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Abstract

Airborne measurements of pollution aerosols were investigated for the first time over the
Paris area in the framework of the ESQUIF program to assess both their size distributions and
optical properties. In situ measurements were thus performed inside the planetary boundary
layer (PBL) at about 900 m above the sea level. The experiment was conducted during
specific pollution events in July 2000. The pollution plumes were well defined for both
northerly and southerly flows respectively for 19 and 31 July 2000. The results show an
enhancement of the number of submicron aerosols in the PBL between upwind and
downwind air masses. This enhancement is associated with a significant increase of the black
carbon concentration but not necessarily with an increase of the scattering coefficient. The
aerosol number size distribution is composed of 2 modes in the mixing layer and a third mode
corresponding to coarse particles could be detected at the ground level. In the mixed layer, the
first mode is associated with a mean modal radius of ~0.03 µm with an occupation rate of
~85%. The second mode (modal radius of ~0.12 µm) is the more efficient in terms of optical
properties and represents more than 60% of the scattering effect at the 550 nm wavelength.
Nevertheless, this efficiency seems to remain limited because of the small size of the particles
with a mean optical thickness over the Paris area generally lower than 0.2 at 550 nm although
some specific events exceeding 0.4 were observed.

1. Introduction

Air quality management in both urban and suburban areas has become a major
problem of our modern society over the past twenty years [i.e. Bennet et al., 1985]. Air
pollution impacts on both the ecological equilibrium and the populations health. Automobile
traffic is the main source of photo-oxidant pollution and aerosols in large cities as Paris
(France) [i.e. Menut et al., 2000], Los-Angeles (California) [i.e. Lurmann et al., 1997] or
Athens (Greece) [i.e. Durieux et al., 1998; Eleftheriadis et al., 1998]. The nonlinear character
of chemical transformations occurring during the aerosol aging processes makes it difficult to
set up regulation policies for aerosol emissions. They can be formed either by direct emission
or by gas-particle conversion and can evolve by interacting with clouds or by condensation of
organic volatile compounds and/or by reacting with water vapor [i.e. Forstner et al., 1997].
General aerosol characteristics are important informations needed to assess their
environmental impacts, in particular their influence on the gaseous molecules photo-
dissociation [i.e. Dickserson et al., 1997; Randriamiarisoa et al., 2003].

Since little is known about both size distributions and optical properties of anthropogenic
aerosols in the Paris area, an intensive field campaign was carried out between 17 and 31 July
2000 to address some of these issues. Instruments onboard an aircraft operated simultaneously
with in situ measurements performed from a mobile experimental station.



2

This experiment, performed in the framework of the ESQUIF (Etude et Simulation de
la Qualité de l'Air en Ile de France) program, aimed to better understand processes leading to
air pollution peaks in Paris by combining experimental and modeling approaches [Menut et
al., 2000; Vautard at al., 2003a]. Results concerning the photo-oxidant pollution have been
well documented in a special issue of the Journal of Atmospheric research [i.e. Vautard et al.,
2003b; Beekmann et al., 2003; Derognat et al., 2003] but no description of aerosols
characteristics has yet been done.

The aerosol characteristics results derived from the data acquired from both onboard the
aircraft and the mobile station are presented. The experimental setup and measurement
strategy, according to the meteorological situations, are first described. The aerosol number
size distribution is presented and discussed in terms of both air mass history and location with
respect to the pollution plume. Aerosol optical properties are then assessed from the Mie
theory and discussed for each modal contribution. A correlation study is finally presented to
identify the aerosol size associated with the most significant variation of black carbon
concentration.

