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1 | INTRODUCTION

Abstract

We numerically investigate the processes responsible for a fog event formed by
stratus cloud lowering, observed on December 1-2, 2016, during the experimen-
tal campaign in the northeast of France. The observations revealed a complex
temporal evolution with stratus followed by a relatively drier period and then
its reformation leading to fog formation by stratus lowering. Microphysical
observations below a tethered balloon exhibit different vertical profiles of liquid
water content and droplet concentration between the stratus and the fog formed
below. A simulation at 100-m grid spacing reproduced the main observed char-
acteristics of the cloud life cycle despite a time lag in stratus formation due to
large-scale conditions. The advection of cloud water in the stratus and at its top
appears crucial to feed the stratus lowering, resulting in radiative cooling, verti-
cal transport, droplet sedimentation, evaporation, and cooling of the sub-cloud
layer. The advection of cold or warm air in the lowest 250 m, mainly driven by
fine-scale orographic circulations, impacts the fog formation due to stratus cloud
lowering. When non-local conditions are favourable, the most important micro-
physical process to favour fog formation is the droplet sedimentation, leading
to the cooling and moistening in the sub-cloud layer by evaporation. Droplet
sedimentation appears more efficient when the droplet concentration is low,
and a two-moment microphysical scheme more appropriate than a one-moment
scheme to reproduce the observed variability of the droplet concentration. Given
the predominance of non-local processes on this case study, a three-dimensional
high-resolution model appears crucial to perform accurate forecasts of fog by
stratus lowering.

KEYWORDS

fog, high-resolution modelling, microphysics, stratus lowering

the presence of suspended water droplets (American
Meteorological Society, 2017). Such weather conditions are

Fog is a meteorological phenomenon characterized by = amajor concern for traffic safety, in particular for airports,
reduced horizontalvisibility to less than 1km due to  causing significant financial losses (Pearson et al., 2009).
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Fog is also the second most likely cause of weather-related
accidents (Gultepe et al., 2019).

The most studied type of continental fog is radiation
fog, forming by surface radiative cooling under clear skies.
Another type of continental fog as prevalent as radia-
tive fog is stratus cloud lowering (STL) fog, also called
cloud-base-lowering fog, a result of the lowering of a
pre-existing low stratus cloud to ground level (e.g., Price,
2011). STL fog differs from radiation fog by being already
thick when fog forms at the surface. In this case, the for-
mation phase consists of an interaction between the stratus
and the sub-cloud layer instead of the radiative cooling of
a stable layer. At Paris-Charles de Gaulle airport, radia-
tive fogs and stratus-lowering fogs are the major fog types
observed in equal proportions (Roquelaure et al., 2009).

Despite a long history of fog research, numerical
weather prediction (NWP) models still have problems
simulating fog properly (e.g., Steeneveld et al., 2015;
Boutle et al, 2022). Philip et al (2016) found that
the Météo-France operational model AROME simulated
about 70% of radiative fogs and 30% of STL fogs at
Paris-Charles de Gaulle airport. Difficulties in predicting
STL are partly explained by an insufficient understanding
of the phenomenon. Indeed, a better understanding of the
phenomenon would allow the identification of the pro-
cesses to be better represented in NWP models. Therefore,
better forecasting requires first of all a better understand-
ing of the main processes driving the STL.

The processes involved in the stratus lowering are illus-
trated in Figure 1. STL fog has been exhaustively studied
in coastal areas where several field campaigns were car-
ried out, especially in Europe and North America (e.g.,
Fernando et al., 2021; Wagh et al., 2021). The pioneer stud-
ies (e.g., Oliver et al., 1978, Pilié et al., 1979) found that
radiative cooling from the stratus top is a primary driver
of turbulence, inducing an increase of droplets diameter
by collection processes. It enhances droplet sedimentation,
moistening, and cooling of the sub-cloud layer by evapora-
tion of droplets, propagating the stratus base downwards.
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Koracin et al. (2001) suggested that, in addition to radia-
tive cooling at the cloud top, large-scale subsidence is also
an important factor for sea fog formation, as it acts to
strengthen the inversion above the cloud top and force the
cloud lowering.

However, STL fog over continental surfaces lacks base-
line studies. Dupont et al. (2012), focusing on a 6-day
period alternating between stratus and stratus-lowering
fog in the Parisfog (Haeffelin et al., 2010) experiments,
identified the humidification of the sub-cloud layer by
evaporation of droplets falling from the cloud base as a
key process for the formation of STL fog. More recently,
Toledo et al. (2021) have applied a conceptual model based
on adiabatic clouds to explain STL fog formation: The fog
forms when the liquid water path (LWP) exceeds a crit-
ical value, forcing the cloud base to reach the ground to
fill the layer between the cloud top and the ground. But
this approach assumes cloud adiabaticity and is based on
a column model, not including non-local effects.

To address this issue, this study investigates the com-
plexity of local and non-local processes involved in an STL
event combining experimental and numerical approaches.
The case study analysed here has been observed during a
field experiment over a hilly terrain. Observations include
precise vertical profiles of the microphysical parameters
using a tethered balloon. Previous numerical studies, such
as Ducongé et al. (2020), have shown that a good com-
promise between large-eddy simulations, which cannot be
run over large domains due to computation limitations,
and meso-scale simulations, which do not resolve local cir-
culations, is to use high-resolution mesoscale simulations
(Cuxart, 2015) of about 100 m horizontal grid lengths to
capture the valleys and the thermally driven flows (Vosper
et al., 2013; Smith et al., 2021). Thus, a high-resolution
mesoscale simulation is used here to conduct a process
study relying on budgets of cloud water and potential tem-
perature. Furthermore, as microphysical processes play an
important role in STL fog formation (cloud droplet sed-
imentation and evaporation), additional simulations will
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help assess the sensitivity of STL fog to microphysical
processes and the benefit of a prognostic cloud droplet
number in a two-moment microphysical scheme.

To our knowledge, this is the first processes study of a
continental STL based on observation and high-resolution
simulation. The article is organized as follows: Section 2
outlines the field campaign and the numerical set-up.
Section 3 provides an overview of the case studied and the
validation of the simulation by comparison with observa-
tions. In Section 4, a numerical analysis based on budgets
is performed to better understand the processes leading
to stratus lowering. In Section 5, sensitivity tests are con-
ducted to quantify the impact of the microphysical scheme
on stratus lowering, as well as to evaluate the impact
of sedimentation and rain evaporative cooling. A discus-
sion of the results is presented in Section 6, followed by
conclusions and outlook in Section 7.

2 | EXPERIMENTAL DESIGN AND
MODEL DESCRIPTION

2.1 | Measurements set-up

The selected stratus-lowering fog was observed on the
night of December 1-2, 2016, during a field experiment
carried out at the ANDRA’s (the French national radioac-
tive waste management agency) atmospheric platform
located in Houdelaincourt, in the northeast of France (Tav
etal., 2018).

The main instrumented area (48.56° N, 5.50° E), here-
after referred to as OPE, was located at the top of a
small hill, 395 m above sea level (asl), covered with grass-
land and surrounded by grass and crops fields. Table 1
provides the list of the instruments used in this study.

(a)

(b)

P\

48.12°N-

FIGURE 2
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Numerous instruments provide meteorological measure-
ments at the surface and at different levels above the
ground (10, 50, and 120 m). Two Present Weather Detec-
tor PWD22s measuring visibility were installed at 10 and
120 m, and a particulate volume monitor measuring lig-
uid water content (LWC) and particle surface area was
installed at 50 m. A secondary site in the valley located
at 309m asl (Figure 2), hereafter referred to as Valley,
was equipped with a standard meteorological station and
a PWD22.

At OPE, dry aerosol particle size distributions were
measured using a scanning mobility particle sizer for
particle diameters between 10.6 and 496 nm every 5 min,
and an optical particle counter for particle diameters
between 0.25 and 32pm. Remote-sensing instruments
were also deployed to monitor continuously the cloud
characteristics: a Vaisala CL31 ceilometer and an RPG
HATPRO microwave radiometer to measure the cloud
base height (CBH) and the LWP respectively (Martinet
et al., 2020).

