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Abstract. One common process for marine fog formation is cloud base lowering (CBL), which is frequently
observed, for example, off the coast of California and in Canada’s Grand Banks, as well as other foggy ocean
regions. While previous studies have extensively examined the meteorological controls on CBL fog, its mi-
crophysical characteristics have received comparatively less attention. We employ a single-column model to
investigate the interplay among aerosols, microphysics, and CBL fog evolution under diverse meteorological
conditions. We find that lower aerosol concentrations make fog formation more probable but that if fog does
form, fog water concentrations are lower. Lower aerosol concentrations lead to earlier fog formation due to
faster gravitational settling of larger droplets, which serves to flux moisture downward. Faster gravitational set-
tling (among other mechanisms at low aerosol concentration) also suppresses entrainment at cloud top, which
aids in keeping the liquid water path high. However, faster gravitational settling also limits the fog water concen-
tration through faster liquid deposition to the surface. It is these counteracting influences of gravitational settling
that appear to cause both prolonged fog duration and suppressed fog water concentration. The relative strength
of these counteracting influences depends on the environmental conditions.

1 Introduction

Marine fog poses a significant meteorological hazard, and its
annual economic impact can rival that of hurricanes (Gultepe
et al., 2007). A disproportionate number of maritime acci-
dents occur in foggy conditions, including the tragic sinking
of the RMS Titanic (Koračin et al., 2014). The complexity of
marine fog formation mechanisms makes modeling and fore-
casting marine fog a challenge (Leipper, 1994; Lewis et al.,
2004; Koračin et al., 2014; Koračin, 2017).

During a study of fog along the California coast, Anderson
(1931) observed that turbulent mixing within pre-existing
stratus clouds could lower the cloud base, leading to fog
formation. Subsequent research by Oliver et al. (1978) and
Pilié et al. (1979) investigated this phenomenon, referred to
as “stratus-lowering fog” or cloud-base-lowering (CBL) fog,
and identified it as one of the most prevalent fog formation
mechanisms in California. Additionally, data from the 2018

C-FOG campaign (Fernando et al., 2021) indicated the com-
mon occurrence of CBL in the Grand Banks (Dorman et al.,
2021). Notably, the California coast and the Grand Banks
represent two types of regions susceptible to marine fog with
cloud base lowering. The northern California case has a sum-
mer concentration of fog occurrence related to cold water
upwelling along the coast, while Atlantic Canada over the
continental shelf (including the Grand Banks) has significant
fog occurrence related to high sea surface temperature (SST)
gradients along a western ocean boundary current (Lewis et
al., 2004; Gultepe et al., 2007; Koračin, 2017). Furthermore,
it is worth noting that land-based fog also frequently forms
through CBL (Haeffelin et al., 2010). Therefore, we think it
is plausible that CBL serves as one of the predominant mech-
anisms for fog formation on a global scale.

Since stratus lowering is a common fog formation mecha-
nism on the California coast (Pilié et al., 1979), many studies
on stratus-lowering fog have focused on that region (Leip-
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per, 1994; Koračin et al., 2001, 2005). During the summer
months, the North Pacific high creates a large anticyclonic
system that generates upper-level offshore flow at the Cali-
fornia coast, which drives subsiding air that caps a boundary
layer. The cool sea surface temperatures limit surface heat
fluxes, leading to a shallow boundary layer that is favorable
for CBL fog formation (Leipper, 1994; Lewis et al., 2004;
Koračin et al., 2014; Zdunkowski et al., 1982). Studies indi-
cate that radiative cloud top cooling is the primary driver of
CBL along the California coast, which strengthens at night
with the lack of solar heating and drives fog formation in the
early morning (Pilié et al., 1979; Leipper, 1994; Koračin et
al., 2001, 2005). The findings of Wagh et al. (2021) for At-
lantic Canada agree, noting that stratus-lowering fog cases
during the C-FOG campaign were related to cloud top cool-
ing, stability, and entrainment at the top of the boundary
layer. Although the sea surface is cool, studies (Pilié et al.,
1979; Koračin et al., 2001; Lewis et al., 2003) have noted
that the air is nonetheless cooler than the sea surface during
CBL events. Pilié et al. (1979) explain that the sea surface
fluxes both sensible and latent heat into the boundary layer,
counteracting moisture loss due to entrainment and support-
ing turbulent mixing. Though differential advection can play
a role in the setup of a CBL fog case (Wagh et al., 2021),
it has been conceived of as a Lagrangian process occurring
within a column (Pilié et al., 1979; Koračin et al., 2001). As
long as the conditions of a subsidence-capped boundary layer
and net cooling of the boundary layer persist, the cloud base
will tend to be lower. As a result, Koračin et al. (2001) posit
that back trajectories, or the path that an air parcel took and
the conditions it experienced along that path, are the primary
predictor of fog formation through CBL. Lewis et al. (2003)
and Koračin et al. (2001) both find that a cloudy air mass
that remains offshore for a long time will tend to form fog,
and thus fog on the California coast can be predicted by wind
patterns and CBL conditions along the Lagrangian path of an
air mass. A diagram summarizing the processes involved in
fog formation through CBL adapted from Pilié et al. (1979)
is shown in Fig. 1.

