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Abstract: This study concerns the impact of microphysics on the HARMONIE-AROME NWP model.
In particular, the representation of cloud droplets in the single-moment bulk microphysics scheme
is examined in relation to fog forecasting. We focus on the shape parameters of the cloud droplet
size distribution and recent changes to the representation of the cloud droplet number concentration
(CDNC). Two configurations of CDNC are considered: a profile that varies with height and a constant
one. These aspects are examined together since few studies have considered their combined impact
during fog situations. We present a set of six experiments performed for two non-idealised three-
dimensional case studies over the Iberian Peninsula and the North Sea. One case displays both low
clouds and fog, and the other shows a persistent fog field above sea. The experiments highlight the
importance of the considered parameters that affect droplet sedimentation, which plays a key role in
modelled fog. We show that none of the considered configurations can simultaneously represent all
aspects of both cases. Hence, continued efforts are needed to introduce relationships between the
governing parameters and the relevant atmospheric conditions.

Keywords: fog; cloud microphysics; HARMONIE-AROME; numerical weather prediction (NWP);
cloud droplet number concentration; cloud droplet size distribution

1. Introduction

Fog is an atmospheric phenomenon that can have a high impact on human activities,
such as aviation or road and maritime transport [1–3], due to the reduction in visibility
caused by small water droplets. The life cycle of fog is influenced by numerous processes,
spanning multiple spatial and temporal scales [1,4–8]. Among the involved processes are
the nucleation of aerosol particles, surface heat, and water fluxes, turbulence, radiative
cooling, sedimentation by gravity, etc. The interplay between these processes restricts the
correct simulation and forecast of fog. In particular, numerical weather prediction (NWP)
models have difficulties in reproducing the timing of fog formation and dissipation, as well
as spatial features including the spread of fog and its exact location [3,9–12]. Consequently,
fog forecasting remains a major problem at operational weather centres [13].

Due to the existing limitations concerning fog forecasting using deterministic NWP
models, to date, various alternatives have been explored including ensemble prediction
systems (EPS) and observation-based techniques; see e.g., [14–17]. However, these methods
have their own limitations (see, e.g., the previously cited references) and NWP models
remain a crucial tool for end users. Consequently, a thorough analysis of the shortcomings
of these models and their possible refinement remains a priority.

Deficiencies in the relevant parameterisations and the interactions between them
are some of the main obstacles that limit the model’s performance regarding fog. A clear
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challenge is to find settings that work well for many cases [11]. In general, the improvement
of parameterisations represents a major problem since atmospheric models are highly
optimised and include several compensating errors [18–20].

The representation of low clouds and fog has been recognised as a persistent defi-
ciency in the operational HARMONIE-AROME (HIRLAM-ALADIN Research on Mesoscale
Operational NWP in Euromed–Applications of Research to Operations at Mesoscale)
model [20,21]. This convection-permitting model was developed as part of a collabo-
ration between the HIRLAM (High-Resolution Limited Area Model) and ALADIN (Aire
Limitée Adaptation Dynamique Développement International) consortia. (Since 2021
this partnership has evolved into ACCORD (a consortium for convection-scale modeling
research and development; http://www.umr-cnrm.fr/accord/) (accessed on 12 October
2022).) A detailed description of the HARMONIE-AROME cycle 40 is provided in [21]. This
reference includes, in particular, a review of the physics parameterisations in the model.

An in-depth revision of the boundary layer schemes (cloud, turbulence, and shallow
convection) has been recently introduced by [20], with the aim of improving the insufficient
forecasting of low clouds. HARMONIE–AROME cycle 43 includes these modifications as
the default configuration. The cloud microphysics scheme and fog were not considered in
the aforementioned revision of the model and this motivates the present study.

The microphysical aspects of fog evolution remain poorly understood and this results
in forecast limitations [8,17,22]. The atmospheric conditions governing different types of
fog are highly variable, e.g., the type, number, and distribution of aerosols [23,24]. These
variable conditions are not (or are only very roughly) considered in the aerosol representa-
tion in various atmospheric models with one-moment bulk microphysics schemes, such
as in HARMONIE-AROME [25,26]. A central aspect of bulk microphysics schemes is the
representation of hydrometeor size distributions by specified functions [27]. However, the
shape of the cloud droplet size distribution, for example, is a rarely modified part of bulk
parameterisations but can have a substantial impact on model output; see the recent studies
of [13,28].

The purpose of this paper is to examine the role of the HARMONIE-AROME cloud
droplet representation under fog situations. In particular, we focus on the microphysical
aspects of cloud droplets in the model. We consider the impacts of two aspects of cloud
microphysics: (1) recent modifications to the characterisation of the cloud droplet number
concentration (CDNC), and (2) the parameters governing the shape of the cloud droplet
size distribution. A particular objective of this work is to investigate the sensitivity of
the model to microphysics parameters that can be implemented in ensemble forecasts in,
e.g., stochastically perturbed parametrisation schemes. This represents the first step in the
development and improvement of these schemes.

The present study is organised as follows. Section 2 introduces the microphysics
aspects of cloud droplets in HARMONIE-AROME and the experiments to be performed.
Subsequently, we describe two case studies of fog over the Iberian Peninsula and the
North Sea in Section 3. Thereafter, the results of the experiments and a shared discussion
regarding the two case studies are presented in Sections 4 and 5, respectively. The latter
section also outlines some future research possibilities that are motivated by the presented
experiments. Finally, conclusions are drawn in Section 6.

