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a b s t r a c t
A data set acquired by eight particle-dedicated instruments set up on the SIRTA (Site
Instrumental de Recherche par Télédétection Atmosphérique, which is French for Instrumented
Site for Atmospheric Remote Sensing Research) during the ParisFog ﬁeld campaign are
exploited to document microphysical properties of particles contributing to extinction of visible
radiation in variable situations. The study focuses on a 48-hour period when atmospheric
conditions are highly variable: relative humidity changes between 50 and 100%, visibility
ranges between 65 and 35 000 m, the site is either downwind the Paris area either under
maritime inﬂuence. A dense and homogeneous fog formed during the night by radiative
cooling. In 6 h, visibility decreased down from 30 000 m in the clear-sky regime to 65 m within
the fog, because of advected urban pollution (factor 3 to 4 in visibility reduction), aerosol
hydration (factor 20) and aerosol activation (factor 6). Computations of aerosol optical
properties, based on Mie theory, show that extinction in clear-sky regime is due equally to the
ultraﬁne modes and to the accumulation mode. Extinction by haze is due to hydrated aerosol
particles distributed in the accumulation mode, deﬁned by a geometric mean diameter of
0.6 μm and a geometric standard deviation of 1.4. These hydrated aerosol particles still
contribute by 20 ± 10% to extinction in the fog. The complementary extinction is due to fog
droplets distributed around the geometric mean diameter of 3.2 μm with a geometric standard
deviation of 1.5 during the ﬁrst fog development stage. The study also shows that the
experimental set-up could not count all fog droplets during the second and third fog
development stages.
© 2009 Published by Elsevier B.V.

1. Introduction
Particles in suspension in the atmosphere, as aerosol
particles and cloud or fog droplets, are responsible for
reduction of the visibility range, by scattering and absorbing
electromagnetic radiation in the visible wavelengths. Scattering and absorption properties depend on particle number and
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properties (e.g. size, shape). Strong gradients of visibility are
related to both dynamic and thermodynamic processes that
occur at spatial and temporal ﬁne-scale resolutions, and
which both modify particle number and size. For example,
condensation of atmospheric water on aerosol particles
modiﬁes their size over two steps. Dry aerosol particles
become wet aerosol particles through hydration, when the
relative humidity is larger than the deliquescence point
(e.g. Winkler, 1988), and aerosol particles are activated to
droplets when the atmosphere is saturated in humidity
(e.g. Jiusto, 1981). Reduced visibility events have different
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origins, such as urban and industrialized pollution aerosol
particles which dim the sky in large cities, such as dust
particles downwind desert regions, and such as fogs that are
the most critical phenomena in terms of visibility reduction in
Europe.
Fog occurrence is predicted according to Numerical
Weather Prediction models, with the objective to reduce
hazards in transport activities. For example, for road weather,
it is crucial to predict rapid gradients in the visibility range
down to 50 m. However, Numerical Weather Prediction
models usually lack accuracy in prediction of location and
time of fog formation and dissipation, as well as in fog density
magnitude and heterogeneity. On the one hand, the critical
processes occur at ﬁne scales that are unresolved by forecast
models and must hence be parameterised. On the other hand,
current knowledge is sometimes insufﬁcient to model
physical processes, as those related to aerosol microphysical
properties, e.g. the radiative transfer in the atmosphere, the
dew deposition, as well as the visibility range.
ParisFog is a 6-month ﬁeld measurement campaign
dedicated to study the implication of thermodynamic,
dynamic and radiative processes in the fog life cycle, in
correlation with microphysical and optical properties of the
aerosol particles and fog droplets (Bergot et al., 2008).
ParisFog took place during the 2006–2007 winter on the
SIRTA (Site Instrumental de Recherche par Télédétection de
Atmosphérique, which is French for Instrumented Site for
Atmospheric Remote Sensing Research) (Haeffelin et al.,
2005), located in a suburban environment 20 km South
West of Paris, under two predominant and contrasted
inﬂuences: maritime by West winds and urban by North–
East winds.
Aerosol-dedicated measurements performed over 48 h are
analysed as a case study. Eight instruments are dedicated to
describe independently the particle microphysical and optical
properties. Four particle counters are complementary to
provide the size distribution from 0.004 to 40 μm diameter.
Particle extinction and aerosol scattering properties are
documented with two visibilimeters, a sun-photometer and
a nephelometer. The objective of the study is to identify
particle populations contributing to light extinction, in
variable atmospheric conditions. Jiusto (1981) suggested the
signiﬁcant contribution to fog extinction by wet aerosol
particles of the accumulation mode, of diameter smaller than
2 to 4 μm, which are showed by Eldridge (1966) to be
predominant in number. To our knowledge, quantitative
contribution of these wet aerosol particles in light extinction
by fog has not yet been estimated, as Gultepe et al. (2006)
point out recently the need to perform measurements of
particle size distribution at sizes smaller than 2 μm. Our study
focuses on surveying contribution to extinction by accumulation mode particles, relatively to ultraﬁne aerosol particles in
clear-sky conditions and relatively to droplets in fog
conditions.
Randriamiarisoa et al. (2006) analysed measurements
acquired by nephelometer and particle counters set up nearby
SIRTA in the 1998 and 1999 summers during the ESQUIF
(Etude et Simulation de la QUalité de l'Air en Ile de France)
experiment (Vautard et al., 2003), to propose a parameterisation of the hydration process. As characteristics of the aerosol
particles larger than 0.8 μm could not be retrieved with

precision, the experimental set-up was enriched for ParisFog
by independent measurements of the visibility range to:
1) validate the measured ambient particle size distribution;
and 2) identify contribution by accumulation mode particles
to extinction in clear-sky and hazy conditions. Moreover the
wind components are surveyed to study the effect of dynamic
processes on aerosol properties. We also study the effect of
aerosol activation on atmospheric extinction by extending
measured particle size domain up to 40 μm diameter.
Independent measurements of visibility give the opportunity
to validate fog size distributions, as has been done by
Yuskiewicz et al. (1998), who generate ambient size distributions after applying humidiﬁcation parameterisation on
measurements made in dry conditions during the CHEMDROP
ﬁeld campaign in the Po Valley (Fuzzi et al., 1998). In contrast,
ParisFog air samples were deliberately not heated, in order to
obtain a consistent data base depending on a minimum of
assumptions. Pollution measured in the case study reached
levels similar to what is observed in the Po Valley (Noone
et al., 1992; Yuskiewicz et al., 1998).
We describe some microphysical and optical properties of
the particles contributing to extinction of visible radiation,
during clear-sky, pollution, haze and fog events which
occurred during the case study, according to the thermodynamic and dynamic processes, and we verify the quality of
the experimental set-up. Extinction and scattering coefﬁcients are computed according to Mie theory applied on
measurements of the particle size distributions. Computations are compared to independent measurements of the
particle optical properties. Section 2 describes the experimental set-up, the case study, and Section 3 the methodology
to interpret particle contribution to extinction as a function of
the size. Section 4 deﬁnes the aerosol properties in clear-sky
conditions and Section 5 in the haze regime. Section 6 focuses
on particle properties, from ultraﬁne aerosol particles to
droplets, all present during the fog regime. Section 7 provides
the conclusion.
2. The experiment
2.1. Experimental set-up of the ParisFog experiment
The ParisFog ﬁeld experiment took place on the 3 SIRTA
observatory platforms (Haeffelin et al., 2005) distributed on a
1 × 1 km area on the Saclay Plateau, located in a suburban area
20 km South West of Paris (Bergot et al., 2008). SIRTA is
usually either under maritime inﬂuence either downwind the
Paris urban pollution. From November 2006 to April 2007 an
ensemble of instruments simultaneously monitored dynamic,
thermodynamic and radiative processes in correlation to
microphysical properties of aerosol particles and fog droplets.
Because fog formation and dissipation is difﬁcult to predict
accurately, automatic acquisition in a routine mode was
favoured. The instrumental equipment was augmented by
manual-operating apparatus during several intensive observation periods (Bergot et al., 2008).
Table 1 lists the instruments considered in this study.
Temperature and humidity proﬁles were monitored by
standard sounders located on 2 30-m masts less than 1 km
apart. Uncertainty is few % on relative humidity measurements, increasing when relative humidity is larger than 90%.
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Table 1
ParisFog instrumental set up used for the 18–19/02 case study (#13 IOP).
Instrument

