cooling, lead to prolonged low-visibility periods.
Between 1984 and 2012, fog frequency in the Po Valley decreased when defined by visibility thresholds, but remained steady
when defined by LWC (Giulianelli et al., 2014). The general decline in fog and low-visibility days across Europe (Vautard
et al., 2009) likely reflects both improved air quality and rising temperatures (Klemm and Lin, 2016; Manara et al., 2019;
Glantz et al., 2022). While long-term measurements of parameters such as the LWC and detailed aerosol chemistry in the Po
Valley are available, detailed microphysical fog properties, such as droplet number size distributions, which are crucial for fog

modeling (Boutle et al., 2022), are only available for shorter periods from field campaigns.
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To bridge this gap, we combined comprehensive aerosol and fog observations from the 2021/22 FAIRARI field campaign in
the Po Valley (Neuberger et al., 2025; Mattsson et al., 2025) with «-Kohler theory and large-eddy simulation (LES) modeling.
This integrated approach allows us to investigate the key processes governing fog microphysics and to address the following
research questions:
1. What are the hygroscopic growth and activation characteristics of aerosols that govern fog formation?
2. How do aerosol size, chemical composition, and ambient supersaturation respectively influence the prediction of fog
microphysical properties?

3. How do hydrated aerosol particles affect fog microphysics and the interpretation of observed aerosol-fog interactions?

2 Methods
2.1 Site description

The Fog and Aerosol InteRAction Research Italy (FAIRARI) campaign was carried out between November 2021 and May
2022 at the San Pietro Capofiume (SPC) research site located in the Po ValleyinNorthernttaly, Italy, to cover the intense
fog period and the transition to spring with more fog-free periods (see campaign overview by Neuberger et al., 2025). San
Pietro Capofiume (SPC) is a rural background station -surrounded by agricultural fields and smaller villages, the closest city
being Bologna, about 30 km southwest of the station. At SPC, continuous measurements of the atmosphere, especially the
chemical composition of the aerosol and fog, have been conducted since the 1980s (Fuzzi et al., 1983), complemented by
dedicated measurement campaigns (Fuzzi et al., 1992; Noone et al., 1992; Frank et al., 1998; Ricci et al., 1998; Facchini et al.,
1999; Hamed et al., 2007; Facchini et al., 2008; Gilardoni et al., 2014, 2016; Decesari et al., 2017; Bhandari et al., 2019;
Paglione et al., 2020; Lampilahti et al., 2021; Costabile et al., 2022). The first microphysical measurements are from 1989
(Fuzzi et al., 1992), revealing high aerosol number concentrations (about 25,000 cm 3, Noone et al., 1992) and a bi-modal wet

size distribution (Ogren et al., 1992).
2.2 Experimental setup

During the FAIRARI campaign, main aerosol and fog properties such as aerosol and fog droplet size distributions, aerosol
chemical composition, and droplet activation parameters were measured within and on top of a mobile aerosol-cloud laboratory,
in parallel to routine meteorological parameters (Supplement Fig. S1). A detailed overview of all instrumentation is given by

Neuberger et al. (2025) and only a brief summary of the experimental setup used in this study will be provided in the following.
2.2.1 Whole-air inlet

The whole-air inlet was built according to the guideline of the World Calibration Centre for Aerosol Physics (WCCAP) and
can sample particles up to 40 um in diameter (at wind speeds below 20ms~!, Weingartner et al., 1999). The ambient air at

5.6 m (above ground) was sampled and an isokinetic flow splitter behind the inlet divided the flow into three sub-flows and the
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make-up flow. In the beginning of the campaign, the inlet was heated to 20 °C, after midday on the 19" of February to 30 °C.
Nafion driers (model MD-700, Perma Pure LLC, NJ, USA) were used to dry the flow before the size distribution, activation,
and chemical composition measurements (Fig. S1). Throughout the campaign, the relative humidity in the sampling lines after
the Nafion driers was on average (25 +9) % (mean = std) which follows the recommendation by WMO/GAW (2016) to keep
the sampling RH below 30-40 %.

2.2.2 Meteorological data

Meteorological parameters (e.g., RH, temperature, atmospheric pressure, precipitation, wind direction, and wind speed) were
measured by a VAISALA meteo station (model WXT536, Vaisala, Finland) at about 3.5 m above the ground (anchored over
the CNR-container roof to avoid horizontal obstacles and have a free horizon of 360°) with a time resolution of 1 minute. The
visibility was measured with a visibility sensor (at A = 880 nm, model 6400, Belfort Instrument, USA) with a time resolution

of 1 second.
2.2.3 Ground-based Fog and Aerosol Spectrometer (GFAS)

The Ground-based Fog and Aerosol Spectrometer (GFAS) (GFAS-002, after 16 UTC on March 18" GFAS-003, Droplet Mea-
surement Tech., USA) measured the ambient particle size distribution in the range between around 0.05 and 72 ym (optical
diameter) at approx. 3.7 m above ground with a time resolution of 1 second. It is a single-particle light scattering device and,
apart from size distribution, also measures the polarization ratio of the backscattering signal. It samples horizontally at an air
speed of (18.3+£0.3)ms~! (GFAS-003 at (17.4+£0.2)ms~!) and turns (motor-driven) into the main wind direction to re-
duce particle sampling losses. During FAIRARI, the threshold for changing the sampling direction was set to a wind direction
change of at least 3 ° at a wind speed above Sms~! for at least 5 s. The size calibration was checked at the end of the campaign
using glass beads (Duke standard dry borosilicate glass bead microspheres (20.0 +0.1) um, Thermo Scientific, USA). The
ambient particle size distributions were corrected for sampling and impaction losses within the GFAS using the geometries
of the instrument and the equations given by Spiegel et al. (2012) based on 1 min time averages. As the wind speeds were
generally low, these loss corrections led only to minor changes (4.1 % increase in campaign median effective diameter (ED)
and 1.9 % increase in cloud droplet number concentration (CDNC), for Dy, > 2 pum). The data were filtered to include only
flow velocities between 16.4 and 19.7 ms—! and laser currents between 87 and 100 mA; however, this filtering did not reduce

the size of the measured dataset.
2.2.4 Particle Volume Monitor (PVM)

The LWC of the air has been routinely monitored since the early 1990s at the site (Giulianelli et al., 2014). During FAIRARI,
the LWC was measured by a Particle Volume Monitor (PVM) (model PVM-100, Gerber Scientific, USA), installed on a pole
fixed to the ground to measure the LWC at a height of approximately 2 m (above ground) with a time resolution of 1 minute. The

PVM is based on a forward-scattering laser spectrometer (light source: laser diode, 780 nm; detector: silicon diode) measuring
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the scattering within a 3cm™2 volume, and LWC is inferred from the calculated scattering flux of the volume. Droplets in
between around 3—50 ym diameter range can be detected with the instrument. The PVM was calibrated using a specific

light-diffusing calibration disk following the instrument operator’s manual.
2.2.5 Cloud Condensation Nuclei Counter (CCNC)

With the Cloud Condensation Nuclei Counter (CCNC) 1 (model CCNC-100, Droplet Measurement Tech., USA), the aerosol
particle activation was measured at the five supersaturation (SS) values that are recommended as standard settings by the
Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS), 0.1 %, 0.2 %, 0.3 %, 0.5 %, 1.0 % (Gysel and Stratmann,
2024). Measurements of 15 min were conducted at each SS apart from the lowest, where the measurements were conducted for
20 min in a 1 Hz time resolution. This scan time of 80 min was chosen to allow for a stabilization of the temperature after the
change in SS and a long enough valid measurement time afterwards. The flow and SS of CCNC 1 were calibrated nine months
before the campaign, following the ACTRIS recommendations (Gysel and Stratmann, 2024; Rose et al., 2008) and checked
during the campaign. A sampling flow of about 0.515 Ipm was measured, which is within the interval of (0.500 %= 0.025) Ipm as
recommended by the manufacturer. To ensure that the temperature had stabilized after a change in set SS, the following 4 min

of data were excluded; after a change from the highest to the lowest SS, an additional 5 min were excluded.
2.2.6 Differential Mobility Particle Sizer (DMPS)

A Differential Mobility Particle Sizer (DMPS) (DMPS 1, 13.3-792 nm, electrical mobility diameter Karlsson et al., 2022)
was measuring the dried aerosol size distribution behind the whole air inlet (sample flow 1.2 Ipm, sheath flow 4.55 Ipm, using
a custom built medium Vienna type Differential Mobility Analyzer (DMA)). It took 12 min to get one full size scan. The size
distributions were corrected for multiple charging. A size calibration check of DMPS 1, using (203 &+ 5) nm polystyrene latex
(PSL) spheres, at the beginning of the campaign showed a good performance of the sizing of the DMPS. We applied loss
corrections to the size distribution measurements using the particle loss calculator by von der Weiden et al. (2009), which
accounts for particle losses due to diffusion, impaction, and sedimentation. A particle density of 1000 g m~3 was assumed. In
total, around 3.4 % of the particles got lost in the sampling line until the DMPS 1, while around 10.0 % of the particles got
lost until they were counted by the Condensation Particle Counter (CPC) behind the DMA. Regular flow checks and filter tests

ensured that no leaks in the sampling lines or pump failures occurred throughout the campaign.
2.2.7 Soot Particle Aerosol Mass Spectrometer (SP-AMS) and Aerosol Mass Spectrometer (AMS)

The Soot Particle Aerosol Mass Spectrometer (SP-AMS) (Aerodyne Research Inc., USA Onasch et al., 2012), measured the
bulk submicron aerosol composition of the main chemical species, including organic aerosol (OA), nitrates, sulfates, ammo-
nium, chloride, and refractory black carbon (rBC). In addition to the standard tungsten vaporizer, heated to ~ 600°C, it is
equipped with an intra-cavity Nd: YAG laser (1064 nm), which provided quantification of rBC. The SP-AMS was operating in

different acquisition modes, switching between V-ion mode (laser on), V-ion mode (laser off), and W-ion mode. The data were



recorded with a temporal resolution of 1 min and a mass resolution of about 2400 in V-ion mode. The SP-AMS was sampling
fog residuals, behind a Counterflow Virtual Impactor (CVI) inlet during fog, and total aerosol, behind the whole-air inlet during

non-fog periods.

