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Vertical profiles of particle mass concentration in the urban canopy above the city of Lyon have been
obtained from Lidar measurements of atmospheric backscattering, over a period of three days. The
concentrations measured at 50 m above the ground have been compared with the mass concentration of
PM10 measured by a ground-based sampler located near the Lidar site. At certain times during the
measurement campaign, the Lidar concentration measurements at 50 m agree reasonably well with the
concentrations at ground level but at other times the differences between the two sets of measurements

ﬁiﬁ:’sr‘_ﬁosol are so great that they cannot be explained by possible uncertainties in the data processing. Even when
UBL the Lidar and ground-based measurements coincide, there are significant differences between the two
PM10 signals. To explain these differences we have computed the trajectories of the air parcels that pass over
Lidar the Lidar, using a numerical model for the wind field that takes into account surface features such as

Numerical model relief and changes in roughness. This analysis showed that the differences can be explained by the
meteorological conditions (wind speed and direction, vertical profiles of temperature) and the positions
of the different sources of particulate matter relative to the measurement site. The combination of Lidar,
ground-based sampler and air mass trajectory calculations is shown to be a powerful tool for discrim-

inating between different sources of pollution, which could be useful in enforcing an urban air quality

policy.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Atmospheric aerosols are one of the greatest sources of uncer-
tainty in climate change modelling, responsible for direct and
indirect radiative forcing (IPCC, 2007). They play an important role
in the complex physical and chemical processes involved in the
photochemical reactions that affect air quality in polluted areas
(Ravishankara, 2005). Recent studies have shown that aggregation
and nucleation processes can occur everywhere (Kulmala and
Kerminen, 2008) and especially in urban areas, where they
contribute to the formation of primary and secondary organic
aerosols in both condensation and accumulation modes (Baltens-
berger et al., 2005; Imhof et al., 2005). Human health is also
sensitive to aerosols; ultra fine urban particles are thought to cause
health problems due to their small size and their capacity to absorb
Poly Aromatic Hydrocarbons (Kwamena et al., 2006). For all these
reasons, the study of the emission, transport and transformation of
aerosols in the troposphere and especially in the Planetary
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Boundary Layer (PBL) has become a key issue for atmospheric
chemistry, atmospheric surveys and for climate change modelling.
Regional scale studies of atmospheric chemistry such as INDOEX
(Satheeshl and Ramanathan, 2000), ESCOMPTE (Dobrinski et al.,
2007), ESQUIF (Vautard et al., 2003), CHABLAIS (Beniston et al.,
1990) have all highlighted the importance of the spatial distribu-
tion of atmospheric aerosols in explaining the chemical trans-
formations in the atmosphere. In this context, remote sensing by
Lidar can provide valuable information; vertical profiles of the
atmosphere with high temporal and spatial resolution provide real-
time dynamic visualization of the PBL height and vertical profiles of
aerosol density changes, which can be compared with model
predictions. However, in order to be useful for pollution monitoring
and to provide the data required for the development of emission
reduction strategies, it is necessary to develop methods for making
quantitative estimates of aerosol concentration in the urban
canopy.

This paper describes a method to explain aerosol time and space
concentration variations in an urban canopy of a major city (Lyon,
France). It is based on associating UV-Lidar measurements per-
formed during a winter smog episode with measurements from
a ground-based sampler close to the Lidar; the differences between
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the two data sets are investigated using vertical profiles of air
temperature, data for traffic flows in the agglomeration and
a numerical model to compute the trajectories of the air masses
passing over the measurement site. Although the measurements
that form the basis of this paper were made in 2002, we believe that
the results remain relevant, and the combination of techniques that
we have employed here should be useful in future studies.

The paper is organized as follows: we first describe our meth-
odology, based on combining several standard instruments and
a commercial numerical dispersion model. We then analyze the
Lidar data and explain how we obtain the aerosol mass concen-
tration distribution. The paper ends with a combined analysis of the
Lidar data, the trajectory calculations, and the ground-based PM10
measurements which demonstrates how this combined approach
can be used to identify and discriminate between different sources
of pollution. The thermal stability of the atmosphere is shown to
play an important role in determining the differences between
what is measured at the ground and what is measured higher up,
by the Lidar.

