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ABSTRACT
The impact of vertical resolution on numerical fog forecasting is studied in detail for a specific case and
evaluated statistically over a winter season. Three vertical resolutions are tested with the kilometric-scale
Applications of Research to Operations at Mesoscale (AROME) numerical weather prediction model over
Paris Charles de Gaulle Airport (Paris-CDG) in Paris, France. For the case studied, the vertical resolution
has a strong impact on fog onset. The nocturnal jet and the turbulence created by wind shear at the top of the
nocturnal boundary layer are more pronounced with a finer vertical resolution, and the turbulence close to the
ground is also stronger with high vertical resolution. Local circulations created by the terrain induce different
simulated processes during the fog onset. The fog is simulated as advection–radiation fog in the finer vertical
resolution run and as radiation fog in the others. The vertical resolution has little impact on the mature and
dissipation phases. A statistical study over a winter season confirms the results obtained in the fog case study.
High vertical resolution simulates earlier onset, as well as longer-lasting and more spatially heterogeneous
fogs. The high vertical resolution configuration simulates more fog events than are found at low resolution
(LR); these fog events generally form north of Paris-CDG. No observations are available in this area, leading
to many simulated but no observed fog events in the fine-resolution runs. The ceiling of low clouds is not well
simulated by the numerical model no matter what vertical resolution is used.

1. Introduction
Operational short-term fog forecasting is a real challenge and has safety and economic impacts, especially
for airports (Gultepe et al. 2007). For security reasons,
the air traffic control (ATC) authorities define a low
visibility procedure (LVP) for horizontal visibilities of
less than 600 m and/or ceilings of less than 60 m. During
LVP conditions, the airport’s efficiency for takeoff and
landing is reduced, causing flight delays and cancellations. For example, at Paris Charles de Gaulle Airport
(Paris-CDG) in Paris, France, the landing and takeoff
capacity is reduced by a factor of 2. To anticipate and
handle air traffic flow, the airport managers need accurate forecasts of the onset, evolution, and dissipation
of LVP.
Three different types of numerical models are used
for research and operational fog simulations: large
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eddy simulation models (LESs; e.g., Nakanishi 2000;
Bergot 2013), one-dimensional (1D) models (e.g.,
Musson-Genon 1987; Bergot and Guedalia 1994), and
mesoscale models (e.g., Boutle et al. 2016; Cuxart and
Jiménez 2012; Steeneveld et al. 2015). LES models are
able to represent finescale phenomena not resolved in
mesoscale models. Such simulations are extremely
computationally expensive and can be used only for
research on small domains [e.g., Bergot et al. (2015) at
Paris-CDG].
One-dimensional models are used in research mode
for fog prediction (e.g., Bergot and Guedalia 1994), but
also in operational settings with high vertical resolution
because they provide valuable forecasts at low computational cost [e.g., Couche Brouillard Eau Liquide
(COBEL)–Interactions between Soil, Biosphere, and
Atmosphere (ISBA; Bergot et al. 2005) and the Airmass
Transformation Model (Holtslag et al. 1990)]. Tardif
(2007) studied the impact of the vertical resolution
with a 1D model and showed that the main processes
involved in fog onset, such as radiative cooling and liquid water transport, were impacted by the vertical resolution. This work demonstrated that the fog evolution
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simulated with fine vertical resolution was more realistic.
One-dimensional models with detailed vertical resolution
can simulate strong vertical gradients in a stably stratified
nocturnal boundary layer. However, 1D models cannot
simulate spatial heterogeneities accurately and can be used
only for local forecasts. Furthermore, this kind of model can
provide good quality forecasts for up to 6 h (Bergot 2007).
Recently, research studies have focused on fog forecasting with 3D mesoscale models. Cuxart and Jiménez
(2012) showed that, during a radiation fog event, local
circulations were induced by topography that impacted
the top of the thermal inversion. These motions created
wind shear at the top of the fog layer and participated in
the vertical development of the fog. Bari et al. (2015)
studied the fog evolution at different locations over a
coastal region and pointed out that advection impacted
the fog life cycle. In their study, a radiation fog created
inland was advected and resulted in a cloud-base-lowering
fog at a coastal station. These studies demonstrate that the
surrounding area can impact the fog evolution, and they
stress the necessity of using 3D mesoscale models for fog
forecasting over heterogeneous regions.
Fog onset is controlled by several physical and dynamical processes that differ according to fog type
(Tardif and Rasmussen 2007). At Paris-CDG, radiation
fogs and cloud-base-lowering fogs are the main types of
fog observed (Roquelaure et al. 2009). To forecast these
fog events accurately, the numerical model resolution
should be fine enough to represent the local circulations
and small-scale vertical exchanges occurring during the
fog life cycle. In recent years, some research has been
carried out on the impact of the model resolution on fog
simulations. The benefits of using a fine horizontal resolution have been highlighted for fog forecasting by
Boutle et al. (2016). In that study, operational horizontal
resolution (1.5 km) is compared to high horizontal resolution (333 m) using the same model. The finer horizontal resolution gives a better representation of the
spatial heterogeneities and impacts the evolution of the
fog. Note that the wind speed close to the ground and
the wind shear are also impacted by the land surface.
However, with a large domain size and/or pronounced
orography, 3D models with very fine vertical resolution
are not suitable for operational fog forecasting at present (Tudor 2010; Steeneveld et al. 2015; Van der Velde
et al. 2010). The model time step has to be very small to
avoid numerical instabilities, and this directly impacts
the numerical cost. However, previous studies have focused on specific cases and questions related to their
representativeness with respect to overall fog forecast
accuracy can be raised.
Previous studies recommend using a 3D model and a
fine vertical resolution close to the ground. In the present

VOLUME 31

paper, the impact of the vertical resolution is studied with
the operational kilometric-scale Application of Research
to Operations at Mesoscale (AROME) model (Seity et al.
2011) through a specific case study and a statistical study
during a winter season. Section 2 describes the observations used, the model characteristics, and the simulations.
In section 3a, through the study of a fog event at ParisCDG airport, the onset, evolution, and dissipation of fog
are investigated to better understand the impacts of vertical resolution on the processes involved. The impact of
the vertical resolution is also evaluated over a 6-month
period that included several fog types. The results of this
statistical study of fog forecasting during a winter season
are presented in section 3b. Finally, the main conclusions
and perspectives are discussed in section 4.