The chemical composition data from a second high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, (DeCarlo et al., 20(

185 , or interstitial AMS) and MAAP were used to estimate the hygroscopicity of the interstitial aerosol.
The data from both AMS were processed and analyzed using the software packages SQUIRREL 1.66 and PIKA 1.26 (Sueper,

2024). More details on the calibrations, corrections, and analysis using this instrument can be found in Mattsson et al. (2025).
2.2.8 Multi-Angle Absorption Photometer (MAAP)

The Multi-Angle Absorption Photometer (MAAP) (Model 5012, Thermo Fisher Scientific, USA) estimated the equivalent
190 black carbon (eBC) mass loadings from the optical absorption of aerosol particles collected on a filter, with a time resolution
of 1 minute. The MAAP also considers multiple scattering effects and absorption enhancement due to reflections from the
deposited particles and the filter itself. A mass absorption cross-section (MAC g¢) value of 6.6 m? g~! was used to determine

the eBC mass concentration. Further technical details are given by Petzold et al. (2002); Petzold and Schonlinner (2004).
2.3 Derived aerosol and fog related parameters
195 2.3.1 Hygroscopic growth and droplet activation

The k-Kohler theory is widely used to calculate hygroscopic growth in the sub-saturated regime and aerosol activation based

on the particle size and hygroscopicity, with the supersaturation SS defined as (Petters and Kreidenweis, 2007):

DS

- vt ~ Dy exp Ao My _RH (1)
D}y — D3 (1—k) RT pyy Dyet 100

wet dry

SS(Dyer)

Dyyy represents the dry diameter of the particle with hygroscopicity . py, is the density of water (997 kg m~3), M,, its molec-
200 ular weight (0.018 kg mol~1), and o, its surface tension (0.0728 Nm~1). R is the universal gas constant (8.314 Jmol ! K—1),

T the temperature, and Dy, the diameter of the droplet. To estimate «, we used two approaches.
r-calculation via bulk chemical composition

In the first method to calculate «, the bulk particle chemical composition, measured by the SP-AMS, was used {see-e-gJuranyiet-al;201€
(see e.g., Ranjan et al., 2025; Jurdnyi et al., 2010). For this calculation, several assumptions were needed, including that sul-
205 fates came from ammonium sulfate ((NH4)2SO,4) and nitrates from ammonium nitrate (NH4NOj3). These assumptions were
justified given the good correlation between the estimated ammonium concentration necessary to achieve an ion balance within
the particles and the observed ammonium ion concentrations. With these assumptions and the assumption that the aerosol is
internally mixed, the xp,x values were calculated based on the mass concentrations of organic matter, ammonium sulfate,

ammonium nitrate, and black carbon (BC). Chloride was not included in this calculation due to its low contribution. The over-
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all hygroscopicity xpyk for a mixture of n different chemical species is expressed as a linear combination of the individual
species’ k; values (Tab. S1 and Fig. S2), weighted by their respective volume fractions f; in the dry particle (Stokes and
Robinson, 1966):

m;

n
— e - S Pi
= = 7 —.
Kbulk Z lez with fz Z T my (2)
i=1 =1 p;

The volume fractions f; of the individual components were calculated from the measured mass concentrations, m;, and their
respective densities, p; (Tab. S1). The same method is employed to obtain the hygroscopicity parameter of the interstitial

(Kinterstitial) and fog residual (Kyesiqual) a€rosol particles.

r~-calculation via an inverse cloud condensation nucleus (CCN) closure

In the second approach, the bimodal (Aitken and accumulation mode) hygroscopicity parameters s—+zgimen—aht—+ze-Were
optimized by minimizing the nermalized-root-mean-—square—error(normalized root-mean-square-error (NRMSE}»)-NRMSE

between observed and predicted CCN spectra (i.e., CCN concentration at various supersaturations) measured by the CCNC.
The optimization was performed using the Nelder—Mead method implemented in the Python scipy library (version 1.15.1, Gao
and Han, 2012).

To begin, the measured dry aerosol number size distribution was decomposed into two log-normal modes representing smaller
Aitken and larger accumulation particles (Fig. S3). Various combinations of organic, inorganic, and black carbon (BC) mass
fractions in two modes were then systematically explored to predict CCN concentrations, while conserving the total mass of
each chemical species. To simplify the process, the masses of ammonium nitrate and ammonium sulfate were combined and
treated as total inorganic mass, while BC was assumed to have the same mass fraction in all aerosol particle sizes. Predicted
CCN concentrations were then computed using the x-Kohler theory (Petters and Kreidenweis, 2007). Among all generated
combinations of chemical compositions (organic, inorganic, and BC mass fractions) and the associated mode-specific hygro-
scopicity parameter{+gimens<acc ) _the one yielding the lowest NRMSE between observed and predicted CCN spectra was
selected as the optimized bimodal compositionmwmﬁ. We considered a constant ambient temperature

of 20°C for all calculations, which corresponds to the average temperature in the sampling line before the CCNC in our mobile

laboratory (see €hSect. 2.2).
Hygroscopic growth

To estimate the particle number size distribution at a certain relative humidity, and thereby the hygroscopic growth, we applied

Eq. (1), using #aeetigy: Every Dyry of the measured dry particle number size distribution was calculated to its corresponding

Dyet(Dary,RH), following Hammer et al. (2014). Using Dyei(Dary, RH) and the measured dry number size distribution, the
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hydrated number size distribution was calculated:

dNpmps  dNpwmps dlogDary

= ) 3
dlogDye;  dlogDgry dlogDye )
The hygroscopic growth factor g(RH) is defined as:

Dyet(Dgry, RH
g(RH) = Dyer(Dary, RE) 4)

Dy

2.3.2 Fog parameters

Fog events were defined by an RH > 90 % and visibility < 1 km, and are numbered chronologically, consistent with Neuberger
et al. (2025), where the full list can be found. The criteria had to be constantly met for at least 36 min (allowing for at least 3
size distribution scans of the DMPS) to be counted as an event. Due to the continuity criteria, a night can be split into several
fog events if the visibility was above 1 km for short periods. Similar to Haeffelin et al. (2013), we divided the fog events
into activated and unactivated fog. When the visibility was below 1 km due to hydrated particles only, i.e. when there was no
droplet activation (i.e. absence of a distinct droplet mode observed by the GFAS), we use the term unactivated fog. Once there
is droplet activation, we refer to it as activated fog.

Another variable that is often used in the literature to define fog, and especially clouds, is the LWC (see Sect. 1). It can be

measured directly, e.g. with a PVM or calculated from the measured wet number size distribution, e.g. using a GFAS:

™ dNGras
LWC = py Z ngvct,i (lenget) dlog Dyt ®)

using the density of water p,, = 997kgm~3. To describe the particle sizes in fog, ED is typically used. It is calculated for

diameters of a given size range [ Det.min;Dwetmax] DY:

_ 21 D?vel,i (dNGFAS /lenget)i lengel,i

ED = .
Zi D\%vet,i (dNGFAS /lenget)i lenget,i

(6)

Equivalent to ED, the CDNC is calculated by summing the wet number size distribution from Dyetmin t0 Dyetmax- During
fog, the ED typically reflects the size distribution mode, which is dominated by activated particles or fog droplets. However,
in practice, it is usually calculated for the entire size range measured by the instrument used in the respective study. With the
Fog Monitor (FM) as one of the most commonly used instruments in the literature to measure fog droplet size distributions,
this leads to a typically chosen lower diameter of about 2 um. To explore the impact of varying the lower integration diameter
on the resulting ED (using Eq. (6)) and CDNC, we tested different values for this lower limit. We chose 2 ym as the lower
diameter, consistent with the most commonly selected diameter and as a more realistic value for FAIRARI campaign the
calculated activation diameter (Dyetact s)- In the following, we refer to those variables with EDs 9, CDNCs 4, and EDg,

CDNC,, respectively. The maximum diameter Dyermax in this study is given by the detection limit of the GFAS and is
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therefore 72 pum. Following Hammer et al. (2014), the ambient activation diameter, Dy s, was calculated using the ambient
surface size distribution measured by the GFAS and taking its first local minimum from the right. As an illustration, an example

number and resulting surface size distribution from DMPS and GFAS is shown in Fig. 1. The reason behind the significantly
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Figure 1. Number and surface size distributions for one example fog event (event 7, 18 February 18:49—19 February 00:14). The dry
number size distribution was transformed according to x-Kohler theory by growing the particles to the size they would reach at the critical
supersaturation (SSci¢). The data were averaged over the last 4 h of the fog events to exclude the evolution phase of the droplet number size
distribution. The standard deviation is given as shaded area. The GFAS size distributions are split into the two channels that are recorded by
the instrument.

lower values shown by the GFAS for the ambient aerosol number size distribution measurements for diameters below about
5 um (Fig. 1) is not fully understood yet and could be due to instrumental issues of the prototype GFAS. A more detailed
discussion and comparison to the PVM will follow in the next section.