This line of research largely ignores the degree to which
the microphysical properties of the stratus clouds can influ-
ence the rate of cloud base descent. Microphysical impacts
on fog have been investigated through observational (Gul-
tepe et al., 1996; Duynkerke, 1999; Zhao et al., 2013; Ha-
effelin et al., 2010; Niu et al., 2012) and modeling (Gul-
tepe and Milbrandt, 2007; Tardif and Rasmussen, 2010; Pope
and Igel, 2023) studies. Gultepe and Milbrandt (2007) found
that accurate parameterization of microphysical properties
helped improve the accuracy of fog simulations. Studies on
radiation fog on land find that a higher aerosol concentra-
tion and larger diameter favor fog formation (Koračin, 2017;
Boutle et al., 2018; Stolaki et al., 2015), but the dependence
varies based on the type of fog being considered (Niu et al.,
2012). Haeffelin et al. (2010) found that radiation fog and
CBL fog near Paris probably had different sensitivities to

microphysics. Pope and Igel (2023) indicate that marine fog
formed through CBL is enhanced by lower aerosol concen-
trations due to greater evaporation below cloud base. Uncer-
tainty around the microphysical sensitivity of different types
of marine fog can limit the accuracy of forecasts because as-
sumptions made about microphysics within the models may
not be applicable to certain marine fog scenarios. Oliver et
al. (1978) and Pilié et al. (1979) commented on the micro-
physical processes behind CBL fog. In particular, Pilié et al.
(1979) noted that, though radiative cooling drove the down-
ward propagation of cloud base, the propagation itself results
from a combination of turbulent mixing and droplet settling.
Dupont et al. (2012) note that high Doppler velocities in ob-
served CBL fog cases point towards gravitational settling as
a major driver of CBL.

While it is understood that aerosols can impact fog
formed through cloud base lowering, the relationship be-
tween aerosol and CBL fog is not well-understood. This
study uses a single-column model to conduct a modeling ex-
periment that tests how CBL fog responds to aerosol con-
centration. In addition to studying the relationship between
aerosol and fog, our aim is to examine the microphysical
processes of marine CBL fogs as well as the relationship be-
tween microphysics and several meteorological forcing con-
ditions. By examining these relationships in detail, we can
better understand the physical processes that drive cloud base
lowering, and this knowledge can be applied to fog modeling
and forecasting more generally.

2 Methods

2.1 Model and parameterizations

PAFOG is a single-column model (SCM) developed by Bott
and Trautmann (2002). It uses a 2.5 level Yamada scheme
for turbulence (Mellor and Yamada, 1974, 1982), a surface
scheme based on Mccumber and Pielke (1981), and a δ
two-stream radiation approximation from Zdunkowski et al.
(1982). PAFOG includes a 2-D spectral bin microphysics
scheme, MISTRA (Bott et al., 1996). MISTRA is a computa-
tionally expensive microphysics scheme that can be afforded
due to the computational cost savings of SCMs. In MISTRA,
there is no distinction between aerosol particles and droplets.
Particles are binned by the overall size of the droplet and by
the aerosol particle dry size. As such, MISTRA does not rely
on a distinction between activated and non-activated droplets
when calculating the droplet size distribution, and 2-D bin
schemes have a particular advantage over 1-D schemes due to
their ability to account for solute effects for both unactivated
and activated particles. In a series of experiments, PAFOG
was embedded within WRF and significantly improved fog
simulations relative to WRF (Kim and Yum, 2013; Kim et al.,
2020b, a). In a case study based upon data from the 2018 C-
FOG campaign around the SE Newfoundland coast and the
NW edge of the Grand Banks, PAFOG coupled with ERA5
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Figure 1. Schematic adapted from Pilié et al. (1979) representing the processes involved in CBL fog formation.

advection terms performed well (Chen et al., 2021). PAFOG
with a bulk scheme and MIFOG (Bott et al., 1990) with bin
microphysics both agreed with other SCMs in the Demistify
intercomparison (Boutle et al., 2022). PAFOG with MISTRA
can recreate microphysical processes with a high level of fi-
delity, allowing for a detailed study of the response of CBL
fog to microphysics. Specifically, it helps facilitate investiga-
tion into how changes to the microphysical properties of the
fog propagate through into the evolution and life cycle of a
fog event.

