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Abstract

We propose a quantification of the downward transport of aerosols from the free troposphere (FT) to the planetary

boundary layer (PBL). Aerosols are originally released at the surface as a consequence of anthropogenic activities, biomass

burning, soil mobilization, etc. After being vertically transported into the FT, they are exposed to the long-range transport

(LRT) and may subside to impact, in turn, surface air pollution in remote places. Using 5400 h of routine Lidar

observations conducted at the SIRTA observatory in the Paris area (France), we identified 154 free tropospheric aerosol

layers continuously monitored during their downward transport into the local PBL. One of these events—associated to a

Saharan dust outbreak—is thoroughly documented in a case study. And a climatological analysis of surface PM10 levels

recorded at air quality monitoring stations allows the impact of FT to PBL transport of aerosols to be quantified. This

source is found to be significant for 15 out of the 16 stations, with average PM10 concentrations 2.14 mgm�3 (i.e. 12%)

above climatological values after the injection of free tropospheric aerosols into the PBL.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The understanding of the role that atmospheric
particulate matter plays in the earth system is a
subject of growing concern. Partly because our level
of understanding of the processes involved in their
formation, transport, and transformation is low,
but also because they have adverse impacts on the
environmental equilibrium of the planet—including
their role in the climate forcing (direct and indirect
radiative impacts, IPCC, 2001), and their impact on
e front matter r 2007 Elsevier Ltd. All rights reserved
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air quality and subsequently on human health (e.g.
Moshammer and Neuberger, 2003).

This study focuses on the factors of variability of
aerosols in the planetary boundary layer (PBL) in
an urbanized area of Western Europe; hence, the
primary motivation regards air quality. In such
areas, anthropogenic emissions of aerosols and
precursors of secondary organic aerosols (SOAs)
are thought to be a major contributor to the budget
of PM10 (particulate matter o10 mm in equivalent
diameter). But the respective role of anthropogenic
emissions, soil mobilization, and import from
distant places is very uncertain (Bessagnet et al.,
2005). In the context where the European legislation
(EU Directive 1999/30/CE) requires a 50% decrease
.
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of annual mean PM10 levels between 2005 and 2010
(from 40 to 20 mgm�3), more precise partitioning of
each contribution is needed in order to design
emission reduction strategies.

The main sources of aerosols in the Western
European atmosphere are Saharan mineral dusts
(Dulac et al., 1992; Moulin et al., 1998), resuspen-
sion of local terrigeneous matter (Vautard et al.,
2005), anthropogenic SOA (Wandinger et al., 2002),
biomass burning SOA (Real et al., 2007), and
volcanic SOA (Chazette et al., 1995).

The transport cycle of aerosols can be split in
three parts. Firstly, primary aerosols and precursors
of SOA are emitted at the surface; consequently
they primarily affect PM10 levels in the boundary
layer. Secondly, aerosols may be transported
towards the free troposphere (FT) where they play
a role on the variability of trace species and are
exposed to the long-range transport (LRT) (e.g.
Stohl et al., 2002a). Thirdly, after their transport in
the FT, they may be transported downwards back
into the PBL and contribute to surface pollution
levels at distant places.

The quantification of the downward transport
of aerosols remains challenging because of the
dynamical barrier constituted by the top of the
PBL. The most widespread approach consists
in documenting the fate of a layer observed in the
FT by means of Lagrangian modeling and to
correlate an increase of surface levels to the
predicted trajectory of the air mass (e.g. Geraso-
poulos et al., 2006a; Real et al., 2007). However,
considering the processes involved, modeling the
injection of an air mass from the FT into the PBL
requires the use of a mesoscale model. Conse-
quently, such investigations remain limited to case
studies, and cannot be integrated to provide a global
estimate of the contribution of LRT to surface
PM10 levels.

Alternative methods consist in taking advantage
of additional measurements in the PBL. By mon-
itoring dust optical thickness in the PBL, Hamonou
et al. (1999) could identify an isolated case of
Saharan dust transport to the European PBL. The
high Lidar depolarization ratio of Saharan dust
allowed Gobbi et al. (2007) to quantify its impact on
surface air quality in Italy. The composition of
particulate matter can also be used as a proxy to
source apportionment (e.g. Querol et al., 2001).
A similar procedure led Rodrı́guez et al. (2002) and
Gerasopoulos et al. (2006b) to show the significance
of the contribution of Saharan dust to PM10 levels
in Spain and Greece, respectively, but the impor-
tance of this source on air quality in France is
uncertain.