The ambient peak supersaturation SS;; was calculated using the wet (measured by the GFAS) and dry (measured by the DMPS)
number size distribution and x-Kohler theory (Eq. (1)). Assuming that the dry particles activate starting from the largest ones,
we used the wet number concentration of activated particles, Ngpas(Dwet > Dywetact_s) = CDNC,, and summed over the dry

number size distribution until the diameter Dy o at which a closure was reached with the ambient number concentration:
|
NDMPS (Ddry > Ddry,act) = NGFAS (Dwet > Dwet,actfs) = CDNCact~ (7)

To calculate these number concentrations, we only summed over the measured size range of the instruments and did not fit a
curve to the data, thereby potentially missing some of the particles in the coarse mode.

In Sec. 3.3, we tested the impact of different fog definitions on the visibility, the LWC, and the ED. For that comparison, we
used two different definitions of fog: the visibility-only definition (as used in Neuberger et al., 2025) and an additionally added
LWC threshold of 0.05 gm™3. This threshold was chosen as it corresponds to the previously used threshold of 0.08 gm™—3,
which was originally applied to liquid water content measurements by the PVM that were multiplied by a factor of 1.72 (Giu-
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lianelli et al., 2014). We also compared the visibility sensor measurements, yn, with the calculated visibility, based on the
LWC measurements, xpwc. For that, the Koschmieder equation x(\) = constant/b.(\) (Koschmieder, 1924) was combined
with the finding by Kunkel (1984) that the light extinction coefficient b, can be estimated as b, = 144.7 x LWC’-*®. However,
the coefficients in this power law vary widely, depending on the physicochemical characteristics of the aerosol and the me-
teorological conditions in the respective environments (e.g., Kunkel, 1984). We therefore calculated the coefficients a and b
most appropriate for the winter months in the Po Valley by performing a linear regression on the logarithm of the measured

visibility, Xp,:
! b
Xm(880nm) = a - LWC(780nm)’ = xrwc(780nm). (8)

2.3.3 Observational limitations

The aerosol and fog parameters were measured with various instruments, which all cover different particle size ranges, have
different temporal resolutions, and were measured at slightly different locations around the site.

While our ambient measurements have a temporal resolution of 1s to 1 min, the dry aerosol number size distributions have a
temporal resolution of 12 min. A linear interpolation to a 1 min time resolution, as done for the calculation of N~ 503 (number
concentration of particles with a dry diameter larger than 503 nm), will be small as the variations in the measured dry aerosol
number size distributions were small. Moreover, we measured the dry size distribution up to diameters of 792 nm, thereby
missing the very largest particles, the coarse mode which can have a profound impact on the aerosol light extinction and thus
visibility (Zieger et al., 2013, 2014). In our analysis, a missing coarse mode would decrease the dry activation diameter and
thereby decrease the wet activation diameter and increase the critical supersaturation. A comparison between the measurements
of the total CPC and the integrated CPC (Njy = (1.0334£0.003) - Niot — (183412) cm~3, determined from a weighted bivariate
fit, Fig. S4), as well as the method-independent results for « (see Sect. 3.2), however, suggest that the effect of an undetermined
coarse mode is rather small. In addition, the size distribution measurements were binned with rather large bin sizes (up to
85 nm) for large diameters, leading to uncertainties in the determination of the dry activation diameters since the nearest bin
diameters were used.

Cloud and fog microphysical parameters are notoriously difficult to measure (Baumgardner et al., 2012; Spiegel et al., 2012)
and thus it is crucial to evaluate the different instruments. We compared the LWC measurements from the GFAS (calculated
with Eq. (5)) with those of the PVM and found that they correlate well (Spearman correlation of 0.82, p < 0.01, Fig. S5a).
However, the PVM measures on average (determined from a weighted bivariate fit) about 3 times higher values for the LWC
than the GFAS: LWCggas = (0.342 4 0.005) - LWCpyy — 0.001 g m~3. In some fog events (e.g. fog event 15), the LWC mea-
surements demonstrated strong agreement, closely following the 1:1 line (Fig. S5a). These events were characterized by the
presence of large fog droplets as can also be seen when comparing the visibility measurements, using the Ground-based Coun-
terflow Virtual Impactor (GCVI), with the calculated visibility, using the GFAS data and Mie theory (Fig. S5b). Moreover, the
comparison of the measured and calculated visibility also shows that the GFAS is underestimating the total surface (Fig. S5b):

XMie = (2.30£0.02) - xon, + (27 £ 2) m. Therefore, most likely, the PVM measurements are more accurate, while the GFAS
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measurements are too low for most of the cases (except when effective droplet diameters were large, see colorcode in Fig. S5b).
Potential reasons behind this discrepancy are wrong diameter assignment (Mie wiggles) for smaller particles (Spiegel et al.,
2012), underestimation of particle losses for larger particles, and undercounting due to coincidence. Although wind speeds
were very low and we corrected for droplet losses in the GFAS using the measured wind speed and direction, we cannot ex-
clude additional minor losses due to misalignment between GFAS and the main wind direction. Further, an underestimation of
the droplet concentration could also have been caused by fluctuations in the measured true air speed by the GFAS, although
we believe this to be an unlikely cause. As shown in Fig. 1, the GFAS clearly underestimated particles below 3 ym (in the high
gain channel of the GFAS). This could have been caused by a too high rejection rate of the high gain channel (determined from
qualifier and sizer) of the GFAS, which would have a more prominent effect when the LWC is less dominated by very large
droplets. Moreover, the instruments were measuring about 40 m apart and at different heights (GFAS: 3.7m, PVM: 1.5m),
which can cause differences in the measurements if the fog is not homogeneous. Furthermore, the instruments were measuring
at slightly different wavelengths (780 nm vs. 660 nm, PVM vs. GFAS, respectively), however, if any impact, this should lead to
slightly higher values measured by the GFAS than the PVM. Also, the size ranges measured by the two instruments are slightly
different; however, even after calculating the LWC for the same size range, the discrepancy remains. The large disagreement
in LWC is not unusual, Guyot et al. (2015), for example, found that the LWC can differ by up to a factor of 5 between different

instruments (before loss corrections).
2.4 Large-eddy simulation of fog-related parameters

We used the large-eddy simulation code MISU-MIT Cloud and Aerosol (MIMICA, Savre et al., 2014) to examine the sensitiv-
ity of the fog properties to the aerosol number size distribution and chemical composition. MIMICA is a non-hydrostatic model
that solves equations describing an anelastic atmospheric system. The sub-grid scale turbulence is parameterized as a function
of the calculated turbulent kinetic energy (Deardorff, 1974). MIMICA employs a two-moment bulk microphysics scheme to
predict the mass and number concentrations of cloud droplets and raindrops (Seifert and Beheng, 2006). As a default, a pre-
scribed gamma function is used to parameterize the mass size distribution. Supersaturation is calculated with a pseudo-analytic
method following Morrison and Grabowski (2008). Both cloud droplets and raindrops are subjected to sedimentation. As in
Savre et al. (2014), a simple power law is used to calculate the terminal fall speed for raindrops. Cloud droplet sedimentation,
on the other hand, is described by calculating the bulk terminal velocity in the Stokes regime of droplets following a generalized
gamma distribution, and is expressed in the governing equations for both droplet number concentration and liquid water con-
tent. Aerosols are described using a two-moment module with a specified number of lognormal aerosol models (Ekman et al.,
2006). Aerosol swelling and activation of aerosol particles into cloud droplets is calculated using x-Kohler theory (see Section
2.3.1). Dry particles take up water according to a prognostic growth factor, and those with wet diameters exceeding 2 ym are
classified as hydrated aerosols. The hydrometeors affect the atmospheric radiation budget following a four-stream radiative
transfer solver (Fu and Liou, 1993) that includes 6 bands for solar radiation and 12 bands for the infrared part of the spectrum.

Moreover, given a specified surface temperature and relative humidity, surface fluxes can be calculated using Monin-Obukhov
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similarity theory and turbulence flux relationships, representing the exchange of moisture, heat, and momentum between the
surface and atmosphere.