2. Experimental setup

2.1. The instrumental Platforms

To characterize aerosols over the Paris area, we have used two main instrumental
platforms: a mobile station (MAS - Mobile Aerosol Station) for ground in-situ measurements
in the suburban areas and the French research aircraft F27/ARAT (Avion de Recherche
Atmosphérique et de Télédétection) for atmospheric soundings. The mobile ground station
equipment included an optical counter/granulometer, a nephelometer, an aethalometer and a
sunphotometer. Data acquisition was performed at a temporal sampling rate of 60 s. The
aircraft instrumentation included a nephelometer, an aethalometer (PSAP) and an optical
counter/granulometer. Other measurements such as ozone (O3), nitrogen monoxide (NO) and
carbon monoxide (CO) were also performed and used as a tracer of polluted air masses. The
aircraft velocity was ~90 ms-1 and data were acquired with a temporal sampling rate of 1 s.
Both instrumentations also included atmospheric parameters monitoring (pressure,
temperature, relative humidity and wind vector). The MAS positioning within the Paris
suburbs and the aircraft flight plans were determined according to air masses synoptic
motions.

2.2. Meteorological conditions

Due to bad weather conditions during this period, only two sunny days (19th and 31st July
2000) have been explored with airborne measurements. The first day was under the influence
of a north-northwesterly synoptic flow, air masses coming from over Great Britain on the
entire atmospheric column as illustrated by the backtrajectories computed on 3 days and
ending over Paris on July 19 (Figure 1a). The second day (Figure 1b), the synoptic
circulation changed to a west-northwesterly synoptic flow with air masses mainly from
oceanic origin.
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a)

b)

Figure 1: Back trajectories for two 3-days periods ending over Paris at 12H TU on July
19 (a) and July 31 (b) for 0.5, 1.5 and 2.5 km asl (courtesy of NOAA Air Resources
Laboratory http://www.arl.noaa.gov).
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Besides the difference in air mass origins, these back trajectories highlight significantly
different circulations around the Paris area. This is confirmed by relative humidity (not
shown) and wind speed and direction measurements (Figure 2). For July 19, the air mass may
be both more polluted and dryer because of its history. It entered Paris from North with mean
wind speed between 3 and 7 ms-1 in the mixing layer and a mean relative humidity close to
50-55%. The oceanic origin of the air mass for July 31st lets assume cleaner air. It entered
Paris from South with a mean wind speed of 2 to 4 ms-1 and a mean relative humidity of 75%.
The mean speeds of the wind allowed the formation of well-defined pollution plumes
downstream of Paris area.

The altitude of the planetary boundary layer (PBL) was slightly different for the 2
periods. The transition between the PBL and the free troposphere is identified through
simultaneous observation of a) a vertical gradient modification of the virtual potential
temperature, b) a sharp variation of ozone concentration (Figure 3) and c) a shearing of the
wind vector (Figure 2). The PBL top evolved between the beginning and the end of the
flights. For July 19, the atmosphere stability is rather neutral up to 2000 m asl during the
whole flight, but ozone concentration and wind vector indicate an increase of the PBL top
from 1200 to 1500!m asl. The ozone vertical profiles also point out a possible residual layer
around 2000 m asl. For July 31, it increases from 1000 to 1900 m above the sea level (asl).
These retrieved PBL tops are coherent with both observations and modeling performed during
the 1998 Intensive Observation Period (IOP) of the ESQUIF program [Menut et al., 2000].

Figure 2: Vertical profiles of wind intensity and direction for July 19 (top) and July 31
(bottom) obtained during the ascent (left) and descent (right).
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Figure 3: Vertical profiles of virtual potential temperature and ozone concentration for
July 19 (top) and July 31 (bottom) obtained during the ascent (left) and descent (right).

2.3. Flight plans

Flight plans were established according to the daily synoptic conditions and the expected
PBL height. For both periods, the aircraft took off from Creil airport and headed South. Two
horizontal soundings were performed at flight altitudes of about 900 m, within the PBL, and
4200 m asl, in the free troposphere. To better sample the urban pollution production,
crosswind legs were performed within the PBL, one upwind and two downwind of Paris. For
instance, Figure 4 gives the flight plan for the 31st of July, with a southerly wind.
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Figure 4 : Flight plan for July 31st 2000. Horizontal measurements were performed at
~900 m and ~4200 m asl. The black-carbon concentration (BC) measured in the
pollution plume is given to illustrate the particle production of Paris.