Here, we propose a new approach to estimate
the contribution of downward transport from the
FT to the PBL to particulate air pollution in
the Paris area. Trace species are transported
over long distances in the FT in layers (Newell
et al., 1999; Hamonou et al., 1999) before being
mixed with the background (Colette and Ancellet,
2006). Lidars have proved to be a key instrument in
the documentation of the characteristics of free
tropospheric layers (Stohl and Trickl, 1999;
Matthias et al., 2004; Ravetta et al., 2007). The
continuous temporal coverage that they offer
allows tropospheric layers to be monitored
during their downward transport until they reach
the PBL (Tsunematsu et al., 2006). A Lidar
designed for aerosol and cloud studies has
been routinely operated since 2002 in the Paris
area. This large dataset of Lidar profiles makes the
investigation of a significant number of events
possible.

The dataset of Lidar profiles is presented in
Section 2 together with a climatological analysis of
the variability of aerosol layers in the FT. A case
study of LRT of aerosols followed by an injection
into the PBL is discussed in Section 3 to illustrate
the processes considered in Section 4 that addresses
in details the quantification of the overall impact of
downward transport of aerosols on surface air
quality.
2. Database of aerosol Lidar profiles

2.1. The SIRTA observatory

Aerosol profiles used in this study were collected
at the Site Instrumental de Recherche par Télé-
détection Atmosphérique (SIRTA; Haeffelin et al.,
2005). The SIRTA is an observatory created in 1999
by Institut Pierre-Simon Laplace and Ecole Poly-
technique. The site is involved in several observa-
tion networks such as Earlinet (Bösenberg et al.,
2003). It is located 20 km southwest of Paris in a
suburban environment occasionally exposed to
pollution plumes of the Paris city. The Paris area
is ideally located for the investigation of LRT
because of its position at the crossroad between
major pathways of pollution transport (Stohl et al.,
2002a).



ARTICLE IN PRESS
A. Colette et al. / Atmospheric Environment 42 (2008) 390–402392
2.2. Lidar profiling

A dual wavelength polarimetric Lidar is routinely
operated at the SIRTA since 2002. The instrument
is herein referred to as LNA for Lidar Nuages-
Aerosols (Cloud-Aerosol Lidar). The LNA is based
on an Nd-YAG laser with pulse energy of
160–200mJ. The wavelengths emitted and retrieved
are 532 and 1064 nm, parallel and cross polarization
being separately measured for the first wavelength.
Improvements of the automated post-processing of
color ratio and depolarization ratio are still under
way at the SIRTA and the focus of the present study
will be limited to the linear backscatter measure-
ments at 532 nm. Two telescopes with complemen-
tary fields of view are used in order to obtain a
continuous coverage of the atmosphere from the
ground to about 14 km of altitude with a 15m
vertical resolution. Measurements are performed on
a daily basis during daytime (weather permitting)
but not fully automated. Between January 2003 and
December 2006, weather and technical conditions
allowed 812 days of successful Lidar operations for
a total of about 5400 h of measurements be
conducted.

For the objectives of the present study, an
automated and robust algorithm was needed to
identify the presence of aerosol layers in the lower
troposphere (ground to 4 km) from Lidar profiles.
We use the STRAT algorithm (Morille et al., 2007)
designed to analyze a single wavelength Lidar
attenuated backscatter profile and identify particle
and molecular layers in the FT, as well as the
vertical range of the boundary layer. STRAT
classifies as noise any part of the Lidar profile
where the signal-to-noise ratio is o3. Molecular
layers are found by comparisons with computed
molecular attenuation pressure and temperature
profiles provided by radiosoundings launched twice
daily 15 km west of the SIRTA. Boundary layer
height and particle layers in the FT are identified by
wavelet transform analyses. Once particle layers are
identified in each Lidar profile, STRAT carries out a
two-dimensional analysis to identify objects that are
consistent in time and on the vertical. For each
object, the peak-to-base backscatter ratio is com-
puted and compared to a threshold. Morille et al.
(2007) showed that in the lower troposphere liquid
clouds exhibit very strong backscatter ratios that
separate them clearly from aerosol layers. In
addition, water clouds produce a very strong
extinction signature that yields noise level Lidar
backscatter above the cloud layer. The distinction
between optically thin ice clouds and aerosols is
not trivial from a single wavelength. However, it
should not impair the results of the present study
since our focus is limited to low level features.
STRAT analyses of the LNA signal are routinely
performed and available in real time at: http://
www.sirta.fr.
2.3. Climatology of aerosol layers in the FT