Model

Domain of sensitivity

Thermometer and
humidity sensor
Sonic anemometer
Sun/sky-photometer CIMEL CE318

440, 670, 870, 1020 nm
wavelengths
490–750 nm wavelength with
a max at 550 nm
490–750 nm wavelength with
a max at 550 nm
450, 550, 700 nm wavelengths

Visibilimeter

Degreanne DF320

Visibilimeter

Degreanne DF20+

Nephelometer

TSI 3563

Particle counter

PALAS WELAS-2000 0.39–42 μm particle diameter

Particle counter

TSI SMPS

Particle counter

GRIMM CPC-5400

0.01–0.50 μm particle
diameter
0.004–3 μm particle diameter

Parameter

Temporal Sampling
resolution conditions

Long-term
routine

Temperature and relative humidity

1 min

Yes

Wind speed and direction

1s

Aerosol optical thickness

15 min

Visibility

10 s

Visibility

10 s

Aerosol scattering coefﬁcient

1 min

Aerosol and droplet number per unit
5 min
of air volume, in 65 size bins
Aerosol number per unit of air volume, 10 min
in 108 size bins
Integrated particle number, per unit
1 min
of air volume

Ambient
outdoor
Ambient
outdoor
Ambient
outdoor
Ambient
outdoor
Ambient
outdoor
PM10 inlet
downstream
Ambient
outdoor
PM10 inlet
downstream
PM10 inlet
downstream

No
Yes
No
No
No
No
No
No

SMPS: Scanning Mobility Particle Sizer.
CPC: Condensation Particle Counter.

Particle optical property measurements in the visible spectrum
were carried out by several instruments. A CE318 CIMEL sunphotometer operated in the AERONET framework (Holben et al.,
1998). It measured aerosol optical thickness at four wavelengths during the day and under cloud-free sky. Two
Degreanne visibilimeters (DF320 and DF20+) were operated
near the ground (4-m height), on 2 platforms. The instrument provided horizontal visibility range and particle
extinction at 550 nm, with a 10–25% uncertainty. Both
instruments agreed over a large range of values, except for
rare outliers which are the expression of rare spatial
heterogeneity in the surface atmospheric layer. A TSI-3563
integrating nephelometer provided the aerosol scattering
N
coefﬁcient σ scat
(λ) at the 450, 550 and 700 nm wavelengths,
with an experimental uncertainty of 10% (Anderson et al.,
1996). Scattered light was measured from an air sample
downstream a PM10 inlet. Data was not corrected for angular
truncation in forward and backward directions.
Particle counting measurements were carried out in parallel
by two instruments installed downstream the PM10 inlet. A
GRIMM CPC instrument (Aerosol Technik, Model 5400) counted
the total aerosol number (cm− 3) integrated over the 0.004–3 μm
diameter range, with a 10% uncertainty on aerosol number. A
TSI SMPS particle counter provided the number of aerosol
particles distributed over 108 size bins from 0.01 to 0.50 μm
diameter, with 20% accuracy on particle number in each size
bin. The particle counter was calibrated before the ﬁeld
campaign by using known concentration of ammonium
sulphate particles.
These measurements were complemented by two PALAS
WELAS-2000 particle spectrometers sampling directly into
the air, that each determine size and number of aerosol
particles and fog droplets, in the 0.39–42 μm diameter range,
with 20% uncertainty on particle number, per size bin. Raw
count measurements provided by the WELAS-2000 are
multiplied by a factor to obtain the particle number per air
volume unit. The factor represents the volume fraction of the
sampled air sounded by the optical system. The sounded air

volume depends on the air ﬂow through the optical chamber,
the size of the lighted region, and the acquisition time
duration. For the case study, a hybrid conﬁguration was
adopted, consisting of the optical head of one of the two
spectrometers mounted with the electronic acquisition
system of the other spectrometer. In this conﬁguration, any
of the manufacturer values for the sample volume factor
cannot be used. DF320 measurements being considered as a
constraint to calibrate the WELAS-2000 instrument, next
sections show that measurements are consistent most of the
time with a sounded sample volume factor set to 1. Both
WELAS-2000 instruments were revised by the manufacturer
during the ﬁeld campaign and were size calibrated with latex
particles.
2.2. The case study: 18–19 February 2007
48-hour time series of measurements of temperature
(Fig. 1), horizontal visibility (Fig. 2) and particle number
(Fig. 3) measured on 18 and 19 February 2007 indicate that
the case study concerns a dense and homogeneous fog
formed from nocturnal radiative cooling in a polluted
environment. The case study corresponds to the #13 intensive
observation period (Haeffelin et al., in preparation). Fig. 1
shows the effect of radiative cooling on the temperature
vertical proﬁle from the 1500 UT maximum of around 15 °C.
Simultaneously, the relative humidity starts to increase from
around 50% until fog outbreak, which occurs at around 2300
UT. The radiative cooling (temperature decreased by 10 °C
in 8 h) is stopped by the fog where the temperature stays
constant and uniform (up to 30 m above ground level (agl))
for around 10 h. Fog extinction seems uniform on the site
domain, as measurements by both visibilimeters agree
(Fig. 2). Visibility is smaller than 900 m in the fog, while it
was around 30 000 m at 1700 UT. Aerosol number NC
measured by the CPC suddenly increased by a factor 3 in
the afternoon (Fig. 3), indicating fog formed in a polluted
environment (NC = 18 000 cm− 3 at around 2200 UT).
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Fig. 1. 48-hour time series of instantaneous 1-min values of temperature (°C),
measured at 5 heights on the meteorological mast.