We will focus on a particular fog event for the simulations (the consecutive fog events 7—9), as will be discussed later (see
also Sect. 3.2 and Fig. 5 below). The simulations began at 186F€- LST (local standard time, UTC+1) on February 18, 2022,
and continued until 148F€ LST on the following day, with an approximate time step of 1s. The domain size was set to
0.16 km x 0.16 km x 2 km, with grid cells in 10 m x 10 m x 5 m. Initial vertical profiles of moisture and temperature were es-
timated using the 00BFE- LST sounding at SPC as well as the vertical temperature and humidity profiles from ECMWF
Reanalysis version 5 (ERAS) pressure-level data (Hersbach et al., 2023) in the evening of February 18. The initial horizontal
wind field was set to zero in agreement with observations that indicated weak near-surface winds and minimal wind shear.
The fog was primarily driven by radiative cooling, and vertical motions were very weak; therefore, the updraft velocity within
the domain was initialized as zero. Surface forcing was applied using the observed near-surface temperature, while the surface
moisture content was assumed to be saturated during the night when surface evaporation is weak. At sunrise, the surface rela-
tive humidity was set to decrease as a function of the temperature, assuming that the surface dew point temperature was equal
to the lowest surface temperature observed during the night.

The results of model evaluation can be found in the Supplement (see Model evaluation, more details are given in Ding et
al., in prep.). We studied the sensitivity of the simulated CDNC to the dry aerosol number size distribution and sub-micron
chemical composition. First, several different representations of the observed aerosol size distribution during the fog event
were tested, focusing either on the entire dry aerosol size distribution or progressively optimizing the characterization of large
particles by fitting only subsets of the distribution with diameters exceeding 100 nm, 150 nm, and 250 nm, respectively (Fig. 2).
Additionally, we compared the physical and chemical properties of aerosols from two fog events (Fig. S10): one representing
an average dry number size distribution (event 7), and the other characterized by the lowest number of large particles (event 15).
In the simulations of events 7 and 15 (see Fig. S12), the aerosol size distributions were assumed to be unimodal and log-normal.
For event 7 [15], the aerosol concentration was set to 5,000 [5,850] cm 3, the geometric mean diameter to 96.4 [92.0] nm, and
the standard deviation to 1.90 [1.66]. Regarding chemistry input, the hygroscopicity parameter K was 0.45 [0.42], the molar
weight 49.35 [52.43] gmol~!, and the density 1,618.62 [1,599.23]kgm 3. i

Note that fog evolution and microphysical properties are also highly sensitive to meteorological conditions such as surface cool-

ing rates and humidity. However, this study focuses on the relative importance of aerosol size distribution and aerosol chemistry
on fog microphysics. Therefore, in the sensitivity experiments, meteorological conditions were constrained to those of event 7,

and only the initial aerosol size distribution parameters and chemical properties were varied. The comparative simulation results

of these two events are presented in the Supplement (Fig. S11), indicating that the aerosol size distribution predominantl
controls droplet activation, with CDNC and LWC showing substantially greater sensitivity to aerosol size distribution than to

13



385

390

395

Fit 1, D>100nm: Fit 3, D> 250nm:
gegsurlleg luded N=2221cm~3, 0=1.7, D=166nm N=719cm™3, 0=1.5, D=236nm
it0, a included: )
g Fit 2, D> 150nm:
i -3 — — ’
N=6682cm™, 0=2.3, D=83nm N=1027cm~3, 0=1.5, D=239nm

2500
(b)
7000 -
6000 - 2000 A
T 5000 - v
E E 1500
% 4000 A %
(o] (o]
5 3000 1 C 1000 A
P P
T 2000 A ©
1000 2007
0 -
T T 0 T T T T T T
10 100 300 500 1000
Diameter (D, nm) Diameter (D, nm)

Figure 2. Input parameters of dry particle size distributions for LES. (a) The fitting method of the dry aerosol number size distribution at the
example of the consecutive fog events 7—9, using either the full size distribution (dashed dotted), the size distribution above 100 nm (light
gray), above 150 nm (gray) or above 250 nm (dark gray). (b) Detail of box indicated in panel a. Results of the single log-normal fits are
shown in the legend above.

3 Results and Discussion

In this study, we explore the impact of hydrated aerosol particles on aerosol-fog interaction measurements. After a brief
description of the aerosol and fog properties, we begin by examining the growth and activation behavior of aerosol particles
using in-situ observations and Large Eddy Simulation (LES) modeling. We then assess the influence of hydrated aerosol
particles on ambient fog parameters such as ED, CDNC, and LWC. Next, we investigate their impact on the temporal evolution
of fog by quantifying their contribution to visibility reduction. Finally, we examine how hydrated aerosol particles influence

established aerosol—fog relationships.
3.1 Variability of aerosol and fog physicochemical characteristics

During FAIRARI, we recorded 21 fog events, some occurring during the same night, separated by a period of visibility over
1 km. The analyzed fog events lasted from around 36 min up to 13 hours and we found a great variability in the measured
microphysical parameters, both throughout the whole campaign and during each of the events (see overview in Fig. 3). The
median visibility during fog varied from 41 to 785 m (Fig. 3a, Neuberger et al., 2025). The median LWC, measured by the
PVM, ranged between 0.002 and 0.241 gm~3, being on average about 3 times higher than the values measured by the GFAS
(Fig. 3b). The median CDNC was between 1 and 173 cm™2, and the median ED between 2.5 and 27 pum (Dye; > 2 um, Fig. 3¢
and d). The median dry aerosol number concentration (Dyry: 13.3-—792nm) varied between 3,700 and 9,900 cm™3, with a

decreasing trend towards the last fog events (Figs. 3e and S6). Interestingly, this trend is, however, only visible when comparing
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Figure 3. Main physical and chemical parameters during the 21 fog events observed during FAIRARI. The duration of each event is given
above panel (a) in minutes. (a) Measured visibility, (b) liquid water content, measured with the Particle Volume Monitor (PVM) and the
Ground-based Fog and Aerosol Spectrometer (GFAS), (c) droplet number concentration (Dywe > 2 um), (d) effective diameter (Dyer >
2 pm), (e) total aerosol number concentration (Njy, Dary: 13.3—792 nm) and total number concentration of large particles with-size-(Nx 503,
Dyry: >-500-buat<-792503 792 nm), and (f) mass fraction of chemical compounds 1 h before the fog onset. The boxes in (a) —(e) represent

the 25*® and 75" percentiles and the whiskers the 5*" and 95" percentiles. The median is given as a solid orange line, the mean as a dashed
green line. Fog events occurring in the same night are grouped with vertical dotted lines.

times associated with the fog events, and not in the continuous time series throughout the whole campaign (Neuberger et al.,
2025). During some events, the dry number size distribution had a clear minimum at Dg,y < 100 nm (Fig. S6). The shape of
the upper tail of the distribution, which is the important one for particle activation, varied, with event 15 being the event with
the least number of large particles. The sub-micron mass of the dry aerosol before the fog onset was dominated by nitrate and
organics (Fig. 3f), which together contributed between 73 and 84 %, and the composition stayed relatively stable throughout

the campaign. Details on the chemistry during FAIRARI, including the in-fog times, are given by Mattsson et al. (2025).

15



405

410

415

420

425

430

435

3.2 Hygroscopic growth and droplet activation

In the following sections, we describe and discuss the observed hygroscopic growth and droplet activation. The first subsection
presents results based on in-situ observations, while the second subsection utilizes the LES code MIMICA to explore the
sensitivity of microphysical fog parameters, such as CDNC and LWC, to the underlying dry aerosol number size distribution

on the example of one fog event during FAIRARI.
3.2.1 Observed droplet activation during FAIRARI

From the physical and chemical properties of the aerosol described above, we calculated the hygroscopicity parameter (k) of
the particles and parameters related to the droplet activation, namely, wet and dry activation diameter as well as critical super-
saturation (Fig. 4) using the Kohler theory (Egs. (1), (2), and (7)). The x-value is calculated with two different approaches (see

acc

Sect. 2.3.1). Kpux and optimized x in accumulation mode, Kopt

thus obtained, show very similar distributions, with campaign
medians out of fog equal to 0.34 and 0.35, respectively (Fig. 4a). This implies that particles larger than 1 um, which are in-
cluded in the calculation of #5pr—rgy but not in Kpui, are either sparse in number or have a similar hygroscopicity to the smaller
particles. The agreement between both methods for calculating x suggests that the hygroscopicity of accumulation mode par-
ticles during winter at SPC can be estimated using the bulk chemical composition measured by the SP-AMS, and hence is also
comparable to the inferred hygroscopicities of the residual and interstitial particles (see Fig. 4a). As expected, the fog residuals
represent the most hygroscopic fraction of the aerosol population, while the hygroscopicity of the interstitial particles falls
between that of the total aerosol and the residuals. This is explained by the diurnal variability of the hygroscopicity values (see
Fig. 4b), which generally shows higher hygroscopicity values during the day. The increase in the night-time hygroscopicity is
due to the enrichment of nitrate (Mattsson et al., 2025). Furthermore, the relatively higher nocturnal increase of the hygroscop-
icity observed in the residuals as compared with the total aerosol suggests an enhanced uptake of nitrate into the fog droplets
in the presence of water. All in all, the hygroscopicity values indicate a highly soluble aerosol, and the difference between the
residuals and the interstitial aerosol might suggest some degree of external mixing (Fig. 4c).

