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Abstract

This paper assesses the impact of aerosol properties on the formation and the de-
velopment of radiation fog. Simulations were performed using the Meso-NH meteo-
rological model including the ORILAM aerosol scheme coupled with a two-moment
microphysical cloud scheme (number concentration of cloud droplets and cloud water
content). The activation scheme used was taken from the work of Abdul-Razzak and
Ghan (2004). “Off-line” sensitivity analysis of CCN (Cloud Condensation Nuclei) activa-
tion was performed on number, median diameter and chemical compounds of aerosols.
During this “off-line”“ study, the interactions with the other physical processes (e.g. radia-
tive) were not taken into account since the cooling rate was imposed. Different regimes
of CCN activation and a critical value of aerosol number concentration were found.
This critical aerosol number corresponds to the maximum of activated cloud droplets
for a given cooling rate and given aerosol chemical properties. As long as the aerosol
number concentration is below this critical value, the cloud droplet number increases
when the aerosol number increases. But when the aerosol number concentration ex-
ceeds this critical value, the cloud droplet number decreases when aerosol number
increases. A sensitivity study on aerosol chemical composition showed that the CCN
activation was limited in the case of hydrophilic aerosol composed of material with a
solubility in the 10% range. An event observed during the ParisFOG field experiment
was simulated. This case took place in the polluted sub-urban area of Paris (France)
characterized by particle concentrations of 17 000 aerosols per cm®. 1D simulations
successfully reproduced the observed temporal evolution of the fog layer. Beyond the
initial fog formation at the surface, cloud droplet formation occurred at the top of the
fog layer where the cooling rate was maximum, reaching more than —10 Kh™'. These
simulations confirm that the aerosol particle number concentration is a key parame-
ter for the accurate prediction of the microphysical properties of a fog layer and also
influences the vertical development of fog. The important of the interaction between
microphysical and radiative processes is illustrated, showing how the life cycle of a fog
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layer is determined by the CCN number concentration and chemical properties.

1 Introduction

Aerosols and clouds play a major role in environmental, meteorological and climatic
processes, and the aerosol-cloud interactions are now identified as a key challenge
for the understanding of climate change. Vautard et al. (2009) estimates that the re-
duction in low-visibility conditions could have contributed about 20% on average to
Europe’s recent daytime warming and about 50% to eastern European warming. More
locally, fog has a significant impact on economic and safety aspects. Timely and accu-
rate forecasts of reduced visibility are necessary for the agencies responsible for road
safety, search and rescue operations and air traffic management. Nevertheless, fog
forecasting by meteorological services is still a difficult issue. For instance, Pagowski
et al. (2004) studied a fog episode related to a major traffic accident in Canada and
pointed out that the forecasting of fog was very difficult because of its high variability
and because of the complex interactions between physical processes occurring inside
a fog layer. The fog life cycle is determined by thermodynamic, dynamic, radiative,
and microphysical processes, and by surface conditions. One of the particularities of
fog is its development within the surface boundary layer, in contact with the ground,
where aerosol concentrations are the highest and surface heterogeneities imply com-
plex heat, water, radiative and chemical fluxes.

Radiation fog is mainly formed during the night above continental surfaces under
high pressure systems. The radiative cooling of the surface can lead to saturated
conditions and hence to cloud droplet formation. The life cycle of radiation fog can be
decomposed into three steps according to the behaviour of the turbulent kinetic energy:
onset, vertical development and dissipation (e.g. Nakanishi 2000). Only the two first
steps will be studied in this work.

Cloud droplet formation occurs with heterogeneous nucleation onto aerosol particles
(e.g. Pruppacher and Klett 1997). Particles that serve as nuclei upon which water

17965

ACPD
9, 17963-18019, 2009

Influence of aerosols
on the formation and
the development of
radiation fog

J. Rangognio et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/17963/2009/acpd-9-17963-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/17963/2009/acpd-9-17963-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

vapour condenses are called cloud condensation nuclei (CCN). The parametrization of
CCN activation is well developed (e.g. Twomey 1959; Ghan et al. 1993; Abdul-Razzak
et al. 1998; Cohard and Pinty 2000a,b; Nenes and Seinfeld 2003; Cheng et al. 2007),
since the activation process directly links microphysical aerosols and clouds. The size
distribution and chemical composition of aerosols heavily influence CCN activation.
Atmospheric aerosols are largely composed of soluble inorganic species but it is now
known that a significant proportion of soluble matter (ranging from 20% up to 70% of the
total soluble mass in some cases) also consists of organic compounds (e.g. Saxena
and Hildemann 1996; Zappoli et al. 1999). Some organic compounds are surface
active (surfactants) and their presence within particle solutions can significantly affect
CCN activation (e.g. Shulman et al. 1996; Li et al. 1998; Facchini et al. 2000).

Numerous numerical models have been developed for the description of fog physics
(e.g. Brown and Roach 1976; Brown 1980; Duynkerke 1991; Bergot and Guedalia
1994). Some studies also show that the interaction between aerosol and fog is an im-
portant issue (Pandis and Seinfeld, 1989a,b; Seinfeld et al., 1992; Bott, 1991; Bott and
Carmichael, 1993). In the fog life cycle, the condensation process and cloud droplet
sedimentation are crucial. Detailed understanding and modelling of the fine microphys-
ical processes taking place inside a fog layer has been limited by the lack of suitable
sets of dynamic, turbulent, radiative and microphysical measurements. Nevertheless,
during the last few decades, several studies have observed and studied the chemistry
of fog, in particular the interaction of fog with black carbon (Badarinath et al., 2007; Hu-
sain et al., 2007) and with sulphate (Seinfeld et al., 1992; Reilly et al., 2001), and the
chemistry of cloud droplets in fog (Fisak et al., 2002; Blando and Turpin, 2000; Moore
et al., 2004; Aikawa et al., 2007).

Many previous works have studied CCN activation inside stratocumulus or cumulus,
i.e. associated with a significant cooling rate mainly forced by a vertical velocity. The
specificity of this work is to study CCN activation in foggy conditions. Therefore, the
framework is relatively different to past studies on activation. Firstly, the fog is a cloud
in contact with the ground where aerosol concentrations are the highest. Secondly,
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the cooling rate is mainly associated with radiative cooling and, consequently, is dif-
ferent from the cooling of other boundary layer clouds associated with vertical velocity.
Moreover, this cooling rate is maximum at the top of the fog layer, leading to maximum
production of liquid water near the top of the fog.

Aerosols influence the fog life cycle in a complex way. The number, size and chemi-
cal properties of aerosol particles are key properties in the activation processes. Con-
sequently, the aerosol characteristics directly affect the microphysical properties of a
fog layer (number and size of the fog droplets). But the microphysical properties of a
fog layer indirectly influence the life cycle of the fog through the interactions between
microphysical, dynamic and radiative processes.

The primary objective of this work was to analyse CCN activation in foggy conditions
and to quantify the effects of the aerosol size distribution, concentration and chemical
composition on the formation and the evolution of the vertical structure of fog.

In a first step, sensitivity tests of the activation processes only were performed. The
goal of these so-called “off-line” simulations was to isolate the influences of aerosol
properties and atmospheric cooling rates on the CCN activation. In this approach, the
interactions with the other physical processes (such as radiative) were not taken into
account since the cooling rate was imposed. This study focused on the sensitivity of
aerosol activation to differences in the air mass encountered above a continental sur-
face. In the second step, an observed fog case was modelled in order to study the com-
plex interactions involved in a fog layer. To achieve this objective, a series of simulations
were performed, based on data gathered during the ParisFOG field experiment (Bergot
et al., 2008). Comprehensive 1-D simulations were made with the Meso-NH numerical
mesoscale model (Lafore et al., 1998), in which the ORILAM aerosol scheme (Tulet
et al., 2005) was coupled with the two-moment microphysical scheme from the work of
Khairoutdinov and Kogan (2000) through the activation scheme of Abdul-Razzak and
Ghan (2004). This set of 1-D simulations served as the basis for a comprehensive
study of the interactions between aerosol properties, and microphysical and dynamic
processes taking place during the life cycle of fog. Complex interactions between short
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wave radiation, aerosols and cloud droplets occur during the dissipation stage. The
influence of aerosol on the dissipation of a fog layer is not studied in this work, and will
be the subject of a future study.

