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Abstract. Aerosol-fog interactions affect the visibility in, and life cycle of, fog and are difficult to represent
in weather and climate models. Here we explore processes that impact the simulation of fog droplet number
concentrations (Ng) at sub-kilometer scale horizontal grid resolutions in the UK Met Office Unified Model. We
modify the parameterization of aerosol activation to include droplet activation by radiative cooling in addition
to adiabatic cooling and determine the relative importance of the two cooling mechanisms. We further test the
sensitivity of simulated Nq4 to: (a) interception of droplets by trees and buildings, (b) overestimation of updrafts
in temperature inversions (which leads to artificially high Ny values), and (c) potential mechanisms for droplet
deactivation due to downward fluctuations in supersaturation.

We evaluate our model against observations from the ParisFog and LANFEX field campaigns, building on
evaluation described in the companion paper. Including radiative cooling in the activation mechanism improves
how accurately we represent the liquid water path and the vertical structure of the fog in our LANFEX case study.
However, with radiative cooling, the Ny are overestimated for most of the ParisFog cases and for the LANFEX
case. The time-averaged overestimate exceeds a factor of three (the normalized mean bias factor exceeds 2.0)
in 4 out of 11 ParisFog cases. Our sensitivity studies demonstrate how these overestimates can be mitigated.
Assuming the overestimate affects both radiative and adiabatic cooling, we find that although radiative cooling
is more often the dominant source, both cooling sources can sometimes dominate activation.
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1 Introduction

Aerosol—cloud and aerosol-fog interactions are complex and
often represented in a simplified way in weather and cli-
mate models (Boutle et al., 2018; Mazoyer et al., 2019, 2022;
Poku et al., 2019, 2021). The effects of aerosols on the opti-
cal properties and life cycle of fog, and resulting effects on
Earth’s radiative balance, are uncertain (Twomey, 1977; Al-
brecht, 1989). Low visibility due to fog leads to hazardous
conditions, especially for transportation, and results in finan-
cial losses (Leung et al., 2020; Kulkarni et al., 2019; Peng
etal., 2018; Hao et al., 2017; Abdel-Aty et al., 2011; Gultepe
et al., 2007). Lakra and Avishek (2022) provides a broad de-
scription of the scientific and social importance of fog. Fore-
casting the fog life cycle accurately in numerical weather
prediction models is challenging (Boutle et al., 2018; Pithani
etal., 2019; Jayakumar et al., 2021; Smith et al., 2021; Kutty
et al., 2021; Mazoyer et al., 2022). In the cloud microphysics
components of most weather prediction and climate models,
aerosols, whether represented prognostically or using clima-
tologies, are usually activated to cloud and fog droplets as-
suming that adiabatic cooling is the only source of super-
saturation. Some models have separate parameterizations to
predict visibility (e.g., Clark et al., 2008); however, in cases
we are aware of, the visibility parameterization does not in-
form other parts of the model — for example, the cloud mi-
crophysics and radiative transfer schemes.

Radiation fog is characterized by radiative cooling at
night, clear skies, and calm conditions. The start of the fog is
driven by radiative cooling and with time the fog layer grad-
ually transitions to a well-mixed fog layer in which adiabatic
cooling is also active (Maronga et al., 2015; Boutle et al.,
2018). In large eddy simulation studies, and probably in real-
ity, droplets can be activated via both radiative and adiabatic
cooling (Poku et al., 2021).

In the companion paper (Ghosh et al., 2025¢c), we evalu-
ated the ability of the UK Met Office Unified Model with in-
teractive double-moment aerosol and cloud microphysics to
simulate fog at 500 m grid resolution in case studies from the
ParisFog field campaign in 2011. We demonstrated strategies
to improve fog droplet number concentrations (Ng) while ac-
tivating the droplets via adiabatic cooling only. While the
default model significantly underestimated droplet concen-
trations, we found that either including an updated version
of the aerosol activation parameterization by Abdul-Razzak
and Ghan (2000) following Ghosh et al. (2025a), or including
a contribution to updraft speeds from sub-grid scale turbu-
lence, could substantially improve model performance. Here,
in this paper, we explore the contribution of radiative cooling
to activation in the same fog cases and we additionally ex-
amine a single case study from the Local and Non-Local Fog
Experiment (LANFEX) field campaign in 2014 (Price et al.,
2018; Price, 2019), for which we have vertical profiles of fog
droplet concentrations.

Atmos. Chem. Phys., 25, 11157-11182, 2025

P. Ghosh et al.: Adiabatic and radiative cooling are both important to aerosol activation in fog

Several existing simulation studies with bulk aerosol and
cloud microphysics schemes include radiative cooling in
their activation code. Following Stolaki et al. (2015), Ma-
zoyer et al. (2017) simulated a fog event during the Paris-
Fog field campaign (Haeffelin et al., 2010) using the Meso-
NH (Lac et al., 2018) large-eddy simulation (LES) model
and found that radiative cooling was the main source of
droplet activation. Poku et al. (2021) simulated a fog event
during the LANFEX campaign using the Met Office Natu-
ral Environment Research Council (NERC) Cloud (MONC)
LES model (Brown et al., 2015, 2018) and demonstrated
very high contributions of radiative cooling to aerosol acti-
vation, sometimes up to 100 %. Duconge et al. (2020) and
Vié et al. (2024) also simulated the fog vertical structure
during LANFEX using the Meso-NH model with radiative
cooling included. However, LES simulations cannot readily
be used to predict the weather or future climate and are of-
ten run in idealized frameworks that only rarely include fully
prognostic interactive aerosol and realistic space- and time-
varying large-scale forcing via non-periodic boundary condi-
tions. Although there are studies that use numerical weather
prediction (NWP) models, such as Jia et al. (2019), Jayaku-
mar et al. (2021), Yan et al. (2021), and Parde et al. (2022),
most of these studies use either a single-moment cloud mi-
crophysics scheme in which droplet number concentrations
are not prognostic, or they do not include aerosol activation
by radiative cooling. An exception is a recent NWP study of
fog with aerosol-aware microphysics in the WRF model by
Peterka et al. (2024), who found an increase in droplet con-
centration of around a factor of three resulted from includ-
ing activation by radiative cooling. In view of the significant
changes found when radiative cooling is included in these
simulations, therefore, it is useful to continue to explore in-
cluding activation by radiative cooling in cloud microphysics
schemes used in weather and climate models.

The simple and computationally inexpensive “ARG”
aerosol activation parameterization developed by Abdul-
Razzak and Ghan (2000) is very popular in different re-
search models used for both weather and climate, including
the WRF-Chem model (Grell et al., 2005; Fast et al., 2006),
the Community Earth System Model (CESM, Danabasoglu
et al., 2020), Energy Exascale Earth System Model (E3SM,
Golaz et al., 2022), and the UK Met Office Unified Model in
both high-resolution (Field et al., 2023; Gordon et al., 2023)
and climate configurations such as the UK Earth System
Model (UKESM, Mulcahy et al., 2023). The ARG scheme
was designed for low-level warm clouds, but we showed in
the companion paper that it can perform well in fog, though
it should ideally be modified in polluted conditions where
kinetic limitations on droplet activation are important. It can
also be modified straightforwardly (Peterka et al., 2024) to
include radiative cooling, similar to the Shipway and Hill
(2012) activation scheme (Poku et al., 2021). However, it is
unclear whether including activation by radiative cooling will
improve or worsen the scheme’s performance in a numeri-
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cal weather prediction setup that must simulate all types of
cloud, including but not limited to fog.

In situations like fog, the resolved updraft speeds are very
low. To preserve numerical stability and act as a proxy for
non-adiabatic sources of cooling in such cases, most models
use a minimum updraft speed, or a minimum width of a dis-
tribution of updraft speeds, to activate aerosols in the ARG
parameterization (Sullivan et al., 2016; Boutle et al., 2018).
A minimum updraft speed of 0.0l ms~! is equivalent to a
cooling rate of 0.23 Kh~! assuming a 6.5 Kkm™! temper-
ature lapse rate. In such simulations, droplet concentrations
are determined not by the actual cooling rate but by the mini-
mum updraft speed, which is not a global constant but varies
with time and space as the fog evolves. Only by including
radiative cooling explicitly can this spatial and temporal de-
pendence of non-adiabatic activation be represented in mod-
els.

Activation is not the only parameterized process in our
model and biases in different parameterizations can lead
to compensating errors. We explore the possible effect of
other processes on the droplet concentration to some ex-
tent here in sensitivity studies, aiming to maintain reasonable
good agreement with observations. The interception of fog
droplets by trees and buildings could be an important droplet
sink (Mazoyer et al., 2017), which is not included by default
in NWP models since cloud microphysics schemes are not
designed for fog in general. The entrainment of warm air
could result in additional mixing and evaporation of droplets
through entrainment—evaporation feedback (Ackerman et al.,
2004; Bretherton et al., 2007; Barahona and Nenes, 2007).
Fog droplets can undergo collision coalescence or Ostwald
ripening (Degefie et al., 2014; Mazoyer et al., 2019, 2022)
and form larger and fewer droplets. In specific foggy condi-
tions, Boutle et al. (2018) also found a similar configuration
of the model we used overestimated updraft speeds. We ex-
plore the influence of these effects on simulated Ng.