2. Methods

The single-moment microphysics scheme in HARMONIE-AROME was originally de-
veloped at Météo-France and is based on [29,30]. The microphysics parametrisation is inher-
ited from the Meso-NH model and can be summarised as a three-class ice parametrisation
(ICE3) coupled to a modified Kessler scheme [31] for the warm processes.
In particular, the transfer of cloud droplets to raindrops, autoconversion, is parameterised
following [32]. The scheme considers five hydrometeors: cloud droplets, raindrops,
cloud ice, snow, and a combination of graupel and hail. For a general overview of the
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microphysics scheme, see [33–35], and see [21,36–38] for specific modifications within
HARMONIE-AROME.

The remainder of this section has the following structure: Section 2.1 introduces the
two analysed configurations of cloud droplet number concentration (CDNC) and shape
parameters of the cloud droplet size distribution. The link between these parameters and
sedimentation is examined in Section 2.2. The six considered experiments in this study are
introduced in Section 2.3.

2.1. Cloud Droplet Characterisation in HARMONIE-AROME

Three parameterisations in the microphysics scheme of HARMONIE-AROME take
into account the CDNC. These are the parameterisations of autoconversion, collision, and
sedimentation of cloud droplets. In this work, we focus on sedimentation, given its major
role in fog development, as will be discussed in subsequent sections. The microphysics
scheme in HARMONIE-AROME represents the cloud droplet size spectrum by the follow-
ing generalised gamma distribution:

n(D) = N
α

Γ(ν)
λανDαν−1exp−(λD)α

, (1)

with D the diameter, Γ(·) the gamma function, N the total cloud droplet number concentra-
tion (also referred to as CDNC here), λ the slope parameter, α and ν the distribution shape
parameters. λ can be calculated from the predicted moment (i.e., the mass mixing ratio)
and the other distribution parameters. The shape parameters define the shape of the size
distribution, which means that these parameters control the relative amount of droplets of
different sizes.

Figure 1 shows examples of the generalised gamma distribution for the α and ν values
that will be considered in the experiments introduced in Section 2.3. In particular, it can
be seen from the figure that the number of large droplets increases for lower values of α.
This increase in the number of large droplets leads to an increase in sedimentation. Note
that when α = 1, the size distribution (1) reduces to a gamma distribution; if in addition
ν = 1, the spectrum becomes an exponential distribution. The latter is adopted in the
microphysics scheme for raindrops, snow, and the combination of graupel and hail; for
cloud ice, α = ν = 3. See [33,39] for further details. (The terminology in cloud microphysics
regarding the generalised gamma distribution (and its parameters) is not fixed and different
expressions and symbols are used in the literature. For a more general discussion on the
generalised gamma distribution, see [40–43].)

Figure 1. Examples of the generalised gamma distribution (1), with a fixed mass mixing ratio, for
different values of the α and ν parameters. The selected values are used in the experiments considered
in this study.
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In the microphysics scheme of HARMONIE-AROME, the values of the shape parame-
ters for cloud droplets and CDNC have been given values based on the geographical region
(sea, land, and urban) in order to, indirectly, take into account the different populations of
cloud condensation nuclei, see e.g., [44,45]. A study presented in [44] considers the possible
impact of the difference between maritime and continental settings near the coast for fog.
The exploration in the cited study includes fixing the same values for parameters N, α, and
ν for both the sea and land regions; a clear conclusion made by the authors, is the impact
of the different distributions of sedimentation, which- affects the modelled liquid water
content and the location of fog.

Intuitively, the impact of varying the shape parameters or CDNC on the size distri-
bution and sedimentation can be understood as follows. Lowering these parameters for a
fixed liquid water content results in a greater number of larger droplets at the higher end
of the size distribution, which implies faster sedimentation; the opposite is true when the
values of the parameters are increased, see, e.g., [44,46].

The shape parameters were originally regarded as adjustment parameters that take on
fixed values, see, e.g., [47]. This is a general characteristic of bulk microphysics schemes:
some parameters of the size distribution need to be either fixed or determined using addi-
tional (semi-empirical) relationships due to the calculation of only a limited number of mo-
ments of the distribution [42]. In fact, the performance of bulk microphysics schemes highly
depends on the realism of the assumed size distribution (and its associated parameters) [48].
The wide range of parameter values reported in the literature, e.g., [46,49–52] motivates the
experiments that will be considered in this study. Previous explorations of different values
of the shape parameters in the context of this investigation revealed that these parameters
can impact the modelled fog. In particular, the characteristics that can be influenced are
the horizontal extension, vertical growth, and visibility. Some representative experiments
are selected in this study to illustrate the impact of the shape parameters on fog cases. We
focus on the impact of α above sea and, in particular, we will consider a case with a low α
given the reported values of (α . 1) for fog in [49,51,53].

The assumed functional form of the size distribution of the different hydrometeors,
combined with power laws for the mass- and velocity-size relationships, allows analyt-
ical calculations and computational efficiency. The configuration of CDNC values and
size distribution parameters in the HARMONIE-AROME model has been recently mod-
ified in cycle 43h2.2 (although it is still possible to use the original configuration). Both
configurations are described below.

2.1.1. Constant CDNC

In this configuration, constant values are set for different land cover types: 100 cm−3

over the sea, 300 cm−3 over land, and 500 cm−3 over urban areas. The size distribution
parameters (α and ν) are constant as well, with α equal to 3 over the sea and 1 over land,
with ν equal to 1 over the sea and 3 over land. Given the parameter values, the droplet size
distribution is fixed in space and time in this configuration.

Moreover, in this configuration, an inconsistency with the CDNC used in the radiation
scheme must be mentioned. In the radiation scheme values of 50 cm−3 over the sea and
313 cm−3 over land and urban areas are used. Since there is no vertical dependence of the
CDNC in this configuration, an indirect decrease of aerosols with height is not considered.
Neither is the dependence of the CDNC with supersaturation, which is responsible for the
activation of the cloud condensation nuclei (eventually increasing the number of available
nuclei to form cloud droplets).