The numerical models used in this study are described in Sect. 2 while observations
are described in Sect. 3. Section 4 illustrates the sensitivity of activation processes to
aerosol properties obtained from the “off-line” simulations. Results from 1-D simula-
tions of a radiation fog event observed during the ParisFOG experiment are discussed
in section 5. And, finally, Sect. 6 summarizes the results.

2 Numerical tools
2.1 Meso-NH Model and the 2-moment warm microphysical parameterization

Meso-NH is a meteorological model jointly developed by CNRM/GAME (Météo-France)
and the Laboratoire d’Aérologie (CNRS) (Lafore et al., 1998). Meso-NH simulates
small-scale (Large Eddy Simulation, LES type, horizontal resolution of a few meters)
to synoptic-scale (horizontal resolution of several tens of kilometres) features and can
be run in a two-way nested mode involving up to eight nested grids. Different sets
of parameterizations have been introduced for the representation of various physical
influences (for details, see http://mesonh.aero.obs-mip.fr). For this study, the sub-grid
scale turbulence was parameterized with a 1.5 closure for the vertical fluxes using the
prognostic turbulent kinetic energy. The turbulence scheme used was that of Cuxart
et al. (2000) and the turbulent mixing length was from Bougeault and Lacarrere (1989).
Details of the shortwave radiation code are given in Morcrette (1989) while the long-
wave radiation scheme was the Rapid Radiation Transfer Model (Mlawer et al., 1997).
The cloud shortwave optical properties are determined following Fouquart (1987) and
the cloud longwave optical properties were treated with Smith and Shi (1992)’s for-
mulation. The coupling between the atmosphere and the underlying surface was
based on the ISBA scheme (Interactions between the Soil Biosphere and Atmosphere,
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Noilhan and Planton 1989), extended by the TEB (Town Energy Balance) parameter-
ization (Masson, 2000) for urban-atmosphere interaction. The numerical model has
been validated previously for severals cases of fog and low-level cloud (e.g. Bergot
et al. 2007; Sandu et al. 2008).

The cloud microphysics were computed using a bulk microphysics parameterization
based on the Kessler scheme (Kessler, 1969). The liquid water was separated into
cloud water and precipitation. The 2-moment warm microphysical parameterization
was taken from the work of Khairoutdinov and Kogan (2000), and extended by Ge-
offroy (2007). The number concentration of cloud droplets (N) and the cloud water
content (g) were prognostic. The parameterization of microphysical processes (drizzle
droplet sedimentation, autoconversion, accretion, condensation and vaporisation) are
detailed in Khairoutdinov and Kogan (2000) and Geoffroy (2007). A key aspect of the
parameterization was the assumption that the cloud droplet distribution followed the
generalized gamma distribution:

_ L avpnaov-1 _ a
n(D)_Nr(U)A D=1 exp(-(AD)?), (1)

where

1=(Zp, DNy
q

I" is the gamma function (Press et al., 1992), N the cloud droplet concentration, D the
diameter of the cloud droplet, g the liquid water content, and p, the density of liquid
water. a and v are empirical coefficients set to 1 and 3 respectively, as derived from
observations.

()

2.2 The Organic Inorganic Log-normal Aerosol Module (ORILAM)

ORILAM (Tulet et al., 2005) is a three-moment log-normal aerosol scheme based on
number, mass composition and standard deviation. This aerosol module is coupled
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with the ReLACS2 chemical scheme (Tulet et al., 2006) based on the CACM scheme
(Griffin et al., 2002). ORILAM takes a range of internally mixed aerosol compounds into
account, such as BC (black carbon, viewed as soot in our study), OC (primary organic
aerosol), H,O (water), NHZ (@mmonium), NO; (nitrates), SOi’ (sulphates) and ten
different SOA types as defined by Giriffin et al. (2003). The log-normal approach is
given for each mode by:

In*(72)
N 7 3
77ap) \/2_ﬂln0exp( 2In2(o)) ©)

where N, is the aerosol number concentration (in particles cm'3), rap IS the aerosol
particle radius, r,, is the geometric mean radius, and o is the geometric standard de-
viation. The multimodal aerosol distribution computed by ORILAM is used by the CCN
activation scheme described in the next section.

2.3 The CCN activation scheme

The coupling between Meso-NH and ORILAM consists of using the atmospheric cool-
ing rate computed in Meso-NH and the aerosol chemical composition and size distri-
bution computed by ORILAM to estimate the supersaturation and the number of ac-
tivated CCN. The aerosol activation scheme used is that of Abdul-Razzak and Ghan
(2004), which is an extension of Abdul-Razzak et al. (1998) and Abdul-Razzak and
Ghan (2000). A detailed description of the activation scheme can be found in Abdul-
Razzak and Ghan (2004) and only the main characteristics of this parameterization will
be described here.

The purpose of this parameterization, based on the Kéhler theory (Kohler, 1936)
is to determine the fraction Nﬁa of activated aerosol particles composed of an internal

17970

ACPD
9, 17963-18019, 2009

Influence of aerosols
on the formation and
the development of
radiation fog

J. Rangognio et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/17963/2009/acpd-9-17963-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/17963/2009/acpd-9-17963-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

chemical mixture of organic and inorganic compounds (Eq. 4):

S
21n (S2)
ﬁzler f c(—smax (4)
Ny, 2 3V2Ino

where S,, and S, are defined further.

In this activation scheme, the influence of organic surfactants is considered by mod-
ifying the Kdhler curve decreasing the value of surface tension. According to Shulman
et al. (1996), the Raoult term (noted B) for internal chemical mixtures can be expressed
by assuming additive behaviour of the two compounds and can be reformulated as fol-
lows:

MWpaP [Usalqbsal(‘I _em) + Usftd)sfte
Pw Msal MSﬁ

where €, is the soluble mass fraction of the organic surfactants over the total soluble
mass of aerosol, M, is the molecular weight of H,O, p, is the density of H,O, ¢,
and ¢g; are the osmotic coefficients of the salts and the surfactants respectively, v,
and vg; are the number of equivalent ions into which a molecule dissociates into salts
and surfactants respectively, p,, is the density of dry aerosol particles and Mg, and
Mgy are the molecular weight of salts and surfactants respectively. By, and By are the
contributions of the salt and the surfactant to the Raoult term B.

This parameterization takes account of the effect of aerosol composition (both inor-
ganic and organic) on hygroscopicity (Raoult term, B) and on surface tension (Kelvin
term, A). The activated aerosol concentration calculated by Eq. 4 corresponds to the
concentration of cloud droplets formed. The critical supersaturation of the smallest
aerosol particle activated is equal to the maximum supersaturation S, :

B= m]=BsaI+Bsft (5)

82

Siax= = > (6)
f(ln6)() +g(In 0)(—2)

(n+3¢)

Ao
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where

443
27Br,,

is the critical supersaturation for the activation of particles with dry radius r,,. f(Ino)
and g(In o) are two functions of o; ¢ and n are two dimensionless terms depending on
the atmospheric cooling rate (due to updraft velocity of an air parcel rising adiabatically
in Abdul-Razzak and Ghan 2004 for details). For radiation fog, radiative cooling is the
main mechanism driving the supersaturation. In order to take this effect into account,
an additional term depending on the diabatic cooling rate in added.

The critical supersaturation (Eq. 7), and consequently the CCN activation, is driven
by the chemical composition (effect on the Raoult term, B) and by the aerosol size
(effect on the Kelvin term, A). For a given cooling rate, bigger aerosol particles or the
presence of salt compounds decrease the critical supersaturation and hence increase
the fraction activated.