In this study, we simulate the fog life cycle during the
ParisFog (Haeffelin et al., 2010) field campaign in 2011, fol-
lowing the companion paper (Ghosh et al., 2025¢). In addi-
tion, we simulate a fog event during the LANFEX field cam-
paign in 2014 to study the vertical profile of fog droplets (Ng)
and the liquid water path. In Sect. 2, we provide an overview
of the measurements and the model setup we use in this
study. We then proceed to introduce radiative cooling as a
mechanism for aerosol activation and explore various sen-
sitivity analyses. Compared to the companion paper, these
sensitivity studies generally represent explorations of possi-
ble developments to the model physics and are not simply
updating parameters. Following this, we evaluate the model’s
performance in detail. Finally, we discuss the relative impor-
tance of adiabatic and radiative cooling processes and con-
clude the paper.
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2 Measurements and model description

We use the same set of aerosol and cloud measurements
from the 11 radiation and stratus lowering fog events from
15-25 November 2011 during the ParisFog field campaign
we describe in the companion paper. In brief, we evaluated
our simulations using observations from the Scanning Mo-
bility Particle Sizer (SMPS), the Palas Welas-2020 Particle
Counter (WELAS), and the DMT Fog Monitor (FM-100) lo-
cated at the SIRTA observatory near Paris. We also used sur-
face temperature measurements, radiosonde data, and satel-
lite observations.

In addition, for this paper we use observations from the In-
tensive Observation Period (IOP) 1 of LANFEX (Price et al.,
2018) during the night of 24-25 November 2014 at the Met
Office observation site in Cardington, Bedfordshire, UK. The
LANFEX campaign, an extension from the Cold-Air Pool-
ing Experiment (COLPEX; Price et al., 2011), was designed
to study the life cycle of radiation fog in Bedfordshire and
Shropshire in England, using field measurements and numer-
ical simulations. This campaign also aimed at understanding
the vertical growth of fog layers and the relative importance
of local and non-local processes on radiation fog. The 24—
25 November nocturnal fog case has been extensively stud-
ied, first in a dedicated LES model (Boutle et al., 2018),
and then in a model intercomparison study which compared
and evaluated LES and single column models (Boutle et al.,
2022). Two LES studies have previously used this IOP to
study aerosol activation specifically (Poku et al., 2021; Vié
etal., 2024). While the intercomparison highlighted progress
in modeling the fog onset compared to earlier model inter-
comparison studies (Bergot et al., 2007), models still devi-
ated substantially from observations of fog properties, re-
flecting the difficulty of forecasting fog. To evaluate our sim-
ulations of the IOP, we use observations including temper-
ature and relative humidity (RH) profiles from radiosondes,
vertical profiles of Ny and liquid water content (LWC) from
a cloud droplet probe on a tethered balloon, and liquid water
path measurements from a radiometer.

We use the same model configuration as described in the
companion paper. In summary, we use the UK Met Office
Unified Model (UM), where a global model (with a hor-
izontal resolution of 1.87° x 1.25°) drives two nested re-
gional domains of resolution 4 km and 500 m centered on the
SIRTA observatory (48.713° N, 2.208° E) in Paris (for Paris-
Fog 2011) and the Met Office observational site (52.1015° N,
0.4159° W) at Cardington, UK (for LANFEX 2014). Each
regional model domain has 300 x 300 grid boxes horizon-
tally and 70 vertical levels extending to 40km altitude.
We use the RA3 model configuration (Bush et al., 2025)
with the bimodal cloud parameterization replaced by the
Smith et al. (1990) parameterization, as in the companion
paper, to ensure sufficient coverage of fog. Our simula-
tions use the double-moment aerosol microphysics scheme
Global Model of Aerosol Processes (GLOMAP, described
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by Mann et al., 2010, 2012) coupled to the double-moment
cloud microphysics scheme Cloud AeroSol Interacting Mi-
crophysics (CASIM, described by Shipway and Hill, 2012;
Grosvenor et al., 2017; Gordon et al., 2020; Field et al., 2023)
to study fog at high spatial resolution. Our simulations in-
clude nitrate aerosols (Jones et al., 2021) in addition to other
aerosol species, such as black carbon, organic carbon, and
sulfate. We use the StratTrop chemistry scheme within the
UK Chemistry and Aerosol (UKCA) submodel (Archibald
et al., 2020; Gordon et al., 2023) in this study. This relatively
complex chemistry mechanism, which predicts ozone prog-
nostically, is required by the nitrate scheme. As discussed in
more detail in Sect. 3, all simulations use the ARG activation
scheme to activate aerosols, using updraft speeds diagnosed
at the grid scale with no additional contribution from sub-
grid-scale turbulence but with a minimum updraft speed of
0.0l ms™!

All results presented in this paper are from our 500 m hori-
zontal resolution model domains for ParisFog and LANFEX.
The domain locations are shown on the left panels of Fig. 1.
The middle panels show the urban surface tiles in the 500 m
resolution model, with the measurement sites at the SIRTA
observatory and at Cardington as black circles. The right
panel shows surface elevation (m); the Seine and Thames
river basins are visible in the center and extreme south of
the domains, respectively.

3 Aerosol activation experiments

In the companion paper, we showed that our model setup for
ParisFog with the standard ARG activation scheme signif-
icantly underpredicts droplet numbers. The underprediction
is likely due to a combination of deficiencies in the ARG ac-
tivation parameterization and the underestimation of updrafts
that results from not including sub-grid turbulence. When we
implemented an updated version of the ARG scheme, fol-
lowing the approach of Ghosh et al. (2025a), we were able to
predict droplet concentrations reasonably accurately. We ad-
ditionally updated the aerosol hygroscopicities, though this
made relatively little difference to these simulations. Our up-
dated configuration, labeled “AD” for “adiabatic cooling” be-
low, serves as the baseline simulation in this study. For con-
text, we also show some results here from simulations with
the standard ARG activation scheme, labeled Def-ARG. In
the companion paper, we demonstrated that accounting for
sub-grid turbulence in addition to our updates to the ARG
parameterization would lead to overestimation of Ng. Given
this bias and the uncertainties around how best to parameter-
ize the contribution of sub-grid turbulence to activation, we
do not use a sub-grid turbulence component in any of the new
simulations we present here. These simulations are described
in the following subsections.
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3.1 Radiative 4 diabatic cooling (AD-RAD)

Fog usually forms in stable boundary layers. Depending on
the balance between mechanical and thermal turbulence, the
stable boundary layer can vary from well-mixed to non-
turbulent (Stull, 1988). The heat budget inside such a layer
is as follows:

Ototal = Ow + Or + Qg + Osu + OLH + Os. (D

The total heat flux Qioa has several components: fluxes
from adiabatic cooling Qw that depend on updrafts, long-
wave radiative cooling QR, mixing by entrainment Q, sen-
sible heat Qsy, latent heat O g, and subsidence heating QOs.
Updrafts are expected to be low in a stable boundary layer,
but sometimes dominate the cooling rate, for example in an
“adiabatic fog” (Boutle et al., 2018). At night, the ground
surface cools as it emits infra-red radiation. The cooling rates
typically vary between 0.5 and 3 Kh™!. We assume that adi-
abatic and radiative cooling are the most important sources
of supersaturation in radiation fog. In Meso-NH LES sim-
ulations, Vié et al. (2024) additionally include surface sen-
sible and latent heat fluxes and turbulent fluxes of temper-
ature while Mazoyer et al. (2017) do not; these terms were
not clearly shown to be important, but could be explored in
future studies.

In our first sensitivity simulation (termed AD-RAD here-
after), we introduce radiative cooling in the ARG activation
scheme following the work of Poku et al. (2021) and Peterka
et al. (2024), in addition to changes in simulation “Mod-
Kappa” described in the companion paper (termed “AD” in
this part) of the study (i.e., updated ARG scheme and with
modified hygroscopicities). In the def-ARG and AD simula-
tions, the change in supersaturatlon dv is represented as:

d dg

-V 2

° —w
ad dr

dr

In Eq. (2), the term ? represents the adiabatic cooling
ad

rate, which is given by —I'w. Here, I' = & denotes the

adiabatic lapse rate, where g is the grav1tat10nal accelera-
tion, ¢p is the specific heat capacity of air, and w refers to
the updraft velocity. The prefactor i is defined as | =
RC:’T RLTZ’ where R, and R, are the gas constants for dry
air and water vapor, respectively, L is the latent heat of va-
porization, and T is the ambient air temperature. This term
is the source of supersaturation from adiabatic cooling gen-
erated by the updrafts.