For our experiment, we set up PAFOG to create an ide-
alized case in which a persistent stratus deck lowers at its
base, becomes fog, and then rises back up over the course
of 24 h. Fog is defined as occurring when the lowest model
level is cloudy, and cloud is defined by a liquid water mass
concentration of 0.01 gkg−1 when only hydrometeors with
radii greater than 1 µm and less than 40 µm are considered.
Relative to a fog identification based on visibility, this CWC-
based definition will tend to identify more fog at lower
aerosol concentration due to the relationship between Na,
droplet size, and visibility. However, removing the depen-
dence of fog identification on the droplet size distribution
gives us a simpler metric to use in this experiment. The entire
modeled column has a height of 2400 m and a grid spacing
of 4 m. We use a 2 s time step. The initialization includes
a 280 m thick boundary layer capped by an 8 K step inver-
sion. Air subsides at 3 mms−1 above the boundary layer,
and the water vapor mixing ratio above the boundary layer
is 3.5 gkg−1. The boundary layer itself is very moist, with a
water mixing ratio of 9.2 gkg−1 and a potential temperature
of 12 °C at the start of the initialization. The initialization run
begins at 14:00 UTC because initial tests showed this time to
be associated with the simulated daily maximum of cloud
base height. The solar radiation is consistent with late spring

at 38° N and the sea surface temperature is 13 °C. These val-
ues are meant to be broadly representative of coastal Cal-
ifornia. The remaining parameters are chosen primarily to
ensure that the model produces a stable cloud layer that does
not tend towards growth or dissipation over a simulation time
of 60 h.

For all simulations, we configured MISTRA with
40 aerosol size bins and 80 droplet size bins. The bins are
logarithmically spaced. Aerosol size bins have minimum
radii ranging from 0.01 to 2.1 µm, while droplet size bins
have minimum radii from 0.01 to 500 µm. The aerosol dis-
tribution is triple-peaked, with each peak represented as a
lognormal distribution. The distribution is based on the ma-
rine aerosol distributions described in Fitzgerald (1991). The
aerosol number distribution is given by

dN
dlogr

= 1.01Na+ 1.04Nae
−

(
log10

(
r

0.1

)
0.3

)2
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−

(
log10

(
r

0.8

)
0.35

)2

, (1)

where r is the particle radius in micrometers (µm) and Na is
the total aerosol concentration. If we define the Aitken mode
as particles with diameters between 0.01 and 0.1 µm, accu-
mulation mode between 0.1 and 1 µm, and course mode as
having diameters greater than 1 µm, then we find that 45.7 %
of particles are in the Aitken mode, 54.2 % are in the accu-
mulation mode, and 0.1 % are coarse-mode aerosols. All par-
ticles are assumed to be ammonium sulfate. Aerosol concen-
tration is initially constant throughout the modeled column.
Activated droplets comprise the majority of cloud water by
mass when cloud water is greater than 0.01 gkg−1, though
some non-activated droplets are large enough to be consid-
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Table 1. Table showing input parameter values. There are 1250 total simulations in the experiment. Boldfaced values are used in the
initialization run and constitute the experiment’s “base case.”

Parameter Values

Na 100 cm−3 150 cm−3 200 cm−3 300 cm−3 400 cm−3

. . . 500 cm−3 750 cm−3 1000 cm−3 1250 cm−3 1500 cm−3

Ug 5.0 ms−1 7.5 ms−1 10.0 m s−1 12.5 ms−1 15.0 ms−1

dTsurf −2 Kd−1
−1 Kd−1 0 K d−1 1 Kd−1 2 Kd−1

wsub 2.50 mms−1 2.75 mms−1 3.00 mm s−1 3.25 mms−1 3.50 mms−1

ered cloud water. Because we want to focus this study on the
indirect effects of aerosols, we suppress the direct radiative
impact of aerosols above the boundary layer top. As such, the
full particle spectrum is used for radiation calculations within
and below the cloud–boundary layer, but aerosols above the
inversion do not substantially impact the radiation budget at
cloud top.

2.2 Experimental design

We vary four parameters for our experiment to generate 1250
test simulations. To mitigate model spin-up effects, each ex-
periment is initialized with an initialization run at 48 h. At
the time of the restart for the experiments – that is, the
initial time of each experimental simulation – the potential
temperature at 2 m is 11.5 °C and the water mixing ratio is
8.45 gkg−1. After 10 min, cloud base is between 120 and
140 m depending upon the input parameters. Each experi-
ment is run for 24 h.

Three of the parameters modify the meteorological back-
ground in which our fog case is forming. The first of these
“background” variables is the subsidence velocity above
the boundary layer (wsub) from 2.5 to 3.5 mms−1, which
are reasonable values for the California coast (Wood and
Bretherton, 2004; Koračin and Dorman, 2001). The second
is the geostrophic wind (Ug), which is varied from 5.0 to
15.0 ms−1. We evaluated and found that applying both wmax
and Ug as step changes to the velocity field had minimal
adverse impacts on the simulations. Wind and turbulence
quickly stabilized. In addition to these two parameters, we
vary the rate of change of the sea surface temperature (dTsurf)
from −2 to +2 Kd−1. The modeled ocean surface warms or
cools at a constant rate defined by dTsurf. This change mimics
the effects of advection of the fog over a sea surface temper-
ature gradient. This range is modest in a nearshore context
but is wide enough to begin to see its impact, particularly
later in the simulation. All three of these background pa-
rameters have five possible values. Finally, we vary Na, the
aerosol concentration, in 10 (non-constant) steps from 100
to 1500 cm−3. Na acts as the independent variable for evalu-
ating the impact of microphysics on our fog case. Since we
are primarily concerned with the microphysical properties of
aerosol, the radiative impact of aerosol is disabled above a

height of 480 m. Table 1 shows all the values of each input
parameter. Boldfaced values are used in the initialization run
and constitute the experiment’s “base case”. Processed model
output and code can be found in Pope and Igel (2025) to re-
produce all figures in this paper.