Using the calculated time series of xgy, we quantified the hygroscopic growth of dry aerosol particles across all fog events

during the campaign (Eq. (3)). Interestingly, the campaign median of the optimized Aitken-mode hygroscopicity, HOA;: =0.4,

acc
opt*

acc
opt

was comparable to x3°¢. This similarity suggests a rather uniform chemical composition across particle sizes. Consequently,
was adopted as a representative value for all size ranges. As a result, only minor variations in the growth factor at RH = 100 %
(Eq. (4)) were observed between events, consistent with the near-constant behavior of xgy; throughout the campaign.

Particles with a dry diameter of around 13 nm grow by a factor of about 1.60 (IQR: 1.59—1.63), while particles larger than
500 nm grow by more than a factor of 10 (Fig. S7). Under supersaturated conditions, which are needed for droplet activation,
these growth factors will be even higher. Using an example fog event, we illustrate the hygroscopic growth of the aerosol parti-
cles and their co-existence with activated particles (Fig. 1). Already at 100 % RH, some aerosol particles can grow sufficiently
to enter the size range typically associated with activated particles or droplets (as also shown by e.g. Shen et al., 2018). As a

result, the commonly used ambient diameter threshold for fog residual sampling (usually around 6 —8 um, see e.g. Mattsson

16



0.65
(@) 1 s (out of fog) 0.60 (b) Kresiduat (i fOG)
so4 B Median: 0.34 ' = Kinerstiiat (N fOG)
e (out of fog) 7 0.55 1 Ko (OUL Of fog)
. ®
60 Medlan..0.35 0501
o C—1 Kinersiriat (in fOg) I
3 Median: 0.39 2 0.45 1
© 40 Kresiduat (iN fOQ) § 0.40 -
Median: 0.45 ‘g
50 £ 0.35 1
i 0.30
0 — ¥-calan—H 0.25
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 o 3 6 9 12 15 18 21
Hygroscopicity, « (-) Hour of Day
© — - — 800 (@ — -
0.50 1 __ £
Ld c
O H = T 700 A
< 0.45 - Hirnn 2
z & H 1 H € 600
‘3 0.40 1 BEsgHdAla S
] T Ef | T c
] Et | 500
2 0.35 H - o
o =
=
z © 4001/ 2 id
0.30 - : > [ From x-Koéhler
Kinterstiial Kresidual © 300 ® From closure (n=1-11)
A 2T S VER I S ETEn e —
Fog event Fog event
_ 254 (@ C Ducars T Duaaar | 0033700
g 7 f — 3 |
g £ 0.030 :
E 201 é '5 0.025 .
2 © 1
5 ? 2 z
5 151 © 0.020 1 é B
c : 0 :
S : o :
=] (A2 i H 2 0.015 A :
3 U T 0.0101 ?
© HI : Lo
2 51 L : E=
2 G 0.005 A
0 : 00002 3100 13142°19 13 15:0 413 5:5:24 3
1 3 5 7 9 11 13 15 ' 1 3 5 7 9 11 13 15
Fog event Fog event

Figure 4. Retrieved parameters related to droplet activation. (a) Hygroscopicity parameter ~ under non-fog conditions (calculated using two
methods, Kk and mﬁf,f) and « of interstitial and residual aerosol particles during fog; (b) Diurnal cycle of « for residual (Kresidual), interstitial
(Kinterstitial ), and dry (out-of-fog) aerosol particles (kpui) as median values (shaded areas indicate quartiles); (c) « of interstitial and residual
aerosol particles during individual fog events; (d) Dry activation diameters derived from GFAS and DMPS closure (dots) and calculated
from k-Kohler theory (boxes); (e) Wet activation diameters obtained from two approaches (Dyetact s and Dyetact); (f) Critical supersaturation
during the fog events. The boxes in panels (c) — (f) represent the 25" and 75" percentiles, while the whiskers indicate the 5™ and 95"
percentiles. Boxes in panels (e) — (f) are plotted only if at least five data points are available; otherwise, individual points are shown. The
color intensity indicates the number of coinciding data points (ranging from 1 to 11). The solid orange and dashed green lines denote the
median and mean values, respectively. Fog events occurring on the same night are grouped by vertical dotted lines. The number of data points
per fog event for panels (d) — (f) is shown below panel (f).

et al., 2025; Liu et al., 2025) may be too low, leading to an unintentional sampling of a mixture of unactivated aerosol parti-

cles and fog droplets when, for example, using Counterflow Virtual Impactor inlets. At the same time, the ambient diameter
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threshold typically used to analyze interstitial, unactivated aerosol particles (e.g., PMs 5 or PM; inlets) can also be too low in
conditions resembling those of the Po Valley, leading to a potential undersampling of interstitial aerosol during periods with
high RH.

Analyzing particle activation using the xk—Kohler theory, we find that the median dry activation diameter ranges from approx-
imately ~370 to ~710 nm across all fog events (Fig. 4d). These values, derived from time-resolved ryy, reflect the temporal
variability in aerosol hygroscopicity. In contrast, the DMPS—GFAS closure based on the nearest-neighbour approach gives a
comparable range of ~400-710 nm.

The resulting median wet activation diameter, Dyt act, and critical supersaturation, SS, range between 5.9 ym and 13.7 ym
and 0.011 % and 0.026 %, respectively (Fig. 4e and f). The agreement between the wet activation diameter based on the method
described in Hammer et al. (2014), Dyetact s, and the wet activation diameter based on the x-Kohler theory calculations,
Dyetact, varies (Fig. 4e). The latter method represents a theoretically accurate definition of the activation diameter ;-but is
sensitive to correct number size distribution measurements of both the wet and dry aerosol as an-input (Eq. (7)). The former
method, on the other hand, relies on the assumption that activation is the main process determining the minimum in the wet
aerosol number size distribution and that other size-dependent processes, that simultaneously modify the size distribution, are

negligible in this regard.
3.2.2 Modeled sensitivity of fog parameters on aerosol size distribution

The LES code MIMICA was used to examine the impact of the dry aerosol number size distribution on the CDNC and LWC
during the consecutive fog events 7—9 (Fig. 5). In agreement with the high dry activation diameters observed during FAIRARI,
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Figure 5. Sensitivity of the LES output of CDNC and LWC to aerosol number size distribution during the consecutive fog events 7-9.

we find that the CDNC and LWC are mostly affected by the representation of the largest particles in the dry aerosol number
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size distribution, while the total aerosol number concentration is of less importance. Optimizing the dry aerosol number size
distribution fit to the entire measured distribution results in 55 % and 28 % higher values for the CDNC and LWC, respectively,
compared to optimizing the fit to the measured size distribution above a certain diameter threshold larger than 100 nm. This
was expected as the calculated dry activation diameter during fog events 7—9 was about 500 nm (Fig. 4d) and stresses the
importance of detailed measurements in this size range.

Furthermore, we analyzed the relative impact of the dry aerosol number size distribution and hygroscopicity on the simulated
CDNC and LWC, using parameters of the two fog events that are shown in Fig. S12 (see SupplementSL, Figs. S10 and S11). As
expected in a polluted region like the Po Valley, where CCNs are abundant, a lower number concentration of large accumulation
mode particles (such as in fog events 15— 16 compared to fog events 79, Figs. S10 and S6), results in fewer activated particles
(Fig. S11a). Keeping the hygroscopicity constant but changing the aerosol size distribution, CDNC decreases from 52 cm 3
(IQR: 33—-66cm™3, m7s7¢c7) to 22cm 3 (IQR: 18 -33 cm~3, m7s15¢7). Contrary, keeping the size distribution constant but
changing the hygroscopicity, CDNC stays almost constant (decrease from 52 cm ™3 (IQR: 33—66 cm™2, m7s7¢7) to 51 cm ™3
(IQR: 33-63 cm ™3, m7s7c15)). Moreover, the slightly higher hygroscopicity of the aerosol particles during events 7—9 com-
pared to 15—-16 (0.48 vs. 0.42), led to slightly higher number concentrations of activated dreplets—particles (using the size
distribution of events 7—9 and 15 — 16, respectively). Changing the dry aerosol number size distribution from a campaign aver-
age size distribution to an extreme distribution with respect to the upper tail changed the CDNC by a factor of about 2.5, while
exchanging the hygroscopicity of the dry aerosol during those two fog events changed the CDNC only by about 4 %. This is ex-
pected, based on the xk-Kohler theory: increasing the hygroscopicity of the particles is related to a lower critical supersaturation
needed for the particles to get activated, therefore, decreasing the dry activation diameter for a given ambient supersaturation.
The same behavior was observed for the LWC (Fig. S11b). Our results indicate that the microphysical differences between fog
events 7—9 and 15-16 are primarily driven by variations in the dry aerosol size distribution, with hygroscopicity playing a
comparatively smaller role. These results suggest that while aerosol chemical properties play an important role in determining
hygroscopicity and influencing the water vapor budget in fog, the physical characteristics, particularly the size distribution,

exert a more primary impact on aerosol activation, thereby shaping fog microphysical development.
3.2.3 Comparison with other studies