The second term is the sink of supersaturation (condensa-
tion of water onto aerosol particles and pre-existing droplets),
which is dependent on the rate of latent heat release due to
condensation of water The prefactor y can be written

’ E
as: y = Ge + Rszc Here, p is the pressure of dry air and
€= R—'v =0.622.
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Figure 1. Panels (a) and (d) show the two nested domains of grid spacing 4 km (outer domain) and 500 m (inner domain) used in this study
for ParisFog (a) and LANFEX (d). Both domains have 300 grid points in the latitude and longitude directions. Panels (b) and (e) show urban
grid cells in the 500 m resolution model domains for ParisFog (b) and LANFEX (e). Panels (c¢) and (f) show surface altitude (m) in the same

two 500 m resolution domains.

To introduce radiative cooling, we add an additional

in the above equation, which now be-

dr
source term rp =
dr rad

comes:

ds_wdT’ oy dr dg 3)

ar UV ar laa TV ar e YV

In Eq. (3), the radiative cooling rate is represented by %—{ .
ra

and the prefactor v is defined as: Y = —#. We consid-

ered both the longwave cooling and shortwave heating pre-
dicted by the UM’s radiation scheme to calculate the net ra-
diative cooling rate and included it in the activation scheme.
As demonstrated in the “Results” section, including radia-
tive cooling tends to lead to our simulations overpredicting
droplet number concentrations. We explore possible reasons
for an overprediction in the remaining sensitivity studies.

3.2 Fog deposition (AD-RAD-SED)

Interception by plant canopies, buildings, and other struc-
tures is an important sink of fog droplets (Mazoyer et al.,
2017) as they move in turbulent flow near the surface. Sed-
imentation of cloud droplets is represented in our model, so
droplets are lost if they settle out from the lowest model level,
but there is no additional parameterization of droplet inter-
ception or inertial impaction close to the surface. The LES
study of fog by Mazoyer et al. (2017) introduces an addi-
tional fog deposition term in the lowest level of their model
to account for interception. Taylor et al. (2021) also intro-
duced a similar parameterization for losses due to intercep-
tion in the WRF model to better simulate LWC and visibility
in marine fog.

For our model, the sedimentation (gravitational settling)
velocity of a droplet of diameter D, V4, is (Field et al.,
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2023):

f
P0
Vsed:an<7) . @)

In this equation, a =3.0 x 107m~ts~!, b=2.0, 00 =
1.2kgm™3 (reference air density), and f = 0.50. From this
equation, Vg = 0.30cm s~! for a 10 pm diameter droplet
and Vieq = 0.675cms ™! for a 15 um droplet.

To account for interception as well as sedimentation,
Mazoyer et al. (2017) used a fixed 2cms™! fog droplet
deposition velocity (Vgep), while Katata (2014) suggested
a 2.1-8cms™! range of Vaep for short vegetation. Nelli
et al. (2024) estimated fog deposition velocities to be in the
range of 0.13-3.26 cm s~ (mean=1.70cm s~ !) for LWC 0-
0.1 gm™3 (typical for our fog cases). Therefore, in this sim-
ulation (hereafter termed AD-RAD-SED), in addition to pre-
vious changes, we scale up the sedimentation flux (for both
the mass and number of cloud droplets) by a factor of 3 in
the lowest model level as a proxy for the interception of
droplets. From Eq. (4), the effective deposition velocity is
then 0.9cms™! for a 10um droplet and 2.02cms™! for a
15 um droplet, comparable to these other studies. Although
realistic, this crude scaling factor would need refining before
being included in a default model configuration.

3.3 No activation in inversion (AD-RAD-INV)

In Fig. S1 (right panel) in the Supplement, from the 500 m
model, we show the standard deviation (oy,) of the unre-
solved vertical velocity in the foggy grid boxes for two Paris-
Fog cases and the LANFEX case in the lowest model level
(5 m altitude). We find that for the AD-RAD simulation, oy, is
about a factor of 5 higher than LANFEX observations.
Radiosonde profiles shown later in Sect. 4.1, and simu-
lated temperature gradients shown in Fig. S2, show that the
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fog observed during LANFEX IOP1 occurred in a strong
temperature inversion. In a temperature inversion, updraft
speeds are expected to be close to zero and often negative
(see Fig. 4 of Stolaki et al., 2015) because the rising air
parcels immediately become cooler than the surrounding air,
so they lose their buoyancy. In the model, on average, the re-
solved updraft in the foggy grid boxes is close to zero, but
there are multiple grid boxes where updrafts are positive.

As discussed in the companion paper, in the model, a min-
imum updraft threshold of 0.01 ms~! is applied in the acti-
vation parameterization and there is no contribution to up-
drafts from sub-grid-scale turbulence. As we discuss in the
next subsection, the activation scheme updates Nq on each
time step if it exceeds the Ny already present in the grid box,
and so the Ny depends on the highest updraft speed since the
formation of the fog, likely similar to the maximum shown in
the left and middle panels of Fig. S1. For the LANFEX case
study, fewer than 10 % of the resolved updrafts exceed the
threshold throughout the fog layer, but for ParisFog, updrafts
can be greater than 0.01ms~! for 20 %-30% of the grid
boxes that have positive updrafts while the temperature is in-
creasing with height, as shown in Fig. S2. Even though these
resolved updraft speeds are usually small, below 0.02m s~
at the surface, they do seem to result in significant activa-
tion and it is not clear whether such high resolved updraft
speeds within the inversion are physical or are an artifact of
the model’s boundary layer scheme.

We hypothesize that activation by adiabatic cooling in-
side strong temperature inversions should be unlikely, due
to weak updrafts and potentially also mixing with subsid-
ing warmer air. In our next sensitivity study, we implement
a switch in the activation scheme that suppresses updraft-
driven activation when the temperature profile gradient is
positive (indicating an inversion). Our simulation, hereafter
denoted AD-RAD-INYV, incorporates the changes from sim-
ulation AD-RAD and this suppression of activation in tem-
perature inversions, which means that aerosols can only ac-
tivate via radiative cooling when temperature increases with
height. Figure 2 shows the resulting decision tree for droplet
activation in the AD-RAD-INV simulation.

3.4 Droplet concentration adjustment
timescale (AD-RAD-DCAT)

In the CASIM cloud microphysics scheme, Eq. (5) shows
how the droplet number concentration in the model changes
from one time step to the next. The droplet concentration
from the previous time step (“Old Ny”) is altered by ad-
vection and microphysical processes other than activation,
such as sedimentation, accretion, or riming, before the acti-
vation scheme is called. We call Ny after advection and mi-
crophysics but before activation the “pre-activation Ny~ and
the updated droplet concentration of the current time step

Atmos. Chem. Phys., 25, 11157-11182, 2025
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Cloud Fraction

Decreases Increases

No Activation Activation

depends on
dT/dz

Only Adiabatic and
Radiative Radiative
Cooling Cooling

Figure 2. This figure shows a flowchart of droplet activation in
simulation AD-RAD-INV. The “ARG” activation scheme is called
when cloud fraction increases. Activation is suppressed in temper-
ature inversions. The workflow for simulation AD-RAD is similar,
except that activation proceeds independently of d7'/dz (the rate of
change in temperature with height).

“New Ng”.

New Ng = Old Nq + ANd,Advection + ANd,Microphysics
+ ANy Activation = Pre-activation Ny
+ AN, d, Activation (®))

Furthermore, there is the additional constraint that
ANy Activation can only be positive; if fewer droplets
are activated than currently exist, A Ng, Activation 18 S€t to Zero.
If the cloud fraction calculated in the model decreases, the
droplets evaporate proportionally to the decrease in the cloud
fraction. However, during the entire life cycle of fog, if the
fog cover in a grid box (as calculated by the Smith (1990)
parameterization) remains the same or increases, there is no
mechanism to reduce the droplet concentration in that grid
box except sedimentation (and interception, as included in
our study), losses to ice or precipitation, and advection.

In reality, several other processes may reduce the droplet
concentration (or the concentration of droplet-sized parti-
cles) during a fog once droplets are formed, but these pro-
cesses are not included in our model. These include the de-
activation of droplets in downward fluctuations in relative
humidity (Prabhakaran et al., 2020), collision-coalescence
(e.g., Xue et al., 2008; Zhao et al., 2013), Ostwald ripen-
ing (e.g., Yang et al., 2018; Mazoyer et al., 2022), or the
shrinkage of large, hydrated, but unactivated aerosols that
were previously large enough to be detected by a fog monitor
or cloud droplet probe. In our model, there are insignificant
numbers of unactivated aerosols with an ambient (wet) diam-
eter greater than 2 um (see Fig. S4 of the companion paper),
yet Mazoyer et al. (2019) find ambient activation diameters
in excess of 3 um (using measurements and k—Kohler theory)
and significant corresponding “droplet” concentrations.

