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Abstract
A large-eddy simulation model is coupled with a Lagrangian cloud model to study marine
fog. In this model, aerosols and droplets are treated from a Lagrangian frame of reference,
in contrast to the traditional bulk and bin microphysical models. Droplet growth via con-
densation is governed by Köhler theory and environmental conditions local to the droplet.
Coupling to the vapour and temperature fields of the flow ensures mass, momentum, and
energy conservation between the air and droplet phases. Based on the recent C-FOG field
campaign, a simulation is performedwhich highlights the benefits and potential of this type of
model. By initializing the simulation with the measured aerosol size distribution and making
assumptions about the chemical composition of the multiple peaks, the simulations provide
a clear explanation for the observed bimodal droplet distribution during C-FOG: high super-
saturation levels cause condensational growth of nearly all coarse-mode aerosols (presumed
to be composed of marine salt), as well as a large number of accumulation model aerosols
(presumed to be of continental origin with a lower hygroscopicity). The largest peak in the
resulting droplet distribution is created from coarse-mode aerosols with high hygroscopicity,
while the secondary peak is only possible due to the limited impact of the largest peak on
saturation levels inside the fog. Thus, for the simulated levels of supersaturation, it is the
limited number of coarse-mode aerosols which is responsible for the emergence of a larger
second peak.

Keywords Fog · Large-eddy simulation · Lagrangian cloud model

1 Introduction

Recently, significant advances have been made in the development of so-called Lagrangian
cloud models (LCMs), where parcels of cloud droplets are tracked from a Lagrangian per-
spective and interact with their local environment as they are advected throughout the domain
(Andrejczuk et al. 2008; Shima et al. 2009; Sölch andKärcher 2010; Riechelmann et al. 2012;
Hoffmann et al. 2015). This is in contrast to the more traditional Eulerian cloud modelling
approaches, including both bulk and spectral-bin microphysical models (Khain et al. 2015),
where cloud droplet properties are stored on the computational grid and Eulerian equations
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are solved for their evolution in time at each grid point. The LCM approach has several key
advantages over the Eulerian representation (Grabowski et al. 2019; Morrison et al. 2020),
and numerically represents cloud physics in a more natural framework since microphysical
processes are ultimately the end result of discrete droplets moving and evolving throughout
a turbulent atmosphere.

As such, the LCM approach can seamlessly account for changes in the droplet size dis-
tribution (DSD), since the droplet collections (often referred to as “superdroplets”; Shima
et al. 2009) are treated individually. As long as there are a sufficient number of computa-
tional superdroplets to represent and sample the full DSD, and as long as sufficiently accurate
subgrid and collision-coalescence models are employed, the LCM provides an ideal tool for
investigating the evolution of DSDs in various atmospheric environments. This inherently
includes the process of droplet activation, since the superdroplets can individually grow if
local supersaturations exceed the critical value for any particular droplet. In contrast, bulk
microphysical approaches (e.g.,Morrison et al. 2005), used for their computational efficiency,
must a priori assume a DSD within each hydrometeor category, and thus are typically unable
to represent DSD features such as bimodality (Korolev 1994). In these schemes, droplet
activation is not resolved and assumptions are made regarding cloud condensation nuclei
(CCN) availability. Furthermore, spectral-bin approaches, which discretize the droplet spec-
trum into a specified number of classes (and thus can represent the evolution of DSDs), can
suffer from numerical discretization errors which stem from their Eulerian representation.
Recently,Morrison et al. (2018) demonstrated that numerical diffusion in spectral-binmodels
causes an artificial broadening of the DSD, which can be erroneously interpreted as a genuine
physical effect. The Lagrangian discretization suffers from no such numerical diffusion. The
LCM approach also offers detailed information on the time history of Lagrangian parcels,
and can provide a view of the lifecycle, including droplet activation, diffusional growth, col-
lision/coalescence, and sedimentation that is simply unavailable using Eulerian approaches.
Moreover, the dynamic coupling between the superdroplets and surrounding flow naturally
takes into account two-way exchanges of heat and moisture, thereby avoiding the need for
artificially removing all supersaturation during each model timestep as done in bulk model
implementations (see discussion in Thouron et al. 2012).

While the LCM approach is certainly not at a stage where it can be used in applications
such as operational numerical weather prediction, it is a technique well suited for better
understanding and constraining processes which continue to plague bulk models. Noh et al.
(2018) for instance use an LCM to calculate certain bulk model coefficients in the context
of shallow cumulus clouds. Shima et al. (2009), while introducing the superdroplet con-
cept of having each Lagrangian droplet in the model represent a parcel of many droplets
with the same properties, demonstrate that the LCM approach can be used to understand
collision-coalescence in cloudy environments. Unterstrasser et al. (2017) likewise use the
LCM framework as a testbed for multiple collision kernels and critically evaluate their algo-
rithmic implementations. And while it has long been recognized that turbulence must play
a role in accelerating DSD broadening to achieve realistic rain formation rates (Shaw 2003;
Grabowski and Wang 2012), the LCM approach coupled to direct numerical simulation
(DNS) or large-eddy simulation (LES) offers a means for better quantifying and modelling
this process at coarser scales (Hoffmann et al. 2017), including the investigation of processes
like the so-called “eddy hopping”mechanism (Grabowski and Abade 2017). Finally, the very
recent work of Schwenkel and Maronga (2020) applies the LCM approach to fog, as is done
in this study, and demonstrates the clear differences between using LCM and bulk models. In
several specific respects, the LCM provides more realistic fog evolution owing to the more
physically-based treatment of gravitational settling and CCN activation.