3 Observations
3.1 ParisFOG Field Experiment

The six-month ParisFOG fog field experiment was carried out during the 2006—-2007
winter season in a suburban area 20 km south of Paris, France (Bergot et al. 2008 and
http://sirta.ipsl.polytechnique.fr/parisfog/). The objectives of ParisFOG were to observe
and describe, as thoroughly as possible, several fog events during a winter season and
to provide complete information on the various processes taking place during the life
cycle of fog (turbulence, microphysics, radiation and surface exchanges). The over-
all aim of this experiment was thus to improve our understanding and our ability to
simulate the life cycle of fog in order to enhance the quality of fog forecasts. The
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present work mainly focuses on the influence of microphysical processes taking place
during an episode of dense radiation fog which occurred during the night of 18 to
19 February 2007 (corresponding to the Intensive Observation Period, IOP 13, of the
experiment). Given the focus of the study, only the microphysical instruments will be
presented here. A complete description of ParisFOG instrumentation is given in Bergot
et al. (2008) or on the web site dedicated to this experiment.

3.2 Microphysical instrumentation

The particle number size distribution within a diameter between 10 and 500 nm was
obtained from a Scanning Mobility Particle Sizer (SMPS) composed of a long Differ-
ential Mobility Analyzer (DMA, model TSI 3081) connected to a Condensation Particle
Counter (CPC, model TSI 3025 High Flow) and from an optical particle counter (OPC,
model GRIMM 1.109) for a diameter range of 0.25 to 32 um. These measurements
were performed in an air-conditioned mobile laboratory. The aerosol was sampled via
a low-flow PM, 5 inlet at a height of approximately 2m and measured for relative hu-
midity below 50% with a 10-min resolution. Thus, both instruments were considered to
operate in dry conditions at a flow rate of 0.5Imin”" and 1.2Imin~" for the DMA and
the OPC respectively. Both instruments were calibrated before the field campaign by
using known concentrations of mono-disperse ammonium sulphate aerosols and PSL
aerosols.

Aerosol samples were also collected on filters within two size fractions (fine mode
with particle diameters smaller than 2 um and coarse mode with particle diameters
larger than 2 um) before, during and after the fog event. Aerosol mass concentration
was determined by gravimetric measurements and chemical analysis of the major com-
ponents (ions, carbon, metals) were performed for these two size fractions using the
procedure reported by Sciare et al. (2005).

The fog droplet number size distribution was measured using another OPC (model
Pallas Welas 2000) especially designed for environmental monitoring. The optical
sensing volume was set-up outdoors at a height of about 2m and connected to the
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rest of the device via an optical fibre. The Pallas Welas OPC was regularly calibrated
using mono-disperse polystyrene latex (PSL) aerosols. The calibration curve was cor-
rected to take the refractive index of water into account. The droplet number distribution
was measured within a diameter range of 0.4—40 um.

3.3 The intensive observation period 13: 18-19 February 2007
3.3.1 Synoptic situation

During this IOP, the Paris region was in a ridge of high pressure. The atmosphere
cooled rapidly between 15:00 and 23:00 UTC (—2Kh‘1 on average at 2m, Fig. 1a).
The fog appeared over the site at around 22:30 UTC (horizontal visibility less than
1000m) and became dense (horizontal visibility less than 70m) after 23:00UTC
(Fig. 1b). The vertical radiosounding carried out at 03:00 UTC suggests a rapid ver-
tical development of fog with an observed height of 130 m, characterized by a well-
developed mixed layer within the fog layer. After 23:00 UTC, the temperature at 2m
remained around 268K (Fig. 1a) until sunrise. The visibility remained below 150 m
during the whole fog event (Fig. 1b). The dissipation of the fog layer occurred around
08:00 UTC (Fig. 1b).

3.3.2 Aerosol properties

The number concentration of aerosol particles measured by the integration of the
SMPS data for a diameter between 10 and 500 nm is presented in Fig. 2. During
the period studied, the total number concentration of particles (solid line) varied be-
tween 5000 (at 12:00 UTC) and 20000 cm™3 just before the onset of the fog episode.
Log-normal functions were fitted to the observed size distributions according to Eq. 3 to
provide the modal parameters (i.e. amplitude, median diameter and standard deviation)
of the various populations constituting the aerosol population before fog (Table 1).
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The fitted size distribution brings out the presence of two distinct modes of submicron
particles: an Aitken mode (D,<50nm) and an accumulation mode (D,>50nm), typi-
cal of an urban aerosol. A preliminary analysis of these observations showed that the
aerosol properties during IOP 13 were highly influenced by anthropogenic emissions,
with the presence of ultra fine particles (UFP) smaller than 100 nm (Fig. 2). These
particles came from local sources and were either directly emitted from combustion
sources (mainly from vehicles) or formed by chemical reactions resulting in gas-to-
particle conversion. These processes are generally followed by a growth of particles
by condensation, mostly from volatile organic compound (VOC) oxidation products (Se-
infeld and Pandis, 1998). These processes, along with the decreases of the boundary
layer thickness, can explain the high aerosol number concentrations observed between
18:00 UTC and 00:00 UTC. The influence of coarse particles (like sea-salt or mineral
dust) did not appear significant, as confirmed by measurements carried out with the
Grimm OPC for the fraction of particles larger than 500 nm (not shown).

Table 1 also shows that the characteristics of the aerosol accumulation mode
changed rapidly. At the beginning of the night, during strong radiative cooling; the
median diameter increased from 78.5nm at 17:00 UTC to 110nm at 21:00 UTC. Dur-
ing this period, the aerosol number concentration increased rapidly from 7400 cm™ to
11400cm™2 between 17:00UTC and 18:00 UTC, then after 19:00 UTC decreased to
8300cm™2. Since the aerosol size distribution was measured for a constant value of
RH (<50%), the increase of median diameter can be attributed to the condensational
growth of particles.

The analysis of aerosol chemical composition was based on filter samples collected
between 20:00UTC (18 February 2006) and 09:00 UTC (19 February 2006). Con-
sequently, only an average mass of chemical compounds was determined, indicating
that the overall aerosol composition was dominated by organic carbon (38.6%) includ-
ing Secondary Organic Aerosols (SOA) and Primary Organic Aerosol (POA). Unfortu-
nately, the measurement system was not able to separate SOA from POA in the ob-
served total organic mass. The total particulate organic matter (POM) was estimated
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to be [POM]=1.6 [OC] (Putaud et al., 2000). The inorganic salts (ammonium sulphate
and ammonium nitrate) were derived from the chemical analysis, which measured the
mass of sulphates, nitrates and ammonium. The inorganic aerosol fraction mass was
also large, with 25% of ammonium sulphate and 20% of ammonium nitrate. Soot (BC)
formed 16.4% of the total mass. This chemical mass composition of aerosol indicates
that aerosol particles observed during the period of interest were rather hydrophilic.

The aerosol characteristics (chemical composition and size distribution obtained for
the two fitted modes) observed at 21:00UTC and described above, were taken for
the initialization of the so-called “reference” numerical simulation in Sects. 4 and 5.
The size distribution of the two modes corresponds to median diameters of 33 nm and
110nm and standard deviations of 1.57 and 1.59 for the Aitken and the accumulation
modes respectively.

4 Sensitivity of activation to aerosol properties

This section focuses on the sensitivity of CCN activation to aerosol properties, such as
the aerosol number concentration, the aerosol size distribution and their chemical com-
position. In order to isolate the sensitivity of activation processes, all the other physical
processes were ignored. In these so-called “off-line” simulations, the atmospheric con-
ditions and the aerosol characteristics were imposed, and only the activation module
was used. All the numerical simulations presented here had stationary atmospheric
conditions typical of fog during winter (278 K for temperature, 995 hPa for pressure and
100% relative humidity). The sensitivity of CCN activation was studied for different air
masses encountered above continental surface. The physical and chemical properties
of the aerosols studied are summarized in Table 2. The reference case corresponds to
the observed aerosol discussed in the previous section. The sensitivity of CCN activa-
tion to aerosol number concentration, aerosol size and aerosol chemical composition
were studied independently. This allowed us to determine the most sensitive aerosol
characteristics. In a first step, we studied the effect of aerosol number concentration for
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the aerosol size distribution and the chemical composition corresponding to the refer-
ence case. In the second step, the effect of the aerosol median diameter was studied
for fixed chemical composition and three aerosol number concentrations correspond-
ing to clean, rural and polluted areas. Finally, the effect of chemical composition was
studied for different aerosol sizes. The aerosol density p,, was set to 1.890m‘3 and
the osmotic coefficient ¢ was taken equal to 1 for all chemical compounds following
Mircea et al. (2002). Sensitivity studies were restricted to the accumulation mode in
this section because activated aerosols in the Aitken mode were negligible due to their
small size.

