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Abstract Due toits impact on environment, tropospheric ozone received particular attention since several
decades. Ground-based networks associated with regional chemical transport models are used to monitor
and forecast surface ozone concentrations, but coverage, representativeness, and accuracy issues remain
important. Recent satellite observations have demonstrated the capacity to probe tropospheric ozone, but
there has been no explicit attempt to quantify their ability to measure ozone pollution near ground. We
propose here to assess the ability of ozone sounders to detect a photochemical ozone pollution event that is
supposed to be a favorable situation for satellite detection. We have chosen ozone pollution event over
Europe associated with a warm conveyor belt that efficiently transports photochemically produced ozone
upward. Ozone satellite products from Global Ozone Monitoring Experiment-2, Infrared Atmospheric Sounding
Interferometer (IASI), and Ozone Monitoring Instrument are analyzed here for their capacity to capture
such an event. Also, in situ observations and regional chemical-transport models show increasing ozone
concentrations in the continental and Mediterranean boundary layer and further transport to central Europe
and Scandinavia associated with upward transport. Satellite observations do not detect high ozone
concentrations within the boundary layer due the weak sensitivity near the surface. Nevertheless, we have
shown that the IR sounder IASI was able to detect, qualitatively and quantitatively, the ozone plume transported
upward by the warm conveyor belt, suggesting that a quantification of upward transport of ozone pollution
could be possible using current satellite observations. This should encourage us to further explore approaches
more sensitive to surface ozone (such as the multispectral approach) and to prepare the next generation of
still more sensitive spaceborne instruments.

1. Introduction

Tropospheric ozone is associated with well-known environmental issues. It is recognized as the third greenhouse
gas and also as a strong oxidant involved in the budget of methane as a source of the OH radical [Forster et al.,
2007]. In addition, ozone near the surface is a pollutant with strong adverse effects on human health and
vegetation [Hayes et al., 2007; Sitch et al., 2007; World Health Organization, 2013]. To understand, quantify, and if
possible mitigate its impact on the environment, we need to be able to know its concentrations (and their
evolution) from global to local scale. In Europe, background ozone concentrations are controlled on one hand
by the import of ozone-rich air masses from the stratosphere into the troposphere [Crutzen et al., 1999] and on
the other hand by continental and intercontinental transport [Fiore et al., 2009]. In the remote troposphere,
ozone is chemically produced by the slow oxidation of methane and carbon monoxide [Crutzen et al., 1999], in
the presence of nitrogen oxide (NO) and UV radiation. In the polluted planetary boundary layer (PBL), the same
processes occur at larger speed due to the oxidation of short-lived volatile organic compounds (VOCs).

This photochemical ozone production takes place over the most populated continental areas where
strongest emissions of ozone precursors occur. Finally, the balance is ensured by the dry deposition of ozone
over solid surfaces (especially vegetation). Surface measurement networks over populated areas and at
some remote locations enable an accurate (but spatially incomplete) monitoring of surface ozone concentrations.
These networks are complemented by vertical soundings and measurements made on board of commercial
aircraft [Marenco et al., 1998] and balloons that allow, for example, a better view of long-range transport.
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Regional chemical transport models (rCTMs) are efficient monitoring tools for ozone concentrations providing
also forecasting capabilities. Based on such tools, operational platforms exist now in several European countries
(see Kukkonen et al. [2012] for a review). The goals of these platforms are manifold ranging from operational
forecasting of severe ozone episodes to verification of long-term exposure and mitigation scenarios. As a
consequence, to improve the accuracy and operational aspects of such tools is now mandatory. This is the
purpose of several international programs (Seventh Framework Programme/Monitoring Atmospheric
Composition and Climate-Interim Implementation (MACC-II) (http://www.gmes-atmosphere.eu/) and Air
Quality Model Evaluation International Initiative [Rao et al., 2011]). Following approaches used in meteorology
and oceanography, the monitoring and forecasting tools developed for air quality are now using in a synergistic
manner model and observations based on assimilation techniques [Elbern and Schmidt, 2001; Blond and
Vautard, 2004; Hanea et al., 2004; Wu et al., 2008].

In this context, the use of satellite observations for pollution monitoring and evaluation is becoming more
and more popular. For the case of ozone, the last generation of spaceborne sounders is offering increased
opportunities to observe tropospheric ozone, either using UV/VIS (ultraviolet/visible) instruments like Global
Ozone Monitoring Experiment-2 (GOME-2) [see European Organisation for the Exploitation of Meteorological
Satellites, 2006] or Ozone Monitoring Instrument (OMI) [Levelt et al., 2006] or using TIR (thermal infrared)
instruments like Tropospheric Emission Spectrometer (TES) [Worden et al., 2007] or Infrared Atmospheric
Sounding Interferometer (IASI) [Clerbaux et al., 2009]. Concerning UV instruments, Liu et al. [2010] have
shown, for the case of the OMI, the potential of this sounder to detect and follow tropospheric ozone plumes.
Nevertheless, direct vertical sensitivity to boundary layer concentrations is rarely achieved due to reduced
sensitivity to lower tropospheric ozone and coarse vertical resolution. Kar et al. [2010] demonstrated the
capability of these UV/VIS instruments to occasionally “see” urban plume signatures but at monthly temporal
scales and more efficiently for isolated urban centers. Also, Wang et al. [2011] shows a good agreement
between sondes and OMI in the middle troposphere but large discrepancies between OMI and surface
observations in the case of high ozone concentrations. On the other hand, several studies have already
shown the potential of TIR instruments to monitor ozone concentrations in the troposphere and also in the
lower troposphere. In the case of IASI observations, the accuracy of the surface to 6 km partial columns has
been demonstrated with errors generally lower than 20% at midlatitudes [Keim et al., 2009; Dufour et al.,
2012]. TES observations have already been used to analyze particular ozone features such as the Eastern
Mediterranean and Middle East maxima during summer in the free troposphere [Liu et al., 2009; Worden et al.,
2009; Richards et al., 2013]. This is also the case of IASI observations that have been used to investigate ozone
pollution over polluted regions like China [Dufour et al., 2010] or Europe [Zyryanov et al., 2012]. Due to its
twice daily coverage and a large across-track swath, IASI has proven to be capable of qualitatively probing
events of elevated tropospheric ozone concentrations at daily scale, i.e., a photochemical pollution event
over eastern Europe [Eremenko et al., 2008], a deep stratospheric intrusion over Europe [Zyryanov et al., 2012],
the predominance of stratospheric intrusions that explain large ozone observed over Beijing region in winter
than in spring and summer, enhanced partial columns of ozone are observed in coincidence with pollution
alerts [Dufour et al., 2010]. This ability is, of course, of primary importance in the context of air quality.
Moreover, these observations can be used to correct models. Parrington et al. [2008] have shown how the
assimilation of TES observations could improve the representation of modeled-free tropospheric concentrations
over a summer period. On the other hand, Parrington et al. [2009] show that if the assimilation of TES
observations was modifying surface modeled fields, this did not result in a general model improvement. More
recently, using not only TES but also OMI ozone observations, Huang et al. [2013] investigated the ability of
these observations to detect a long-range transport episode and to further correct (via assimilation) the
representation of boundary layer ozone in a CTM. They conclude that these observations were not very
efficient in correcting the model in this case because of a lack of spatial coverage and maybe inadequate
accuracy of these satellite data observations. Similarly, Coman et al. [2012] have assimilated |ASI surface to
6 km ozone partial columns, allowing to reduce the model bias not only in the free troposphere but also at
the surface. Improvement at the surface was partially due to downward transport of free tropospheric air
masses, where the fields are preferentially corrected by IASI observations. Such situations occur when persistent
subsiding anticyclonic conditions are present [Foret et al., 2009].