123



A Lagrangian Cloud Model for the Study of Marine Fog 525

In this work, we combine the LCM approach with LES for representing marine fog
conditions encountered during the recent C-FOG campaign (Fernando et al. 2020). In our
companion study, Wainwright and Richter (2020) explore the sensitivities associated with
representing marine fog using LES and the single-moment bulk microphysical scheme of
Morrison et al. (2005)—a similar approach to other LES studies of fog (Nakanishi 2000;
Maronga and Bosveld 2017). Changes in model variables, in particular the droplet number
concentration assumed in the microphysical scheme, are found to cause significant changes
to the resulting fog properties. Thus in the present work, we explore the feasibility of using
the LCM approach for investigating marine fog, and highlight the practical and scientific
advantages to using such a framework.

2 Model Set-up

2.1 Large Eddy SimulationModel

Themodel used is theNationalCenter forAtmosphericResearchTurbulencewithLagrangian
Particle (NTLP) model (Sweet et al. 2018), whose foundation is the LES code of Moeng
(1984), Sullivan et al. (1994), and Sullivan and Patton (2011). The LES component uses
a low-storage, third-order Runge–Kutta (RK3) scheme (Spalart et al. 1991) to solve the
filtered, incompressible Navier–Stokes equations under the Boussinesq approximation for
mass, momentum, and energy conservation

∇ · u = 0, (1)
∂u
∂t

+ u · ∇u = −f × (
u − Ug

) − ∇π + k̂
g

θ0
θv − ∇ · T + Sm, (2)

∂θ

∂t
+ u · ∇θ = −∇ · � +

(
P

P0

)Rd/cp,a

(ST + Srad) , (3)

∂qv

∂t
+ u · ∇qv = −∇ · Q + Sv, (4)

where u is the filtered velocity vector, θ is the filtered potential temperature, and qv is the
filtered water vapour mixing ratio, defined as qv = ρv/ρa where ρv is the local (variable)
water vapour density (or absolute humidity) and ρa is the constant density of dry air. Fur-
thermore, f = f k̂ where f = 1× 10−4 s−1 is the Coriolis parameter and k̂ is the unit vector
in the vertical (z) direction; Ug = [

Ug, Vg
]
is the applied geostrophic wind vector; π is a

pressure variable whose Poisson equation enforces incompressibility; g is the acceleration
due to gravity; θ0 = 273 K is a reference temperature; P and P0 are the hydrostatic pressure
and a reference pressure, respectively, defined as P = P0 − ρagz and P0 = 1013.25 hPa;
Rd and cp,a are the gas constant and specific heat of dry air, respectively, and are defined in
Table 1 below.

In Eqs. 1–4, the terms T, �, and Q refer to the subgrid fluxes of momentum, poten-
tial temperature, and water vapour, respectively, and are calculated based on the model of
Deardorff (1980), which solves an additional prognostic equation for subgrid energy e; for
additional details seeMoeng (1984) or Sullivan et al. (1994). The terms ST and Sv refer to the
sources of heat and water vapour due to the Lagrangian droplets. The mathematical expres-
sions for these quantities are provided in a subsequent section, but they physically represent
mass and energy exchange between the gas and liquid phases as the droplets change size and
temperature due to their local environment. Likewise, the source Sm represents momentum
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conservation between the air and the droplets, and as such implicitly accounts for sinking
tendencies owing to cloudy air. Finally, the source Srad in the heat equation (to be defined
below) is the longwave radiative source due to the presence of the droplets.

2.2 Superdroplet Model

2.2.1 Evolution Equations

The NTLP model is equipped with individual droplet physics based on the microphysical
formulations described in Pruppacher and Klett (1997) and elsewhere. Additional details of
the NTLP numerical implementation can be found in Helgans and Richter (2016), but those
pertaining specifically to the LCMmodel are provided here. The primary difference between
the present study and previous uses of the NTLP model (Peng and Richter 2017, 2019;
Sweet et al. 2018) is that the current work implements the superdroplet method of Shima
et al. (2009), allowing the i th numerical particle (i.e., the superdroplet) to represent a cluster
of droplets, with the superdroplet multiplicity ξ i indicating the number of droplets contained
within. Thus the total number of aerosols/droplets in the entire computational domain is

the sum Ntotal = ∑Np
i=1 ξ i , where Np is the number of superdroplets. In the limit of infinite

computational power, the multiplicity would approach unity (i.e., every particle in the system
would be represented individually), but the total number of superdroplets is roughly limited
to Np ∼ O(106) for practical purposes in the present study.

Following the framework of Shima et al. (2009), the droplets represented by each super-
droplet possess a common position xip, radius r

i
p, temperature T i

p , velocity vip, solute mass

mi
s, and hygroscopicity κ i . At each timestep, the NTLP code solves the Lagrangian equations

governing momentum, mass, and energy conservation for each of the i th superdroplets:

dxip
dt

= vip, (5)

dvip
dt

= 1

τp

(
uf − vip

)
− gk̂, (6)

drip
dt

= 1

9

Sh p

Sc

ρp

ρw

r ip
τp

(qf − q∗) , (7)

dT i
p

dt
= −1

3

Nup

Pr

cp,a
cL

ρp

ρw

1

τp

(
T i
p − Tf

)
+ 3Lv

1

r ipcL

drip
dt

, (8)

while the solute mass mi
s and hygroscopicity κ i of each superdroplet are assumed constant

in the current study, and specified via initial conditions (to be described below). In Eqs. 5–
8, the local air velocity uf , specific humidity q f , and temperature Tf are calculated at the
superdroplet location via sixth-order Lagrange interpolation from the LES grid. The gravi-
tational acceleration g only acts in the vertical direction (k̂). The droplet Stokes time scale,
τp = 2ρpr i

