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Abstract.

Aerosol-radiation interactions (ARI) can alter the thermodynamic structure of the atmospheric boundary layer and thereby
influence the evolution of radiation fog. Previous modeling studies have focused primarily on the shortwave radiative effect
of aerosols and often assumed aerosols to be dry when interacting with radiation ("dry ARI"), neglecting the role of aerosol
water in modifying particle size, optical properties, and longwave radiative transfer ("wet ARI"). Here, we use a large-eddy
simulation model with explicit representations of dry aerosols, wet aerosols, and activated cloud droplets to systematically
explore their radiative effects on a wintertime radiation fog case observed during the FAIRARI campaign in the Po Valley,
Italy. The simulations show that the radiative effect of aerosols is weak if the aerosols are assumed to be dry. In contrast, the
fog development is highly sensitive to the radiative effects of wet aerosols. Wet ARI enhances longwave radiative cooling at
the fog top, strengthening in-fog turbulent mixing, promoting droplet activation, and increasing the vertical extent of the fog.
This leads to a larger fog optical depth and stronger attenuation of shortwave radiation, resulting in improved agreement with
observations of surface radiative fluxes and fog persistence. Increasing the accumulation-mode aerosol number concentration
(5,000-25,000 cm™) generally enhances fog geometric height, optical depth, and liquid water path, effects that become sub-
stantially more pronounced when wet ARI are considered. Within the observed range of aerosol chemical composition, aerosol
hygroscopicity (x = 0.33-0.53) is the dominant chemical factor shaping the fog life cycle, while variations in black carbon
content have a negligible effect. These results highlight the important role of wet ARI in understanding long-term fog trends

and their responses to aerosol changes.
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1 Introduction

The Po Valley in Italy is one of the most polluted regions in Europe, as the semi-enclosed basin topography favors accumulation
of aerosols within the boundary layer (BL). At the same time, moisture is frequently transported to the area by air masses from
the Mediterranean Sea. During autumn and winter, persistent high-pressure systems accompanied by weak winds often lead
to high aerosol loadings and frequent occurrences of radiation fog, posing major hazards to transport safety and human health
(Putaud et al., 2014; Decesari et al., 2017; Egli et al., 2019; Di Antonio et al., 2023; Pauli et al., 2024; Neuberger et al., 2025a).
The formation and evolution of radiation fog result from complex interactions between cloud microphysical processes, ther-
modynamics, and dynamics, including nonlinear feedbacks involving aerosols, radiation, and turbulence. Aerosols primarily
influence radiation fog through two physically distinct but strongly coupled pathways, both of which are highly uncertain. The
first is aerosol—cloud interaction (ACI), wherein aerosols act as cloud condensation nuclei (CCN), modifying fog microphysics
by affecting droplet activation and thereby the droplet size distribution. Previous studies have shown that higher aerosol load-
ings increase droplet number concentration and liquid water content, leading to thicker fog layers and prolonged fog duration
(Bott et al., 1990; Stolaki et al., 2015; Maalick et al., 2016; Ding et al., 2026). The second is aerosol-radiation interaction
(ARI), wherein aerosols alter atmospheric radiative transfer through processes such as scattering and absorption of shortwave
radiation, thereby modifying the thermal structure and turbulent mixing within the BL. For instance, during daytime, aerosols
reduce incoming solar radiation and surface heat fluxes, causing near-surface cooling, while absorbing aerosols can heat the
upper BL. This weakens buoyancy-driven turbulence, suppresses BL growth and vertical mixing, and consequently promotes
the accumulation of aerosols near the surface (Bond et al., 2013; Gao et al., 2015; Ding et al., 2016; Petija et al., 2016; Slater
et al., 2020; Yan et al., 2021).

However, the specific impacts of ARI on radiation fog behavior remain unclear. Some modeling studies indicate that account-
ing for the radiative effects of absorbing aerosols within the BL, compared to a scenario without any ARI, significantly delays
the dissipation of radiation fog by warming the upper fog layer and cooling the surface, thereby strengthening the temperature
inversion and suppressing turbulence (Arun et al., 2025). In contrast, Anurose et al. (2024) studied a fog hole event over the
Indo-Gangetic Plain and reported that the absorbing aerosols warmed the whole BL, delaying fog formation and accelerating
fog dissipation. Moreover, the relative importance of ARI and ACI in fog is uncertain. For instance, ARI was shown to exert
a substantially stronger impact than ACI on the formation of widespread advection-radiation fog over eastern China; aerosol
absorption stabilized the BL, resulting in near-surface cooling and moistening (Ding et al., 2019). In contrast, for another
widespread fog under highly polluted conditions over eastern China, the response of fog evolution to increasing aerosol con-
centrations was dominated by ACI, with ARI playing only a minor role (Yan et al., 2021). Similarly, Arun et al. (2025) found
that, for a mixed advection-radiation fog event over the Indo-Gangetic Plain, ACI accounted for approximately 84% of the
prolongation of fog duration caused by enhanced aerosol loading, whereas ARI contributed only about 16% and primarily dur-
ing daytime. These uncertainties in understanding ARI result partly from differences in meteorological conditions, pollution
levels, and aerosol chemical composition among the various fog events investigated in the aforementioned studies. Here, we