In spite of these numerous applications, the capability of satellite ozone observations to detect photochemical
pollution occurring events within the boundary layer has not been clearly and definitively demonstrated and
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quantified. In the case of UV instruments, it has been demonstrated that while OMI has a significant sensitivity
to the tropospheric ozone column, it has small sensitivity to lower tropospheric ozone [Sellitto et al., 2011].
In fact, the sensitivity of OMI retrievals to the boundary layer is not fully exploited, due to interference with
aerosols and surface albedo [Liu et al., 2010]. Nevertheless, in the case of low cloud cover the sensitivity can be
significantly improved in the lower part of the troposphere above clouds [Liu et al., 2010]. In the case of TIR
measurements, observations are generally not very sensitive to surface ozone concentrations. Nevertheless,
pollution events, which are one of the main targets of air quality monitoring and forecasting, present some
peculiarities that are favorable to their detection by TIR sounders. Associated with intense photochemistry and
air mass stagnation, anticyclonic situations favor the occurrence of strong ozone concentrations within the
planetary boundary layer and possibly above. In such cases, cloud cover is weak and the number of available
pixel (and correspondingly the amount of information) is significant. Moreover, large boundary layer heights
favor mixing of surface ozone to altitudes where it can be detected. Also, a strong thermal contrast between the
ground and the first atmospheric layer allows improving significantly the sensitivity of TIR instruments in lower
layers. The objective of this work is to evaluate the capability of satellite instrument to observe surface and
lower tropospheric ozone concentrations in the case of a high ozone event and the way through which it can
be transported upward. To do so, a photochemical pollution case of moderate intensity, i.e., representative
of current European pollution, associated with a warm conveyor belt has been chosen. In this case, ozone
concentrations in the boundary layer are relatively high and are further lifted into the lower free troposphere
by a warm conveyor belt associated with a classical frontal situation. Such conditions are recognized to be
important processes to ventilate boundary layer pollution into the free troposphere at midlatitudes [Sinclair
et al., 2008]. In situ ozone measurements (surface and profiles) and meteorological analysis are used to
characterize this event. Available satellite observations are then confronted to these observations and
simulations made with rCTM. More precisely, in this study we have used ozone retrievals from GOME-2, OM|,
and IASl instruments. In this case of a few days event, the use of TES retrievals was not appropriate due to the
very weak sampling of the instrument.

In the following, we first give a short review of satellite products available (section 2); then we make a quick
description of modeling systems (section 3). In section 4, we describe the case study from the meteorological
point of view (section 4.1) and from the “ozone” point of view (section 4.2). In section 5, we discuss the
capability of available satellite products to observe this pollution event. Finally, conclusions and perspectives
are given (section 6).

2. Characteristics of Available Satellite Instruments and Products

Several spaceborne instruments have already evidenced their capability to observe tropospheric ozone with
reasonable accuracy. However, it is still unclear if such observations can be used to observe either qualitatively
or quantitatively photochemical pollution events. We present here the different instruments that could be
used for such a purpose.

2.1. GOME-2 (Global Ozone Monitoring Experiment-2)

Based onboard the MetOp satellites, GOME-2 is a nadir-viewing UV/VIS spectrometer which measures daytime
earth reflectance (i.e., the ratio between backscattered radiance and solar irradiance) with ground pixels of
40 km x 80 km over a swath of about 2200 km (similar to IASI). The spectral resolution is ~0.24 nm after
convolution by the instrument response function and the sampling interval ~0.12 nm. The ozone retrieval
scheme used in the present paper is described and validated by Cuesta et al. [2013]. It is originally based on
the work of Cai et al. [2012] for forward model calculations, but with spatial resolution refined by a factor of
8 (40 km x 80 km here). The scheme implements a Tikhonov-Phillips-type regularization, for which constraints
are set in a way that they match approximately the retrieval noise for the IASI approach described below.
This UV ozone retrieval considers two microwindows between 290 and 345 nm accounting for the Hartley
and Huggins bands (from, respectively, channels 1 and 2 of GOME-2). Measurements below 290 nm are not
used because of their sensitivity essentially to stratospheric ozone and due to low signal-to-noise ratios.