The atmospheric conditions may be classiﬁed into 3
regimes according to the visibility measurements: clear-sky,
fog, and haze (Table 2). Classiﬁcation is usually done based on
absolute values of the visibility range (e.g. Tardif and
Rasmussen, 2007): visibility smaller than 1000 m usually
refers to fog (NOAA, 1995), but as is commented by Jiusto
(1981) such classiﬁcation is mostly arbitrary. Another criterion is chosen here to identify the mist transition phase
(Eldridge, 1969; Heintzenberg et al., 1998) deﬁned by the start
of the aerosol activation process. Aerosol activation is engaged
when relative humidity exceeds a threshold value, causing
sudden formation of droplets which are the main providers of
the particle surface area interacting with visible electromagnetic radiation. Consequently sharp decrease of visibility
characterises the mist transition phase. The temporal gradient
of visibility is computed to delineate precisely the time
interval of the fog regime. Computation is restricted to
visibility smaller than 2000 m, as droplets appear at visibility
between 1400 and 2000 m according to Meyer et al. (1980),
and as Eldridge (1969) situates the mist phase below 1000 m.

Fig. 2. Time series of the instantaneous 10-s values of the horizontal visibility
(m), directly measured by both DF320 and DF20+ visibilimeters, located
1 km apart.

Fig. 3. Time series of 30-minute averaged values of the number of particles
per unit volume, either directly measured by the CPC, either integrated from
size distributions measured by the SMPS and the WELAS-2000 particle
counters (Eq. (1)).

1) Clear-sky regime is deﬁned for visibility values larger than
5000 m. The clear-sky regime lasts for around 30 h over
the 48-hour time period: from 0000 to 2020 UT on 18
February and from 1025 to 2010 UT on 19 February.
Visibility reaches its maximum value of 35 000 m around
1345 UT on 18 February while it stays smaller than
14 000 m on 19 February.
2) Fog regime is deﬁned between minimum and maximum in
the temporal gradient of visibility, which is computed
from the 10-second temporal resolution measurements.
Maximum of temporal gradient, in negative values
(−140%/min), is reached at 2245 UT for a visibility of
around 400 m. Visibility stabilizes 20 min later with values
smaller than 80 m. Maximum of temporal gradient, in
positive values (150%/min), is reached at 0845 UT during
the dissipation phase, for a visibility of 880 m. Fog lasts for
around 10 h during the case study. The fog is dense with an
averaged visibility of 100 ± 45 m, smaller than 190± 132 m,
as observed by Heintzenberg et al. (1998). Fog formed
during the ﬁrst part of the 19–20 February night
comparatively presents high heterogeneity in time and
space. Both visibilimeters disagree in terms of visibility,
and according to the DF320 instrument, the fog lasts only
10 min, around 2230 UT, with visibility smaller than
400 m. This fog will not be described in detail in the paper.
3) As haze regimes occur as transition between the clear-sky
and fog regimes, visibility is highly variable in this regime.
Haze regime is deﬁned as visibility smaller than 5000 m,
down until fog occurrence. On 18 February, the haze
regime starts at 2020 UT and lasts until 2245 UT. On 19
February morning, fog dissipates into a haze at 0845 UT
that lasts until 1025 UT. Haze forms again at 2010 UT 19/02
and lasts until 2230 UT according to the DF320 instrument.
Visibility is reduced by a factor larger than 10 within less
than 3 h, in the pre-fog haze of 18/02 and 19/02 evenings,
and is increased by a factor 5 in 90 min in the 18/02
morning post-fog haze.
The visibility values of 400 m and 880 m characterising the
mist transition phase, between fog and haze regimes, are

0
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3. The methodology
Microphysical measurements are used to estimate aerosol
optical properties for validating the measurement set and to
compute contribution to extinction by different particle
populations. More speciﬁcally, ambient particle size distributions are generated from measurements made by the SMPS
and WELAS-2000 particle counters, and the extinction
coefﬁcient is used as intercomparison parameter. Modes in
the size distributions are identiﬁed and are isolated to
estimate contribution to extinction by different particle
populations. The methodology is described thereafter. The
data temporal resolution is harmonised using 30-minute
averages.
3.1. Microphysical properties
Extinction coefﬁcient is computed at 550 nm.

Fog

Haze

ΔnðDÞ

where Δn(D) represents the size distribution, i.e. the particle
number (cm− 3) measured per size bin around the diameter
D, per air volume unit, and that is provided by several
instruments. NS is derived from the SMPS measurements,
with Dmin = 0.01 μm and Dmax = 0.50 μm. NW is calculated
from WELAS-2000 measurements with Dmin = 0.39 μm and
Dmax = 42 μm. WELAS-2000 detects changes of regimes,
consistently with visibilimeters. NW is smaller than 60 cm− 3
until 1745 UT 18/02 and then starts to increase (Fig. 3),
simultaneously to the decrease of the visibility range (Fig. 2).
A plateau of values larger than 4500 cm− 3 is reached from
2245 UT, corresponding to the time of the fog outbreak. Values
decrease back under 100 cm− 3 from 1115 UT to 1715 UT 19/02.
NS is compared to the particle number NC, directly measured
by the CPC (Fig. 3). Number of particles larger than 0.50 μm,
downstream the inlet, is negligible, as NS and NC generally
agree within added uncertainty. Both CPC and SMPS indicate
the background level of pollution where the fog is formed.
Section 3 describes the methodology for quantitative comparisons of measured visibility with computations, performed in
Sections 4, 5 and 6, for the three regimes.

50–90
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Clear-sky

D
max
X
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20–400
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3200

WELAS-2000

Accumulation particle
number (cm− 3)
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Ultraﬁne particle
number (cm− 3)
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humidity
(%)
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DF320

Time
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consistent with the 500–1000 m visibility interval ﬁxed by
Eldridge (1969) and used by Heintzenberg et al. (1998). Fog
life cycle and clear-sky regime may also be described in terms
of particle numbers, which are plotted in Fig. 3. Particle
number is computed as

N=

Regime

Table 2
Characterisation of the three clear-sky, haze and fog regimes, in terms of duration, visibility, relative humidity and particle properties.