3 Results and discussion

3.1 Overall response

We first look at the response of fog density and thickness in
the model to the combinations of parameters shown in Ta-
ble 1. We quantify fog density with the surface cloud water
content (CWC). Figure 2 shows the maximum surface CWC
and the liquid water path at the time that maximum surface
CWC occurs. All points included in this plot correspond to
simulations that produced fog. As such, maximum surface
CWC has a minimum value of 0.01 gkg−1. Under adiabatic
conditions, one would expect that the relationship between
liquid water path and maximum surface CWC depends only
on cloud top height and temperature. However, the relation-
ship between cloud top height, liquid water path, and sur-
face CWC is complicated by the non-adiabatic distribution
of liquid water within the cloud, particularly near the surface,
which is affected by turbulence as well as by gravitational
settling.

Figure 2 shows that in general the liquid water path in-
creases as the maximum surface CWC increases as would be
expected. It also shows that the maximum surface CWC and
liquid water path of fog are correlated with higher Na. In the
lower right of Fig. 2 are outlier simulations, which are a sub-
set of simulations with low Na and a cooling surface formed
by dense but atypically shallow fog layers. All of these sim-
ulations ended with a much thinner boundary layer in which
the height of the inversion is lowered by at least 100 m, with
the lowering occurring after nightfall. Once fog formed in
these simulations, it did not dissipate prior to the simulation
end. We suspect that the combination of input parameters
present in these simulations, particularly the stabilizing influ-
ence of a cooling sea surface, suppresses mixing and causes
the boundary layer to collapse. Despite being physically rea-
sonable, the gap between these outlier simulations and their
non-outlier neighbors in input parameter space is indicative
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Figure 2. Maximum surface CWC and liquid water path at the time
of maximum surface CWC for all simulations that produced fog.
Points are colored by Na. Note the well-separated group of points
at the lower right of the plot. In addition to low Na, simulations
in this outlier group had a cooling surface and typically low Ug.
Square points with black borders represent mean values for each
aerosol concentration with the outlier points excluded.

of some kind of discontinuity. In light of this, we perform
the rest of this analysis with the outlier simulations removed
unless otherwise noted.

Results regarding the frequency and duration of fog are
summarized in Fig. 3. Figure 3a shows the fraction of simu-
lations that formed fog as a function of Na and Fig. 3b shows
the mean fog duration. Mean fog duration is calculated with
non-foggy simulations included with a duration of zero and
therefore combines the mean duration of fog-producing sim-
ulations with the proportion of simulations that produced fog.
Figure 3c shows mean fog duration versus aerosol concen-
tration averaged over background condition subsets (combi-
nations of Ug, wmax, and SST rate of change) in which all
simulations form fog. For example, the “10 sims” line in-
cludes background conditions where simulations were foggy
at all 10 aerosol concentrations, the “9 sims” line is for back-
ground conditions where only the highest aerosol condition
was non-foggy, and so on down to the “6 sims” line, where
no fog formed at aerosol concentrations greater than the base
case value of 500 cm−3. The purpose of this additional anal-
ysis is to remove the influence of non-foggy simulations on
the average fog duration.

Figure 3a shows that overall, greater aerosol concentra-
tion made fog less likely to form. Figure 3b shows that the
mean fog duration (including non-foggy simulations) also
decreases with increasing aerosol concentration. Fog forma-
tion fraction and mean fog duration line up well with each
other and possibly suggest that increasing aerosol concentra-
tion makes fog less likely to form but does not impact the
duration of fog that does form. However, Fig. 3c shows that
aerosol concentration impacts both the likelihood of fog for-
mation and the duration of fog that forms. Duration changes
are largely driven by changes in the onset time rather than

changes in the dissipation time (not shown). In background
conditions where only the highest aerosol concentrations did
not form fog, fog duration decreased with increasing aerosol
concentration. Therefore, increasing aerosol concentration
makes fog less likely to form and tends to reduce the dura-
tion of fog that does form. This contrasts with fog density and
thickness, which is enhanced by increased aerosol concentra-
tion (Fig. 2). Previous work in Pope and Igel (2023) indicated
a trade-off between fog area and maximum fog density when
varying microphysics parameters only, with lower aerosol
concentrations and wider drop size distributions leading to
more widespread but less dense fog. That experiment used
a double-moment bulk scheme and modeled 3-D space for a
fog event related to the passage of a cyclonic system through
the Canadian Grand Banks region. The fact that the same re-
lationship is observed in these two very different modeling
experiments, whose primary similarity is that they contain a
fog event formed through cloud base lowering, lends weight
to the supposition that a trade-off exists outside of models. A
more detailed discussion of this phenomenon can be found
in Sect. 3.2.