The dry and wet activation diameters are expected to be highly variable for different environments and fog types, depending on
the dry particle number size distribution, the aerosol hygroscopicity, and the supersaturation. For example, during the ParisFog
2012/13 campaign, Hammer et al. (2014) found a mode diameter in the dry particle number size distribution at about 100 nm,
similar to us, a much lower x = 0.14 compared to here, and higher peak supersaturations between 0.031 % and 0.046 %,
leading to lower wet activation diameters of about 2.6 ym. During WiFEXx in the Indo-gangetic Plain region, on the other hand,
activation diameters larger than 10 um were measured (Ghude et al., 2023). Shen et al. (2018), measuring in the North China
Plain, found activation diameters in between (around 4 pm). During the Po Valley experiment in 1989, the supersaturation
was about 0.03 % (Svenningsson et al., 1992), and two populations of particles with respect to their hygroscopicity were

found, using a different method than ours (Noone et al., 1992; Svenningsson et al., 1992). The dry activation diameter of
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the more hygroscopic ones was around 425nm (Noone et al., 1992), while the less hygroscopic ones activated at around
775 nm (Svenningsson et al., 1992). These past results from the Po Valley are generally in line with our observations, although
particularly the supersaturations seem to have decreased over the years. Even though there is a large uncertainty associated with
the methods for determining supersaturations, this result could contribute to understanding the factors driving the decrease in
the fog occurrence in the Po Valley. Secondly, our results seem to suggest a lower degree of external mixing than reported
by the earlier studies - which could be explained by the decrease in local aerosol sources and increase in the contribution of
more aged aerosol. Furthermore, the comparison with other environments with abundant fog suggests that the contribution of
hygroscopically grown but unactivated particles to visibility reduction and recorded fog properties is likely to be particularly

high in the Po Valley environment, which we therefore analyze and discuss in the next subsection.
3.3 Influence of hydrated aerosol particles on fog parameters
3.3.1 Impact on size range

Comparing the ED and CDNC for minimum diameter thresholds of 2 ym with minimum thresholds of Dyt s (campaign
median Dyeae s: 10.1 pm, IQR: 9.1-12.1 zm), we find that the ED increases by 81 % (from 11.6 um to 21.0 um, Fig. 6a),
while the CDNC decreases by 87 % (from 97.4cm™3 to 12.4 cm~2, Fig. 6b) if only activated particles are considered. These
numbers will vary depending on the dry and ambient particle number size distributions, the ratio between unactivated and
activated fog times, as well as the droplet growth rate. The mode in the CDNCs histogram around 100cm~3 in Fig. 6b
is caused by a close to constant contribution of hydrated aerosol particles. As the hydrated aerosol particles are small but
numerous compared to the activated dropletsparticles (or fog droplets), they contribute on average with 95.0 % to CDNC,
(median, IQR: 91.8 -99.2 %, Fig. 6¢), while their contribution to the LWCs is only about 21.3 % (median, IQR: 12.1-46.8 %,
Fig. 6d). A key conclusion from these results therefore is that in polluted environments it is likely that, unless the activation
is specifically accounted for, a large fraction of the measured CDNC values are actually contributions from the hydrated haze
particles. The contribution of these particles to the LWP can vary substantially.

To illustrate these non-linear relationships and provide clues into factors driving the contribution of hydrated particles to fog
microphysics, we analyzed the sensitivity of the LWC of the hydrated aerosol particles to accumulation mode aerosol number
concentration and supersaturation in the range of the values observed during FAIRARI. For this, we used x-Kohler theory
(Eq. (1)) with the median chemical composition and size distribution as inputs (Fig. 7). The individual fog events observed
during the campaign are also shown, color-coded by the relative difference between water vapor saturation pressure at day-time
maximum temperature and night-time minimum temperature as a proxy for local supersaturation. Higher accumulation mode
number concentrations lead to a higher LWC, for a constant SS. For a constant accumulation mode number concentration, an
increase in the SS first leads to an increase in the corresponding LWC, LWCyyyq;., due to the growth of the hydrated aerosol
particles. At an SS of about 0.009 %, however, using x = 0.45, the LWC},yq;,. starts decreasing for increasing SS. This can be
explained by the fact that the largest hydrated aerosol particles get activated and, therefore, do not contribute to LWCyyq;, any-

more. Additionally, the sensitivity of LWCyyq,, to accumulation mode number concentration increases notably as SS decreases.
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Figure 6. Contribution of hydrated aerosol particles to fog microphysical parameters. (a) Effective diameter and (b) cloud droplet number
concentration (CDNC) recorded during the entire campaign during fog events. Median (c) CDNC and (d) liquid water content of the fog
events. In (b), the peak at CDNC= 0 cm ™3 is excluded in the calculation of the median. All data is based on the measurements by the GFAS.

At SS = 0.020%, increasing the concentration from 1,000 to 8,000 cm™3 raises LWChyq:. by about 400 %. This increase grows
to roughly 700 % at SS =~ 0.015 %, and reaches nearly 1000 % at SS =~ 0.010 %. Using the measured accumulation mode num-
ber concentration and the calculated SS.; (see Eq. (7) and Fig. 4f), we see that during FAIRARI, the LWCyyq;, was varying
between about 0.006 gm 3 and 0.027 gm~3, the higher values also generally corresponding to the higher accumulation mode
number concentrations. Calculated from the GFAS measurements, the quartiles of the event-based LWCyyq, vary between
0.001 gm~3 and 0.021 gm~2. However, it should be noted that SSy;, calculated for the fog events, is highly sensitive to the
measurements of the GFAS and the DMPS. Given the comparison between the GFAS and the PVM data, the experimental
values of LWCyyq,. probably represent a lower limit - hence we deem the agreement between the prediction based on the dry
particle size distribution and the GFAS-based values satisfactory. The observations also show that for a given accumulation
mode number concentration supersaturation increases with the relative difference between water vapor saturation pressure at
day-time maximum temperature and night-time minimum temperature, as expected - also giving confidence on the methodol-

ogy for determining SS. For a given SS, on the other hand, the observations show how the number concentration of particles
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Figure 7. Sensitivity of the liquid water content (LWC) of hydrated aerosol particles to the dry particle number concentration in the accu-
mulation mode and the supersaturation (SS) derived from x-Kohler theory, assuming x = 0.45. The measured fog events are shown with
25th and 75th percentiles, color-coded by the normalized difference in saturation vapor pressure between the daytime maximum and the
fog-period minimum. The dashed line indicate the transition of LWChyqar from 1072 to 1072 g m ™3, corresponding to a tenfold increase.

compensates for changes in the relative vapor pressure difference. This also makes sense as for a given amount of condensable
water one would expect lower median saturation ratios for higher particle number concentrations.

The relationships between CDNC, LWC, and ED carry fundamental information about fog microphysics, and are useful for
e.g. model evaluation and process parameterization purposes. Given the impact of the hydrated vs. activated particles on CDNC
and LWC, these relationships are likely to be affected by the way hydrated aerosols are considered in any respective analysis. A
clear positive correlation between CDNC and LWC, with the slope depending on the ED, is expected only when the wet number
size distribution is monomodal and ED a useful parameter to describe the size distribution (compare Egs. (5) and (6)). Indeed,
excluding the hydrated aerosol particles from our data set and focusing solely on the activated particles (Dyet > Dyetact s)
clearly demonstrates such a correlation (Fig. 8). This approach could be applied to any ambient number size distribution
dataset to obtain an initial assessment of the impact of hydrated aerosol particles on measured data. The assessment could
be particularly useful when in-situ aerosol observations are lacking and a bottom-up calculation of the potential hygroscopic

growth of the aerosol particles cannot be performed.
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Figure 8. Effect of hydrated aerosol particles on relationship between effective diameter (ED), cloud droplet number concentration (CDNC),
and liquid water content (LWC). (a) Values are calculated for Dye > 2 pm. (b) Values are calculated for Dyet > Duetact s- All data is based
on the measurements by the GFAS.

3.3.2 Impact on fog starting time

Hydrated aerosols can also impact the actual onset of fog development as, for example, seen in the comparison of the temporal
evolution of ED and CDNC (see Fig. S12 for two example fog events). As expected, the ED is mostly affected in the beginning
of the fog events, when activated particles or droplets are still small and few (Fig. S12e and f). The CDNC, on the other
hand, is affected throughout the whole event, with an approximately constant offset (Fig. S12g and h), caused by the constant
contribution of hydrated aerosol particles as also seen in Figs. 6 and S13. We therefore analyzed the effect of hydrated aerosol
particles on the visibility reduction and thereby the time period defined as fog (unactivated + activated fog). In a first step, we
compared the measured visibility with the visibility calculated using the PVM measurements (Eq. (8), Fig. S14). Including all
fog times, both unactivated and activated fog, the visibility can be calculated with y = 17.08-LWC ™! using the relationship
as proposed by Kunkel (1984). Restricting the fog to periods with LWC > 0.05 gm™3, the visibility can be calculated with
x =11.82-LWC %% The LWC threshold (> 0.05gm~3), therefore, corresponds to a visibility threshold of about 150 m,
while the 1km visibility threshold corresponds to an LWC threshold of about 0.003 gm™3.