2. Methodology

Lidar vertical profiles of aerosol mass concentration show strong
diurnal variations that are not directly linked to variations in
meteorological conditions. To explain these variations, we have
computed the trajectories of the air masses that pass through the
measuring volume of the Lidar at each instant, and we have used
ground-based measurements of traffic flows and PM10 concen-
trations to provide a qualitative indicator of the temporal variation
in the aerosol mass load of the air passing through the measuring
volume.

2.1. Geographical situation

Lyon is located at the upper end of the Rhone valley where the
wind blows mainly from the SouthWest. Substantial hills to the
North (Croix-Rousse) and West (Fourviére) of the city centre
influence air flow over the city; the terrain to the East and the South
is relatively flat and homogeneous. The main sources of aerosols are
the chemical plants located to the South of the city, domestic
heating and vehicle emissions. Air quality in the city is measured by
the COPARLY', and we have used data from two of their samplers to
supplement and explain the profiles measured by the Lidar:

e La Mulatiére, to the South of the city, close to the Lyon-Mar-
seille motorway, which provides a good indication of traffic
flow through the city,

e Croix-Luizet, to the North East of the city, which provides
a good indication of traffic emissions in the immediate vicinity
of the Lidar site;

These stations provide hourly-averaged values of PM10 dry
particle concentrations at ground level, measured using the TEOM
technique. These different locations are indicated in Fig. 1, together
with major topographical features and the main road network. In
most normal meteorological conditions, PM2.5 concentrations are
correlated with traffic emissions rather than PM10 (Gomes et al.,
2008), but PM10 remains a useful indicator of pollutant emissions
from traffic flows (Vester et al., 2007). Moreover, PM2.5 was not
available during our 2002 study. Vehicle traffic on the inner ring
road was measured using a counter located at Vaulx-en-Velin,

1 Comité pour le contrdle de la Pollution Atmosphérique dans le Rhéne et la
région Lyonnaise.

which supplied hourly-averaged traffic flow data. The Lidar was
located on the campus of the Lyon University, to the North East of
the city. Meteorological data (wind speed and vertical profiles of
temperature and humidity) were supplied by Météo France from
measurements made at Bron. Measurements at the Lidar site
should not be too different from those measured at Bron, because of
the relatively flat and homogeneous terrain between these two
sites. The simulations of the trajectories of the air masses passing
over the Lidar site were made using hourly measurements of wind
velocity at Solaize, to the South of the city.

2.2. Meteorological conditions

During the whole measurement period, the weather conditions
remained relatively settled with a light wind (wind speeds in the
range 0.5—1 m s~ ') blowing from the SouthWest (wind direction
generally around 210°); the data are shown in Fig. 2. The very rapid
and short-lived changes in wind direction on January 11th and
January 13th are not significant, since they occurred at times of very
light winds, but on the 12th January the wind changed direction,
and blew steadily from the North East, at a speed of about 0.4 m s,
for a period of about 7 h, before reverting to its original direction.

Vertical profiles of temperature and humidity were measured
four times a day by Météo France at the airport at Bron; these
profiles are shown in Fig. 3. The profiles show similar behaviour
over the three days of this study; the lower part of the atmosphere
is very stable at night and in the early morning, with a temperature
inversion around 400 m, and a nearly adiabatic profile above 400 m.
By around midday each day, heating from the ground has inverted
the temperature gradient, creating a slightly convective layer which
extends up to about 400 m, capped by a thin layer of stable air.

The Relative Humidity (RH) varied in a similar way over the
period of the study. Close to the ground, it rises to 90—100% during
the night and early morning, falling to about 55—70% during the
day; these diurnal variations in RH extend up to about 100 m from
the ground, and it is only above this height that the values tend to
become relatively steady over the day. For most of the time, the RH
in the PBL remained below 70% and this has a significant impact on
the hygroscopic growth of aerosol particles.

2.3. Ground-based measurements of traffic flows and PM10

Fig. 4 shows the traffic flows on the inner ring road, in vehicles
per hour, together with PM10 mass concentration measured at La
Mulatiére and at Croix-Luizet. The volume backscattering R-ratio for
the Lidar (see Section 2.5) is also shown on the graph, for compar-
ison, at a height of 50 m. The Lidar did not provide an unbroken
record during the measurement period, so there are gaps in the
R-ratio curve, corresponding to the periods without a Lidar signal.