This database of aerosol layers allows the
seasonal and vertical variability of the free tropo-
spheric layering be investigated. In Fig. 1, for the
whole dataset (January 2003–December 2006), we
display the seasonal variation of the number of
layers per profile as well as their time–altitude
normalized distribution.
2.4. Seasonal cycle

The number of aerosol layers per profile (red line) is
significant year round and presents a summer max-
imum. This pattern of variability can be related to:
�
 The variability of emissions at the surface. Aerosol
emissions from biomass burning are maximum in
summer in the northern hemisphere (Stohl, 2006)
and Saharan dusts are more frequently trans-
ported towards Europe in spring to summer
(Dulac et al., 1992), whereas anthropogenic
precursors of SOAs are emitted year round.

�
 The efficiency of the vertical transport of aerosols

towards the FT. One of the main vertical
transport pathways of trace species from the
surface to the FT is the convective activity that
also exhibits a pronounced summer maximum. It
includes pyrocumulus (convective instabilities
triggered by forest fires) that constitute a major
contribution to aerosols transport towards the
troposphere and beyond (Fromm et al., 2000).
However, shallow and deep convection in the
troposphere is most often accompanied with
condensation and precipitation. Therefore, wet
removal could minimize the reinforced efficiency
of convection in summer.

�
 The seasonal variability of the tropospheric mix-

ing. Colette and Ancellet (2006) showed that the
horizontal component of the mixing is weaker in
summer allowing the lifetime of tropospheric
layers of trace species to be enhanced.

http://www.sirta.fr
http://www.sirta.fr
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Fig. 1. Climatology of free tropospheric aerosol layers observed by the LNA at the SIRTA observatory between 2003 and 2006.

Normalized month–altitude distribution of the layers (shaded), and monthly cycle of the number of layer per profile (red) and of the daily

mean PBL depth (black).
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2.5. Vertical distribution
The normalized time–altitude distribution of free
tropospheric aerosol layers is also displayed in
Fig. 1. These layers are mostly found in the lower
troposphere. The experimental setup does not allow
measurements o500m of altitude. The vertical
resolution of the instrument is 15m but, in this
figure, the resolution is degraded to improve the
significance of the dataset. The STRAT algorithm
does not capture the variability of aerosols inside
the PBL—exclusively free tropospheric layers of
aerosols are detected. The maximum altitude for the
detection of aerosol layers is set to 7.5 km. At this
altitude, the backscatter populations of thin ice
clouds and aerosol layers overlap, making difficult
the distinction between these features (Morille et al.,
2007). This altitude threshold should not affect the
present study where the focus is centered on aerosol
layers in the lower troposphere.

Most aerosol layers are found in the lowermost
troposphere, between 1 and 2 km a.g.l. even if in
summer they reach higher altitudes. The mean
depth of the PBL (diagnosed by the STRAT
algorithm) is also given in this figure. The use of a
mean depth filters out the diurnal cycle of the PBL
growth, so that aerosol layers appear to be inside
the PBL even though exclusively free tropospheric
aerosol layers are reported in this figure. This
visualization allows realizing that, year round, most
free tropospheric aerosol layers are observed in the
close vicinity of the PBL, and may therefore interact
with the PBL. To sum up, this altitude distribution
shows that most aerosol layers transported in the
FT in the Paris area are in the position to interfere
with the PBL.

3. Case study: dust transport on 5 March 2003

A detailed case study of the event of 5 March
2003 is discussed in this section to illustrate the
processes investigated. The whole life cycle of the
aerosol layer will be described: the export from
the distant PBL, the transport in the FT, the
injection back into the PBL over the SIRTA
observatory and the impact on PM10 levels in the
Paris area.

