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Abstract
The ozone variability observed by tropospheric ozone lidars during the ESCOMPTE campaign is analyzed by means of a hybrid-Lagrangian modeling study. Transport processes responsible for the formation of ozone-rich layers are 
identified using a semi-Lagrangian analysis of mesoscale simulations to identify the planetary boundary layer (PBL) footprint in the free troposphere. High ozone concentrations are related to polluted air masses exported from the 
Iberian PBL. The chemical composition of air masses coming from the PBL and transported in the free troposphere is evaluated using a Lagrangian chemistry model. The initial concentrations are provided by a model of chemistry 
and transport. Different scenarios are tested for the initial conditions and for the impact of mixing with background air in order to perform a quantitative comparison with the lidar observations. For this meteorological situation, the 
characteristic mixing time is of the order of 2 to 6 days depending on the initial conditions. Ozone is produced in the free troposphere within most air masses exported from the Iberian PBL at an average rate of 0.2 ppbv h−1, with a 
maximum ozone production of 0.4 ppbv h−1. Transport processes from the PBL are responsible for an increase of 13.3 ppbv of ozone concentrations in the free troposphere compared to background levels; about 45% of this 
increase is attributed to in situ production during the transport rather than direct export of ozone.

Introduction
The variability of tropospheric ozone is 
driven by (1) the transport of ozone 
produced in the PBL or in the 
stratosphere and (2) the net  
photochemical production from 
precursors during the transport in the 
free troposphere (FT).
Therefore to assess the overall impact 
of PBL venting on the free 
tropospheric ozone budget, one must 
estimate these two contributions. 
Lagrangian approaches are most 
appropriate to identify the respective 
contribution of these two types of 
processes.
Such a reconstruction is validated 
against high resolution lidar 
measurements collected during the 
ESCOMPTE campaign. This campaign 
took place in South-Eastern France in 
June 2001. The objective was to build 
an extensive dataset of physical and 
chemical measurements in the PBL 
and lower troposphere suitable to 
assess air quality models

Observations
Ozone: LIDAR
Ozone concentrations measured by the ALTO (left) and EPFL (center) lidars. The two lidars were distant of about 40km. 
Similar large scale ozone anomalies are observed in the free troposphere but the variability in the PBL is larger. Colorscales
are offset to account for the +10ppbv biais between both instruments. 

NOx: Airborne
The ARAT aircraft equipped with the MONA instrument performed several vertical profiles in the ESCOMPTE regions during 
the selected period. The average profile given below (right) gives an insight of the tropospheric NOx levels.
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Transport Processes
Synoptic situation
Between June 20th and 25th a thermal low is present above the Iberian Peninsula (a)
This convergence favors the export of PBL air towards the free troposphere (FT) through 
thermal circulations (orographic and sea breezes) as well shallow convection (c)
Once exported to the free troposphere these air masses are transported towards SE 
France following the ridge (b).

Trajectory analysis
Mesoscale backtrajectories from the ALTO measurement site (d) illustrate the path 
followed by air masses extracted from the Iberian PBL before their arrival in the 
ESCOMPTE region

Footprint of PBL air masses above the ALTO measurement site 
The synthetic representation (e) shows:
•The signature of air masses above the ALTO lidar that are coming from the PBL

•Recently extracted air masses (short residence time in the FT) correspond to the 
diurnal cycle of the PBL
•Air masses with a long residence time in the FT are coming from the Iberian PBL 
((f): location of extraction)

•Some air parcels are not coming from the PBL (no square plotted) and are coming from 
the oceanic free troposphere.

Interpretation:
•Air masses coming from the FT match well with low [O3] observed by lidar
•Air masses corresponding to the local PBL cycle are influenced by local scale processes 
and can be related to some pollution plumes observed
•The ozone content of air parcel coming from the Iberian PBL does not match observed 
levels and further investigation is needed to assess (1) their initial composition at the 
time of export from the PBL and (2) their photochemical transformation during the 
transport.