2. Model description and experimental design
a. Model description
The mesoscale model used in this study is the French
AROME model (Seity et al. 2011), which has been in
operational use at Météo-France since 2008. This model is
designed to forecast high-impact meteorological phenomena. Recently, the resolution of the operational AROME
was improved from 2.5 to 1.3 km for the horizontal
grid and from 60 to 90 vertical levels, with the first level
improving from 10 to 5 m above ground. The AROME
physics package originated from the Meso-NH research
model (Lafore et al. 1998). The microphysical processes
are parameterized using a one-moment mixed-phase bulk
scheme with five classes of hydrometeors (Pinty and
Jabouille 1998). The turbulence scheme (Cuxart et al.
2000) is based on a prognostic turbulent kinetic energy
equation (TKE) with the Bougeault and Lacarrere (1989)
mixing length. Shallow convection is parameterized by the
mass flux scheme of Pergaud et al. (2009). Surface fluxes
are represented with the Surface Externalisée scheme
(SURFEX; Masson et al. 2013) through specific schemes
for different surface types. The ISBA scheme is used for
interactions between the soil, biosphere, and atmosphere
(Noilhan and Planton 1989), urban microfeatures are described by the town energy budget (TEB) scheme (Masson
2000), and the surface scheme for lakes and rivers is based
on a simple Charnock (1955) formulation. Short- and
longwave radiation are computed separately; the shortwave radiation computation follows Fouquart and Bonnel
(1980) and the longwave computation uses the Rapid
Radiative Transfer Model (RRTM; Mlawer et al. 1997).

b. Experimental design
The model configuration is guided by the demand
for numerical fog prediction over airports. Simulations
are performed with a specific AROME configuration
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FIG. 1. The simulated domain. The dashed black square shows the AROME host model domain, and the solid black
square shows the AROME-CDG study domain centered over Paris-CDG.

(AROME-CDG) based on the operational AROME
model. These simulations are performed over a small
domain (80 3 80 grid points) to reduce computational
cost and are centered over Paris-CDG (Fig. 1) with a
1.3-km horizontal resolution. Domain size sensitivity tests
up to 120 3 120 grid points have been performed for the
studied case. It turns out that the main structures of the
fog layer are well simulated with the 80 3 80 grid points.
This behavior can be explained by the weak wind during
the night before the onset of fog. Three different vertical
resolutions are used (Fig. 2): 60 levels with 7 levels below
250 m (low resolution, LR), 90 levels with 10 levels below
250 m (medium resolution, MR), and 156 levels with 37
levels below 250 m (high resolution, HR). The first levels
of the models are at 10, 5, and 1 m above ground level for
LR, MR, and HR, respectively. To avoid numerical instabilities, the time step is set to 60 s for LR, 45 s for MR,
and 30 s for HR. Due to operational constraints, the
AROME-CDG boundary conditions are extracted every
hour from the operational AROME model. The main
features of the numerical forecasts are summarized in
Table 1. The Paris-CDG domain size is about 9 km along
the east–west axis and 6 km along the north–south axis.
Within the simulation domain, a study zone centered over
Paris-CDG is delimited between 48.968–49.048N and
2.478–2.558E, corresponding to 28 grid points (Fig. 3, black

square). This domain corresponds to the area covered by
Paris Charles de Gaulle Airport and measures 9.1 km
along the east–west axis and 5.2 km along the north–south
axis. Averaged values of modeled parameters are computed over this domain to investigate physical processes,
for example, budgets of temperature, liquid water content, or TKE.
A sophisticated formulation that takes into account
both liquid water content (LWC) and drop size

FIG. 2. Thickness of the model levels for LR (square), MR (triangle),
and HR (circle).
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TABLE 1. Numerical features of the AROME-CDG configuration.
Configuration

LR

MR

HR

Study domain
Horizontal resolution (km)
Vertical resolution (No. of levels)
No. of levels below 250 m
First-level height (m)
Time step (s)
Boundary conditions
Radiation scheme call
Outputs
Simulation duration
Vertical profiles
Case study date
Statistical study dates

80 3 80 grid point centered over Paris-CDG
1.3
60
7
10
60
From AROME, every hour
Every 3 min
Every 3 min
30 h starting at 1200 UTC
Averaged over 28 grid points
22 Oct 2012
Oct 2011–Mar 2012

—
—
90
10
5
45
—
—
—
—
—
—
—

—
—
156
37
1
30
—
—
—
—
—
—
—

distribution for calculating visibility values is recommended by Gultepe et al. (2006). However, the onemoment microphysical scheme used in AROME does
not allow for the temporal evolution of the drop size
distribution. Therefore, visibility is calculated only from
LWC following Kunkel’s (1984) algorithm:
ln(0:02)
.
Visibility(m) 5 2
144:7(LWC)0.88

(1)

c. Observations

Following the classification of Tardif and Rasmussen
(2007), the case studied in section 3a is a radiative fog
event that took place during the night of 22 October
2012. In section 3b, systematic simulations performed
from October 2011 to March 2012 are studied.