4.1 Sensitivity tests on aerosol concentration

The sensitivity tests presented here focused on the impact of aerosol concentration
on the CCN activation. Different cases were considered according to the cooling rate.
The studied aerosol concentrations were representative of polluted urban areas where
aerosols are freshly emitted to a plume spreading from polluted urban areas to rural
or clean areas. In the latter case, the air mass becomes diluted during the transport,
leading to a decrease in the aerosol humber concentration. We assumed that the
aerosol chemical composition and size distribution did not change with dilution and
remained equal to the reference case (median diameter of 110 nm, geometric standard
deviation of 1.59 and the reference chemical composition given in Table 3).

Figure 3a shows the activated aerosol fraction as function of aerosol number con-
centration for a cooling rate of —10 Kh™'. Three environments can be distinguished
according to aerosol number concentration. For the first environment, corresponding
to a polluted area (N,>8000 particles cm‘3) as observed during IOP 13, the activated
aerosol fraction is very small (less than 5%). The second environment corresponds
to a rural area (100<N,< 8000 particles cm‘3), where the fraction of activated aerosol
increases linearly with the aerosol number concentration. The third environment is a
clean environment (N,<100 particles cm'3) in which more than 75% of particles are
activated. When aerosol concentration increases, the maximum supersaturation S,
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decreases, and the critical diameter to activate aerosols increases. Consequently, the
activated fraction decreases with an increase of aerosol concentrations. However, it
should be pointed out that, due to the large number of aerosols in the polluted case,
the number of activated aerosols will be greater than for the clean case.

The influence of cooling rates in contrasting environments are further investi-
gated here. To represent these three environments, we considered a clean area
with 83 particles cm™3, a rural area with 830 particles cm™ and a polluted area with
8300 particles cm~3. The cooling rates imposed were representative of the cooling rate
observed near the ground during fog formation (cooling rate by 0Kh™' to —4Kh™')
and that found at the top of the fog layer during the development phase (cooling rate
by —4Kh™' to —15Kh™"), e.g. Brown and Roach (1976); Bergot and Guedalia (1994).
For the three environments described previously, the fraction of activated aerosol in-
creased with the cooling rate (Fig. 3b). However, it increased more rapidly for the clean
case than for a polluted one. For a cooling rate of -2K h‘1, the fraction activated was
insignificant for a polluted area, was 10% for a rural area and 40% for a clean area. For
a cooling rate of —10K h_1, the fraction activated was 4% for a polluted area, 40% for a
rural area and 80% for a clean area. Whatever the aerosol number concentration, the
number of activated aerosols (i.e. cloud droplets) was higher during the development
phase (at the top of the fog), when the cooling rate became stronger than during the
fog formation (at the ground). The cooling rate is a crucial factor, which changes during
the life cycle of fog and acts directly on the number of cloud droplets. In a fog layer, the
cooling rate depends strongly on the divergence of the radiative fluxes, which depends
on the liquid water content (LWC) and, consequently on the microphysical properties
of the fog layer. This point will be studied in Sect. 5.

4.2 Sensitivity tests on the aerosol median diameter

The sensitivity tests presented here focus on the impact of the median diameter of
the aerosol distribution on CCN activation. The aerosol chemical composition and the
shape of the size distribution correspond to the reference case and the cooling rate
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is imposed at —10Kh™". Figure 4a and Fig. 4b show the number of activated CCN
and the maximum supersaturation respectively for the three environments defined pre-
viously (urban polluted, rural and clean areas) as a function of aerosol particle median
diameter. It can be seen from Fig. 4a that, in a clean area, all aerosols having a me-
dian diameter greater than 120 nm are activated into cloud droplets. But the activated
number stays smaller in the clean area than in rural or polluted areas whatever the
aerosol size. In the case of small aerosol number concentration (i.e. clean area), the
maximum supersaturation reached by the air mass is high (more than 0.2%, Fig. 4b).
For polluted and rural areas, two behaviours can be distinguished in Fig. 4a according
to the aerosol median diameter. Firstly, for a median diameter of less than 100 nm, the
number of activated CCN is higher in a polluted area than in a rural one. The maximum
supersaturation decreases with the aerosol median diameter (Fig. 4b). Secondly, for a
median diameter bigger than 100 nm in the case under study, the number of activated
aerosols is higher in the rural area than in urban polluted areas. For a high aerosol
number concentration, the available water is distributed among all the aerosols and
each aerosol takes a smaller amount of water in polluted areas than in rural ones.
In the urban polluted area, more big aerosols are preferentially activated preventing
the maximum supersaturation of the air mass from increasing. Thus, the number of
activated aerosols decreases. On the contrary, in rural areas, fewer big aerosols are
activated, the maximum supersaturation can become greater and higher proportion of
the aerosol spectrum can be activated. The characteristics of the aerosol size distribu-
tion act on the maximum supersaturation and on the activation process. For example,
for an aerosol mean diameter of 200 nm, 80 cloud droplets per cm® are formed for a
clean area (S;,,,=0.3%) whereas there are 500 cloud droplets per cm® for a rural area

(Sypax=0.1%) and 400 cloud droplets per cm® for a polluted area (S,,,,=0.03%).
max max
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4.3 Sensitivity tests on the aerosol chemical composition

The sensitivity tests presented here focus on the impact of the aerosol chemical com-
position on CCN activation. The aerosol concentration and the size distribution cor-
respond to the reference case and the cooling rate imposed is ~10Kh™'. Numerical
computations were performed for six aerosol chemical compositions representative of
different environments as detailed in Table 3. Following the study of Saxena et al.
(1995), atmospheric organics are differentiated in terms of their interactions with water,
into: a hydrophobic function having a surfactant behaviour (represented in our study by
SOA8 hydrophobic type) and a hydrophilic function (represented by SOA1 hydrophilic
type) which is condensable and water soluble, therefore behaving like inorganic com-
pounds.

Figure 5a shows the activated aerosol fraction and number and Fig. 5b the maximum
supersaturation as a function of aerosol median diameter for the six aerosol chemical
compositions. As previously shown for the reference case, the fraction activated in-
creases with the aerosol median diameter for all the chemical compositions studied
(Fig. 5a). Considering chemical compositions corresponding to near combustion (NC
with 5% of soluble material), dust (with 10% of soluble material), and marine (com-
pletely soluble) as described in Table 3, the fraction activated increases mainly due to
the salt fraction (Raoult effect). Sulphates (marine cases) activate more easily than
dust and NC because the sulphate particle mass is entirely dissociated in the aqueous
phase while only 10% of dust particle mass and 5% of NC are considered soluble here.
These three compositions do not affect the surface tension, which is 75.2dyn cm™.
This value corresponds to the surface tension of pure water. From a median diameter
larger than 150 nm, the aerosol number activated is 420 cm?® for the marine case. The
effect of sulphates becomes insignificant for large aerosol sizes and only 4.8% of the
spectrum is activated.

Looking at the effect of surfactants (represented by the reference case, Refer-
ence_SOA1 and Reference_SOA8 compositions) on surface tension (at aerosol median
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diameter of 110 nm), the results show that organic compounds reduce surface tension
from 7=75dyn cm™! (Reference IOP 13), to 7=74.5dyn cm™ (Reference_SOAS8) and
to 7=70.7 dyn cm™! (Reference_SOA1). This effect reduces the particle critical super-
saturation (S,,) and thus increases the fraction activated. Organic compounds SOA1,
SOA8 and POM contained in aerosols have a different impact on particle activation.
Only the difference between the compounds SOA1 and SOA8 will be discussed here.
Unlike the SOA1 compound, which is soluble, the SOA8 compound acts only on the
Kelvin effect because it is undissolved matter. As a result, the interaction of SOA1 and
SOAB8 with water is totally different. As mentioned previously, the chemical composition
with SOA1 has a more important impact on surface tension than the one associated
with the SOA8 compound. Moreover, the SOA1 compound absorbs more water than
SOAS8, increasing the salt fraction (SOA1 is dissociated), thus adding an amount of
additional water absorbed by inorganic salts which are also included in the aerosol
composition (see Table 3). Consequently, the Reference_SOA1 composition leads to a
larger fraction of activated particles than Reference_SOA8 and Reference cases.