The traffic flow measured at Vaulx-en-Velin shows two peaks on
the 11th January, corresponding to rush hours, and single, broader
peaks on the 12th and 13th January, reflecting the general change in
vehicle usage over the weekend. It represents traffic flows within
the agglomeration. PM10 mass concentrations measured at La
Mulatiére and at Croix-Luizet are in general strongly influenced by
traffic flows, since both stations are close to major traffic arteries
and motorways. The station at La Mulatiére is also exposed to
emissions from the chemical plants to the South, when they are
carried northwards over Lyon by the wind. In general, PM10
concentrations are highest during the day, and lowest at night, and
this coincides with variations in traffic flows measured at Vaulx-
en-Velin. The concentrations are higher on the 11th January
(Friday) than on the following two days because traffic flows are
lower at the weekend. The highest PM10 concentration
(205 pg m—3) was observed at La Mulatiére at around midday on the
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Fig. 1. General geographical situation: the Lidar site is shown together with major topographical features (Croix-Rousse, Fourviére), the main road network (Paris—Lyon motorway,
Lyon—Marseille motorway), two PM10 monitoring stations (La Mulatiére, Croix-Luizet), a vehicle traffic counter (Vaulx-en-Velin) and meteorological sites (Météo France Bron, Solaize).

11th of January, and this coincides well with the peak measured at
Croix-Luizet. The concentrations exceed the regulatory daily
average threshold of 50 ug m~> for almost the entire period.

2.4. Lidar measurements

The Lidar consists of a 10 ns pulsed Nd:YAG laser source emit-
ting at 355 nm to ensure eye-safety, combined with an f/3 (200 mm
aperture) Newtonian telescope to collect backscattered light from
the atmosphere. A 3 nm interference filter inserted on the detector
optical path ensures daylight suppression, and photoelectrons are
recorded using a 40 MHz 10-bit transient recorder (Licel) providing
7.5 m range-resolution. Vertical profiles are measured over a period
of 30 s, and successive profiles are averaged over a period of 15 min.
The Lidar signal results from backscattering and extinction of
atmospheric aerosols and molecules and the aerosol load in the
atmosphere can be obtained from the Lidar backscattering R-ratio
defined at altitude z from ground level as (Weitkamp, 2005):

R(z) = 1+ B4(2)/Bm(2) (1)

where ,, (resp. () refers to the molecular (resp. aerosol) volume
backscattering coefficient (R = 1 corresponds to an aerosol-free
atmosphere). The Klett iterative algorithm (B6ckmann et al., 2005)
was used to compute the Lidar R-ratio as a function of z-altitude.

The starting point zg for the inversion algorithm was taken just
above the PBL, and the value of R at zg was determined by the
convergence of the Klett inversion algorithm. For this study,
zp = 600 m, and R(zp) = 1.20 + 0.06. To apply the Klett inversion
algorithm, a predefined value for the S-ratio is needed, where the S-
ratio is defined as the ratio between the optical extinction coeffi-
cient ag and the volume backscattering coefficient $, of the atmo-
spheric aerosols. The S-ratio, which is sensitive to the aerosol
microphysics and to the chemical composition of the particles
(Anderson et al., 2000), is altitude dependant. For this study, we
have used a mean value of 30 which agrees with the values used in
similar studies, to within 20% (Mathias and Bésenberg, 2002). The
precision of the computed R-values is estimated to range from 5% at
the top of the PBL to 10% near ground level, Ry and S being the main
sources of uncertainty.

Fig. 5 is an example of a Lidar R-ratio vertical profile retrieved
from the Lidar measurements taken at 16h30 on January 11th.
Between 50 m and 170 m the R-values fluctuate in the range from 2
to 3.8, due to corresponding fluctuations in particle concentrations.
Between 170 m and 300 m the R-values are relatively constant,
indicating that particles are mixed much more evenly in this part of
the atmosphere. These observations can be correlated with vertical
profiles of atmospheric temperature (Fig. 3). In the lower part of the
atmosphere, up to a height of about 170 m, the temperature
decreases with altitude more rapidly than the adiabatic dry lapse
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Fig. 2. Wind direction and wind speed measurements made at Bron. On the 12th January, the wind changed direction and blew steadily from the North East.
rate indicating the presence of a convective mixed layer with strong M = K@, (3)

vertical transport of ground-generated aerosols. Between 170 m
and 300 m, the temperature decreases with altitude less rapidly
than the adiabatic dry lapse rate, suggesting a relatively stable layer,
with much reduced vertical mixing. The boundaries of these two
regions correspond to the Mixed Layer height and the PBL height,
which we have also evaluated directly from the temperature
profiles.

