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Abstract: The sensitivity of fog dissipation to the environmental changes in radiation, liquid-water
lapse rate, free tropospheric temperature and relative humidity was studied through numerical
experiments designed based on the 2007-Paris Fog observations. In particular, we examine how
much of the stratocumulus-thinning mechanism can be extended to the near-surface clouds or
fog. When the free troposphere is warmed relative to the reference case, fog-top descends and
become denser. Reducing the longwave radiative cooling via a more emissive free troposphere favors
thickening the physical depth of fog, unlike cloud-thinning in a stratocumulus cloud. Drying the free
troposphere allows fog thinning and promotes fog dissipation while sustaining the entrainment rate.
The numerical simulation results suggest that the contribution of entrainment drying is more effective
than the contribution of entrainment warming yielding the reduction in liquid water path tendency
and promoting the onset of fog depletion relative to the reference case studied here. These sensitivity
experiments indicate that the fog lifting mechanism can enhance the effect of the inward mixing at
the fog top. However, to promote fog dissipation, an inward mixing mechanism only cannot facilitate
removing humidity in the fog layer unless a sufficient entrainment rate is simultaneously sustained.
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1. Introduction

Understanding processes influencing fog’s life cycle still remains a challenge, despite its
importance. Although the global annual fog coverage is about 2% of land and ocean, a relatively small
amount compared to the other types of clouds [1], its impact on financial and human life is enormous.
Poor visibility caused by fog can be a heavy burden on aviation, marine or road transportation, leading
to huge economical losses [2]. Fog can be a threat to human health due to its low capping inversion
and the interaction between fog and aerosol concentration in urban atmospheric boundary layers [3–5].
In combination, all these negative societal and financial impacts have made fog comparable to extreme
events, such as winter storms and hurricanes [6]. Besides, the meteorological significance of fog in
weather prediction, fog climatology, is of contemporary importance. Changes in the environmental
conditions can affect fog to the extent of jeopardizing regional biodiversity and local agriculture [7,8].

Based on the temporal evolution of the turbulent kinetic energy (TKE), fog’s life cycle can be
partitioned into three phases [9]. The formation phase is characterized by low turbulence intensity
and large inversion strength. During the maturity phase of radiation fog evolution, growth of TKE
leads to fog thickening. Finally, in the third phase of dissipation, fog starts to deplete as TKE begins to
decay. Besides TKE, liquid-water specific humidity, as a measure of visibility inside the fog layer, can
be used to differentiate the stages of fog evolution [10]. The dissipation phase is characterized by an
increase in the spatial variability of the fog liquid water [11]. Current numerical weather prediction
models still exhibit relatively low capacity for forecasting fog life cycles accurately [12–14]. One of
the key challenges in fog forecasting and nowcasting models is an accurate prediction of dissipation
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stage. From the modeling standpoint, this challenge is attributed to a lack of knowledge of the
physical processes and limitations in the ability to represent these processes in models. Forecasting
numerical models predominantly use single-column schemes and also require parameterization of
turbulent processes [15–17]. The role of turbulence on fog evolution remains controversial. Some argue
that turbulence hampers the development of fog [18,19], while others deduce that turbulence favors
fog development [20]. Poor predictive capabilities of most fog simulation schemes are attributed
to not accurately capturing the local characteristics of turbulent mixing and surface-atmosphere
coupling [10,21].

The role of entrainment in fog life cycle has been mostly highlighted in marine fog through
observational campaigns [22–24] and numerical simulations [25–28]. High entrainment drying
is suggested to be not conducive to fog dissipation unless the radiative cooling increases [25].
While enhancement of TKE and Deardroff’s convective velocity during the dissipation phase of
an advection-radiation fog event has been observed [24], it was shown that due to low entrainment
rate, the vertical turbulent fluxes are not strong enough to provide a convective source to prompt
fog dissipation [29]. The contribution of the entrainment of drier and warmer air from aloft to fog
dissipation has been identified as crucial to the role of the high subsidence rate and the shortwave
radiative flux [30]. Some investigators attribute marine fog dissipation to thermal turbulence and dry
air entrainment in the fog-top region [23,24,31], and others to the lifting mechanism influenced by
destabilizing the fog layer due to an increase in solar radiative flux after sunrise [28]. The combined
effect of entrainment warming and drying has been studied, not from the fog-top region, but from the
surface layer, as it is argued that daytime shortwave radiation promotes the onset of fog dissipation
from the ground [22,26,27].

Since the effect of entrainment and turbulent mixing at the fog-top on the radiation fog dissipation
has not been systematically analyzed yet, we put forward the idea of using the insights obtained
from studying stratocumulus clouds [32,33] and applying these insights to study fog dissipation.
We built our investigation upon the main question of to what extent one can extend the results of
stratocumulus thinning to study the dissipation of the near-surface clouds or fog and to identify
primary factor(s) controlling fog depletion. If we assume that longwave radiative flux at a cloud-top
for stratocumulus clouds and fog is similar, then they have a comparable reference buoyancy flux, B0,
as defined by , B0 = gFr/(ρ0cp,0T0), where Fr is the net radiative flux at the fog-top; ρ0, T0 and cp,0

are the reference density, temperature and specific heat capacity at constant pressure, respectively.
Although stratocumulus clouds and fog share many common features, they differ distinctly. Foremost,
the inversion height of fog (∼50–200 m) is about one order of magnitude smaller than the one of
stratocumulus (∼1 km). In fog, the cloud-base touches the ground surface. Fog droplets are formed at
the top, whereas cloud droplets are formed inside the cloud layer [34]. To differentiate between the
main features of stratocumulus and fog, one can conduct a scale comparison. One of the measures of
energetics inside the boundary layer is TKE, which can be related to w∗ = (B0zi)

1/3, a velocity scale
characterizing the large-scale turbulent motions at the inversion height of zi. In fog (with zi ∼ 150 m),
the convective velocity scale of w∗ is only about half the one in stratocumulus (with zi ∼ 850 m),
since the turbulent buoyancy flux is scaled with the reference buoyancy flux 〈w′b′〉 ∼ B, assuming
both have similar radiative flux properties and buoyancy jumps [35]. Based on the observation
data, the typical value of the mean entrainment rate, we, as a measure of boundary layer growth
in time, in stratocumulus clouds, is 4–17 mm·s−1 [36], whereas for fog it is 2–9 mm·s−1 [9,27,37,38].
Another distinct difference between fog and stratocumuli is their formation mechanisms. Despite the
difference in their formation mechanisms and turbulence intensity, we postulate that the cloud-thinning
mechanism due to cloud-top mixing contributes to the dissipation phase of both fog and stratocumuli
in a similar manner.