3. Results
a. Case studies
1) PRESENTATION OF THE FOG CASE

Several observations are available over Paris-CDG
(see Bergot et al. 2005 for details). A meteorological
mast provided temperatures at 1, 2, 5, 10, and 30 m
above ground level. Horizontal visibility was measured
at 12 locations across the airport domain.

In this section, the results of numerical simulations
with different vertical resolutions for the fog case of
22 October 2012 are discussed in order to study the
impacts of vertical resolution on fog forecasting. The
model was initialized at 1200 UTC on 22 October 2012.

FIG. 3. LWC (g kg21) for HR at 1 m superimposed with 10-m winds at 2200 UTC. The square
represents the Paris-CDG area studied.
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0100 to 0700 UTC. The dissipation phase began
around 0700 UTC with the sunrise, and the fog layer
had totally dissipated close to the ground by around
0830 UTC.

2) FOG FORMATION PHASE

FIG. 4. (a) Temporal evolution of the percentage of grid points
under foggy conditions at Paris-CDG. Dotted, dashed, and solid
vertical lines correspond to the times when 10%, 50%, and 100% of
the observations were under foggy conditions. Solid, dashed, and
dotted curves correspond to the LR, MR, and HR simulations,
respectively. (b) Averaged observed visibility (m) and standard
deviations (gray curve), superimposed with the mean simulated
visibility over Paris-CDG for LR (solid curve), MR (dashed curve),
and HR (dotted curve).

Simulations were compared with observations collected
at Paris-CDG. The fog life cycle was split into three
distinct phases—formation, maturation, and dissipation—
because the physical and dynamical processes controlling
them are different.
According to the visibility observations (Fig. 4),
the fog appeared at around 2300 UTC under clearsky and light-wind conditions (less than 1 m s21 at
10 m). The formation phase could be divided into two
parts: from 2300 to 0000 UTC and from 0000 to 0100 UTC
(Fig. 4). The first part corresponded to an isolated
fog layer and strong spatial heterogeneities could be
observed in the visibility. The second part corresponded to widespread dense fog (12 observed visibilities of less than 1000 m), with the whole airport area
under foggy conditions. The average minimum visibility was about 500 m during the mature phase from

The fog simulated by HR starts to form close to the
ground in the northern part of Paris-CDG. The formation of the fog layer is heterogeneous over the simulated
area. It starts from the north of the simulated domain
and then extends to the south (Fig. 3). This behavior is
simulated by all model configurations but, for LR and
MR, the foggy area in the north of the domain is smaller
and impacts only a few points.
The time evolution of the visibility and the horizontal
development close to the ground over the CDG area
were compared to observations (Fig. 4). For the HR
onfiguration, the fog appeared (1 grid point under foggy
conditions) over the CDG area at around 2230 UTC
(Fig. 4a). The simulated averaged visibility over CDG
starts to decrease at 2230 UTC for the HR configuration
only (Fig. 4b). From 2230 UTC to 0000 UTC, the mean
visibility over CDG simulates by HR decreased slowly.
The fog is very localized and found in only about 10% of
grid points of the CDG area (Fig. 4a). From 0000 UTC,
the visibility simulated with HR decreased rapidly to
reach its minimum value around 0130 UTC (Fig. 4b). It
corresponds to the rapid extension of the fog over CDG
between 0000 UTC and 0130 UTC. Consequently, the
formation phase of the HR simulation could be split
into two distinct parts, the first one corresponding to
localized fog, and the second to a widespread fog layer
over CDG. This behavior is in agreement with
observations.
The decrease in mean visibility and the horizontal
development of fog simulated by LR and MR are approximately the same during the formation phase
(Figs. 4a,b). The fog appears over the Paris-CDG area (one
grid point under foggy conditions) around 0030 UTC
for MR and 0045 UTC for LR, about 2 h later than HR.
After 0030 UTC, the mean visibility decreases rapidly
(Fig. 4). It can thus be concluded that the HR simulation is in better agreement with the observations
than LR/MR.
The fog onset simulated by HR is quite different from
that of LR and MR in terms of timing and horizontal
development. However, the whole Paris-CDG area is
under foggy conditions at approximately the same time
for all configurations (around 0130 UTC). To understand these differences, the processes involved in the
fog onset are investigated. First, the averaged 2-m
temperature of the simulations over the Paris-CDG
area is compared with the observations. The time

Unauthenticated | Downloaded 01/09/23 05:50 AM UTC

1660

WEATHER AND FORECASTING

VOLUME 31

temperature depends on the radiation, dynamics,
turbulence, and release of heat by microphysical
processes:
›T
›t

5
Tendency

dT
dt
1

FIG. 5. Temperature budget (K h21) for (a) LR and (b) HR
configurations at 2200 UTC. Solid gray, solid black, dashed black,
dotted black, and dashed gray curves correspond, respectively, to
the radiation, advection, tendency, vertical turbulence, and microphysical terms. Observed tendencies at 1, 5, 10, and 30 m are
represented by the black squares. The accuracy is represented by
the error bar.

evolution of the averaged 2-m temperature is quite well
represented overall in all of the simulations (not shown).
The cooling simulated at 10 m by the model is
about 20.73 K h21 for LR, 20.74 K h21 for MR, and
20.78 K h21 for HR at 2200 UTC. From this point, it is
difficult to draw clear conclusions.
To better understand the differences between the
simulations, the processes involved in the evolution
of temperature are studied in detail. The atmospheric
cooling close to the ground partly governed the formation of radiation fog and it could be impacted by
the surrounding areas. For example, the Paris urban
area, located in the southwest section of the simulated domain, could impact the atmospheric cooling
at Paris-CDG by the advection of warm air from the
urban heat island. The temperature trend over ParisCDG was studied for the three simulations and
for the observations. The temporal evolution of the

1
Radiation

dT
dt

dT
dt
1

Turbulence

Dynamic

dT
dt

.