Atmospheric humidity can strongly influence particle size,
especially for urban aerosol field studies; for values of the Relative
Humidity over 70%, the mean size growth factor approaches 1.7,
and can rise to 2 close to the deliquescence point (Randriamiarisoa
et al., 2006). We account for possible effects of moisture content by
correcting the measured values of R to give the equivalent value of R
for scattering from dry particles. To do this, we used a recent
method (Boyouk et al., 2009) in which the correction coefficient
fscat for the optical measurements is given by:

fscat = [(1 - RH)/(‘l - RHref)}y (2)

where RH,s is the reference value for the Relative Humidity, at
which the scattering coefficient no longer varies with moisture
content and v is the Hanel coefficient. We have taken RH;f = 0.6
and y = 0.5 as proposed by Herich et al. (2008) for urban aerosols.
Above 50 m, our measured Relative Humidity lies between 55 and
80%, leading to correction coefficient fc;; values between 1 and 0.7.

2.5. Aerosol mass concentration retrieval

We then retrieved the aerosol mass concentration M (in pg m—>)
from our R-Lidar ratio measurements, using Del Guasta's method
(Del Guasta and Marini, 2000), through the following linear
relation:

where 8, (in cm™! sr!) is deduced from R-Lidar ratio measure-

ments, by applying equation (1) and optical molecular scattering,
using estimates of the vertical distribution of the density deduced
from PTU radio soundings (Fig. 3). The K constant stands as a mass
coefficient (in pg sr m~2), which can be calculated by K = <mg>/
<dog/dQ>, where <mg> is the mean aerosol mass and <da,/dQ> is
the mean aerosol backscattering cross-section, computed for
a predefined aerosol size number density distribution (Fig. 6) and
its associated chemical composition. To do this, we have used the
available physical and chemical data for dry particles in the urban
atmosphere (Malet et al., 2004; Imhof et al., 2005) by assuming
a three-mode log-normal particle number density distribution
(median diameter Dy, spread sy, and relative concentration C).

The nucleation mode (D, = 30 nm, sy, = 2, C = 0.66) consists
principally of primary soot particles and organic particles produced
by the combustion of fossil fuels. These small particles contribute
relatively little to the optical scattering signal, but very strongly to
optical absorption. Only soot particles have been considered and
modelled by Rayleigh—Gans scattering theory for diffusion from
fractal particles (Schnaiter et al., 2003).

The accumulation mode (D, = 90 nm, s, = 1.8, C = 0.33),
composed of secondary particles, is assumed to be an internal
mixture (by volume, soot and sulphate aggregates: 60%, organic
matter: 40%) (Worringen et al., 2008; Vester et al., 2007). These
particles, assumed to be spherical to apply Mie theory, dominate
optical scattering by the aerosol in the UV spectral range.

The coarse mode (D, = 2000 nm, s, = 1.7, C = 10~>) is assumed
to be composed of an internal mixture (by volume, silicates: 50%,
soot particles agglomerates: 50%) (Vester et al., 2007). Salt was not
included because our stable atmospheric conditions severely limit
the proportion of marine air in the mixed urban layer. For these