would like to highlight that differing results may also be obtained due to different model treatments of aerosol hygroscopic
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growth and associated radiative effects. In most studies, aerosol radiative effects have typically been considered only for dry
aerosol particles, while the hygroscopic growth of aerosols and its influence on longwave radiation has not been explicitly
represented. Consequently, a substantial number of unactivated wet aerosols have been overlooked in terms of their radiative
effect. In high-humidity radiation fog, aerosol particle sizes can increase by several times under hygroscopic growth, leading to
significant changes in their optical properties such as single-scattering albedo and extinction coefficient (Hammer et al., 2014;
Elias et al., 2015; Neuberger et al., 2025b; Nguyen et al., 2016). This could alter the magnitude or even the sign of the aerosol
radiative effect, further affecting radiative transfer, BL thermodynamic structure, and the fog life cycle.
Given the above background, this study aims to systematically investigate the role of ARI and how changes in aerosol physic-
ochemical properties influence the life cycle of radiation fog. We use the large-eddy simulation (LES) MISU-MIT Cloud and
Aerosol (MIMICA) model to simulate a case of radiation fog observed during the Fog and Aerosol Interaction Research Italy
(FAIRARI) 2021/2022 field campaign (Neuberger et al., 2025a). MIMICA has previously been shown to reasonably reproduce
this specific fog event (Neuberger et al., 2025b; Ding et al., 2026). Building on this framework, we have further developed the
aerosol module in MIMICA so that it explicitly represents aerosol hygroscopic growth and its coupling with the shortwave and
longwave part of the radiation scheme. With this setup, we can examine aerosol impacts on radiation and fog properties when
aerosols are considered to be completely dry when interacting with the radiation ("dry ARI") or when hygroscopic growth of
the aerosols and aerosol water influences the radiation ("wet ARI"). The following questions will be addressed:
1) How important is aerosol hygroscopic growth and aerosol water in shaping the fog life cycle, i.e., the fog microphysics,
radiative properties, and vertical structure?
2) How sensitive is the fog behavior to accumulation-mode aerosol loading when dry ARI or wet ARI are considered?
3) How do the fog properties respond to variations in aerosol chemical composition when dry ARI or wet ARI are considered,

particularly in terms of aerosol hygroscopicity and absorbing aerosol content?

2 Data and methods
2.1 Model description

MIMICA is a large-eddy simulation model that solves the non-hydrostatic, anelastic governing equations (Savre et al., 2014).
The exchange of momentum, heat, and moisture between the surface and the atmosphere are parameterized under prescribed
surface forcing conditions based on Monin—Obukhov similarity theory (Stull, 1988). Cloud microphysics is represented using
a two-moment bulk scheme (Seifert and Beheng, 2001, 2006), which in its default configuration accounts for microphysical
processes such as collision—coalescence and autoconversion. Hydrometeor size distributions are described by gamma func-
tions, from which droplet sedimentation in the Stokes regime can be calculated (Bergot, 2016; Contreras Osorio et al., 2022;
Ding et al., 2026). Supersaturation treatment follows the pseudo-analytical approach that allows the integration of condensa-
tion/evaporation terms over each time step (Morrison and Grabowski, 2008). MIMICA also includes a two-moment interactive
aerosol scheme, in which all aerosol modes are represented by lognormal size distributions (Ekman et al., 2006). Aerosol

hygroscopic growth and activation are solved based on x-Kohler theory (Petters and Kreidenweis, 2007). Hydrometeors and
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aerosols are coupled to a four-stream radiative transfer scheme with six shortwave and twelve longwave bands (Fu and Liou,
1993; Fu et al., 1997; Gu et al., 2003), in which aerosols are assumed to be internally and homogeneously mixed within each
mode, such that the mean complex refractive index of the aerosol mixture is determined from the volume-fraction-weighted
refractive indices of individual chemical components (Bar6 Pérez et al., 2024), as well as aerosol water uptake when wet ARI
is enabled. The wavelength-dependent refractive indices of aerosol species from Bond and Bergstrom (2006) and Slater et al.
(2020) are listed in Table S1 in the Supplementary Information. Based on these, the aerosol radiative parameters and optical
properties, including optical thickness, single-scattering albedo, and phase functions, can be computed and incorporated into

the four-stream radiation scheme (Bar6 Pérez et al., 2024).
2.2 Simulation setup

The simulated case consisted of three consecutive radiation fog events observed at the San Pietro Capofiume (SPC) site in
Italy during the FAIRARI campaign on 18—19 February 2022 (Neuberger et al., 2025a). All simulations started at 18:00 local
standard time (LST) and ended at 14:00 LST the next day. The reference simulation setup in this study largely followed
that of Ding et al. (2026), and key configurations are summarized in Table 1. The simulation domain covered 0.16 km X
0.16 km x 1.6km, with grid cells of 5m x 5m Xx 2m. The initial meteorological profiles were prescribed based on SPC
radiosonde observations and ECMWF Reanalysis (ERAS, Hersbach et al., 2023). Surface temperature and moisture forcing
were prescribed using the 3.5-m observations. This type of setup allowed us to isolate the influence of atmospheric ARI on the
formation and evolution of the radiation fog.

Aerosol concentrations were, as a default, assumed to be vertically uniform. Their size distribution was obtained from a single-
mode lognormal fit to the observed mean dry aerosol spectrum during the fog events, measured by a Differential Mobility
Particle Sizer (DMPS) over a diameter range of 13.3-792 nm (Neuberger et al., 2025a; Karlsson et al., 2022), with a total
number concentration of 5,000cm?, a geometric mean radius of 48.2 nm, and a dimensionless geometric standard deviation
of 1.9. The aerosol chemical composition was prescribed according to the observed mean of the fog event, measured by a
Soot Particle Aerosol Mass Spectrometer (SP-AMS) (Neuberger et al., 2025a; Onasch et al., 2012), with a bulk hygroscopic-
ity parameter xk = 0.45, calculated using the Zdanovskii—Stokes—Robinson (ZSR) method (Stokes and Robinson, 1966). The
droplet size distribution was represented by a gamma distribution fitted to the observed mean droplet spectrum, measured by
a Ground-based Fog and Aerosol Spectrometer (GFAS), with shape parameters o = 3 and v = 1. Building on the conclusions
of Neuberger et al. (2025b) and Ding et al. (2026) regarding the dominant microphysical processes governing radiation fog
evolution, a simplified microphysical process representation was adopted in this study. Specifically, for aerosols, hygroscopic
growth, activation, and turbulent transport were enabled, while nucleation scavenging and regeneration through hydrometeor
evaporation were disabled due to the very low aerosol activation fraction. For fog droplets, key processes included condensa-
tion/evaporation, turbulent transport, and sedimentation, while the collision—coalescence process was neglected given the small
droplet sizes and low collision efficiency. Additionally, drizzle formation was excluded since no precipitation was observed.
A time step of approximately 1.0 second was used for dynamic and microphysical process calculations to capture the rapid

temporal evolution of supersaturation and associated fog microphysical development. Due to the high computational cost of
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the radiative transfer solver and relatively small temporal variability of the radiative properties, radiation calculations were
performed every 60.0 seconds.