(2)

Microphysics

A detailed description of the different terms of this
equation is given in the first section of the appendix.
These five terms are compared over the Paris-CDG area
for the LR, MR, and HR configurations. This reveals
that simulated processes contributing to the temperature trend are the same for LR and MR. To preserve
some clarity, only the LR and HR budgets are plotted in
Fig. 5. Furthermore, simulated tendencies are compared
to the observed tendency in order to validate the
model’s behavior. The temperature tendency based on
the observations is calculated for the 1.5 h before the
observed onset time.
For both vertical resolutions, the model underestimates the cooling close to the ground compared
with the observations. Even so, the temperature tendency simulated by HR is in better agreement with the
observations than the result simulated by LR and, particularly, the vertical profile shape of the cooling below
50 m. This could be explained by the more detailed
vertical exchanges simulated by HR. Classically, the
radiative cooling close to the ground is intense in HR
(about 21.4 K h21) (Fig. 5b). However, above 25 m, the
radiative cooling results are quite similar between HR
and LR (Figs. 5a,b). For HR, the turbulent mixing partly
compensates for this radiative cooling near the ground
by mixing in warmer air from the upper part of the
thermal inversion layer. This process is not well simulated with LR. The wind shear at the top of the thermal
inversion layer is stronger in HR (Fig. 6), leading to
stronger dynamical production of TKE. The TKE budget near the ground is dominated by the mean shear
velocity, and the TKE at 10 m is stronger in HR than in
LR (about 0.3 m2 s22 for HR against 0.23 m2 s22 for LR).
Furthermore, in HR, significant advections are simulated within the surface boundary layer, with a maximum of about 20.4 K h21 at the level of the low-level jet
(Fig. 5b). This process is not simulated in LR. HR
simulates stronger temperature heterogeneities close
to the ground (not shown). The most pronounced
difference between HR and LR/MR is found close to
the surface, with a much larger temperature variance
for HR.
As shown previously, advection could have a strong
influence on the atmospheric cooling and the impact of
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FIG. 6. Vertical profile of wind intensity (m s21) for LR (solid),
MR (dashed), and HR (dotted) at 2200 UTC.

the local circulations on the LWC at Paris-CDG was
studied. The LWC temporal evolution is governed by
condensation, advection, turbulence, and sedimentation:
›LWC
›t

5
Tendency

dLWC
dt

1
Condensation

dLWC
1
dt

dLWC
dt

dLWC
1
dt
Turbulence

Advection

.
Sedimentation

(3)
A detailed description of the different terms of this
equation is given in the second section of the appendix.
As previously, budgets are in close agreement for MR
and LR, and only the LR and HR LWC budgets are
presented in Figs. 7 and 8.
At 2200 UTC, none of the simulations show fog at
Paris-CDG. However, a fog layer did form in the
northern section of the simulation domain (Fig. 3) in a
predominantly rural area (Fig. 9). The total humidity
(vapor and liquid) simulated close to the ground by HR
is higher to the north of Paris-CDG than at the airport
itself (Fig. 7a). Local circulations due to the orography
are more pronounced with HR, leading to advection
toward Paris-CDG close to the ground. The air mass
advected toward Paris-CDG brings humidity, including
liquid water droplets (Fig. 7b). Unlike the HR simulation, LR simulates lower total humidity close to the
ground to the north of Paris-CDG. For LR, no advection
of liquid water droplets is simulated over Paris-CDG
(not shown). The advected liquid water droplets in HR
evaporate, and the humidity increases close to the
ground. This process partly explains why the fog forms
2 h earlier in HR than in LR.
Once the fog has set in, the behavior of the model is
different for HR and LR. With HR, the model simulates

FIG. 7. (a) Specific humidity profile (g kg21) at Paris-CDG (solid
curves) and to the north of Paris-CDG (dashed curves) for LR
(black curves) and HR (gray curves) at 2200 UTC. The area to the
north of Paris-CDG was between 49.098–49.178N and 2.478–2.558E.
(b) Liquid water budget (g kg21 h21) for HR at 2200 UTC. Solid
curves and dashed curves correspond, respectively, to the condensation and advection terms.

a localized fog for approximately 1 h. In contrast, the
LR simulation leads to rapid horizontal development
of the fog. The formation phase is investigated for LR
at 0100 UTC and HR at 2300 UTC, when their spatial
developments are identical. At 2300 UTC, 10% of the
grid points at Paris-CDG are foggy in HR (Fig. 4a),
while for LR, 10% of foggy points are reached at 0100 UTC
(Fig. 4a). As shown previously, dynamical processes
such as a nocturnal jet and turbulence below 25 m
are more pronounced in HR before the fog onset
(2200 UTC). The LWC budget in HR is impacted by
advection and turbulence (Fig. 8b). In LR, the fog
onset close to the ground is due to a radiative effect,
and the condensation appears near the ground (Fig. 8a).
The LWC is at its maximum close to the ground,
which is typical of a radiation fog. In HR, the model
simulated the advection of liquid water within the
inversion layer at Paris-CDG (Fig. 8b). Saturation is
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circulations induced by the surrounding variations in the
terrain.