Accumulation mode
extinction (Mm− 1)

Fog droplet
number (cm− 3)

Fog droplet mode
extinction (Mm− 1)

T. Elias et al. / Atmospheric Research 92 (2009) 443–454

The particle size distribution in ambient conditions is
generated by joining SMPS (from 0.01 to 0.39 μm) to
WELAS-2000 (beyond 0.39 μm) measurements. Time series
ðD Þ
of the ambient particle size distribution Δn
is plotted in
ΔlnD
Fig. 4a, and time series of the equivalent volume size
ðDÞ πD3
distribution Δn
is plotted in Fig. 4b. According to Fig. 4,
ΔlnD 6
the accumulation mode is included between 0.4 and 2 μm,
which is consistent with literature: Kunkel (1984) observes a
discontinuity in fog size distribution at 2.5 μm; according to
Noone et al. (1992), accumulation mode aerosols are
included between 0.1 and 2.5 μm diameter, while Seinfeld
and Pandis (1998) limit upper bound at 1 μm. SMPS sounds
the Aitken mode as well as the nucleation mode, which both
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tions (Heintzenberg, 1994). Each instrument, i.e. SMPS or
WELAS-2000, provides six parameters (Table 3) describing a
bimodal size distribution:
0
dnðDÞ
N1
pﬃﬃﬃﬃﬃﬃ e
=
dlnD
sg;1 2π

− 12

@

ln D
Dg;1
lnsg;1

12

0

A
+

N2
pﬃﬃﬃﬃﬃﬃ e
sg;2 2π

− 12

@

12
ln D
Dg;2
lnsg;2

A

ð2Þ

Dg,1/2 are the geometric mean diameters for the modes 1 and
2, sg,1/2 are the geometric standard deviations for the two
modes, N1/2 represent the mode number concentrations.
Results of the ﬁtting procedure are manually checked to ensure
the physical meaning of the size distribution parameters.
3.2. Optical properties
The extinction coefﬁcient σ Kext is retrieved from the
measured horizontal visibility range, according to the Koschmieder Equation (Koschmieder, 1925, and e.g. Hess et al.,
1998):
K

σ ext =

−lnðCV Þ
visibility

ð3Þ

CV is the visual contrast, deﬁned at 5% for the two
K
visibilimeters. σ ext
is retrieved at 550 nm, and is expressed
−1
−6
M
in Mm
(10
m− 1). The extinction coefﬁcient σ ext
is also
derived at 550 nm, from the measured size distribution,
according to Mie theory applicable to spherical aerosol
particles (e.g. Bohren and Huffman, 1983):
M

σ ext =
Fig. 4. a. 48-hour time series of the ambient number size distribution
ΔnðDÞ
(cm− 3) generated from SMPS and WELAS-2000 measurements, on a
ΔlnD
10-logarithmic scale. Fig. 4b. As Fig. 4a but for the volume size
ðDÞ πD3
distribution Δn
(μm3 cm− 3).
ΔlnD 6

compose the ultraﬁne aerosol particles (Seinfeld and Pandis,
1998; Yuskiewicz et al., 1998). In the following, we will
associate NS to the ultraﬁne aerosol number. WELAS-2000
measurements are used to provide the accumulation mode
aerosol number Nacc, using Eq. (1) with Dmin = 0.4 μm and
Dmax = 2 μm, as well as the fog droplet number Nfd, with
Dmin = 2 μm and Dmax = 42 μm. Particle number size distributions are approximated by multimodal log-normal distribu-

X πD2

Dmax
Dmin

4

ΔnðDÞQ ext ðm; DÞ

ð4aÞ

Q ext(m, D) is the Mie extinction efﬁciency factor that
depends on the particle size and the refractive index m
which is assumed to be independent on wavelength and
time. AERONET provides an indicative value of the aerosol
refractive index (Holben et al., 1998) for the SIRTA on 18
February, m = 1.55−0.01i. The real part is consistent with the
conditions of a dry atmosphere (Shettle and Fenn, 1979)
and the imaginary part indicates presence of absorbing
particles typical of urban and industrialized pollution
(Shettle and Fenn, 1979). m = 1.55−0.01i is used for aerosol
particles of diameter smaller than 2 μm and refractive
index of pure water, m = 1.33−0i, is used for particles of
diameter larger than 2 μm, which are mainly fog droplets

Table 3
Parameters of the log-normal multimodal distribution approximating the particle size distribution in the clear-sky and haze regimes as well as during the ﬁrst fog
development stage: geometric mean diameter Dg, geometric standard deviation sg, and number N per mode.
Nucleation mode
NNucl
(cm− 3)
Unpolluted clear-sky
Transport of pollution
Haze
Fog

Dg,Nucl
(μm)

Aitken mode
sg,Nucl

1000
0.02 ± 0.01 1.5 ± 0.2
2000–6000 0.02 ± 0.01 1.6 ± 0.1
8000
0.03±0.01 1.6±0.1
2000–6000 0.04 ± 0.01 1.6 ± 0.2

NAitk
(cm− 3)

Accumulation mode
Dg,Aitk
(μm)

sg,itk

4000
0.08 ± 0.01 1.8 ± 0.2
6000–11000 0.08 ± 0.01 1.8 ± 0.1
11000
0.09±0.01 1.6±0.1
5000–8000 0.11 ± 0.02 1.6 ± 0.1

Nacc
(cm− 3)

Dg,acc
(μm)

Fog droplet mode
sg,acc

20–60
0.5 ± 0.3 1.7 ± 0.3
100
0.5 ± 0.3 1.7 ±0.1
100–3000 0.6±0.1 1.4±0.1
4500
0.8 ± 0.1 1.4 ± 0.1

Nfd
Dg,fd
(cm− 3) (μm)

sg,fd

/
/
/
700

/
/
/
1.5 ± 0.1

/
/
/
3.2 ± 0.2
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4. The clear-sky regime

Fig. 5. Time series of particle extinction coefﬁcients derived by Mie theory for
different particle populations (Eq. (4a)) and derived by the Koschmieder
equation and the visibilimeter measurements (Eq. (3)).

Clear-sky regime is deﬁned arbitrarily for visibility larger
than 5000 m, in contrast to hazy and foggy conditions when
visibility can reach dramatically smaller values. Two situations
are observed during the clear-sky regime. The ﬁrst situation is
relatively stable in terms of visibility, when variability in
visibility is mainly due to changes of the atmospheric
boundary layer height: visibility ranges between 15 000 and
35 000 m during the 17–18/02 night and the 18/02 day
(classiﬁed as “quasi-clear” by Jiusto, 1981), and around
10 000 m on 19/02 mid day. The second situation is a steady
decrease or increase in visibility, as from 30 000 to 8000 m on
18/02 afternoon, because of squeezing of the boundary layer
and because of advected pollution particles after a change in
the wind direction. Aerosol properties are described in detail
in the following.
4.1. The ambient aerosol size distribution

and wet aerosol particles. Dmin is 0.01 μm and Dmax is
M
42 μm. 30% uncertainty is estimated on σ ext
, taking into
account the instrumental errors, the uncertainties from the
two systems to provide the size distribution and the
assumptions used in the optical property algorithm.
Extinction coefﬁcient is also computed for different aerosol
populations, with Dmin = 0.01 μm and Dmax = 0.40 μm to
M
represent the ultraﬁne aerosol contribution Δ uf σ ext
, with
Dmin = 0.4 μm and Dmax = 2 μm to represent the accumulaM
tion mode contribution Δ acc σ ext
, and with Dmin = 2 μm and
Dmax = 42 μm to represent fog droplet mode contribution
M
M
M
M
M
Δfd σext
. They are related as Δuf σext
+Δacc σext
+Δfd σext
=σext
.
Time series of the extinction coefﬁcients are plotted in
Fig. 5.
The angularly-truncated scattering coefﬁcient is also
computed using the SMPS size distribution, in order to
N
compare with the nephelometer measurements σscat
(λ), as:

M

R 170B

Δ uf σ scat ðλÞ = R7B
180B
0

max
pðΘ; λÞdΘ X
πD2
ΔnðDÞQ scat ðm; D; λÞ
4
pðΘ; λÞdΘ D

D

ð4bÞ

K
M
Koschmieder-estimate σ ext
and Mie-estimate σ ext
of the
extinction coefﬁcient agree during the 18 February clear-sky
regime (Fig. 5). In particular, minimum and maximum values
of the extinction coefﬁcient are reproduced: diurnal minimum
of around 70 Mm− 1 is reached between 1300 and 1500 UT,
corresponding to the warmest time of the day (Fig. 1); diurnal
maximum of 180 Mm− 1 is reached around 0715 UT when
temperature is minimum at 1, 2, and 5 m agl. The decrease of
K
σ ext
by 80 Mm− 1 from 0715 UT to 0915 UT, observed by the
visibilimeter, is also reproduced by microphysical measurements. Similar values, included between 80 and 100 Mm− 1,
were observed on 31 July 2000 at ground level in the Paris area
(Chazette et al., 2005). Column and surface Ångström exponents also agree on 18 February, with αcol included between
M
0.6 and 1.0, and α surf
similarly included between 0.2 and 0.9.
Moreover both methods agree to indicate the increase of
extinction coefﬁcient from σKext =100 Mm− 1, starting at 1745 UT,
that coincides with a change in the wind direction from West to
East: urban pollution is advected to the site. The extinction
coefﬁcient increases up to 400 Mm− 1 (equivalent to visibility
smaller than 10 000 m) because of pollution particles. It remains

min

Where p(Θ, λ) is the phase function describing the angular
dependence of particle scattering, computed according to Mie
theory as a function of the wavelength λ and the scattering
angle Θ. Q scat(m, D, λ) is the Mie scattering efﬁciency factor.
Dmin is 0.01 μm and Dmax is 0.50 μm, and λ is 450, 550 and
M
700 nm. Time series of Δuf σscat
(λ) are plotted in Fig. 6,
N
together with the scattering coefﬁcient σscat
(λ) directly
measured by the nephelometer.
Column Ångström exponent α col is computed considering
the measurements of aerosol optical thickness made at four
wavelengths (e.g. Holben et al., 2001) during the day by the
CE318 sunphotometer. Similarly, surface nephelometer Ångström exponent α N
surf is estimated using the scattering
coefﬁcient measured at three wavelengths by the nephelometer, and surface Mie Ångström exponent α M
surf computed
with the generated ambient size distribution.

Fig. 6. Time series of the angularly-truncated scattering coefﬁcient at three
wavelengths, measured directly by the TSI-3563 nephelometer and computed according to Mie theory applied on aerosol size distribution measured
by the TSI SMPS particle counter.
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still smaller than what is observed in the Po Valley during the
CHEMDROP experiment (Yuskiewicz et al., 1998), when the
scattering coefﬁcient generated by all particles is 900 Mm− 1.
Agreement on 18/02 validates the set of aerosol parameters
composed by the size distribution and the refractive index. In
contrary, the size distribution measured on 19/02 cannot be
used as microphysical measurements underestimate the
extinction coefﬁcient by a factor 2 to 3, beyond uncertainty
range, even if variability is reproduced, such as the decrease in
extinction from 1015 to 1215 UT 19/02 and the increase from
1615 UT to 1815 UT. The clear-sky regime of 19/02 is quite
different to that of 18/02, as visibility remains smaller than
14 000 m and relative humidity is larger than 75%.
Aerosol size distribution measured in the 18/02 clear-sky
regime can be approximated by a trimodal log-normal
distribution (bimodal from SMPS measurements and monomodal from WELAS-2000) (Table 3). Ultraﬁne aerosol
particles are distributed in the nucleation mode located
around 0.02 μm diameter and in the Aitken mode located
around 0.08 μm. Yuskiewicz et al. (1998) estimate an Aitken
mode diameter included between 0.09 and 0.15 μm in dry
conditions. Accuracy on the accumulation mode diameter is
poor as aerosol number is relatively small. It is located
between 0.2 and 0.8 μm, consistently with Yuskiewicz et al.
(1998) providing the value of 0.4 μm, and with Randriamiarisoa et al. (2006) estimating accumulation mode diameter
around 0.2 μm, and a further mode beyond 0.8 μm.
4.2. The ultraﬁne mode aerosol properties
Scattering coefﬁcient measured by the nephelometer
N
σ scat
(λ) is used to validate the properties of the ultraﬁne
mode of the aerosol size distribution measured by the SMPS
N
M
in clear-sky regime. σscat
(λ) and Δuf σ scat
(λ) are sensitive to
dynamic processes and thermodynamic conditions of the
boundary layer on 18/02 as they both show similar features
K
M
N
to σ ext
and σ ext
. For example, on 18/02, σ scat
(λ = 550 nm) is
maximum at 0745 UT, with 70 Mm− 1 (Fig. 6) and is
M
minimum at 1445 UT, with 25 Mm− 1. While Δuf σscat
(λ)
N
M
and σ scat(λ) agree at 450 nm within uncertainties, Δuf σ scat
(λ)
is smaller than σ N
scat(λ) at 700 nm because of particles larger
than 0.5 μm, which are outside the SMPS size domain but
sounded by the nephelometer. As scattering efﬁciency depends
on particle size (e.g. Bohren and Huffman, 1983), contribution to
scattering by these particles is more important at 700 than at
450 nm. These particles seem more numerous on 19/02
afternoon as underestimation is observed at all wavelengths
(and still stronger at 700 nm). The diurnal clear-sky regime of
18/02 can be classiﬁed as continental background (Elias et al.,
2006), in regards to the in situ optical measurements and also to
the aerosol optical thickness ranging between 0.15 and 0.27 at
440 nm. Aerosol number of around 5000 cm− 3 corresponds to
values observed upstream Paris by an airborne instrument
(Chazette et al., 2005), as 4600 ± 1500 cm− 3. Scattering
coefﬁcient data are also included in the range of values
observed in North Atlantic Ocean (Hoppel et al., 1990; Hegg
et al., 1993, 1995). Agreement between computations and
measurements provide the validation of the data set. Consequently, aerosol size distributions can be used to correct
precisely measured scattering coefﬁcient by the angular
truncation.

N
Change in the wind direction causes an increase of σ scat
(λ)
by a factor 2 that consequently reaches 90 Mm− 1 at 550 nm
due to pollution. During the clear-sky regime, the aerosol
number varies between 3900 and 11300 cm− 3, and it reaches
19 000 cm− 3 under the East wind regime. The aerosol load
reaches levels observed in the Po Valley by Noone et al. (1992),
with values included between 17 000 and 25 000 cm− 3, and by
Yuskiewicz et al. (1998) with values included between 4000
and 40 000 cm− 3 during the CHEMDROP experiment. Proportion of nucleation mode aerosols increases, as the nucleation
mode number is multiplied by 6 while the Aitken mode
number is multiplied by 3 (Table 3). This is conﬁrmed by the
difference observed between NC and NS during the change in
the wind pattern, certainly due to aerosol particles included
between 0.004 and 0.010 μm diameter.