The major difference between the two periods is the direction of the wind in the PBL. On
July 19, with a north wind, two east-west legs were performed south of the Paris area. The
flights were scheduled between 10h and 12h30 TU on July 19 and between 10h and 13h TU
on July 31. As noted above, the height of the PBL evolved between the beginning and the end
of the flights but the 900 m asl level always remained within the mixed layer. A factor which
may be important for some of our observations is the distance of the upwind leg from the
center of Paris. The July 19th upwind leg was performed 35 kms north of the city, over the
countryside, whereas the July 31st one flew over a rather urbanized area, about 12 kms south
of Paris.

2.4 Instrumental setup dedicated to aerosols in situ measurements

PSAP/Aethalometer

Black carbon concentration (BC) was recorded continuously with an aethalometer AE-14
(manufactured by Magee Scientific, USA) on the SAM station and a PSAP (Radiance
Researsh, Seattle, USA) onboard the ARAT. These instruments, calibrated with a constant
value of 19 m2 g-1, are sensitive to the light-absorbent part of the aerosols [Hansen and
Novakov, 1990]. This specific cross-section is established for material trapped on the filter
and is not valid for particles in ambient atmosphere. An artificial enhancement of the
absorption coefficient by a factor ª 2 can be inferred by multiple scattering into the filter
fibers [Bodhaine, 1995]. The Aethalometer measurement is thus taken as a proxy of the BC
concentration but remains representative of air masses affected by anthropogenic pollution
[Penner, 1995]. Relative uncertainty on the BC measurements performed with this instrument
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is close to 10% after calibration. The measurement time sampling was 1 s for the airborne
PSAP and integrated over 5 minutes for the ground aethalometer.

Condensation Particle Counter

Number concentrations of submicron particles were measured, onboard the aircraft and
the mobile station, with the particulate counter 3022A CPC TSI‚ model. All particles within
a diameter size range from 0.007 to 3 µm are detected, with a 100% efficiency for 0.02 µm. A
relative uncertainty of 5% has been calculated for retrieved particulate concentrations
[Chazette and Liousse, 2000].

PCAS-100

The airborne PCASP model 100 is developed by Particle Measuring systems (PMS Inc,
Boulder, Co). It is an optical counter of particles which gives access to 15 classes of particles
ranging from >0.1 up to >3µm in diameter. The measuring accuracy is about 5% for
submicron aerosols [Dye and Baumgardner, 1984].
KC18/MetOne

In the MAS station, we used two complementary types of optical particle sizers: KC18
(RION Co, Ltd. Japon) and MetOne 237 (http://www.metone.com). The KC18 gives access to
the partition function of the aerosol in 5 diameter classes (> 0.10 mm, > 0.15 mm, > 0.20 mm,
> 0.30 mm, > 0.50 mm) . The light source is a He-Ne laser at 663 nm and the measurement is
performed at 90° scattering angle. The inlet air flux rate is 0.30 l/mn. The MetOne instrument
gives the aerosol partition function in 5 diameter classes (> 0.30 mm, > 0.50 mm, > 0.70 mm, >
1.00 mm, > 2.00 mm, >3.00 mm) but uses a diode laser source, with an inlet flux rate of 2.83
l/mn.

Nephelometer

A Nephelometer (MRI integrating nephelometer model 1550B) was used, onboard the
aircraft and in the mobile station, to measure the aerosol scattering coefficient at 550 nm in a
7-170° range of scattering angle [i.e. Bodhaine et al., 1991 ; Flamant et al., 2000]. The
instrument was used in ambient relative humidity without heating. Mean relative uncertainty
of this instrument is considered as less than 5% [i.e. Léon et al., 2001]. It is mainly due to
residual heating that modifies the relative humidity inside the instrument. In dry conditions,
the relative uncertainty after calibration is of the order of 1%.