We introduce the concept of “droplet concentration adjust-
ment timescale (DCAT)” as a proxy for all these other pro-
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cesses that can lead to Ny decreasing over time. We assume
that the memory of the maximum supersaturation at which
the droplets were activated persists only for a certain time;
if the supersaturation decreases, the droplet concentration
slowly adjusts to correspond to the concentration that would
activate at the subsequent, lower, supersaturations. From the
standard equations for droplet growth (e.g., Seinfeld and Pan-
dis, 1998), we calculate that it would take around 700 s for a
15 um droplet to evaporate to a 1 um aerosol when the su-
persaturation changes by 0.05 % (relative humidity changes
from 100.0 % to 99.95 %), at 283 K. Small supersaturation
changes are likely in fog. Thus, we impose a linearly decay-
ing memory of prior diagnosed supersaturation over a time
period of 10 min (for our 500 m model, this is 20 time steps).
The choice of 10 min is of course somewhat arbitrary, but
suffices to examine the sensitivity of N4 to the evolution
of supersaturation in the fog. More investigation would be
needed to be confident it would generalize from polluted to
clean fogs, or to clouds. Thus, in our AD-RAD-DCAT sensi-
tivity simulation, we use activation by adiabatic and radiative
cooling as in AD-RAD, together with the following condi-
tion.

if (New N4 > Pre-Activation Ny) then
New Ny = Pre-Activation Ng + A Ny, Activation
else
New N4 = Pre-Activation N4 + 6% X AN, Activation

end if

3.5 Only radiative cooling (RAD)

We aim to quantify the relative importance of adiabatic and
radiative cooling during the life cycle of fog. By compar-
ing the AD simulation with the AD-RAD simulation, we
can quantify the contribution from radiative cooling. How-
ever, since these two cooling processes do not result in cloud
droplet concentrations that add linearly, in a further simu-
lation labeled “RAD” we remove the adiabatic cooling term
from the source of supersaturation and activate only by radia-
tive cooling. We can then compare this simulation with the
AD-RAD simulation to understand the relative importance
of adiabatic cooling.

3.6 Summary of sensitivity studies

Table 1 shows a brief description of all the simulations used
in this study. We aim to provide a direct comparison with the
default setup and discuss the importance of aerosol activation
via radiative cooling.

https://doi.org/10.5194/acp-25-11157-2025
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Figure 3. Radiosonde profiles of temperature (a) and relative hu-
midity (b) from the LANFEX case study at 22:00 UTC. Model re-
sults are from the Def-ARG simulation in our 500 m resolution do-
main.

4 Results

4.1 Evaluation of meteorology during LANFEX IOP1

Radiation fog is formed in stable conditions under clear
skies. In Fig. 3 vertical profiles of temperature and rela-
tive humidity (RH) at 22:00 UTC are shown from the LAN-
FEX case study. Similarly to the ParisFog radiosonde profiles
shown in the companion paper, the soundings are compared
with simulated temperature and RH profile in the 500 m
model from the Def-ARG simulation. The fog event is asso-
ciated with a ground level inversion, which extends to around
100 m, the top height of the fog in the model and the observa-
tions. Simulated temperature and relative humidity near the
surface agree well with the observations. The temperature is
within 1° and the RH is within 5 % of the observations. How-
ever, higher in the atmosphere (above 1km), the agreement
is relatively poor, with ~ 2° biases in temperature and 10 %
in RH. Fortunately, biases above 1 km do not strongly affect
the model performance unless they lead to the formation of
cloud layers above the fog. Biases of similar magnitude are
also found in the ParisFog cases discussed in the companion
paper.

For the LANFEX case, the model produces fog roughly at
the correct location in our simulations. In Fig. 4 we show
the spatial variation of the grid average Ng and LWC on
24 November. The model results are near the surface, from
the AD simulation, in the 500 m resolution domain. There is
sufficient fog in the domain for a statistically robust evalua-
tion of the microphysics. Figure S3 shows Ny and LWC in
simulation AD-RAD, which has slightly greater coverage of
fog, and higher Ng and LWC, than simulation AD. Figure S4
presents the time series of the number of foggy grid boxes
at the surface during the ParisFog events, as simulated by
the 500 m model for both AD and AD-RAD experiments.
The fog coverage is similar between the two simulations,
with only minor differences observed on certain days, such
as 22 November.

Atmos. Chem. Phys., 25, 11157-11182, 2025
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Table 1. Summary of sensitivity experiments conducted in this study. Here, d7'/dz refers to the change in temperature with height. In a
temperature inversion, d7'/dz is > 0. ARG-New denotes whether ARG parameters are updated and “Ad Cool” and “Rad Cool” whether
adiabatic and radiative cooling are included, respectively, in the simulations.

Simulation ARG-New Ad Cool Rad Cool Interception DCAT
Def-ARG No Yes No No No
AD Yes Yes No No No
AD-RAD Yes Yes Yes No No
AD-RAD-SED Yes Yes Yes Yes No
AD-RAD-INV Yes ifd7/dz <0 Yes No No
AD-RAD-DCAT  Yes Yes Yes No Yes
RAD Yes No Yes No No
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Figure 4. Spatial variation of grid average Ny and LWC on 25 November during the LANFEX field campaign for different times (UTC).
We show these properties at 5 m altitude in our 500 m model from simulation AD.

4.2 Comparison of size distributions between ParisFog
and LANFEX

In Fig. 5, we show the dry and ambient aerosol size distri-
bution in the AD simulation in our 500 m model, comparing
the ParisFog case on 16 November 2011 with the LANFEX
case study for 25 November 2014. The ParisFog observations
are from the combination of SMPS, WELAS and fog moni-
tor as described in the companion paper. We also plot the fog
droplet size spectrum from the observations during the LAN-
FEX case. Solid lines represent the total number concentra-
tions, while dashed lines represent different aerosol modes
and the droplet size distribution. We present an average size
distribution from the foggy grid boxes near the surface at
03:00 UTC. Foggy grid boxes are those with at least 20 %
cloud cover and 0.005 gm ™3 LWC in that grid box. We also
do not include the 20 grid boxes closest to the edges of the

Atmos. Chem. Phys., 25, 11157-11182, 2025

domain. These choices are in line with the companion paper
and are maintained throughout the manuscript unless other-
wise stated. Unfortunately, observations of aerosol sizes are
not available for the LANFEX case study; thus we picked a
case from ParisFog that had a similar aerosol size distribu-
tion. We also show the Ny distribution from the Def-ARG
and the AD-RAD simulations. The number concentration of
aerosol particles greater than 100 nm in diameter at SIRTA
during ParisFog is shown in Ghosh et al. (2025¢) Fig. 8.
At the time shown in Fig. 5 it is 1550cm™3 while during
LANFEX it is 800cm™>. The higher aerosol number con-
centrations in ParisFog compared to LANFEX are expected
given the contrasting urban and rural locations. Coarse mode
aerosol number concentrations are one order of magnitude
higher in the LANFEX case than in the ParisFog case, but
still two orders of magnitude smaller than the simulated

https://doi.org/10.5194/acp-25-11157-2025
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Figure 5. Dry and ambient size distribution of aerosols for the 16 November 2011 ParisFog case (a, b) and the 25 November 2014 LANFEX
case study (c, d) from the AD simulation. The average concentrations in different lognormal modes and the gamma distribution of Ng , near
the surface of the foggy grid boxes in the 500 m resolution from the AD simulation, are shown at 03:00 UTC for the two cases. Observations
are from the SMPS (ParisFog only), the WELAS (ParisFog only), and the fog monitor (ParisFog at 03:00 UTC and LANFEX from a short
measurement at 03:30 UTC, compared to hourly simulation output at 03:00 UTC). The Ny distribution from the Def-ARG and AD-RAD
simulations are also shown using pink and orange dashed lines, respectively. The aerosol size distributions from Def-ARG and AD-RAD are

similar to AD and are not shown separately.

droplet concentrations, and are hence unlikely to impact the
simulated fog. The figure also shows that fog droplets, on
average, are lower in concentration and larger for LANFEX
than for the ParisFog case (about 10 um compared to 7 um),
as expected given the lower aerosol concentrations. At 03:00
UTC during the ParisFog case, the droplet size distribution in
the AD-RAD simulation changes only marginally compared
to the AD simulation. In contrast, for the LANFEX case,
Nj is higher in AD-RAD than in AD, and the distribution in
AD-RAD shows better agreement with observations, though
it still underestimates them. The comparison is discussed fur-
ther in Sect. 4.3. The increase in Ny in the AD-RAD simu-
lation compared to AD suggests that radiative cooling plays
a more significant role in fog development in the LANFEX
case.

On 16 November, the observed droplet size distribution
is in better agreement with simulation AD and AD-RAD at
around 10 pm; however above 30 pm, simulation Def-ARG
seems to perform better. However, we show later (Fig. 6b)
that Ny on this day is in much better agreement in AD and
AD-RAD compared to Def-ARG, despite Def-ARG predict-
ing droplet diameters that are slightly closer to observations.
This discrepancy arises mainly because Def-ARG underesti-
mates the LWC, and this LWC bias shifts the gamma distri-
bution used in the model towards larger droplet diameters.

https://doi.org/10.5194/acp-25-11157-2025

4.3 Time series of fog droplet concentration and liquid
water content during ParisFog

In Fig. 6, we demonstrate the performance of the model in
simulating Ny during different ParisFog cases from simu-
lations Def-ARG (green), AD (purple), and AD-RAD (or-
ange). We plot the median (solid and dashed lines) and in-
terquartile ranges (shaded regions) from the foggy grid boxes
at the surface.