3) FOG MATURE PHASE

FIG. 8. Liquid water budget (g kg21 h21) for (a) LR at 0100 UTC
and (b) HR at 2300 UTC. Solid gray, solid black, dashed, and
dotted curves correspond, respectively, to the condensation, sedimentation, tendency, and advection terms.

reached at the top of the inversion layer, helped by
the humidity provided by advection and evaporation
of liquid water droplets.
Starting at 0000 UTC, the behavior of the fog layer in
the HR configuration changed. The horizontal fog development is now rapid and similar to the horizontal fog
development of LR. At 0000 UTC, the 10 m wind becomes stronger for all configurations (Fig. 10a). This
leads to a strong increase in the advection of liquid water
in HR (Fig. 10). The liquid water provided by advection
is multiplied by 10 between 0000 and 0030 UTC. Once
the fog is dense enough, it develops vertically by radiative effects (Fig. 10).
In conclusion, the vertical resolution has a strong impact
on the onset time (2 h between LR and HR) and also has a
strong impact on the processes leading to fog. The fog
episode is simulated as radiation fog for LR and
advection–radiation fog for HR. These different behaviors
between the different model vertical resolutions are due to
the more pronounced nocturnal jet, turbulence, and local

Several parameters can influence fog development,
such as radiative cooling at the top of the fog layer,
advection, and microphysical processes. To better understand the resolution-dependent fog life cycle, the
temperature and LWC budget during the mature stage
are investigated at 0400 UTC. Processes simulated by
the LR and HR vertical resolutions are the same but with
differences in intensity so, from that time on, only the HR
configuration budgets are plotted in Fig. 11. Temperature
tendency based on observations during the mature
phase is calculated during the 1.5 h before 0400 UTC.
Both vertical resolutions simulate well the cooling close
to the ground compared with the observations.
For all of the model runs, the model simulates strong
cooling at the top of the fog layer, but the cooling depends on the vertical resolution [23.5 K h21 for HR
(Fig. 11a) and 22.4 K h21 for LR]. Classically, the radiative contribution to cooling is intense at the top of the
fog layer (23.8 K h21 for HR and 22.8 K h21 for LR).
This leads to condensation at the top of the fog layer
(Fig. 11b). Compensation of atmospheric cooling in HR
and LR is induced by heat released by microphysical
processes (Fig. 11a). The condensation rates are
about 10.9 g kg21 h21 for HR and 10.6 g kg21 h21 for
LR. Turbulence created by wind shear at the top of the
fog layer mainly governs the vertical fog development
during the fog mature phase, for all vertical resolution
configurations. However, the fog simulated in HR is
thicker (about 45 g m22) than in LR (about 35 g m22) at
0400 UTC. These differences in the simulated fog depths
by the different vertical resolution model runs provide
the main explanation for the difference in the radiative
cooling at the top of the fog.

4) FOG DISSIPATION PHASE
Temperature tendency based on observations during
the dissipation phase is calculated during the 1.5 h before
0500 UTC. Both vertical resolutions simulate well the
cooling close to the ground compared with the observations. From 0500 UTC, the model simulates warm, dry
advection (Figs. 12a,b) at the top of the fog layer for both
configurations. Processes simulated by the LR and HR
configurations are similar (but with small differences in
intensity); so, from that time on, only the HR simulation
is plotted. The vertical development of the fog layer is
heterogeneous over the whole region (around 60-m
height in the eastern region of the simulated domain
and around 220 m at Paris-CDG for both configurations)
(Fig. 13). The easterly winds make the top of the fog layer
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FIG. 9. Town fraction of the simulated area. The small black square represents the ParisCDG area, and the large black square represents the extended Paris-CDG area. Model terrain
height (m) is represented by the isolines.

at Paris-CDG drier (20.5 g kg21 h21 for LR and HR) and
warmer (10.5 and 11 K h21 for LR and HR, respectively) (Figs. 12a,b). The fog dissipates from the east,
and the top of the fog decreases until sunrise. After
sunrise, the turbulence close to the ground increases
(thermal production and shallow convection) as a result
of solar radiation, and the fog layer dissipates rapidly.

5) CONCLUSIONS DRAWN FOR THE MATURE AND
DISSIPATION PHASES

The processes involved in the mature and dissipation
phases are the same for all configurations. During the
mature phase, intense radiative cooling at the top of the
fog layer mainly governs the fog evolution. The dissipation phase is driven by the advection of dry, warm air
and by turbulence due to solar radiation.

using the algorithm described by Tardif and Rasmussen
(2007). This algorithm is based on physical and dynamical processes controlling fog onset. Forty fog events are
observed during the winter season studied: 18 observed
events are radiation fogs (RADs), 19 observed fogs are
cloud-base-lowering fogs (CBLs), and 3 observed fogs
are advection fogs (ADVs).
The forecast quality is calculated with the frequency
bias index (FBI) and the critical success index (CSI).
Hereafter, we use GD to signify good detections, FA for
false alarms, and ND for undetected fogs. The scores are
calculated by
GD 1 FA
GD 1 ND
GD
CSI 5
.
GD 1 ND 1 FA

FBI 5

(4)

b. Statistics of fog occurrence
In this section, a statistical study using LR and HR
configurations is performed over the winter of 2011/12 in
order to confirm the effects of vertical resolution on fog
prediction. From October 2011 to March 2012, 24-h
forecasts initialized at 1200 UTC were carried out with
the AROME-CDG model (see section 2). Simulations
of both configurations are compared with observations
made at Paris-CDG. Good detection is reported when
the model simulates fog during the same night as the
observed event.
To distinguish the influence of the vertical resolution
for each fog type, a fog-type classification is performed