Sunphotometer

The CIMEL® sunphotometer instrument performs measurements of the optical thickness
at several wavelengths in the visible spectrum and allows the determination of the
corresponding Angström exponent. For this study, the channels used are centered at 440 nm
and 670 nm, with bandwidths of less than 20 nm. The instrument field of view is about 1° [i.e.
Holben et al., 1998]. Optical thickness data of the Paris area were obtained from the
AERONET web site. The latter gives a maximal absolute uncertainty of 0.02, independant of
aerosol loading.

3. Overview of the Paris aerosol production

An indication of the overall Paris aerosol production is given by the averaged value of all
collected data at 900 m asl fisrt for the upwind leg and then for the two downwind legs. The
corresponding mean values are given in Table 1. Downwind, the BC concentration is very
significantly enhanced (+57%) for July 31. Similar assessment is impossible for July 19
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because the PSAP was not yet operational. The use of an aethalometer was attempted but the
depressor on the filter led to erroneous data. The total aerosol concentration number shows an
increase for both July 19 and 31 with a factor close to 1.5 and 1.3, respectively. This latter
value probably underestimates the Paris area production effect because of the flight plans, as
indicated in section 2.3. Indeed, the rather high value of the upwind concentration number
probably denotes an uptaking of southern suburbs production. It is interesting to note that
such an increase is not necessarily associated with an increase of the scattering coefficient
a for July 19 whereas it does, by a factor of 1.25, for July 31. This is due to the different air
mass origins (see Figure 1) and to the optical properties of these aerosols (see section 5). The
incoming air mass of July 19 is already more polluted as shown by the upwind ozone
concentration.

The only published experimental data on the Paris’ production concerns ozone
concentration by Menut et al. [2000] or Vautard et al. [2001]. Our observations show
enhancements of the ozone concentration within the mixing layer close to 10 and 30% for
July 19 and 31, respectively. Such values are very low compared to the previous reported
results. At ground level, the increase observed for July 19 is almost non significant, from 65
ppbv north of Paris at Cergy (AIRPARIF station) up to 70 ppbv south of Paris at Les Ulis
(AIRPARIF station) . For July 31 the increase is noticeable, from 48 ppbv south of Paris (Les
Ulis, AIRPARIF station) up to 80 ppbv north of Paris (Creil, MAS station and Cergy,
AIRPARIF station). These evolutions are compatible with the air masses origins.

Table 1: Values of the black carbon concentration (BC, in terms of relative production),
total aerosol concentration number (N), aerosol scattering coefficient (a) and ozone
concentration for upwind (top) to downwind (bottom) conditions for the two flight
periods. The mean values are taken within the pollution plumes. The ozone
concentrations at ground level are given in parenthesis.

BC N (cm-3) a (km-1) O3 (ppbv)
July 19 July 31 July 19 July 31 July 19 July 31 July 19 July 31

- +57%
4600±1500

Ø
7200±1900

7300±2300

Ø
9700±2000

0.15±0.01

Ø
0.14±0.02

0.08±0.01

Ø
0.10±0.01

68±5

Ø
75±8

(65 Æ 70)

58±4

Ø
75±5

(48 Æ 80)

4. The aerosol size distribution

4.1. Method

Two traditional methods were used to retrieve the mixing layer aerosol size distribution
by assuming lognormal distributions and including from 1 to 3 principal modes. The first
method is a bayesian approach with convergence of the stochastic gradient. This method is
currently used in data analysis by neural networks [i.e. Hadji-Lazaro et al., 1999]. It was
initialized starting from the aerosol size distribution observed at ground level by the MAS
station and 50,000 iterations were carried out to reach the convergence. The second method,
using the pattern recognition approach [i.e. Chedin and Scott, 1985; Chazette et al., 1998], is
simpler in its mathematical approach and widely used in geophysical data analysis. The two
methods lead to similar results, but with more noticeable dispersions for the first approach.
These dispersions are related to the great disparity between the occupation rates of the various
modes, local minimum convergence may occur when the initial condition is too far away
from the real size distribution.
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4.2. Results