Figure 3 shows that, over the parameter ranges tested in
this experiment, both fog formation likelihood and fog dura-
tion were least sensitive to the SST rate of change and most
sensitive to the geostrophic wind speed, making Na neither
the most nor least important factor. Geostrophic wind im-
pacted average fog formation likelihood by nearly a factor of
4, with over 95 % of simulations with 10 ms−1 geostrophic
wind forming fog while only 26 % of simulations with
15 ms−1 geostrophic wind did the same. Na, meanwhile, im-
pacted fog formation likelihood by a just under a factor of 2.
Additionally, geostrophic wind speed modified the response
of simulation fogginess to aerosol. The odds of fog forma-
tion and expected fog duration in the low wind cases were
not strongly impacted by aerosol concentration, deviating
from the high-wind cases in which higher aerosol concen-
trations strongly inhibited fog formation. The inverse is also
true, and aerosol concentration affected the response of fog to
geostrophic wind. Both fog formation likelihood and fog du-
ration were less sensitive to geostrophic wind at low aerosol
concentrations.

These initial results raise several questions. First, why is
it that increasing aerosol leads to increased liquid water path
and density of fog at the surface but decreases the likelihood
of fog formation and duration of fog in the model? Second,
what processes drive each of these trends? Do the same pro-
cesses simultaneously drive higher fog thickness and density
and lower fog duration and odds of formation, or are dif-
ferent processes responsible for each? Furthermore, are the
modeled processes that drive the response of fog to aerosol
primarily microphysical or thermodynamic? In the following
sections, we examine these questions.
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Figure 3. Relationships between Na and (a) the fraction of simulations that form fog at some time and (b) the mean fog duration including
non-foggy simulations with respect to Na averaged over different simulation subsets based on input parameter values. Panel (c) shows the
mean duration of foggy simulations with respect toNa for combinations ofwsub,Ug, and dTsurf in which the specified number of simulations
(continuously starting from the lowest Na) all formed fog.

3.2 The duration–density relationship

We first analyze the relationship between fog density and fog
duration. To more clearly show the duration–density relation-
ship, Fig. 4 shows the relationship with respect to each in-
put parameter, with larger points representing higher values
of each input parameter. For all background input variables,
longer mean fog duration is associated with higher max sur-
face CWC. This is not a surprise, as we would expect mete-
orological conditions that produce longer-lasting fog to tend
towards producing denser fog as well within the context of
this experiment. However, this is not the case for aerosol
concentration. As already discussed, we see a pronounced
trade-off between fog density and duration with respect to
aerosol that differs starkly from the relationship when only
external meteorological factors are varied. This contrast sug-
gests that the processes controlling the duration–density rela-
tionship for varying aerosol concentration are microphysical
rather than thermodynamic, which is to say that the relation-
ship does not act like a forcing condition.

We can also look at how the aerosol concentration in-
fluences the duration–density relationship for varying me-
teorology. Figure 5a shows best-fit lines of the relationship
between the square of fog duration and the maximum sur-
face CWC. Each line is the best-fit relationship for the up
to 125 experiments for each aerosol concentration (fewer
than 125 only if outlier simulations have been removed). The
squared duration was found to have a more linear relationship
with the maximum surface CWC than duration alone.1 The

1If we think of the diurnal cycle as forcing fog onset and dissipa-
tion, then different parts of the day are conducive to fog formation
and “densifying” (in this case the first half of the simulation cor-
responding to afternoon and night), or fog thinning and dissipation
(the morning). In a well-mixed layer, the rate at which cloud base
lowers prior to fog onset will be proportional to the rate at which
cloud becomes denser at a fixed height and will therefore also be
roughly proportional to the rate at which the fog becomes denser
after fog onset. This means that when conditions are more favor-

Figure 4. Mean fog duration over all non-outlier simulations (both
foggy and non-foggy) as a function of max surface CWC averaged
over each input parameter value. Point size represents the relative
value of each input parameter, with the largest points representing
Ug= 15 ms−1, wsub= 3.5 mms−1, SST rate of change= 2 Kd−1,
and Na= 1500 cm−3.

slopes of the best-fit lines show that the relationship between
squared duration and maximum surface CWC for varying
meteorological conditions is stronger for higher aerosol con-
centrations. In fact, there is essentially no relationship be-
tween fog duration and density when meteorological condi-
tions are varied for very low Na.

3.3 Aerosol influence on microphysical controls

One explanation for the decrease in fog duration with higher
aerosol concentration is presented in Fig. 5b. In our modeled
fog case, fog is sometimes present at the surface when rela-
tive humidity is less than 100 %. In Fig. 5b, the x axis shows

able to fog, not only will it form earlier, giving it more time to
densify before conditions become unfavorable to fog, it will also
become denser more rapidly during that time. The combined effect
of a longer time during which the fog becomes more dense and a
faster rate of densification tells us that peak fog density ought to be
roughly proportional to the square of fog duration.