Next, we compared the effect of a visibility-based vs. an LWC-based fog definition on different fog parameters, such as
visibility, LWC, and ED (Fig. 9). During FAIRARI, analyzing periods with visibility below 1km, compared to additionally
restricting those periods to an LWC > 0.05 g m~2, the median visibility was reduced by 28 %, from about 82 m to about 60 m.
The LWC was increased by 52 %, from about 0.11 gm~3 to about 0.16 gm~3, while the ED was increased by 33 %, from
about 11.7 um to about 15.6 um. The mode at around 700 m in the histogram of the visibility (Fig. 9a, similar to the results by
Heintzenberg et al., 1998), the peak at LWC = 0 gm—3 (Fig. 9b), and the low values of ED (Fig. 9¢c) for the visibility-based
fog definition all suggest the influence of hydrated aerosol particles. Adding an LWC threshold seems to exclude those periods
of unactivated fog, decreasing the total in-fog time during FAIRARI by about 36 %.
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Figure 9. Effect of three different fog definitions applied on fog statistics. The commonly used fog definition (vis. < 1 km, purple) is com-
pared to the combined definition (vis. < 1 km + LWC > 0.05 gm ™3, light blue). The LWC is based on the PVM measurements.

Choosing an LWC-based fog definition instead of a visibility-based one to exclude periods of unactivated fog raises two ad-
ditional questions: (1) What LWC threshold should be used? and (2) To what extent are the results affected by the choice
of instrument used for the LWC measurements? To answer the first question, we compared the three parameters analyzed in
Fig. 9 with 20 different thresholds for the LWC. We found that the biggest change in resulting campaign average values of
visibility, LWC, and ED happens when applying an LWC threshold of around 0.005 gm~3 to define fog occurrence (Sup-
plement, Fig. S15). Most likely, this marks the regime in which droplet activation happens, which leads to a large change in
the contribution of hydrated vs. activated particles. To answer the second question, we compared the GFAS with the PVM.
As the GFAS most likely underestimates the LWC (Fig. S5), a GFAS-based LWC threshold impacts the analyzed parameters
even more (Fig. S16). The visibility decreases by 39 % and the LWC and ED increase by 111 % and 73 %, respectively. The
observed decline in fog frequency between 1984 and 2012 in the Po Valley when defining fog occurrence using a visibility
threshold versus the approximately constant fog frequency when defining fog occurrence using an LWC-threshold (Giulianelli
et al., 2014) is most likely an indicator of a reduction in the concentration of hydrated aerosol particles as those contribute to

the visibility reduction but not so much to the LWC.
3.3.3 Importance of hydrated aerosol particles for observational fog data interpretation and fog model evaluation

In the literature, there is a large spread in defining the presence of fog, combining thresholds for visibility, LWC, and/or CDNC
(typically calculated for Dy > 2 um). A visibility-only fog definition was used by Liu et al. (2011); Lu et al. (2013); Mazoyer
et al. (2022), with the difference that Liu et al. (2011) chose 2 km as a threshold, instead of 1 km. A CDNC > 1 cm—? definition,
measured with a Cloud Droplet Probe (CDP) 2, was used by Wang et al. (2021a). A combined definition, using CDNC and
LWC, was used by Wang et al. (2021b) and Zhao et al. (2013). In their studies, the LWC had to be > 0.001 gm 2 and the
CDNC > 10cm~3 and > 1 cm™3, respectively. Niu et al. (2010) define fog by a sharp increase in CDNC, but no quantitative
criterion for fog occurrence is provided. Ghude et al. (2023) report the average of a dense fog event with visibility < 200 m. As

can be seen in Fig. 10, the observed key microphysical parameters, LWC and CDNC, cover a large range between the different
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investigated sites but also show a large temporal variation within each study, ranging from a few tens to several hundreds of

fog droplets with LWC-values from around 0.01 gm~2 to over 0.3 gm™3.
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Figure 10. Variability of cloud droplet number concentration (CDNC) and liquid water content (LWC) of fog observations in different
environments obtained with single-particle cloud probes. This work used a GFAS for assessing the CDNC, whereas Wang et al. (2021a)
utilized a CDP 2. All other studies used a FM or Forward Scattering Spectrometer Probe (FSSP) to evaluate the CDNC. The mean of the fog
event medians is given as dot, the standard deviation as whiskers.

Compared to other fog studies, our CDNC and LWC values align well with those of Lu et al. (2013), who investigated fog
in Nanjing, China. This might be due to a similar contribution of hydrated aerosol particles as the wet size distribution and
the CDNC vs. LWC relationship suggest. Interestingly, (Wendisch et al., 1998) measured more than 25 years earlier at the
same site in autumn much higher CDNC and LWC but with higher variability (throughout one month). Studies at more remote
locations, such as coastal sites or within rainforests (Zhao et al., 2013; Wang et al., 2021a, b), generally report lower values for
CDNC and LWC. Some studies in China (Niu et al., 2010; Shen et al., 2018), in turn, have observed approximately five times
higher values for CDNC and LWC than those found in the current work. This is most likely due to a similar hygroscopicity of
the aerosol but larger aerosol number concentrations (about 16,000 cm—2 for Dgry: 10—-700 nm, Shen et al., 2018). Part of the
differences in the fog microphysical parameters can be explained by differences in the encountered fog (i.e. temporal, spatial,
and seasonal differences among the various studies), as well as e.g. technical reasons and differences within the used fog or
cloud probes (incl. data processing and applying or non-applying of loss corrections) (Spiegel et al., 2012; Guyot et al., 2015).
Another important reason is the varying practice in reporting the contribution of hydrated but not activated aerosol particles to
LWC and CDNC. During FAIRARI, we saw a contribution of about 85 cm ™2 hydrated aerosol particles to an average CDNC,
of about 100 cm~3, shifting the values from being close to measurements in Nanjing to being close to values measured at a
coastal cite (Fig. 10). For comparison, Shen et al. (2018) report a contribution of hydrated aerosol particles to CDNC of about
200cm ™2, but their total CDNC is much higher (around 600 cm~2). In contrast, Mazoyer et al. (2019) find a much smaller
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contribution of about 8 cm 2, with a total CDNC of around 61 cm 3. Together, these inconsistencies make the comparison of
the different studies challenging, impacting the development of numerical models for fog forecasting (e.g. Boutle et al., 2018).
Hydrated aerosol particles also should be accounted for when comparing in-situ observations with simulation results (Fig. 11).

Regarding microphysical properties, MIMICA overestimated both the number concentration of activated droplets-particles
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Figure 11. Time series of (a) droplet number concentration, (b) liquid water mixing ratio, and (c) droplet mean diameter from observations
(obs) and simulations (sim) for the fog event on 18 — 19 February 2022, where “act” refers to activated particles (droplets) only and “act+hyd”
includes both activated droplets-particles and hydrated aerosols. Vertical dashed lines indicate fog formation and dissipation times, which are
determined based on a threshold of 0.01 g/kg in the liquid water mixing ratio.

(droplets) and LWC, as is common in models adopting bulk microphysics schemes. However, the simulated mean droplet diam-
eter aligned well with observations. Accounting for hydrated aerosols formed through hygroscopic growth in the microphysical

analysis improved the agreement between simulated and observed droplet number concentrations and droplet diameters.
3.4 Influence of hydrated aerosol particles on aerosol-fog relationships

We have shown that the aerosol particles during FAIRARI grew into the size range of particles typically considered to be
activated, impacting fog microphysical parameters. In the following, we therefore analyze the extent to which aerosol-fog
relationships are impacted by hydrated aerosol particles.

When analyzing the variability of the aerosol and fog properties during the whole campaign, the ED shows the clearest cor-
relation to both the dry aerosol number concentration above the average dry activation diameter, N~ 503, and the proxy for
condensable water vapor increase with respect to the maximum air temperature before fog onset (Figs. 12 and S17). N<503
and ED are negatively correlated with a weaker correlation when the hydrated aerosol particles are excluded (Spearman cor-
relation of -0.56 and -0.37, respectively, Fig. 12a and b). This implies that more large dry aerosol particles lead to smaller
wet particles, which, however, is strongly influenced by the large number of small hydrated but unactivated particles. For the
CDNG, it is the opposite: N~ 503 is not significantly correlated with CDNC, and becomes weakly positive correlated if the
hydrated aerosol particles are excluded (Spearman correlation with CDNC,: 0.11, Fig. 12¢ and d). It is expected that the
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Figure 12. Relationships between dry aerosol and fog properties. (a) and (b) effective diameter (ED), (c) and (d) cloud droplet number
concentration (CDNC) versus aerosol number concentration above 503 nm. The left panels denote values when ED or CDNC are calculated
from Dy > 2pm, while the right panels denote the same but for values above the wet activation diameter Dyetact s- The interquartile ranges
of the fog events are shown, color-coded by the number of the fog events. The Spearman correlation is based on all underlying data points
(grey dots) and given if p < 0.01. The data is based on 1-min averages.

number concentration of particles above the dry activation diameter is strongly correlated with the number concentration of
activated particles. That this is not the case for our observations (Fig. 12d) could be e.g. due to variations in the dry activation
diameter, which is not accounted for when using N 503 and a stronger temporal variability of CDNC compared to ED (see also
Fig. S12e—h). The proxy for the available condensable vapor is also mostly correlated with the ED, also here weaker when
the hydrated particles are excluded (Spearman correlation of 0.47 and 0.40, respectively, Fig. S17a and b). The correlation of
the temperature difference and the LWC is consistent with the correlation with ED. Also here, the CDNC shows only weak
correlation, indicating that other factors (e.g. loss processes and other cloud microphysics, or advection and turbulence) drive
the CDNC variability in the observed time scales - however, also bearing in mind the measurement uncertainties.