The adopted method is that of the proximity recognition followed by a low pass filter
(median filter on 21 points) which leads to a temporal resolution of ~15 s (horizontal
resolution of ~1300 m). A bimodal size distribution has been highlighted during both flights
and the contribution of a coarse mode has not been observed. This may be due to the limited
capabilities of the instruments onboard the aircraft because of the isokinetic characteristic of
the inlet and the problem of aerosol impaction in the sampling lines. To minimize such an
effect, a correction function has been estimated using July 31st aircraft measurements
performed 90 m above the ground level and close to the MAS position, where independent
ground level size distributions where recorded. As shown in Figure 5, the correction factor
can rise up to 100 for particles close to 0.5 µm in diameter and is validated further down (see
section 5). This shows the difficulty to retrieve a third mode from airborn data. Nevertheless,
the uncertainties on the retrieved bimodal size distribution parameters have been assessed
using a Monte Carlo approach as in Chazette et al. [2001] and are given in Table 2. Figure 5
shows that, within the mixing layer, the aerosol size distribution doesn’t vary with altitude.
Above 1400 m asl, the PBL top evolution during the flight could induce a modification of the
size distribution due to atmospheric conditions related to the free troposphere.

Hereafter, only the 900 m asl flight legs results are presented and discussed. The bimodal
aerosol size distribution is characterized (Table 2) by the modal radius (r1) and the dispersion
(s1) of the first mode (nucleation mode), the modal radius (r2) and the dispersion (s2) of the
second mode (accumulation mode), and the occupation rate of the second mode (x2).

Figure 5: Aerosol size distributions retrieved from aircraft measurements at different
altitudes for July 19 (left) and 31 (right). The correction function is also given on each
graph.

On July 19, the incoming air mass had already passed above polluted areas and clearly
shows an aerosol plume reaching the Paris area. The transport duration towards Paris made
possible the aging of the aerosol, with a growth in size. The important values of x2 , upwind
of Paris, shown in Figure 6 may highlight the importance of the number of particles in the
accumulation mode in an aged plume. The airplane did not reach the end of the plume at its
western part but clearly crossed its eastern limit at ~2.8° of longitude. No evolution of x2 is
seen within the plume from upwind to downwind conditions but an important decrease is
observed when passing from in to out of the plume (from 28% to ~13%).

Within the pollution plume, from upwind to downwind of Paris, one observes a slight
decrease in r1 from 0.05 to 0.04 µm and a small increase of the dispersion s2 from 1.2 to 1.3
which may be due to the greater Paris area particle sources. Nevertheless, such a difference is
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within the error interval and may be subject to caution, especially since neither s1 nor r2

shows any evolution.

Outside the plume, the mean characteristics of the aerosol size distribution remain the
same over the whole area. However, besides the occupation rate, these characteristics are
significantly different from those inside the plume for the nucleation mode. Both r1 and s1 are
smaller which may indicate a more local production, natural and anthropogenic, within a
much less urbanized area. The histogram of s1 occurrences (Figure 7) shows a rather well
defined size distribution outside the plume, with a clear maximum around 1.4, while it is
much broader within the aged plume.

Figure 6: Occupation rate of the second mode (x2) as a function of the flight position for
July 19th.



11

Figure 7: Occurrences of the first mode dispersion (s1) during the July 19 flight. The
mean values inside and outside the plume are highlighted.

Table 2: Mean aerosol size distribution characteristics in the mixing layer forthe two
days. The size distribution is taken as a bimodal lognormal function. Characteristics are
then the modal radius (r1, r2), the dispersion (s1, s2) and the occupation rate (x2) for the
2 modes. Assessment of the spread around the mean values and the uncertainties linked
to data analysis are given.

r1 (µm) s1 r2 (µm) s2 x2 (%)

July 19

Upwind/in 0.05 1.6 0.12 1.2 28
Downwind/in 0.04 1.6 0.12 1.3 28
upwind/out 0.03 1.4 0.12 1.3 13
Downwind/out 0.03 1.4 0.12 1.3 14
Mean 0.04±0.007 1.5±0.15 0.12±0.005 1.3±0.05 21±7