2.2, IASI (Infrared Atmospheric Sounding Interferometer)

The IASI instruments [Clerbaux et al., 2009] are nadir-viewing Fourier-transform spectrometers designed for
operation on the meteorological MetOp satellites launched by European Organisation for the Exploitation of
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Meteorological Satellites (EUMETSAT) and European Spatial Agency. The first instrument, considered in
this study, was launched onboard the satellite MetOp-A on 19 October 2006 and started operational
measurements in June 2007. In addition to meteorological products (surface temperature and humidity profiles,
and cloud information), the large spectral coverage (645-2760 cm™"), the high radiometric sensitivity and
accuracy, and the rather high spectral resolution (the apodized spectral resolution is 0.5 cm ™) of the instrument
allow deriving global distributions of several important atmospheric trace gases among which are ozone
[e.g., Boynard et al., 2009], CO [e.g., George et al., 2009], and ammoniac [Clarisse et al., 2009]. The nadir field
of view for one IASI pixel has the diameter of 12 km at the surface. The maximum scan angle of 48.3° from
nadir corresponds to coverage of about 2200 km across track for one swath as for GOME-2. The retrieval of
ozone profiles from IASI spectra used in the present study is based on the method described and validated in
Eremenko et al. [2008] and Dufour et al. [2012].

2.3. OMI (Ozone Monitoring Instrument)

OMIl is a Dutch/Finnish UV/VIS nadir-viewing push-broom spectrometer, which is embarked on the NASA-Aura
spacecraft [Levelt et al., 2006]. It is in the heritage of European Space Agency Global Ozone Monitoring
Instrument (GOME) [Burrows et al., 1999] and the Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography [Bovensmann et al., 1999] instruments. OMI operates in the spectral interval 270-500 nm, with
a spectral resolution of 0.42-0.63 nm and a direct nadir spatial resolution of 13 km along the track x 24 km
across the track, in the so-called “Global Mode,” while it can reach the spatial resolution of 13 km x 12km in
its “Zoom Mode.” The spatial resolution at the borders of the swath is substantially lower than the nominal
nadir resolution. The telescope of the OMI instrument has a wide field of view (114°), which corresponds to a
2600 km wide swath on the surface and global coverage time of 1 day. Since May 2007, a major degradation
in the performances of OMI has emerged as the so-called “row anomaly,” caused by a problem in the OMI
nadir port, that affects OMI radiance spectra measured for particular viewing directions of the instrument. The
row anomaly initially only affected a few cross-track pixels but has become more serious since January 2009,
affecting more than 1/3 of the cross-track pixels. More info can be found at http://www.knmi.nl/omi/research/
product/rowanomaly-background.php. The tropospheric ozone columns analyzed in the present work are
derived from the ozone profile product by Liu et al. [2010] with several major modifications described in Kim
et al. [2013]. To speed up processing, the retrieval is done here at a nadir resolution of 52 km x 48 km by
averaging (co-adding) 4/8 OMI UV1 (270-310 nm)/UV2 (310-330 nm) pixels. A major change to the retrieval
presented by Liu et al. [2010] is the constraint on measurement error. Recent downward revision of the OMI
measurement error (smaller by a factor of 1.4-2.3) [Braak, 2010], together with further reduction of this error
through co-adding, results in unrealistically small observational error specification (0.035% at 320 nm under
tropical clear conditions) that causes spurious variability in the retrieval. Therefore, a minimum measurement
error of 0.2% in the spectral region of 300-330nm is imposed. Although this error specification stabilizes
the retrievals, it significantly reduces the retrieval sensitivity compared to that in Liu et al. [2010]. Pixels with
effective cloud fraction greater than 0.3 are considered as “cloudy” and are screened out. The remaining pixels
are quality checked by means of the quality flags in the Level 2 data, and pixels affected by the row anomaly are
further excluded from the analysis.

3. Description of the Modeling System

For this study, we used two state-of-the-art rCTMs, CHIMERE [Menut et al., 2013] and MOCAGE [Barré et al.,
2013]. Configurations of both models are derived from the operational versions that have been set up for the
MACC-II project [Barré et al., 2012; Zyryanov et al., 2012]. The geographical domain covered is roughly western
Europe as shown in Figure 1. The horizontal resolution is 0.2° x 0.2° for MOCAGE and 0.25° x 0.25° for CHIMERE.
MOCAGE covers a vertical domain from the surface to the upper stratosphere (5 hPa) using 23 hybrid (o, p)
vertical levels within the troposphere. CHIMERE covers the troposphere (from the surface to 200 hPa) with a
similar vertical discretization (20 hybrid (o, p) levels). Different parameterizations used in both models are
summarized in Table 1. For advection, the MOCAGE model uses a semi-Lagrangian approach [Williamson and
Rash, 1989], while CHIMERE uses a sixth-order [Colella and Woodward, 1984] or third-order [Van Leer, 1979]
scheme in an Eulerian framework. Chemical modules are also different, since in the MOCAGE model, tropospheric
and stratospheric chemistry of ozone are represented, which is not the case in the CHIMERE model with
only tropospheric chemistry. Dry deposition schemes both follow the “resistance” approach [Wesely, 1989].
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Figure 1. Two-meter temperature fields and surface winds from IFS at 3 P.M. for (top left) 18 August 2009, (top right)
19 August 2009, (bottom left) 20 August 2009, and (bottom right) 21 August 2009.

Among external forcings, only anthropogenic emission inventories are similar for both models (TNO inventory)
[Visschedijk et al., 2007]. Other model forcings are different: MOCAGE is using the meteorological analysis from
ARPEGE [Courtier et al., 1991] at a 3 h frequency, and chemical boundary conditions are provided by the
MOCAGE-CTM itself; for both meteorology and the boundary conditions, CHIMERE is using European Centre for
Medium-Range Weather Forecast (ECMWF) products, i.e., 3-hourly forecast of Integrated Forecasting System
(IFS) and Model for Ozone And Related chemical Tracers (MOZART)-IFS. In conclusion, both rCTMs are
significantly different in their formulation and their input data, and their simultaneous use will give robustness
to the analysis and comparisons performed in this work.