1) FOG FREQUENCY
The LVP, defined as visibility less than 600 m or a
ceiling lower than 60 m, is used in this study to test the
quality of the fog predictions. LVP conditions are diagnosed in simulations and observations every 30 min.
The model simulates the general behavior of the LVP
frequency distribution well for both configurations (LR
and HR). It is characterized by a minimum occurrence
during the afternoon and a maximum at the end of the
night (Fig. 14). However, both resolutions underestimate the LVP occurrences during the night and
overestimate LVP occurrences at the end of the night.
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However, the forecast quality of the model is the same
for both resolutions, with each having a CSI score of
0.37. Moreover, every fog event simulated by LR is
simulated by HR.
To assess the influence of localization errors on
forecast accuracy, fog occurrence was computed over
an extended Paris-CDG area of 150 km2 (10 3 11 grid
points) instead of the 40 km2 (4 3 7 grid points) used for
the Paris-CDG area (Fig. 9). Considering this extended
area around Paris-CDG, 22 more fog events were
forecasted for LR and 37 more for HR (Table 3).
Among them, five cases simulated by LR are also observed over Paris-CDG and two more observed fogs
are simulated by HR. But the most significant finding
is a strong increase in the number of false alarm cases,
with an increase of 17 cases for LR and 35 cases for HR.
This leads to a slightly lower forecast quality with LR
(CSI about 0.35) and a markedly lower forecast quality
for HR (CSI about 0.26). Consequently, the undetected
fog cases do not seem to be due to the incorrect localization of the fog layer. However, the increase in false
alarms simulated at both vertical resolutions highlights
the spatial heterogeneities in the simulated fog development, which is more marked with the detailed vertical resolution.

3) HORIZONTAL HETEROGENEITY OF FOG LAYER
FIG. 10. (a) Temporal evolution of 10-m wind intensity (m s21)
for observations (solid gray), LR (solid black), MR (dashed), and
HR (dotted) averaged at Paris-CDG. (b) Liquid water budget
(g kg21 h21) for HR at 0039 UTC averaged at Paris-CDG. Solid
gray, solid black, dashed, and dotted curves correspond, respectively, to the condensation, sedimentation, tendency, and
advection terms.

Compared with the observations, the maximum of LVP
occurrences during the night is delayed by 1 h with HR
and by 1.5 h with LR. The rapid decrease in fog frequencies between 0800 and 1130 UTC is well simulated
by the model for both resolutions.

2) FOG FORECAST QUALITY
The HR configuration simulates more fog events than
LR (Table 2). In total, HR simulates 256 h of fog occurrence distributed across 49 fog events. LR simulates
196 h of fog distributed across 34 events. The number of
events simulated by the model is slightly biased for both
resolutions compared with the observed fogs. LR, with
an FBI of 0.85, does not simulate enough fog events and
HR has an FBI score of 1.22, which means that too many
fog events are predicted. For the 40 observed fogs, 20 are
simulated by LR and 24 by HR. Fifty percent of the
observed fogs are not forecasted by LR and 40% by HR.

As shown in the case study (section 3a), the fog
event simulated by HR showed significant spatial
heterogeneities. To test the robustness of this behavior, the horizontal development of fogs simulated
by both LR and HR is investigated during the winter
season (Fig. 15), using 33 fog events (good detections
and false alarms). Sixty-five percent of fogs simulated
by LR are generalized with a horizontal development
of 100% over the Paris-CDG area. Unlike LR, the
HR configuration simulates more localized fogs than
generalized ones. Thirty-seven percent of fogs simulated by HR are generalized over the study area.
Thirteen percent of fogs simulated by LR cover
less than half the domain, compared to 42% with HR.
The behavior of HR over a winter season confirms
the results obtained for the case study. The fog simulated by HR is generally more heterogeneous over
Paris-CDG.
Fifty-two percent of the false alarms simulated by
HR correspond to cases when the fog covers less than
half the Paris-CDG domain. The fog frequency with
HR is 1.5 times higher to the north of the Paris-CDG
area during the winter season. Actually, the temperature close to the ground is cooler north of ParisCDG because of the predominantly rural character
of the area (about 3.5 K colder on average than at
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FIG. 11. (a) Temperature budget (K h21) for HR at 0400 UTC.
Legend for identifying the curves is given in Fig. 5. (b) Liquid water
budget (g kg21 h21) for HR at 0400 UTC. Legend for identifying
the curves is given in Fig. 8.

Paris-CDG). However, visibility and ceiling are
measured only on the runways at Paris-CDG. Localized fogs simulated by HR north of Paris-CDG are
interpreted as false alarms even though no observations are available to confirm the presence or absence
of fog in the study area.
The results obtained in the case study are confirmed
by the systematic evaluation over a winter season. The
HR configuration simulates more heterogeneous fogs
than LR and, especially, more frequent fog in the
northern region of the Paris-CDG domain. This spatial
heterogeneity simulated by the model is difficult to
validate given the limited spatial coverage provided by
the available observations.

4) FOG ONSET AND BURN-OFF TIMES
The 33 fog events simulated by both HR and LR are
used below in order to study the impact of the vertical
resolution on the onset and burn-off times of fog.
These 33 events correspond to 212 h of fog for HR and
187 h of fog for LR. Figure 16 shows the distribution of

FIG. 12. As in Fig. 11, but for HR at 0500 UTC.

the onset time differences between LR and HR. The
distribution is bimodal, with two maxima, at 11
and 13 h. About 78% of fog events are simulated
earlier with HR than with LR, with a mean difference
of about 11 h. The onset difference is less than 11 h
for 53% of the fog cases and less than 13 h for 84% of
the fog cases.
Concerning the dissipation phase, 66% of the fog
cases dissipate earlier with HR. However, the mean
difference in burn-off time between LR and HR is only a
few minutes. Actually, the burn-off time difference is
less than 40 min for 80% of the fog cases. For a few cases,
the burn-off time difference between LR and HR is
more pronounced (up to 1.5 h). However, these cases
compensate themselves in the statistics because of positive and negative burn-off time differences. The results
obtained for the case study are confirmed by this statistical study. HR simulates earlier fog onset and longerlasting events than LR.
Concerning the 20 observed fog events forecasted by
both LR and HR, the onset time is unbiased for LR and
slightly biased for HR (forecast of onset time too early
by about 36 min on average; Fig. 17). The onset time
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FIG. 13. Vertical cross section (498N and 2.28–2.88E) of LWC (g kg21) at 0500 UTC. Vertical
dashed lines correspond to the limits of the Paris-CDG area. Only zonal winds are plotted.

error distribution is bimodal for both resolutions with
two maxima at 23/13 h for LR and 22/13 h for HR.
For both resolutions, the onset time error is less than 1 h
for only three fog events. The number of fog cases with
an error in onset time of more than 2 h decreases from 7
for LR to 4 for HR. Furthermore, the maximum simulated at 23 h with LR is simulated at 22 h with HR. This
behavior is in agreement with previous results, where
HR simulated fogs earlier than LR did. Moreover, 16
fog cases are simulated by HR with an onset error
between 23 and 13 h in comparison with 12 by LR.
To summarize, the HR configuration does not improve the onset time for short time errors (61 h).