Atmos. Chem. Phys., 25, 5433–5444, 2025 https://doi.org/10.5194/acp-25-5433-2025
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Figure 5. Panel (a) shows relationships between the square of fog duration (an assumed proxy for fog area) and max surface CWC during
the fog event. Trend lines are shown for each input value of aerosol content with the 95 % confidence interval shaded. Panel (b) shows the
maximum thickness of the subsaturated layer during fog and the cloud droplet deposition velocity in the lowest model level averaged for each
value of Na. The standard deviations of are shown for both axes. R2 values are shown for each Na listed in panel (a). Note the low R2 values
at low Na, which result from the weak overall relationship between squared fog duration and maximum surface fog density. Relative to
the overall simulation variability of fog density at the surface, the trend lines do a good job of describing the relationship between squared
duration and density at low Na.

the maximum thickness of the layer of subsaturated air with
CWC > 0.01 gkg−1 (which we define to be “cloudy” air) at
the bottom of the cloud during fog. It measures how high off
the ground the saturation level can be while fog is present
at the surface. A lower aerosol number concentration leads
to a much thicker (up to 100 m) layer of subsaturated cloud
because lower aerosol concentrations typically lead to larger
cloud droplets, which fall faster (Fig. 5b) and survive longer
in subsaturated air before evaporating. The greater maximum
thickness of the subsaturated layer while fog is present is not
primarily caused by a less moist boundary layer (not shown)
but is instead caused by aerosol concentration influencing
the distribution of liquid water within the near-surface layer.
Faster-falling droplets lead to a greater flux of liquid water
below the saturation level, while slower evaporation allows
droplets to persist longer in subsaturated air and continue
falling. Essentially, lower Na gives a stratus cloud the abil-
ity to reach down farther and touch the ground earlier and
for a longer period than it otherwise would. Such considera-
tions can then plausibly explain why model fog has a longer
duration at low aerosol concentrations.

However, we hypothesize that the higher fall speed of
larger droplets also acts to limit the density of the fog that
forms at ground level and that this limitation explains both
the weaker relationship between squared fog duration and
maximum 2 m cloud liquid water concentration when me-
teorological conditions are varied and the duration–density
trade-off when aerosol concentrations are varied. This hy-
pothesis can be at least qualitatively understood by consider-
ing a very simple conceptual model of the liquid water path
(LWP). The evolution of the LWP can be understood as a bal-
ance between the thermodynamic forcing for cloud growth
(Fthermo) and the loss of water due to deposition to the sur-

face. Fthermo includes all processes that lead to condensation
or evaporation of water in the cloud as well as large-scale
divergence. Surface deposition, neglecting turbulent contri-
butions, will be given by the gravitational settling rate of
droplets (vT) and the surface cloud water content. Combined,
we have
dLWP

dt
= Fthermo− vTCWCsurf. (2)

When the LWP is at its maximum, the tendency is zero and
CWCsurf is also maximized:

CWCsurf,max =
Fthermo

vT
. (3)

This equation clearly shows that if the thermodynamic forc-
ing is unchanged by the aerosol concentration (which is not
the case as we will discuss next), we expect lower maximum
modeled fog density for higher droplet fall speeds associated
with reduced aerosol concentrations. Furthermore, to a first
approximation, we expect that the (squared) modeled fog
duration is proportional to Fthermo given that stronger forc-
ing for cloud water formation ought to imply longer-lived
fog. As such, in order to see the modeled fog density and
duration scale together with a change in aerosol concentra-
tion, Fthermo would need to be more strongly dependent on
the aerosol concentration than vT is. Our simulations sug-
gest that this is not the case. Moreover, Eq. (2) tells us that
the relationship between fog density and duration (propor-
tional to Fthermo) for a given aerosol concentration (or droplet
size) and varying meteorology is given by a slope that is pro-
portional to v−1

T . That is, duration and fog density will be
more weakly related given varying meteorological conditions
when the droplet fall speed is high and aerosol concentration
is low.
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In summary, we see here that modeled meteorological con-
ditions have a reduced ability to modify the fog density when
the aerosol concentration is low and that meteorological con-
ditions are much more important for fog density when the
aerosol concentration is high. At low aerosol concentrations,
fog density at the surface is strongly controlled by the mi-
crophysical process of droplet settling. This settling causes
liquid water to fall below the saturation level, causing cloud
base to extend downward, but increases the rate of liquid wa-
ter deposition on the surface. The net effect of the higher
gravitational settling flux associated with low Na is greater
fog duration and reduced fog density at the surface. How-
ever, in this discussion, we have not examined any possible
influence of the aerosol concentration on the thermodynamic
forcing for fog. This is discussed next.