To that end, we examine how changes in environmental conditions directly affect liquid water
path (LWP) tendency, the inversion height, and the evolution of TKE during dissipation phase of the
fog life cycle, and how these changes indirectly affect entrainment rate at the fog-top. We use the LWP
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budget analysis of stratocumulus cloud thinning [39] and extend it to study controlling parameters
affecting fog depletion. By conducting a series of sensitivity experiments based on radiation fog [40,41],
we followed a similar approach to that taken to study stratocumulus sensitivity to environmental
changes by Bretherton et al. [33], and apply it to the fog layer. The methodology presented in this work
is particularly useful for analyzing fog depletion from the process-oriented perspective.

A brief discussion of the theoretical framework of the analysis is presented in Section 2 and the
simulation setup is explained in Section 3. Results are presented in Section 4, while Section 5 discusses
the inferences and Section 6 concludes with a summary and perspective suggestions for future work.

2. Theory

To investigate fog dissipation, the temporal evolution of the liquid water is examined by following
the analytical approach developed for the stratocumulus-capped boundary layers [39,42]. Through a
functional relation of q` = f (qt, θ`, P), liquid-water specific humidity at the fog-top, q`, can be related
to other variables in the fog layer, such as total-water specific humidity, qt, and liquid-water potential
temperature, θ`, at the height of the air parcel (or the thermodynamic pressure P). The evolution
of pressure is assumed to be quasi-steady. Employing such a functional relation is possible only by
invoking thermodynamic equilibrium (saturation adjustment). If the lapse rate of liquid water content
(LWC), Γq` , is adiabatic, then q` can approximately vary linearly within the mixed layer which is
the region extending from the surface layer to the fog-top. Assuming a constant moisture lapse rate,
the liquid-water specific humidity is defined by

q`| = −Γq`z, (1)

where Γq` ≡ −∂q`/∂z. LWP is defined by and approximated as:

LWP ≡
∫ z∞

z
ρ̄q`dξ ≈ 1

2
ρ̄ziq`|zi , (2)

where ρ̄ is the reference density, zi is the inversion height or the boundary layer depth, and z∞ is the
free troposphere height. LWP is a more intuitive measure than TKE to study fog dissipation. Hence,
we refer to the dissipation phase of fog evolution when LWP tendency approaches zero [39].

By taking the Reynolds average [43] of the transport equations of two conserved prognostic
variables in the fog layer, qt and θ`, a simple budget relation for the evolution of the total LWP can
be obtained:

1
ρ̄

∂LWP
∂t

= −〈w′q′t〉zi

∂q`
∂qt
|zi − 〈w

′θ′`〉zi

∂q`
∂θ`
|zi − ziΓq`we︸ ︷︷ ︸

entrainment

− ∂q`
∂θ`
|zi Fr]

zi
sfc︸ ︷︷ ︸

radiation

− ziΓq`〈w〉zi︸ ︷︷ ︸
subsidence

+ 〈w′q′t〉sfc

∂q`
∂qt
|zi + 〈w

′θ′`〉sfc

∂q`
∂θ`
|zi ,︸ ︷︷ ︸

surface dynamics

(3)

where the mean entrainment rate, we, is defined as

we ≡
dzi
dt
− 〈w〉zi , (4)

where 〈w〉zi is the synoptic-scale vertical subsidence velocity (if negative) that presses down the fog
layer at the height zi. The net radiative flux Fr is calculated by the inversion height and the surface layer.
The symbol〈.〉 indicates the horizontal surface averaged quantity. The values at the surface and the
fog top are denoted by (.)sfc and (.)zi , respectively. Characterizing the growth rate of the fog boundary
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layer, the mean entrainment rate in Equation (4) quantifies the rate of mixing between free tropospheric
air above the fog layer and cloudy air inside the fog layer. The key advantage of formulating LWP
tendency as in Equation (3) is to separately identify contribution of each process to fog evolution;
namely, due to entrainment, radiation, subsidence, and turbulent fluxes at the surface. Dissipation
phase of fog evolution begins when the total LWP tendency goes to zero. We use Equation (3) to
pinpoint the forcings that may affect fog dissipation. We pay a particular attention to the contribution
of entrainment to the LWP tendency to identify the primary factors controlling fog depletion from the
perspective of the cloud-top region. To solve transport equations of the prognostic variables, we retain
the complete form of the vertical fluxes rather than using Lilly’s approximation [35].

By replacing the turbulent fluxes of total water specific humidity 〈w′q′t〉 and liquid-water potential
temperature 〈w′θ′`〉 obtained from their transport equations, the entrainment contribution to the LWP
tendency can be rewritten as follows:

∂(LWP)ent
∂t

= D+W+ L, (5)

where each term is defined by

D = ρ̄
(
we(∆qt)zi + 〈w′q′t〉z∞ − κq∂z〈qt〉]z∞

zi

) ∂q`
∂qt
|zi ,

W = −ρ̄
(
we(∆θ`)zi + 〈w′θ′`〉z∞ − [κθ∂z〈θ`〉 − Fr]

z∞
zi

) ∂q`
∂θ`
|zi ,

L = −ρ̄weziΓq` |zi

, (6)

where entrainment drying and entrainment warming contributing to the fog LWP tendency are
symbolized by D and W, respectively. κq and κθ are diffusion coefficients of scalar qt and θ`, respectively.
The effect of the lapse rate of the liquid-water specific humidity on the LWP tendency is denoted
by the symbol L. Focusing on the small-scale fog-top processes, we postulate fog depletes when
∂t(LWP)ent → 0. Then, there should exist an equilibrium value for (∆qt,eq)zi or (∆θ`,eq)zi that
demarcates the onset of the fog dissipation phase. Considering turbulent fluxes in free troposphere
〈w′q′t〉z∞ and 〈w′θ′`〉z∞ , the net diffusive mixing, and radiative flux above the inversion layer, the last
terms of D and W are negligible, so Equation (5) can be further reduced to:

∂(LWP)ent
∂t

≈ ρ̄ηwe(∆qt)zi − ρ̄Πγηwe(∆θ`)zi − ρ̄ziweΓq` , (7)

where Π is the Exner function, η = (1 + Lvγ/cp)−1 and γ = ∂qs/∂T are described by the
Clausius–Clapeyron equation [44] with Lv—the latent heat of vaporization (using 2.48 MJ.kg−1 at Tsfc =
279 K), cp—the specific heat of dry air at constant pressure (1004.7 J·kg−1·K−1), qs—specific humidity of
the saturated air, and T—the absolute temperature. The Equation (7) enables us to examine the effects
of the environmental changes in radiation, free tropospheric relative humidity, and temperature on the
dissipation stage of fog evolution. It is important to note that present study focuses on the role of these
three environmental forcing perturbations on fog dissipation, even though one can argue the role of fog
sedimentation and surface fluxes are as important as the other perturbations [15]. Although from the
viewpoint of the meteorological forecasts and end-users, such as aeronautical services, fog dissipation
is defined by visibility of more than 1 km at the ground or q` → 0 at the bottom of the fog layer, we
stress that fog dissipation stage is here studied by predominantly connecting fog depletion to the total
LWP budget, as we refer to fog dissipation when ∂t(LWP)ent → 0.