4.4 Summary of off-line simulations

These sensitivity tests are summarized in Table 4 and in Fig. 6. This study highlights
the role of the atmospheric cooling rate and aerosol properties such as their num-
ber concentration, size distribution and chemical composition, on CCN activation. The
magnitude of the cooling rate is a key factor in the aerosol activation process. More-
over, the aerosol number concentration is a strong driver of the activation process. The
aerosol number influences the supersaturation of the atmosphere and thus the CCN
activation. It is an important factor to be considered as shown in Fig. 6, where the
number of cloud droplets formed is plotted against aerosol number concentration for
two contrasting cooling rates, —2 Kh™' (solid line) and -10Kh™’ (dashed line). Two
behaviours can be observed on the number of aerosols activated according to aerosol
number concentration. Firstly, for an aerosol number concentration less than a critical
value, mainly depending on the cooling rate, the cloud droplet concentration increases
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when the aerosol number increases. The maximum activation rate occurs at this critical
value. Secondly, if the aerosol concentration exceeds the critical value, then the num-
ber of activated CCN decreases when aerosol number increases. If aerosols become
too numerous in the air parcel and reach this critical value (varying according to the
cooling rate considered), aerosols absorb a large quantity of water vapour, significantly
decreasing the supersaturation within the air mass. This behaviour is found whatever
the cooling rate. Frank et al. (1998) and Kokkola et al. (2003) studied fogs from ob-
servations made in the Po Valley, a rather polluted region of Italy. They characterized
these types of events as “unactivated fogs”.

Finally, aerosol chemical composition also influences the activation process. The
water-soluble properties of compounds and the presence of organics compounds de-
termine the ability of aerosols to capture water during the hygroscopic growth phase.
This influences the supersaturation of the air mass and consequently the number of
activated CCN.

5 1-D Numerical results

Off-line simulations were an efficient way to isolate aerosol influences on the activa-
tion process for various environmental conditions often encountered in continental fog
situations. However, to gain further insights, it is necessary to take into account the in-
teractions among aerosols, and the microphysical and dynamic processes taking place
in the life cycle of fog. For example, the cooling rate varies strongly during the life cycle
of fog: during the formation phase, cooling occurs near the ground and is relatively
weak, while it is stronger and located near the top of the fog layer during the devel-
opment phase. Consequently, the number of activated CCN should be greater during
the development phase than during the initial phase. This topic is investigated in the
following section with 1-D simulations.
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5.1 Model configuration

The numerical simulations were initialized at 21:00 UTC on 18 February 2006. In this
study, we will focus on the formation (before 00:00 UTC) and development phase (after
00:00 UTC) of the fog layer, and only the results of the night-time simulation will be
studied. The characteristics of the boundary layer (temperature, relative humidity, wind
vertical profiles) at initial time were given by the 21:00 UTC radiosounding (Fig. 7).
The soil type was determined from soil texture analysis and corresponded mainly to
sandy loam. The surface cover was composed of 80% of temperate pastures, 15% of
temperate sub-urban and 5% of lake surface-types. The initial vertical distribution of
aerosol properties for all these simulations was set constant with height. The vertical
grid spacing was set to 1 m and kept constant with height up to 50 m. Such fine resolu-
tion is required to simulate a fog layer (Tardif, 2007). Above 50 m, the vertical grid was
gradually stretched.

5.2 Validation of the reference simulation for intensive observation period 13:
18-19 February 2007

For this reference simulation, the specified size distribution corresponded to the ob-
served size distribution at 21:00 UTC. The aerosol total number concentration was ini-
tialized at 17 000 aerosols per cm™2 with 8700 aerosols per cm™2 for the Aitken mode
and 8300 aerosols per cm™2 for the accumulation mode as shown in Table 1. The
specified aerosol chemical composition corresponds to the observation at 21:00 UTC
(see Sect. 3).

Figure 7 compares the observed and simulated vertical profiles of the potential tem-
perature 8 during the fog event at 21:00 UTC, 03:00 UTC and 06:00 UTC. The simula-
tion underestimates 6 by about 2K inside the fog layer (i.e. below the thermal inver-
sion). This difference is usual in 1-D simulations of fog. It can be explained by the
idealized nature of the surface, which only roughly represents the actual heterogeneity
of the site, and also by the limitation of 1-D simulations (e.g. the effect of horizontal
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advection is not taken into account). It is also worth noting that the thermal inversion
is weaker and higher in the sounding than in the simulation at 03:00 UTC. The devel-
opment of the fog layer is more rapid in the observation than in the simulation, lead-
ing to too cold a simulated fog layer. The height of fog is, however, well represented
at 06:00 UTC, even though the intensity of the thermal inversion is stronger than ob-
served. It should be noted that the ascending velocity of the radiosonde (10ms‘1)
which prevented an accurate estimation of the top of the fog layer.

The evolution of long-wave downward radiative flux at 2m is illustrated in Fig. 8.
Before the formation of fog (before 23:00 UTC), the simulation seems to slightly un-
derestimate the downward long-wave flux by 5Wm™2. However, this value is within
the range of the measurement error. During the development phase, the long-wave
downward flux is well-represented and reaches a value of 330Wm™. Consequently,
it seems that the liquid water content inside the fog layer is well simulated. In spite of
the problems previously described, the model represents the formation and the devel-
opment of the fog layer relatively well.

Figure 9 represents the evolution of the observed and simulated cloud droplets num-
ber concentration at 2 m. The formation phase is relatively well-simulated but the cloud
droplet number concentrations are overestimated compared to measurements made
during the development phase. The simulated maximum value is about 500 cloud
droplets cm™ near the ground instead of the 250 cloud droplets cm™> observed. The
simulated values are also higher than values obtained during other field experiments
like, for example, the Po Valley experiment, in which values of cloud droplets varied
between 50 and 300 (Gultepe and Isaac, 1997; Wendish et al., 1998). This could be
partially explained by the fact that the parameterization of Abdul-Razzak and Ghan
(2004) does not take kinetic limitations into account. Chuang et al. (1997) have shown
that under certain circumstances growth kinetics may retard the growth of CCN suffi-
ciently to limit the number of activated droplets formed. By comparing the time scale for
particle growth at equilibrium with that for actual condensational growth, Chuang et al.
(1997) conclude that particles with critical supersaturation less than a threshold value
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do not have time to grow larger than their critical size, and thus do not activate. This
suggests that equilibrium models that diagnose droplet formation from maximum su-
persaturation may systematically overestimate the number of activated droplets formed
(Nenes et al., 2001). Consequently, the maximum supersaturation and the number of
activated aerosols are slightly overestimated. Unfortunately, it is not possible to vali-
date the diagnosed supersaturation again observations. It seems that it is difficult to
measure the supersaturation in a fog layer because of the weak value and the localiza-
tion (at the top of the fog layer). This could be the subject of future research. Moreover,
rapid temporal fluctuations of cloud droplet number concentration are observed during
the development phase (Fig. 9). These fluctuations can be explained by complex inter-
action between microphysical and dynamic processes (e.g. gravity waves at the top of
the fog layer leading to increased mixing) or by local modification of the physical prop-
erties of the air parcel (e.g. advection of more polluted aerosols from the Paris area).
In the simplified 1-D simulation, it is not possible to take these processes into account.