July 31

Upwind/in 0.03 1.6 0.12 1.3 17
Downwind/in 0.03 1.6 0.12 1.3 20
upwind/out 0.04 1.4 0.12 1.3 27
Downwind/out 0.03 1.5 0.12 1.3 12
Mean 0.03±0.006 1.5±0.11 0.12±0.005 1.3±0.04 19±4
Uncertainties ±0.01 ±0.01 ±0.015 ±0.02 ±3

A similar study has been performed for July 31st where the whole incoming air mass
reaching the Paris area was from oceanic origin. In this case, the plume is defined relatively to
the city production; downwind, it is clearly located by the ozone concentration and upwind, it
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is defined as the corresponding incoming air mass. Here too, the plume was not totally
crossed as shown on Figure 8. The influence of local sources is here highlighted by the
overall lower values of x2 due to the cleaner origin air mass. The situation is more complex
than for July 19 because of two factors. First, within the plume, no influence of the urban
production is seen on the size distribution characteristics (Table 2) except for the slight
increase (from 17 to 20%) of the accumulation mode occupation rate x 2. These upwind
characteristics are rather different from the corresponding ones outside the plume, and not
what could be expected. However, as indicated in section 2.3, the upwind leg was performed
over an already urbanized area and the measurements were probably no longer representative
of the incoming clean air mass. The second particularity is, outside the plume, the clear
influence of the Charles de Gaulle airport observed in the measurements. It induces a
significant decrease of x2 (~12%) at the Northeastern part of Paris area with a slight decrease
of r1 and increase of s1 due to airport emissions that are mainly composed of small particles
(nucleation mode).

The difference between the two studied days is due mainly to the origin of the air masses
and significantly impact on the modal occupation rates. The second mode (accumulation
mode) is very stable with mean values of 0.12 µm and 1.3 for r2 and s2  respectively. The
cumulative occurrences for the two days are given in Figure 9 for r2 and in Figure 10 for s2.
Both present a sharp maximum centered on these latter values.

The uncertainties linked to the data analysis are also given in Table 2 and their rather
small magnitude highlight the pertinence of these results. Moreover, the comparison of the
retrieved bimodal distributions with the direct measurements, taking into account the
instruments characteristics, leads to errors mainly lower than 5% as illustrated in

Figure 11 for the cumulative data of the two days. The mean value of this relative error is
~2.3±1.5%. The retrieval of the size distribution presented here can thus be considered as
relevant.

Figure 8: Occupied rate of the second mode (x2) as a function of the flight position for
July 31st.
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Figure 9: Cumulative occurrences of the modal radius of the second mode (r2) during
the flights of July 19 and 31.

Figure 10: Cumulative occurrences of the dispersion of the second mode (s2) during the
flights of July 19 and 31.
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Figure 11!: Cumulative occurrences of the relative error on the retrieval for the
flights of July 19 and 31.

As a complement of this mixing layer study, the size distribution characteristics retrieved
from the SAM station ground level measurements, performed downwind of Paris, are shown
in Table 3. Given the uncertainties linked to the temporal variability of the measurements, the
mean values of the two first mode characteristics are similar to the ones retrieved from aircraft
measurements. The main observed difference on the smaller modal radius and the larger
occupation rate of the nucleation mode, points out the proximity of the sources. Despite an
occupation rate of less than 10-3, a third mode is identified with modal radii between 0.4 and
0.45 µm corresponding to the non observed coarse mode from aircraft in situ measurements.
As shown in Table 3, the temporal variability on this mode remains important and highlights
the low accuracy of its retrieval.