During this event, three Vaisala RS92 radiosondes
were launched at different times during the fog life cycle
(2300 UTC on December 1, 0900 and 1200 UTC on Decem-
ber 2). Finally, in-situ vertical profiles up to 500 m were
performed with a 18 m? tethered balloon equipped with
meteorological sensors, a Gill ultrasonic anemometer and
inertial sensor for turbulence measurements (Canut et al.,
2016), and an adapted DMT cloud droplet probe (CDP)
to provide the size distribution of cloud droplets from 2
to 50 pm in diameter at 1 Hz. The CDP was mounted on
a wind vane to align the sampling section perpendicu-
lar to the wind. In addition, a small fan fixed just to the
rear of the laser beam aspirates the air flow. The air speed
in the sampling section is therefore equal to the wind
speed plus 5m-s~'. This formula has been empirically
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(a) Geographical location of the OPE atmospheric station (©Google). Domains used for (b) the 500 m simulation and (c)

the 100 m simulation. The black square in (b) indicates the nested 100 m domain in (c) centred over the OPE station. The black dots
correspond to the two measurement locations. The colour shading represents the orography in metres above sea level (m asl). The dashed
lines in (c) mark the zoomed region considered in Figure 15 [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Table of instruments that were deployed during the intensive observing period (IOP) and used in this study
Vertical Measurement Temporal
Instrument Measured variable position uncertainty resolution
Remote sensing
Vaisala CL31 ceilometer Cloud base height (m) from 0 Greater of 1% or 5m 30s
to 7.5km
HATPRO microwave Liquid water path (g-m~2) 20g-m~2 5min
radiometer
Kipp Zonen CNR1 Downward long-wave 10% for daily sums 1min
radiation (W-m~2)
In-situ microphysics
In-situ microphysics
Vaisala PWD22 Horizontal visibility (m) from 10 and 120 m 10% (below 10 km) 1 min
0.01 to 20 km
Gerber PVM-100 (particulate LWC (g-m~3) and PSA 50 m 15% for both LWC and 1s
volume monitor) (cm?-m~3) PSA
Aerosols
Aerosols
Grimm EDM180 OPC (optical Dry aerosol number 2m 10% uncertainty in 1 min
particle counter) distribution from 0.25 to diameter
32 pm
TSI model 3096 SMPS (scan- Aerosol distribution from 10.6 2m 5% uncertainty in 2min 30s
ning mobility particle sizer) to 496 nm diameter
Atmospheric profile IOP
Atmospheric profile IOP
Vaisala RS92 radiosonde Temperature (°C) 0.5°C 1s
Relative humidity (%) 5% 1s
DMT cloud droplet probe Droplet distribution from 2 to 30% 1s

50 pm

determined from comparison with measurements from
the instrumented mast and with a Fog-Monitor also man-
ufactured by DMT.

This fog case can be considered as a warm fog, as the
observed temperature profiles were positive throughout
the fog layer. Unless explicitly mentioned, all altitudes
given in this article correspond to height above the ground
level.

2.2 | Numerical set-up

The numerical simulations are performed with the
non-hydrostatic atmospheric research model Meso-NH
(Lac et al., 2018), which has already been widely used
for high-resolution simulations of fog (Bergot et al,

2015; Bergot, 2016; Mazoyer et al., 2019; Duconggé et al.,
2020). Here, a downscaling method is applied from the
Météo-France operational model AROME (Seity et al,
2011; Brousseau et al., 2016) analyses at 1.3 km horizontal
grid spacing, used for initial and hourly coupling con-
ditions at boundaries of a 500 m horizontal grid spacing
model over a domain size of 100 km x 100 km. The 100 m
horizontal grid spacing model, over 30km X 30km cen-
tred on the observation site (OPE), is nested inside in a
two-way interactive mode (Figure 2). In the vertical, 150
levels are used between the ground and the top of the
model at 3,250 m for the two nested domains. The ver-
tical grid spacing is 1.5m for the first 50 m nearest the
surface and is stretched above this level up to 50 m at the
top of the model. A nudging to large-scale dynamical and
thermodynamical fields from analyses is imposed above
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2,850 m height above ground through an absorbing layer
where the prognostic variables are relaxed towards the
large-scale fields.

The advection scheme for momentum variables is
a centred scheme of fourth order with a Runge-Kutta
time-splitting of fourth order in time, whereas scalar
variables are transported with the piecewise parabolic
method scheme Colella and Woodward (1984).

The atmospheric model is coupled with the Interaction
between Soil Biosphere and Atmosphere surface scheme
(Noilhan and Planton, 1989) through the Externalized Sur-
face model (Masson et al., 2013). The orography data come
from the Shuttle Radar Topography Mission with a res-
olution of 90m for the 500m model and 30m for the
100 m model. The ECOCLIMAP database at 1 km resolu-
tion is used to generate land cover and surface parameters.
Although the vegetation database resolution is coarser
than the grid length, one can consider that it is not cru-
cial as vegetation heterogeneities probably have no impact
on the stratus lowering. The turbulence scheme is based
on a prognostic equation for the turbulent kinetic energy
(Cuxart et al., 2000), in a one-dimensional mode with the
Bougeault and Lacarrere (1989) mixing length at 500 m
grid length and in a three-dimensional mode with the
Deardorff (1980) mixing length at 100 m, well adapted to
these resolutions.

Two microphysical schemes are used in this study: the
one-moment scheme ICE3 (Pinty and Jabouille, 1998),
which prognoses the mixing ratio of five hydrometeor
species (cloud droplets, cloud ice, snow, rain, and graupel)
and is currently used in the operational AROME model;
and the two-moment Liquid Ice Multiple Aerosol (LIMA)
scheme (Vié et al., 2016), which inherits the ICE3 scheme.
The main differences between the two schemes are prog-
nostic concentrations of droplets, raindrops, and ice crys-
tals for LIMA, whereas they are diagnostic in ICE3 with a
constant number concentration (NC) for droplets; a prog-
nostic evolution of the aerosol population for LIMA, with
a detailed representation of aerosol-cloud interactions to
handle competition between several cloud condensation
nuclei (CCNs) modes, whereas aerosols are not repre-
sented in ICE3. In LIMA, each CCN mode is defined by
its chemical composition, size distribution, and nucleation
properties. The CCN activation parametrization following
Cohard et al. (1998) is based on a diagnostic of maximum
supersaturation S, which depends on vertical velocity, the
growth of cloud droplets by condensation, and radiative
cooling. In our study, the CCN activation parametriza-
tion in the LIMA scheme has been improved according
to Vié et al. (2022) for general purpose by taking into
account the growth of already available cloud droplets by
condensation, limiting the overestimation of cloud droplet

Royal Meteorological Society

activation. In ICE3, the parametrization of the warm auto-
conversion is based on Kessler (1969) with a threshold
for rain initiation of 0.5 x 10~ kg-m~3 on the cloud water
content. In LIMA, the rain formation rate depends on the
cloud droplet size distribution following Berry and Rein-
hardt (1974) and Cohard and Pinty (2000). The droplet
sedimentation is computed by considering the Stokes law
for the cloud droplet sedimentation velocity, whereas fog
deposition is not activated here as it does not impact the
stratus lowering and the fog formation, which are the
objectives of the study. There is no subgrid condensation
scheme either as it becomes no longer necessary to be
used at 100 m grid length according to Boutle et al. (2014).
Furthermore, stratus clouds are not considered as subgrid
clouds at this resolution.

The radiative transfer is computed with the Euro-
pean Centre for Medium-Range Weather Forecasts radi-
ation code, with Fouquart and Bonnel (1980) for the
short wave (SW) and the Rapid Radiation Transfer Model
(Mlawer et al., 1997) for the long wave (LW). Cloud opti-
cal properties are computed according to Martin et al.
(1994) with the ICE3 scheme and according to Savi-
jarvi et al. (1997) with the LIMA scheme by taking
into account the prognostic cloud droplet concentra-
tion.

The simulation was initialized before any stratus has
formed at 1500 UTC on December 1, 2016, from the
AROME analyses, and lasted for 27 hr. The nested 100 m
model is introduced at 1800 UTC. The time step is 1s for
the larger domain and 0.5 s for the smaller domain.

For the simulations using the LIMA scheme, three
modes of aerosol were considered here according to
aerosol in-situ measurements at OPE station, averaged
over 1hr before the appearance of the stratus. Concen-
trations and mean diameters of 1,087cm~3 and 16 nm,
3,960cm™3 and 64nm, and 0.444cm™3 and 875nm are
used for the Aitken, accumulation, and coarse modes
respectively. The initial vertical distribution was set con-
stant with height. The OPE station is a rural background
site (Conil et al., 2019; Farah et al., 2020). As there was no
information about their chemical nature, sulfate aerosols
are assumed. Three simulations using LIMA are consid-
ered in this article:

+ the reference simulation using LIMA, simulation here-
after denoted LIMA;

« LIMA without sedimentation of cloud droplets, denoted
NOSED;
« LIMA without sedimentation of cloud droplets and

without the cooling from the evaporation of raindrops,
denoted NOSED + NOCOOL.
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Two simulations were also performed with the ICE3
scheme using different droplet NCs of 300 cm™3 (denoted
ICE3-300) and 100 cm™3 (denoted ICE3-100).