The numerical results of the simulation for the cloud droplet number concentration
are plotted in Fig. 10a. Fog formation takes place around 23:00 UTC, in good agree-
ment with observations. At the beginning, the fog rises rapidly and then grows gradually
to reach a height of 110 m at 03:00 UTC as mentioned before. The maximum number
of cloud droplets is located at the top of the fog where the cooling rate is the greatest
during the development phase. Figure 11 illustrates an example of a simulated ver-
tical profile of the cooling rate at 03:00 UTC. The cooling rate is maximum near the
top of the fog (-9 Kh™' for the reference case, thick solid line) and decreases rapidly
to become very weak within the fog and close to zero at the ground. From 02:00—
03:00 UTC, the fog continues to develop vertically and the sedimentation process of
cloud droplets becomes important (see accumulated precipitation for cloud droplets
in Table 5). The liquid water path (LWP) diminishes slightly and the radiative cooling
decreases (Table 5 for the so-called “polluted reference” case). As a result, the acti-
vation process becomes weaker during this development phase and the cloud droplet
number concentration gradually decreases. Moreover, one can see in Fig. 10a that the
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cloud droplet concentration is relatively constant with height within the fog layer. This is
explained by the turbulent mixing acting inside the fog layer. Consequently, the number
of cloud droplets at the ground depends strongly on the history of the fog layer and on
the number of cloud droplets formed at the top of the fog layer (sedimentation of fog
droplets).

For the case studied, the microphysical parameterization (Khairoutdinov and Kogan
2000, microphysical scheme and the CCN activation parameterization of Abdul-Razzak
and Ghan (2004)) used have realistic behaviour despite an overestimate of the cloud
droplet number. The sensitivity of the life cycle of fog to aerosol type will now be stud-
ied. These sensitivity simulations differ in the specification of the aerosol concentration
and aerosol chemical composition from the reference simulation described previously.

5.3 Evolution of a fog layer with aerosol humber concentration:
a non-linear relation

The previous section allowed us to validate the behaviour of the model for the refer-
ence case. In the following, numerical simulations results will be shown, with special
emphasis on differences in microphysical structure of the fog layer. For the sensitivity
experiments presented here, only the number concentration of the accumulation mode
was changed. Three simulations were then performed using an aerosol concentration
of 1000, 5000 and 12000 particles per cm® in the accumulation mode, varying from
the slightly polluted case to a heavily polluted case.

The evolution of the cloud droplet number concentrations is plotted in Fig. 10. Inde-
pendently of the aerosol number concentration, fog forms approximately at the same
time (around 23:00 UTC) which is due mainly to the thermodynamic conditions asso-
ciated with the local air mass. But the vertical development and the characteristics
of the fog layer are significantly different. Table 5 details the evolution of the max-
imum height of the fog, the maximum cooling rate, the highest value of S,,,, the
maximum cloud droplet number concentration, the LWP, the accumulated precipita-
tion at the surface for the cloud droplets and the effective droplet radius for the four
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types of aerosol concentrations considered. At 06:00UTC, the fog layer exhibits a
greater vertical development in the case of 5000 particles cm™® (180 m, Fig. 10 c) and
in the reference simulation (170 m, Fig. 10a) than for the cases of 1000 cm™3 (150 me-
tres, Figure 10b) and 12000 cm™ (150 m, Fig. 10d). However, the number of cloud
droplets varied during the life cycle of fog for the four cases studied. At 00:00UTC,
the cloud droplet number reached a value of 120 droplets per cm?® for the slightly pol-
luted case (1000 cm_3), 400 cm™° for the more polluted case (5000 cm_3), 380cm™°
for the polluted case (8300 cm3, reference) and only 220 cm™2 for the heavily polluted
case (Table 5). At 06:00 UTC, the concentration was off by 35 droplets per cm?® for the
slightly polluted case (1000 cm‘3), 200 cm~2 for the more polluted case (5000 cm'3),
100 cm™® for the reference case (8300 cm‘S) and 50 cm™2 for the heavily polluted case
(12000 particles cm'3). The number of aerosols strongly influences the supersatu-
ration of the atmosphere and, in consequence, directly influences number of cloud
droplets. As previously mentioned, the maximum activation rate is located at the top of
the fog where the radiative cooling is the strongest.

Figure 12 describes the LWC vertical profiles at 23:00, 00:00, 03:00 and 06:00 UTC
for the four cases studied. Whatever the sensitivity simulations, liquid water is mostly
condensed at the top of the fog layer where the cooling rate is the greatest (Fig. 11).
However, LWC profiles depend strongly on the aerosol number concentration and con-
sequently on the droplet number concentration. The interactions between the droplet
number concentration and the LWC are quite complex: an increase in LWC does not
necessarily change the droplet number concentration. During the formation stage
(23:00UTC), the LWC is greatest (O.29kg'1) in the slightly polluted case compared
to 0.1 gkg’1 for the reference case and only 0.O7gkg'1 for the most polluted case.
These values are in accordance with the study of Wendish et al. (1998). During the
development phase, after 00:00 UTC, the behaviour is quite different. Feedback occurs
between the radiative and microphysical processes. If the LWP increases (i.e. the LWC
increases for a given height of fog), the radiative cooling at the top of the fog will also
increase, promoting aerosol activation (Table 5). The LWC at the top of the fog layer is
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0.41gkg™" for an aerosol concentration of 5000 cm™ whereas it is only 0.15gkg™" in

the most polluted case (concentration of 12 000 particles cm'3). The LWC is influenced
not only directly by the cooling rate but also indirectly by the aerosol number concen-
tration. Thus, the aerosol number concentration seems to be an important factor to be
taken into account when the life cycle of fog is represented.

Figure 13 shows the evolution of the LWP during the simulation for the four cases
studied. Two behaviours are apparent. Firstly, during the formation phase, the LWP is
highest in the slightly polluted case (5.8 g m~2 at 23:00 UTC) compared with the other
cases. The cooling rate is highest (-8.5K h'1, see Table 5) in the slightly polluted case.
Secondly, during the phase, from 02:00 UTC, the slightly polluted case produces the
weakest LWP among all sensitivity simulations, whereas the case with 5000 aerosols
per cm® leads to the highest LWP (46gm_2 at 06:00 UTC). This is explained by the
difference of accumulated precipitation for the cloud droplets (Table 5) due to the dif-
ference of settling velocity of the fog droplets. The accumulated precipitation for rain is
negligible. The aerosol number concentration influences the cloud droplet concentra-
tion and size, which themselves affect the settling velocity and thus the accumulated
precipitation at the ground. This affects the LWP and, indirectly, the height of the fog.
Under very polluted conditions, the decrease of S,,, leads to a reduction of the cloud
droplet number concentration and consequently the droplet size becomes larger (in-
creasein effective droplets radius, Table 5). The difference of LWC at the top of the fog
layer among the cases studied affects the divergence of radiative fluxes at the top of
the fog layer and thus the radiative cooling. This interaction between the microphysical
and the radiative processes explain the reduction of the cloud droplet concentration
during the development of fog.
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5.4 Sensitivity of fog formation and development to aerosol chemical
composition

Two additional 1-D simulations were performed to study the impact of the aerosol chem-
ical composition (with different solubilities) on the formation and the development of ra-
diative fog. To perform these sensitivity simulations, the chosen chemical composition
corresponded to a mineral aerosol case (with 10% solubility) and to Reference_SOA1
(with 85% solubility) (see Table 3). The results of the numerical simulations are shown
in Fig. 14, in which the evolution of the cloud droplet number concentration is plotted
for the mineral aerosol case and the Reference_SOA1 case. The aerosol number con-
centrations were fixed at 8700cm™ and 8300cm™ for the Aitken and accumulation
modes respectively.

The fog again forms approximately at the same time (23:00 UTC) for these three
chemical compositions. As for the sensitivity to the aerosol number concentration, the
aerosol chemical composition does not affect the time of fog formation. In contrast,
the cloud droplet number concentration is quite different during the fog event. For the
10% soluble case (referred to as the mineral aerosol case), at 06:00 UTC, the number
of cloud droplets is 50 cm™ lower at the ground and the height of fog only reaches
70m. In comparison, the 85% soluble case (named Reference_SOA1 case) produces
600 cloud dropletscm™ at the top of the fog layer, a value slightly higher than for the
Reference IOP 13 case (effect of surfactants, see Sect. 4.3).