1156 A. Miffre et al. / Atmospheric Environment 44 (2010) 1152—1161

th th
2 (m) On January 11" Altitude 7 (m) On January 11 2 z(m) On January 12 Altitude z (m) On January 12' )
L B B B R B T T T T T FT T T T T T T T T
1400 | | 1400 }r 41400 1400 L 11400 F e gam \»"". L {0
AN 1 2 1 F --4-- 9am. N g
L . 4 1200 | / - 1200 L i | e 12am. N
1200 N . ] 1200 1200 e 3pm N 1200
\ ) a i ’ ! | )
1000 - “x q 1000 |y ~be3pm. 100 1000 4 1000 / < 1000
800 |- 4 80 -/ 4800 800} -4 800 f - 800
N / ] I -
> | r
600 . -4 600 - -{ 600 600 |- 4 600 | 4 600
N /
< i / i L i
.\. !
400 - —p--3pm. S» o 400 - 400 400 |- 1 400 F - 400
> | > | L |
200 |- i 4 200 | N 4200 200 4 200 4200
. kS 3 JAFERRN |
[0 J T T TR B N 0 |,|\}.,|,.,., 0 0Ly . o L I ' <€ I 0
2 0 2 4 6 8 40 50 60 70 80 90 100 2 8 40 50 60 70 80 90 100
T(O) RH (%) RH (%)
th . th
2 (m) On January 13 Altitude z (m) On January 13 z(m)
FT 5 ~V T 3 Ly T T T T T
1400 |- AN ‘"\‘\.l . - 1400 [ \'\\ —s—0am. - 1400
N S -4-- 9am.
I % \ 1 ™~ e 12am.
1200 |- AN < 41200 ~_ e 3pm. 7 1200
L | LI i "
N \
1000 - \ﬂ H - 1000 [ ) - 1000
800 |- -~ 800 [ - 800
600 -4 600 [ - 600
400 |- 4 400 [ - 400
200 + 4 200 R - 200
olia 0 U I I ‘\.Lx S \-.\\u 0
- 8 40 50 60 70 80 90 100

RH (%)

Fig. 3. Vertical profiles of temperature T (°C) and relative humidity RH (%) measured by Météo France at Bron from the 11th January to the 13th January.
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Fig. 4. Temporal evolution of PM10 mass concentration at La Mulatiére (left triangle) and at Croix-Luizet station (right triangle), vehicle flows at Vaulx-en-Velin (squares) and Lidar
backscattering R-ratio at La Doua, at an altitude of 50 m (circles). The Vaulx-en-Velin vehicle traffic counter (resp. the Lidar R-ratio) has been multiplied by 100 (resp. 40) to make the

graph clearer.
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aged particles, Mie scattering theory was applied (Del Guasta,
2002). Their relatively low number (Gomes et al., 2008) limits their
contribution to optical scattering, even though they contribute 25%
of the total mass of particles (Nicolas et al., 2009).

We calculated the refractive index by applying the volume-
mixing rule for externally mixed particles proposed by Worringen
et al. (2008), using 355 nm-refractive index and densities given in
Table 1. We thus obtain K = 4.2 x 108 pg sr m~2 with an uncertainty
of the order of 30%, related to the aerosol chemical composition,
relative concentrations of the different components. This leads to
a 40% uncertainty in M, which indicates that comparison with
ground-based PM10 concentration measurements will be limited
to high aerosol concentrations.

2.6. Local air parcel trajectories

To evaluate the origin and the evolution of the air passing over
the Lidar station, numerical simulations of air particle trajectories
have been performed using the numerical model FLOWSTAR (Hunt
et al.,, 1988) which is included as part of the ADMS-3 model (Futter,
2000). The model calculates a steady wind field, from a Fourier
transform solution of the linearized equations of motion, taking
account of orographic effects, provided that the terrain is not too

08+

06

dN/dLogD

0,4+

0,24

0,01 0,1 1
Diameter (um)

Fig. 6. Urban number aerosol size distribution used for aerosol mass concentration
retrieval from Lidar backscattering measurements.

Table 1
Aerosol particles 355 nm-refractive index and density to be considered in the
calculation of K-mass coefficient.

Aerosol mode 355 nm — refractive index Density (g cm—>)

Nucleation mode

Soot 1.4 + 0.64i 1.0 (Schnaiter et al.,
(Schnaiter et al., 2003) 2003)

Accumulation mode

Organics 1.638 + 0.01 1.3 (Mallet et al., 2004)
(Dinar et al., 2008)

Mixed soot- 1.53 + 0,05i 1.6 (Vester et al., 2007)

sulphate (Worringen et al., 2008)