3 | OBSERVATIONS AND
REFERENCE SIMULATION

3.1 | Presentation of the observed case

3.1.1 | Satellite observations

The night of December 1-2, 2016, was characterized by
an anticyclonic circulation over France. Clouds products
of NWC SAF of Eumetsat derived from Meteosat Second
Generation satellite observations indicate the presence of
a low cloud cover gradually expanding over the north-
east of France and the OPE site between December 1 at
1800 UTC and December 2 at 1200 UTC (Figure 3, upper
row). Additionally, the cloud type of low clouds is pro-
gressively replaced by very low clouds between 0600 and
1200 UTC, possibly representing the occurrence of fog by
stratus lowering over a large area. Furthermore, cloud top

(@)

Dec 1, 2016, 1800 UTC

(b)

Dec 2, 2016, 0000 UTC

height (CTH) estimations indicate a rise of the cloud tops
between 1800 and 0600 UTC at the OPE site, from approx-
imately 800 to 1500 m asl (Figure 3, bottom row). The
horizontal resolution of the satellite products is between 3
and 7 km.

3.1.2 | Vertical structure

Vertical profiles of meteorological variables provided by
three radiosondes launched from the OPE are depicted on
Figure 4. At 2300 UTC (solid black line) there is a weakly
stable stratus layer, about 400 m thick. The CBH is just
below 100 m and we observe a strong inversion of temper-
ature at the top of the stratus (+8 K over 150 m). Above,
the atmosphere is very dry with vapour mixing ratios lower
than 0.5 g-kg~! over more than 1 km.

At 0900 UTC (orange line) the stratus layer is much
higher, with a cloud top at about 1400 m. Below, there is a
200 m thick fog in a stable layer, capped by an almost neu-
tral subsaturated layer with a relative humidity of about
80% up to the cloud base at 900 m. It is noteworthy that,
between 2300 and 0900 UTC, the layer between 550 and

(©)
Dec 2, 2016, 0600 UTC

[
HE

(d)
Dec 2, 2016, 1200 UTC
-

Low

clouds

CTH (asl)
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600 2,800 3,000
FIGURE 3  Satellite observations of cloud type (top row) and cloud top height (CTH) above sea level (bottom row) derived from

Meteosat Second Generation products of NWC SAF of Eumetsat during the night of December 1-2, 2016, at (a, e) 1800 UTC, (b, f) 0000 UTC,
(c, g) 0600 UTC, and (d, h) 1200 UTC [Colour figure can be viewed at wileyonlinelibrary.com]
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1400 m experienced a significant cooling and moistening
(—12Kand +3 g-kg™! at 1300 m), whereas between 200 and
550 m the air temperature has warmed by about 3 K.

Finally, at 1200 UTC the fog has dissipated and a 200 m
thick convective boundary layer has developed, capped by
a slight inversion. Atmospheric properties above the inver-
sion remain very similar, except that the stratus layer has
also dissipated.

The wind speed is relatively uniform above 300 m at
between 7 and 10m-s~!. There is a wind shear in direc-
tion that changes from northnortheast below the inver-
sion layer to northwest above (not shown here). These
radiosoundings thus indicate that the vertical structure
has evolved from an initial low stratus at 2300 UTC to a
more complex situation in the morning with three layers: a
stratus much more elevated, a fog layer at the surface, and
a subsaturated layer in between.

3.1.3 | Visibility at OPE and Valley sites

At the OPE station, fog is detected close to the surface
(at 10m) from 0548 to 1000 UTC (Figure 5). However,
measurements at the elevated levels on the instrumented
mast indicate a first drop of the visibility at 120 m just
before 2200 UTC. In fact, measurements from the ceilome-
ter reported in Figure 6 indicate that the initial stratus,
which appeared at 1800 UTC with a CBH at about 300 m,

Royal Meteorological Society

lowered below 100 m from about 1930 to 2330 UTC at the
OPE. A drier period then followed with large fluctuations
of the CBH detected by the ceilometer with values as
high as 800m (not shown), and a second stratus layer
then appeared just before 0230 UTC with a CBH around
150 m. Visibility measurements indicate that the cloudy
air then gradually lowered with a sharp drop of the vis-
ibility at 120m at 0230 UTC, then at 50 m at 0400 UTC
and a progressive decrease of visibility close to the sur-
face up to the fog formation at 0548 UTC. Finally, at the
Valley site 80m below, fog occurred in the morning at
0800 UTC approximately 2 hr after the OPE site, following
3 hr of mist, and lasted 2 hr. According to Figure 5, fog dis-
sipated at 1000 UTC at the surface and was lifted into low
cloud.

The stratus arrival at 1800 UTC is depicted with a
substantial increase of the downward long-wave radiation
(LWD) from 240 to 320 W-m~2 and a gradual increase of
the LWP that reached 120 g-m~2 at 2200 UTC (Figure 7).
We note very low values of both LWP and LWD between
0030 and 0330 UTC, attesting that the two stratus events
are separated by a drier period. Indeed, measurements
with the tethered balloon (not shown) indicate that the ini-
tial stratus layer disappeared progressively from 0000 UTC
with the advection of warmer and drier air; for instance,
the air temperature at 250m increased from 0°C at
2200 UTC to 2.5°C at 0200 UTC, whereas, below, the sur-
face layer stabilized with a continuous decrease of the

OBS: LIMA : AROME :
— 2300 UTC -+ 2300 UTC ---2300 UTC
------ 0300 UTC ---0300 UTC

Pt

0900 UTC
— 1200 UTC

-7

AAAAAAAA /)

FIGURE 4

75 280 285 290 295 3000 1 2 3 4
Potential temperature (K) Vapour mixing ratio (g-kg™?)

50 25 50 75 100 0.0 2.5 50 7.5 10.0
Relative humidity (%) Wind speed (m-s™1)

Vertical profiles of potential temperature, vapour mixing ratio, relative humidity, and wind speed as measured by the

radiosondes launched at OPE station at 2300, 0900, and 1200 UTC (solid lines); and simulated from the reference simulation (dotted lines)
and the AROME analyses (dashed lines) at 2300 UTC (black) and 0300 UTC (red) [Colour figure can be viewed at wileyonlinelibrary.com]
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main periods of stratus and fog are indicated by the shaded areas [Colour figure can be viewed at wileyonlinelibrary.com]
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Cloud base height (CBH, m) derived from the ceilometer (black diamond marker) and liquid water content (LWC) derived

from the cloud droplet probe (CDP) measurements (coloured dot) superimposed on the tethered balloon path. Dashed line corresponds to
time periods without CDP data when the battery was discharged. Each colour dot corresponds to the cumulative over 10 s of the CDP data.
The CBH is set to zero during the fog (between 0548 and 1000 UTC) based on the visibility measurements at 10 m. The two rectangles
indicate the time periods selected to compare vertical profiles of measurements with the simulations in Figure 9 [Colour figure can be viewed

at wileyonlinelibrary.com]

temperature within the first 100 m until fog formation at
around 0600 UTC.

3.1.4 | Microphysical observations

higher than 5m. The CDP is powered with a battery that
allows measurements up to a maximum of around 1.5 hr.
A large variability of LWC values was observed during
the flight periods (Figure 6). Indeed, the highest values of

LWC (0.26 g-m~3) were recorded in the first stratus layer,

The tethered balloon had a maximum ascent/descent
speed of 0.5 m-s™1, resulting in a vertical spatial resolution

whereas they were substantially lower in the fog layer.
The first ascending vertical profile at 2110 UTC reveals
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a continuous increase of LWC with height. The balloon
sampled the stratus layer over 250 m thick but has to stop
just below 450 m because of the authorized ceiling. This
was likely very close the cloud top, which was detected
just above 500 m by the radiosonde launched at 2300 UTC
(Figure 4).

Around 2330 UTC, the balloon sampled very low stra-
tus layers, which were also very thin (< 100m thick),
consistent with the measurements of the instrumented
mast. The next ascending profiles confirmed that cloudy
air had disappeared during the drier period, up to at least
450 m. Some thin stratus layers were further sampled at
various altitude levels, with LWC values that could exceed
0.14 g-m~3 over 100 m as measured during the ascent just
before 0400 UTC. But when the cloudy air approached very
close to the surface from 0440 UTC, the layer was about
200m thick and LWC values did not exceed 0.12g-m=3.
Moreover during the fog event, similar low values of LWC
were recorded with maximum values located around 50 m
despite the 250 m fog layer depth around 0630 UTC. The
fog layer reaches its minimum thickness of 100m just
before its dissipation as a stratus around 1000 UTC.