Looking at the activated particles or droplets, we find that our results compare well with those by Mazoyer et al. (2019), who
also found no clear correlation between Np,, and CDNC, but are in contrast to Ramanathan et al. (2001) who found a positive
correlation between Np, and CDNC, based on aircraft measurements of clouds. One reason for the contrasting results to

Ramanathan et al. (2001) could be the much lower aerosol number concentrations and most likely higher supersaturations that
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are measured in clouds compared to fog - as well as the vicinity of the ground surface which is an additional source and sink for
particles, droplets, water, and other trace species. The effect of the hydrated aerosol particles on those aerosol-fog relationships,

on the other hand, has to our knowledge not been analyzed yet and can therefore not be compared with other studies.

4 Conclusions

This study analysed-analyzed the interactions between aerosol particle populations and measured fog microphysics. In partic-
ular, we demonstrated the significant influence of hydrated aerosol particles on fog microphysical parameters in the Italian Po
Valley observed during the FAIRARI campaign in spring 2022.

We showed that the dry particle number size distribution, especially the upper tail of the distribution, drives the variability
of CCN for the fog droplets, given the activation dry diameters between about 400 and 700 nm. This was also conferred by
LES modeling investigating the sensitivity of predicted CDNC to the aerosol number size distribution and composition. The
variability in the size distribution had a large impact on simulated cloud droplet number concentration (CDNC) and liquid water
content (LWC), emphasizing the critical role of size-resolved measurements of aerosol size and concentration for accurate
fog modeling. Both the number concentrations of aerosol particles and the estimated supersaturations were lower during the
FAIRARI campaign as compared with a previous campaign conducted in the late 80’s, offering therefore some explanation
to the declining trends in fog occurrence in this area. The chemical composition of the aerosol particles was, on the other
hand, relatively constant throughout the measurement period and therefore of smaller importance in driving any variability
in CDNC. The chemical composition is, however, what drives the aerosol hygroscopicity. In the nitrate-rich environment of
the Po Valley, the measured hygroscopicity parameters were relatively high, the medians ranging from about 0.35 of the bulk
aerosol composition to the 0.45 of the fog residuals. The difference in these hygroscopicity values indicates some degree of
external mixing, but also demonstrates the importance of hygroscopicity for activation. The wet activation diameters varied
around 10 micrometers.

We quantified the aerosol hygroscopic growth and fog droplet activation using in-situ measurements, «-Kohler theory, and
large-eddy simulations. We found, with an average hygroscopicity of x = 0.34, that particles grow substantially with increasing
relative humidity, with large particles reaching sizes typically associated with activation even under subsaturated conditions,
highlighting the blurry boundary between hydrated particles and activated dropletsparticles. We furthermore demonstrated that
hydrated aerosol particles can significantly influence fog microphysical parameters such as effective diameter (ED), CDNC,
and LWC, which contributed up to 81 % to the ED, 87 % to the CDNC, and 21 % to the LWC, when using a 2 ym threshold
as lower particle diameter. Thus, misclassifying hydrated particles as activated fog droplets can lead to a significant under-
or overprediction of ED, CDNC, and LWC - in studies where the thermodynamic state of the droplets is of relevance. The
presence of hydrated particles affects also the definition of fog occurrence and the interpretation of fog observations using
the visibility-based threshold only, especially in polluted regions with low supersaturations. These results provide important
background against which interactions between e.g. aerosol particle number concentrations, CDNC, and the drivers of su-

persaturation and LWP should be evaluated. In our case, the interlinkages between the droplet effective radius, liquid water
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content, and aerosol concentrations could be established, once the distinction between hydrated haze and activated droplets
particles (or fog droplets) was established. The variability in the CDNC was, however, primarily driven by other factors - most
likely a mixture of various microphysical processes in addition to the availability of CCN. These findings also highlight the
importance of understanding the interactions between fog and the land surface - which generally complicates the interpretation
of observational data in comparison with airborne observations of clouds. Overall, our findings emphasize the importance of
distinguishing between hydrated and activated aerosol particles in both field observations and model evaluations. The distinc-
tion is crucial for improving fog prediction, interpreting long-term fog and visibility trends, and refining aerosol-fog interaction

frameworks in regions impacted with high air pollution.

Acronyms

ACTRIS Aerosol, Clouds and Trace Gases Research Infrastructure
BC black carbon

CCN cloud condensation nucleus

CCNC Cloud Condensation Nuclei Counter

CDNC cloud droplet number concentration

CDP Cloud Droplet Probe

CPC Condensation Particle Counter

CVI Counterflow Virtual Impactor

DMA Differential Mobility Analyzer

DMPS Differential Mobility Particle Sizer

eBC equivalent black carbon

ED effective diameter

FAIRARI Fog and Aerosol InteRAction Research Italy
FM Fog Monitor

FSSP Forward Scattering Spectrometer Probe
GCVI Ground-based Counterflow Virtual Impactor
GFAS Ground-based Fog and Aerosol Spectrometer
LES Large Eddy Simulation

LST Local Standard Time

LWC liquid water content

MAAP Multi-Angle Absorption Photometer
MIMCA MISU-MIT Cloud and Aerosol

NRMSE normalized root mean square error

OA organic aerosol
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705 PSL polystyrene latex
PVM Particle Volume Monitor
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rBC refractory black carbon

RH relative humidity

SP-AMS Soot Particle Aerosol Mass Spectrometer

SPC San Pietro Capofiume

SS supersaturation

WCCAP World Calibration Centre for Aerosol Physics

Code and data availability. The data are available on the Data Centre of the Bolin Centre for Climate Research (see https://bolin.su.se/data/
fairari-2021-2022-3 for an overview of all FAIRARI data). The individual datasets used here are:

SP-AMS: Fredrik Mattsson, Almuth Neuberger, Liine Heikkinen, Paul Zieger, Claudia Mohr (2025) Aerosol chemical composi-
tion measured during the FAIRARI campaign, Po Valley, Italy, February — April 2022. Dataset version 1. Bolin Centre Database.
https://doi.org/10.17043/fairari-2021-2022-aerosol-spams-1

DMPS: Almuth Neuberger, Fredrik Mattsson, Paul Zieger (2024) Aerosol particle number size distribution measured during the
FAIRARI campaign, Po valley, Italy, February — April 2022. Dataset version 1. Bolin Centre Database. https://doi.org/10.17043/fairari-
2021-2022-aerosol-dmps1-1

MAAP: Almuth Neuberger, Fredrik Mattsson, Paul Zieger (2024) Equivalent black carbon concentration measured during the FAIRARI
campaign, Po valley, Italy, February — April 2022. Dataset version 1. Bolin Centre Database. https://doi.org/10.17043/fairari-2021-
2022-aerosol-maap2-1

Meteorological and visibility data: Marco Paglione, Stefano Decesari, Almuth Neuberger, Rahul Ranjan, Ilona Riipinen, Paul Zieger
(2026) Meteorological parameters measured during the FAIRARI campaign, Po Valley, Italy, February — April 2022. Dataset version
1. Bolin Centre Database.

GFAS: Almuth Neuberger, Lea Haberstock, Rahul Ranjan, Ilona Riipinen, Paul Zieger (2026) The fog and aerosol size distribution
measured during the FAIRARI campaign, Po valley, Italy, February — April 2022. Dataset version 1. Bolin Centre Database.

CCNC: Almuth Neuberger, Rahul Ranjan, Ilona Riipinen, Paul Zieger (2026) Cloud condensation nuclei concentrations measured
during the FAIRARI campaign, Po valley, Italy, February — April 2022. Dataset version 1. Bolin Centre Database.

LES model outputs: Hao Ding, Almuth Neuberger, Rahul Ranjan, Fredrik Mattsson, Lea Haberstock, Darrel Baumgardner, Stefano
Decesari, Annica M. L. Ekman, Dagen Hughes, Claudia Mohr, Marco Paglione, Ilona Riipinen, Matteo Rinaldi, Paul Zieger (2025)
Large-eddy simulation outputs of radiation fog events during the FAIRARI campaign, Po Valley, Italy, February 2022. Dataset version
1. Bolin Centre Database. https://doi.org/10.17043/fairari-2021-2022-les1-1

735 The MIMICA model code is available via https://bitbucket.org/matthiasbrakebusch/mimicav5/src/master. The codes used to generate most

of the figures can be accessed at https://github.com/rahulranjanaces/Hydrated_Aerosol_FAIRARI.git.
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