Coarse mode

Silicate 1.55 + 0i 2.6

Soot aggregate 1.5 + 0.5i (Kasparian et al., 1.0 (Schnaiter et al.,

1998) 2003)

steep. It also includes the influence of atmospheric stability
through the use of Monin—Obukhov similarity theory (Irwin and
Binkowski, 1981). The boundary conditions for the model are
therefore the ground elevation in the calculation domain, the
variation in roughness height within the domain, the surface heat
flux and a wind velocity at a reference height, at one point in the
domain. The model has been used to compute the flow in a domain
measuring 32 km x 32 km which includes all of the city of Lyon and
the hilly relief to the North and the West. The wind field was
computed using the hourly measurements of wind speed and
direction from a meteorological station located at Solaize, to the
South of the city (see Fig. 1); this therefore provided a set of 72
steady wind fields for the duration of the experiment. We have
assumed that the wind speed and direction varied linearly between
these hourly measurements, so the wind field at any intermediate
time can be obtained by a linear interpolation between the two
computed fields. Forward and backward trajectories of air masses
passing 50 m above the Lidar station have thus been calculated
using an Eulerian advection scheme, with a 1 min time step.

3. Results and discussion

Vertical profiles of aerosol concentration measured by the Lidar
have been plotted as a function of time in Fig. 7. The white-coloured
areas on January 13th at 12h00 and 20h00 correspond to the
presence of low altitude cloud which prevented the computation of
aerosol concentrations. The heights of the PBL and the mixed layer
are visualised by the change in colour from purple to dark blue and
from dark blue to light blue respectively; a comparison with the R
profile in Fig. 5, for 16h30 on the 11th January, shows that these two
rather sharp colour transitions correspond to the two heights
(170 m and 280 m) at which the R-ratio varies rapidly with altitude.

The highest concentrations occur closest to the ground, indi-
cating that the aerosol load is dominated by the contribution from
ground-level emissions upwind of the Lidar. This is confirmed by
the fact that the particle concentrations vary more rapidly at higher
altitudes; the emissions vary on a rather long timescale, whereas
the concentrations at higher altitudes are determined by unsteady
convective motions in the boundary layer, with much shorter time
scales. The temperature profiles (Fig. 3) show that the regions of
high particle concentration penetrate further into the atmosphere
when the lower boundary layer is convective.

The peak particle mass concentration computed from the Lidar
measurements on the 11th January (at 21h00 and an altitude of
50 m) agrees rather well with the ground-level concentration
measured at the same time — 120 pg m~> for the Lidar data,
compared with 140 pg m~3 for the ground-based measurement.
The difference between the two can easily be accounted for by the
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effects of convection and dilution, and by uncertainties in the
computation of mass concentrations from the Lidar measurements.

During the nights of the 12th and 13th January the particle
concentrations above 50 m are very much reduced compared with
the daytime values, which can probably be explained by the strong
stratification of the boundary layer (Fig. 3) coupled with a reduction
in vehicle emissions — as can be inferred from the traffic flows at
Croix-Luizet, (Fig. 4).

The ground-level concentrations at Croix-Luizet also decrease
during the periods 0h00—10h00 and 0h00—08h00 on the 12th and
13th January respectively. This suggests that the Lidar concentra-
tions decrease because of a drop in emissions, rather than because
of strong stratification close to the ground, since this would tend to
increase ground-level concentrations through the trapping of
particles.

The Lidar measurements and those at Croix-Luizet do not
always agree so well, as can be seen from Fig. 3. Although this graph
shows the R-ratio, rather than the concentrations, the plot has been
scaled so that it is close to the equivalent particle mass concen-
tration. The R-ratio at 50 m agrees reasonably well with the
ground-based data for the 11th and 13th January, but the two are
very different on the 12th January, most notably in that the Lidar
data show a peak at 13h00, whereas the ground-based measure-
ments show a peak of similar magnitude, at 22h00.

To understand the differences between the two, we have
computed the trajectories of the air parcels that pass over the Lidar
measurement site, as described in Section 2.6; three such trajec-
tories have been plotted in Fig. 8, corresponding to the air masses
that generate the peak concentrations 50 m above the Lidar, for
each of the three days of this study.