Royal Meteorological Society

3.2 | Validation of the reference
simulation

The performance of the reference simulation called LIMA
will be examined first, by comparison with measurements
at the OPE site.

Figure 4 compares the vertical profiles of the refer-
ence simulation (dotted black line) with the soundings at
2300 UTC and with the AROME analyses (dashed black
lines). The stratus layer, already observed from 1800 UTC
at OPE (Figure 6), is very thin in LIMA at 2300 UTC as
it only beginning to appear, whereas it is does not even
exist yet in the AROME analyses. Consequently, the mod-
els underestimate the near-surface potential temperature
(due to an excessive cooling) and vapour mixing ratio near
the ground at 2300 UTC. This is reinforced by the underes-
timation of the wind speed in the whole 800 m layer. Addi-
tionally, inversion gradients are underestimated, with too
cold and too moist air above the inversion in the analyses
and the simulation.

If we consider the analysed and simulated profiles 4 hr
later than the observation, they then become in better
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(@)

3010700 1800 1900 2000 2100 2200 2300 0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 0100

250

200

LWP (g-m~2)
=
o
<)

50

\\ .
100 /J \

— O0BS
—— LIMA

i
/\

A J

— ICE3-100
— ICE3-300

N
L A

NOSED
NOSED+NOCOOL

ZqOO 2200 2300 0000 0100 0200 0300 0400 0500 0600 0700 0800 0S00 1000 1100 1200 1300 1400

(b)3410700 1800 1900 2000 2100 2200 2300 0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 0100

LWD (W-m~2)

FIGURE 7
modelled and observed (a) liquid water
path (LWP, g-m~2) and (b) downward
long-wave radiation (LWD) at 2m
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agreement with each other. The stratus layer is well devel-
oped, but the top of the stratus is 200 m higher in the
simulation. Potential temperature and vapour mixing ratio
profiles in the first 500 m are in good agreement between
the reference simulation at 0300 UTC and the observations
at 2300 UTC.

Owing to the delay in the formation of the stratus in the
simulation, consecutive to the delay in the AROME analy-
ses, we will introduce in the following parts a virtual time
lag of 4 hr in the observations in order to study the stratus
lowering in consistency between observation and simula-
tion, but without delaying the sunrise in the model, which
occurred at 0710 UTC. Therefore, Figures 7 and 8 present
temporal evolutions of simulated fields compared with the
observations with the real time axis of the measurements
at the top and the time axis of the observations shifted by
4 hr at the bottom of the figures, the latter corresponding
to the time of the simulations. The simulated and observed
LWPs correspond (rainwater excluded).

After considering this time lag of 4hr in the obser-
vations, the simulated stratus is still formed 1 hr late, at
2300 UTC at 300m above the ground and grows both
downwards and upwards (Figure 8a). The cloud base
lowers to 100 m at 0000 UTC without reaching the ground,
and then it rises while the cloud top continues to propagate
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upwards. At 0330 UTC, the cloud base lowers again until
80 m, which is consistent with the observed CBH, at which
time the simulated LWP reaches 230 g-m~2, which is over-
estimated compared with the observed value of 70 g-m~2
(Figure 7a). These two missed opportunities to form fog
will be discussed later.

Between 0400 and 0600 UTC, the cloud thickness is
strongly reduced through an increase in the CBH, in agree-
ment with the observed CBH. The simulated LWP is also
reduced, reflecting the observations, but it remains over-
estimated by around 30g-m~2. The drier period is thus
almost correctly simulated. After 0600 UTC, the stratus
lowers again when the LWP increases, reaching the ground
at 1000 UTC, this time simultaneously with the observa-
tions (always considering the virtual time lag). The simu-
lated fog dissipates after 1200 UTC, in advance compared
with the observations, but the delay in the stratus forma-
tion induces diurnal surface fluxes favouring the dissipa-
tion of the fog, whereas they remain earlier in the morning
and so are weaker in the observations. We will therefore
not study the fog dissipation phase, in agreement with the
objective of the study to focus on stratus lowering and fog
formation.

Considering the virtual time lag, the temporal evo-
lution of the simulated CBH is fairly well reproduced,
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Temporal evolution of vertical profiles at OPE of (a) liquid water content (LWC, g-m~3), (b) droplet number concentration

(NC, cm™3) for the LIMA simulation, and LWC for (c) ICE3-300 and (d) ICE3-100. The real time axis of the measurements is at the top of the
figures, and the time axis of the observations shifted by 4 hr corresponding to the time of the simulations is at the bottom of the figures.

Measurements of cloud base height are superimposed in black dots. Rectangles indicate the time periods selected to compare with vertical

profiles of measurements in Figure 9 [Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 9

Vertical profiles of (a, c) the liquid water content (LWC, g-m~3) and (b, d) droplet number concentration (NC, cm~3)

calculated from the cloud droplet probe (CDP) measurements under tethered balloon (black dots), simulated by LIMA (red line), ICE3-100
(green line), and ICE3-300 (blue line). Profiles (a) and (b) were recorded during the stratus phase, whereas profiles (c) and (d) were recorded
during the fog period. The CDP data are averaged over an altitude interval of 10 m. The shaded area and horizontal error bars denote the first
(25%) and third (75%) interquartile ranges averaged over 22 min for the stratus layer and over the fog period for each simulation. Median
values are indicated by the dots for the observations and solid line for simulations [Colour figure can be viewed at wileyonlinelibrary.com]

despite a few discrepancies. The rate of cloud base low-
ering between 0700 and 1000 UTC exhibits a slightly
smaller value. It should be noted that the ceilometer has
a blind zone in the first 50m. With regard to the CTH,
there is no cloud radar observation, but the increase of
the CTH is confirmed by satellite data products, exhibit-
ing a CTH around 400m, 500m, 800m, and 1200 m
at 1800 UTC, 0000 UTC, 0600 UTC (Figure 3), and
0900 UTC respectively, and by the radiosounding profiles
at 2300 UTC and 0900 UTC giving a CTH of 550 m and
1400 m respectively (Figure 4), in the observation temporal
baseline.

Up to 0300 UTC, the LWD flux is well reproduced with
an almost constant value of 320 W-m~2, which is similar to
the observations (Figure 7b). This means that the optical
thickness of the stratus layer is well simulated, in accor-
dance with the LWP (Figure 7a). During the drier period

between 0400 and 0600 UTC, the LIMA simulation over-
estimates the LWD in agreement with the overestimation
of the LWP already mentioned. It should be noted that
the temporal fluctuations of the observed LWD flux dur-
ing the drier period are reproduced, due to the dissipation
of the stratus in the observations and its thinning in the
simulation.

The temporal evolution of the simulated LWC and
concentration exhibits a substantial variability during the
cloud life cycle, with higher values in the stratus than in
the fog (Figure8a,b). The main aerosol mode to be acti-
vated is the accumulation mode and peaks of activation
are mainly linked to the maximum of vertical velocity
(not shown). We can evaluate simulated microphysical
fields by using the measurements with the tethered bal-
loon when considering equivalent cloud phases (stratus
and fog). For the stratus, we choose the first ascending
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Two-dimensional maps of fog onset time at ground level (time [UTC], colour shading) from the (a) 500 m and (b) 100 m

horizontal resolution model for LIMA simulation, (c) NOSED, and (d) NOSED + NOCOOL simulations. Black contours represent the
orography, from 100 to 500 m, every 20 m. In (b), the three sites are marked by black diamonds. Rectangles around these sites show the
subdomains used to compute vertical profiles and budgets in Figure 13. The diagonal band will be used in Figure 11 [Colour figure can be

viewed at wileyonlinelibrary.com]|

profile beginning at 2115 UTC (observation time) and last-
ing 22min and compare it with the one at 0115 UTC
(simulation time) averaged over the same period, whereas
for the fog we average over the whole fog period in
both observations and simulation (grey rectangles in
Figures 6 and 8).

In the stratus, LIMA reproduces correctly the observed
values, with a quasi-adiabatic vertical profile of LWC above
the cloud base up to 0.25g-m~3 at 420 m, while droplet
concentration increases up to 350 cm~3 within the first

50m above the cloud base and remains almost constant
above.