3. Numerical Simulation

Large eddy simulation (LES) has provided an outstanding tool to study fog evolution [10,38,
40,45–49] though it still exhibits some limitations in representing the realistic synoptic processes of
fog [50]. One of the limitations can be attributed to the inherent uncertainty of the parameterized
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turbulence models used in LES schemes [51,52] and partially to the embedded inaccuracy of the
large-scale forcing [35]. To tackle the former limitation, we performed a three-dimensional direct
numerical simulation (DNS) of a fog layer to avoid the uncertainty of turbulence parameterization. Not
relying on any subgrid parameterization, DNS provides a faithful representation of turbulent fluxes
at small scales [53]. Furthermore, DNS allows us to resolve scales at the inversion height with a very
high resolution, even at the Kolmogorov scale; i.e., the smallest resolved scale in this study (∼8 cm) is
twenty times smaller than the most highly-resolved LES of a fog event as of writing this [11]. DNS has
become a more viable tool to study idealized atmospheric boundary layer flows under a variety of
idealized forcing conditions [54–56], to the extent that combining DNS and LES recently promised the
acceleration of status of the current research in the cloud-top studies [57]. Although highly idealized
with respect to some components such as large-scale forcing and surface dynamics, DNS can add
more realism to the description of fog evolution, allowing us to focus on small-scale features in the
fog-top region, study physical process, and explore a suite of physical feedback mechanisms affecting
fog dissipation.

Under the anelastic approximation, we solve the Navier–Stokes equations and transport equations
of the liquid water static energy, and the total-water specific humidity, as prognostic variables. For
the radiative flux, we use the one-dimensional model discussed by Larson et al. [58]. For a detailed
description of the governing equations and the numerical algorithm of the current DNS, we refer
readers to Appendix A.

3.1. Simulation Setup and Initialization

To study the transition of fog from maturity phase to dissipation phase, we use the Paris Fog
observational data [40] as a reference case, hereafter referred to as the REF case. Although field
observations occasionally serve as verification tools toward better forecasting fog evolution, here we
use the observational data to initialize the numerical experiments. Once fog is formed, we examine the
sensitivity of fog evolution to various environmental changes. The grid size for all cases is 2560 × 2560
in the horizontal plane and 940 in the vertical direction with the minimum grid spacing of 2.1 cm.
For more details on the grid spacing and the generation algorithm, see Appendix B. The inflection
points on the vertical profile of qt and h are placed at 45% of the vertical distance from the surface, as
schematically shown in Figure A1. The vertical grid near the surface is refined such that the diffusive
layer is fully resolved, and in the upper 20% of the domain, stretching is used to further separate the
boundary of the computational domain from the turbulent flow. The Reynolds number is Re = UL/ν =
5000, where L is a reference length scale comparable to the boundary layer height with the initial value
of zi,0 = 110 m and U is a reference velocity scale comparable to the Deardroff’s convective velocity
scale of U0 = 0.66 m·s−1 (REF case). The reference Kolmogorov scale characterizing the average size of
the small dissipative motion is about 0.81 m, as the Reynolds number is related to the Kolmogorov
scale by ∼LRe−3/4.

The grid convergence studies performed for two sets of observational data are presented in
Appendix B. To initialize the REF case, we used the vertical profiles of temperature, relative humidity,
and wind from 03:00 UTC, 19 February 2007 Bergot [40]. Note that these initial conditions were utilized
to reconstruct a more realistic fog scenario rather than to conduct an accurate fog forecasting effort.
The time step is calculated according to the Courant–Friedrichs–Lewy condition [43], and typical
values toward the end of the simulations are 0.85 s. All cases are initialized with random fluctuations in
the liquid water static energy and in the total-water specific humidity. All cases initially have the same
liquid water content and turbulence levels. The power spectral density of these random fields peak
at a wavelength equal to half of the boundary layer depth, and the profile of the resulting standard
deviation smoothly increases from zero at the top and bottom of the boundary layer to a maximum
0.1 kJ·kg−1 and 0.05 g·kg−1 in the middle of the boundary layer.
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3.2. Boundary Conditions

The surface fluxes of moisture and heat are assumed to be homogeneous. Surface flux of moisture
is fixed by imposing Neumann boundary condition on qt using the vertical profile of humidity (at 03:00
UTC) of the Paris Fog event (see Figure 1e of Bergot [40]). For the static energy at the surface, we use
the Dirichlet boundary condition or fixed temperature. This is reasonably justified as the temporal
evolution of the temperature near the surface measured at 1 m slightly varies in time between 02:00
UTC and 07:00 UTC according to the observational data. Velocity field is initialized by the solid no-slip
boundary condition at the surface and for the rest of domain with a velocity profile corresponding to
the wind velocity profile at 03:00 UTC of the Paris Fog event. See Figure 1f of Bergot [40]. Note that
the velocity field is not constant along the simulation but temporally evolved in turbulent boundary
layer. The (z-direction) normal boundary condition on dependent variables above the free troposphere
is non-reflective on the mean field and in the (x and y direction) lateral boundary condition is periodic,
similar to the DNS set-up of temporally evolving mixing layer in a turbulent flow [59].

3.3. Sensitivity Studies

A series of sensitivity experiments were conducted. The details of simulation parameters are
given in Table 1. We particularly paid attention to the forcings of inversion strength, relative humidity
gradient, and greenhouse gas emission (manifesting in the form radiative cooling). For all cases,
subsidence velocity was set to zero. In Table 1, the cases with changes in free tropospheric temperature
are referred to with T; the cases with changes in specific humidity with Q; the cases with changes in the
liquid-water lapse rate within the fog layer with L; and the cases with changes in the net radiative flux
with R series. The scenarios of increasing the magnitude of humidity jump, intensifying the inversion
strength, and reducing the moisture lapse rate are schematically depicted in Figure 1. Once fog is
formed, we examine the sensitivity of fog dissipation to the warmer free troposphere by changing
∆θ`, to the drier free troposphere (FT) by changing the relative humidity of free troposphere or ∆qt,
and to the variation of the moisture lapse rate in the mixed layer by varying Γq` through changing the
surface pressure, and to the radiative forcing (or the emission strength) in the FT by changing the net
longwave radiative cooling at the fog-top Fr, all identified in Equation (3) and quantitatively presented
in Table 1.

Table 1. Parameters used to set up numerical experiments with different properties of total water
mixing ratio qt, inversion strength ∆T, moisture lapse rate (manifested as surface pressure Psfc), and
net radiative flux Fr. Derived parameters such as the entrainment rate and the inversion height of
equilibrium zi,eq.