4, Description of the Case Study

For this study, we have chosen an ozone pollution event of moderate intensity. It is characterized by high
surface ozone concentrations sometimes exceeding 90 ppb (i.e., the information threshold of ozone in
Europe). It is one of the most important events during summer 2009 [European Environmental Agency, 2010],
but if compared to ozone pollution events occurring between 2007 to 2012, we consider it as a rather typical
event for western and central Europe [European Environmental Agency, 2013a] far from high pollution events
occurring in 2003 and 2006 [European Environmental Agency, 2013b]. It occurred in August 2009 (19-21).
Moreover, during this period, air masses are lifted from the boundary layer upward due to the presence of a
warm conveyor belt transferring polluted air masses into the lower free troposphere as it is frequently
observed at northern midlatitudes in the vicinity of frontal systems.

Table 1. Main Parameterizations Used for CHIMERE and MOCAGE Models

Natural Emissions Chemistry Advection Convection Diffusion Dry Deposition
CHIMERE Guenther et al. [2006] MELCHIORII; Colella and Woodward Tiedtke [1989] Troen and Zhang et al. [2003]
[Menut et al., 2013] Schmidt et al. [2001] [1984]; Van Leer [1979] Mahrt [1986]
MOCAGE [Josse et al.,  Guenther et al. [1995];  RACM; Stockwell et al. Semi-Lagrangian Bechtold et al. [2001]  Louis [1979] Michou and
2004; Bousserez Dentener et al. [2005] [1997]; + REPROBUS; [Williamson and Peuch [2002]
et al., 2007] Lefevre et al. [1994] Rash, 1989]
FORET ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8480
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Figure 2. Geopotential height fields at 500 hPa from IFS at noon for (top left) 18 August 2009, (top right) 19 August 2009,
(bottom left) 20 August 2009, and (bottom right) 21 August 2009.

310

300
290 —
=
J
15 mis 280 ©
10 m/s §
o @
5m/s 270
260
250
310
300
290
=
o
=
15 mis %0 &
10 m/s g
- g
5m/s 270
260
250

Figure 3. Three-kilometer height temperature and wind fields from IFS at 3 P.M. for (top left) 18 August 2009, (top right)
19 August 2009, (bottom left) 20 August 2009, and (bottom right) 21 August 2009.
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Figure 4. HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) backtrajectories calculated for all points of the
grid (black stars). Trajectories are calculated backward from 21 August 2009 at noon at (left) 3 km altitude and at (right)
1.5km altitude for 72 h (http://www.ready.noaa.gov).

4.1. Meteorological Situation

To describe the meteorological situation, we use analysis (every 12 h) and forecast (3-hourly between analyses)
from the Integrated Forecasting System (IFS) of the European Centre for Medium-Range Weather Forecast
(ECMWEF). On 19 August 2009, an anticyclonic situation set up over western Europe and especially over
France; it was characterized by low wind speed (and associated weak dispersion), high surface temperatures
above 30°C (Figure 1), generally a good proxy of ozone pollution, and low cloud cover. The next day (20
August 2009), a low-pressure system arrived at the western tip of France. On 21 August 2009, this structure
propagated eastward with still high temperature on its eastern side. Also, geopotential height at 500 hPa
confirms this evolution, with the presence of an anticyclonic situation over Europe followed by a more and
more baroclinic circulation with the formation of a through over western Europe and a ridge over central
Europe (Figure 2). A frontal structure extending from southwest to northeast along geopotentiel isolines is
observed (Figure 2), presenting strong temperature gradients at 3 km altitude (Figure 3). It is linked to a warm
conveyor belt ahead of the low-pressure system associated with a cloud band along the front (not shown).

Warm conveyor belts favor the transport of air masses from the boundary layer to the free troposphere. They are
characterized by warm air streams that are uplifted along and ahead a cold front [Bethan et al., 1998;
Kowol-Santen et al., 2001; Agusti-Panareda et al., 2005, 2009]. HYSPLIT back trajectories [Rolph, 2013] show that air
masses arriving at 3 km altitude are mainly uplifted from layers below (1000 to 2000 m altitude) along the frontal
area (Figure 4, left). The same behavior is observed for air masses arriving at 1.5 km altitude that are uplifted
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Figure 5. Surface ozone concentrations (ppb) at 3 P.M. at European (background urban, suburban, and rural) stations
(http://acm.eionet.europa.eu/databases/airbase/).

mainly from 500 to 1000 m height. The horizontal component of trajectories follows geopotential isolines
with a southwest to northeast orientation. The vertical component shows an upward transport of continental air
masses from France and Spain (Figure 4, most of green and blue trajectories) and also from the Mediterranean
area (Figure 4, red trajectories). Moreover, PV (Potentiel vorticity) field from ECMWF have been inspected and
have shown low PV values in the area of the ozone plume, confirming no stratospheric influence during
this event.

4.2. Tropospheric Ozone Fields

Associated with this meteorological situation, ozone concentrations and their space-time evolution are now
investigated using in situ measurements. rCTMs are also used to analyze the four-dimensional evolution of
ozone fields and to understand the driving forces of their variability.

4.2.1. In Situ Observations

Ground-based ozone measurements made by regional and national networks are gathered and made available
through the Airbase database (http://acm.eionet.europa.eu/databases/airbase/). For summer 2009, we dispose of
hourly ozone concentrations at about 1200 stations. From those, we select 694 mostly background stations in
an urban, suburban, or rural environment, i.e,, industrial and traffic stations are removed because of their too local
spatial representativeness. The afternoon ozone concentrations (~3 P.M.) show the formation of the pollution
event on 19 August 2009 especially over France (Figure 5). Associated with the passage of the eastward moving
front, sharp gradients in ozone concentrations are observed on 20 and 21 August, with clean air masses over
western Europe (30-40 ppb) while stronger ozone concentrations (>60 ppb) appear eastward of the frontal area.

During this 3 day period, hourly ozone concentrations exceeding 90 ppb (i.e., the information threshold at which
population has to be informed about high ozone levels) have been observed more than 300 times mostly over
France, Germany, and Italy (Figure 5). Only one station in France has measured ozone concentrations above
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Figure 6. (top) Ozone time series (between 17 and 25 August 2009) in ppb averaged over all surface stations shown in
Figure 5 (black curve) and simulated by CHIMERE (blue curve) and MOCAGE (red curve) and (bottom) corresponding
root-mean-square errors.