For this specific example, the selected layer
appeared to take its origin in the Saharan boundary
layer (see Section 3.3). But the free tropospheric
aerosol layers that shall be re-injected into the PBL
and therefore impact on surface PM10 levels can be
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of various origin and nature (see Section 1 for a
selection of references).

3.1. Lidar observations

The corrected signal at 532nm is given in Fig. 2.
In the morning, the depth of the PBL is about 800m
and it starts its diurnal development before 12:00UT
(13:00LT in winter). In the afternoon, the PBL
reaches its maximum depth at 1.5 km. Two clouds
are detected before 11:00UT centered on 1.2 and
1.7 km of altitude (saturated backscattered signal).
In the morning, a very thin aerosol layer is detected
at about 1 km of altitude (highlighted in the figure).
This feature resembles a residual layer. It could also
be related to a LRT event, but the assessment of the
origin of such a thin layer observed in the close
vicinity of the PBL is challenging with a numerical
model. After 12:00UT, between 1.5 and 2 km of
altitude, another aerosol layer is observed above the
SIRTA observatory.

The simultaneous measurements of backscatter at
532 and 1064 nm and the depolarization at 532 nm
can be used to further characterize the nature of the
particles in this layer. The color ratio and the
depolarization are given in Fig. 3. The color ratio in
the selected layer is of the order of 30–40% which
confirms that it is made of particles smaller than
Fig. 2. LNA range corrected backscattere
cloud droplets. The depolarization is small but not
negligible (5%), we can thus conclude that the
particles are not ice crystals (that would exhibit a
depolarization ranging between 20% and 100%).
But these particles are not as spherical as liquid
droplets or SOAs—note that in the PBL where
anthropogenic aerosols are thought to be more
concentrated the depolarization is close to the
molecular depolarization normalization value (here
we use 1.4%). Consequently, measured depolariza-
tion and color ratio are compatible with an aerosol
layer made of desert dust. This origin will be
confirmed by means of numerical modeling in
Section 3.3.

At 16:00UT, this second layer is injected into the
PBL under the combined effect of (1) the growth of
the PBL and (2) its slight subsidence. After
17:00UT, this thin feature does not appear on
Lidar backscatter observations, but a deeper layer is
detected centered on 2 km of altitude. The contin-
uous and high frequency observation of the aerosol
layer whilst it interacts with the PBL constitutes the
best possible evidence of the injection of FT air into
the PBL. However, after this time, it is not possible
to track the fate of this layer inside the PBL (where
it undergoes fast turbulently mixing) because of the
much higher backscattering ratio inside the PBL.
Therefore one may object that, after 16:00UT, the
d signal at 532 nm on 5 March 2003.



ARTICLE IN PRESS

Fig. 3. LNA ratio of the backscattered signal at 532 and 1064 nm (color ratio: left) and of the linear and perpendicular backscatter signal

at 532 nm (depolarization: right) on 5 March 2003.
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layer could just have left the field of view of the
Lidar, passing over the observatory.

3.2. Particulate matter levels at the surface

The synchronous rise in surface PM10 levels gives
support to our interpretation of an injection into the
PBL. In Fig. 4, we display the surface PM10
concentrations measured in the Paris area by the
air quality monitoring network Airparif. The curb-
side stations located in the vicinity of major
highways are discarded. All the stations exhibit
the usual two-peak diurnal cycle, with maxima
during the commute hours.

The average diurnal cycle for the month of March
is displayed on the same plot and it also shows this
two-peak pattern. The second peak is slightly lower
than the first one since the PBL is deeper at that time,
allowing for a larger volume of dilution of emissions.
The average diurnal cycle for the month of March
and for the days of operation of the LNA is also
given. Indeed, the LNA is operated exclusively in the
absence of precipitations; hence, the distribution of
meteorological situations sampled is biased. This
statement is actually confirmed with Fig. 4 where it
appears that surface PM10 levels are higher than
average for the days when the LNA is operated.