3.4 Aerosol influence on thermodynamic controls

In the previous section, we discussed how cloud droplets can
settle through a layer of subsaturated but cloudy air. This
layer allows the cloud to reach the surface earlier and more
often than it would if this layer were not present in the cloud.
However, this is not the only way that the larger, less numer-
ous cloud droplets associated with lower aerosol concentra-
tion can lead to increased likelihood of fog formation and
longer fog duration. Greater downward flux of liquid water
into subsaturated air has the corollary effect of opposing the
net upward transport of water vapor through the evaporation
of cloud droplets below cloud base. This increases the ver-
tical moisture gradient in the boundary layer and – all else
being equal – leads to greater relative humidity near the sur-
face (when the aerosol concentration is low). Additionally,
low aerosol concentrations can enhance fog formation by
suppressing entrainment. Entrainment warms and dries the
boundary layer, which means that more entrainment will tend
to suppress clouds and fog formation. A number of studies
have found a decrease in liquid water path associated with
increased aerosols in non-precipitating clouds, and several
mechanisms for this have been proposed involving changes
to cloud top evaporation, sedimentation, and radiation that all
lead to decreased entrainment for lower aerosol concentra-
tions (Bretherton et al., 2007; Ackerman et al., 2004; Wang
et al., 2003; Hill et al., 2008; Williams and Igel, 2021; Igel,
2024). Thus, lower aerosol concentrations and the resulting
larger and less numerous droplets decrease the rate of en-
trainment and can lead to increased liquid water path.

Figure 6 shows the impact of Na on boundary layer mois-
ture loss due to both entrainment and surface deposition for
the first half of the simulation. We choose the first half rather
than the entire simulation because it is most relevant to fog
formation. To isolate the impact of Na on moisture flux and
eliminate cases in which the cloud dissipated, we use only
background conditions in which all aerosol concentrations
led to fog formation and plot the difference in mean mois-
ture loss for each aerosol concentration relative to the mean

Figure 6. Impacts of Na on boundary layer moisture loss due to
entrainment and surface deposition relative to Na= 500 cm−3. The
dashed blue line represents the surface deposition of cloud droplets
only, and the dashed black line shows combined moisture loss due
to entrainment and cloud droplet deposition.

values for the aerosol base case of 500 cm−3. Positive values
indicate more moisture loss in the boundary layer.

Based on Fig. 6, we can see that higher aerosol concen-
trations tend to enhance moisture loss due to entrainment
and suppress moisture loss due to surface deposition. The
increased entrainment with higher aerosol concentration is
consistent with the previous studies cited above. Greater en-
trainment flux also increases the temperature of the bound-
ary layer, meaning that the thermodynamic response of the
boundary layer to decreased aerosol concentration due to
its impact on entrainment is favorable to fog. However, we
also see that there is greater net moisture loss at low aerosol
concentrations due to surface deposition, which is primarily
comprised of drizzle (defined as droplets with radius greater
than or equal to 40 µm). Although not directly comparable,
the difference in moisture loss across the range of aerosol
concentrations (about 50 g m-2) is consistent with the differ-
ences in LWP shown in Fig. 2. Despite the greater aerosol
concentrations being thermodynamically less favorable to
LWP and CWC, fog density is more strongly impacted by
surface deposition. In other words, the two terms in Eq. (2)
have opposite dependencies on the aerosol concentration and
our simulations suggest that the dependence of the settling
speed on aerosol concentration is greater.

In summary, so far, we have seen that modeled microphys-
ical changes (enhanced precipitation formation and faster
fall speeds) and thermodynamic changes (reduced entrain-
ment) at low aerosol concentrations compete with one an-
other to determine the relationship between aerosol concen-
tration and fog density. Our simulations suggest that the
microphysical changes dominate. However, these processes
work together to give rise to longer-lived (earlier-forming)
fog at low aerosol concentrations. Faster-falling droplets that
form more easily at low Na reach the surface faster, and
suppressed entrainment, while eventually being of less im-
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portance than precipitation enhancement for determining the
LWP, will favor earlier fog formation.

3.5 Relative importance of microphysical and
thermodynamic processes

To better understand the relative importance of thermody-
namics and microphysics in the relationship between aerosol
concentration and fog duration, we perform some addi-
tional analysis with alternative definitions of fog presence.
The default fog condition in our experiment is a CWC of
0.01 gkg−1 in the lowest model level. This fog identifica-
tion condition is sensitive to both proposed mechanisms and
notably allows fog to be present even if the air is subsatu-
rated. In an attempt to identify which mechanism or mech-
anisms are important for the simulated response of fog du-
ration to aerosol, we created two pseudo-fog onset condi-
tions. The first is simple and based on the relative humidity
at the 2 m level. When the relative humidity near the surface
reaches a threshold value of 99 %, it is considered fog. We
do not use RH= 100 % because too few simulations achieve
saturation at the 2 m level. This condition is still susceptible
to the impact of below-cloud evaporation, which can increase
relative humidity below cloud base. It is also sensitive to the
redistribution of moisture throughout the boundary layer by
any other means, like turbulence. To control for this as well,
we create a “mixed boundary layer” onset condition that cor-
rects for the potential redistribution of moisture within the
boundary layer and calculates what the relative humidity at
10 m would be if the boundary layer were well-mixed. To
find this, we calculate the mean liquid water potential tem-
perature and the density-weighted mean moisture (both liq-
uid and vapor) concentration for the boundary layer. Then,
we calculate what the relative humidity at 10 m would be if
its potential temperature and water vapor mixing ratio were
equal to these means to give us a relative humidity value
for the 10 m level if energy and water content were constant
with height within the boundary layer. We choose a threshold
value of 98 % as our fog condition to ensure that a reasonable
number of simulations “form” fog.