5) COMPARISON OF FOG TYPES BETWEEN
SIMULATIONS AND OBSERVATIONS

The fog types of simulated cases are classified using
Tardif and Rasmussen’s (2007) algorithm in order to
compare the fog type simulated and the fog type
observed.
At Paris-CDG, 17 RAD, 20 CBL, and 3 ADV fogs
were observed. For both resolutions, the model simulates about 70% of RAD fogs and 30% of CBL fogs
(Table 4). Both resolutions simulate too many RAD
fogs and not enough CBL fogs. HR simulates 34 RAD
fogs, and LR simulates 23 RAD fogs instead of the 17
cases observed. Even so, 75% of observed RAD fogs are
well simulated by both resolutions. The model simulates
the observed fog type well for the good detections. Thus,
the vertical resolution has little impact on the forecasted
fog type.
The model does not simulate enough CBL fogs.
Eleven CBL fogs are simulated by LR and 15 by HR,
whereas 20 CBL events were observed. LR and HR
TABLE 2. Comparison of forecast quality between LR and HR for
the Paris-CDG area. See section 3b for the score calculation.

Event
forecasted
LR
FIG. 14. Frequency distribution of LVP condition occurrences
for the observations (black) and the LR (gray) and HR (white)
simulations.

HR

Yes
No
Yes
No

Event
observed
Yes

No

Total

FBI

CSI

20
20
24
16

14
—
25
—

34
—
49
—

0.85

0.37

1.22

0.37
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TABLE 3. Comparison of forecast quality between LR and HR
for the extended Paris-CDG area. See section 3b for the score
calculation.

Event
forecasted
LR
HR

Yes
No
Yes
No

Event
observed
Yes

No

Total

FBI

CSI

25
15
26
14

31
—
60
—

56
—
86
—

1.4

0.35

2.15

0.26

simulate 37% and 47%, respectively, of the observed
CBL events (Table 5). The undetected CBL fogs are
studied in detail. Except for one case, both resolutions
simulate low cloud during the nights of the nonforecasted but observed CBL fogs. For both resolutions,
the minimum nighttime ceiling for these dates is 180 m
on average, and about 82% of clouds had their bases
below 250 m (Fig. 18). About 55% of low cloud is below
150 m for both resolutions.
Raising the threshold height below which a cloud is
defined as fog allows more observed CBL fogs to be
detected in the simulations. However, the number of
false alarms also increases. With a threshold at 90 m, LR
simulates six more observed CBL fogs but gives 18 more
false alarms. The forecast quality (CSI about 0.35) does
not change when the ceiling threshold is at 90 m for LR
and HR (Table 6). With a ceiling threshold at 150 m, the
CSI score is about 0.33 for LR and 0.24 for HR. The CSI
decreases when a higher cloud-base threshold is used,
as a result of there being more false alarms.
To sum up, the vertical resolution has no impact on the
fog type simulated. The fog-type distributions are identical for both resolutions. Furthermore, the fog types
simulated by the model are well predicted for both resolutions. Despite an improvement in the number of CBL
fogs simulated with HR, the model does not simulate
enough CBL fog events for either resolution. The model
simulates low cloud during the nights when CBL fogs
occurred but were not forecasted, but the ceiling is not
well forecasted. However, it is not possible to improve the
forecast quality by increasing the ceiling threshold. The
evolution of stratus depends on dynamical and microphysical parameters. Increasing the vertical resolution
does not improve the model’s representation of microphysical processes, which plays an important role in the
life cycle of stratus (Twomey 1977; Warner and Twomey
1967; Durkee et al. 2000).

FIG. 15. Distribution of the maximum horizontal fog development at Paris-CDG during a simulated event for (a) LR and
(b) HR. FAs are represented in gray and GDs in black.

case and from the perspective of a statistical evaluation
over a winter season. Three levels of vertical resolutions
[high (HR), medium (MR), and low (LR)] are tested
with the kilometric-scale AROME numerical weather
prediction model over Paris Charles de Gaulle Airport.
The observed fog event that occurred during the night of
22 October 2012 is studied in detail for LR, MR, and HR

4. Conclusions
The impact of vertical resolution on fog forecasting is
discussed in this paper with reference to a specific fog

FIG. 16. Frequency distribution histogram of the onset time
difference (in h) between LR and HR. Positive values correspond
to earlier onset times for HR. Mean value is equal to 11 h.
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TABLE 5. Classification of fog types simulated by LR and HR
compared to observed events. Percentages correspond to the proportions of well forecasted events for each type of fog and in total.