2

p / (9νaρa), is a measure of droplet inertia and indicates the time in which a
droplet can adjust to the local air velocity. In addition to these quantities, Eqs. 5–8 contain a
number of material properties and nondimensional parameters which are defined in Table 1.
In particular, Eqs. 7 and 8 include the Sherwood (Shp) and Nusselet (Nup) numbers, which
account for ventilation effects in droplet vapour and mass transfer from the droplet surface,
as well as the Schmidt (Sc) and Prandtl (Pr ) numbers, which specify the vapour and tem-
perature diffusivities. In this study, we apply a simple random subgrid fluctuation to the

123



A Lagrangian Cloud Model for the Study of Marine Fog 527

Table 1 Model parameters

Symbol Description Value/expression

νa Kinematic viscosity of air 1.57 × 10−5 m2 s−1

ρa Density of dry air 1.2 kg m−3

ρw Density of pure water 1000 kg m−3

ρp Density of droplet (inc. solute) Variable

cp,a Sp. heat of air at const. press. 1006 J (kg K)−1

cp,v Sp. heat of water vapour at const. press. 1952 J (kg K)−1

cL Specific heat of liquid water 4179 J (kg K)−1

Lv Latent heat of vapourization 2.44 × 106J kg
−1

Rd Gas constant of dry air 287 J (kg K)−1

Ru Universal gas constant 8.314 J (mol K)−1

Mw Molecular weight of water 0.018 kg mol−1

Ms Molecular weight of solute 0.0584 kg mol−1

σ Air–water surface tension 7.28 × 10−2 N m−1

Sc Dimensionless Schmidt number 0.615

Pr Dimensionless Prandtl number 0.71

Sh p Dimensionless Sherwood number Shp = 2 + 0.6Rep1/2Sc1/3

Nu p Dimensionless Nusselt number Nup = 2 + 0.6Rep1/2Pr1/3

Rep Droplet Reynolds number Rep = 2r ip|vip − uf |/νa

particle position at each timestep that is based on the LES eddy diffusivity (Park et al. 2020),
but we do not implement subgrid fluctuations on the interpolated thermodynamic quantities
(e.g., temperature and water vapour) due to the high resolution of the LES field. The more
sophisticated subgrid dispersion model of Weil et al. (2004) has also been implemented in
the code, however tests have indicated that the inclusion of either subgrid model has a very
small effect in the current configuration.

An important quantity in Eq. 7 is q∗, which represents the specific humidity at the droplet
surface.As iswell known inKöhler theory (Rogers andYau1996;Pruppacher andKlett 1997),
droplet surface curvature and a dissolved solutemodify the surface vapour pressure fromwhat
would be expected at a flat air–water interface. This is encapsulated in our formulation for
q∗

q∗ = Mw

RuT i
pρa

es exp

[
LvMw

Ru

(
1

Tf
− 1

T i
p

)

+ 2Mwσ

Ruρwr ipT
i
p

− I�smi
s (Mw/Ms)

ρw4πr i
3
p /3

]

, (9)

where σ is the air–water surface tension, I = 2 is the number of disassociated ions, and �s

is an osmotic coefficient. Furthermore, es is the saturation vapour pressure evaluated at Tf ;
we use a modified version of the Magnus relation given by Alduchov and Eskridge (1996).

The last term in Eq. 9 reflects the solute effect on the droplet surface vapour pressure,
and the solute composition determines the parameters I , �s , and Ms . Recently, Petters and
Kreidenweis (2007) developed a simpler, single-parameter hygroscopicity model (known
as κ-Köhler theory) which combines the effects of these solute parameters into a single
hygroscopicity parameter κ .We have adopted this single-parameter formulation in ourmodel
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by assigning to each superdroplet its own specific, constant hygroscopicity κ i , but in the
framework of Eq. 9. In practice, this means we choose I and Ms to be constant values
associated with marine salt (recognizing that this choice is arbitrary), and choose�s as a free
parameter which sets a desired value of κ i . There is a one-to-one correspondence between our
parameter �s and the formulation of κ in Petters and Kreidenweis (2007) which makes this
unambiguous. As emphasized by Jensen and Nugent (2017), this solute effect on the droplet
diffusional growth can be significant, and its explicit treatment in the LCM framework is an
advantage over more traditional microphysical models.

Overall, the solution to Eqs. 5–8 yields the time evolution of position, velocity, size, and
temperature as the droplets are carried throughout the domain. An additional computational
consideration, however, is that the time scales associated with droplet evolution are very
fast compared to those related to the turbulent flow resolved by LES (Andreas 1990; Veron
2015). Thus if Eqs. 5–8 were integrated explicitly in time using the same RK3 scheme as the
LES, the timestep would be consequently limited to �t ∼ O(10−4 s)—clearly too severe
a limitation for simulations meant to investigate fog evolution for up to 12h. As a result,
Eqs. 5–8 are solved implicitly in time, using a traditional backwards Euler integration scheme.
This method requires solving a nonlinear, coupled system of equations for the superdroplet
position, temperature, and radius at each timestep, and this is achieved through a combined
application of Newton–Raphson and Levenberg–Marquart iterations. We note that in many
cloud studies, an equation for droplet temperature is not solved explicitly (e.g., Vaillancourt
et al. 2002) since it adjusts so rapidly, but here we retain it for completeness, particularly for
situations when the droplet temperature is not necessarily equal to its surroundings.