Figure 7 shows expected fog duration as a function of Na
for each of our three fog identification conditions. We see that
different relationships between our fog identification condi-
tions at different aerosol conditions indicate that different
proposed mechanisms for the relationship between aerosol
and fog duration dominate over different portions of our
aerosol concentration range.

At values of Na of ∼ 300 cm−3 and below, the three lines
diverge. The default CWC threshold shows fog enhance-
ment at the lowest concentration, while the 2 m RH condi-
tion shows a moderate fog reduction and the mixed bound-
ary layer fog condition shows a substantial reduction in fog,
which indicates that the microphysical processes are most
important for explaining the enhanced fog duration as aerosol
concentration decreases. We suspect that the relationship be-

Figure 7. Fog duration difference as a function of Na for the stan-
dard fog condition, the 2 m relative humidity fog condition, and
the mixed boundary layer fog condition. Shaded regions represent
95 % confidence intervals.

tween the mixed boundary layer fog condition and Na, as
well as the relationships between the three lines, can be pri-
marily explained by gravitational settling impacting both the
relative humidity profile and cloud water concentration pro-
file below the saturation level base.

Above Na ∼ 500 cm−3, the relationship between aerosol
and fog is not significantly impacted by the fog identifica-
tion condition. This indicates that entrainment is the most
important of our proposed physical mechanisms within this
range of aerosol concentrations. This explains the effect
shown in Fig. 3, where fog is much more sensitive to aerosol
when geostrophic wind is high compared to when it is low.
Higher wind speed increases turbulence in the boundary
layer through mechanical shearing, which in turn increases
entrainment. When geostrophic wind speed is low, leading to
weaker entrainment and mixing between the boundary layer
and free troposphere, then the impact of aerosol concen-
tration on entrainment is correspondingly weakened. High
geostrophic wind speed, on the other hand, both suppresses
fog and enhances the suppressive effect that high Na has on
fog overall.

4 Conclusions

Our study investigates the sensitivity of marine fog formed
through cloud base lowering to aerosols under different
meteorological conditions using PAFOG, a single-column
model with a 2-D spectral bin microphysics scheme, MIS-
TRA. Varying aerosol number concentrations from 100 to
1500 cm−3 changed the overall simulation fog duration by
about 60 %. Moreover, lower aerosol concentration led to
both lower fog density and longer-lived fog. These seem-
ingly paradoxical results were explored by examining both
microphysical and thermodynamic processes.

Lower aerosol concentrations lead to fewer, larger cloud
droplets that have a higher gravitational settling rate. This
higher gravitational settling rate enhances fog formation and
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duration by fluxing liquid water below cloud base. It also al-
lows for the formation of a substantial layer of subsaturated
but cloudy (CWC > 0.01 gkg−1) air. This is a microphys-
ical response that cannot be understood by examining the
thermodynamic properties of the boundary layer alone. That
said, lower aerosol concentrations also suppress entrainment
warming and drying, which makes fog thermodynamically
more favorable. At the beginning of the fog life cycle, these
processes support earlier fog formation. Which is more im-
portant may depend on the aerosol concentration, with the
microphysical responses being more important at low con-
centrations and the thermodynamic responses being more
important at high concentrations.

As the fog matures, the higher gravitational settling at
low aerosol concentration increases surface deposition. Sup-
pressed entrainment still favors an enhancement in fog den-
sity at low aerosol concentrations, but the rapid removal of
cloud water by surface deposition outweighs this thermo-
dynamic response. Overall the fog density is limited at low
aerosol concentrations. In addition, low aerosol concentra-
tion makes fog density much less sensitive to the environ-
mental conditions in which it forms.

The sensitivity of fog formation to aerosol concentra-
tion was dependent on the environmental conditions. Condi-
tions that support high entrainment rates, such as high wind
speeds, are substantially more susceptible to the aerosol con-
centration, likely as a result of the ability of aerosol concen-
tration to modify the entrainment rate.

One caveat to our result that low aerosol concentration in-
creases fog duration is that we used a cloud water threshold
to define fog rather than a more traditional definition based
on visibility. Visibility is greater for a given cloud water con-
tent when droplets are large, as is the case in low-aerosol con-
ditions. If we had used a visibility-based fog definition, the
duration sensitivity to aerosol concentration would not have
been as large. Another potential pitfall is this study’s reliance
on PAFOG. Though PAFOG has performed well in past stud-
ies (Kim and Yum, 2013; Kim et al., 2020b, a; Chen et
al., 2021) and demonstrated generally good agreement with
other SCMs in the Demistify intercomparison (Boutle et al.,
2022), it is just one model. Experiments using other models
could help validate these results, and observational work can
aid in the application of these findings to real-world contexts.
Despite these qualifications, our observation of two compet-
ing mechanisms that drive the response to aerosol and mul-
tiple fog–aerosol response regimes that can be modulated by
meteorological conditions in this experiment highlights the
importance of studying the response of fog to microphysics
under a variety of circumstances.
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