Case
Input Parameter Derived Parameters

−∆qt ∆T Psfc Fr we zi,eq
(g·kg−1) (K) (hPa) (W·m−2) (mm·s−1 ) (m)

REF 0.1 4.67 1013.25 60 5.1 -

T1 0.1 8 1013.25 60 2.4 -
T2 0.1 14 1013.25 60 1.3 125
T3 0.1 21 1013.25 60 0.5 110

Q1 0.8 4.67 1013.25 60 4.7 230
Q2 1.0 4.67 1013.25 60 4.3 160
Q3 1.2 4.67 1013.25 60 3.3 155

L1 0.1 4.67 1008 60 4.8 -
L2 0.1 4.67 1000 60 4.4 -
L3 0.1 4.67 990 60 4.2 -

R1 0.1 4.67 1013.25 20 1.5 -
R2 0.1 4.67 1013.25 40 3.0 -
R3 0.1 4.67 1013.25 80 7.4 -
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(a) (b) (c)

Figure 1. Different vertical profiles of the fog layer with changes in (a) ∆q`, (b) ∆T, and (c) Γq.

4. Results

Fog evolution was examined by studying the LWP, TKE, boundary layer height and entrainment
rate during the fog lifetime, once fog formed. We closely surveyed the temporal evolution of these
variables until the fog layer approached the dissipation phase or close to fog depletion ∂t(LWP)ent → 0.
The inversion height or the fog boundary layer height, zi, is defined as the height of the minimum
buoyancy flux. Finally, we discuss the possible mechanisms that can explain fog depletion under these
aforementioned forcings. By visualization of the vertical structure of the fog layer, we argue how these
sensitivity experiments can give us further insights to identify the dominant mechanism.

4.1. The Effect of the Free Troposphere Temperature

In LES studies of stratocumulus subject to the larger inversion strength, Bretherton et al. [33] and
Bretherton and Blossey [60] show that warming free troposphere reduces entrainment rate, thickens
the cloud layer, and lowers both the cloud-top and the cloud-base, leading to unchanged cloud
geometrical thickness overall. Similarly, in the mixed-layer model studies of stratocumuli, de Roode
et al. [61] and dal Gesso et al. [62] indicate that the stronger lower tropospheric stability diminishes the
entrainment rate, but reduces the cloud layer depth with a consequent LWP reduction. Although the
studies of the response of stratocumulus to the increase of inversion strength are not unanimous in
thickening or thinning, they all confirm the suppression of entrainment rate in response to the larger
inversion strength.

We expect a priori that larger inversion strength leads to reduction of fog LWP, as shown in
Figure 2a. Keep in mind that the maximum inversion strength of the Paris Fog observation is
∆T = 7.8 K [40], whereas the typical value of ∆T = 5–10 K in the stratocumulus cases [36]. The response
of fog to intensifying inversion strength seems to be similar to the one of a stratocumulus cloud to
the same type of perturbation forcing. By warming FT, the level of turbulence within the fog layer is
reduced, the inversion is lowered, and the boundary layer remains shallower compared to the REF case.
Interestingly we noticed the equilibrium LWP tendency when the temperature jump rises fourfold
with respect to the REF value. Using large-scale structure of q` (discussed in Section 4.5), we observed
that the fog layer with warmer FT contains more liquid water at a given height with respect to the REF
case; thus, fog depletion does not occur though ∂tLWP→ 0. In Figure 2b, temporal evolution of the
integrated TKE (Ek = (1/2)

∫ z
0 〈u

′
iu
′
i〉dξ) demonstrates that warmer FT inhibits the energetic inside fog

as the fog layer tends to be shallower. That is due to the fact TKE is scaled by the convective velocity
scale which depends on inversion height as Ek ∼ w2

∗zi. Similar to stratocumuli, entrainment warming
has negative feedback on the fog height, since the stronger inversion strength significantly reduces the
entrainment of the FT air, as shown in Figure 2c.

The fog response to warmer FT is similar to the one of the stratocumulus boundary layer in a
sense that the stronger inversion reduces turbulence mixing at the fog top. We also observe that despite
the moderate reduction of LWP, warmer FT alone cannot lead to fog depletion, as ∂tLWP→ 0 is not
achieved. Warmer FT seems to aid with persistence of the fog rather than its depletion, under the
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assumption of the absence of shortwave radiation. That can be explained due to the absence of fog
lifting mechanism, as explained in detail in Section 4.5.
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Figure 2. Temporal evolution of (a) liquid water path (LWP) due to entrainment, (b) vertically
integrated turbulent kinetic energy (TKE), and (c) inversion height for the fog layers with the warmer
free troposphere (FT). Black curve is the reference case simulated based on Paris Fog data. Dashed lines
are estimated by linear regression to estimate the entrainment rate at the fog-top in (c).

4.2. The Effect of the Free Troposphere Relative Humidity

Studying the response of stratocumuli to drier FT reveals that entrainment rate remains
unchanged, but entrainment drying increases, which eventually results in cloud thinning [33]. The
mixed-layer model studies of stratocumulus clouds dal Gesso et al. [62] indicate that drier FT enhances
the entrainment rate and LWP. However, they argue that depending on how parameterization of
entrainment is formulated, LWP, and consequently entrainment can either increase or decrease.
In sensitivity experiments of the drier FT (series Q in Table 1), free tropospheric total humidity
qt is decreased uniformly, as schematically depicted in Figure 1, while retaining other parameters, such
as the ones in the REF case. Drying FT can result in the direct effect of LWP reduction such that the LWP
equilibrium can be reached if we dry FT at to least 20% of its REF case value. In other words, increasing
total water content jump beyond |∆qt| = 1.0 g·kg−1 tends to promote a reduction in LWP, as illustrated
in Figure 3a. Evolution of TKE seems to be insensitive to the changes of the free tropospheric total
humidity, as shown in Figure 3b. The growth of kinetic energy is maintained regardless of changing
the moisture jumps. The reason is that since TKE is scaled by the convective velocity w2

∗ ∼= (B0zi)
2/3,

the slight drop of inversion height can be compensated a sufficient enhancement of radiative flux
along the vertical dimension of the fog layer. Note that radiative cooling is the main source of TKE
production at a cloud top (not shown here). The temporal evolution of the inversion height for a
fog layer subject to different free tropospheric humidity presented in Figure 3c shows that while the
entrainment rate is not reduced dramatically (from 5 mm·s−1 in the REF case to 4.3 mm·s−1 in the
drier FT case), the tendency of LWP due to entrainment can approach zero, and fog begins to deplete.