In contrast, in the fog, the simulated LWC and droplet
NC values are strongly overestimated in the upper part
of the fog layer. Indeed, simulated and observed profiles
have almost the same shape in the lower part, but above
50 m altitude the simulated values continue to increase,
reaching almost 0.20g-m~3 and 200 cm~ respectively at
180m, whereas they are decreasing with height in the
observations up to about 200 m. Note, however, that the
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simulation produces a fog layer much thicker than the
observed one, with a CTH at about 800 m, which could
explain part of the shape discrepancy. Moreover, median
values of droplet NC measured around 50 m reach about
220cm™3, which is very similar to the simulated values.
Despite these discrepancies, the main microphysical fea-
tures of stratus and fog layers are then correctly reproduced
by the LIMA scheme.

Other types of hydrometers, such as raindrops, ice crys-
tals, snow aggregates, and graupel, are produced by the
model as well as in AROME, but in very small amounts
compared with the droplet water content (not shown).
Although the temperature is positive at the ground, it
becomes negative with height, explaining the presence of
mixed hydrometers.

To conclude this part, despite the 4-hr delay due to
the large-scale conditions, the LIMA simulation is in a
fairly good agreement with the observations in terms of
thermodynamical and microphysical conditions accompa-
nying the stratus lowering. Therefore, this simulation will
be used in the next section to explore the processes driving
the stratus lowering for this case.

4 | ANALYSIS OF STRATUS CLOUD
LOWERING

The previous section focused on the cloud evolution at
the vertical of the OPE station in order to validate the
reference simulation. We will now consider the simu-
lation in its three-dimensional representation to char-
acterize the differences between some points of the
domain in terms of stratus lowering and to determine
the main processes driving the stratus lowering and the
fog formation.

4.1 | Two-dimensional representation

Figure 10 presents a two-dimensional representation of the
fog onset time in both domains from 0530 to 1300 UTC,
as there is no more fog formation after 1300 UTC. In
the larger domain (500 m grid spacing), the formation
of fog first occurs in the northeast at 0530 UTC, prefer-
entially at the top of the hills, and propagates towards
the southwest, always favouring areas of higher altitude.
It does not reach the western part of the domain. In
the inner domain (100m grid spacing), the fog is first
formed at 0825 UTC in the southeast of the domain, over
the hills. Then it spreads northward along the crest and
over the surrounding raised areas. In the northeast of the
domain, the fog begins to form around 0940 UTC. After
1hr, the fog appears at the OPE station. However, the
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valley from the northwest to OPE remains free of fog,
as well as most of the southwest area, although the area
is at the same height as other locations where the fog
formed. At the Valley site, the simulated stratus reaches
the ground around 1200 UTC, almost 2 hr after the OPE
site; the delay between the two sites is in agreement with
the observations (Figure 5). In the inner domain, 75%
of the area of the domain is covered by fog formation,
and 87% of the regions where the altitude is higher than
330m.

Orography and geographical positions, therefore,
appear crucial for the stratus to reach the fog state dur-
ing this event. We will use in the following parts the
diagonal band from southwest to northeast, presented in
Figure 10b, to analyse the scenario, as well as the three
squares of 1km? located at an average altitude of 330 m
called SW, OPE, and NE, included in this diagonal band.

4.2 | Vertical representation

Figure 11 displays the evolution of the cloud layer every
hour from 0650 to 1150 UTC along the diagonal band and
confirms that the stratus lowering is generalized over the
domain, as well as the advection of boundary-layer clouds
from the northeast to the southwest. For the three sites,
the stratus begins to lower around 0750 UTC. Between
0750 and 0850 UTC, the cloud cover tends to deepen from
its top and its base. At 0850 UTC, an advection of high
cloud mixing ratio from the northeast feeds the cloud and
contributes to lower the stratus. At 0950 UTC, the stratus
reaches the ground at the NE site. The cloud first touches
the top of the hill and then spreads towards the valley.
About 1hr later, the fog forms at the OPE site. Above
the SW site, the stratus continues to lower but without
reaching the ground.

4.3 | Link between LWP, CTH,
and stratus lowering

To explain the occurrence of fog, Toledo et al. (2021) pro-
posed a conceptual model by considering a critical LWP
(noted CLWP) as the minimum amount of LWP that is
necessary to fill a fog layer of a given thickness; the pos-
sibility for a very low stratus layer to deepen into fog
corresponds to an LWP higher than this CLWP value.
This approach assumes adiabaticity in the cloud and does
not include three-dimensional effects like the horizontal
advection. Therefore, we attempt to investigate how the
LWP and CTH behave during the stratus lowering and
whether a CLWP value is correlated to the fog occur-
rence.
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Vertical cross-sections along the diagonal band presented in Figure 10b of simulated liquid water content (LWC, g-m~3)

every hour from 0650 UTC until 1150 UTC averaged during 5min. The three sites are marked with yellow diamonds. The arrows represent

the direction and the wind speed along the vertical cross-section [Colour figure can be viewed at wileyonlinelibrary.com]

Before 0900 UTC, the variability of the CTH is low, with
values less than 800 m (Figure 12a). The sudden increase
of the CTH up to 1250 m appearing around 0900 UTC over
the northeastern part, already underlined in Figure 11c,
propagates towards the southwestern part with a velocity
around 6 m-s~! corresponding to the mean wind speed at
thislevel. This increase of CTH is not impacted by the orog-
raphy. It is followed 15 min after the formation of fog (red
line) around the NE site, as well as around the OPE site
after 30 min. Between these two sites and at the northeast
of the NE site, the fog forms but later due to the valley
topography. From OPE towards SW, the stratus reaches the
ground at the peak preceding the SW location almost 1 hr
after the increase of the CTH, but the fog does not form
beyond.

Owing to the propagation of CTH and to the vari-
ability of the orography, we consider the LWP divided
by the CTH above the ground level to get rid of these
effects (Figure 12b), which we called the normalized LWP
(NLWP), in order to represent the layer to be filled by the
cloud water. In the first part of the night, two higher val-
ues of NLWP seem to stand out around 0000 and 0330 UTC
with CBH below 100m, but without leading to fog, in
agreement with Figure 8a. Around 0900 UTC, the stratus
appearing in the northeast of the domain is characterized
by a higher NLWP, associated with a more marked prop-
agation than the previous maxima. Around the NE site,
the maximum of NLWP is followed almost immediately
by the fog formation. High NLWP values tend to prop-
agate towards the OPE area, but not continuously. Fog
formation at the OPE site still occurs during a period with

high NLWP. On the contrary, fog formation between OPE
and SW is not correlated with a strong value of NLWP,
whereas strong values of NLWP around OPE at 0000 and
0330 UTC did not lead to fog. Therefore, it appears that
a conceptual model based on a CLWP is not adapted to
this fog event, meaning that the adiabaticity assumption is
not respected here, because of other effects like horizon-
tal transport or diabatic processes. We will come back to
this point in Section 6. A further analysis based on ther-
modynamical variables budgets will now be conducted to
highlight the horizontal transport and diabatic processes
driving the stratus lowering.

4.4 | Budget analysis

In order to better understand the processes leading to stra-
tus lowering and why fog is formed in some places and
not in others, a budget analysis of cloud mixing ratio (rc),
potential temperature, and vapour mixing ratio (rv) has
been performed over the three 1km? squares mentioned
before, NE, OPE and SW (Figure 10b). These three sub-
domains are positioned at the same altitude of 330 m and
experience different scenarios of stratus lowering. Since
our objective is to investigate stratus lowering, the budgets
are averaged for each site over the stratus lowering period,
which is defined as the period between the onset of stratus
lowering and the fog formation, when it is reached or tends
to be. The stratus lowering begins at almost the same time
at the different sites, considered at 0750 UTC, but with dif-
ferent CBHs. The end of the period is 0920 and 1010 UTC
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Temporal evolution (in the model temporal scale) between 2300 UTC on December 1 and 1200 UTC on December 2, 2016

(y-axis) along the southwest-northeast diagonal (Figure 10b) (x-axis) of (a) the cloud top height (CTH, m) and (b) the normalized liquid
water path (NLWP), defined as the LWP divided by the distance between the CTH and the ground altitude (presented in (a)). The red line
represents the cloud base height (CBH) at 0 m (e.g., the fog formation), and the black lines the CBH at 100 and 50 m. The three sites are
marked with a red diamond. The white color in (a) corresponds to clear sky [Colour figure can be viewed at wileyonlinelibrary.com]

for the NE and OPE sites respectively, corresponding to
the fog onset, whereas 1100 UTC is considered for SW
without fog formation. The delay of 4hr in the simula-
tion compared with the observations induces heating by
the ground, which slows down the formation of fog as the
morning progresses. However, this does not impact signif-
icantly the analysis of the differences between the sites.
Figure 13 presents vertical profiles of cloud mixing ratio
and the budgets of cloud mixing ratio, potential tempera-
ture, and vapour mixing ratio during these periods for the
three sites in order to conduct the process study.