2.2.2 Collision/Coalescence

Finally, the framework of Shima et al. (2009) outlines a probablistic algorithm for incorpo-
rating droplet collision/coalescence, which is done by modifying the droplet radius r ip, solute

mass mi
s, and multiplicity ξ i of both interacting superdroplets according to rules of mass

conservation. Briefly, particles within a certain region (Shima et al. 2009 choose the Eulerian
grid cell; we define a volume V independent of the LES grid) are subjected to a probability
of collision

Pjk = E
(
r j
p , rkp

)
π

(
r j
p + r ip

)2 |v j
p − vkp|

�t

V
, (10)

where j and k refer to two different superdroplets, and E
(
r j
p , rkp

)
refers to a collision

efficiency to be specified (e.g., Hall 1980). Note that by using the full velocity difference in
Eq. 10, we include potential effects of turbulence in addition to differential settling.

While this collision/coalescence algorithm has been implemented into the NTLP model
and validated against the analytical Golovin (1963) solution, for the current study we have
chosen not to use it. The reason for this is that while updating the droplet radii and mul-
tiplicities is based on liquid water mass conservation, the interaction of superdroplets with
differing hygroscopicities κ j and κk results in a less straightforward rule for the hygroscop-
icities after collision. Additionally, we have conducted tests with uniform hygroscopicity
with collision/coalescence active, and found that for the fog conditions investigated herein,
droplet collisions play no discernable role in the evolution of the fog. Furthermore, the largest
droplets in the system rarely exceed a radius of 20 µm, making droplet collisions unlikely.
The LCMwork of Schwenkel andMaronga (2020) makes the same approximation. For these
reasons we choose to apply more realistic values of κ i at the expense of including droplet
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collision/coalescence since its effect is much more pertinent to fog dynamics, as seen below.
A point of ongoing research is including hygroscopicity into the collision algorithm, using
for example the simple mixing rule noted in Petters and Kreidenweis (2007).

2.3 Coupling

2.3.1 Vapour and Thermal Coupling

The two-way coupling ofmomentum, energy, andwatermass is enforced in theNTLPmodel.
Any momentum, energy, or mass gained/lost by a superdroplet residing within an LES grid
cell is accounted for in the Eulerian fields of air velocity, potential temperature, and water
vapour, respectively. The expressions for the source terms Sm, ST, and Sv are given below in

terms of the droplet mass mi
p = 4πρpr i

3

p /3 and its rate of change ṁi = dmi
p

dt = 4πr i
2

p ρw
dr ip
dt

Sm = −
Nβ∑

β=1

wβ

�V
ξβ

(

mβ
p
dvβ

p

dt
+ ṁβvβ

p

)

, (11)

ST = −
Nβ∑

β=1

wβ

�V
ξβ

(
−1

3

Nup

Pr

cp,a
cL

ρp

ρw

1

τp

(
T β
p − Tf

)
+ ṁβ

(
cp,vTf − cp,vT

β
p

))
(12)

Sv = −
Nβ∑

β=1

wβ

�V
ξβ

(
ṁβ

ρa

)
. (13)

In Eqs. 11–13, the summations are over all superdroplets Nβ which reside in the LES grid
cell of volume �V . The factor wβ is a linear weight according to the proximity of the
superdroplet to the nearest grid point. Thus each LES grid cell sums over all contributions
from the droplets contained within each nearby superdroplet.

2.3.2 Radiation

In addition to the direct coupling terms, the presence of fog and clouds also influences the
air properties via Srad—the net longwave radiative source due to the droplets. Following
previous work on stratocumulus clouds which clearly shows the importance of longwave
radiation effects on cloud-top entrainment and mixing (de Lozar andMellado 2015; Mellado
2017), we implement a similar longwave parametrization to that of Mellado et al. (2018)
which uses the simplified formulation developed by Larson et al. (2007). The longwave
model is column-based, and uses the horizontally-averaged cloud properties. It is based on
the upward-looking liquid water path

LWP(z) =
∫ z∞

z
ρa 〈ql〉 dz′, (14)

where ql is the total liquid water mixing ratio as a function of height, and the angle brackets
refer to a horizontal average over the LES domain. The upper limit of the integral, z∞, is
effectively the top of the domain. From the liquid water path, the formulation of Larson et al.
(2007) yields the resulting radiation source

Srad = d

dz

[
Fr,cte

−κradLW P(z) + Fr,cbe
−κrad(LWP (0)−LWP (z))

]
. (15)
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In Eq. 15, Fr,ct and Fr,cb refer to prescribed constants that physically represent the net
upward longwave radiative flux at the cloud top and cloud base, respectively. The constant
κrad represents absorptivity. In the current study, which focuses on fog developing at the
surface, we set Fr,cb = 0. Guided by the values found by Larson et al. (2007) for their
stratocumulus case, we set Fr,ct = 60 W m−2 and κrad = 120 m2 kg−1. An alternative
approach to treating longwave radiation would be to instead account for it in the droplet
temperature equation (Eq. 8), however this would require the extra complexities associated
with describing radiative heat transfer on a per-droplet basis. We instead choose to retain a
formulation as used in most Eulerian bin and bulk models.

2.4 Numerical Set-up

2.4.1 LES Set-up

The LES domain is similar to that ofWainwright and Richter (2020). The horizontal extent in
the streamwise x and spanwise y directions are Lx = 128 m and Ly = 128 m, respectively.
The vertical extent of the domain is Lz = 128 m, which is smaller than in typical boundary-
layerLES studies but appropriate for the shallowadvection fog layerwhich develops under the
stable conditions described below.The grid spacing in the horizontal directions is [�x,�y] =
[1 m, 1 m], resulting in a grid size of

[
Nx , Ny

] = [128, 128]. In the vertical direction,
Nz = 128 grid points are stretched in the vertical, ranging between �z = 0.1 m at the lower
surface to �z = 6 m at the domain top.