The surface PM10 concentrations recorded on 5
March 2003, averaged for all the stations corrobo-
rates the argument that this transport of aerosols
from the FT towards the PBL has an impact on
surface levels. After the injection of the free tropo-
spheric aerosol layer at 16:00UT, surface PM10
levels increase of about 5.3 mgm�3 h�1, whereas the
average rate of increase during the afternoon is
o1.3 mgm�3 h�1. At 20:00UT, the average PM10
levels measured in the Paris area is 10.5 mgm�3

(38%) higher than the climatological value (for the
days of Lidar operation).

For the purpose of this case study, the synchro-
nous increase of surface PM10 corroborates our
argument that the aerosol layer is actually inserted
into the PBL instead of being advected away from
the domain. But the aim of the present study
consists in answering the question ‘‘do surface
PM10 increase because tropospheric aerosols layers
are inserted into the PBL?’’ rather than concluding
that aerosol layers have been inserted into the PBL
because surface PM10 increase. Consequently, in
Section 4, surface PM10 measurements will not be
used as a priori information.

3.3. Origin and transport of the aerosol layer

Various transport pathways can lead to the
formation and transport of Saharan dust plumes
towards Europe (Ničković and Dobričić, 1996;
Barkan et al., 2005). In order to assess the origin
of the feature observed on 5 March 2003, we used
the Lagrangian Particle Dispersion Model (LPDM)
FLEXPART 6.2 (Stohl et al., 2005). The model is
driven by 6 hourly operational analyses from the
European Centre for Medium-Range Weather
Forecasts interleaved with forecast fields every 3 h
(horizontal resolution of 0.51 with 60 vertical model
levels).



ARTICLE IN PRESS

2 4 6 8 10 12 14 16 18 20 22 24
0

10

20

30

40

50

60

70

80

P
M

 (
µg

 m
−3

)

time (UT)

Fig. 4. Surface PM10 concentrations on 5 March 2003 at the Airparif air quality monitoring stations. For each station (dashed gray), the

average for all stations on that day (thick black line), and the monthly average for the 2003–2006 period (red) as well as the average on

Lidar operation days in March (blue).
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At the initialization, 2000 air parcels are released
in a 0.51 wide horizontal box, between 1 and 2 km of
altitude and 14:00 and 15:00UT. The backward
transport of these parcels is modeled accounting for
advective transport as well as sub-gridscale turbu-
lent mixing and convective processes. Every 24 h,
the air parcels are clustered into five bins depending
on their geographical position in order to identify
consistent clusters of air parcels. In Fig. 5 we
represent the position of the clusters for 10 days of
backward transport. The shape of the symbol for
the five clusters changes at each output step (every
24 h), their color is a function of altitude, and their
size depends on the percentage of air parcels within
each cluster (their significance), details on this
clustering technique is given in Stohl et al. (2002b).

The course of clusters on the top panel of Fig. 5
shows that a significant cluster was modeled at
relatively low altitude above the Sahara (1500m).
On the bottom panel, the time and altitude of the
clusters are given, as well as the fraction of air
parcels inside the PBL. According to the model, on
28 February, a significant fraction of the air parcels
that eventually reached the Paris area on 5 March
were located in the PBL (430% at t0�120 h).

The LPDM successfully reproduces the transport
processes responsible for the formation and advec-
tion of the aerosol layer observed by Lidar. But the
assessment of the origin of the layer is not entirely
convincing in the absence of emissions evaluation at
the surface. The MODIS instrument fills this gap
with the image of 2 March 2003 at 11:55UT
offshore of Mauritania that clearly shows a Saharan
dust outbreak event (Fig. 6).
4. Statistical analysis: free tropospheric aerosols and

surface PM10 levels

4.1. Analysis of the Lidar profile database

The whole database of Lidar profiles has been
investigated to detect any intrusion of free tropo-
spheric aerosol layer into the PBL above the SIRTA
observatory (such events are referred to as FTBL in
the following). Aerosol layers in the lower tropo-
sphere as well as the altitude of the PBL are
diagnosed by the STRAT algorithm. FTBL events
are defined as aerosol layers continuously mon-
itored until they reach the PBL. To overcome the
difficulty of the identification of the temporal
continuity of the layers, such events are identified
by means of a visual analysis of the objective
products of the STRAT algorithm. Layers thinner
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than about 100m or observed during o30min are
not considered.