441 | NE subdomain

At NE, the stratus base lowers by 125m from 0750 to
0920 UTC, when it touches the ground. Over this period of
1 hr 30 min, the maximum LWC increases from 0.2 g-kg™!
to 0.58g-kg™! at 250m. At the same time, the stratus
top rises by 250m (Figure 13a), resulting in a substan-
tial increase in LWP from 50g-kg™! to 240 g-kg™'. This
increase in water content is mainly due to the advection
of cloud mixing ratio (Figure 13c). The peak of cloud
advection around 750 m induces a maximum of radiative
cooling (Figure 13d), and therefore droplet production by

activation (pink line, Figure 13b), as well as non-negligible
turbulent effects on temperature and vapour mixing ratio
in the layer. This supply of cloud water above 500 m
contributes to the production of cloud water below by
advection, under the effect of the subsidence (dashed
black line in Figure 13e). Additionally, the water produc-
tion in the upper part of the cloud induces a significant
vertical transport of cloud water below 250 m by droplet
sedimentation (dark blue line in Figure 13b). This cloud
water supply in the sub-cloud layer mainly evaporates
(pink line in Figure 13b), inducing a cooling (Figure 13d)
and a moistening (Figure 13e) by the microphysics in
the first 450 m, mainly compensating the warm and dry
advection at low levels.

For the NE area, advection of LWC over the 800 depth
appears as a decisive factor driving the stratus lowering,
generating radiative cooling, vertical transport, droplet
sedimentation, evaporation, nd cooling of the sub-cloud
layer.

4.4.2 | OPE subdomain

At OPE, the stratus CTH increases slightly with a lower
cloud water content than at NE. During the descent of the
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stratus, the maximum LWC increases from 0.11 g-kg™! at
420 m to 0.38 g-kg~! at 300 m. When the stratus reaches the
ground at 1010 UTC, the LWP reaches 132 g-m~2, which is
four times higher than when it began to lower. However, it
does not exceed half of the LWP at NE at the fog formation.

In terms of cloud water budget (Figure 13h), the main
difference with the NE subdomain is that the transport of
cloud mixing ratio is only a source in the layer between
200 and 550 m, whereas it is almost negligible above and a
sink below. Additionally, there is a warm advection above
400 m, which is also present over the other two sites,
and this limits the condensation despite the advection of
moist air. Without an efficient supply of cloud water in
the upper levels, the droplet sedimentation is almost neg-
ligible below the stratus (Figure 13g), preventing a cooling
and a moistening by evaporation (Figure 13i,j in blue line).
However, a positive factor for the stratus lowering is an
advection of cold air in the first 300 m, favouring conden-
sation and the extension of the stratus towards the ground.
The origin of this cold advection will be discussed fur-
ther in Section 6. Near the ground, this cold advection
mainly compensates the warming by turbulent heat flux
(green line in Figure 13i). Indeed, the positive contribu-
tion of turbulence in the potential temperature budget in
the first 50 m is due to the solar heating artificially induced
by the time lag. But this is small compared with the cool-
ing caused by the advection in the first 400 m, and it does
not prevent the fog formation. Hence, the stratus lowers at
OPE despite the absence of cloud water supply in the upper
part of the stratus, and it succeeds in reaching the ground
due mainly to a cold air advection in the lower levels.

44.3 | SW subdomain

At SW, the stratus begins to lower at the same time as
the other sites but with a much lower LWP (10g-m~2)
and a higher cloud base around 380 m (Figure 13k). More
than 3 hr later, the cloud base has decreased to 30m
above the ground with a maximum of cloud water con-
tent (0.22 g-kg1), which is located at 250 m. After, the base
remains constant and then goes up. At the same time,
the top of the stratus did not rise. The budgets show that
there is a significant supply of cloud water by advection
between 300 and 650 m, largely evaporated by an advection
of warm and dry air. The riming process also contributes to
consume supercooled cloud water more than at the other
sites. In the same way as in OPE, there is no source of
cloud water by advection in the upper part of the stra-
tus above 650 m to feed the droplet sedimentation down-
wards (Figure 131). Below 300 m there is a warm advection,
unlike the OPE area, acting against the condensation up
to the ground despite the moistening by transport. The
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solar heating due to the time lag adds to the warmer advec-
tion to prevent stratus from collapsing to the ground, but
the turbulent contribution in the first 50 m is not higher
than at the other sites and, therefore, is not decisive for the
non-formation of fog.

We can also note that, between the three sites, the sub-
sidence is higher at SW; this means that the subsidence is
not a major ingredient for the continental stratus lower-
ing if the supply of cloud water in the stratus layer is not
sufficient. Hence, the main reason why the fog does not
form at SW compared with the other sites is that the trans-
port brings neither cloud water above the stratus compared
with NE, nor cold air in the sub-cloud layer compared with
OPE.

To summarize, the advection of cloud water in the stra-
tus appears crucial through its impact on the top cloud
radiative cooling, which stimulates activation of cloud
droplets and mixing, favouring vertical transport of liquid
water under the effect of subsidence and sedimentation. If
this supply of cloud water is not sufficient for the stratus
to reach the ground, advection of cold air in the sub-cloud
layer can help to complete the lowering. In any case,
non-local processes drive the stratus lowering during this
event.

The next section will focus on microphysical processes
through different sensitivity tests.

5 | MICROPHYSICAL
SENSITIVITY TESTS

The previous section has shown the primary role of
non-local processes. In a second step, the objective is to
analyse the impact of microphysical processes, considering
the same dynamical conditions. Therefore, we focus on the
OPE site and conduct sensitivity tests on the microphysics.

In the first part, two simulations with the one-moment
microphysical scheme ICE3 imposing two different
droplet concentrations are compared with the observa-
tions and with the LIMA simulation at the OPE station.
In the second part, sensitivity tests are conducted with the
LIMA scheme in order to characterize the role of droplet
settling and raindrop evaporative cooling. Except for the
microphysics and cloud optical properties computation
for the radiation scheme with ICE3, the configuration is
the same as in the reference simulation.

5.1 | One-moment versus two-moment
microphysical schemes

Two simulations are performed with ICE3 using con-
stant droplet NCs of 300cm™3 (ICE3-300) and 100 cm ™3
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(ICE3-100). These values correspond to the constant
droplet concentrations used in the operational configura-
tion of AROME for continental and maritime areas respec-
tively. They also fall within the range of the observed
droplet concentrations (Figure 9b,d). However, none of
these values match perfectly the observed values for
either the stratus or the fog due to the substantial vari-
ability of droplet concentration within the clouds: N, =
300 cm~3 better matches the observation within the stra-
tus before the lowering but overestimates it near the
stratus base and in the fog layer, in contrast to LIMA,
whereas N. = 100 cm~3 matches almost exactly the obser-
vation in the upper part of the fog but underestimates
the values near the ground and in the stratus before the
lowering.

Independently of the microphysical scheme, the stra-
tus forms at the same time as in the LIMA simulation,
around 2300 UTC, which is mainly due to the large-scale
conditions of the AROME analyses forcing Meso-NH, and
the cloud base descends rapidly much lower than in the
observations(Figure 8c). Up to 0200 UTC, the evolutions
of LWC and LWP (Figure 7a in blue line) are very close
between both simulations. Between 0230 and 0400 UTC,
ICE3-300 produces a lower stratus base height than LIMA
and the observations, with higher values of LWC through-
out the cloud layer. Consequently, the LWP is even more
overestimated with ICE3-300 than LIMA. Indeed, LIMA
produces droplet concentrations higher than 300cm™3
during this period. For the same cloud water content,
droplets are then bigger in ICE3-300, favouring sedimenta-
tion, cooling by evaporation below the stratus, and a faster
lowering. However, the cloud does not reach the ground in
ICE3-300 due to the large-scale drying conditions between
0400 and 0630 UTC. At the end of this dry period, the
cloud water content is much reduced with ICE3-300, lead-
ing to lower values of the LWP and LWD (Figure 7b). When
the stratus is reforming again after 0700 UTC, it lowers
faster than in LIMA and the observations, but the fog onset
occurs only 20 min earlier in ICE3-300 than in LIMA. The
shapes of the LWC profiles are also very similar in the two
simulations (Figure 9a,c). The accumulated water at the
ground as a result of the sedimentation of cloud droplets
and raindrops is also equivalent, with around 0.003 mm
for the cloud water and 0.5 mm for the rainwater at OPE
up to 1400 UTC (not shown). Therefore, ICE3-300 and
LIMA simulations are very close to each other for this
STL case.