4.3. Accumulation mode aerosols
K
N
The difference between σ ext
and σ scat
(λ = 550 nm) is
partly due to aerosol absorption and to angular truncation
effect, jointly estimated to provide less than 20% difference.
Thus the observed factor 2 difference indicates that aerosol
particles larger than 0.5 μm, distributed in the accumulation
mode, do not pass through the PM10 inlet while they do
contribute strongly to extinction of visible radiation. Unpolluted clear-sky maximum in accumulation mode number is
reached at 0715 UT with 60 cm− 3, while the minimum occurs
M
at 1445 UT with 20 cm− 3. All features showed by Δacc σ ext
, are
K
M
N
M
also observed in time series of σ ext, σ ext, σ scat and Δuf σ scat
.
According to Mie computations, the accumulation mode
contributes by around 50% to particle extinction (Fig. 5),
while the ultraﬁne modes contribute to the other half, even
though the ultraﬁne aerosol particles are 100 times more
numerous than the accumulation mode aerosol number. The
accumulation mode contribution to extinction starts to
overwhelm the ultraﬁne mode contribution after the change
in the advection pattern, as this change causes a factor 4
K
N
increase in σ ext
, but a factor 2 increase in σ scat
.

5. Wet aerosol particles generating the haze regime
Haze is due to hydration of aerosol particles when relative
humidity is beyond the deliquescence point. As activation is
not engaged and no droplets are present, extinction is not
spectrally neutral (Middleton, 1958; Eldridge, 1966). Haze
regimes of 18–19/02 are characterised as: 1) visibility smaller
than 5000 m; 2) strong temporal gradients in visibility and
aerosol number, as relative humidity decreases or increases
between 75 and 100%.
5.1. Evidence of engaged hydration process
Before 1700 UT 18/02, the accumulation mode aerosol
number Nacc is smaller than 60 cm− 3, and the ultraﬁne mode
aerosol number NS is smaller than 12 000 cm− 3 (Fig. 3), both
modes generating a visibility included between 16 000 and
35 000 m (Fig. 2). The wind starts changing direction at
sunset, at 1710 UT (RH = 70%). NS increases by a factor 2 and
Nacc increases by a factor 4 in 2 h while the wind direction
continues to change. At 1850 UT when the wind direction is
stabilized to the East, indicating air masses coming from
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polluted zones, visibility has already decreased down to
7700 m (RH = 90%). NS reaches a plateau around 19 000 cm− 3
while Nacc continues increasing from 150 to 5200 cm− 3 in less
than 4 h (Nacc = 400 cm− 3 when visibility is 5000 m). The
divergence between NS and Nacc after 1850 UT indicates that
the cause of Nacc increase is not advective, but may be due to
water uptake by aerosol particles, with relative humidity
increasing simultaneously from 90 to 100%. Due to hydration
aerosol, particles initially smaller than 0.39 μm grow and
reach the WELAS-2000 size detection domain. The reservoir
of ultraﬁne mode aerosols is sufﬁcient to provide the
measured increase of wet aerosol number. Equal decrease in
ultraﬁne mode aerosol number is not noticed because it can
be partly compensated by the boundary layer shrinking.
5.2. Effect on ultra-ﬁne aerosol size distribution
Ultraﬁne aerosol integrated number is not affected by the
hydration process but comparison of nephelometer and SMPS
measurements indicate that the ultraﬁne aerosol size distribution varies. Start of increase of ultraﬁne mode aerosol
number NS at 1625 UT, from 5400 cm− 3, coincides with the
N
start of increase of scattering coefﬁcient σ scat
from 45 Mm− 1
N
at 450 nm. However maxima in NS (Fig. 3) and σ scat
(Fig. 6) do
not coincide in time, indicating a change in the aerosol size
distribution, i.e. the proportion of largest particles entering
the nephelometer increases while NS remains relatively
N
constant, generating a maximum in σ scat
later than the NS
maximum. From the start of particle hydration process, SMPS
underestimates nephelometer measurements, indicating signiﬁcant contribution to scattering by particles larger than
0.5 μm. This is conﬁrmed by the scattering Ångström
N
exponent α surf
measured by the nephelometer, which is
included between 1.2 and 1.6 from 2015 UT to 2245 UT while it
is relatively constant between 1.8 and 2.0 during the 18/02
N
clear-sky regime. α surf
also decreases signiﬁcantly during the
post-fog haze. Log-normal ﬁtting conﬁrms the change in the
size distribution, as a shift of both ultra-ﬁne modes to larger
sizes. Between 1915 and 2015 UT, nucleation mode diameter
increases from 0.02 to 0.03 μm and the Aitken mode diameter
increases from 0.08 to 0.10 μm, while both mode numbers
remain constant around 8000 and 11000 cm− 3, respectively
(Table 3).
To show the aerosol sensitivity to relative humidity, aerosol
scattering cross section is computed by dividing aerosol
scattering coefﬁcient by the aerosol number (Randriamiarisoa
et al., 2006), both derived from aerosol size distributions
measured by SMPS on 18/02. Aerosol scattering cross section
is then independent on particle transport. The aerosol
scattering cross section is plotted for both decreasing and
increasing relative humidity regimes in Fig. 7. The scattering
growth coefﬁcient γ (Hänel, 1976) representing the sensitivity of the scattering coefﬁcient to relative humidity, is
estimated around 0.6 for the increasing relative humidity
regime, occurring when the site is under easterly winds
loaded with pollution aerosols.
5.3. Contribution to extinction by accumulation mode aerosols
Measurements agree to indicate that wet aerosol particles
distributed in the accumulation mode are the main con-

Fig. 7. Aerosol scattering cross-section (cm2) estimated at 550 nm from Mie
theory applied on SMPS measurements made on 18 February, for both
increasing and decreasing relative humidity (RH) regimes. The line shows a
parameterisation with the scattering growth coefﬁcient γ = 0.6 (Hänel, 1976).