Two patterns constitute the vast majority of
FTBL events: (1) the aerosol layer subsidizes while
the PBL is stationary and (2) the tropospheric layer
is horizontally advected and caught by the PBL
development. The LNA instrument is operated
mostly during daytime, but whenever the conditions
are satisfactory, Lidar sampling starts before the
diurnal growth of the PBL (08:00–19:00LT). There-
fore, the events not captured because of this
incomplete coverage should remain limited. The
second pattern is far more frequent, partly because
it also includes the situation where the tropospheric
feature of interest is actually a nocturnal residual
layer injected back into the PBL in the morning.
Such situations may or may not be considered as
LRT air masses; however, no observation can
support their distant or local origin, and strictly
speaking their impact on surface PM10 level shall
not be considered as local pollution. Nevertheless,
the aim of the present study being the quantification
of external sources of PM10 on air quality in the
PBL, these residual layers must be included in the
FTBL contribution. In the following, a distinction
will be made between residual aerosol layers and
clear downward transport of free tropospheric
features. The two layers discussed in Section 3.1
(Fig. 2) illustrate well this difference.

4.2. Climatology of FTBL events

Using this procedure, 154 features were detected
as aerosols layers transported in the FT and injected
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Fig. 6. MODIS image off shore of Mauritania on 2 March 2003

at 11:55UT showing a dust outbreak event (image courtesy of

NASA/GSFC/LAADS).
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into the PBL above the SIRTA observatory. The
timing of the injection occurs on average around
12:30UT (s ¼ 3 h 15min) which is consistent with
the dominant process of capture by the PBL
growth. About 50 of these events were attributed
to the re-injection of the nocturnal residual layer.
For this subset the injection occurs earlier at
10:15UT (s ¼ 1 h 40min).

The seasonal cycle exhibits a pronounced fall and
winter minimum with, respectively, 0.12 and 0.07
FTBL events per Lidar operation day. The average
in spring and summer are 0.25, 0.28, respectively,
yielding an annual mean of 0.18. Consequently, the
process of injection of free tropospheric layers into
the PBL is consistent with the seasonal cycle of
detection of aerosols layers in the Paris area
presented in Fig. 1.

4.3. Impacts on surface PM10 levels

The impact of FTBL events on surface PM10
levels is inferred by comparing the records of the air
quality monitoring stations in the Paris area for (1)
the days of FTBL events, (2) the annual mean, and
(3) the days of operation of the Lidar (to account
for the bias of the distribution of meteorological
situations sampled by Lidar, operated exclusively in
the absence of precipitation). The average daily
cycles of PM10 for these three subsets are given in
Fig. 7. The average PM10 at each station for the
FTBL days is also displayed. Stations dedicated to
the monitoring of traffic emissions are not con-
sidered. On selected FTBL days, most stations
present an average cycle of PM10 above mean
monthly values (either compared to the monthly
mean at the relevant station or to the monthly mean
based on Lidar operation days at the relevant
station). Hence on selected FTBL days, the average
cycle for all the stations is significantly higher than
the climatology. The excess of PM10 compared to
the climatology is uniformly distributed over the
day because the time of injection is variable (and
hence the increase of PM10 in the boundary layer).

The quantification of the contribution of aerosol
injection at the top of the PBL to surface PM10
levels must thus account for the time of injection of
the selected layers into the PBL. This estimation is
performed by differentiation between the average
PM10 concentration for the 5 h following an FTBL
event to the levels usually observed at the corre-
sponding station, at the same time of the day, and
the same month of the year and on Lidar operation
days. The results of the Student’s T-test of the null
hypothesis ‘‘is this difference significantly different
from 0 at the 5% confidence level’’ are given on
Table 1 for the 16 stations. We found that the
hypothesis is true for 15 stations. The impact of
FTBL events is not significant at one of the rural
stations, and this lack of significance could be
related to local effects.

The small variability among surface stations in
the Paris area allows us to proceed to the
geographical averaging. Now we consider a single
composite of all surface PM10 measurements and
we estimate the deviation of PM10 level for FTBL
days compared to the climatology for Lidar
operation days in the hours following the injection
events. The probability density function of this
deviation is given in Fig. 8 for all the FTBL events.
Distributions for the two subsets of events: (1) re-
injection of residual layers and (2) clear injection of
a tropospheric feature are also displayed.