We calculate the normalized mean bias factor (NMBF) and
the normalized mean error factor (NMEF), defined as:

o > (M; = 0;)
NMBF(M > 0) = ’T
o > (M — 0)
NMBE(M < 0) = Z—M
i
o 2_|M; — Oil
NMEF(M > 0) = ’T
o 2_|M; — Oi
NMEF(M < 0) = ZZ—M,
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Figure 6. Variation of simulated and observed fog droplet number concentrations as a function of time for different fog events. The results of

the 500 m model at 5 m altitude from the simulations Def-ARG, AD
(UTC time). Lines represent the median value and the shaded regio

Here, M; is the model data, O; is the observation data,
‘M is the model mean, and O is the observation mean. NMBF
has a range of —oo to +00, and NMEF has a range of 0
to 400. We report NMBF and NMEF for all fog cases in
Tables S1 and S2 in the Supplement and use them as a tool
to compare the model performance among different simula-
tions.

In simulation AD-RAD, the Ny are higher than in simu-
lation AD because of droplet activation via radiative cool-

Atmos. Chem. Phys., 25, 11157-11182, 2025

, and AD-RAD are compared with observations at the SIRTA observatory
ns represent the interquartile range over the foggy grid boxes.

ing. The difference in Ny is about 50-100cm™> for all fog
events except those on 16 November. For the fog cases on
16 November, radiative cooling is unimportant and simu-
lations AD and AD-RAD behave similarly. Otherwise, the
model bias increases for all the fog cases. For example,
on 15, 18, and 24 November (first case) (Fig. 6a, d and i),
AD-RAD tends to overestimate Ng and the NMBF (NMEF)
change from 1.97, 0.34, —0.17 (2.02, 0.89, 0.64) in AD
to 2.67, 2.55, 1.18 (2.72, 2.55, 1.61) in AD-RAD.
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Figure 7. Variation of simulated and observed fog droplet concentration as a function of time for different fog events. The median and
interquartile range from the 500 m model at 5 m altitude from the simulations AD-RAD, AD-RAD-SED, AD-RAD-INV, and AD-RAD-
DCAT are compared with observations at the SIRTA observatory (UTC time). Lines represent the median value and the shaded regions

represent the interquartile range over the foggy grid boxes.

In Fig. 7, we show time series of N4 for ParisFog cases for fog event is defined as the period for which over 1000 grid
our sensitivity studies: AD-RAD-SED, AD-RAD-INYV, and boxes in the model domain are “foggy”.

AD-RAD-DCAT. We show median (solid and dashed lines) In simulation AD-RAD-SED (red), increasing the sedi-
and interquartile range (shaded region) from the foggy grid mentation rate at the lowest model level to represent the
boxes at the surface in the 500 m model. We also show the interception of fog droplets by trees and buildings substan-
median Ny from the AD-RAD simulation for ease of compar- tially reduces the droplet number concentrations (compared

ison. We apply a LWC threshold of 0.005 gm™3 and a cloud to AD-RAD) during all fog events. In this simulation, the
fraction threshold of 20 % to define a grid box as “foggy”’; the overestimation of Ng in AD-RAD is reduced and the model
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agrees better with the observations. For the 16 November
cases, the model is now biased low (the NMBF is —1.43
and —1.10). For other fog cases, the biases have been reduced
compared to AD-RAD. For example, for the first fog case on
24 November, the NMEF is now —0.51 compared to 1.18
in AD-RAD. Compared to simulation AD, performance im-
provement is also found in 6 fog cases out of 11. For ex-
ample, in the 15, 19, and 26 November cases, the model is
in better agreement with the observation in simulation AD-
RAD-SED compared to simulation AD. The NMBF (NMEF)
changes from 2.67, 0.35, 0.31 (2.72, 0.99, 0.71) to 0.67,
—0.20, —0.27 (0.87, 0.81, 0.76). This simulation supports
the findings of other studies (e.g., Mazoyer et al., 2017) that
fog deposition is an important physical process that affects
the droplet budget, although we cannot be sure that our crude
modification accurately simulates real losses due to intercep-
tion.

In simulation AD-RAD-INV (yellow), we prevent activa-
tion in temperature inversions (in addition to changes in AD-
RAD). Similarly to the AD-RAD-SED simulation, we find
that simulation AD-RAD-INV is also a significant improve-
ment over the AD-RAD simulation, though not (for the ma-
jority of cases) over the AD simulation. Our hypothesis leads
to minimal changes (compare the yellow solid lines with 15,
16 (both events), and 24 November (second event). However,
for other fog cases, the changes in Ny are significant. Com-
pared to simulation AD-RAD, 10 out of 11 fog cases have
lower biases.

The AD-RAD-DCAT simulation (blue) introduces the
droplet concentration adjustment timescale, testing the sen-
sitivity to several physical processes and model artifacts that
affect the droplet budget in the fog. This simulation performs
similarly to AD-RAD-SED and improves the model perfor-
mance compared to AD-RAD for most cases; when com-
pared to AD it improves model performance for a slim ma-
jority of cases (6 out of 11). For example, on 15, 18, and
24 November, the model now agrees well with the obser-
vation compared to AD-RAD. However, on 16 November,
there is a factor of 2 underestimation. This test suggests
that improving the representation of physical processes like
collision-coalescence, or the hygroscopic growth of unacti-
vated haze aerosols, may be important to improve fog simu-
lation in climate and weather models.

There are other possible explanations for the overestima-
tion of droplet concentrations when radiative cooling is in-
cluded in the aerosol activation mechanism we do not test.
For example, Boutle et al. (2018) suggested that in their
UKYV simulation, which is similar to ours but without in-
teractive aerosols, their radiative cooling rates could be too
high. There may also be a positive feedback mechanism that
could exacerbate the problem (Boutle et al., 2018): more,
smaller droplets can absorb radiation from the surface more
efficiently leading to more radiative cooling, which may then
result in more activation.

Atmos. Chem. Phys., 25, 11157-11182, 2025

P. Ghosh et al.: Adiabatic and radiative cooling are both important to aerosol activation in fog

In Fig. 8, we compare the time series of in-fog liquid wa-
ter content in foggy grid boxes (LWC) with observations.
Figure 8a—k denote different ParisFog cases. We show me-
dian and interquartile ranges (using lines and shaded regions)
from the foggy grid boxes at the surface in our Def-ARG,
AD, and AD-RAD simulations. In-fog liquid water content
is calculated by dividing the grid average LWC by the cloud
cover. Since low LWC grid boxes also tend to have a low
cloud fraction, the minimum LWC in the time series is the
LWC threshold for a box to be “foggy” of 0.005gm™3 di-
vided by the cloud fraction threshold of 20 %. The inset his-
tograms of in-fog LWC show the variability between grid
boxes at a representative time during each fog event from
simulation AD. On 22 and 23 November, the LWC in the
AD-RAD simulation closely resembles that of the Def-ARG
and AD simulations. As in the companion paper and as
expected from simulations of liquid water path evaluated
in other studies (Boutle et al., 2022), the model has rela-
tively little skill in representing the trends in LWC during
the observed fog events and the AD simulation usually per-
forms better than AD-RAD. The interquartile ranges and his-
tograms suggest LWC is more spatially heterogeneous in
the simulations than N4, complicating the interpretation of
the comparison of the point measurements with the domain-
median simulated LWC. Generally, LWC tends to increase
when radiative cooling is included in aerosol activation in
the AD-RAD simulation, except during the first fog event
on 16 November (Fig. 8b). LWC is often over-predicted dur-
ing the early stages of the fog, for example on 15, 21, and
25 November (Fig. 8a, f and k). The mechanisms for the
aerosol-fog interactions we simulate are likely similar to
those discussed in the companion paper.

Figure S5 shows the LWC time series for the AD-RAD-
SED, AD-RAD-INV, and AD-RAD-DCAT simulations. Un-
like in the case of the Ny time series, AD-RAD-DCAT
and AD-RAD-SED sometimes differ substantially, with AD-
RAD-SED producing LWC a factor of two lower than AD-
RAD-DCAT on 18, 19, and 21 November. Including a rep-
resentation of droplet interception significantly reduces the
overestimate of LWC near the surface compared to AD-RAD
in these three thin fogs, as well as also improving Ng. How-
ever, AD-RAD-DCAT is relatively similar to AD-RAD. This
difference between AD-RAD-DCAT and AD-RAD-SED is
expected, as increasing sedimentation removes the liquid wa-
ter mass while introducing DCAT only influences the LWC
via aerosol-fog interactions. Despite the improved mean
LWC in simulation AD-RAD-SED compared to AD-RAD,
none of the simulations substantially improved on the poor
skill of simulation AD in representing LWC trends during
the fogs.