120 ppb (alert threshold) on 19 August 2009. Also on the average over all sites, largest ozone values appear on
19 and 20 August, around noon (Figure 6). This situation with enhanced ozone levels and well-defined gradients
is a good opportunity to evaluate the capability of spaceborne sensors to detect surface ozone concentrations.

In addition, ozone vertical profiles measured onboard commercial aircrafts taking off and landing at Frankfurt
(Measurement of Ozone on Airbus In-service airCraft (MOZAIC) program) clearly show the increase of ozone
concentrations on 19 and 20 August (about 70 ppb at 800 m above surface layer) corresponding to the pollution
event and the decrease of concentrations on 21 August after the passage of the frontal area (Figure 7).

Back trajectories from the NOAA HYSPLIT model (http://ready.arl.noaa.gov/HYSPLIT.php) have been used to
analyze vertical profiles from MOZAIC. For the 1 km altitude peak on 19 and 20 August, trajectories show that air
masses originate from a similar altitude and have had continental pathways for at least 2 days prior to the
measurements (Figure A1). Thus, they had the opportunity to accumulate ozone precursor emissions within the
boundary layer (which height exceeded 1 km during afternoon over continental areas). This led to progressively
increasing ozone levels. Above, at 2 km altitude, for example, we see that air masses arriving around Frankfurt
on 19 August have mostly experienced zonal trajectories from the west as well as downward motion from
above 3 km height and thus were probably not affected by surface emissions over Europe, corresponding to
much lower background ozone concentrations. On the contrary, trajectories arriving on 20 August have more
continental yet subsiding trajectories from the southwestern quadrant with possible mixing with boundary
layer air masses especially over Spanish plateau where the PBL height can reach several kilometres (Figure A2).
These differences can explain the higher concentrations observed on 20 August above 1 km altitude.

As a conclusion, there is a clear

6000 . buildup of surface ozone
" EREsostod % concentrations between 18 and
ot /@\, 20 August 2009. The occurrence of a
4000 cyclonic circulation from the west
e — swept off polluted air masses to the
3000 - northeast. Meteorological analysis
= and trajectory calculations suggest
2000 the presence of a warm conveyor belt
& related to the frontal system which
1000 (//;) allows for uplifting of boundary layer
. /f{}// | air masses with large ozone

° 10 20 30 40 50 60 70 8  concentrations to higher altitudes. In

Figure 7. Ozone vertical profiles (ppb) around Frankfurt airport measured the next section, we use rCTMs to

in the MOZAIC/IAGOS (In-service Aircraft for a Global Observing System) ~ investigate and analyze these
framework between 18 and 21 August 2009. features in more detail.
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Figure 8. (left) Ozone mean vertical profiles (ppb) for available ozonesondes and MOZAIC flights. Observations are in black,
CHIMERE simulation in blue, and MOCAGE simulation in red. (right) Corresponding errors (RMSE). Mean values are calculated
over 100 m thick layers for 11 sondes (data from WOUDC (http://www.woudc.org) and NADIR (http://www.nilu.no/nadir/))
and 17 MOZAIC flights at Frankfurt.

4.2.2. Analysis of the Event Using Model Simulations

We use rCTMs to complement the analysis of the pollution event and in particular to explore the processes
driving ozone concentration variations. Several studies have shown that these models are now accurate enough
to constitute an independent and reliable source of information to study ozone pollution events especially over
Europe [Solazzo et al., 2012; Zyryanov et al., 2012]. The strength of the model is to provide a full four-dimensional
view of the event. In order to be confident that models behave well to simulate our case study, we have first
evaluated their accuracy against available surface measurements and ozone vertical profiles from sondes and
aircraft. Results are very similar to those of previous studies over longer time periods [Jaumouillé et al., 2012;
Zyryanov et al., 2012]. Figure 6 shows that models well reproduce the mean ozone diurnal cycle at the surface
with a positive bias for MOCAGE and a slightly negative bias for CHIMERE (most pronounced for 21 August
2009) during daytime. A larger overestimation of MOCAGE ozone simulations is also observed mostly during
nighttime (generally above 10 ppb at midnight). This feature, also observed to a lesser extent for CHIMERE, is
often due to the difficulty of models to well reproduce low boundary layer heights and associated more
efficient ozone losses by dry deposition and by titration with NO [Gaubert et al., 2014]. Gaubert et al. [2014]
also point out that in such conditions the representativeness of ground-based stations is often reduced,
inducing specific nighttime biases when compared to the ozone concentrations in the first model layer. In
general, RMSEs (root-mean-square errors; Figure 6, bottom) are in the range 8 to 18 ppb with mean values of
about 12 ppb for both models during daytime. Up to 7 km, both models exhibit almost constant RMSE with
values in the range of 8 to 15 ppb except for large MOCAGE RMSE of 15-30 ppb near the surface (Figure 8). It
should be noted that over such a short time period, only 28 profiles are available over the European domain,
leading to less robust results than those presented for the surface.

The inspection of both simulated ozone fields at the surface (and at 10 A.M.) confirms the setup of the pollution
event on the 19 August 2009 over western Europe and the following propagation of the pollution plume
eastward and northward on the eastern side of the cyclonic circulation along the frontal pattern (Figure 9).
From this figure, we also can see that the ozone-rich structure observed at the surface is still present in
altitude, i.e., at 3km and to a lesser extent at 5 km. It broadly follows the contours of the high-pressure ridge
at 500 hPa present over central Europe (Figure 2). Along its western edge, a northeasterly flow advects
ozone-rich air masses from the Spanish plateau and from the Mediterranean area toward Scandinavia
(Figure 3). As shown below, additional ozone transport occurs by vertical uplifting of air masses.