Under the identical model configurations described above, three reference simulations were conducted using different ARI
representations. In the first reference simulation, only hydrometeors were coupled with radiation, while aerosols did not affect
radiative transfer; this simulation was therefore labeled as REF_NoARI. In the second, radiative effects of both hydrometeors
and aerosols were included, but the aerosol water uptake did not influence the radiation calculations; this simulation was
labeled as REF_DryARI. The third reference simulation accounted for the radiative effects of hydrometeors, dry aerosols, and
wet aerosols, and was labeled as REF_WetARI. The corresponding ARI representations are hereinafter referred to as NoARI,

DryARI, and WetARI.

Table 1. Summary of the model setup for the reference simulations. Please see the main text for a more detailed description.

Category Parameter/process configuration

Simulation domain [X XY xZ]=[160 x 160 x 1600]m; [Ax Xx Ay x Az]=[5X%5 X% 2]m

Simulation timestep Dynamics and microphysics solver ~ 1.0 s; Radiation solver ~ 60.0 s
Aerosol input LogNormal (N, = 5,000 cm’, rg =48.2nm, o = 1.9); bulk k = 0.45
Aerosol processes Activation, Hygroscopic growth, Turbulent transport
Droplet size distribution IN'a=3,v=1)
Droplet processes Condensation/Evaporation, Sedimentation, Turbulent transport

REF_NoARI: Hydrometeors ON, Dry aerosols OFF, Wet aerosols OFF
Radiation coupling REF_DryARI: Hydrometeors ON, Dry aerosols ON, Wet aerosols OFF
REF_WetARI: Hydrometeors ON, Dry aerosols ON, Wet aerosols ON

2.3 Sensitivity experiments

Building on the reference simulations in Sect. 2.2, and to examine the response of fog properties to changes in aerosol number
concentration (N,) when dry and wet ARI are considered, a series of sensitivity experiments was further conducted for all
three reference simulations, with N, increased from 5,000 cm™ to 25,000 cm™ in increments of 5,000 cm™, covering typical
pollution levels observed in the Po Valley from the 1980s to the present (Noone et al., 1992; Neuberger et al., 2025a). For each
N, level, simulations were performed under all three ARI scenarios, denoted as Na*_NoARI, Na*_DryARI, and Na*_WetARI,
respectively.

In addition to aerosol loading, aerosol chemical composition can also modify aerosol hygroscopic growth and optical proper-
ties during the fog evolution. To isolate the intrinsic direct radiative effects of individual aerosol components, a set of idealized
simulations was designed. With aerosol activation disabled, that is, in the absence of fog formation, the reference aerosol mix-
ture was replaced by pure black carbon (BC), sulfate (SULF), sea salt (SALT), and organic aerosol (OA), respectively. For each
aerosol type, simulations were performed for all three ARI scenarios and are denoted as Pure*_NoARI, Pure*_DryARI, and
Pure*_WetARI, respectively. A differencing approach was applied to quantify the contributions of each component. For a given

aerosol type, the difference between Pure*_DryARI and Pure*_NoARI represents the direct radiative effect of dry aerosols;
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the difference between Pure*_WetARI and Pure*_DryARI corresponds to the radiative effect arising solely from aerosol hy-
groscopic growth; and the difference between Pure*_WetARI and Pure*_NoARI represents the total radiative effect of both
dry and wet aerosols. These idealized experiments are intended to assess the contributions of different aerosol components to
the ARI, with detailed results provided in Sect. S2 in the Supplementary Information.

The idealized experiments indicate that that longwave radiation is mainly affected by wet aerosols, with a negligible effect
from dry aerosols, whereas the effect on shortwave radiation comes almost entirely from BC (Fig. S1). Since these two fac-
tors (hygroscopicity and BC content) act on different aspects of the radiation budget, their impacts on ARI can be considered
approximately decoupled; that is, the impact of each can be independently investigated with the other one being held fixed.
Accordingly, two sets of sensitivity experiments focusing on aerosol chemical composition were designed based on observed
values. In the first set, the bulk hygroscopicity parameter (k) was fixed at the reference value of 0.45, while the BC volume
fraction was prescribed as the Oth, 25th, 50th, 75th, and 100th percentiles observed during the FAIRARI campaign; the corre-
sponding simulations for different ARI conditions are denoted as BC*p_NoARI, BC*p_DryARI, and BC*p_WetARI. In the
second set, the BC volume fraction was fixed at the reference value of 2.0%, with x being varied according to its Oth, 25th,
50th, 75th, and 100th percentile values in the observations; these simulations are correspondingly denoted as K*p_NoARI,
K*p_DryARI, and K*p_WetARI. For each target BC or  level, the Sequential Least Squares Programming (SLSQP) method
was employed to optimize the proportions of the remaining aerosol components to yield a chemical composition that satis-
fies the above constraints while maintaining a total volume fraction of 100%. The resulting aerosol chemical compositions
are provided in Sect. S3. Apart from changes in chemical composition, all other model settings remain identical to those of
the reference simulations under each respective ARI condition. A summary of all experiment configurations is presented in

Table. 2.

Table 2. Summary of sensitivity and idealized experiments. Key parameters include aerosol number concentration (NN, ), aerosol chemical
composition, aerosol activation (OFF indicates exclusion of ACI), and different levels of aerosol-radiation interaction.