Table 6 shows the evolution of the maximum height of fog, the maximum cooling
rate, the highest value of S, ,,, the maximum cloud droplet number concentration,
the LWP, the accumulated precipitation and the effective droplets radius for the two
aerosol chemical compositions considered. As for the aerosols number concentration,
the aerosol chemical composition strongly influences the LWC. During the formation
phase, at 23:00 UTC, the height of the fog layer is the same for both cases. But during
the development phase, between 00:00 and 03:00 UTC, the behaviour is quite different.
In the Reference_SOA1 case, the height of fog increases more than in the mineral
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aerosol case, and the radiative cooling at the top of the fog also increases, —18 Kh™
at 00:00 UTC, promoting aerosol activation and leading to a cloud droplet concentration
of 1050 cloud droplets cm™ at the top of the fog layer.

As for simulations of sensitivity to aerosol number concentration, the aerosol chemi-
cal composition influences the cloud droplet concentration and size, which themselves
affect the settling velocity and thus the accumulated precipitation at the ground (Ta-
ble 6). This indirectly affects the LWP and depth of the fog layer. Thus, the amount of
condensed water is smaller at the top of the fog for the mineral aerosol case than for the
Reference_SOA1 case. The maximum value of LWP is 8.89 m~2 for mineral aerosols
whereas it reaches 44gm_2 in the Reference_SOA1 case. The fog layer reaches a
height of 180 m in the Reference_SOA1 case whereas it only reaches 70 m in the case
of mineral aerosols at 06:00 UTC.

6 Conclusions and recommendations

This study evaluated the impact of aerosols (number concentration, size distribution
and chemical composition) during the formation and development stages of radiation
fog. The particularity of fog in opposition to other boundary layer clouds is that the cool-
ing rate (responsible of the CCN activation into cloud droplets) is related to the radiative
cooling rather than the adiabatic cooling associated with updrafts. Fogs also form near
the ground, where the variability of aerosol number concentration is the highest.

A simplified off-line framework allowed us to study the sensitivity of CCN activation
to different key parameters such as the cooling rate, the aerosol number concentra-
tion, the aerosol size and its chemical composition. The results of these simulations
underline the key role played by radiative cooling in the activation process. Radiative
cooling is the main source of condensed water and aerosols, by their capabilities to
act as CCN from the sink of water vapour. The cloud droplets formed in radiation
fogs are the net budget of these two processes. It has been shown that water transfer
to aerosols can limit the activation processes under polluted conditions. In the case,
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where aerosols are numerous, the maximum supersaturation reached within the air
mass remains weak, preventing particles from reaching their critical activation diam-
eter. For a fixed aerosol size distribution, it is possible to determine a critical value
of aerosol number concentration, which primarily depends on the cooling rate. If the
aerosol number concentration is lower than this critical value, the number of activated
CCN increases with the aerosol number. The maximum of activation rate is reached
at this critical value. Afterwards, the number of CCN activated decreases when the
aerosol number concentration increases.

Complementing the off-line sensitivity simulations, a radiation fog event (IOP 13 of
the ParisFOG field experiment) was studied in detail using results from 1-D simulations.
Comprehensive simulations of this radiation fog event were performed using an on-
line coupling of the Meso-NH meteorological model with the ORILAM aerosol scheme.
This configuration takes account of the interactions between aerosol size distribution,
their chemical properties and the microphysical and dynamic processes taking place
during the fog life cycle. Comparisons between a baseline simulation and observations
show that the model can realistically simulate the event of interest. However, the cloud
droplet number concentration is slightly overestimated. The parameterization of Abdul-
Razzak and Ghan (2004) does not take kinetic limitations into account. Growth kinetics
may retard the growth of CCN sulfficiently to limit the number of activated droplets
formed.

Sensitivity studies on the aerosol number concentration and chemical composition
were then performed. It was found that the aerosol number concentration or chemical
composition did not influence the time of fog formation for this case. But an impact on
the microphysical properties and on the vertical development of fog was found. Under
polluted conditions, the aerosol number concentration limited the increase of maximum
supersaturation of the air mass. This led to a greater number of larger cloud droplets
and increased the deposition at the ground. In the strongly polluted case, the fraction
of activated CCN decreased when the aerosol number increased and the amount of
water created at the top of the fog was reduced. The decreased LWC led to a reduction
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of the radiative cooling at the top of the fog layer during the development phase. This
interaction between the microphysical and the radiative processes also explains the
reduction of the cloud droplet concentration. The development of dense fog is then lim-
ited under heavily polluted conditions, in which so called “unactivated fog” seems more
frequent. For these cases, it seems necessary to take the wet aerosol, and not only
the cloud droplets, into account for the interactions with the other physical processes
(e.g. visibility computation). These unactivated aerosols are also very important during
the life cycle of fog, as they limit the activation processes.

The influence of aerosol characteristics on the dissipation phase has not be studied
and will be the subject of a future work. The particularity of the dissipation phase is
the interaction between the fog microstructure and its interaction with shortwave radi-
ation. Future research efforts will also take the interstitial aerosol characteristics into
consideration along with their optical properties as a function of their chemical compo-
sition. The impact of these non-activated-aerosols on the dissipation of fog needs to
be studied.

In cases of strong pollution, the number of activated aerosols is less dependent on
their chemical composition if their percentage of soluble material is sufficient. In the
observed aerosol of ParisFOG, the aerosol mixture was composed of 55% of soluble
inorganic material, 16.4% of soot and the 38.6% of organics. In this case, sensitiv-
ity studies on the type of organic matter (primary organic, hydrophobic or hydrophilic
SOA) do not modify the fraction of activated aerosols by more than 10%. Neverthe-
less, a stronger sensitivity appears where the aerosol matter is mostly composed of hy-
drophobic matter that is able to inhibit activation through the Raoult term. The amount
of condensed water is then smaller at the top of the fog and the cloud droplet number
concentration decreases.

Another aspect which has not been addressed in this work is the effect of the cloud
droplet number concentration on visibility computations. Gultepe et al. (2006) and
Gultepe et al. (2007) show that the visibility predictions are directly based on the cloud
droplet number concentration and the liquid water content depending on environmental
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conditions. The role of aerosol characteristics in determining visibility variations within
fog layers should be clarified further in order to establish a comprehensive parameteri-
zation suitable for operational applications.
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Table 1. IOP13, 18-19 February 2007: Aerosol size distribution characteristics measured from

SMPS before the fog episode.
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Time period Aitken Accumulation
(UTC) Mode Mode
Nem™®) D,(mm) o N(m™) D, (nm) o
17-18 4050 17.4 1.51 7400 78.5 1.84
18-19 5700 20.6 1.59 11400 81.2 1.87
1920 8200 30 1.64 10700 97.3 1.71
20-21 7700 32 1.59 9700 102.0 1.68
21-22 8700 33 1.57 8300 110 1.59
18000
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Table 2. Physical and chemical properties of chemical compounds.
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Compounds Molecular Solubility No. of
Chemical Weight lons
INORGANIC (NH4),SO, 132 1 3
NH,NO, 80 1 2
INSOLUBLE SOOT 250 0 0
ORGANIC POM
PRIMARY 250 0.1 1
MINERAL DUST
(AEROSOL) 250 0.1 1
ORGANIC SOA1? 88 0.99 1
SECONDARY" SOA8® 195 0.23 0

* SOA groups considered by Griffin et al. (2005) and by Tulet et al. (2006)
# SOA1 Hydrophilic Secondary Organic Aerosol (Anthropogenic, dissociative type)
® SOA8 Hydrophobic Secondary Organic Aerosol (Anthropogenic, poly-aromate type)
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ACPD
9, 17963-18019, 2009

Influence of aerosols
on the formation and
the development of

Table 3. The six aerosol chemical compositions used in the sensitivity tests in off-line” sim- radiation fog
ulations. The percentage represents the mass fraction of each compound contained in the
aerosol. J. Rangognio et al.
gg;rgf;{m (NH,),S0,  NH,NO, SOOT POM SOA1 SOA8 DUST
Near
Combustion - - 50% 50% - - -
Exhaust
Mineral Aerosol - - - - - - 100%
ParisFOG
Reference 25% 20% 16.4% 38.6% - - -
IOP 13
Marine 100% - - - - - -
Reference_SOA1 25% 20% 16.4% - 38.6% - —
Reference_SOA8 25% 20% 16.4% - - 38.6% -
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Table 4. Summary of the sensitivity tests of cooling rate, aerosol chemical composition and
geometric median diameter on the formation of fog droplets. The geometric standard deviation
and the aerosol number concentration are 1.59 and 8300 particlescm™ respectively. Percent-
ages represent the fraction of activated aerosol. Numbers in parentheses represent the number
of activated aerosols formed.