The values of CDNC seem to be, in general, too high for fog in this configuration
(see e.g., [54]). Occasionally, the model develops incorrect or spurious fog over the sea.
Such fog is characterised by a high cloud water content, low temperature, fast growth, and
round-shaped contours. It forms at the coast or over land and starts to grow faster once it
reaches the sea. Figure 2 (top row) shows an example of this situation in which the constant
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CDNC configuration was applied; this case will be further considered in Section 2.3 and
referred to as ‘CONST_DEFAULT’ experiment.

Moreover, drizzle discontinuity problems at the coast (land–sea split), due to the
change in the CDNC between sea and land, also motivate some modifications to this
configuration. The second configuration considered in this study, ‘variable CDNC’, will be
introduced in the following subsection.

Figure 2. Modelled development of fog around the Balearic Islands, +030 h. (Top row): surface
temperature (K), (left); difference between 2 m temperature and surface temperature (K), (right).
(Bottom row): liquid–water mixing ratio (kg/kg), (left); visibility (m), (right).

Examples of the liquid–water mixing ratio and visibility are shown in Figure 2 (bottom
row). HARMONIE-AROME assumes a relationship between visibility and the extinction
coefficient given as a function of hydrometeor content. Empirical expressions between
the extinction coefficients and the density of hydrometeors are used following [55,56].
Additionally, a combination of the relative humidity and an estimation of the cloud con-
densation nuclei (CCN) is used when hydrometeor concentrations are zero [57]. In order to
exhibit the impact of the different experiments considered in this study, we will present the
cloud fraction at the lowest model level, the low cloud fraction (Iberian Peninsula case),
and the liquid–water mixing ratio (North Sea case). Low clouds are defined as those with
a cloud base height lower than 2000 m in the WMO’s International Cloud Atlas [58]; this
definition is followed in this work.

2.1.2. Variable CDNC

A new profile of CDNC was implemented in order to make the CDNC consistent in
both the microphysics and radiation schemes, to avoid the previously mentioned disconti-
nuity at the coast, and to have a more realistic vertical dependence:

CDNC = CD0

(
P
P0

)
max

(
1.0, Re + (1 − Re)

h
H

)
, (2)

where P is the pressure, P0 is the surface pressure, h is the height, H is the taper height
(indicating the region, from the height above the ground, where an increase in CDNC will
occur; considered to be 1000 m by default), Re is the reduction applied to the CDNC at the
surface and CD0 is the general value of cloud droplet number concentration. This general



Atmosphere 2022, 13, 2127 6 of 20

value is obtained at P = P0 when no reduction (Re = 1.0) is applied. This configuration
uses the same CDNC profile over the sea and land. Regarding vertical dependence, the
CDNC is reduced proportionally to the pressure, for model levels below the taper height.
That is, the CDNC is reduced while approaching the surface following Equation (2); see
Figure 3. Two examples of the variable CDNC profile with different Re are displayed in
this figure. The shown examples are referred to as ‘REF_VAR’ and ‘VAR_CDNC_RED’ in
Section 2.3.

Figure 3. CDNC variation with height in a standard atmosphere. REF_VAR (black continuous line;
Re = 0.25), VAR_CDNC_RED (red continuous line; Re = 0.15). The constant CDNC values over the
sea (100 cm−3; dashed line) and land (300 cm−3; dashed-dotted line) are also shown for comparison.

Cloud droplets form on activated aerosol particles so that the activated nuclei mainly
determine the number of cloud droplets. However, the number of activated nuclei depends
not only on the total number of aerosol particles that can behave as condensation nuclei
(e.g., sea salt, sulphate, etc.), but also on the supersaturation conditions that activate those
nuclei. The diminution of the CDNC with pressure in Equation (2) pretends to take into
account the fact that aerosol sources are located at the surface. The maximum of CDNC is
consistent with the fact that the supersaturation values at the surface are not as high as they
can be inside the clouds, see e.g., [59]. As the supersaturation increases with the vertical
velocity, more aerosols can be activated due to adiabatic cooling (simulations of the droplet
spectrum evolution in (cumulus) clouds can be found in [60]). See also the discussion
in [9] where a tapered curve is introduced to represent the vertical CDNC profile. In the
absence of updrafts, a profile representing the diminution of CDNC with height with no
absolute maximum would be more likely to be found. This kind of profile can be obtained
for values of Re closer to 1.0, although this is not considered in this study. Moreover, drizzle
also drains out the condensation nuclei, reducing the possibility of the formation of new
cloud droplets.

Concerning the size distribution parameters, although the parameter values for sea
and land are kept inside the code (by default: α = 3, ν = 1 over the sea; α = 1, ν = 3 over
land), different values are used in practice. These effective values result from the calculation
of a linear mean of functions that are necessary for the calculation of sedimentation (a
similar mean is considered in the constant CDNC configuration where a combination of
land and sea fractions is present). In the new configuration, the effective values are obtained
by considering equal land and sea fractions of 1/2. Exploratory tests for fog cases that
take into account different combinations of parameter values showed that using α = 2
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and ν = 1 for both sea and land results in a similar behaviour to that when the previously
mentioned default values (different over the sea and land) are used. We refer to α ∼ 2 and
ν ∼ 1 as the ‘effective values’ for the variable CDNC configuration.

2.2. Parametrisation of Sedimentation

It has been shown that sedimentation is a key process in the development of fog and
models that include droplet settling generally result in better model performances; see, for
example, [9,13,34,61,62]. The sedimentation scheme in HARMONIE-AROME is introduced
in [62]. The algorithm was developed at Météo-France and considers transfer probabilities
that take into account the hydrometeor content at different model levels.