To quantify and understand more precisely the contribution of photochemically formed ozone in the European
boundary layer to tropospheric ozone fields, we carried out a sensitivity model analysis using the rCTM
CHIMERE. We have calculated simulated surface to 6 km partial columns for simulations in which surface
emissions (anthropogenic and natural) have been switched off. Several experiments have been conducted by
cutting off emissions from 19, 18, 17, and 16 August on and without any emissions for the whole August
simulation. For 20 August 2009, the simulation without any emissions during August (i.e., 0ozone concentrations
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Figure 9. CHIMERE-simulated ozone concentrations (ppb) at 10 A.M. and at three different altitudes above surface layer (surface, 3 km, and 5 km) for the period ran-
ging from 18 to 21 August 2009.
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Figure 10. Simulated ozone columns (surface to 6 km in DU) for 20 August 2009 (10 A.M.) when emissions are switched off
(a) since 1 August 2009; (b) since 17 August 2009; (c) since 19 August 2009; and (d) when emissions are present.

are mainly controlled by the transport of boundary conditions into the domain) shows rather homogeneous
column values ranging from 20 to 22 Dobson unit (DU) (Figure 10a). On the contrary, the control run (i.e., with
full emissions) shows (Figure 10d) much higher values (up to 30 DU) on the Mediterranean basin and in the
plume along the frontal area, indicating that these air masses contain photochemically produced ozone.
Intermediate values for column ozone are obtained if emissions are cut later (Figures 10b and 10c). These
sensitivity simulations indicate that large ozone levels near ground and in the free troposphere are controlled
not only by the precursor emissions from the previous day but also by the emissions of at least 3 days before.
Figure 9 shows that enhanced ozone partial columns are due to enhanced ozone concentrations not only in
the boundary layer but also in the free troposphere. As the spatially homogeneous ozone fields in Figure 10a
exclude horizontal advection of ozone-rich air masses, this suggests that during this episode, photochemically
produced ozone accumulated in the boundary layer and/or precursors (NO,, VOC) allowing further ozone
production are subsequently lifted. Figures 10b and 10c show that even when switching off emissions during
the pollution episode, this transport occurs. They suggest transport of ozone-rich air masses from the
Mediterranean area to higher latitudes, following the SW-NE-directed flow induced by the ridge system.
Trajectory calculations (Figure 4) and the wind patterns (Figures 1 and 3) confirm this transport and also show
its ascending nature.

To further determine the quality of the observations of each instrument, we have also plotted the surface to
6 km ozone (raw) columns as seen by the rCTMs CHIMERE and MOCAGE. The results (Figure 11) show quite
consistent modeled ozone fields in terms of the structure of the pollution event and of the amount of
simulated ozone. The positive bias of MOCAGE compared to CHIMERE observed from vertical profiles
(Figure 8) is still present. Also, some discrepancies are observed especially over the ocean. Still, the correlation
coefficient between both modeled fields is 0.94. We recall here that although both models use the same
anthropogenic emission inventories, their configurations remain significantly different in terms of meteorology
(ARPEGE/IFS), boundary conditions (MOCAGE/MOZART-IFS), chemical mechanisms (RACMOBUS/MELCHIOR2),
and also discretization. Moreover, their evaluation against surface measurements and vertical profiles
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Figure 11. Surface to 6 km ozone columns (DU) simulated by CHIMERE and MOCAGE for 19-21 August 2009 at 10 A.M.

confirms their capability to well capture this pollution event (Figures 7 and 8). Also, vertical cross sections
(at 45°N, 50°N, and 55°N) show that both models are quite consistent (Figures 12 and 13) in terms of
simulated concentrations and of spatial and temporal ozone structures, but a greater vertical extension of
the plume is generally simulated by the CHIMERE model.

This feature of the CHIMERE model is probably due to a too diffusive vertical advection scheme. We also note
that both models reproduce high ozone concentrations in the upper troposphere at the western and eastern
edges up to 50°N. This is consistent with high PV values given by the ECMWF (not shown).

5. Satellite Perspective

In this section, the capability of the spaceborne instruments to observe the pollution event described
above is evaluated. Thus, for GOME-2, OMI, and IASI, surface to 6 km ozone columns retrieved from 19 to
21 August 2009 are displayed on Figure 14. For each instrument, observations are obtained by using the
retrieval method described above (section 2). The three instruments show quite different values for
surface to 6 km ozone columns during the episode. This is mainly due to differences in instrument
sensitivity. Maps of degree of freedom (DOF) for the signal of the surface to 6 km columns show higher
values for IASI (around 0.6) than those for GOME-2 (0.3-0.4) and OMI (0.2-0.6) (Figure 15). It should be
noted that for IASI, the highest DOF values often occur over continental areas with a large thermal
contrast between surface and altitude. It should be noted that TIR instruments improve their sensitivity to
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Figure 12. Vertical cross sections of ozone concentrations (mol pm73) simulated by the CHIMERE model along three
latitudes (45°N, 50°N, and 55°N) and for 3 days (19-21 August 2009) at 10 A.M.
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the surface in case of important thermal contrast (which is the situation during the photochemical
pollution event). Enhanced DOF values appear indeed over France on 19 August and over Germany on 20
August, thus in regions of enhanced surface ozone levels. On the other hand, the highest DOFs for
GOME-2 are observed for pixels with effective cloud fraction cover around 30% (above this value, pixels
are not used). The higher DOF values of the IASI instrument are likely due to a weaker sensitivity to surface
albedo variations and to aerosol loading; both parameters severely reduce UV instrument sensitivity in the
lower troposphere [Liu et al., 2010].

A qualitative comparison between satellite observations (Figure 14) and models (Figure 11) shows that the
pollution plume seems only to be captured by the IASI sounder. The OMI observation is made at about 1 P.M.,
and model fields at 1 P.M. are rather similar to those at 3 P.M. presented on Figure 11, which thus can be used
for comparison. The high ozone event characterized by the sharp gradients along the frontal area appears to
be not well captured by OMI and GOME-2 observations. To be more quantitative, we have calculated the
correlation coefficients between model (CHIMERE and MOCAGE) surface to 6 km ozone columns and each
satellite observational field. To do this, we have selected pixels present in the rectangular area presented
on Figure 14 (bottom) where the ozone plume is present. IASI gives the best correlation with both models
(CHIMERE/MOCAGE) 0.74/0.74, against 0.54/0.55 for OMI and 0.38/0.47 for GOME-2 (relative RMSE also
confirm these results). The lower correlation coefficients of OMI and GOME-2 are related to their lower DOF
values, although model errors could also be partly responsible (if by chance, they more affect the comparison
with GOME-2 and OMI than that with IASI).