Experiment category Simulation label N, (em) Chemical composition Aerosol activation DryARI WetARI
REF_NoARI 5,000 Reference mixture ON OFF OFF
Reference simulations REF_DryARI - - ON *ON OFF
REF_WeARI - - ON *ON *ON
Na*_NoARI *10,000; 15,0005 20,0005 25,000 - ON OFF OFF
Sensitivity to N, Na*_DryARI *10,000; 15,0005 20,0005 25,000 - ON ON OFF
Na*_WetARI *10,000; 15,0005 20,0005 25,000 - ON ON ON
BC*p_NoARI - *BC = [Py, Pas, Pso, Pr5, Pioo) from Obs. ON OFF OFF
Sensitivity to BC content BC*p_DryARI - *BC = [Py, Pss, Pso, Prs, Proo] from Obs. ON ON OFF
BC*p_WetARI - *BC = [Py, P25, Pso, Pr5, Pioo] from Obs. ON ON ON
K*p_NoARI - *Kk =[Py, Pas, Pso, Prs, Pioo] from Obs. ON OFF OFF
Sensitivity to aerosol hygroscopicity K*p_DryARI - *k =[Py, Pas, Pso, Prs, Pioo] from Obs. ON ON OFF
K*p_WetARI - *k =[Py, Pas, Pso, Prs, Pigo] from Obs. ON ON ON
Pure*_NoARI - *pure [BC, SULF, SALT, OA] OFF OFF OFF
Idealized experiments Pure*_DryARI - *pure [BC, SULF, SALT, OA] OFF ON OFF
Pure*_WetARI - *pure [BC, SULF, SALT, OA] OFF ON ON
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2.4 Key parameters for the analysis

— The simulated fog geometric height H is determined from grid cells satisfying both an activated cloud droplet number
concentration N¢ g¢t > lcm™ and a corresponding liquid mixing ratio Q¢ qct > 0.01g kg'l, following the criterion of
Maronga and Bosveld (2017). The lowest and highest levels that meet these conditions are defined as the fog base and

fog top, respectively.

— The liquid water path LWP is calculated as the integral of liquid water content (LWC) of activated droplets within the

fog layer:
fog top
LWP = / pair(z) Qc,act(z) dZ, (1)
fog base

and the fog optical thickness T is expressed as:

3LWP
T= s
2 Pw Teff

2

where p,, is the density of liquid water, p,;, is the air density, and 7.y is the droplet effective radius (Morrison and

Grabowski, 2007; Brenguier et al., 2011).

— The near-surface (averaged over the lowest 5 m) total fog droplet number concentration N, includes both hydrated par-
ticles N nyq and activated droplets N, 4. Consistent with the low detection threshold commonly used in fog monitors
(Neuberger et al., 2025b), particles with wet diameters larger than 2 um are classified as fog droplets, among which par-
ticles exceeding the activation diameter are counted as activated droplets, whereas those exceeding 2 um but remaining

below the activation size are categorized as hydrated particles.

— The near-surface visibility Vis, accounting for both hydrated particles larger than 2 um and activated droplets, is param-

eterized following Gultepe et al. (2006):

Vis — 1.002 B 1.002 3
- (LWC~NC)0-6473 - (p(ch . NC)0.6473’

Simulated fog periods are defined by a Vis < 1km and RH > 90% (Neuberger et al., 2025a), and the first and last time

points meeting these criteria are identified as fog onset and fog dissipation times, respectively.

— The aerosol hygroscopic growth factor, HGF, which is calculated based on x-Kohler theory, is defined as the ratio of

wet to dry particle diameters:

Dwet
Ddry

HGF = 4
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The HGF is used to calculate the mixing ratio of aerosol liquid water uptake Q4 given by:

™

Qaw = gpra (vaet - D?iry) /pair = gpraDglry (HGF3 o 1) /pa"’ )

where N, is the total aerosol number concentration.

— The longwave radiative rate DT_LW is the vertical divergence of net longwave radiation flux FRAD_LW:

DT_LW:<3T) _ 1 3FRAD_LW, .
o ) 1w PairCp 0z

where ¢, is the specific heat capacity of air at constant pressure. The shortwave (DT_SW) and total (DT_TOT) radiative

rates are calculated analogously from net shortwave (FRAD_SW) and total (FRAD_TOT) radiation fluxes, respectively.

3 Results and discussion
3.1 Comparison of reference simulations

Fig. 1 shows time-height cross-sections of the fog for the three reference simulations with different ARI configurations. Over-
all, the in-fog pattern is broadly consistent across the simulations, and all of them reproduce the typical features of radiation fog
evolution. Specifically, surface and longwave radiative cooling drives the near-surface air toward supersaturation with respect
to water vapor, leading to aerosol activation and fog initiation (Bergot, 2013; Maronga and Bosveld, 2017). As the geometric
and optical thickness of the fog increases, the area of high supersaturation and droplet number shift upward from the surface
toward the fog top. After sunrise (at around 07:01 LST), droplet evaporation driven by surface warming causes the fog layer to

decouple from the surface and eventually dissipate (Price, 2011; Ding et al., 2026).
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Figure 1. Time-height cross-sections of horizontally averaged (a-c) supersaturation (.S's) and (d-f) number concentration of activated droplets
(Nc,act) in the reference simulations with different ARI representations.

However, despite an overall consistent evolution in the three simulations, the structural properties of the fog exhibit pronounced
differences. In terms of vertical development, the fog-top lifting rate is highest throughout the fog period in WetARI, while
the rates in NoARI and DryARI (Fig. 2a) are comparable. The evolution of the fog optical depth (7) and liquid water path
(LWP) does not fully follow the same pattern as the geometric height, instead showing distinct time-dependent discrepancies
(Fig. 2b, 2c¢). This discrepancy is primarily attributed to the development and shifting dominance between the fog-top layer and
the mixed layer during fog evolution. The fog-top layer is characterized by a strong temperature inversion (> 0.1 Km™) and
decreasing longwave radiative cooling with height, whereas the mixed layer is characterized by increasing longwave radiative
cooling with height and enhanced turbulent mixing compared to the fog-top layer (e.g., Fig. 3a_ii, b_ii, c_ii). Accordingly,
and following Ding et al. (2026), the fog life cycle is divided into three stages: the formation period (P1, 19:00-22:00 LST),
the surface warming period (P2, 22:00-02:00 LST), and the subsequent period until fog dissipation (P3, 02:00-08:00 LST), as
shown in Fig. 2.