As the magnitude of the total humidity jump at the inversion height (∆qt)zi increases, e.g., via
drying free troposphere, the entrainment rate slightly reduces as turbulent buoyancy production
decreases. Drier FT promotes lifting the entire fog layer, while maintaining the energetics inside the
fog layer. This finding is in agreement with the previous observation [24]. Fog response to the drier
FT is similar to the stratocumulus response to the same perturbation, except that entrainment rate
slightly drops, whereas the stratocumulus remains unchanged. Drier FT promotes fog lifting and fog
dissipation as the LWP tendency starts becoming negative, while maintaining TKE within the fog layer.
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Figure 3. Similar to Figure 2 but for the fog layers with the drier FT perturbations.

4.3. The Effect of Moisture Lapse Rate on Fog Depletion

To set up this experiment, we needed to reduce liquid-water lapse rate Γq` , as schematically
shown in Figure 1c. To do so, one way is to change the specific humidity of water vapor, which itself
is a function of surface pressure and temperature at the saturation point qs = f (Psfc, Tsfc). Another
way is to change the shape of q` profile such that its vertical gradient is reduced while there may be
no guarantee to retain the initial total specific humidity the same as in the REF case. Therefore, we
chose the first method and we decreased the liquid-water lapse rate by reducing surface pressure
while keeping all parameters the same as the REF case. Keep in mind that the reduction of surface
pressure in this case may not correspond to a real-world situation; we still used this exercise in a
purely theoretical manner. Among all controlling factors highlighted in Equation (5), the role of Γq`
on LWP tendency is rather more ambiguous than others. It is not simple to isolate the Γq` effect on
LWP tendency as Γq` = f (qt, θ`). It seems that fog’s response to varying Γq` may exhibit the combined
effects experienced in the two previous series of experiments, but not in a very straightforward manner
due to the feedback between qt and θ`. Due to different initial ql profiles, LWPs of different Γq` start
at different values; nonetheless, they follow similar trends, as shown in Figure 4a. We observe that
fog does not deplete under changing Γq` . Although in the case with the lowest surface pressure (Psfc =
99 kPa), LWP tendency seems initially zero, it does not mean that fog depletes. As Γq` is very small
and there is almost no fog formed initially. However, after about 4 h, as radiative cooling causes air
temperature to reach its dew point, the fog layer starts thickening and TKE begins to grow at the same
rate as for other cases, as shown in Figure 4b,c. The entrainment rate at the fog top is nearly insensitive
to changes in the liquid-water lapse rate of the fog layer.
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Figure 4. Similar to Figure 2 but for the fog layers with different surface pressures or different lapse
rates of q`.
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4.4. The Effect of Longwave Radiative Cooling

Radiative forcing has been identified as the predominant factor controlling cloud thinning in the
well-mixed stratocumulus boundary layers [32,33]. In stratocumuli, reducing net radiative flux, Fr,
diminishes the entrainment rate as there is less turbulence production by cloud-top cooling. However,
some uncertainties were observed in the previous findings. The LES study of Bretherton et al. [33]
suggested that reducing Fr leads to a cloud thinning which is in contrast to the mixed-layer model
study of dal Gesso et al. [62]—that reducing Fr makes the stratocumulus-topped boundary layer
moister and warmer with respect to their reference case. Although the critical role of radiative cooling
on fog evolution has been previously recognized [63–65], how this forcing per se can modify fog
depletion phase has not been systematically examined yet. To that end, in this experiment (series R in
Table 1), we changed the net longwave radiative flux, while keeping other parameters the same as in
the REF case. To impose such a forcing perturbation on the fog layer, we made FT more emissive by
increasing downwelling longwave radiation, and thus reducing the net longwave at fog top.

We observed that fog evolution was highly sensitive to changes in the radiative forcing which
affects LWP tendency via two pathways. One pathway is through changing the cooling rate in the
mixed layer directly. Another pathway is associated with the indirect effect on the fog-top entrainment
rate. Figure 5a depicts that despite the reduction of LWP by reducing Fr, this forcing alone cannot
deplete the fog even if the net Fr is reduced by threefold with respect to the REF case. Decreasing net
longwave radiative flux stabilizes the fog layer, as shown in Figure 5b. As more radiatively cooled
air is transported downward by turbulent eddies, more cooling in the sub-cloud layer occurs; thus,
substantially lowering the fog-top (Figure 5c). Consequently, less turbulence production by the fog-top
radiative cooling inhibits entrainment at the fog top. We infer that reducing longwave radiative flux
as a forcing perturbation cannot promote fog depletion single-handedly, though it diminishes LWP.
Therefore, more emissive FT results in reducing the turbulent flux of total water content, 〈w′q′t〉zi ; thus,
less mixing at the fog top hinders fog lifting—one of key mechanisms suggested for fog dissipation,
which is discussed in the next section.
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Figure 5. Similar to Figure 2 but for the fog layers with different cloud-top longwave radiative forcings.

4.5. Fog Depletion Mechanisms

Phenomenologically speaking, fog depletion can be explained by two possible mechanisms.
The first mechanism is fog lifting by radiation penetrating the fog layer. Subsequent warming of
the surface layer promotes formation of updrafts, leading to fog depletion initiated by warming the
surface, following by propagating upwards through updrafts impinging upon the fog top. The second
proposed mechanism for fog depletion is inward mixing, in which fog erosion occurs inwards from its
edges at the fog top. It is argued that fog becomes thinner by inward mixing, but it does not disappear
altogether in a spatially uniform manner [18]. The observation of the geostationary satellite imagery
has been interpreted as fog dissipating from its outer edge inward rather than it burning off as a
whole [66]. Inward mixing is the result of a weak circulation on the outer edge of fog. Such mixing
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entrains warmer and drier air of the free troposphere into the fog layer and eventually erodes the fog
from the edges by mixing rather than by lifting the fog layer. The process of inward mixing continues
until fog completely dissipates without necessarily being lifted. The key difference between these
two mechanisms is where the onset of fog depletion occurs. Fog depletion via the lifting mechanism
initiates from the surface layer and finds its way up through updraft and raising the inversion layer.
Inward mixing initiates fog depletion by facilitating entrainment of dry air into the fog layer, commonly
at the fog top, regardless of affecting the inversion height. Besides these two mechanisms, shortwave
heating of the fog layer can also play a crucial role in depletion toward the end of the fog cycle.