In summary, we find that incorporating radiative cooling as
a source of supersaturation leads to increased surface droplet
concentrations across all fog events. NMBF and NMEF are
presented for all fog cases in Supplement Tables S1 and S2.
On certain days, such as 16 November, the relative increase
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Figure 8. Variation of simulated and observed liquid water content as a function of time for different fog events. The results of the 500 m
model at 5 m altitude from the simulations Def-ARG, AD, and AD-RAD are compared with observations at the SIRTA observatory (UTC
time). The solid and dashed lines represent the median values and the shaded regions represent the interquartile ranges over the foggy grid
boxes. The inset plots show histogram of in-fog liquid water content at different times of the fog events from the AD simulation. The
minimum LWC visible in the plots of around 0.025 g m~3 is due to the thresholds for defining grid boxes as foggy, as described in the text.

in Ng is minimal at this altitude for the majority of the fog,
highlighting the dominant role of adiabatic cooling. In con-
trast, on days like 26 November, we find a substantial in-
crease in Ny, indicating a stronger contribution from radia-
tive cooling, bringing the model outputs into better agree-
ment with observations. Consistent with the findings of the
companion paper, the LWC shows a lower sensitivity to
changes in aerosol activation than Ny, and the model exhibits
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limited skill in capturing the time variation of observed sur-
face LWC across different simulation configurations.

4.4 Liquid water path

We are also able to evaluate liquid water path (LWP), which
gives additional insight into the behavior of the fog at higher
altitudes. For LANFEX, Fig. 9a shows LWP time series from
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Figure 9. Time series of liquid water path during the LANFEX case study for different simulations. (a) Def-ARG, AD, and AD-RAD.

(b) AD-RAD-SED, AD-RAD-INV, and AD-RAD-DCAT.

the microwave radiometer observations and simulations Def-
ARG, AD, and AD-RAD and Fig. 9b shows AD-RAD-SED,
AD-RAD-INV, and AD-RAD-DCAT. To calculate LWP in
simulated fog while excluding simulated clouds, we select
the foggy grid boxes at the surface and calculate the LWP in
those columns. As the radiometer would include LWP con-
tributions from clouds above fog, we also allow these to con-
tribute in the simulations. Then we calculate the median and
interquartile range, and plot them as solid (and dashed) lines
and shaded regions for different simulations. The Def-ARG
simulation significantly underestimates the LWP during the
lifetime of the fog. The AD simulation, which uses the up-
dated ARG scheme, reduces the bias but still shows a dis-
crepancy greater than a factor of 3 most of the time. How-
ever, despite the overestimated surface LWC we described
in Sect. 4.3, the inclusion of radiative cooling as a source of
supersaturation in the AD-RAD simulation substantially im-
proves the model’s performance, capturing the early stages of
the fog within 50 % of observations, but then converging to
a steady mean LWP after 21:00 UTC (around 7 gm™2, simi-
lar to the observations). Figure 9 is similar to Fig. 4b of Vié
et al. (2024) and Fig. 1 of Boutle et al. (2022). Our AD-RAD
simulation is in comparably good agreement with the best
performing simulations in the intercomparison. In contrast to
LWC in the ParisFog cases, the trend in LWP during the fog
is also in good agreement with the observations. In simula-
tions AD-RAD-SED, AD-RAD-INV, and AD-RAD-DCAT,
the model performance in simulating the LWP is slightly un-
derestimated, but better than simulation AD and similar to

Atmos. Chem. Phys., 25, 11157-11182, 2025

the DT + QC simulation of Vié et al. (2024). The underes-
timate mirrors the lower Nq and LWC in these simulations
compared to AD-RAD. In Fig. S6 we plot the time series of
LWP for the ParisFog cases. The AD and AD-RAD simula-
tions are mostly correct in determining whether fog events
have low or high LWP (below or above 25 gm~2). However,
the agreement with observations during any given fog event
is mixed and our conclusion based on LANFEX that AD-
RAD performs better than Def-ARG or AD is only true in
about half of the fog events.

4.5 \Vertical structure of fog

We show simulated vertical profiles of Ny in Fig. 10 with ob-
servations from the tethered balloon during LANFEX IOP1.
In our 500 m resolution model, we use the following algo-
rithm to select grid cells to include in the vertical profile.

1. Select all foggy grid boxes at the surface level.

2. To define the fog top, move up the columns that cor-
respond to these grid boxes until fewer than 1000 still
contain fog.

3. Calculate median fog properties from columns in which
the surface grid box contains fog, starting at the sur-
face and moving upwards. For example, in a hypothet-
ical case where 20000 surface grid boxes are foggy,
15000 of these also contain fog at model level 2,
8000 of these contain fog at level 3, and 500 at level 4,

https://doi.org/10.5194/acp-25-11157-2025
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the median is calculated over all of these grid boxes for
levels 1-3 inclusive.

We plot the median and interquartile ranges of Ng (shown
by solid lines and shaded regions) at different model levels
from the Def-ARG, AD and AD-RAD simulations. The top
panel (Fig. 10a—c) show the vertical profile at different times
during the LANFEX case, and other subplots show ParisFog
cases.

During the LANFEX case, observations (shown in black
solid and dotted lines) indicate a variable fog top height rang-
ing from 50 to 90 m at different times. In the model, the bot-
tom six levels are centered at 5, 22, 45, 75, 112, and 155 m.
In simulations AD and AD-RAD, fog extends up to 75 m (the
boundary between the 45 and 112 m levels). Above this level,
little or no fog is present in the model.

For this case, the Def-ARG simulation consistently under-
estimates Ny throughout the vertical profile, though its low
fog top height at 23:00 UTC is a better match to observa-
tions than AD or AD-RAD. Overall simulation AD seems
in better agreement with the observations: the fog top height
matches locations where Ng > 20 cm > and LWC (Fig. 11)is
greater than 0.05 gm™> within one model level at 23:00 and
00:00 UTC. However, Fig, 11 suggests the fog top is one
level too high in both AD and AD-RAD at 03:00 UTC. More-
over, sometimes the Ny is underestimated (during the mature
stage of the fog, on 25 November at 03:00 UTC around 20—
30m altitude, for example). As was evident in the time se-
ries plots, the inclusion of radiative cooling leads to a mod-
erate overprediction of Ng. On average, we simulate about
70 cm—3 droplets in AD-RAD, which is within a factor of
two of the observations,similar to Poku et al. (2021) and the
LIMA simulation of Vié et al. (2024). Figure 4 of the model
intercomparison study by Boutle et al. (2022) shows the ver-
tical profile of Ny simulated by several LES models. Some
of these have radiative cooling included in aerosol activa-
tion, some do not. In their “high” aerosol cases (which best
matches our simulated aerosols), Nq is also usually overesti-
mated by around a factor of 2. For ParisFog, we do not have
observations for vertical structure, though Mazoyer et al.
(2019) comment that the fog top at SIRTA on 18, 20, 22, and
23 November is below 18 m altitude. Our simulations predict
much higher fog top heights on these days. This apparent dis-
crepancy may be mainly due to our selection method, which
is designed to select as much fog as possible; it also seems
likely from the brightness temperatures shown in Fig. 3 of
the companion paper that fog elsewhere in our model do-
main is more developed than it is at SIRTA, otherwise it
likely would not be detected by the satellite. Even in simu-
lations, the simulated fog top heights differ substantially be-
tween fog events, ranging from 45 m on 26 November to over
500 m on 23 November. The difference in fog top height be-
tween AD and AD-RAD is small on some days (e.g., 16, 20,
and 22 November) but significantly larger on others (e.g., 18,
23, and 26 November). However, defining a fog top height
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is not straightforward. In Fig. S7, we show the vertical pro-
file of number of foggy grid boxes from simulations AD and
AD-RAD at 03:00 UTC on 16, 18, and 23 November. For the
18 and 23 November cases, the differences in fog top height
arise due to the threshold of 1000 grid boxes we use in this
paper. If we instead apply a threshold of at least 10 % foggy
grid boxes (6760), the fog top height becomes consistent be-
tween AD and AD-RAD: 150 m for 18 November and 280 m
for 23 November. However, applying the same threshold to
the 16 November case results in different fog top heights:
150 m for AD and 200 m for AD-RAD. Therefore, we be-
lieve that any differences (mostly one model level) in fog top
height between AD and AD-RAD are primarily due to the
choice of threshold.

In Fig. S8, we show vertical profiles of Ny for the AD-
RAD-SED, AD-RAD-INV, and AD-RAD-DCAT simula-
tions. For the LANFEX case, although the vertical structure
is complex, the profile simulated in AD-RAD-INV shows
better agreement with observations while the other two sen-
sitivity studies closely resemble AD-RAD. The differences
in Ny at the surface are substantial across all simulations. In
the ParisFog cases, the variations among sensitivity studies
are much larger at all model levels.