On the evening of 11th January the wind blew fairly steadily
from the SouthWest, so the air sampled by both the Lidar and the
sampler at Croix-Luizet will have passed over the city centre, and
over the Lyon-Marseille motorway taking about an hour, the
measurements represent an integral of all that was emitted by the
agglomeration during the preceding hour. It is not surprising,
therefore that the peak concentrations at the two sites occur at the
simultaneously (Fig. 4), towards the end of the evening rush hour;
several hours after the maximum traffic flow for the evening rush
hour. However, the concentrations increase at very different rates —
the ground-level concentrations increases fairly steadily over the
period 16h00—21h00, corresponding to the build-up of traffic in

the evening rush hour, whereas at 50 m the concentration increases
much more rapidly between 20h00 and 22h00. Fig. 7 shows that
this rapid rise corresponds to a very sharp spatial concentration
gradient; very rapidly, the region of high particle concentration
rises up to a height of 120—130 m, and drops at a similar rate later in
the evening. Upwards vertical diffusion is unlikely to be able to
account for such sharp gradients, nor for such deep mixing, even if
the city acts as a heat island, driving convection in the boundary
layer. A possible explanation is that the air parcels will have passed
over the tunnel under Fourviére at the height of the evening rush
hour, when there is always a tailback, several kilometres long, on
both sides of the tunnel. The polluted air in the tunnel — which is
also much warmer than the atmospheric air — is discharged to the
atmosphere through chimneys at each end of the tunnel and rises
in the atmosphere driven by the temperature difference and
momentum. Urban emissions, however, remain confined to the
lower layers of the atmosphere by the thermal stratification in the
boundary layer, and this determines the broader peak measured at
Croix-Luizet.

On January 13th the peaks in the Lidar and ground-level
concentrations at Croix-Luizet again coincide. As on the 11th
January, the region of high concentration detected by the Lidar is
defined by very sharp concentration gradients in space and in time,
with rapid, deep penetration into the upper layers of the urban
boundary layer. The ground-based measurement shows a slower
increase in concentration, but the two systems give broadly similar
values for the maximum concentration. The peak concentration
coincides with a peak in the traffic flow measured at Vaulx-en-
Velin. The major difference with the conditions on the 11th January
is that initially the wind blows from the SouthWest, but then
changes direction, between 11h0O0 and 12h00, from which time
onwards it blows from the North. As a result the air masses that are
measured at midday over the Lidar and at Croix-Luizet, have not
passed over the city centre, nor over the tunnel under Fourviére
and will have encountered very little pollution in their immediate
past (Fig. 8). As for the 11th January, the form of the region of high
concentration in the Lidar measurements is characteristic of
a concentrated emission from a point source and the most likely
explanation for this peak is the ventilation system on the Northern
part of the ring road (TEO) which is entirely in tunnel, and which
leads directly to the traffic counting station at Vaulx-en-Velin. Later
on, in the early evening of the 13th January there is a second peak in
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Fig. 8. Local air parcel trajectories computed using FLOWSTAR (ADMS-3), for the three Lidar measurements days: 11th January (dot line), 12th January (solid line), 13th January

(dash line).

the ground-level concentrations which coincides with a smaller
peak in the traffic flow but which does not figure at all in the
concentrations measured by the Lidar. This is probably explained by
the fact that the emissions from traffic on the ring road are detected
by the ground-based sampler, but they are prevented from
diffusing upwards by the thermal stability of the boundary layer
(see Fig. 3) so they are not detected above 50 m.

The data for the 12th January are quite different The Lidar
records a significant peak between 12h00 and 13h00, whereas

ground-level concentrations only rise to comparable levels later
in the evening (19h00—24h00). The trajectory plot (Fig. 8) shows
that the wind changed direction several times during the day; early
in the morning the wind blew from the SouthWest, beginning to
change direction at about 10h00, blowing first from the East before
settling down to blow from the North. At about 14h00 it began to
rotate back, blowing first from the East and finally stabilising at
around 18h00 to blow once again from the SouthWest (Figs. 2
and 8). The air that passes over the Lidar site at 11h00 has therefore
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passed over the Lyon-Marseille motorway at around 07h00 and
then over the whole of the city. Because of the changes in wind
direction, the air masses that passed over the Lidar at 12h00 and
13h00 will have had similar trajectories, but shifted eastwards by
2—3 km. These trajectories will have passed over the petrochemical
refineries at St. Fons and Solaize at around 07h00 in the morning. It
is therefore likely that the strong vertical plumes that are measured
by the Lidar are the result of emissions collected during the passage
over Solaize and St Fons. The plumes are more diffuse than those
from the tunnels because the travel time between source and Lidar
are much longer. These industrial plumes do not appear to have
been detected at Croix-Luizet, where the concentrations are
entirely consistent with the traffic flows measured at Vaulx-en-
Velin. Previous studies of gaseous pollutant dispersion over Lyon
(Soulhac et al., 2003) using nested models and a source inventory
showed that the ground-level concentrations in the North Eastern
part of the city were dominated by vehicle and domestic emissions,
and were relatively independent of industrial emissions to the
South of the city. The broad peak in the measured concentrations at
Croix-Luizet between 18h00 and 24h00 occurs when the wind is
once again blowing from the SouthWest (Fig. 2), bringing air over
the city before it encounters the sampler. Vertical diffusion of the
polluted air is limited by the thermal stratification of the atmo-
sphere (Fig. 3) so the Lidar only records a rather broad, diffuse
increase in the concentrations above 50 m.