The parametrisation of sedimentation uses CDNC and the shape parameters of the
cloud droplet size distribution (Equation (1)). In particular, the sedimentation depends on
the terminal velocity of the cloud droplets. In the Stokes regime, the terminal velocity of
a droplet is proportional to the square of the radius [63]. The mean value of the terminal
velocity for the distribution of droplets can be obtained as follows:

< v >=

∫
Cr2r3dr∫

r3dr
= C

< r5 >

< r3 >
=

C
λ2

Γ(ν + 5/α)

Γ(ν + 3/α)

= C
(

3ql
4πρwN

)2/3 Γ(ν)2/3Γ(ν + 5/α)

Γ(ν + 3/α)5/3 ,

(3)

where r is the droplet radius, C is a parameter depending on gravity, the densities of water
and air, and the dynamic viscosity, ql is the liquid water content, ρw is the water density,
and N is the CDNC. In the HARMONIE-AROME model, a correction term for very small
droplets is also considered but it is not critical for the general behaviour.

Figure 4 shows the relative terminal velocities as a function of the CDNC for different
values of the parameters of the size distribution. An increase in the terminal velocity
increases the sedimentation. As expected, a reduction in the CDNC increases sedimentation,
while, for the same values of α, increasing the value of ν reduces the sedimentation.

Figure 4. Relative cloud droplet terminal velocity as a function of CDNC for different values of α

and ν. The shown velocities are relative to the terminal velocity corresponding to a droplet size
distribution with α = 3, ν = 1, and CDNC of 100 cm−3. The labelled experiments are described in
Section 2.3. The red star (CONST_SEA07; highest increase) draws attention to the fact that this value
is outside the plot limit.
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2.3. Description of Experiments

In order to compare the two CDNC configurations and to illustrate the impacts of the
shape parameters of the size distribution, we consider six experiments that are summarised
in Table 1. The same experiments are performed for the two cases described in the following
section in the domains of the Iberian Peninsula and the Netherlands. In the sensitivity
experiments, a horizontal grid spacing of 2.5 km and 65 vertical levels are considered with
the lowest level at approximately 12 m. (Although the lowest level height is higher than
that used by other models (see e.g., [13]), this is currently used for fog characterisation at
AEMET and KNMI. Research on the impact of modifying the height of the lowest level is
worthwhile but beyond the scope of this study.)

Table 1. Description of the HARMONIE-AROME cycle 43h2.2 experiments.

EXP CDNC Profile Distribution Other
Parameters (α, ν)

REF_VAR Variable CDNC + Effective values †: Re = 0.25
α ∼ 2, ν ∼ 1

CONST_DEFAULT Constant CDNC ∗ sea: α = 3, ν = 1 None
land: α = 1, ν = 3

CONST_A2N1 Constant CDNC ∗ sea: α = 2, ν = 1 None
land: α = 2, ν = 1

CONST_SEA07 Constant CDNC ∗ sea: α = 0.7, ν = 1 None
land: α = 1, ν = 3

VAR_CDNC_RED Variable CDNC + Effective values †: Re = 0.15
α ∼ 2, ν ∼ 1

VAR_NOSED Variable CDNC + Effective values †: Re = 0.25,
α ∼ 2, ν ∼ 1 no sedimentation

∗ Constant CDNC values: sea 100 cm−3; land 300 cm−3; urban 500 cm−3. + The variable CDNC vertical profile is
defined by the parameters H = 1000 m and CD0 = 250 cm−3 in Equation (2); the value of Re is specified in the
column ’Other’. † For the effective values of α and ν for variable CDNC, see Section 2.1.2.

The REF_VAR experiment represents the default configuration of the HARMONIE-
AROME model. This experiment adopts the variable CDNC profile and the same shape
parameter values for sea and land (see Section 2.1.2). Since CONST_DEFAULT adopts the
constant CDNC configuration (with different shape parameters for sea and land), these
experiments enable the comparison between the two main microphysical settings.

CONST_A2N1 is considered in order to exemplify the impact of having a constant
CDNC with the same values of the shape parameters (i.e., α = 2, ν = 1) for both sea
and land. Moreover, these values roughly correspond to the effective values of the shape
parameters in REF_VAR. The comparison between CONST_A2N1 and REF_VAR allows us
to study the impact of changing the constant configuration of CDNC to the one that varies
with height.

Above sea CONST_DEFAULT, CONST_A2N1, and CONST_SEA07 represent reduc-
tions in the shape parameter α. The value of α = 0.7 in CONST_SEA07 is selected as an
example of α < 1 and is motivated by such values reported in the literature (see Section 2.1).
Experiment VAR_CDNC_RED is selected as an example of further reducing the value of the
CDNC at the lowest model level by reducing the Re parameter. This modification implies a
reduction in the CDNC at the surface from 62.5 cm−3 for REF_VAR (and VAR_NOSED) to
37.5 cm−3 for VAR_CDNC_RED (see Figure 3). Finally, VAR_NOSED is included in order
to additionally display the impact of the sedimentation of cloud droplets on modelled fog.
In this experiment, the sedimentation of cloud droplets is deactivated.

The results of the experiments will be compared with the satellite images that introduce
the case studies in the following section. The nature of this comparison is qualitative and
seeks to highlight general characteristics and motivate a discussion on the main differences
between the experiments.
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3. Case Studies

In this study, we consider two fog situations in order to analyse the impact of the
microphysical representation of cloud droplets in HARMONIE-AROME. In the first case,
in the Iberian Peninsula, we consider an example with fog and low clouds over both sea
and land. A situation in the North Sea is considered as second case showing an example in
which the spatial extent of the fog predicted by the model is much larger than observed.