As in Wainwright and Richter (2020) we configure the simulation to represent advection
fog, where a parcel of saturated, warm air suddenly encounters a lower sea-surface temper-
ature (SST). This is accomplished by letting the turbulence spin up for 1h while in thermal
equilibrium with water surface, and then dropping the SST by 2 K, thereby mimicking the
process of a saturated air mass in equilibrium with the lower surface abruptly being trans-
ported over cooler waters. Initially the SST is set to 284 K, and at 1h is dropped to 282 K. The
flow is forced with a constant geostrophic wind velocity with componentsUg = 4 m s−1 and
Vg = 0. An initial thermodynamic profile is constructed based qualitatively on conditions
encountered on the C-FOG campaign—i.e., slightly stable stratification at near saturation
capped with a shallow inversion layer—and is presented in Fig. 1a.

For the LES, the boundary conditions are as follows. Periodicity is enforced in the x and
y directions. At the upper boundary (z = Lz), a no-flux condition is applied for momen-
tum, energy, and water vapour. At the lower surface, Monin–Obukhov similarity theory is
employed to calculate surface fluxes with a roughness length of z0 = 3.2 × 10−5 m. A uni-
form SST is used as described above, and qv is fixed based on the SST such that the surface
is always at 100% saturation.

2.4.2 Droplets and Aerosols

For the fog droplets and aerosols, superdroplets are distributed randomly throughout the entire
domain at t = 0. Since the initial humidity field is below saturation throughout the entire
domain, the initial superdroplets begin unactivated, and only activate as local supersaturation
fluctuations exceed their critical value as the simulation evolves. In order to specify their
initial size, composition, and solute mass, we use data from a fog event encountered during
the C-FOG cruise, which characterizes the dry aerosol size distribution (see the green line in
Fig. 1b). As is commonly observed, the distribution of dry aerosol diameter da is bimodal,
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Fig. 1 a The initial profiles of potential temperature θ (black) and water vapour mixing ratio qv (blue); b
The initial probability density function (PDF) of the dry aerosol diameter da as calculated by Eq. 16 (black)
compared to data collected during the C-FOG campaign (green); c PDF of critical supersaturation values for
the dry aerosol spectrum shown in b; d PDF of the critical diameter corresponding to b and c

with peaks centred roughly at da ≈ 0.1 µm and da ≈ 1 µm. We interpret these as the peaks
of the accumulation and coarse aerosol modes, respectively, and accordingly model this dry
aerosol size distribution Pa,init as the sum of two lognormal probability density functions
(PDFs)

Pa,init(da) = 1

1 + γ

1

Sada
√
2π

exp

(
− (ln(da) − Ma)

2

2S2a

)

+ γ

1 + γ

1

Scda
√
2π

exp

(
− (ln(da) − Mc)

2

2S2c

)

. (16)

The parameters Ma = −1.95, Sa = 0.5, Mc = 0, and Sc = 0.45 specify the location and
width of the accumulation and coarse-mode peaks, respectively, and the parameter γ = 0.02
is a multiplicative factor which reduces the probability of coarse-mode aerosols relative to
that of the accumulation mode. These parameters were chosen to match the initial LCM
distribution with the conditions found during the C-FOG event.
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At the initialization of the simulation, each of the Np superdroplets draws a dry aerosol size
da from the distribution Pa,init . In practice, this is done byusing the factorγ to probabilistically
determine whether the superdroplet will be from the accumulation or coarse-mode regime,
and then once this is decided, the dry diameter da is drawn from the lognormal distribution
associatedwith thatmode. This is done by comparing a uniformly distributed randomnumber
with the cumulative distribution of the respective lognormal distribution. As these are the
dry diameters, this effectively determines the solute mass mi

s of this superdroplet, assuming
a solute density of ρs = 2000 kg m−3. With mi

s, Eq. 9 is then used to hydrate this aerosol
to the ambient humidity of the initial condition. This final size provides the initial condition
on r ip for each of the Np superdroplets. The initial superdroplet temperature T i

p is set to the
ambient temperature.

A significant advantage of using the LCM approach for the fog microphysics is that each
superdroplet possesses its own solute mass—in this case chosen from a specified distribu-
tion. In addition, we can also assign each superdroplet its own hygroscopicity κ i as well.
Over the ocean, with the exception of extremely remote areas, the accumulation mode is
often anthropogenic in origin, while the coarse-mode is often composed primarily of marine
salt (Zhang et al. 2014). For the present simulations, this dichotomy is captured in a simple
way by setting all hygroscopicities from the accumulation mode to κ i = 0.6, and all hygro-
scopicities from the coarse-mode to κ i = 1.2, reflecting rough estimates of continental and
marine values, respectively (Petters and Kreidenweis 2007). In Fig. 1c, d, the PDFs of the
critical supersaturation and critical diameter, respectively, are shown for both the coarse and
accumulation mode distributions. Due to the larger hygroscopicity, the coarse-mode aerosols
have a much lower critical supersaturation, as well as critical diameters which can approach
tens or even hundreds of micron in size.

Finally, based on data collected during the C-FOG campaign, we assign an initial bulk
number concentration Nc = 800 cm−3 for the total number of accumulation and coarse-
mode aerosols in the domain. For a particular choice of Np (discussed below), this sets the
multiplicity ξ i for each superdroplet.