Comparing the vertical distributions of ozone simulated by models (Figures 12 and 13) to IASI vertical profiles
(Figure 16, left) makes evident discrepancies below 2 km height due to the low sensitivity of the instrument.
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Figure 13. Vertical cross sections of ozone concentrations (molum73) simulated by the MOCAGE model along three
latitudes (45°N, 50°N, and 55°N) and for 3 days (19-21 August 2009) at 10 A.M.

Nevertheless, on Figure 16, we clearly identify the ozone plume present at 45°N on 19 August and moving
eastward and northward the next days 20 and 21 August. The dynamics of the observed plume clearly are
similar to the simulated one. We also notice a negative bias between observed and simulated ozone
concentrations within the plume. Vertical profiles of GOME-2 ozone are not shown since GOME-2 DOF values
are really weak for this case. For OMI, Figure 16 (right) displays the ozone profiles and shows that the
detection of the plume is less clear compared to IASI with lower ozone gradients and vertical resolution. If
models are considered as the reference (given their good ability, as seen in section 4, to reproduce in situ
measurements in that case), we can estimate what amount of tropospheric ozone is seen by the satellite by
convoluting simulated fields with the averaging kernels of IASI. The convolution of CHIMERE with the
averaging kernels follows the formulation proposed by Rodgers [2000] as described by Coman et al. [2012,
equation 1]. These convoluted fields will indicate how the simulated field can be viewed with the “eye” of
IASI. We must recall that CHIMERE, for example, shows good ability to reproduce the vertical ozone
distribution during the episode (Figure 8). The result of this procedure is shown in Figure 17. CHIMERE
smoothed ozone fields (i.e., simulated ozone fields, combined with IASI “a prioris” above 200 hPa,
convoluted with averaging kernels of IASI) show a rather similar vertical ozone distribution than IASI
observations (Figure 16). The main discrepancies occur when high ozone concentrations initially present in
the upper troposphere (Figure 12) are distributed down to lower levels by applying the averaging kernels
(for example, at 50°N, 10°W on 20 August and at 55°N, 10°W on 21 August). These features associated to the
smoothing operation are not realistic and do not correspond to a physical feature. They only underline

the weak vertical resolution of the satellite measurement. However, these features are located outside of the
pollution plume area. By comparing smoothed (Figure 17) and raw (Figure 12) CHIMERE simulations, we
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Figure 14. Surface to 6 km ozone columns retrieved by (top) GOME-2, (middle) OMI, and (bottom) IASI for 19-21 August 2009.
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Figure 15. Degrees of freedom for signal for satellite retrievals of ozone partial column in the lower troposphere (between the surface and 6 km a.s.l.) from (a—c) IASI,
(d—f) OMI, and (g-i) GOME-2, over Europe on 19-21 August.
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Figure 17. Vertical cross sections of ozone concentrations (mol um73) simulated by CHIMERE and smoothed using IASI
averaging kernels along three latitudes (45°N, 50°N, and 55°N) and for 3 days (19-21 2009) at 10 A.M.

notice that strong ozone concentrations simulated by CHIMERE up to 1 km height are strongly reduced in the
case of smoothed fields. This confirms that IASI observations do not have an adequate sensitivity to
accurately measure boundary layer ozone concentrations. The inspection of the altitude of the maximum of
the averaging kernels shows values often in the range from 2 to 4 km but rarely below (not shown). Similar
observations made with UV spectrometers (i.e., GOME-2 and OMI) exhibit a very different vertical structure for
this episode, in line with the difficulties noted before to catch the ozone horizontal distribution. We also have
used averaging kernels of GOME-2 and OMI to smooth CHIMERE vertical profiles. For GOME-2, if the
spatiotemporal structure of the plume is then slightly visible, ozone concentrations remains very weak and
the vertical structure not well reproduced. For OM|, it is slightly better but still far from the model output and
the IASI case (not shown). These results are well in line with the analysis of the DOF values that are weaker for
GOME-2 and OMI. To complete this analysis, we also have calculated (using model simulations) the fraction of
the surface to 6 km ozone column present below 2 km height. It represents around 30 to 40% of the total
column with a slight increase inside the plume (to 45%) for 20 August 2009 (not shown). This gives an idea of
the fraction of ozone that IASI observations will probably miss.

However, from the comparisons between Figures 11 and 14, it was clearly concluded that IASI was able to
capture the signature of the ozone pollution episode in the surface to 6 km partial columns, despite the lack
of sensitivities to lower layers. The analysis of the vertical profiles during the episode shows that the IASI

Figure 16. Vertical cross sections of ozone concentrations (mol um_3) retrieved from (top) the IASI and (bottom) the OMI
measurements along three latitudes (45°N, 50°N, and 55°N) and for 3 days (19-21 August 2009) at 10 A.M.
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instrument, in reality, sees high ozone concentrations above 1 or 2 km height. It is indeed a fact that ozone
concentrations present in the PBL and at higher levels (shown for 3 and 5km in Figure 9) are correlated,
which allows IASI to capture the pollution event. It is important to say that these correlations are not
fortuitous; as we have shown before, they are related to the concurrent presence of an anticyclonic system
at ground and of a ridge system in the free troposphere, associated to a frontal system at its western
edge. These systems lead to enhanced ozone levels, either through photochemical ozone production in
the boundary layer or through advection and vertical uplifting of ozone-rich air masses originating partly
over the Mediterranean area. Thus, the presence of large ozone values both at ground and at higher levels
is intrinsically linked. In this respect, we can positively conclude that IASI is able to “see” strong ozone
pollution episodes, in the sense that it captures a system of combined enhanced ozone concentrations at
ground and in the free troposphere.