3.1. Iberian Domain

The Iberian domain extends approximately from 30º to 50º north and from 20º west
to 10º east. It covers the whole Iberian Peninsula, the south of France, and the west of the
Mediterranean Sea, as interest zones for our study. The Iberian Peninsula has a complex
orography. There are two plateaus in the centre of the Peninsula with mean altitudes of
750 m for the north plateau, and 600 m in the case of the southern one. These, together with
the Ebro valley in the northeast, are the main areas of fog development in this case. The
Atlantic coast of the south of France is another zone of interest. It is relatively flat and the
influence of the ocean is important.

December 2021 was a month characterised by very stable weather and fog develop-
ment over the Iberian Peninsula. At the end of the month, from the 29 to 31 December, a
high-pressure system was dominant, keeping any fronts approaching from the west far
away from the coast. At noon on the 29th, fog and low clouds covered the north and south
plateaus but were already in the dissipation stage. The spatial extent reduced until only
the southwest of the peninsula and a few areas in the Alboran Sea (at the southwest of
the Mediterranean Sea) were covered at midnight. Fog and low clouds started to develop
again during the early morning of the 30th. At 11 UTC on the 30th (Figure 5, left) the fog
was present again over land over both plateaus and the southwest of the peninsula.

30/12 31/12

Figure 5. Iberian Peninsula. Terra satellite MODIS images on 30 and 31 December 2021 at approxi-
mately 11 UTC (NASA Worldview).

As was the case the previous day, the clouds started to dissipate, and only an area
of the northern plateau was cloudy until night, while the extent of the low clouds and
fog over the Mediterranean Sea kept increasing until a large part of the sea between the
Balearic Islands and the Iberian coast was covered. On the 31st, the fog and low clouds
covered a large area of the Mediterranean Sea again while the spatial extent of the fog over
land was not as large as the previous day (Figure 5, right).

3.2. North Sea

The Netherlands domain is centred at the Cabauw experimental site for atmospheric
research (51.97◦ N, 4.9◦ E) in the western part of the country. It covers a large part of
western Europe and the North Sea. This latter region is particularly important in terms
of fog in the Netherlands due to maritime transport, offshore wind infrastructure, and
the location of the main airport close to the coast. More generally, the North Sea greatly
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influences weather conditions in the Netherlands due to the uniform topography and
absence of significant terrain barriers.

The 2012 fog case introduced in [64,65] is considered a representative situation of a
persistent fog field above sea that was over-predicted by the model, particularly in its spatial
extent. Previous experiments considering this fog situation explored different processes
that could be related to the formation of excessive fog in the model (e.g., the convection
and turbulence schemes) [64]. We consider this fog example again to study the impact of
the two different CDNC configurations and the parameters of the size distribution mainly
above sea.

The synoptic situation was characterised by a high-pressure region to the north of
the Netherlands over the North Sea. From satellite imagery, no fog was present at the
start of the experiments. One day after, at approximately 11 UTC on 23 March, a small
region of fog near the coast of Denmark expands towards the North Sea. Moreover, a
band of low clouds and possibly some fog can be observed between the northwest region
of the North Sea and the west coast of Denmark, see the central region of Figure 6 (left).
On 24 March at approximately 11 UTC, a larger region of fog can be observed to the north
of the Netherlands that stems from the fog field that was present close to Denmark the day
before, see Figure 6 (right).

23/03 24/03

Figure 6. North Sea. Terra satellite MODIS images on 23 and 24 March 2012 at approximately 11 UTC
(NASA Worldview).

4. Results
4.1. Iberian Domain

A 48 h period from 29 December at 12 UTC was selected. The experiments presented
in this subsection were run with a warm start, i.e., the initial conditions were taken from the
operational HARMONIE-AROME model run at AEMET. This ensures that the experiments
do not start with spurious instabilities. (The operational model is based on cycle 43h2.1.1
whose microphysics parameters are those corresponding to the CONST_DEFAULT exper-
iment, see Table 1). The operational model produced more extensive fog over land but
dissipated the fog earlier compared with the observations. Moreover, in the operational
model, incorrect or spurious fogs that grow in spatial extent at longer forecast times were
developed over the sea around the Balearic Islands and the north African coast (similar to
the situation displayed in Figure 2).

Figure 7 shows the fog (cloud fraction at the lowest model level) and low clouds for the
different experiments after 23 h of integration over the Iberian domain. When comparing
the forecasts from the different experiments (Figure 7) with the satellite image at 11 UTC
on 30th December (Figure 5, left), differences over land are noticeable. REF_VAR and
VAR_CDNC_RED have lower spatial extents of the fog and low clouds over land due to
the lower CDNC near the surface. This decrease in CDNC when using the variable CDNC
profile increases the sedimentation in the lower levels of the model (the cloud droplet
terminal velocity is higher in these experiments than in CONST_DEFAULT; Figure 4)
and reduces the cloudiness. CONST_DEFAULT, CONST_A2N1, and CONST_SEA07
have similar distributions of fog and low clouds over land and are more similar to the
observations. VAR_NOSED, where the sedimentation was deactivated, shows a similar
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distribution of clouds over land to the previous experiments but with more low clouds
than fog.

Figure 7. Iberian domain. Fraction of low clouds and fog (cloud fraction at the lowest model level),
+023 h (30 December 2021 at 11 UTC). The two colour bars to the right side of the panels correspond to
fog (upper colour bar; from green to red) and low clouds (lower colour bar; from cyan to dark blue).