Photochemical Transformation
Initialization
The Air Quality CTM CHIMERE provides the initial chemical composition of 
air Parcels . 
Reverse Domain Filling fields of [O3] and [NOx] (1 and 2) highlight the 
need to account for the photochemical transformation (high reactivity of 
air parcels)

Eulerian Chemistry Modeling
The CHIMERE model reproduces the major FT ozone anomaly (3) above 
the ALTO lidar. However:
•The variability is underestimated 
•The Eulerian approach does not allow to assess the respective impact of 
transport and transformation

Lagrangian Chemistry Modeling: Reference simulation
CiTTyCAT models the transformation of air parcels during the transport in 
the FT (4):
•The major ozone anomaly observed by lidar is sucessfuly
reproduced as well as the high frequency variability.
•Ozone production occurs for most air masses.

Enhanced NOx simulation
Underestimation of NOx level by the CHIMERE model in the Iberian PBL 
and by CiTTyCAT at the arrival of the trajectories justifies the need to test 
a scenario where initial NOx levels are artificially multiplied by a factor 3.

Mixing with background air during the transport (5)
The simulation that gives the results closest to the lidar (for O3) and 
airborne (for NOx) observations in terms of average and standard
deviation of O3 and average NOx is the enhanced NOx scenario with a 
characteristic time of mixing of 2.5 days.
Ozone production rate during the transport is of the order of 0.2 ppbv
h−1 i.e. a net  13.3 ppbv increase during the transport in the FT.
The lagrangian approach allows to attribute about 45% of this 
increase to photochemical transformation during the transport
rather than direct export of ozone produced in the Iberian PBL.

Synoptic situation for 20010624 1200UT 
(Deutscher Wetterdienst).
Top: geopotential at 500 hPa
Bottom: mean sea level pressure
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Mesoscale backtrajectories from the ALTO 
measurement site.

Footprint of air 
masses with a 
PBL origin 
arriving above 
the LIDAR 
measurement 
site.

A square is 
plotted for each 
trajectory 
coming from 
the PBL. The 
color of the 
square 
corresponds to 
the time the air 
parcel spent in 
the free 
troposphere 
before arriving 
in the 
ESCOMPTE 
area. 

Top panel: 
squares plotted 
at the ending 
point of the 
trajectory (time 
and altitude 
above the 
lidar);

Bottom panel: 
squares plotted 
at the location 
of extraction 
from the PBL.

Reverse domain filling of ozone 
concentrations (in ppbv) for air masses 
arriving above the ALTO lidar and coming 
from the Iberian PBL. Concentrations at the 
date and location of export from the PBL 
are interpolated from the PBL air quality 
model CHIMERE.

Ozone concentrations of air masses 
above the ALTO measurement site at the 
ending point of the trajectories 
accounting for the photochemical 
transformation modeled with the 
Lagrangian Chemistry tool CiTTyCAT.

Ozone field according to the Eulerian
model CHIMERE above the 
measurement site of the ALTO lidar

Average and 
standard 
deviation of 
[O3]  (5a, 5c) 
and average 
[NOx] (5e) 
modeled with 
the hybrid-
Lagrangian 
approach 
depending on 
the 
characteristic 
time of 
turbulent 
mixing. 

Reference run in 
blue and  
enhanced initial 
NOx scenario in 
red. 
Observations 
are displayed in 
black.

Panels (5b) and 
(5d) present 
statistical tests 
for the validity 
of the 
comparison with 
the ALTO record 
with 95% 
confidence 
levels (dashed). 

The shaded 
areas 
correspond to 
optimum mixing 
times for the 
reference 
(blue), the 
enhanced NOx 
simulations 
(red), or both 
(violet).
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Ozone LIDAR observations

MesoNH
Meso scale backtrajectories
→ Origin of the air parcels Iberian PBL:

→ [O3] ?

Oceanic FT:
→ low [O3] 

CHIMERE
PBL air quality model:

→ Chemical composition of PBL air 
masses transported in the FT

[O3] and precursors
→ ? O3 prod. in the FT ?

CiTTyCAT
Lagrangian chemistry model

→ O3 prod. in the FT 

Validation against
Ozone LIDAR and

NOx airborne observations
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