To investigate which mechanism plays a dominant role on fog depletion in the current sensitivity
experiments, we selected three cases of reduced radiative cooling or more emissive FT (case R1),
warmer FT (case T3), and drier FT (case Q2), and compared them against the REF case. For details
of cases, see Table 1. The selection criterion is based on the capacity of fog to reach equilibrium:
∂t(LWP)→ 0. For the sake of a more convenient comparison, we revisit the temporal evolution of LWP
and TKE of these cases in a new plot shown in Figure 6. To better connect the temporal evolution of the
fog layer with its vertical structure, we compare the structures of fog at the times marked in Figure 6,
relevant to the start of maturity phase, and close to the onset of fog depletion. The large-scale structure
of the fog response to three different idealized forcing perturbation is compared by examining the
vertical structure of liquid water specific humidity in Figure 7. In each row, we present a time snapshot
that can give us a perspective toward a more meaningful narrative of the physical interpretation of fog
evolution. The first row shows the initial stage which is identical for all experiments.
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Figure 6. Temporal evolution of (a) LWP and (b) vertically integrated TKE of select cases of warmer FT
(case T3), drier FT (case Q2), and more emissive FT (case R1) contrasted against the REF case. For the
details of thermodynamic properties, see Table 1. Different times are marked by the vertical lines.

In REF case as shown in Figure 7 (REF column), the fog layer deepens (we = 5 mm·s−1) and the
LWC of the fog layer increases over time. The fog layer is characterized by much less LWC in the more
emissive FT case, pre-conditioning a faster dissipation once the sun rises. In both cases of warmer FT
and more emissive FT, the fog top is lowered with respect to the REF case but fog hardly dissipates.
In the warmer FT case, the reason is that the stronger temperature inversion hinders entrainment
(we = 0.5 mm·s−1), leading to the augmentation of LWC within the fog layer and fog-thickening, as
shown in Figure 7 (warmer FT column). In the more emissive FT case, despite tracing the signature of
dry tongues (as early as ∼2 h), the entrainment rate (we = 1.8 mm·s−1) is not high enough to lift the
fog top; thus, fog persists, as shown in Figure 7 (more emissive FT column). There is a pronounced
difference between the vertical structure of the drier FT illustrated in Figure 7 (drier FT column) and
other cases, as the presence of dry tongues at the fog-top region is distinctly noticeable, even as early
time as t = 2 h. Drier air from the non-turbulent FT can sink down into the fog layer through these
holes. Erosion of the fog layer at the top via inward mixing can cause the cellular pattern or patchiness
of the fog that eventually contributes to fog depletion, particularly in the fog-top entrainment zone.
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Despite the relatively small fractional area of the dry tongues or cloud-holes at the fog-top, these
volumes of dry air play a significant role on the LWC variability and can contribute to reduction of
LWP, as shown in Figure 6a, in the case of drier FT. Thus, zero LWP tendency is achieved earlier than
any other cases. Additionally, it is interesting to observe that simultaneously fog lifting in the case
of drier FT fosters fog depletion near the surface, as shown in the last snapshot of Figure 7 (drier FT
column). Since we in the drier FT experiment is nearly sustained with respect to the REF case, as shown
in Figure 3c, the entrainment into the descending thermals can gradually erode fog downward as a
result of inward mixing, while fog lifting fosters drying the surface layer simultaneously.

Figure 7. The structure of liquid-water specific humidity q` (g·kg−1) during the fog layer evolution at
times marked on Figure 6. Each row illustrates the same time snapshot of different cases. From left
to right columns: reference case, warmer FT (stronger temperature inversion strength of ∆T = 21 K),
drier FT (stronger total-water specific humidity jump of ∆qt = 1 g·kg−1), and more emissive FT cases
(reduced radiative flux of Fr = 20 W·m−2). The color bar is the same for all cases. The vertical scale is
the vertical axis along the fog layer.

5. Discussion

To focus on the entrainment contribution to the LWP tendency of the cases selected in Figure 6, we
examined the temporal evolution of each term presented in Equation (5); namely, entrainment drying,
entrainment warming, and fog layer deepening due to entrainment. But before that, we present our
examination of the temporal evolution highlighted terms in Equation (7) contributing to these effects:
∆qt, ∆θ`, and inversion height zi presented in Figure 8.
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Figure 8. The inversion jumps of (a) total humidity ∆qt, (b) liquid water potential temperature ∆θ`,
and (c) inversion height zi (right) for selected cases of warmer FT (case T3), drier FT (case Q2), and
more emissive FT (case R1) contrasted with the REF case.

Since simulation of each sensitivity case is initialized with different value of ∆qt or ∆θ`, we
normalized each variable with its initial value to conduct a meaningful comparison among cases.
Using the profile of θ` variance, the upper and lower boundaries of the inversion layer were determined
by following the work of Yamaguchi et al. [67]. The magnitude of the inversion jump of humidity
decreases the most for the drier FT compared to other cases, as shown in Figure 8a, which causes
more entrainment drying, as the entrainment velocity is almost sustained with respect to the REF
case. Entrainment warming is barely affected by drying FT with the respect to REF case, as shown in
Figure 8b. In all cases except the reduced radiation (or more emissive FT), the inversion strength reaches
a saturation point within less than 3 h after start of the simulation and stops growing. The growth rate
of the inversion strength in both cases of REF and drier FT are comparable as their growth rate of the
inversion height (the mean entrainment rate) shown in Figure 8c is similar.

Budget of the LWP tendency due to different entrainment contributions detailed in Equation (7)
is shown in Figure 9. The entrainment drying term exhibits the most profoundly different contribution
to fog evolution among these cases. Only in the drier FT case, entrainment drying increases (Figure 9c);
thus, it contributes to fog depletion. The fog layer deepening due to entrainment (L in Equation (7))
is only significant in REF case, and is to some extent noticeable in the drier FT case, since this term
is dependent on the maximum value of the LWC inside the fog layer, which is proportional to the
fog layer depth (∼zi). Regarding the role of entrainment on the LWP tendency, both warmer FT and
more emissive FT cases exhibit similarities (Figure 9b,d). The contribution of entrainment drying and
entrainment deepening is negligible, as in both cases fog persists and it does not lift off the ground.
The more emissive FT case has more entrainment warming as its net radiative flux is three times less
than the warmer FT case; thus, more radiative cooling is observed. We conclude that entrainment
drying is more effective than entrainment warming for fog depletion.

2 4 6
t (h)

−30

−20

−10

0

5

(g
m

−2
h
−1

)

REF

Ent. drying

Ent. warming

Ent. deepening

2 4 6
t (h)

−30

−20

−10

0

5

Warmer FT

2 4 6
t (h)

−30

−20

−10

0

5

Drier FT

2 4 6
t (h)

−30

−20

−10

0

5

More emissive FT

(a) (b) (c) (d)

Figure 9. The LWP tendency due to entrainment for the three terms of entrainment drying D,
entrainment warming W, and fog deepening due to entrainment L in Equation (7) for (a) the REF case,
(b) warmer FT, (c) drier FT, and (d) reduced radiative flux.
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The distribution of dry fog parcels during maturity and dissipation phases, as defined by
Nakanishi [9], is depicted in Figure 10. Although all sensitivity experiments were initialized with the
same liquid water content, drier FT cases compared with other cases exhibited a very different trend of
moisture evolution in the fog layer. As shown in Figure 10, only in the drier FT case, was the higher
total mixing ratio associated with more of the drier fog parcels (lower q`), whereas in the warmer FT
and more emissive FT, the wetter fog parcels with more liquid water have a higher total mixing ratio.
This confirms the fact that the reduction in drop concentration is not only due to drop dilution with
saturated air, but also due to drop removal by evaporation within the fog layer.