From the point of view of a multiplatform observation strategy, while the observation of boundary layer
ozone remains difficult, our paper shows that ozone in the lower free troposphere above the boundary layer
can be detected by IASI, which is very complementary to ozone surface observations available over
continental areas. Moreover, it also shows that these satellite observations can be used to characterize the
transfer of boundary layer ozone to the free troposphere induced by frontal systems, which is an important
process in the midlatitude free tropospheric ozone budget.

6. Conclusion and Perspectives

Current satellite ozone sounders are now able to give valuable information about tropospheric ozone
concentrations. Nevertheless, their sensitivity to boundary layer ozone concentrations remains weak. We
have evaluated here their capability to detect a moderate photochemical ozone episode over Europe as
well as vertical transport of ozone from the PBL to the free troposphere. Indeed, these conditions with
high ozone loading in the lower troposphere, low cloud cover, a potentially well-developed boundary
layer, and a sharp thermal contrast are all favorable for satellite observations. We have selected a
particular ozone pollution event occurring over Europe at the end of August 2009 (19-21). As shown by
surface measurements, numerous exceedences of the information threshold have been observed during
this period. Moreover, sharp horizontal gradients and strong lifting of surface air masses into the lower
free troposphere characterize this event. This is due to a frontal pattern crossing western Europe during the
3 days of the event. This warm conveyor belt and the associated pollutant transport are well captured

by two rCTMs (CHIMERE and MOCAGE). Retrievals of surface to 6 km ozone columns have been obtained
from radiances measured by several instruments: GOME-2, OMI, and IASL. In this case study, only the

IASI instrument (using TIR spectral domain) seems to capture the ozone field structure observed at the
surface and in the lower troposphere. This is confirmed by the comparisons of satellite observations to
the simulated ozone fields (from either CHIMERE or MOCAGE model). Correlations calculated between
CHIMERE/MOCAGE and GOME-2, OMI, and IASI are, respectively, 0.38/0.47, 0.54/0.55, and 0.74/0.74,
confirming the first qualitative finding. Moreover, vertical cross sections of satellite observations and
models have confirmed the ability of the TIR sounder to detect the plume. Nevertheless, they also show
that the sensitivity of satellite observations remains weak in the boundary layer and that the part of the
plume that is detected is located in the free troposphere above 2 km height. Probably more case studies
are needed to evaluate the ability of present satellite instruments to directly observe boundary layer
ozone concentration.

We have demonstrated that the concurrent presence of an anticyclonic system at ground and of a ridge
system in the free troposphere, which is a general meteorological feature, both lead to enhanced ozone
levels, either through photochemical ozone production in the boundary layer or through advection and
vertical uplifting of ozone-rich air masses. We thus can conclude that IASI is able capture an ozone pollution
event because of this intrinsic combination of enhanced ozone concentrations at ground and in the free
troposphere. In addition, this finding opens an interesting way of using the satellite to study the transfer of
PBL ozone to the free troposphere. We also note that these observations are very complementary of surface
observations that give a better view of PBL ozone concentrations. This clearly suggests the joint use of
surface and satellite observations, for example, by data assimilation, to get improved four-dimensional ozone
fields and analyses.
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Figure A1. Frankfurt area back trajectories at 1000 km height (19 and 20 August 2009).

Considering these results, what are the perspectives for future use of satellite observations in the context of
surface ozone pollution? First, it should be mentioned that existing satellite products are still evolving. The
most striking example is the development of the joint retrieval of TIR and UV radiances that seems to be a
promising way. Pioneering work of Cuesta et al. [2013] has shown that using jointly GOME-2 and IASI
measurements allowed to measure ozone about 1 km below IASI sensitivity maxima keeping good accuracy.
Also, Fu et al. [2013] show similar results using OMI and TES sounders. Indeed, the combination of both pieces
of information allows, by giving a better constraint on stratospheric ozone using the UV information, to relax
(increase) the TIR instrument sensitivity near the surface. However, the advantage in assimilating such a
product into a CTM with respect to a combined assimilation of separate TIR and UV observations should be
evaluated in a future study. Concerning future instruments, Sellitto et al. [2013] have shown that better
sensitivity to lower tropospheric ozone and a better accuracy will be possible using the future IASI-New
Generation (IASI-NG) instrument, to be launched in the 2020 timeframe as part of the EUMETSAT Polar
System-Second Generation programme [Sellitto et al., 2014]. At that time, following the approach of Cuesta
et al. [2013], sensitivity to lower tropospheric ozone will be further improved by coupling IASI-NG (IASI-New
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Figure A2. Frankfurt area back trajectories at 2000 km height (19 and 20 August 2009).
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Generation) and the future UV/Vis sounder (onboard the same platform) measurements for joint retrievals.
Also, we have to mention the possibility of having more frequent measurements given, for example, by
geostationary platforms. Indeed, one of the limitations of current instruments (this is the case for IASI and
GOME-2) is their revisit time. At 10 A.M., we miss ozone peaks and the thermal contrast is less pronounced
than during noon and afternoon. Concerning the IRS (infrared sounder) and ultraviolet visible near-infrared
instruments onboard of the geostationary MTG platform (Meteosat Troisiéme Génération), they could be a
good opportunity to test such high temporal sampling even if these instruments will have limited accuracy
(especially IRS compared to IASI or IASI-NG). Projects for future geostationary missions dedicated to
atmospheric composition are now numerous [Fishman et al., 2012; Peuch et al., 2010; Chance et al., 2013].
Especially, the idea is to have high-accuracy instruments using multispectral coupling onboard of such
platforms or constellation of platforms [Bowman, 2013]. These future platforms will probably allow to greatly
improve future air quality monitoring from space and forecasting systems assimilating their observations.

Appendix A

Additional back trajectories calculated with the HYSPLIT model are provided here to complement the analysis
of the air mass trajectories arriving at Frankfurt and to explain the vertical profile of ozone observed at
Frankfurt airport. Back trajectories arriving at Frankfurt and at 1 km and 2 km altitude on 19-20 August 2009
are provided (Figures A1 and A2).
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