We show vertical profiles of LWC in Fig. 11 in the 500 m
resolution model from different sensitivity simulations, sim-
ilar to Fig. 10. The top panel shows the LANFEX case and
other subplots are for ParisFog events. Our changes are de-
signed to improve Ny in the model but they also affect the
LWC through aerosol-fog interactions (as discussed in the
companion paper). Contrary to the vertical Ng profiles, both
simulations AD and AD-RAD are in reasonably good agree-
ment with the LANFEX observations, but there are balloon
observations (dotted black line) showing higher fluctuations
of LWC near the surface and also at higher altitude. In both
model and observations, Ny vertical profiles are correlated to
LWC vertical profiles but the correlation is relatively weak.
Hence, as also demonstrated by Vié et al. (2024), rather than
assuming a perfect correlation (as done in a single-moment
microphysics scheme), it is important to use the double-
moment cloud microphysics scheme in the model to accu-
rately capture the mean behavior in the vertical profile of
fog microphysical properties; however, it is likely that neither
single- nor double-moment bulk microphysics can perfectly
represent the variability in these profiles. We show similar
profiles for the other simulations in Fig. S9.

4.6 Comparison of radiative and adiabatic cooling rates

In Fig. 12, we show the vertical profiles of the radiative cool-
ing rate in the AD-RAD simulation. Figure 12a shows LAN-
FEX IOP1, while Fig. 12b—i show different ParisFog cases.
The radiative cooling rates shown in the figure are the mean
values from all foggy grid boxes, selected in the vertical as in
Fig. 10. An additional color bar shows the updraft velocities
that would give cooling rates equal to the simulated radiative
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Figure 10. Vertical Profiles of Ny from the LANFEX case study and different days of the ParisFog case study. The results of the 500 m
model for Def-ARG, AD, and AD-RAD simulations are shown. Observations during LANFEX are from the fog monitor on the tethered
balloon. Note the different y axis scales of the different subfigures, reflecting the substantial variability in fog top height between fog cases.

cooling rates, calculated assuming a temperature lapse rate and between fog cases both at the surface and at higher al-
of 6.5Kkm™! as in Boutle et al. (2018). titudes near the fog top. Although cooling rates are much

The radiative cooling rate varies with time and is mostly higher near the fog top (similar to Boutle et al., 2018), ac-
between 0 and 2.0 Kh~! near the surface. Equivalent updraft tivation may be suppressed near the fog top after the time of

speeds range from 0-0.08 ms~!. The low equivalent updraft fog onset. This is because the elevated LWC near the fog top
speeds also support the conclusion of Boutle et al. (2018) that in a well-developed fog (Figs. 11 and S11) can act as a con-

a minimum updraft speed of 0.1 m s~ is too high and will ar- densation sink, thereby suppressing supersaturation near the
tificially inflate simulated droplet concentrations in radiation fog top (Figs. 10 and S12). In Figs. S10 and S11, we show
fog. Cooling rates exhibit substantial variation both within the vertical profile of Ng and LWC as a function of time
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Figure 11. Vertical Profiles of LWC from the LANFEX case study and different days of the ParisFog case study. The results of the 500 m
model for Def-ARG, AD, and AD-RAD simulations are shown here. Observations during LANFEX are from the fog monitor on the tethered
balloon. Note the different y axis scales of the different subfigures, reflecting the substantial variability in fog top height between fog cases.

through the fog events. With time, the height of the max-
imum LWC increases for some fog cases, but not all. For
some ParisFog cases, the LWC increases with height until
the maximum LWC is reached, demonstrating that a subset
of the 11 ParisFog events we study are adiabatic fog (15, 16,
23, and 24 November) while others are clearly not.

In Fig. 13 we show the spatial variation of the radiative
cooling rate in the model at a representative time for LAN-
FEX and two ParisFog cases. The spatial variations exceed

https://doi.org/10.5194/acp-25-11157-2025

a factor of two across our relatively small and — while not
spatially homogeneous, at least not mountainous — model
domains. The high variability of the radiative cooling rate
suggests that using a constant minimum updraft speed is
probably a poor proxy for radiative cooling in simulations
of aerosol activation in fog.

To understand the relative importance of adiabatic and ra-
diative cooling in droplet activation in these fog cases, we
compared droplet concentrations in the AD-RAD simulation

Atmos. Chem. Phys., 25, 11157-11182, 2025
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Figure 13. Spatial variation of radiative cooling rate at the surface from simulation AD-RAD of the 500 m model for the LANFEX case (a)

and two ParisFog cases (b, c).

with those in the AD and RAD simulations. Simulation AD-
RAD has both cooling terms, whereas simulation AD and
RAD have only adiabatic and radiative cooling terms, re-
spectively. Therefore the marginal contributions of the two
mechanisms are as follows:

N4(AD-RAD) — Ny4(AD)
N4(AD-RAD)
N4a(AD-RAD) — Ng(RAD)
N4a(AD-RAD)

Radiative Cooling Contribution =

Adiabatic Cooling Contribution =

When calculating these contributions, we select the foggy
grid boxes in the AD-RAD simulation and use the same
locations in the other two simulations, irrespective of the
presence of fog in that area. The resulting contributions
are shown in Fig. 14. The two marginal contributions gen-
erally do not add to 100 %, as expected, because some
aerosol particles can be activated by either cooling source (so
the marginal contributions sometimes amount to more than
100 %), while other aerosol particles require the sum of the
cooling rates to activate (so the marginal contributions some-
times sum to less than 100 %).

We find the marginal contribution of radiative cooling to
aerosol activation is substantial, and indeed dominant in the
majority of ParisFog cases and the LANFEX case we study
here. A major caveat is that results are likely influenced to
some extent by the overestimation of Ny in simulation AD-
RAD. Qualitatively, however, this result supports the find-
ings of Poku et al. (2021) that radiative cooling is impor-
tant. In the LANFEX case, we find the contribution of ra-
diative cooling ranges from 60 %—70 %. However, for the
ParisFog cases, simulated adiabatic cooling is frequently also
important, even in radiation fog, and the relative contribu-
tions of radiative and adiabatic cooling have large inter- and
intrafog variability for both sources. Among the ParisFog
cases, on 19, 21, 23, 24 (first event), and 26 November, ra-
diative cooling is the dominant source, with contributions
ranging from 60 %—-80 %. During fog events on 15 Novem-
ber (starts at 03:00 UTC) and 16 November (both), adiabatic
cooling is the dominant source, with a marginal contribution
maximum up to 80 %. This is most likely due to substantially
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lower radiative cooling rates below the fog top during these
fog events compared to other cases (see Fig. 12). The radia-
tive cooling rate at the surface is approximately 0.2 Kh~!,
corresponding to an equivalent updraft of about 0.01 ms~!.
In contrast, during the 26 November fog event (where radia-
tive cooling is the dominant driver of aerosol activation) the
cooling rate is significantly higher, around 1.5 Kh~! (equiv-
alent updraft of 0.06 ms~'). Although the peak cooling rates
on 15 and 16 November are higher and occur near the fog top
(likely due to a slightly elevated inversion height, as shown
in Fig. 5 of the companion paper), it is possible that most
droplet activation during these cases (after the initial fog on-
set) still occurs below the fog top, where the liquid water con-
tent (LWC) is lower (Figs. 11, and S11). This could explain
why radiative cooling plays a less significant role in droplet
activation during the 15 and 16 November fog events. On
16 November, after 06:00 UTC, the fog top radiative cooling
rates increase compared to those at fog onset, perhaps en-
hancing droplet activation at lower altitudes and leading to
increased droplet concentrations near the surface, as shown
in Fig. 6b. For the 22 November late evening fog case, both
cooling sources are equally important but vary during the
fog life cycle. In radiation fogs, we generally expect that the
fog layer is initially thin and radiative cooling is dominant.
With time, the fog layer thickens, and mixing within the fog
layer makes the fog more adiabatic, and updraft speeds in-
crease; so radiative cooling becomes less important (Boutle
et al., 2018). In many of the fog cases (e.g., ParisFog: 15, 22,
24 November and the LANFEX case), but not all, we find
that the contribution from radiative cooling is more important
during the initial phases of fog development. As the fog layer
thickens, the contribution decreases as the fog becomes more
adiabatic. However, unsurprisingly, in these weather predic-
tion simulations, the effect is harder to disentangle from case-
by-case variability than in a more idealized LES simulation.