During the fog formation stage P1, the relatively low optical thickness of the fog leads to weak negative buoyancy and turbu-
lent mixing in the simulations, and the fog vertical structure is largely dominated by radiative cooling within the fog-top layer
(Fig. 3a_i). Compared with the other simulations, the optical thickness under WetARI is higher, resulting in a more pronounced
vertical gradient in the longwave radiation fluxes (Fig. 3d_i) and stronger radiative cooling (Fig. 3b_i, see also Eq. 6), which

enhances local supersaturation and aerosol activation (Fig. 3e_i, 3f_i). At this stage, the near-surface net longwave radiation
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flux in WetARI agrees well with observations, whereas the other two ARI scenarios both show a substantial underestimate
(Fig. 3d_i). Meanwhile, the stronger radiative cooling in WetARI compared to the other two simulations increases the hygro-
scopic growth factor and aerosol water uptake (Fig. 3h_i), which, together with the increasing number of activated droplets,
enhances longwave radiative cooling, thereby establishing a positive feedback mechanism that maintains a continuously faster
lifting of the fog top. During P2, the fog-top lifting is suppressed by warm advection and surface warming (see Ding et al.,
2026), resulting in a shallower fog-top layer across all ARI conditions compared to P1 (Fig. 3a_ii). Although the radiative
cooling rate, aerosol hygroscopic growth, and number of activated droplets within the fog-top layer in WetARI remain slightly
higher than in the other ARI cases, their relative differences are significantly reduced compared to P1. Meanwhile, as the fog
optical thickness increases, longwave radiative cooling near the fog top is enhanced relative to P1, leading to stronger negative
buoyancy, which generates low-level turbulent mixing and contributes to vertical development of the mixed layer (Fig. 3c_ii).
The mixing intensity follows WetARI > NoARI > DryARI, and the enhanced turbulence leads to a relatively homogeneous
redistribution of fog droplets and liquid water within the lower layer (Fig. 3g_ii), thereby reducing the vertical gradient of
the longwave radiative flux (Fig. 3d_ii), which is thus negatively correlated with mixing intensity. In contrast, differences in
aerosol hygroscopic growth within the mixed layer among the three simulations are minor (Fig. 3h_ii), and their contribution to
the differences in longwave radiative cooling is negligible. As a result, the supersaturation, number of activated particles, and
liquid water content within the mixed layer show the same pattern as the longwave radiation gradient, i.e., WetARI < NoARI <
DryARI (Fig. 3e_ii, 3f_ii and 3g_ii, respectively). During P2, the LWC at the fog-top layer in WetARI remains higher than in
the other simulations but this is partly offset by a reduced LWC in the lower layer (Fig. 3g_ii), causing the LWP and 7 across all
simulations to become comparable. At some occurrences, the LWP and 7 in the WetARI case even become the lowest (Fig. 2b).
This indicates that in P2, the overall optical properties of the fog are no longer primarily dominated by the fog-top processes as
in P1, but are instead more influenced by the vertical redistribution of droplets and liquid water in the mixed layer. During P3,
when there is no warm-air advection aloft, the fog-top layer develops vertically once again (Fig. 3a_iii). In WetARI, a positive
feedback mechanism driven by high aerosol hygroscopic growth, increased activation, and strong longwave radiative cooling,
leads to a pronounced vertical growth of the fog-top layer, resulting in a significantly higher total LWP and 7 compared to
the NoARI and DryARI simulations. It is also noted that, although the differences in LWC between NoARI and DryARI at
individual heights remain relatively small, the substantial increase in fog geometric thickness makes the vertically integrated
quantities more sensitive to these LWC differences. Consequently, the contrast in LWP and 7 between these two scenarios also

becomes more pronounced during P3 than during P1 and P2 (Fig. 2b, c).
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Figure 2. Temporal evolution of horizontally-averaged vertical fog properties in the reference simulations with different ARI representations

(a) fog layer height, (b) optical thickness (7) and (c) liquid water path (LWP).
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Figure 3. Vertical profiles of horizontally-averaged (a) potential temperature (PT), (b) longwave radiative rate (DT_LW), (c) turbulent kinetic
energy (TKE) and (d) net longwave radiation flux (FRAD_LW) for the different reference simulations during the specified fog periods P1,
P2, and P3 (see main text for further explanations). Solid lines indicate mean values and shaded areas indicate +1 SD. Near-surface observed
mean values are shown as gray dots, with error bars indicating £1 SD. Left and right triangle markers with dashed lines indicate the mixed-
layer height and fog-top height, respectively. Each column represents the same period.
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Figure 3. (Continued) Vertical profiles of horizontally-averaged (e) supersaturation (S's), (f) number concentration of activated droplets
(Ne,act), (g) liquid mixing ratio of activated droplets (Qc,aqct), and (h) mixing ratio of aerosol water uptake (Qqw) in the different reference
simulations during the specified fog periods P1, P2, and P3 (see main text for further explanations). Solid lines indicate mean values and
shaded areas indicate 1 SD. Near-surface observed mean values are shown as gray dots, with error bars indicating 1 SD. Left and right
triangle markers with dashed lines indicate the mixed-layer height and fog-top height, respectively. Each column represents the same period.
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Examining the near-surface fog properties, including fog lifetime, all three simulations reproduce the observed temporal evo-
lution of the total number concentration of droplets larger than 2 um in diameter reasonably well (Fig. 4a). However, due to
limitations of the bulk microphysics scheme in representing the size distribution of large aerosol particles and their hygro-
scopic growth properties (see also discussion in Ding et al., 2026), the systematic overestimation of activated droplet number
and liquid water content is not improved by including dry or wet ARI (Fig. 4b, 3f, 3g). In the early stages of fog formation,
the WetARI case exhibits a higher near-surface radiative cooling rate than the other ARI simulations (Fig. 5d). This results in
earlier droplet activation and fog onset (Fig. 4d) compared to the other two simulations. During the mature stages (P2 and P3),
however, the radiative cooling rate in WetARI becomes relatively lower (Fig. 5d), most likely due to the enhanced turbulent
mixing (Fig. 3c_ii, 3g_iii), leading to lower droplet number and liquid water content (Fig. 4a, 4b). The differences between
NoARI and DryARI are small, mainly because the impacts of the dry aerosol components on longwave radiation are neg-
ligible (Fig. S1a). After sunrise, the shortwave radiation reaching the surface is substantially lower in WetARI compared to
the other simulations, which also is in better agreement with observations. In contrast, both NoARI and DryARI significantly
overestimate the surface net shortwave radiation, with NoARI exhibiting the largest bias (Fig. 5b); a similar pattern can also
be found for the total net radiation (Fig. Sc). The difference between WetARI and the other two reference simulations can be
attributed to two effects, which both increase the attenuation of shortwave radiation: first, the enhanced fog optical thickness
due to increased aerosol activation; second, the radiative effects associated with aerosol hygroscopic growth. In the reference
simulations, the fully coupled aerosol-radiation—cloud interactions do not allow isolating the contribution of ARI to shortwave
radiation. However, results from the idealized experiments (Sect. S2) indicate that there is a slight increase in BC absorption in
WetARI compared with DryARI due to the hygroscopic growth (the « value for BC is 0.01 in MIMICA); meanwhile, the water
uptake by highly hygroscopic sulfate and sea salt leads to a strong enhancement in shortwave scattering (Fig. S1h). Given
that sulfate and sea salt dominate the aerosol mixture for the observed case, their attenuating effect on shortwave radiation
far outweighs the enhanced BC absorption, so that the net direct radiative effect of aerosol water uptake is to further reduce
the shortwave radiation reaching the surface. Consequently, the near-surface radiative heating rate under WetARI is lower and
droplet evaporation is weaker, which leads to delayed fog dissipation relative to the other two simulations (Fig. 4e).