4. Conclusions and further work

Vertical profiles of particle mass concentration have been
obtained from Lidar measurements of atmospheric backscattering,
over a period of three days, and the concentrations measured at
50 m above the ground have been compared with the mass
concentration of PM10 measured by a ground-based sampler
located reasonably close to the Lidar site. For optical reasons, it was
not possible to make Lidar measurements closer to the ground. In
order to obtain mass concentrations from the optical backscat-
tering it was necessary to make a number of assumptions about the
atmospheric aerosol, and it is estimated that this leads to an
uncertainty of about 40% in the computation of the mass concen-
tration. For certain periods during the measurement campaign, the
Lidar concentration measurements at 50 m agree reasonably well
with the concentrations at ground level — the differences between
the two are easily within the estimated error bounds for the
computation of concentrations from the measured backscattering.
At other times the differences between the two sets of measure-
ments are so great that they cannot be explained by possible
uncertainties in the data processing. Even when the Lidar and
ground-based measurements coincide, there are significant differ-
ences between the two signals. In order to explain these differences
itis necessary to consider the trajectories of the air masses that pass
over the measurement stations; we have computed these trajec-
tories using a numerical model for the wind field that takes into
account surface features such as relief and changes in roughness.
This analysis showed that the differences can be explained by the
meteorological conditions (wind speed and direction, vertical
profiles of temperature) and the positions of the different sources
of particulate matter relative to the measurement site. As a general
conclusion, the ground-based sampler is strongly influenced by
emissions in the immediate vicinity, and, in particular, by vehicle
emissions. On the other hand, the most marked peaks in the Lidar
measurements are caused by plumes of pollutant that penetrate
much further into the upper layers of the boundary layer, and seem
to be generated by point sources linked either to tunnel ventilation
or to petrochemical plants. The thermal stratification of the
atmosphere acts to separate the influence of these phenomena.

The comparative lack of influence of these point sources on the
concentrations measured by the ground-based sampler confirms
the results of an earlier numerical study which examined the
dispersion of pollutants in the urban canopy over Lyon (Soulhac
et al., 2003). It therefore follows from this that the data from
ground-based samplers, taken in isolation, can give a very
misleading picture of particulate concentrations in the urban
canopy, and that vertical profiles of the type provided by a Lidar can
reveal significant quantities of material that are not detected at
ground level. Coupling the Lidar profiles with a trajectory model
provides a powerful tool for source identification, which could
prove invaluable in enforcing an air quality policy.

The accuracy of the mass concentration estimates could
improve measurements based on elastic and inelastic multi-
wavelength Raman scattering (Pappalardo et al., 2004). The accu-
racy will also be improved by including microphysical properties of
the aerosols (such as their hygroscopic properties). More detailed
numerical modelling should enable a better discrimination
between sources, and the inclusion of source terms and dispersion
calculations would make it possible to compare the measured
concentrations with those predicted by the model. Detailed
modelling of the flow and dispersion in the neighbourhood of the
ground-based sampler, as described in Soulhac et al. (2008) should
help in determining the relative contributions of local emissions
(traffic, domestic heating...) and more distant point sources. The
results from this study will be used in the planning of a larger, more
comprehensive measurement campaign, which will investigate, in
particular, the interaction between the complicated structure of the
urban canopy and the emissions from point sources outside the
agglomeration.
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