Some events actually induce a decrease of surface
PM10 concentration, and the peaks of the distribu-
tions are centered on negative values. This can be
due to the fact that FTBL events are not the major
factor of variability of surface PM10 levels, even if,
as we will see in the following, this source is
significant. The deviation following the events
attributed to a re-injection of residual layers is
evenly distributed so that the mean PM10 increase
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Fig. 7. Daily cycle of surface PM10 concentrations (mgm�3) at the air quality monitoring stations of the Paris area. Annual mean for the

2003–2006 period (red), for Lidar operation days (blue), and for days of FTBL events (black). The averages for each of the 16 stations on

the FTBL days are given in gray (dashed).

Table 1

Anomaly of PM10 concentration in the hours following a FTBL event compared to the average (same station, month, and time of the day)

on Lidar operation days

Station name Type of station Relative increase

(%) (s)
Net increase

(mgm�3) (s)
Interval of validity

of the T-test

Significant increase

Bobigny Urban 7.6 (36.5) 1.61 (8.96) [0.11; 3.11] Yes

Cergy Pontoise Urban 10.2 (45.3) 2.21 (10.03) [0.54; 3.87] Yes

Gennevilliers Urban 9.6 (40.8) 2.18 (10.06) [0.50; 3.86] Yes

Gonesse Near urban 11.1 (38.2) 2.32 (8.65) [0.59; 4.05] Yes

Issy les

Moulineaux

Urban 8.2 (37.1) 1.73 (8.60) [0.31; 3.15] Yes

La Defense Urban 8.7 (36.2) 2.13 (9.45) [0.58; 3.69] Yes

Lognes Urban 10.9 (39.8) 2.29 (8.80) [0.71; 3.88] Yes

Melun Near urban 11.8 (41.8) 2.47 (8.88) [0.95; 3.99] Yes

Nogent sur Marne Urban 12.2 (38.2) 2.71 (9.30) [1.03; 4.38] Yes

Paris 12th district Urban 16.4 (42.9) 3.91 (11.38) [0.92; 6.91] Yes

Paris 18th district Urban 9.3 (37.4) 2.28 (9.61) [0.69; 3.87] Yes

Paris 1st district Urban 8.3 (37.3) 2.00 (9.70) [0.40; 3.61] Yes

Tremblay en

France

Near urban 14.2 (48.0) 3.03 (10.81) [1.20; 4.87] Yes

Vitry sur Seine Urban 11.3 (38.4) 2.61 (9.32) [1.05; 4.17] Yes

Rural West Rural 7.2 (37.3) 1.32 (6.84) [�0.21; 2.85] No

Rural South-West Rural 14.0 (41.8) 2.44 (7.20) [1.25; 3.64] Yes

All stations 11.7 (34.1) 2.14 (7.84) [0.85; 3.42] Yes

Relative increase, net difference, interval of validity of the hypothesis of a significant difference at the 5% confidence level, and result of the

Student’s T-test.
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(1.07 mgm�3) is not statistically significant (at the
5% confidence level). On the contrary, the events
unambiguously attributed to the injection of a free
tropospheric aerosol layer present a significantly
positive peak centered on 2.58 (s ¼ 7.95) mgm�3.
Without distinction of the type of layer, the PM10
increase after a FTBL event is also statistically
significant: 2.14 (s ¼ 7.84) mgm�3, i.e. about 12%.

The contribution of FTBL events is thus sig-
nificant; however, only 14% of FTBL cases induce
an increase of PM10 of 410 mgm�3. Therefore,
FTBL events cannot be blamed for the occurrence
of pollution peaks for which the threshold is set to
50 mgm�3. Nevertheless, this source contributes to
the background levels of PM10.