Overall, the total fog duration time and net surface radiation budget simulated in the WetARI case agree well with observa-
tions (Fig. 4e, 5c). Still, both the formation and the dissipation times are slightly delayed. This discrepancy may arise from
uncertainties in the prescribed surface forcing, as the model uses the observed temperature at 3.5 m. Under nocturnal stable
conditions, the surface is typically colder and shows greater temporal variability than the air above, which could introduce
a temporal lag in the simulated fog life cycle relative to observations, as shown by (Ding et al., 2026). Furthermore, the net
surface longwave radiation after sunrise is markedly higher in the model than in the observations (Fig. 5a). The observed net
longwave radiation even becomes positive for a short time, which could indicate that a relatively warm low-level cloud was
present above the model domain after fog dissipation. An additional sensitivity simulation, where we introduced the radiative
properties of a low-level cloud based on the mean LWC profile from ERAS during the fog period (Fig. S4), supports this
assumption (Fig. S5).
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Figure 4. Near-surface time series of (a) total droplet number concentration, (b) liquid water mixing ratio, (c) visibility (parameterized
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observed visibility.
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Figure 5. Near-surface time series of (a) net longwave radiation flux (FRAD_LW) and (b) net shortwave radiation flux (FRAD_SW), (c) net
total radiation flux (FRAD_TOT) and (d) total radiative rate (DT_TOT) in observations (Obs) and reference simulations.

3.2 Sensitivity to aerosol loading

Increasing N, consistently leads to earlier fog formation, delayed fog dissipation, and thus prolonged fog duration (Fig. 6).
However, all model configurations show pronounced nonlinearities, with varying sensitivities among the three ARI conditions.
This also suggests that models with different or no representation of ARI may show different sensitivities to changes in aerosol
number concentrations.

In NoARI and DryARI, the earlier fog formation with increasing N, is primarily caused by a visibility reduction through the
increased number concentration of hydrated particles (Fig. 7g and 7a for NoARI, and Fig. 7h and 7b for DryARI, respectively,
see also discussion in Ding et al., 2026). Note that the onset of fog is determined by the visibility criterion (Eq. 3), which
considers both hydrated aerosols and activated droplets. In contrast, the radiative cooling rate remains relatively unchanged
(Fig. 7d and Fig. 7e, respectively). When N, increases to approximately 15,000 cm™, the earlier fog onset compared to the
reference IV, stabilizes and occurs about 20 min earlier (Fig. 6a). However, in the WetARI case, the fog consistently starts

earlier for each increase in N, and begins about 50 minutes earlier in the highest N, case compared to the reference (Fig. 6a).
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For WetARI, in addition to reducing visibility, the hydrated aerosols increase the longwave radiative cooling rate, which leads
to an earlier droplet activation and earlier fog onset (Fig. 7f). The earlier droplet activation causes a feedback loop with even
more cooling, more condensation, and an optically thicker fog (Fig. 7i, 71 and 7c).

Fog dissipation also shows a clear response to increasing N,. In NoARI, the fog dissipation time is delayed by approximately
5 min for every 5,000 cm™ increase in N, (Fig. 6b, 8a). In DryARI, the response is weaker than in NoARI and stabilizes at
concentrations higher than 15,000 cm™ (Fig. 6b, 8b). The WetARI simulations consistently produce later fog dissipation than
the other ARI experiments across the entire /N, range. However, the sensitivity to NV, is slightly weaker than in NoARI and
DryARI and converges after N, = 10,000 cm™ (Fig. 6b). The reason is most likely a weakening of the decrease in the droplet
sedimentation rate at higher IV, (Ding et al., 2026) as well as a nonlinear response in the attenuation in shortwave radiation.
As N, increases, the optical thickness of the fog layer increases, leading to more attenuation of shortwave radiation, which
reduces near-surface radiative heating and suppresses droplet evaporation, as discussed in Sect. 3.1. However, when the fog
layer becomes sufficiently optically thick, the attenuation of shortwave radiation becomes insensitive to further increases in N,

(Fig. 80).
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Figure 6. Time of (a) fog onset and (b) dissipation in observations (Obs) and sensitivity tests to aerosol loading (IN,) for the different ARI
simulations (see Table. 2). Text labels in panel (b) indicate corresponding fog durations.
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Figure 7. Temporal evolution of near-surface properties during fog formation for different N, and ARI scenarios. The columns correspond to
the NoARI, DryARI, and WetARI scenarios, respectively. Darker shades correspond to lower N,, ranging from 5,000 to 25,000 cm™. From
top to bottom, the panels show (a—c) visibility (Vis), (d—f) total radiative rate (DT_TOT), (g—i) total droplet number concentration (/N.), and
(j-1) liquid water mixing ratio (Q).). Gray shading indicates the observed fog periods, and gray curves represent the observed time series.