Figure 10. The liquid-water specific humidity q` versus total water specific humidity qt for REF case,
warmer FT (case T3), drier FT (case Q1), and more emissive FT (case R1). For details of cases, see
Table 1.

The question of fog depletion or fog persistence can be framed in terms of moisture mixing.
To identify where the mixing of moisture is enhanced locally, vertical profiles of moisture fluxes were
examined. The vertical structures of liquid-water specific humidity 〈q′`w

′〉 in all cases are nearly
identical (not shown here). However, the vertical profiles of turbulent flux of the the total water content
〈qtw′〉 in the all cases are distinctly different from the the drier FT case, as shown in Figure 11a. Drying
FT facilitates moisture removal in the region close to the fog-top more effectively than other cases,
in contrast with other two forcing perturbations that moisten the fog layer, while turbulent heat flux
exhibits comparable behavior except in the case of a more emissive FT, where less warming takes place
within the fog layer, as shown in Figure 11b.
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Figure 11. Vertical profiles of (a) total water specific humidity fluxes and (b) heat fluxes of selected
cases shown in Figure 6: warmer FT (case T3), drier FT (case Q2), and more emissive FT (case R1)
contrasted with the reference case (REF). For the details of thermodynamic properties, see Table 1.
Shadow regions indicate the intervals of two standard deviations around the average values.
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6. Conclusions and Perspectives

Fog maintenance and dissipation are highly dependent on the regulation of competing physical
processes. The relevant feedback acting to regulate turbulent kinetic energy (TKE), liquid water path
(LWP), and the entrainment rate of the fog layer can be illustrated in a conceptual diagram similar
to the one for the stratocumulus clouds [36]. Although such a conceptual description is suggested
for the marine stratocumulus, we may need to take caution extending that framework to fog due to
differences in inversion height, life-time, the role of exchanges with the surface, shorter time-scales
of regulating feedbacks in fog, and its highly transient nature. To that end, we performed a series of
sensitivity studies of radiation fog based on the Paris Fog observational data [40]. DNS of a fog layer
was performed at such high resolution that turbulence processes were able to be resolved down to
centimeter scales. We changed the forcing perturbations to imitate the realistic environmental changes
in temperature, relative humidity, and radiation. The roles of turbulent transport of heat, moisture,
and radiative cooling on the fog evolution, especially on the depletion phase, were investigated by
analyzing the temporal evolution of LWP, the TKE, and the inversion height of the fog boundary layer.

First, increasing inversion strengths by the warming free troposphere (FT) was found to decrease
entrainment rate due to the inhibition of fog-top mixing. The resulting fog layer is shallower
compared to the reference case. Under such a thermodynamic forcing, fog may deepen (as LWP
increases), or become shallower (as inversion drops), but it may not deplete. Second, under another
thermodynamic forcing, in the drier FT, as opposed to other cases, LWP decreases while fog top keeps
rising; thus, the turbulence intensity of the fog layer keeps growing. Unlike the stratocumulus, in
which a larger moisture jump at the inversion allows a smaller cloud thickness to sustain the same
entrainment, the fog-top entrainment rate slightly drops but TKE keeps increasing. Fog thins and
eventually depletes due to the fog lifting mechanism accompanying inward mixing as the fog becomes
more horizontally heterogeneous in structure. Third, reduced net longwave radiation lowers the fog
top. Less fog-top radiative cooling generates less turbulence with respect to the reference case; thus,
less fog-top entrainment. Although the fog inversion drops and LWC variability decreases, fog does
not deplete. Fog response seems to be different from the response of stratocumulus clouds to the same
perturbation. We postulate that such a difference may be due to the interference of surface dynamics
in the fog layer, as the boundary layer depth of fog is ten times less than stratocumulus clouds’ top
boundary layers. Thus, decoupling with the subcloud layer due to liquid-water flux observed in
stratocumulus may not occur in the fog layer. By examining the contribution of velocity variances to
TKE, we infer that a key to fog depletion is maintaining the growth of energetics inside the fog layer
while reaching the LWP equilibrium.

The primary control factor in fog dissipation was identified as the environmental perturbation
that can maintain the energetics of fog by sustaining the entrainment rate at the fog top while reducing
LWP. Among all thermodynamic forcings, fog depletion is more sensitive to the moisture gradient
at the inversion height rather than the inversion strength or lapse rate of liquid water content in the
mixed layer. We suggest that the increased humidity jump is the key factor controlling fog depletion
among all possible thermodynamic forcings.

The findings of the present study can be applied to the studies that consider the temporal
evolution of fog subject to changes in the weather and climate conditions. Besides the environmental
perturbations examined here, there are indeed more parameters controlling fog dissipation phase,
such as moisture sedimentation and surface fluxes. Further study in identifying the role of subsidence
velocity on fog dissipation is under way as an extension of the current work. Finally, direct numerical
simulation (DNS) can be promoted as a useful tool to assess the hypotheses and accuracies of the
numerical frameworks for studying fog processes, as it is particularly useful when turbulent processes
are critically important. Although the present study is the first attempt to use DNS to discuss the
sensitivity of fog dissipation to changing environmental conditions, more progress can be achieved by
using such a promising tool in the atmospheric and climate research community.
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Abbreviations

The following abbreviations are used in this manuscript:

DNS direct numerical simulation
FT free troposphere
LES large eddy simulation
LWC liquid water content
LWP liquid water path
TKE turbulent kinetic energy

Appendix A. Problem Formulation

We performed a three-dimensional direct numerical simulation of a shallow atmospheric
boundary layer with a multi-phase flow fluid which is disperse (small Stokes numbers <10−2 and
moderate settling numbers ≈ 0.5) and dilute (liquid volume fraction 10−6). Under the anelastic
approximation, we solved the Navier–Stokes equations plus the transport equations for enthalpy, h,
total water specific humidity, qt, and liquid-water specific humidity, q`, in an Eulerian framework,
as follows:

∇.(ρ0u) = 0, (A1a)

ρ0Du = −∇p + Re−1∇2u + ρ0bk + ρ0〈w〉∂zu, (A1b)

ρ0Dh = ∇.[ρκh∇h− ρj`(h` − h)− ρjr] + ρ0〈w〉∂zh, (A1c)

ρ0Dqt = ∇.[ρκv∇qt − ρj`(1− qt)] + ρ0〈w〉∂zqt, (A1d)

ρ0Dq` = ∇.[ρκv∇q` − ρj`(1− q`)] + ρ0〈w〉∂zq` + ρ(∂tq`)pha, (A1e)

where D is the material derivative operator; ρ0 is the reference density; u is the velocity vector field;
p is hydrostatic pressure; and b ≡ −g(ρ− ρ0)/ρ0 is buoyancy defined, where g is the magnitude of
the gravitational acceleration, k is the unit vector in the upward z-direction, 〈w〉 is the large-scale
subsidence velocity, and h ≡ [cd + qt(cv − cd)]T − q`Lv + gz is the static energy of liquid-water, where
h` = h(q` = 1). The specific heat capacities at constant pressure of dry air and of waver vapor are
cd and cv, respectively. The enthalpy of vaporization of water was used as Lv = 2.4429 (MJ kg−1).
The total water specific humidity and the liquid-water specific humidity are denoted by qt and q`,
respectively.