tributors to haze extinction, on 18 and 19 February. From the
change in the advection pattern, the accumulation mode
contribution to extinction increases, from 50% in the clear-sky
regime to 100% around 2200 UT. Just before the fog outbreak,
Mie-estimate overestimates visibilimeter-estimate. Nacc varies between 400 and 5200 cm− 3 in the haze, which is
consistent with observations of 2000 cm− 3 aerosol particles at
1200 m visibility made by Eldridge (1966). Meanwhile, accumulation mode diameter stabilises around 0.60 μm.
6. Extinction in fog
Aerosol activation is the process leading to fog formation.
The diameter range of particles co-existing in the atmosphere
is extending in fog conditions, with simultaneous presence of
droplets and interstitial aerosol particles. In terms of the
extinction properties, stabilisation is reached for 10 h in fog,
with visibility of 100 ± 45 m. Visibility signal is observed at
400 m visibility, with 97% relative humidity at 1 and 30 m agl.
Given a few % uncertainty, the atmosphere is indeed saturated
in humidity. Three stages may be observed in the fog
development, in regards to variability of visibility. The ﬁrst
stage consists in constant visibility around 70 m, for a
duration of 2.5 h. The second stage is a transition phase,
characterised by a steady increase of visibility from 70 to
110 m in 2 h. During the third stage, the variability increases
from 80 to 180 m, intermittently in more than 4 h. Particle
microphysics and optics are discussed thereafter.
6.1. Interstitial aerosol particles: ultraﬁne and accumulation
modes
No particles of diameter larger than 0.50 μm enter the
PM10 inlet in fog regime, as demonstrates the agreement
between measured and computed scattering coefﬁcients
N
(Fig. 6). Consequently, the Ångström exponent α surf
reaches
largest values (from 2.0 to 2.5) within the fog. Moreover
smallest aerosol particles are lost due to collisions, causing a
decrease of NS from 15 300 cm− 3 to 7100 cm− 3 during the ﬁrst
N
fog development stage, while σ scat
remains almost unaffected. The nucleation mode number drops down from 8000
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to 2000 cm− 3, while the Aitken mode number decreases by a
factor 2 only (Table 3).
The ultraﬁne mode contribution to fog extinction is
M
negligible: values of Δ uf σ ext
during the third fog stage are
very close to values in clear-sky conditions. However
M
contribution to extinction by accumulation mode, Δacc σ ext
,
is not negligible in the fog. Accumulation mode contribution
to extinction remains larger than 11 200 Mm− 1 during the ﬁrst
fog development stage, with Nacc stabilised above 4300 cm− 3,
and maximum at 5700 cm− 3 reached at 2315 UT. In this case,
contribution to extinction by accumulation mode can be
estimated by 30%, however considering that DF320 extinction
coefﬁcient is overestimated by microphysics-estimate before
fog onset, another estimate of 10% is obtained by extrapolating DF320 extinction coefﬁcient measured before droplet
formation within the fog. Final estimate of the accumulation
mode contribution to extinction is then 20 ± 10%. Mode
diameter increases from 0.60 to 0.90 μm in the ﬁrst stage
and decreases back from 0.90 to 0.60 μm in the third stage.
M
Δ acc σ ext
stabilises between 4400 and 6700 Mm− 1 during the
third stage, with Nacc included between 1500 and 3300 cm− 3.
6.2. Measurement of fog droplets
Fog is clearly linked to presence of droplets larger than 2 μm
(Figs. 4 and 5, and Table 2), cause of the neutral spectral
dependence of light extinction. Considering the threshold in fog
droplet number of 100 cm− 3, deduced from the deﬁnition
of the mist transition phase between haze and fog (Heintzenberg
et al., 1998), ﬁrst droplets appear at 2225 UT, 20 min before
the visibility signal (Section 2.2). Relative humidity is 97%
and visibility is 1200 m, outside the value interval deﬁned by
Eldridge (1969) for the mist regime, but agrees with Meyer
et al. (1980). From then and until the third fog development
stage, accumulation mode number is larger than 3000 cm− 3,
M
and Δ acc σ ext
is larger than 5000 Mm− 1. However the
number of fog droplets is not stabilised until measured
relative humidity reaches 99% at 1 m agl, at 2255 UT. Indeed
Nfd varies between 120 and 380 cm− 3 between 2225 and
2245 UT, and decreases back below 100 cm− 3 at 2250 UT.
From 2255 UT on, Nfd is larger than 150 cm− 3. Similarly, the
accumulation mode number is larger than 4500 cm− 3 from
2255 UT, while it is 3000 cm− 3 at 2250 UT.
The ambient particle size distribution best reproduces fog
extinction during the ﬁrst fog stage at 0015 and 0115 UT when
M
K
M
σ ext
= 30 000 Mm− 1 (Table 2): σ ext
agrees with σ ext
, within
M
K
aggregated uncertainties, as σ ext/σ ext = 0.7. The order of
magnitude of the contribution to extinction by fog droplets,
M
Δ fd σ ext
, is similar to the accumulation contribution, during
M
the entire ﬁrst stage. Δ fd σ ext
is larger than 5200 Mm− 1, and
reaches its maximum of 19 300 Mm− 1 at 0115 UT, when Nfd
also reaches its maximum of 700 cm− 3. WELAS-2000
measurements made at 0015 and 0115 UT are used to get
log-normal mode parameters approximating the particle size
distribution in fog conditions (Table 3). According to
measurements, fog droplets are distributed in a unique
mode, with a mean diameter of around 3.2 μm. Eldridge
(1966) and Meyer et al. (1980) observe modes of fog droplets
at 3 and 10 μm diameter. Heintzenberg et al. (1998) observe a
mode at around 6 μm, but they attribute it to haze conditions.
Assuming the solid part of the droplets is negligible,