Although the general stratus life cycle is the same, the
ICE3-100 simulation displays a different behaviour, with
an earlier fog formation at 0330 UTC. After a temporary
dissipation around 0525 UTC due to the large-scale dry-
ing, a new fog forms again at 0710 UTC, following a very
rapid stratus lowering, and persists for a long time, up to

1230 UTC, which is the same dissipation time for all the
simulations. Hence, ICE3-100 does not correctly simulate
the STL as fog formation is anticipated by 6.5 hr, compared
with the observations (considering the time lag), due to the
lower droplet NC.

Although the STL is different between ICE3-100 and
the other simulations and the observation, the differences
in the LWP and LWD evolutions are smaller (Figure 7).
But during the dry period between 0430 and 0700 UTC,
both ICE3 simulations produce lower values of LWP than
LIMA does, and the almost total dissipation of the cloud
between 0600 and 0700 UTC with a strong underesti-
mation of LWD compared with the observations. Given
that LIMA produces values of droplet concentration larger
than 300 cm~3, one could argue that in both ICE3 simu-
lations the droplet evaporation during the drier period is
enhanced due to an excess of droplet sedimentation. We
can note that the shapes of the LWC profiles with ICE3-100
are similar to the other simulations during the stratus
and fog periods (Figure 9a,c), meaning that the earlier fog
formation does not modify radically its characteristics in
terms of vertical structure and LWP.

To better illustrate the processes, the influence of the
microphysics on the STL is presented at OPE in terms
of differences between ICE3-100 and LIMA for the LWC
(Figure 14a), the sedimentation contribution to the cloud
mixing ratio budget (Figure 14b), the microphysical con-
tribution to the potential temperature budget (Figure 14c),
and the vapour mixing ratio budget (Figure 14d).

In the upper part of the stratus, ICE3-100 loses water
through sedimentation, which induces the growth of
droplets by coalescence. The bigger droplets fall below
the stratus, favouring cooling and moistening beneath the
stratus by evaporation. When the sub-cloud layer reaches
saturation, cloud droplets can no longer evaporate and
continue to fall, leading to the fog formation. Accumu-
lated cloud water at the ground during the whole event
over the domain is almost 10 times higher with ICE3-100
than with LIMA, whereas accumulated rainwater is almost
unchanged (not shown). Hence, droplet sedimentation is
of major importance to accelerate the stratus lowering. A
low value of droplet concentration induces larger droplet
diameters, favouring droplet settling. Therefore, the choice
of the NC for one-moment microphysical schemes has
a strong impact on the stratus lowering and fog forma-
tion time prediction. On the contrary, it does not impact
significantly the LWP evolution during the whole event
and the fog characteristics in terms of LWC profiles. Con-
sidering the variability of the observed droplet concen-
tration within the stratus and the fog, a constant value
cannot be representative of the range of concentrations,
and a two-moment microphysical scheme seems more
appropriate.
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5.2 | Impact of droplet sedimentation
and raindrop evaporative cooling

We now focus on the two-moment microphysical scheme
LIMA in order to better characterize the microphysi-
cal processes impacting the STL. The NOSED simula-
tion presents the same configuration as LIMA except that
the droplet sedimentation is switched off. Since NOSED
will tend to produce more rainwater, it might be wise to
see if evaporative cooling of rain has an impact on stra-
tus lowering and fog formation. The second simulation
NOSED + NOCOOL switches off the rain evaporative cool-
ing in addition to the cloud droplet sedimentation.

The stratus life cycle at the OPE site for NOSED
and NOSED + NOCOOL, presented in Figure Al, is
almost similar to the LIMA simulation, confirming that
it is mainly driven by non-local conditions. The differ-
ences appear near the ground, where the fog formation
is slightly delayed with NOSED and does not occur in
NOSED + NOCOOL. This is consistent with the results
obtained with the ICE3 simulation, where the settling
of cloud droplets leads to moistening and cooling in the
sub-cloud layer. The absence of sedimentation tends to
increase slightly the raindrop formation, so the absence of

cooling by raindrop evaporation prevents the fog forma-
tion at OPE. Other small differences appear between LIMA
and NOSED simulations: NOSED maintains a slightly
higher cloud top in addition to the higher cloud base, espe-
cially during the dry period between 0400 and 0630 UTC,
as the cloud water remains at higher levels. Additionally, a
reduction of LWC is noted with NOSED during the stratus
life cycle, due to formation of snow (not shown) in addition
to rain, by consuming supercooled droplets.

The effect of disallowing the sedimentation processes
is also seen to increase slightly the NC. This is hypoth-
esized to be due to a reduction of droplet coalescence,
which predominately occurs when droplets fall through
the cloud, causing larger droplets to be produced. For a
constant LWC, a reduction in the average droplet diameter
will result in a higher NC. This explains why, despite the
reduction in LWC seen with NOSED, a slight increase in
the NC is observed.

For the NOSED + NOCOOL configuration, stopping
the evaporative cooling of raindrops induces warmer air
below the cloud layer. This decreases the CCN activation
and the formation of droplets, reducing the droplet con-
centration in NOSED + NOCOOL compared with NOSED
(Figure Alb,d).
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The impact of droplet sedimentation on the fog for-
mation is confirmed over the whole domain, as presented
in Figure 10c,d with the fog onset time. Only 47% of the
domain in NOSED and 43% in NOSED + NOCOOL is
affected by fog formation, compared with 75% with LIMA.
Without droplet sedimentation, fog is limited to the area
where cold air is advected in the first 250 m (not shown).

NOSED + NOCOOL has a relatively similar behaviour
to NOSED, underlining the fact that the main contribu-
tion to the cooling below the stratus is produced by the
evaporation of droplets more than raindrops. Note that
the cumulated ground precipitation rate over the domain
is slightly increased from LIMA to NOSED, and slightly
reduced from NOSED to NOSED + NOCOOL (not shown),
as the absence of cooling from raindrop evaporation warms
the sub-cloud layer and increases the evaporation of rain-
drops before reaching the ground.

To summarize, the absence of droplet sedimentation
and cooling by raindrop evaporation strongly limits the fog
formation by STL, but does not prevent it where non-local
conditions are the most favourable.

6 | DISCUSSION

Vertical profiles of LWC and droplet NC derived from
in-situ measurements under the tethered balloon exhib-
ited different shapes between the stratus and the fog
formed below, and a significant variability. Lower values
of LWC and droplet NC in fog than in clouds are com-
monly observed (Pearson et al., 2009; Price, 2011; Mazoyer
et al., 2019). This could be explained by lower supersatu-
ration values reached in fog due to the lack of significant
updraughts in stable boundary layers. It has led to simple
alterations to single-moment schemes being implemented
in operational settings to taper the drop number towards
the ground (Wilkinson et al., 2013; Boutle et al., 2018).
However, measurements reported here reveal that both
LWC and droplet NC decrease drastically in the upper part
of the fog layer. This shape is singular and requires addi-
tional analysis that will be presented in a forthcoming
paper.

This study has presented the first high-resolution sim-
ulation for a real case of continental fog formed by stratus
lowering. Contrary to previous studies that have shown
the importance of large-scale subsidence for STL fog over
sea (e.g., Koracin et al., 2001), it is not shown here that
this plays a primary role in fog formation over land.
The analysis, based on cloud mixing ratio and poten-
tial temperature budgets, reveals that three-dimensional
advection processes are crucial to feed the stratus and
to favour the stratus base lowering and form the fog,
without being restricted to large-scale vertical velocity.

Three-dimensional non-local processes are also well iden-
tified in observations, where the layer between 550 and
1400 m exhibited a significant cooling and moistening dur-
ing the stratus life cycle.

Other criteria, such as the CBH, are often identified
as key parameters indicative of fog formation in a stratus
lowering. From a statistical analysis of 64 stratus lower-
ing events, Dupont et al. (2016) found that STL leading to
fog has an average cloud base of 172 + 120 m during the
3 hr period before fog formation, whereas quasi-fog situa-
tions (visibility between 1 and 2 km) correspond to more
elevated stratus (average CBH of 804 + 225 m). In addition
the CBH subsidence rate is much lower for the fog events
(44 m-hr~1) than for the quasi-fog situations (280 m-hr=1).
In our case study, measurements of CBH from the ceilome-
ter for both lowering events are sufficiently low (240 m at
2100 UTC and 120m at 0300 UTC in the reference time
of the observation), as well as the CBH subsidence rate
(63m-hr~! and 40m-hr~! respectively), but only the sec-
ond lowering event led to fog formation. For the first case,
the advection of warm and dry air in the sub-cloud layer
has prevented the lowering of the stratus cloud base to
the surface. Measurements with the tethered balloon con-
firm that the initial stratus layer has gradually disappeared,
associated with a significant increase in air temperature.
Beyond the CBH consideration, this means that the analy-
sis cannot be conducted in a one-dimensional approach.