The longwave radiative flux (ρjr) was modeled as follows [58]:

ρjr =
ρ0q`

α

(
||ρjr||cte−LWPz/α − ||ρjr||cbe(LWP0−LWPz)/α

)
k, (A2)

where the LWP at the height z defined as

LWPz ≡
∫ z∞

z
ρ0q`dz. (A3)
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The nondimensional radiative parameter is α = (ρ0κL0)
−1, where L0 is the initial inversion

height and κ is the absorptivity factor or extinction coefficient which depends on fog microphysics
structure. Here we assume the value of κ = 120 (m2/kg) as used by [37]. To include fog microphysics
in our simulation, one can consider two important phenomena of gravitational settling and phase
relaxation which are encapsulated in the liquid-water mass flux ρj` and the time-rate of phase-change
(e.g., condensation) ρ(∂tq`)pha. The liquid-water mass flux accounts for the fluxes due to gravitational
settling of fog droplets and differential diffusion effects. Here, the liquid-water mass fluxes used in our
simulation were modeled by [68]:

ρj` = αmρq`wsk + ρ
κv − κ`
1− q`

∇q`, (A4)

where αm is the coefficient representing the effect of having droplets with different sizes, as the typical
range of fog droplet radius is 1–15 (µm) [1]. The reference settling velocity of droplet is denoted by
ws which is the function of droplet diameter, its density, and the dynamic viscosity of the gas that the
droplet settles in. Typical values of droplet settling velocity can be comparable to the typical value
of the mean entrainment velocity at a cloud-top. Therefore, gravitational settling can counteract the
forcing caused by radiative or evaporative cooling through depleting the liquid-water at the fog-top
region and ultimately through altering fog-top dynamics. Based on this concept, one of the very
first ideas of artificial fog dissipation used fog seeding by salt particles [69]. Another effect is due to
differential diffusion of droplets, which is the second term in Equation (A4), where κ` is diffusion
coefficient of liquid phase into the gaseous phase. For typical atmospheric conditions, the diffusion
of waver vapor phase dominates the diffusion of the liquid phase (κ` � κv) [70]. However, it was
shown that reducing κ` results in reduction of entrainment velocity when radiative cooling is the major
turbulence generator at the cloud-top region [71]. Another microphysical effect that includes in the
current simulation is the phase relaxation or the rate of phase-change (e.g., condensation) which is
modeled by:

ρ(∂tq`)pha = αpρq`
qv/qs − 1

tp
, (A5)

where αp is similar to αm in Equation (A4) which accounts for different sizes of droplets but the
droplets that are involved with the phase change. Equation (A5) is ratio of the supersaturation to
the phase relation time of a droplet tp. For evaluating both αp ad αm, the knowledge of droplet size
distribution is required. The DNS code solves the evolution equations of Equation (A1) based on
the the discretization scheme of the pseudo-spectral compact Padé [72], while the time-advancement
is performed using the low-storage Runge–Kutta scheme [73]. Having validated for cloud-topped
boundary layers [71,74], the source files of the computational of DNS code are open-source and can be
found at https://github.com/turbulencia/tlab.

Appendix B. Convergence Study and Initialization

Using a Cartesian coordinates, the governing equations of Equation (A1) are solved in a structured
grid, which is constructed by building up three directions separately. Each direction direction is broken
into different segments, following a specific generation algorithm. First, we construct a basic grid
with uniform spacing of sj := c0(j−);j = 1, .., N, where c0 is the uniform value and N is the grid size.
On the lateral plane, for both x and y directions, we use a uniform spacing c0 = 6.67. However for
the vertical direction, the non-uniform spacing is constructed by the two-transition mapping function
using a hyperbolic tangent given by

dx
ds

= 1 +
c1/c0 − 1

2

[
1 + tanh

(
s− st1

2δ1

)
)

]
, (A6)

https://github.com/turbulencia/tlab
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where the grid step ∆x = dx/dsj varies between the uniform value of c0 and c1 and transition occurring
at s = st1 over the length of δ1. A similar notation applied to the second transition mapping in the
second part of RHS of Equation (A6). Note that other explicit mapping, such as Equation (A6) can
be used to initialize the vertical profile of the qt and h, shown in Figure A1, in order to capture the
gradient at the surface and also at the inversion height.

The dependence of the results on Reynolds number, and thus the size range of the resolved
scales, was investigated by studying the temporal evolution of the vertically integrated turbulent
kinetic energy and liquid water path. Figure A2 demonstrates that the difference between the two
largest Reynolds numbers starts to be small enough to extrapolate part of the results to atmospheric
conditions (Reynolds-number similarity theory [57]). Note that the grid resolution convergence was
studied according to the Reynolds number based on the grid spacing, as the numerical uncertainty of
DNS is associated with this parameter. Here the Reynolds number corresponds to the grid spacing;
the larger the Re, the finer the grid. The grid convergence studies were performed for two sets of
observational data of different structures of radiation fog layer: a fog event with a lower-in-moister
troposphere compared to the fog layer—Cabauw fog in August 1977 [37], and a fog event with a drier
free troposphere than the fog layer—Paris Fog on the night of 18/19 February 2007 [40]. To have a
better picture on initialization procedure of current simulation, the initial profiles of the REF case
simulation at 00:30 UTC and and 3 h later are shown in Figure A1. The evolution of vertical profile of
prognostic variable and q` are presented as fog evolves from maturity phase toward dissipation phase.
Figure A1c demonstrates that the surface layer is initially dry but the fog layer thickens as LWC starts
to increases.
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Figure A1. Vertical profile of (a) the total water content, (b) mean enthalpy, and (c) liquid water content
of REF simulated based on the Paris Fog data. Dashed lines are initial vertical profiles at 00:30 UTC
and solid lines are profiles at 3 h later.
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various Reynolds numbers).
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