From the Lagrangian perspective, the superdroplet number Np plays the same role as
grid resolution in the Eulerian solver: in the limit of very high Np, the aerosol solution is
“exact” in the sense that every aerosol in the domain would be resolved. In practice, however,
computational resources limit this number. According to Shima et al. (2009), a choice Np

should provide O(100) superdroplets in each of the Eulerian grid cells, since this would be
adequate for representing the full DSD at each of the LES grid nodes. In the present work,
this would require Np = O(108) superdroplets. Owing to the very high spatial resolution
of the LES grid, as well as the large computational expense of this many superdroplets,
we choose Np = 106, with ongoing work to both quantify the sensitivity of the results to
Np as well as boost computational efficiency [e.g., our efforts on porting the superdroplet
calculation to graphical processing units (GPUs) are introduced in Sweet et al. 2018]. By
comparison, the LCM fog study of Schwenkel and Maronga (2020) uses a much larger value
of Np = 7×108 on a somewhat coarser grid. In the present study, themultiplicity of the coarse
and accumulation mode aerosols are chosen to be different, since there is an abundance of
accumulation mode particles relative to coarse-mode particles and it was deemed inefficient
to assign the Np superdroplets evenly across the entire DSD. Themultiplicity of coarse-mode
superdroplets is 200 times lower than those of the accumulation mode, and as a result the
coarse-mode peak is better resolved. A consequence of this, however, is that the bulk number
concentration increases in time since coarse-mode aerosols are more prone to sedimentation;
over the course of the simulations presented below, the bulk number concentration increases
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by roughly a factor of two, but the vast majority of these extra aerosols are unactivated
accumulation mode aerosols (discussed below).

Regarding boundary conditions for the droplets/aerosols. A no-flux condition is imposed
at the upper boundary. At the bottom of the domain, droplets that hit the water surface are
removed from the simulation, and a new superdroplet is immediately introduced randomly
in the domain according to the same procedure for initialization. This maintains a constant
number of superdroplets in the simulation throughout the entire duration so that certain
statistics are quasi-steady-state.

2.4.3 Timestep of the Simulation

Finally, one last note must be included regarding the simulation timestep �t . The Eulerian
solver is limited by the Courant–Friedrichs–Lewy (CFL) condition since the advection term
is solved explicitly. As noted above, the droplet evolution equations, which would normally
be restricted to the small thermodynamic time scales of the droplet (related to τp), are solved
implicitly so that larger timesteps can be employed. There is one final restriction, however,
which results from the coupling terms Sm, ST, and Sv, and is related to the so-called cloud
or phase relaxation time scale τc ∝ Ñ−1

c r−1
p (Squires 1952), where Ñc is the local number

concentration and rp the local mean radius within an LES grid cell. Physically, τc represents
the rate at which the local droplet population can respond to changes in supersaturation.
Numerically, the timestep must then be limited by τc since a larger �t could result in more
moisture being removed than is available at certain locationswithin the flow. This is a problem
which was analyzed in detail by Árnason and Brown (1971), and is generally true for any
explicit time-stepping scheme. Thus for the present simulations the timestep is chosen as the
minimum between that determined by the CFL condition and τc/15.

3 Results

Since the overall purpose of this work is to describe the LES–LCM approach and its applica-
tion to marine fog, the results below are primarily demonstrative, illustrating that the method
indeed captures realistic features of marine fog, while also providing physical insight and
explanationwhichmay be impossible to retrievewithmore traditional microphysical models.

Figure 2 provides an instantaneous shapshot of the combined LES–LCM model. The
background fields show a slice of local supersaturation, while the dots represent superdroplets
within a 1-m slab of the background slice. The size of the dots is exaggerated, but their size
and shading are selected to highlight the differences in droplet size throughout the domain. In
particular, it is clear that within the fog layer (below 30 m), droplets are significantly larger
than those above. Moreover, within the fog itself, fluctuations of supersaturation (up to 0.4%)
are qualitatively seen to yield a broad size range; large droplets are seen to exist in regions
of high supersaturation, while regions of zero or negative supersaturation correspondingly
contain small droplets. Figure 2 thus provides visual evidence suggesting the process of
stochastic condensation (Cooper 1989; Sardina et al. 2015; Chandrakar et al. 2016), where
DSD broadening occurs in the absence of collision-coalesence due to random turbulent
fluctuations in local supersaturation. This DSD broadening is shown in Fig. 4 below.

To characterize the overall development of the fog in the set-up described above, Fig. 3
displays multiple horizontally-averaged quantities of the fog as it develops over time and
height. The SST is decreased at t = 1 h, and in this particular case the fog takes nearly 5
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Fig. 2 The background field of supersaturation (red) with the superdroplets overlaid (grey) for a a horizontal
slice at z = 20 m and b a vertical slice from the centre of the domain at y = 64 m. All superdroplets within 1
m of each slice are shown, and their relative size is representative of the droplet diameter

h to develop after this point. Figure 3a shows the total liquid water mixing ratio ql, which
continues to thicken until the maximum time of the simulation. Defining the fog with a
threshold of ql = 0.01 g kg−1 (as in Maronga and Bosveld 2017; Wainwright and Richter
2020), the white dashed lines outline its extent. As the fog develops, Fig. 3b shows that
the total number concentration Nc evolves from being spatially uniform at t = 0 to having
regions of high and low concentration (note that Nc includes all particles, regardless of size
and activation state). In particular, after the onset of the fog, a layer of high Nc develops near
the fog top where the combination of elevated turbulence levels and dry air entrainment (and
consequent droplet size reduction and/or deactivation) act to trap droplets in this location.We
speculate that the settling of aerosols from the elevated, quiescent regions of the domain into
the shear-generated turbulence at the fog top results in a build-up of number concentration as
the effective sedimentation rate is diminished through the turbulence, and is not a numerical
artifact.