Over the sea, CONST_SEA07, where the sedimentation increases by increasing the
terminal velocity of the droplets via reducing the α parameter, shows different behaviour
from the other experiments. The cloudy area over the Alboran Sea has a similar areal extent
to the rest of the experiments but it mainly consists of fog in this experiment. This is due to
the increased sedimentation causing the cloud droplets to fall to lower levels where they
can evaporate and increase the humidity. Consequently, water vapour may condensate,
lowering the cloud base height or developing fog at a lower model level. A reduction in
the cloud base height is also noticeable in the clouds to the west of the peninsula where,
and only for this experiment, some patches of fog appear. Interestingly, for CONST_SEA07,
spurious fog does not develop in the gulf of Cadiz in front of the Moroccan coast and to
the south of Mallorca as occurs in the CONST_DEFAULT, CONST_A2N1 experiments and,
especially, in VAR_NOSED.

After 47 h of model integration (Figure 8), similar conclusions are achieved.
A reduction in the fog area over land for REF_VAR and VAR_CDNC_RED compared
with the rest of the experiments is found. However, in the rest of the experiments, the
spatial extent of fog is still lower than observed (see Figure 5, right). There is a complete
lack of fog in the Ebro valley (the northeastern part of the Iberian Peninsula) for REF_VAR
and VAR_CDNC_RED. Even VAR_NOSED with the sedimentation scheme deactivated
is unable to reproduce the clouds over land (indicating that the model is not correctly
developing fog in these areas). Furthermore, the fog that appears after the 47 h inte-
gration in southern France in CONST_DEFAULT, CONST_A2N1, CONST_SEA07, and
VAR_NOSED, does not form in REF_VAR and VAR_CDNC_RED. This is probably because
there is a lower CDNC in that area due to the advection of maritime air that REF_VAR
and VAR_CDNC_RED can reproduce better. In the Gulf of Cadiz, CONST_DEFAULT,
CONST_A2N1, and VAR_NOSED have developed spurious fog that does not form in the
other three experiments, REF_VAR, CONST_SEA07, and VAR_CDNC_RED; see the left
bottom region in the panels of Figure 8.

REF_VAR and VAR_CDNC_RED seem to exhibit better behaviour over the sea as
spurious fog was reduced. (Note that in some regions, the CONST_SEA07 experiment also
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presents this behaviour.) However, they are not able to model the spatial extent of fog at
increasing forecast times (e.g., at +047 h). Specifically over land, the reduction of the fog
is excessive for these two cases, except in the south of France, which is more open to the
influence of the sea (with generally ‘cleaner’ air).

Figure 8. Iberian domain. Fraction of low clouds and fog (cloud fraction at the lowest model level),
+047 h (31 December 2021 at 11 UTC). The two colour bars to the right side of the panels correspond to
fog (upper colour bar; from green to red) and low clouds (lower colour bar; from cyan to dark blue).

4.2. North Sea

The experiments for the Netherlands domain were performed with a cold start on
22 March at 12 UTC and comprised a period of 48 h. In order to examine the impact of
the different experiments on the 2012 case over the Netherlands domain, we present the
liquid–water mixing ratio at the lowest model level for two different times +023 and +047 h.
We focus on the North Sea since this area displays the main phenomena.

The general behaviour discussed in the case of the Iberian Peninsula is retained in
the plots of Figure 9. Due to the modified CDNC, the REF_VAR experiment shows a
reduction in water content compared with CONST_DEFAULT. CONST_A2N1 is similar to
the previous cases in terms of the areal extent of fog but reduces the mixing ratio due to a
slightly reduced α above sea. An important difference between most of the experiments in
Figure 9 and the satellite image (Figure 6, left) is the large extent of the modelled fog field.
CONST_SEA07 is clearly an exception; a further reduced shape parameter α for this case is
able to highly limit the excessive expansion of fog.

Here, a clear feature of the impact when reducing α can be noticed. While in the case of
the Iberian Peninsula, a decrease in this parameter results in more fog above sea (where the
low clouds turn into fog). In the North Sea case, the impact is the opposite, i.e., a reduction
in the fog area. This is due to the presence of only fog in the latter case. That is, since α
influences all cloudy regions, the impact of this parameter on fog depends on the presence
and location of other clouds.

Reducing the CDNC at the lowest level in VAR_CDNC_RED translates into a slight
reduction in liquid water compared with the reference experiment REF_VAR. The situation
displayed by VAR_NOSED clearly deviates from the rest, increasing the foggy region and
showing the highest liquid–water mixing ratio. These characteristics, in disagreement with
the satellite image, show the important sensitivity of the model to the activation of the
sedimentation process.
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Figure 9. North Sea. liquid–water mixing ratio (kg/kg) at the lowest model level, +023 h (23 March
2012 at 11 UTC).

Figure 10 shows the fog evolution after 47 h of model integration. In general, most
of the experiments can be grouped as before where CONST_A2N1 represents an interme-
diate situation between REF_VAR and CONST_DEFAULT. VAR_CDNC_RED limits the
expansion of fog shown by the REF_VAR experiment in the central part of Figure 10 and
near Denmark. REF_VAR, CONST_DEFAULT, and CONST_A2N1 display a larger fog area
in the west and southwest compared with the satellite image (Figure 6, right), and do not
capture the region off the west coast of Denmark.

Figure 10. North Sea. liquid–water mixing ratio (kg/kg) at the lowest model level, +047 h (24 March
2012 at 11 UTC).

CONST_SEA07 and VAR_NOSED, where sedimentation is affected via the α parameter
and deactivated, respectively, show different characteristics from the rest. CONST_SEA07
shows hardly any fog (or low clouds) in the North Sea and VAR_NOSED shows an excessive
area of fog in the English Channel region that is not observed. Moreover, VAR_NOSED
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does not reproduce the area with fog in the northwestern part of the North Sea (see
Figure 6, right). In fact, a clear difference with respect to the rest of the experiments is that
VAR_NOSED presents mainly low clouds throughout most of the North Sea (not shown).
That is, the deactivation of sedimentation in this case increases the cloud base height and
this translates into a reduction in the fog area. While the experiments CONST_SEA07
and VAR_NOSED present the smallest area of fog in the central part of the North Sea, the
reason behind this is different for both cases. Namely, faster sedimentation in the former
experiment, and an increase in the cloud base in the latter case.