Table 3: Mean aerosol size distribution characteristics at the ground level for the two
days. The size distribution is taken as a multimodal lognormal function. Characteristics
are then the modal radius (ri), the dispersion (si) and the occupied rate (xi) for the mode
i (i = 1 to 3). Assessment of the temporal spread around the mean values is given in
parenthesis.

r1 (µm) s1 x1 (%) r2 (µm) s2 x2 (%) r3 (µm) s3

Saclay
July 19

0.02
(±0.01)

1.8
(±0.1)

92.48
(±9)

0.11
(±0.02)

1.4
(±0.1)

7.471
(±9)

0.45
(±0.05)

1.2
(±0.2)

Creil
July 31

0.03
(±0.02)

1.5
(±0.1)

90.77
(±3)

0.09
(±0.02)

1.4
(±0.1)

9.152
(±5)

0.40
(±0.1)

1.3
(±0.1)

5. Modal optical contribution and closure study

As shown by Dickerson et al. [1997], the anthropogenic aerosols can significantly modify
the actinic fluxes and thus influence the photochemical production of ozone. More recently,
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following the international campaign INDOEX [Ramanathan et al., 2001], it was shown that
their climatic impact could be sufficient to modify the dynamic balance of the
Earth/Atmosphere coupled system [i.e. Ramanathan et al., 2002; Leon et al., 2002]. It is thus
important to quantify their radiative impact. This estimate can be undertaken here on each of
the retrieved size distributions.

To perform such calculations, it is necessary to know the complex refractive index of the
aerosol during the measurement period. The only available estimates of the aerosol refractive
index for the time and location of this experiment are those given on the web site of the
AERONET network [Holben et al., 1998]. The average refractive index, over all July 2000
data at 673 nm, was calculated to be (1.5±0.05) – i (0.016±0.0125), after suppressing aberrant
data with a refractive index close to that of water. The uncertainties reflect the temporal
variability of the aerosol properties. The corresponding AERONET single scattering albedos
lead to a temporal average value of 0.87±0.068. Note that the size distributions given on the
AERONET web site are mainly bimodal.

Given the size distributions determined in section 4.2, the simulation, using Mie theory,
of the scattering coefficient measured at 550 nm by the airborne nephelometer, during the two
days, was performed. Since the spectral variability of continental aerosol refractive index is
very weak in the visible domain [Volz, 1973], the above mean 673 nm refractive index was
used. The results, in terms of scattering cross sections (Figure 12), show a very good
agreement between measurements and simulations, the observed dispersion being largely
within the quoted refractive index errors. This shows that the restored size distributions are
correct and that the correction function (Figure 5) applied to the PCASP data is close to
reality.

The recomputed 550 nm single scattering albedos, for both days, inside and outside of the
pollution plume, lead to a mean value between 0.8 and 0.9. This value is close to the mean
value from AERONET and to those found during the international campaign INDOEX on
Goa [Léon et al., 2002 ; Randriamiarisoa et al., 2003]. The contributions of each aerosol
mode to the scattering at 550 nm are given in Table 4. The second mode arises as the most
efficient and it will then play a significant role in the modification of the actinic fluxes,
influencing, for example, the photolysis rate of nitrogen dioxide. The number of particles
produced by the Paris area is significant, but it has little influence on the properties of solar
radiation scattering. The increase is only ~0.02 km-1 at 550 nm for a number of particles
enhanced by over 30% on July 31 with a rather clean incoming air mass and no gain is
observed for the July 19 aged plume, despite a particle number increase by almost 60% (see
Table 1). The weak variability of the scattering coefficient is due to the presence of a
majority of very small particles (<0.1mm) in the Paris area production. This result is
confirmed by the relatively low average optical thicknesses over Paris. Figure 13 gives the
550 nm optical thickness occurrences, in clear sky conditions when sunphotometer data are
available, for the cumulative 1999-2000 data of the sites of Saclay, Creil (MAS station),
Créteil, Palaiseau, and Paris (AERONET sites). For July 19 and 31, the measured values were
close to 0.22 and 0.15 respectively and the generally observed optical thickness remains under
0.25. However, in stable atmospheric situations, values as high as 0.5 could be observed.
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Figure 12: Bi-dimensional histogram of the retrieved scattering cross section as a
function of the measured cross section at 550 nm. All July 19 and 31 measurements have
been considered (~13,700 points).