Near the lower surface, the number concentration is lower, and Fig. 3c indicates that this
is at least partially due to the relatively large mean droplet radius. Here, the mean droplet
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radius exceeds 10 µm, but this rapidly diminishes with height throughout the entire duration
of the fog. This is consistent with the idea that larger droplets settle more quickly than small
ones, thereby increasing the average size while lowering the relative number concentration
near the surface (Lewis and Schwartz 2004). Furthermore, the entrainment of relatively dry
air from above into the fog layer leads to evaporation and thus generally smaller droplets near
the top. Finally, Fig. 3d demonstrates one of the key features of the LCM: as the fog develops,
a non-zero mean supersaturation can be maintained, which can approach 0.1%, with larger
fluctuations as seen in Fig. 2. This value is almost certainly a function of the hygroscopic
properties of the underlying aerosols as well as the background number concentration, and is
slightly higher than typical values found in continental fog (for example Gerber 1991; Shen
et al. 2018; Mazoyer et al. 2019). It is also a function of the superdroplet number Np and its
ratio to the number of grid points. As noted above, the ratio here isO(1), but would ideally be
higher (Shima et al. 2009). With a higher ratio the supersaturation fluctuations would likely
decrease, and this has been observed in test runs with 10x the value of Np (which could only
be run for a short duration due to computational expense), where the mean supersaturation
reduced to roughly 0.06%. Furthermore, we note that other microphysical models, most
notably some bulk schemes, remove all excess supersaturation at every timestep, though
efforts have been made to investigate and alleviate this issue (e.g., Thouron et al. 2012;
Boutle et al. 2018) and others have been modified to explicitly calculate supersaturation
(Morrison and Grabowski 2008). The various quantities plotted in Fig. 3 also show evidence
of large, infrequent, quasi-periodic, entrainment events, which result from coherent structures
that occasionally form and dissipate. These are also seen in Wainwright and Richter (2020),
and would require a larger domain extent to fully investigate.

For a more detailed look at the droplet evolution, Fig. 4 provides wire plots for the DSD
as it advances in time (only droplets below z = 30 m are included in the DSD). From the
initial distribution shown above in Fig. 1b, the fog onset at t ≈ 5 h can be clearly seen
by the emergence of a peak centred around dp ≈ 30 µm. By the end of the simulation at
t = 9 h, three distinct peaks are visible: the original peak of the accumulation mode which
has shifted from dp ≈ 100 nm to dp ≈ 170 nm once they are hydrated, an intermediate peak
at dp ≈ 3 µm, and the rightmost peak at dp ≈ 30 µm. Many similar qualitative features of
the fog evolution are seen in the LCM model of Schwenkel and Maronga (2020), though for
a different initial aerosol distribution.

In addition, the lower panel of Fig. 4 presents the evolution of the DSD measured during
a marine fog event by an FM120 fog droplet monitor (Droplet Measurement Technologies,
Longmont, Colorado, USA) onboard a research vessel during the C-FOG campaign. Notably,
the observed DSD exhibits a clear bimodal signature, with a distinct trough located around
dp = 15−20 µm, which persists throughout the entire fog event. This shape is well captured
by the LES–LCMmodel, with the rightmost two peaks and trough located at nearly the same
position as the measured data.

To better understand the overall shape of the numerically predicted DSD, as well as
explaining the presence of dual peaks in the droplet size range (i.e., above dp ≈ 1 µm)
in both the numerical and observed data, the simulation data can be partitioned in multiple
ways. First, the DSD at some time can be decomposed into the droplets that have activated
versus those that have not, and these are presented in Fig. 5a, c. Evidence has been found
of the presence of so-called giant CCN, which can hygroscopically grow to several microns
in diameter without being activated (as discussed in Jensen and Nugent 2017), and this is a
possible explanation for the multiple droplet peaks.

Figure 5a, c indeed shows that the DSD near the end of the simulation has a rightmost peak
which is nearly entirely composed of unactivated droplets. At the same time, the central peak
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Fig. 3 Time–height plot of planar–averaged a liquid water mixing ratio, b total number concentration of
aerosols and droplets, c mean droplet radius, d supersaturation. The white dashed lines indicate the ql =
0.01 g kg−1 threshold for fog

is nearly entirely composed of activated droplets, and the leftmost peak is unactivated. Here,
the activation state is defined by checking whether the diameter is larger than the critical
diameter according to Köhler theory, and the results suggest that the largest droplets in the
fog layer, which exceed diameters of dp ≈ 10 µm, still remain below their critical diameters
even at near-drizzle sizes (see Fig. 1d).

To further investigate this somewhat counterintuitive result, Fig. 5b, d partitions the DSD
based on the hygroscopicity κ; that is, the blue shades correspond to probability density
functions accounting only for superdroplets with either κ i = 0.6 or κ i = 1.2. Doing so
reveals an explanation behind the multiple droplet peaks. The rightmost peak, centred around
dp ≈ 30 µm, is entirely composed of salt particles with κ = 1.2, and according to Fig. 5a,
c these are also droplets which are technically activated according to their critical diameter.
In this particular case, based on the aerosol spectrum measured during C-FOG shown in
Fig. 1b, the overall number of these highly hygroscopic, coarse-mode aerosols is insufficient
for absorbing all of the excess moisture that accumulates during the fog initiation. Therefore,
large particles with κ = 0.6 begin to activate and grow, resulting in the droplet peak centred
at dp ≈ 3 µm. The leftmost peak seen in the numerical DSD at dp ≈ 100 nm (not seen in
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Fig. 4 Upper: wire plot of the DSD evolution over the course of the simulation. Lower: observed DSD during
a marine fog episode off the south-east coast of Nova Scotia during the C-FOG field campaign

Fig. 4b since this is below the minimum FM120 threshold) simply represents the original
accumulation mode particles which undergo condensational growth but remain unactivated.