Horizontal black lines in the visibility panels indicate the 1-km threshold.
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Figure 8. Same as Fig. 7, but for fog dissipation. From top to bottom, the panels show (a—c) visibility (Vis), (d—f) total droplet number
concentration (N.), (g—i) liquid water mixing ratio (Q.), (j-1) net longwave radiation flux (FRAD_LW), and (m-o0) net shortwave radiation

flux (FRAD_SW).
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In terms of the vertical fog properties, the geometric height, optical depth (7) and LWP of the fog layer generally increase with
N, across all ARI scenarios, but the magnitude of the response differs substantially (Fig. 9). The following discussion refers
to the mean relative changes averaged over the common fog period across the different IV, levels. For NoARI, the increase in
fog-top height with increasing N, is limited, with a maximum of 7.3% (Fig. 9a), and a corresponding increase in 7 and LWP of
64.3% and 55.7%, respectively (Fig. 9b, 9¢). This result confirms that in the absence of aerosol radiative effects, the enhanced
optical depth and LWP with higher N, mainly result from an increase in the concentration of activated droplets and hydrated
particles, rather than from a substantial increase in the fog geometric thickness. In DryARI, the response of the fog vertical
structure to IV, is the weakest among the three scenarios: the maximum difference is less than 4.3% and the corresponding
increases in 7 and LWP are only 37.2% and 28.2%, respectively (Fig. 9b, 9c). This is mainly attributed to the weakest longwave
radiation flux gradient in DryARI, which limits radiative cooling, associated negative buoyancy and fog layer thickening (see
also Sect. 3.1). In contrast, in WetARI, a strong positive feedback between aerosol hygroscopic growth, longwave radiative
cooling, and droplet activation promotes vertical development of the fog-top layer. At the same time, turbulent mixing within
the mixed layer is the most pronounced among the three scenarios (see also Sect. 3.1). These two factors together increase the
sensitivity of the fog vertical structure to N,. At N, = 10,000 cm™, the increase in fog-top height, 7, and LWP relative to the
reference is 15.5%, 36.5%, and 37.0%, respectively. When N, = 25,000 cm’3, the corresponding values reach 42.4%, 90.0%,
and 91.3%, respectively (Fig. 9a, 9b,and 9c), which for all variables is substantially stronger compared to NoARI and DryARI.
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Figure 9. Temporal mean relative changes in (a) fog-top height, (b) optical depth (7), and (c) liquid water path (LWP) compared to the
corresponding reference simulations (N, = 5,000 cm™), averaged over the overlapping fog periods, for the different ARI simulations. Lighter
bar shading indicates higher NV,.

3.3 Sensitivity to chemical composition

For all ARI scenarios, increasing « promotes aerosol hygroscopic growth (Fig. 10c) and droplet activation, leading to a higher
total droplet number concentration, liquid water content, and stronger in-fog extinction (Fig. 10a, 10b and Fig. S7, respectively).
Accordingly, fog duration is prolonged (Fig. 10f), mostly due to an earlier onset, with WetARI showing the most pronounced

change (Fig. 10d). The stronger response is not only due to the enhanced aerosol hygroscopic growth, as in the other ARI cases,
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but also a stronger longwave radiative cooling by the wet aerosols, which leads to enhanced droplet activation (Fig. S71, S7i).
Fog dissipation is generally delayed with increasing x, except in NoARI (Fig. 10e). The highest sensitivity is again found in
WetARI, where the increase in  leads to a markedly higher fog optical depth, followed by a substantially weakened near-
surface radiative heating and droplet evaporation after sunrise (Fig. S8I).

In contrast, variations in the BC content, within the range constrained by the FAIRARI observations, generate a small impact
on fog properties (Fig. 11). Changes in fog onset and dissipation are generally smaller than 5 minutes for all ARI simulations
(Fig. 11d, 11e). This is primarily attributed to the relatively small BC content and variations that were observed during the
campaign (Fig. S2a). In DryARI and WetARI, increased BC content slightly enhances shortwave heating, but this effect is
about two orders of magnitude weaker compared to the longwave cooling rate (Fig. 11a, 11b). Moreover, the relatively short
daytime fog period limits the potential for any significant shortwave radiative response. Additional idealized experiments with
BC volume fraction increased up to 50% also resulted in a weak response in fog microphysics and life cycle (not shown).
Overall, in terms of chemical composition, aerosol hygroscopicity primarily controls fog processes for the observed case,

while the radiative perturbations associated with BC content are weak.
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Figure 10. Statistics of near-surface fog properties in sensitivity experiments to aerosol hygroscopicity: (a) total droplet number concentration
(Ne), (b) liquid mixing ratio (Q.), (c) Hygroscopic growth factor (GF), (d) fog onset time, (e) fog dissipation time, and (f) fog duration.
Boxes indicate the 25™-75" percentiles, whiskers the 5-95™ percentiles, and triangles the median.
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Figure 11. Statistics of near-surface fog properties in sensitivity experiments to BC content: (a) longwave radiative rate (DT_LW), (b)
shortwave radiative rate (DT_SW) during daytime fog periods when DT_SW > 0, (c) total droplet number concentration (/N.), (d) fog onset
time, (e) fog dissipation time and (f) fog duration. Boxes indicate the 25"-75" percentiles, whiskers the 5"-95" percentiles, and triangles the
median.