FORMATION (Cooling rate=—2Kh™" on the surface)

ACPD
9, 17963-18019, 2009

Near Mineral Reference Marine  Reference Reference
Combustion®  Aerosol IOP 13 SOA1° SOA8
Diameter 40 nm 0% 0% 0.02% 0.02% 0.02% 0.02%
(0) (0) @) (2) (2) (2)
Diameter 110 nm’* 0.01% 0.02% 0.03% 0.036% 0.046% 0.037%
(1) (2) (3) (3) (4) (3)
0.03% 0.035% 0.04% 0.037% 0.048% 0.04%

Diameter 300 nm

©)

(3)

©)

©)

(4)

(3)

Influence of aerosols
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radiation fog

J. Rangognio et al.

DEVELOPMENT (Cooling rate=—10 Kh™" at the top of the fog)

Near D . Reference Reference
4 ust Reference Marine b
Combustion SOA1 SOA8
Diameter 40 nm 0% 0.01% 1.5% 2% 1.8% 1.4%
(0) (1) (121) (167) (147) (122)
Diameter 110 nm’* 0.5% 1% 4.4% 4.6% 4.3% 3.7%
(46) (90) (363) (380) (430) (368)
Diameter 300 nm 3.5% 4% 5% 5.1% 5.8% 5.1%
(295) (339) (421) (421) (483) (426)

* aerosol median diameter of the Reference Case IOP 13
& minimum cloud droplets number formed (minimum aerosol number activated)
® maximum cloud droplets number formed (maximum aerosol number activated)
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Table 5. Numerical values of the maximum height of fog, the strongest cooling rate, the highest
value of S, the maximum cloud droplet concentration, the Liquid Water Path, the accumu-
lated precipitation at the ground (for cloud droplets) and the effective droplets radius for the four
sensitivity tests: slightly polluted (1000 aerosols per cm_s), more polluted (5000 aerosols per

cm's), polluted — reference (8300 aerosols per cm's) and heavily polluted (12 000 aerosols per
cm_3) at 23:00, 00:00, 03:00 and 06:00 UTC.
Time of Sensitivity Height  Cooling S« Cloud Liquid Water ~ Accumulated Effective
Simulation tests of fog rate % Droplets Path Precipitation Droplets
(hours) (meters) (K h'1) Conc. (cm'a) (9 m'z) (mm) Radius (um)

Slightly Polluted 30 8.5 0.15 160 5.8 9.5x107° 12

-5
23:00 UTC More Polluted 30 8.3 0.082 320 4.6 4.9x10 . 13
Polluted (Ref) 30 7.6 0.057 180 3.4 6.1x10" 13
Heavily Polluted 30 7.2 0.042 85 2.4 6.8x107° 14
Slightly Polluted 50 115 0.175 203 13 1.6x1072 11

-3
00:00 UTC More Polluted 50 19.8 0.13 960 21 1.3x10 . 12
Polluted (Ref) 50 16.2 0.091 720 15 1.3x10" 12
Heavily Polluted 50 12 0.060 310 7 1.3x1072 16
Slightly Polluted 100 8.4 0.15 120 19 5.7x107° 1

-3
03:00 UTC More Polluted 110 11 0.098 400 4 4.4%x10 . 8
Polluted (Ref) 110 9 0.063 380 39 4.5%x10" 8
Heavily Polluted 100 8.6 0.048 220 30 46x107° 9
Slightly Polluted 150 6.7 0.14 90 18 6.9x107° 13

-3
06:00 UTC More Polluted 180 7 0.072 190 46 5.7x10 . 10
Polluted (Ref) 170 5 0.04 100 34 5.8x10~ 12
Heavily Polluted 150 3 0.022 35 19 6.1x107° 14
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Table 6. Same as Table 5 for the chemical sensitivity tests.
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Time of Sensitivity Height Cooling S Cloud  Liquid Water Accumulated Effective
Simulation tests of fog rate % Droplets Path Precipitation  Droplets
. Mineral Aerosol 30 6 0.16 30 1.6 8.1x107° 12
23:00UTC Reference_SOA1 30 8 0.043 240 3.6 57x107° 14
) -3
00:00 UTC Mineral Aerosol 40 10 0.19 38 2.8 8.8x10_3 15
Reference_SOA1 50 18 0.074 1050 17 1.3x10 9
Mineral Aerosol 70 5 0.15 20 8.8 45%x107° 17
: TC
03:00U Reference_SOA1 110 11.8 0.056 460 44 4.3x107° 8
: -3
06:00 UTC Mineral Aerosol 70 2.5 0.10 15 8.5 7.9x10_3 16
Reference_SOA1 170 5.5 0.033 160 43 5.6x10 8
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Fig. 1. I0P13, 18-19
visibility (b) at 2m.
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Fig. 2. IOP13, 18-19 February 2007: Evolution of the aerosol number concentration measured
at 2m by integration of the SMPS data between 10 and 500 nm (solid line), ranging from 10 to
50 nm (Aitken mode, dotted line), from 50 to 500 nm (Accumulation mode, dash-dot line) and
from 10 to 100 nm (ultra-fine particles, dashed line).
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Fig. 3. (a) Fraction of activated aerosols as a function of aerosol number concentration for a
cooling rate of —10 Kh™'. (b) Fraction of activated aerosols as function of the cooling rate for
3 types of aerosol number concentration: Polluted area with 8300 particles cm's, Rural area
with 830 particlescm™ and Clean area with 83 particles cm
median diameter is 110 nm, the geometric standard deviation is 1.59 and the aerosol chemical
composition is that of the Reference IOP 13.
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Fig. 4. Number of activated aerosols (a) and maximum supersaturation (b) as functions of the
aerosol median diameter for the three types of aerosol number concentration described in Fig. 3
with the Reference chemical composition of IOP 13. The radiative cooling rate is -10Kh™".
The geometric standard deviation is 1.59.
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(b) maximum supersaturation as functions of the aerosol median diameter for the six aerosol
chemical compositions (see Table 3), for a cooling rate of —10 Kh™, the aerosol number con-
centration and the geometric standard deviation are respectively 8300 particles cm™ and 1.59.
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Fig. 6. Number of activated aerosols as function of aerosol number concentration for a cooling
rate of —2Kh™' (solid line) and —-10 Kh™' (dashed line) with the Reference chemical composi-
tion. The aerosol median diameter and the geometric standard deviation are 110 nm and 1.59

respectively.
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Fig. 10. Cloud droplet number concentration (cm™) for the four sensitivity cases for an aerosol
number concentration in accumulation mode of 8300cm™ (reference) (a), 1000 cm™ (b),

(a) Reference
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5000cm™° (c) and 12000 cm™ (d) as functions of height and time.
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Fig. 11. Example of simulated vertical profile of radiative cooling rate (K h'1) at 03:00 UTC for
the four sensitivity cases: 1000 cm™ (solid line), 5000 cm™ (dotted line), 8300 cm™ (reference,
thick solid line) and 12 000 particles cm™ (dash-dot line).
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Fig. 12. Vertical profiles of LWC (gkg™') at 23:00, 00:00, 03:00 and 06:00 UTC for the four
sensitivity cases: 1000 cm™ (solid line), 5000 cm™ (dotted line), 8300 cm™ (reference, thick
solid line) and 12 000 particlescm™ (dash-dot line).
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Fig. 13. Evolution of the LWP (gm™2) for the four sensitivity cases: slightly polluted 1000
aerosols per cm™ (solid line), more polluted 5000 aerosols per cm™ (dotted line), polluted
8300 aerosols per cm™3 (reference) (thick solid line) and heavily polluted 12 000 aerosols per
cm™ (dash-dot line) for the accumulation mode during the simulation.
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Fig. 14. Cloud droplet concentration (cm‘3) for the aerosol chemical composition with 10%
solubility (Mineral Aerosol case) (a) and 85% solubility (Reference_SOAT1) (b) as functions of

height and time.
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