Figures 9 and 10 illustrate how some experiments represent fog better at certain
forecast times and worse at others. The different models used operationally during this
case showed similar behaviour. This exhibits the difficulty of finding specific CDNC and
size distribution settings that work well in all cases. Therefore, this situation suggests
the need to explore variable CDNC and size distributions since considering fixed values
represents an overly restrictive assumption.

In general, the different experiments show similar behaviour in terms of fog to that
of the Iberian Peninsula above land. (Note that in CONST_SEA07, there is no change in α
over land; the reduction of this parameter over land can also affect sedimentation (and fog),
and this has been considered for other cases in the context of this research.) This has been
observed for intermediate forecast times (e.g., +015 h) where fog regions form over land
north of the Netherlands and Denmark (not shown). However, an important difference in
the location of the fog region can be mentioned for VAR_NOSED and increasing forecast
times (+033 h onward). This experiment shows a different distribution of fog and exhibits
the highest amount of cloud water, which further manifests the different fog evolution in
this case.

5. Discussion

This section has a two-fold purpose. Firstly, we present a discussion on the impact of
the microphysics aspects on fog evolution as shown by the experiments. Secondly, possible
future research directions are elaborated in light of the results.

The presented experiments were chosen in order to explore a high range of cloud
droplet terminal velocities (as shown in Figure 4). The comparison between the three
experiments with a constant CDNC profile allows us to analyse the impact of varying
the shape parameters. From the experiments with a variable CDNC profile, two of them
consider the impact of reducing the value of CDNC at the surface, and the third allows us
to independently show the impact of sedimentation by deactivating it. The following list
synthesises key aspects of the performance of the six experiments for both case studies.

• REF_VAR. In general, this experiment is able to partially reduce the areal extent of
spurious fog over the sea. For the Iberian Peninsula, the spatial extent of fog over land
is excessively reduced. Even though, this experiment is in agreement with observations
in the south of France. For the North Sea, the fog extent is larger than observed but
reduced in comparison with the experiments using the constant CDNC configuration.

• CONST_DEFAULT. This experiment reproduces in a better way the spatial extent of
fog over the Iberian Peninsula. However, it predicts fog in the south of France that
is not observed. Moreover, it develops unobserved fog in the Atlantic Ocean off the
coast of Africa. In the North Sea case, the spatial extent of fog is larger than in the rest
of the experiments; the cloud water content is also excessive in this experiment.

• CONST_A2N1. This experiment behaves in a similar way to CONST_DEFAULT over
land and sea. It displays a lower spatial extent of fog and reduced cloud water content
over the sea and, in general, the opposite behaviour over land. This can be understood
by the modifications to the shape parameters that slightly increase sedimentation over
the sea (and the opposite over land).

• CONST_SEA07. In general, this experiment behaves differently from the rest. As a
negative point, the Iberian domain shows mostly fog in the Mediterranean Sea and
underestimates low clouds. However, it removes the spurious fog off the coast of
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Africa. For the North Sea, the reduction of fog after 23 h is in good agreement with
observations. However, it does not reproduce the observed fog at later forecast times
(after 47 h).

• VAR_CDNC_RED. For the Iberian domain, this experiment shows a general reduction
of fog which is positive in the south of France and off the African coast but not over
the Iberian Peninsula. For the North Sea, this experiment reproduces the fog better,
compared with REF_VAR, after 23 h and can be considered the second best (after
CONST_SEA07). This experiment shows the best spatial distribution of fog after 47 h.

• VAR_NOSED. For the Iberian domain, in the Mediterranean Sea, the larger spatial
extent of clouds reproduces the observation better. However, the spurious fog off the
coast of Africa is more extended. For the North Sea, this experiment clearly deviates
from the observations (and from the rest of the experiments), showing a different
distribution of fog and the highest cloud water content.

A significant outcome that emerges from this synthesis is that the considered experi-
ments cannot represent all aspects of the two fog cases. The use of the same CDNC over
the sea and land for all domains seems to be too drastic. This deteriorates, in particular, the
performance in certain regions over land far from the coast. Moreover, dense fog situations
above land are likely to be underestimated due to the reduced CDNC close to the surface
and the modified parameter value ν ∼ 1 in REF_VAR. This generally results in reduced hor-
izontal and vertical fog expansion and increased visibility. Running HARMONIE-AROME
with the REF_VAR settings for several months at KNMI confirmed this underestimation of
fog above land.

For the Iberian domain, the reduction in the spatial extent of fog over land is not
desirable, therefore, high values of CDNC (over 200 cm−3) are required. Most probably, the
settings near the surface will not be implemented at AEMET. The results presented here,
together with additional investigations taking into account different domains, point to the
need to adjust the settings in REF_VAR and this is currently under investigation.

In the microphysics of HARMONIE-AROME, the shape parameters are only included
in the sedimentation parametrisation. Additionally, the CDNC directly affects sedimenta-
tion, autoconversion, and collection of cloud droplets. A brief discussion of the other two
microphysics processes is relevant. The collection of cloud droplets is responsible for the
increase in rain intensity and, therefore, it is unlikely that this process has an important
role in the considered cases with little precipitation.