A question then persists as to why the largest, salt-based droplets appear to remain unac-
tivated, despite being more hygroscopic and growing to relatively large diameters. The
explanation for this is simply because the time scale for droplet growth (as governed by
Eq. 7; see discussions in Andreas 1990 or Veron 2015) can be up to O(10 s) for droplets
of this size. Due to gravitational settling, however, these large coarse-mode droplets rapidly
sediment out of the domain, in times closer toO(1 s). Thus, although these droplets are indeed
growing and are behaving as though activated (e.g., they are experiencing supersaturations
above their critical value and are taking on liquid water; see Fig. 1c), they do not live long
enough to grow to sizes which exceed their relatively large critical diameters (see Fig. 1d).
As a result, a classification according to critical diameter exceedance would indicate that
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Fig. 5 The DSD partitioned by a droplet activation status and b droplet hygroscopicity; c and d show the
fraction of droplets falling into each activation and hygroscopicity category, respectively, at each droplet
diameter

these are technically unactivated, because a steady-state theory is being applied to a situation
where the droplet growth is slow but transient. Therefore the presence of large, unactivated
droplets noted by Jensen and Nugent (2017) certainly seems plausible given the measured
dry aerosol spectra in the C-FOG campaign.

It is, therefore, the disparity between the hygroscopicity of the accumulation and coarse-
mode aerosols, combined with the limited availability of marine salt particles, which leads
to the dual droplet peaks in the numerical and observed data of Fig. 4; we believe that this
is the explanation for the qualitative shape in the C-FOG data as well. Furthermore, the
droplets in the rightmost peak are sufficiently large that they can be classified as drizzle,
and it is important to highlight that these form in the absence of any collision-coalescence
mechanism. Condensational growth of hygroscopic marine salt particles is adequate for
providing droplets that grow relatively heavy and settle out more rapidly; this has been
argued by Jensen and Nugent (2017) among others. We also emphasize that this analysis of
constructing the DSD based on aerosol composition would be impossible for both standard
bulk andbinmicrophysicalmodels though extensions have been implemented that can capture
this behaviour (Lebo and Seinfeld 2011).

Finally, from the numerical DSD data, it is also instructive to view the progression of
the DSD with height at a single point in time—this is shown in Fig. 6. Typically, as in the
C-FOG campaign, droplet size measurements are restricted to a single height, particularly in
marine settings where logistical challenges are a limiting factor, and questions often remain
regarding the uniformity of measured DSDs with height. What Fig. 6 demonstrates, however,
is that while perhaps capturing similar qualitative features of the DSD, this single-height
strategy is subject to a significant quantitative sensitivity with height. Within the fog layer
(z � 30 m), a closer proximity to the sea surface corresponds to relative increase in both
rightmost peaks at the expense of the accumulation peak. The increased relative humidity at
the surface apparently activates more droplets, which are then distributed over both droplet
peaks, resulting in the increasedmean droplet size seen in Fig. 3c. Above the fog top, theDSD
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Fig. 6 Variation of the DSD with height at a single time (t ≈ 8 h). Each DSD is an average PDF across a 10-m
height range, and the fog-top height at this time is at z � 30 m

continues to change with height, but in a more prescribed way. The shape is governed by the
initial profile, and its leftward shift with height simply reflects the decrease of mean relative
humidity above the fog. None of the droplets at these heights have been activated. Therefore
overall, Fig. 6 demonstrates that qualitative features of the DSD are indeed preserved over the
depth of the fog layer, but quantitative details, especially regarding the number of the largest
droplets present, can change rapidly. This effect must be considered when interpreting fog
DSDs measured at a single height, as also noted by the LCM fog study of Schwenkel and
Maronga (2020).

4 Conclusions

This work outlines the development of a Lagrangian cloud model, applied to marine fog as
observed in the recent C-FOGcampaign. This emerging class ofmicrophysical representation
offers many advantages over the traditional bulk and bin models, and marine fog is an ideal
environment to highlight these benefits and gain physical insight into the physical system. An
existing LESmodel with Lagrangian droplet tracking (the NTLPmodel; Helgans and Richter
2016; Peng and Richter 2017) was extended following primarily the set-up of Shima et al.
(2009). The potential of the LCM for fog studies is demonstrated via simulation of a marine
fog episode, with initial conditions based on data recorded during the C-FOG campaign (see
Fernando et al. 2020 for details of the field campaign). In particular, the measured aerosol
size distribution was used to initialize a large number of superdroplets in the LES domain,
and their DSD was tracked in time as the simulated fog developed.

Overall, the fog in the LES–LCM simulation exhibits many of the qualitative features
observed during C-FOG, but we focus in particular on the bimodal nature of the fog DSD.
By assuming that the accumulation and coarse-mode peaks of the initial aerosol distribu-
tion result primarily from continental and marine sources, respectively, and therefore have
distinct compositions, the LCM allows for a straightforward dichotomy of hygrosopicity to
be prescribed for each. Rather than being caused by collision-coalescence, the two peaks
above dp ≈ 1 µm reflect particles of different types. Many of coarse-mode aerosols, which
are modelled with a hygroscopicity corresponding to sea salt, technically remain unactivated
(as determined by comparing their diameter to the critical diameter) but grow continuously
throughout their relatively short lifetime. The relatively low number of these aerosols, how-
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ever, causes a large number of the lower hygroscopicity aerosols to activate as well. A larger
background concentration of coarse-mode aerosols may therefore preclude the existence of
the dual peaks, but this may not be likely at such low wind speeds.

We conclude by stating that the LES–LCM model is a powerful tool which can be used
to understand the combined effects of turbulence and microphysical processes. While the
primary disadvantages are associated with potential numerical costs of providing a sufficient
number of superdroplets, thismethodwill undoubtedly yield insight where traditionalmodels
have lacked, particularly in the area of marine fog where much remains unknown.
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