FIG. 17. Frequency distribution histogram of the onset time error
for (a) LR and (b) HR. Onset time is defined when 1% of the ParisCDG area is under foggy conditions. Positive values correspond to
earlier onset times for the simulated events.

simulations. A statistical study is performed from October 2011 to March 2012 for LR and HR.
For the case study, the vertical resolution has a strong
impact on fog onset. The HR resolution simulates the
fog 2 h earlier than LR and 1.75 h earlier than MR.
During the formation phase of the fog, HR simulates a
more heterogeneous fog at Paris-CDG compared to
LR/MR, which is in better agreement with the observations. The nocturnal jet and the turbulence created
by wind shear at the top of the nocturnal boundary
layer are more pronounced with HR than with coarser
vertical resolutions. Local circulations induce different

Obs

RAD
18

CBL
19

ADV
3

Total
40

LR (GD)
HR (GD)
LR (FA)
HR (FA)

13 (72%)
14 (78%)
10
19

7 (37%)
9 (47%)
4
6

0
1
0
0

20 (50%)
24 (60%)
14
25

processes during the onset of fog. HR simulates an
advection of liquid water close to the ground over the
Paris-CDG area. The fog is simulated as advection–
radiation fog by HR and radiation fog by LR/MR. The
processes involved in the maturation and dissipation
phases are the same for all configurations. Turbulence
and radiative cooling at the top of the fog layer mainly
contribute to the vertical development of the fog during the mature phase. The warm, dry air advected at the
top of the fog layer and the turbulence created by solar
radiation at the ground principally govern the dissipation phase. The vertical resolution has little impact on
the maturation and dissipation phases for the case
studied.
A statistical study over a winter season confirms the
results obtained for the fog case study. High vertical
resolution simulates earlier and longer fogs. Furthermore, high vertical resolution simulates more fog
events over the winter season than does coarser vertical
resolution, and every fog event simulated by the low
vertical resolution is also simulated by the high vertical
resolution. High vertical resolution simulates more
heterogeneous fogs, which generally form north of
Paris-CDG. No observations are available in this area,
and this leads to many false alarms being reported with

TABLE 4. Fog-type classification of observed fogs and events
simulated by LR and HR. Percentages correspond to the proportions of fog types for the observed fogs and fogs simulated by
LR and HR.

OBS
LR
HR

RAD

CBL

ADV

Total

17 (43%)
23 (68%)
34 (69%)

20 (50%)
11 (32%)
15 (31%)

3 (7%)
0
0

40
34
49

FIG. 18. Distribution of the minimum cloud-base height during
the night when CBL events occurred but were not simulated: LR
(black) and HR (gray).
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TABLE 6. CSI (see section 3b for the score calculation) for LR and
HR according to the cloud-base threshold.
Cloud-base threshold (m)

Configuration

CSI

60

LR
HR
LR
HR
LR
HR

0.37
0.37
0.36
0.34
0.33
0.24

90
150

the fine vertical resolution. Increasing the vertical resolution does not improve the forecast quality over a
winter season. The low-cloud ceiling is not well simulated by the model no matter what vertical resolution is
used. Nevertheless, the model simulates low cloud for
every undetected occurrence of cloud-base-lowering
fog. Increasing the ceiling threshold of LVP conditions
does not improve the forecast quality as the number of
false alarms increases significantly.
This paper has highlighted the necessity of using a
fine vertical resolution close to the ground for fog
prediction with a numerical weather prediction model.
This study is limited to a small domain with little elevated terrain. The high vertical resolution model simulates more spatial heterogeneities and could also be
useful for road traffic or shipping forecasts. However,
with a large domain size and/or pronounced orography,
such a configuration would not be suitable for wide
operational use because of its high computational cost.
In future work, research will be needed to find solutions
to better represent processes close to the ground but
with limited costs. One such solution could be to use an
elaborate surface boundary layer like Canopy (Masson
and Seity 2009).
Over the winter season, fog occurs more frequently
north of Paris-CDG, and no observations are available
in this area. A larger number of observations should be
made over the Paris-CDG domain in order to validate
the capability of the model to simulate localized fogs
and to confirm the model behavior to simulate temperature and LWC budget terms. Further investigations
should also attempt to determine why the simulations do
not lower the stratus enough during the nights with
nonsimulated CBL fogs.
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Local Change Equations for Temperature and Liquid
Water Content
a. Thermodynamic equation
The local variation of temperature can be written
following the Eulerian equation:
›T
RT v
5 2V  =T 1
1 FT .
›t
Cp P

(A1)

The first term on the right-hand side (rhs) corresponds
to the advection of temperature in the x, y, and z directions. The second term on the rhs depends on the
constant gas for air R, on the specific heat at constant
pressure for air Cp , on the total temporal derivative of
the hydrostatic pressure v, and on the hydrostatic
pressure P. The second rhs term corresponds to the
variation of temperature due to pressure variation. The
sum of these two terms represents the dynamical contribution of the temperature variation:
dT
dt

5 2V  =T 1
Dynamic

RT v
.
Cp P

(A2)

The third rhs term is the physical contribution of the
temperature variation, and it depends on the temporal
evolution of the net radiation flux, the release of heat
by water-phase change, shallow convection, and
turbulence:
FT 5

dT
dt

1
Radiation

dT
dt

1
Turbulence

dT
dt

.

(A3)

Microphysics

The local temporal variation of temperature can be
written as the sum of all terms cited above [Eq. (2)].

b. Liquid water content equation
The local variation of LWC is represented as the sum
of the advection and of the production/loss of liquid
water by physical processes:
›LWC
5 2V  =LWC 1 FLWC .
›t

(A4)

The first term on the rhs corresponds to the advection of
LWC according to the x, y, and z directions:
dLWC
dt

5 2V  =LWC .

(A5)

Advection

The second rhs term represents the sum of the physical
processes contributing to the production/loss of liquid
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water, which include condensation/evaporation, sedimentation, and turbulence:
FLWC 5

dLWC
dt

1
Condensation

dLWC
1
dt

dLWC
dt
.

Turbulence

(A6)

Sedimentation

The local temporal variation of LWC can be written as
the sum of all terms cited above [Eq. (3)].
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