5 Discussion and conclusion

In this study, we simulate radiation fog during the Paris-
Fog and LANFEX field campaigns using 500 m resolution
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Figure 14. Time series (UTC) of the percentage contribution to droplet activation (at the surface) from radiative and adiabatic cooling,
as simulated by our 500 m model across various fog cases during LANFEX (a) and ParisFog (b-I) campaigns. The dashed purple line
represents the median fraction of droplets originating from adiabatic cooling while the solid orange line represents those originating from
radiative cooling. Shaded regions illustrate the interquartile ranges of these contributions. The AD-RAD simulation is compared with the
simulations AD and RAD to generate this figure.

nested simulations with the UK Met Office Unified Model. — Our model simulates sufficient fog: the 500 m model ef-
Our approach focuses on the contribution of radiative cool- fectively simulates a considerable amount of fog across
ing to aerosol activation. Additionally, we conduct sensitiv- the domain for both the ParisFog and LANFEX cases.
ity studies to assess the impact of other possible effects on Ng and LWC are simulated to be lower in LANFEX
droplet number concentrations in our cases, such as that of compared to ParisFog, which broadly agrees with our
droplet interception or of potential biases in our simulation observations, and our simulated LWP in LANFEX is in
of boundary layer turbulence and microphysics. We evalu- excellent agreement with the observations for simula-
ated our model using time series of surface observations and tions with activation via radiative cooling included. In
balloon measurements of fog vertical structure. Our key find- common with other models, our model frequently did
ings are: not correctly represent the time of fog onset or dissipa-
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tion, and it also had little skill in representing temporal
trends in surface LWC during individual fog events.

— Radiative cooling is important for aerosol activation in
fog: we included a source of supersaturation from radia-
tive cooling (together with a sink of supersaturation due
to short-wave heating) into the activation scheme. With
these changes, the simulated Nyq overestimated the ob-
servations most of the time. On the assumption that the
overestimate was equally attributable to radiative and
adiabatic cooling, we calculated the relative importance
of radiative and adiabatic cooling in fog and found that
radiative cooling is often the dominant source, but both
processes are frequently important for aerosol activa-
tion, depending on the conditions. The radiative cool-
ing rates are variable in space and time and so cannot
be properly represented by a fixed minimum updraft
speed. Radiative cooling rates are always calculated by
the radiation scheme in the model, independent of the
activation process. Hence, including activation by radia-
tive cooling should not significantly increase the com-
putational cost. Similar to Poku et al. (2021), Peterka
et al. (2024), and (less directly) Vié et al. (2024), our
simulations highlight the possible importance of radia-
tive cooling in the accurate representation of the droplet
budget in the model.

— Interception by trees and buildings is probably an im-
portant droplet sink: in our first sensitivity study, we in-
creased the sedimentation rate at the bottom most model
level by a factor of 3 as a proxy for droplet interception.
This process was not included in the model before and
would need to be generalized to different surface types
(for example, ocean) before it could be applied by de-
fault. When added to our model simulations with radia-
tive cooling included, the change reduces bias in N4 and
LWC. The high sensitivity of droplet concentrations to
sedimentation rates corroborates the importance of fog
deposition in the accurate prediction of the droplet life
cycle, as explained by Mazoyer et al. (2022).

— Suppression of activation via updrafts in inversions
could also improve model performance: in a second sen-
sitivity study, we turned off activation by updrafts in
temperature inversions, under the assumption that these
updrafts are overestimated and therefore lead to exces-
sive activation, similar to the findings of Boutle et al.
(2018). We found that this change improved the model
performance in most cases. If this modification were in-
cluded in the model by default, together with radiative
cooling in activation, the importance of radiative cool-
ing in activation would likely be higher than the results
we show in Sect. 4.6 suggest.

— Overestimates in droplet concentrations could be mit-
igated if the concentrations slowly adjust to changes
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in supersaturation over time: in our model simula-
tions with radiative cooling included, we find that al-
lowing droplets to deactivate in response to reductions
in supersaturation over a relatively long but adjustable
timescale leads to lower concentrations that agree better
with observations. We term the timescale as the droplet
concentration adjustment timescale (DCAT). We tested
a 10min timescale. The introduction of DCAT could
serve as a proxy for missing processes in the model,
such as droplet collision-coalescence or Ostwald ripen-
ing (Degefie et al., 2014; Mazoyer et al., 2019, 2022).
While our model does not simulate the hygroscopic
growth of haze aerosols accurately, as we discuss in
the companion paper, if small droplets in our simula-
tions can be considered a proxy for haze aerosols (which
could also be detected as droplets by a fog monitor),
then DCAT could also represent the possibility of these
droplets shrinking in response to changes in relative hu-
midity over time.

— Simulation of fog top height is satisfactory in LANFEX
and vertical structure could be realistic for an area av-
erage: in our 500 m resolution simulations, the fog top
height is simulated accurately in the model for the LAN-
FEX case. In ParisFog, model performance may well be
worse, but the comparison may be unfair as we com-
pare measurements at a single point to an aggregate over
a model domain. Simulations without radiative cooling
generally simulate Ny well but the LWP is underesti-
mated during LANFEX IOP1. With radiative cooling,
agreement with observations is generally worse in sim-
ulating the vertical structure of Ny, but in good agree-
ment for LWC. The sensitivity studies proves the model
performance. The detailed vertical structure of LWC
and Ny in the balloon measurements is not replicated
by the model, but this is expected since these measure-
ments are likely affected by highly localized fluctua-
tions that are not simulated in detail by any model in
the intercomparison study of Boutle et al. (2022) or in
subsequent studies (e.g Vié et al., 2024).

Our two part publication aimed to explore strategies to real-
istically simulate fog droplet concentrations in a weather and
climate model with prognostic aerosol microphysics. The
companion paper focused on activation by adiabatic cooling
during ParisFog while this paper focused on the role of ra-
diative cooling in both ParisFog and LANFEX. We aimed
to test only small modifications to the aerosol activation
scheme rather than larger changes to the model structure that
would be more likely to impact the computational cost of the
model or its ability to simulate low clouds. Our tests yield
a better understanding of the importance of different cool-
ing sources for fog droplet activation in non-idealized cases.
However, more fog events in different environments would
need to be simulated before we can confidently recommend
specific developments for new model releases. The contin-
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uing high priorities are to simulate fog in pristine marine
conditions, coastal fog, and ice fog. Furthermore, simulated
updraft speeds for aerosol activation depend on horizontal
grid resolution. In the simulations we present here, these up-
drafts are likely underestimated because we do not include a
contribution from sub-grid-scale turbulence. While a scale-
invariant parameterization of subgrid updraft velocity for the
UM has been proposed (Malavelle et al., 2014), it still needs
(at least) further testing and modification before it can be rou-
tinely used (Gordon et al., 2020). Thus, understanding how
our parameterizations depend on domain resolution is an im-
portant task for the future. Finally, we also need to investigate
how any changes to the activation scheme we recommend af-
fect droplet concentrations in different cloud types. However,
this work lays the foundations for improvements in aerosol
activation in weather and climate models, with clear impli-
cations for the simulated optical properties and life cycle of
fog.

Code and data availability. All model and ob-
servation data used in this work are available at:
https://doi.org/10.5281/zenodo.15666154 (Ghosh et al., 2025b).
All atmospheric simulations used in this work were performed
using version 13.0 of the Met Office Unified Model (UM) starting
from the GA7.1 configuration (Walters et al., 2019) alongside
version 7.0 of JULES. The source code used in this study is
free to use. However, software for this research is not publicly
available due to intellectual property copyright restrictions, but is
available to signatories of the Met Office Software license. Full
descriptions of the software, including the specific configurations
used in this study, can be found in the text of this article and
in articles cited therein. A number of research organizations
and national meteorological services use the UM in collabo-
ration with the Met Office to undertake atmospheric process
research, produce forecasts, develop the UM code, and build
and evaluate Earth system models. To apply for a license for
the UM, go to https://www.metoffice.gov.uk/research/approach/
modelling-systems/unified-model (last access: 26 August 2025)
and for permission to use JULES, go to https://jules.jchmr.org (last
access: 26 August 2025). Rose and Cylc software were used to
drive the Unified Model. The simulations were run using Rose
version 2019.01.3 and Cylc version 7.8.8, which are publicly
available at https://doi.org/10.5281/zenodo.3800775 (Shin et al.,
2020), and https://doi.org/10.5281/zenodo.4638360 (Oliver et al.,
2021) respectively. Both Rose and Cylc are available under v3 of
the GNU General Public License (GPL). The full list of simulation
identifiers for the simulations in this paper is given below.

ParisFog Simulation Def-ARG:u-do390
ParisFog Simulation AD: u-do373

ParisFog Simulation AD-RAD: u-do549
ParisFog Simulation AD-RAD-SED: u-do550
ParisFog Simulation AD-RAD-INV: u-do554
ParisFog Simulation AD-RAD-DCAT: u-do555
ParisFog Simulation RAD: u-do551
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LANFEX Simulation Def-ARG: u-do761

LANFEX Simulation AD: u-do762

LANFEX Simulation AD-RAD: u-do763

LANFEX Simulation AD-RAD-SED: u-do854

LANFEX Simulation AD-RAD-INV: u-do855

LANFEX Simulation AD-RAD-DCAT: u-dp007

LANFEX Simulation RAD: u-dp008

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-11157-2025-supplement.
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