integrated volume provides the liquid water content (LWC),
which reaches maximum of 30 mg m− 3, according to the
WELAS-2000 measurements. According to literature, this
value is too small. For example Eldridge (1966) reports value
of LWC larger than 95 mg m− 3 for visibility range smaller than
100 m.
Comparison of extinction coefﬁcient during the third stage
of the fog shows a deﬁcit in counted particles. It is deduced
that these particles are fog droplets larger than 10 μm
diameter. Indeed, contribution by Aitken mode is negligible
in fog. Contribution to extinction by the accumulation mode
follows the variability of visibility observed during each stage
of the fog, while contribution to extinction by fog droplets of
diameter larger than 2 μm seems erratic, especially in the
M
third fog stage. In the second and third stages, Δ fd σ ext
is
highly variable while both accumulation mode contribution
and measured visibility remain relatively constant (Fig. 5).
M
Moreover Δ fd σ ext
can be as small as 50 Mm− 1, even if both
visibilimeters indicate presence of a dense fog. Meyer et al.
(1980) suspect a mode at 20 μm, which is effectively observed
by Heintzenberg et al. (1998), leading to validation of the size
distribution with independent extinction measurements
(Yuskiewicz et al., 1998). Such mode would indeed increase
fog extinction and LWC both computed in this study.
Observed third fog development stage might correspond to
the mass transfer phase observed by Wendisch et al. (1998),
characterised by a drastically rise of large droplet number, and
quasi-periodic oscillations in data. Four to ﬁve such oscillations of around 40-minute period might be observed between
0400 and 0700 UT in the time series of temperature (Fig. 1),
visibility and WELAS-2000 particle number (on a 5-minute
temporal resolution, not showed here).
7. Conclusion
This paper presents the exploitation of the data set
acquired during the ParisFog ﬁeld experiment, dedicated to
describe the role of radiative, dynamic and thermodynamic
processes during a fog life cycle, in connection with the
microphysical properties of aerosol particles and fog droplets.
The case study concerns a dense and homogeneous fog formed
from nocturnal radiative cooling in a polluted environment.
According to both the horizontal visibility range and the
accumulation mode aerosol number, three regimes are
identiﬁed, clear-sky, haze and fog, as well as three fog
development stages. This study shows the consistency of the
experimental set-up for measuring aerosol optical and
microphysical properties in variable conditions of atmospheric humidity: relative humidity changes between 50 and
100%, visibility ranges between 65 and 35 000, the site is either
downwind Paris urban area either under maritime inﬂuence.
The experimental set-up provides insights about the sensitivity of microphysical and optical properties of several particle
populations, all contributing to atmospheric extinction of
visible radiation, to: 1) the surface layer temperature, 2)
relative humidity; and 3) atmospheric dynamics.
The seven particle-dedicated in-situ instruments agree for
the time of the minimum and the maximum values of the
aerosol load and extinction/scattering coefﬁcient, at surface
level and during the 18/02 unpolluted clear-sky regime. Such
aerosol properties are affected by the height of the atmospheric
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boundary layer, which depends on the temperature. Moreover
all instruments provide a signal of the change in the air mass
origin, when the wind direction changes from West to East.
More speciﬁcally, the Degreanne visibilimeters as well as the
PALAS WELAS-2000 are indicative of the changes of regimes,
and are both indicative of the stages in fog development.
Besides, the TSI SMPS and GRIMM CPC particle counters and the
TSI-3563 nephelometer are indicative of the changes in the
aerosol sources.
Quantitative comparison between sets of measurements
are run by performing computations of optical properties,
according to Mie theory applied on measurements of
microphysical properties. Two sets of comparisons are
performed, according to the sampling conditions. Measurements made downstream the PM10 inlet, by the SMPS
particle counter as well as by the nephelometer, are
consistent with each other, within combined uncertainties,
in dry unpolluted and polluted clear-sky, and in fog regimes.
Measurements made in ambient conditions by the WELAS2000 and the visibilimeters are consistent, within combined
uncertainties, in dry unpolluted and polluted clear-sky
conditions and also in the ﬁrst fog development stage.
These agreements provide validation of the parameter sets
describing the particle microphysical and optical properties
during these particular conditions. Size distributions are
composed by several modes corresponding to different
particle populations: nucleation mode and Aitken aerosol
particles, dry and wet accumulation mode aerosols, and fog
droplets. Contribution to extinction by accumulation mode
aerosols is signiﬁcant in all regimes: from haze (100%) to
clear-sky (50%) and to fog conditions (20 ± 10%).
Ultraﬁne modes contribute by 50% to extinction of
visible radiation during the dry clear-sky regime, which is
typical of European continental background. Eastern winds
bring ultraﬁne aerosol particles from the Paris area after
sunset, the Aitken mode number increasing by a factor 2 and
the nucleation mode number increasing by a factor 4. The
nucleation aerosol particles are then mainly lost by collisions with droplets, their number falling down by a factor 3
in fog. In clear-sky conditions, few particles do not go
through the PM10 inlet, but they are highly effective in
contributing to extinction. They are distributed in the
accumulation mode deﬁned by a geometric mean diameter
included between 0.2 and 0.8 μm, with Nacc included
between 20 and 60 cm− 3. Their number increases by a
factor 30 due ﬁrst to air mass advection and second to the
hydration process when relative humidity is larger than the
deliquescence point, consequently generating the haze.
Observations indicate that hydration process is already
engaged at visibility of 7700 m, which shows that 5000 m is
an arbitrary threshold which could be reﬁned. Moreover
formation of fog droplets creates a signal on the time series
of visibility. Therefore the fog onset is identiﬁed by the
maximum in the temporal gradient of visibility, as well as
the fog dissipation, occurring respectively at a visibility of
400 m and 880 m.
In terms of extinction, only the accumulation and droplet
modes are signiﬁcant in fog. The accumulation mode of wet
aerosol particles contributes to 20 ± 10% extinction by the fog,
with an aerosol number of around 4500 cm− 3 during ﬁrst
stage of fog development. Wet aerosol particles are distrib-
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uted around the mean geometric diameter Dg,acc = 0.8 μm with
a geometric standard deviation of sg,acc = 1.4. Wet aerosol
number decreases during the second stage and remains
included between 1500 and 3400 cm− 3 in the third stage, still
contributing to around 20–30% extinction in the fog, according to WELAS-2000. Consequently existing parameterisations
of visibility in function of particle number (Gultepe et al.,
2006) may be improved by considering aerosol particles
smaller than 2 μm diameter. A droplet mode is observed
during the ﬁrst fog development stage, distributed around the
geometric mean diameter Dg,fd = 3.2 μm, with a geometric
standard deviation sg,fd = 1.5, which contributes by 40% to
extinction in the fog. 30% missing extinction lies within
uncertainties. It is assumed that droplet counts are missing
during the second and third development stages. Missing
droplet mode could lie for diameter larger than 10 μm.
This study provides the validation of microphysical characteristics of particles while thermodynamic and dynamic
processes cause high variations in visibility range. By associating radiative transfer computations and supplementary measurements of radiative properties of the atmospheric surface
layer, further step will consist in studying the implication of
particle properties in fog life cycle: 1) effect of particles on
radiative cooling of the surface; 2) contributions of the different
aerosol populations in absorption and extinction of solar
radiation leading to fog dissipation.
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List of acronyms
M
α surf
: Ångström exponent estimated by Mie theory applied on the ambient
generated particle size distribution.
N
α surf: Ångström exponent estimated from nephelometer measurements.
α col: Ångström exponent estimated from sunphotometer measurements.
Agl: above ground level.
CV: Visual contrast of the Koschmieder equation.
M
Δ uf/acc/fd σ ext
: ultraﬁne/accumulation/fog droplet mode contribution by Mie
theory in the extinction coefﬁcient (Mm− 1).
M
Δ uf σ scat
: ultraﬁne mode contribution by Mie theory in the scattering
coefﬁcient (Mm− 1).
Δn (D): Particle size distribution (cm− 3).
ΔD: Size bin.
Dg: Geometric mean diameter of the log-normal mode (μm).
Dmin/max: Minimum and maximum values of particle diameter (μm).
γ: Hänel scattering growth coefﬁcient.
λ: Wavelength (nm).
LWC: Liquid Water Content (mg m− 3).
m: Particle refractive index.
Nacc/fd: Number of particles in the ultraﬁne/accumulation/fog droplet mode
(cm− 3).
NC/W: Aerosol number measured by the CPC/the SMPS/the WELAS-2000
(cm− 3).
NS: Aerosol number measured by the SMPS, assimilated to the ultraﬁne
mode number (cm− 3).
p(Θ,λ): Particle phase function depending on the scattering angle Θ and the
wavelength λ.
Q ext (m,D), Q scat (m,D,λ): Mie extinction and scattering efﬁcient factor.
RH: Relative humidity (%).
sg: Geometric standard deviation of the log-normal mode.
K/M
σ ext
: Extinction coefﬁcient estimated from the visibilimeter measurement/
estimated from Mie theory applied on the particle size distribution
measurements (Mm− 1).
N
σ scat
(λ): Angularly-truncated scattering coefﬁcient measured by the
nephelometer (Mm− 1).
UT: Universal time.