In the same way, the CTH, which could be considered
as a good tracer of the moist air supply in the upper part
of the stratus feeding the stratus lowering, is not sufficient
to predict fog formation in STL as warmer or drier air in
the sub-cloud layer, such as around SW, has stopped the
lowering (Figure 12a).

The conceptual model proposed by Toledo et al. (2021)
explains the fog formation by STL when the LWP exceeds
the critical value corresponding to the sufficient amount
of fog liquid water to extend all the way down to the sur-
face. The reservoir LWP, defined as the excess water with
respect to the critical value (Toledo et al., 2021, equation 5),
is always negative between 2300 and 1200 UTC over the
whole domain of simulation, even when the fog forms (not
shown). A reason could be that the CTH in our case is
between 600 and 900 m while Toledo et al. (2021) have
defined a maximum value of 462 m derived from their 56
fog events. This results in very high values of the CLWP,
always larger than 300g-m~2, while the simulated and
the observed LWP never exceed 250 g-m‘z. In addition,
the stratus that forms the fog and the resulting fog itself
(Figure 8a,b) are largely sub-adiabatic (the dilution ratio is
equal to 0.4), whereas it is a main hypothesis for the valid-
ity of the conceptual model. Despite these considerations,
if we disregard the formulation itself and consider only
the concept with an NLWP to represent the layer between
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the ground and the CTH to be filled by the cloud water,
Figure 12b has shown that fog formation is not always
correlated with a strong value of NLWP, and strong val-
ues of NLWP do not always lead to fog. This means that
the conceptual model, developed in a one-dimensional
framework, cannot be generalized to fog by STL and a
three-dimensional model is necessary to make an accurate
fog forecast.

The role of droplet sedimentation was found to be
a driving process for the stratus lowering by moistening
the sub-cloud layer through evaporation in Dupont et al.
(2012). This process is also well identified in our study
using the microphysical budget analysis, but it appears as

a consequence of the advection of cloudy, cold and humid
air, and not as the triggering factor. Hence, at the SW loca-
tion, cloud advection between 300 and 600 m is significant,
but the simultaneous advection of warm air in the same
layer favours evaporation and prevents the sedimentation
of droplets below. In the same way, the fall of the stratus
at OPE around 0000 and 0330 UTC, initiated by the arrival
of cloudy air, is stopped by the advection of warm and dry
air. Moreover, a test without sedimentation and raindrop
evaporative cooling limits the fog formation but does not
prevent the stratus lowering; the fog still forms in some
areas where the cold air is advected to. It is the coupling
between both non-local and local phenomena, therefore,
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that allows the base of the stratus to lower and form the
fog.

Considering the non-local effects, the budget analysis
conducted over the NE, OPE, and SW sites has shown that
the cloud water advection in the stratus was systemati-
cally present to feed the stratus lowering. But advective
contributions were much more different between the three
sites in the first 250 m layer, with a positive contribution
to cloud water tendency at NE and a negative one at OPE,
whereas the advection brought cold air at OPE and warm
air at SW. To better understand this variability in the low
levels, Figure 15 presents a zoom on the northeast quarter
of the domain of the mean cloud mixing ratio and advec-
tive terms of cloud mixing ratio and potential tempera-
ture in the first 250 m layer between 0750 and 1010 UTC.
Advective terms of cloud mixing ratio and potential tem-
perature (Figure 15c,d) present fine-scale structures cor-
related with the orography (Figure 15a) when clouds are
already present in the layer (Figure 15b). In a north to
northeast flow, the advective contribution to cloud water
tends to be positive on the top of the hills and nega-
tive in the valleys, whereas the advective contribution to
potential temperature tends to be positive on the wind-
ward slopes of the hills and negative on the downwind
sides. Thus, even if the cloud advection that drives the
stratus lowering concerns the whole domain, affecting
the northeast area first, non-local fine-scale effects mainly
induced by the orography modulate the formation or not
of fog. This underlines the importance of high-resolution
simulation to correctly simulate fog by STL over hilly ter-
rains, as Ducongé et al. (2020) already pointed out for
radiation fog.

7 | CONCLUSION

A case study of fog formed by stratus lowering that was
observed during a field experiment on the night of Decem-
ber 1-2, 2016, has been presented.

A three-dimensional numerical simulation of this case
has been performed with the Meso-NH model applied at
100m grid spacing with a downscaling approach from
the AROME analyses focusing on the stratus lowering
and the fog formation. It has been first validated with
the thermodynamical and microphysical measurements.
Despite the 4 hr delay of the stratus formation time, which
was due to large-scale conditions, the reference simula-
tion, using the two-moment microphysical scheme LIMA,
reproduced correctly the main features of the three phases
of the cloud event, allowing it to be used as a basis for
analysis.

The stratus lowering over three subdomains has been
investigated using a budget analysis of cloud mixing ratio

and potential temperature to better understand the pro-
cesses involved. Key factors affecting the stratus lowering
up to the fog formation include, first, non-local effects,
inducing local processes: the advection of cloud water
in the upper part of the stratus through its impact on
the cloud top radiative cooling, which stimulates acti-
vation of cloud droplets and mixing, favouring vertical
transport of liquid water under the effect of subsidence
and sedimentation. The droplets fall to and beyond the
cloud base, which cools and moistens the sub-cloud layer
by evaporation.

Other non-local fine-scale effects, as a consequence of
orographic circulations in the first 250 m, come to mod-
ulate the stratus lowering by accelerating or preventing
the fog formation. The stratus descent tends to be accel-
erated on the windward slopes and at the top of the hills
and slowed down on the leeward sides. In the same way,
these circulations feed the droplet sedimentation, evap-
oration, and cooling of the sub-cloud layer. Hence, the
non-local effects appear to be the trigger component of
the local effects favouring the stratus lowering and the fog
formation, which are the droplet sedimentation, the evap-
oration, and the cooling in the sub-cloud layer. Therefore, a
conceptual model based on a CLWP in a one-dimensional
framework cannot be generalized to fog by STL, and a
three-dimensional high-resolution model is necessary to
make an accurate fog forecast.

The study has also shown that accurate prediction of
cloud droplet NC is one factor important in correctly fore-
casting the onset of fog by stratus lowering. A too low NC
leads to droplets that are too big and sediment out too
fast, quickly leading to fog formation, and vice-versa. To
address this issue, a two-moment microphysical scheme
appears more appropriate than a one-moment scheme in
light of the droplet concentration variability. In the same
way, taking into account the settling of cloud droplets is
crucial to correctly predict fog by stratus lowering.

Although this study dealt with only one case study, it
had the interest of containing different scenarios of stratus
lowering leading or not to fog, depending on the location
or the period considered. It will, of course, be useful to
study other cases in depth to confirm the triggering fac-
tor of non-local effects and then the coupling between
non-local and local processes in the stratus lowering.

Increased observations could, therefore, help to bet-
ter characterize the processes in a three-dimensional
approach, as in the LANFEX (Price et al, 2018) or
SOFOG3D experimental campaigns but which did not
include cases of fog by stratus lowering. W-band Doppler
cloud radars, measuring three-dimensional reflectivity
and Doppler velocity along sight of water drops, are ideal
tools to provide simultaneously dynamical and micro-
physical information (Delanoé et al., 2016). Techniques



FATHALLI ET AL.

Quarterly Journal of the 2321

NRMets

are also being developed on multi-instrumental retrievals
of cloud properties (Bell et al., 2021) that could allow
continuous measurement of vertical profiles of lig-
uid water content and droplet concentration inside
stratus clouds. This would further aid the study of
stratus-lowering fog.
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APPENDIX A
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FIGURE Al Temporal evolution of vertical profiles at OPE of (a,c) liquid water content LWC (g-m~3), (b,d) droplet number
concentration NC (cm~3) for the NOSED and NOSED + NOCOOL simulations respectively. The real time axis of the measurements is at the
top of the figures, and the time axis of the observations shifted by 4 hr corresponding to the time of the simulations at the bottom of the
figures. Measurements of CBH are superimposed in black dots [Colour figure can be viewed at wileyonlinelibrary.com]
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