4 Summary and conclusions

In this study, large-eddy simulation has been used to investigate how aerosol-radiation interactions (ARI) from aerosols that
are considered to be dry ("dry ARI") or wet ("wet ARI") in the radiation calculations, respectively, affect the life cycle of an
observed case of wintertime radiation fog in the Po Valley, Italy. We find that wet ARI have a substantially larger impact on
the formation and evolution of the fog than dry ARI, as the aerosol water significantly enhances longwave radiative cooling,
promoting droplet activation at the early stages of fog formation and generating a positive feedback loop through further

longwave cooling. Consequently, wet ARI substantially increases the fog-top lifting rate, the optical depth of the fog, and the
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turbulent mixing during the mature stage of the fog. At sunrise, the increased fog optical depth with wet ARI also reduces
near-surface warming and delays fog dissipation. Overall, the fog lifetime increases by more than 40 minutes when wet ARI
are considered compared to without any ARI. In contrast, the effect of dry ARI on fog properties and evolution is relatively
weak for the simulated case. Including wet ARI also results in the best agreement with observed fog duration and near-surface
radiative fluxes; when no ARI or only dry ARI are considered, the fog duration is underestimated by more than 40 minutes.
Near-surface net radiative fluxes are also overestimated, particularly at sunrise when the fog dissipates. Our results indicate that
an explicit consideration of aerosol hygroscopic growth and associated radiative effects, particularly in the longwave spectrum,
is important for accurately reproducing the radiative budget, vertical structure, and life cycle of radiation fog.

An increase in the aerosol number concentration (N,) generally prolongs fog duration, but the sensitivity is nonlinear and
depends on whether wet ARI are considered or not. Overall, the sensitivity of the fog duration is considerably stronger when
wet ARI are considered compared to only dry ARI or no ARI. With no ARI, and as shown in Ding et al. (2026), the fog
forms earlier with increasing N, as the increased number of hydrated aerosols decreases the visibility. The fog dissipation
is also delayed due to a reduction in the sedimentation rate of the activated droplets. With dry ARI, there is no substantial
impact on the radiative fluxes, and the results are similar to when no ARI are considered. The least pronounced response in fog
geometric height and optical depth to N, also occurs in dry ARI where the vertical gradient in longwave radiation and turbulent
mixing is the weakest. When wet ARI are considered, increasing NN, strengthens the longwave radiative cooling at fog onset,
which enhances droplet activation compared to with no ARI, resulting in a higher sensitivity of the fog formation and vertical
development to IV,. Fog dissipation is also further delayed with increasing N, when wet ARI are considered. In addition to
the reduced droplet sedimentation rates, the fog becomes optically thicker with higher N,, which dampens the near-surface
warming and droplet evaporation at sunrise. However, the attenuation of the shortwave radiation tends to become insensitive
to further increases in IV, once the fog is sufficiently optically thick (in our case at N, = 10,000 cm™).

Increasing the hygroscopicity parameter (x), within the range constrained by the FAIRARI observations, leads to higher droplet
number concentrations and liquid water content, generally advancing fog formation and delaying its dissipation. Similar to
increasing N,, this effect is more pronounced when wet ARI are considered compared to with no ARI or dry ARI. Variations
in the BC content, however, only have a limited influence on the fog microphysics and life cycle, regardless of whether wet or
dry ARI are considered. The reason is that even though the increasing BC content enhances shortwave radiation absorption, its
radiative effect is substantially smaller than the longwave cooling effect from changes in the liquid water during the fog period.
Therefore, for the present case, BC content is not a critical factor governing the fog evolution.

Several limitations remain in this study. First, in our model, aerosol radiative effects are represented under the assumption of
homogeneous internal aerosol mixing, without accounting for any core—shell structures that may occur in the real atmosphere
(Schwarz et al., 2008; Kim et al., 2008; Li et al., 2016). Particularly for BC-containing particles, coatings may result in
absorption enhancement and modify scattering properties, thereby introducing more complex nonlinearities in aerosol radiative
effects. Second, due to the lack of observations of the vertical IV, distribution, we have assumed vertically uniform N, profiles.
One important aspect is also that we have forced our model with prescribed surface temperatures in order to isolate the radiative

impact of the aerosols within the atmosphere. With an interactive surface scheme, ARI may affect surface cooling and warming
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rates, which could be important when varying the aerosol concentration. These issues should be addressed in future studies to
enhance our understanding of ARI in radiation fog.
Overall, this study provides a new research framework for understanding the role of ARI for radiation fog, highlighting the
385 radiative effects of wet aerosols and demonstrating that incorporating only the radiative effects of activated droplets and dry
aerosols in models may be insufficient. This study also has implications for understanding the observed decrease in fog oc-
currence in the Po Valley over recent decades, which has generally been attributed to reductions in CCN concentrations. Our
results suggest that ARI and its response to changes in aerosol chemical composition should not be overlooked. ARI can sub-
stantially modify the radiative budget and the thermodynamic structure of the boundary layer, and may therefore modulate fog

390 properties and lifetime on longer timescales.
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Appendix A: Acronyms

Table A1l. List of acronyms

Acronym

Description

ACI
ARI
BC

DT_LW
DT_SW
DT_TOT
FAIRARI
FRAD_LW
FRAD_SW
FRAD_TOT

HGF
LES
LST
LWC
LWP

MIMICA

OA
PT
RH
SALT
SPC
SULF
TKE
Vis

aerosol-cloud interaction
aerosol-radiation interaction
black carbon

longwave radiative rate
shortwave radiative rate
total radiative rate

Fog and Aerosol InteRAction Research Italy

net longwave radiation flux
net shortwave radiation flux
net total radiation flux
hygroscopic growth factor
Large Eddy Simulation
Local Standard Time

liquid water content

liquid water path
MISU-MIT Cloud and Aerosol model
organic aerosol

potential temperature
relative humidity

sea salt

San Pietro Capofiume
sulfate

turbulent kinetic energy
visibility
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Code and data availability. The sounding data for San Pietro Capofiume are provided by the University of Wyoming Atmospheric Science
Radiosonde Archive (https://weather.uwyo.edu/upperair/sounding.shtml). Aerosol data from the FAIRARI campaign are available through
the Data Center of the Bolin Center for Climate Research (https://bolin.su.se/data/fairari-2021-2022). The MIMICA model code can be
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