Autoconversion is responsible for the initiation of drizzle [9]. The impact of the
autoconversion can be analysed by comparing REF_VAR and VAR_NOSED, which use
the same variable CDNC profile. Autoconversion depends on the CDNC and cloud water
content [32]. Hence, the difference in the fog evolution exhibited by the two mentioned
experiments is mainly caused by sedimentation and only in a secondary way, through the
modification of the cloud water content, on autoconversion. This dependence seems to be
indeed secondary for the Iberian case since the cloudiness increases for VAR_NOSED along
all the integration. In the case of the North Sea, for VAR_NOSED the cloud water content
has high values after 23 h at the lowest model level and this reduces significantly after 47 h.
However, as mentioned in Section 4, the cloud base height and low clouds increase in the
VAR_NOSED experiment. Differences in precipitation between the two experiments (not
shown) are not critical, so we conclude that autoconversion has a secondary impact on this
case as well.

In order to avoid an artificial distinction between continental and maritime air based
on a land–sea mask, other options could be taken into account. The Tegen climatology [66],
used by the HARMONIE-AROME model in the radiation scheme, makes a distinction
between aerosol optical depth for maritime and land air and could be considered in order
to have different CDNC vertical profiles and size distribution parameters for sea and
land [67]. However, the Tegen climatology seems to have a too low resolution, and internal
seas, e.g., are not well represented. For a good characterisation of the CDNC, detailed
knowledge of the cloud condensation nuclei concentration in near real-time is required. The
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assimilation of aerosols from the Copernicus Atmospheric Monitoring Services (CAMS) [68]
is currently in research mode in HARMONIE-AROME. This represents an interesting option
to distinguish maritime and continental air; however, the computational cost is very high
for operational purposes.

As shown in this study, the modification to the parameters of the size distribution
can have a big impact on fog. Interestingly, the same modifications can lead to more (but
also to less) fog, depending on the specific conditions. This reflects the indirect impact
on the cloud base height. Comprehensive observations that specifically focus on the
microphysical aspects (such as the real-time evolution of the droplet size distribution)
could further guide model development. See [8,13] for a recent discussion on the need for
more detailed measurements. Moreover, further studies need to be carried out in order
to fully explore the impact of these parameters on other atmospheric situations. This
exploration should also take into account the consistency between different schemes (e.g.,
microphysics and radiation).

An alternative to considering fixed values of the parameters of the size distribution
is to implement additional dependencies between these parameters, examples of these
relationships can be found in [2,69,70]. These relationships become increasingly interesting
when more advanced microphysical schemes (higher moment bulk schemes) are considered.
Further research using HARMONIE-AROME in this direction could be undertaken with
the quasi-two-moment liquid ice multiple aerosols (LIMA) scheme [25,71] that will be
available in future versions. (This scheme predicts, in particular, the number concentration
of cloud droplets in addition to the mass mixing ratio.) However, the empirical relationships
between the parameters of the size distribution are likely to have a limited validity range
depending on the representativeness of the observations that motivate such relationships;
see the discussion in [52].

An interesting approach to deal with the large uncertainty and impact of the shape
parameters is to use them in ensemble prediction systems. These parameters have been
introduced at KNMI in a stochastically perturbed parametrisation (SPP) scheme. SPP
allows for the consideration of model errors that arise from the inaccurate representation of
physical processes and parameter uncertainties. Preliminary results indicate a significant
impact of the parameters, especially during winter, where they mainly affect cloud and fog-
related variables. The performances of the SPP scheme (for different geographic domains)
including the shape parameters are currently under investigation [72].

6. Conclusions

In this study, we investigated the effects of cloud microphysics in the HARMONIE-
AROME NWP model on two fog situations. Two main features of the microphysics of cloud
droplets were considered: the configuration of the cloud droplet number concentration
(CDNC), and the parameters governing the shape of the cloud droplet size distribution.
Recent changes introduced in the model with respect to the CDNC profile, and the large
range of values reported in the literature for the shape parameters, motivated the perfor-
mance of sensitivity experiments for two different domains, the Iberian Peninsula and the
Netherlands. Moreover, the CDNC and shape parameters were considered together since
they affect the representation of the cloud droplet size spectrum, which plays a key role in
the formulation of bulk microphysics schemes.

We presented two case studies that allowed us to focus on a modelled persistent fog
field above sea, on the one hand, and a situation displaying the coexistence of low clouds
and fog, on the other hand. Moreover, the latter case enables the analysis of fog over the
sea and land. For both cases, we performed six experiments to study the sensitivities to
the CDNC and shape parameters. The common physical process behind the impact of the
two studied microphysical aspects is the change in sedimentation by means of a modified
terminal velocity of the cloud droplets.

The considered cloud microphysics features directly affect the characteristics of the
modelled fog and are related to known model deficiencies, such as too much cloud water
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in the fog, excessive vertical growth, and unrealistic fog fields above sea with a spatial
extent that is too large. This critical impact motivates the use of the governing parameters
in ensemble prediction systems (EPS). In fact, an implication of our study is the implemen-
tation of the shape parameters in a stochastically perturbed parametrisation scheme in
HarmonEPS (the convection-permitting EPS by the HIRLAM consortium). This is intended
to contribute to a better performance of HarmonEPS concerning fog and cloud charac-
teristics. Hence, the insights gained from this study could help to improve probabilistic
guidance from ensemble forecasts that may be included in the decision-making process for
site-specific operations.

Our results highlight the limitations associated with the current (fixed) microphysics
parameters that do not take into account the surrounding conditions, which greatly re-
stricts model performance. Therefore, more research is required into the study of possible
relationships between the shape parameters, in particular, and the local conditions within
fog and clouds. For this purpose, detailed observations are likely to play a central role. In
addition, further investigations should focus on the better representation of aerosols that
can take into account, e.g., the differences between maritime and continental conditions.
Related alternatives, such as the Tegen climatology and the assimilation of near real-time
aerosols have been discussed in this study.
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