Table 4: Mean 550 nm extinction contributions for each mode for both ground and
airborne measurements.

Mode 1 Mode 2 Mode 3

Airborne measurements
July 19 14% 86% -
July 31 6% 94% -

Ground level (MAS)
July 19 (Saclay) 8% 78% 14%
July 31 (Creil) 18% 50% 32%
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Figure 13: Occurrences of the 550 nm optical thickness for clear sky conditions during
the years 1999 and 2000 in the Paris area. The mean values for July 19th and 31st are
shown.

5. Correlation study

As seen in the previous section, the observed optical properties of the mixed layer
aerosols imply rather absorbing characteristics with a single scattering albedo significantly
lower than 1. Since black carbon is the main contributor to the solar radiation absorption in
urban and suburban areas, we examined the possible links between the airborne measured
black carbon concentration of July 31 with the size distribution characteristics. Figure 14
presents the dependence of BC data with respect to the total aerosol number concentrations.
Inside and outside of the pollution plume locations are clearly differentiated. A very low
variability is observed outside of the plume, indicating an unsurprising small loading of BC in
rural air masses. This variability is much stronger within the plume but without any striking
correlation with the number concentration. There is no obvious bond with the retrieved size
distribution parameters, particularly with the relative occupation rate of the 2 modes. Indeed,
the correlation between BC and the modal characteristics is weak (~0.35), which seems to
show that one mode is not more representative of the BC content than the other. The
carbonaceous particles are thus in the two modes as shown in Figure 15. A very strong
correlation is however observed (rBC > 0.8) for particles with a radius smaller than 0.2 µm.
We may then deduce that the carbonaceous particles, mainly due to automobile traffic in the
greater Paris area, are feeding the two modes in an equivalent way, with an observed size
upper limit of about 0.5 mm in diameter.
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In 

Out 

Figure 14: Bi-dimensional histogram showing the black carbon concentration (BC) as a
function of the aerosol number concentration for the July 31st flight. Inside and outside
the pollution plume locations are highlighted.

 
Figure 15: Correlation coefficient (rBC) between the black carbon concentration (BC)
and the aerosol number concentration, versus the measured size radius from aircraft
measurements (11,000 data) and MAS ground station measurements at both Creil and
Saclay (1400 data).

In order to corroborate the above results deduced from the airborne observations, the
same type of correlation study was performed with the ground level data from the SAM
instruments. The number of available size-classes is smaller but the strongest correlations,
although weaker than the airborne ones, are still observed for particles with radius smaller
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than 0.2 µm. The second mode seems to be better correlated here with the concentrations of
BC but the experimental size resolution is not sufficient in order to be more conclusive.

These different correlation values may be linked to the proximity of the sources at ground
level implying a larger dispersion of BC versus particle number concentrations and to a strong
evolution of the aerosol characteristics during the vertical transport between the surface and
the mixed layer. This last point questions the relevance of in situ ground observations for
regional scale pollution studies as mentioned by Chazette [2003] following the INDOEX
campaign.

7. Conclusion

This work shows the importance of the Paris area production in term of submicronic
aerosols. Two different meteorological situations have been studied with already polluted and
oceanic incoming air masses. The size distribution of the aerosols remains about the same
with 2 modes in the mixed layer and a third mode at the ground level. This ground level larger
sized mode appears to be difficult to measure from aircraft and the assessment of its presence
or not in the mixed layer has been not possible. The observed particles are mainly produced
by the automobile traffic and they impact the entire PBL without leading to a significant
enhancement of the scattering coefficient. Despite their significant number concentration,
their optical efficiency remain limited and mainly due to the second mode (accumulation
mode). Black carbon is the main contributor to the solar radiation absorption in urban and
suburban areas and here it leads to a single scattering albedo between 0.8 and 0.9. It is mainly
associated with particles of radii smaller than 0.2 µm and well distributed between the first
two modes. The third mode retrieved at the ground level seems to be poor in terms of black
carbon components.
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