In southern Europe, several studies investigated
the respective contributions of various aerosol
sources on PM10 levels. Aerosols in the Mediterra-
nean have been a major concern, because of the
vicinity of the Sahara. And it has been shown that
the total aerosol optical depth was higher in this
area compared to Northern Europe (Matthias et al.,
2004). Hence, there have been several studies in the
past on the impact of Saharan dust on air quality in
Spain (Rodrı́guez et al., 2001; Querol et al., 2001),
or Italy (Kishcha et al., 2005; Gobbi et al., 2007).
These studies suggest a much more important
contribution of dust on surface levels than our
findings, with Saharan dust events detected for 30%
days of the year in Italy, and contributing to about
20 mgm�3 on average. In Spain, advection of
Saharan dust is responsible of between 4–7 and
10–23 annual days of overpass of the threshold of
50 mgm�3 in rural and urban areas, respectively. In
Paris, we showed that transport of aerosols (without
distinction of their nature or origin) from the FT
constitute a significant contribution to PM10 levels
in the surface. However, no correlation was found
between FTBL events and air quality threshold
overpasses, suggesting that local anthropogenic
emissions constitute the main contribution to the
local air pollution.

5. Discussion and conclusion

The significance of the contribution of aerosols
transported from the FT on particulate matter levels
in the Paris area has been demonstrated. The
continuous monitoring of the FT by backscatter
Lidar allows aerosol layers to be detected. Systema-
tical browsing of the 812 days of measurements
between January 2003 and December 2006 allowed
us to identify the free tropospheric layers trans-
ported into the PBL.

The dataset of free tropospheric aerosol layers
exhibits a seasonal cycle, with most layers detected
in summer. The vertical distribution of these layers
presents a maximum around 2 km of altitude,
suggesting that many of these features could
interfere with the local PBL.

A detailed case study presenting the whole life
cycle of a typical free tropospheric layer was
discussed. This layer took its origin in the Saharan
boundary layer, in a major dust outbreak event.
A Lagrangian Particle Dispersion Model simulation
was used to relate this outbreak to the aerosol layer
observed by Lidar in the Paris area. The monitoring
of this layer by the backscatter Lidar demonstrated
its injection into the PBL above the observatory.
And the nature of the aerosol was discussed using
depolarization and color ratio measurements. The
injection in the PBL was further confirmed by
surface PM10 where an increase was recorded in
several air quality monitoring stations in the Paris
area. The choice of a Saharan dust event was
arbitrary and this methodology can be applied to
any of the aforementioned sources of aerosols.

To quantify the impact of the injection of aerosols
from the FT into the PBL, the whole Lidar profile
database was systematically browsed to detect any
FTBL event. The impact of FTBL events on surface
air pollution was diagnosed by comparing the
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average concentrations of PM10 for the days of
operation of the Lidar, and for the subset of selected
FTBL days. More than 150 of such features were
detected with a maximum in summer. The most
frequent process of capture of such layers is the
horizontal advection of the free tropospheric layer
while the diurnal growth of the PBL catches the
feature. The average PM10 in the few hours
following a FTBL event was found to be signifi-
cantly higher than the reference for 15 of the 16
stations. This procedure led us to show that FTBL
events were responsible of a 12% increase of PM10
levels at the surface.

LRT is known to be a major factor of variability
of trace species in the Western Central European
FT. And isolated case studies showed that down-
ward transport of pollutants from the FT to the
PBL could occur. To the best of our knowledge,
the approach proposed in the present paper offers
the first quantification of this contribution based on
a climatologically significant dataset for Western
Central Europe.

Throughout our study, we considered aerosols
layers in general without speciation of their nature
(Saharan dust, biomass burning, SOAs, etc.).
However, the Paris area is probably more exposed
to pollution plumes and biomass burning trans-
ported across the Atlantic than the Mediterranean
stations mentioned above. The Lidar used in the
present study provides measurements that can be
used for the speciation of different types of aerosols.
As discussed in Section 3.1 and in existing studies
(Wandinger et al., 2002; Gobbi et al., 2007; Cairo
et al., 1999), the Lidar depolarization ratio provides
information on their shape and their size can be
inferred from the color ratio. However, routine
retrieval of these quantities is challenging and their
use in a climatological analysis was beyond the
scope of this work. Improvement of normalization
procedures for the perpendicular signal at 532 nm
and of the backscatter of the signal at 1064 nm is
under way at SIRTA. When these products become
available a follow-on study will be conducted to
quantify the respective contribution of the anthro-
pogenic, mineral and biomass burning sources.
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