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Abstract

We assimilate stratospheric ozone profiles from MLS (Microwave Limb Sounder) into
the MOCAGE CTM model in order to study Stratosphere-Troposphere Exchange
(STE). This study uses two horizontal grid resolution of 2◦ and 0.2◦. The combined
impacts of MLS ozone assimilation and high horizontal resolution are illustrated in two5

case studies where STE events occurred (23 June 2009 and 17 July 2009). At high
resolution the fine filamentary structures of stratospheric air which characterise STE
events are captured by the model. To test the impact of the assimilation and the reso-
lution, we compare model outputs from different experiments (high resolution and low
resolution; MLS assimilation run and free run) with independent data (MOZAIC aircraft10

ozone data; WOUDC ozone sonde network data) not used in the assimilation. MLS
ozone analyses show a better description of the UTLS region and the stratospheric
intrusions than the free model run. In particular, at high horizontal resolution the high
resolution MLS ozone analyses presents fine filamentary ozone structures at the UTLS
and laminae structures in the tropospheric ozone profile. By using MLS ozone analy-15

ses and high resolution, ozone fluxes through the tropopause show a range of results
that lie within the range of similar previous studies. Results from backward trajectories
and forecasts results show that assimilation at high horizontal resolution of MLS ozone
profiles between 10 hPa and 215 hPa has an impact on tropospheric ozone.

1 Introduction20

In the stratosphere, ozone (O3) is known to shield the surface from harmful ultravio-
let radiation. In the middle and high troposphere ozone is the third most important
greenhouse gas after carbon dioxide (CO2) and methane (CH4). Its forcing is equiva-
lent to about 24 % of that from carbon dioxide (Ramaswamy et al., 2001). The tropo-
sphere and stratosphere are characterised by different dynamical and chemical prop-25

erties, with strong gradients of potential vorticity (PV) and ozone at the tropopause.
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Stratosphere-troposphere exchange (STE) events play a key role in controlling the
ozone budget in the Upper Troposphere/Lower Stratosphere (UTLS) (Holton et al.,
1995), which in turn affects the radiation budget (IPCC 1996). The stratosphere is
characterised by significantly high values of PV and ozone concentrations, so intrusion
of stratospheric air is expected to bring PV and ozone rich air into the troposphere.5

These intrusions typically form filamentary structures, which appear as laminae in the
ozone profiles and often exhibit mesoscale features (Holton et al., 1995; Stohl et al.,
2003). Fine scale filamentary structures of PV and ozone at lower stratosphere have
been simulated by Hauchecorne et al. (2002), Marchand et al. (2003) and Tripathi et al.
(2006) and show that high resolution simulations are needed for detailed investigation.10

In the UTLS region and on the timescale of a few days, PV and ozone are quasi-
conserved parameters (Appenzeller et al., 1996). In addition, Beekmann et al. (1994)
have shown that ozone fields and PV fields are strongly correlated in the UTLS layers
of the atmosphere. These properties have been used to estimate cross-tropopause
ozone fluxes for STE events. These estimates are typically performed using regional15

scale models, and exhibit a broad range of values (Büker et al., 2005; Ebel et al.,
1991). This variability in the flux estimates is due to the type of model (Eulerian or
Lagrangian); the method of calculation; and other parameters such as domain size,
timescale and heterogeneity of synoptic scale events that transport different amounts
of ozone. In the last few decades different methods have been used to investigate20

the flux of chemical species (in particular ozone) across the tropopause. For example,
Olsen et al. (2002) and Olsen et al. (2003) have made an estimation of the global ozone
flux by a correlation method between PV and O3 values. Jing et al. (2004) estimate the
flux by using the contour advection technique which requires a Lagrangian advection
scheme. In this study, we use the method established by Wei (1987) for diagnosing the25

flux through the tropopause in an Eulerian approach. This method was also used by
Grewe and Dameris (1996), Clark et al. (2007) and more recently at high resolution by
Luk’yanov et al. (2009).
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Ozone fields in the UTLS region have strong vertical gradients. The representation
of these gradients is a well-known limitation of most of the chemical transport models
(CTM) as described by Law et al. (2000). Ozone measurements from the Microwave
Limb Sounder (MLS) instrument onboard the Aura satellite give global coverage, and
are able to detect stratospheric profiles between 215 and 0.46 hPa. Comparisons of5

simulated ozone fields with MLS ozone observations show good agreement in the
UTLS spatial structure (Leblanc et al., 2006) and suggest that stratospheric intrusions
can be captured by MLS. Due to the sparse horizontal sampling of these profiles, MLS
ozone products are not able to resolve the synoptic-scale variabilities in the tropopause
region. To solve this issue we use data assimilation which combines observational in-10

formation with a priori information from a model in an objective way (Kalnay, 2003).
Data assimilation of stratospheric ozone profiles from satellite data has been used
extensively to study the UTLS distribution of ozone (Semane et al., 2007; El Amraoui
et al., 2010; Wargan et al., 2010). These studies show that ozone analyses from assim-
ilation of limb sounder ozone data can capture the signature of stratospheric intrusions15

in a realistic way.
In this paper we use the MOCAGE-PALM system of Météo-France to assimilate MLS

ozone data into the MOCAGE (MOdèle de Chimie Atmospherique à Grande Echelle)
CTM (Peuch et al., 1999). The aim is to have a better representation of the STE by
increasing the horizontal grid model resolution from 2◦ to 0.2◦. In addition, we improve20

the representation of the STE by assimilating MLS ozone data. In order to investigate
STE in detail, two typical cases studies are presented and validated with independent
aircraft and balloon data. For these two case studies, we estimate the ozone flux across
the tropopause. Finally, we show that estimates of STE are significantly modified by
the model resolution and the MLS ozone assimilation. The outline of the paper is as fol-25

lows: Section 2 describes the MOCAGE CTM and the assimilation method. Section 3
presents the impact of MLS ozone assimilation in the MOCAGE model. In Sect. 4, re-
sults of two case studies of STE are presented. The validation with independent data
and the ozone flux estimation at the tropopause are discussed. Before concluding,
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we discuss in Sect. 5 the impact of high resolution and MLS ozone assimilation on
tropospheric ozone.

2 Methodology

2.1 CTM model

The MOCAGE model is a three-dimensional CTM for the troposphere and the strato-5

sphere (Peuch et al., 1999) which simulates the interactions between the physical and
chemical processes. It uses a semi-Lagrangian advection scheme (Josse et al., 2004)
to transport the chemical species. It has 47 hybrid levels from the surface to ∼5 hPa
with a resolution of about 150 m in the lower troposphere increasing to 800 m in the
higher troposphere. Turbulent diffusion is calculated with the scheme of Louis (1979)10

and convective processes with the scheme of Bechtold et al. (2001). The chemical
scheme used in this study is RACMOBUS. It is a combination of the stratospheric
scheme REPROBUS (Lefèvre et al., 1994) and the tropospheric scheme RACM (Stock-
well et al., 1997). It includes 119 individual species with 89 prognostic variables and
372 chemical reactions. MOCAGE has the flexibility to be used for stratospheric studies15

(El Amraoui et al., 2008a) and tropospheric studies (Dufour et al., 2005). It is used in
the operational air quality monitoring system in France: Prev’air (Rouı̈l et al., 2008) and
in the pre-operational GMES (Global Monitoring for Environment and Security) atmo-
spheric core service (Hollingsworth et al., 2008). A detailed validation of the model has
been done using a large number of measurements during the Intercontinental Trans-20

port of Ozone and Precursors (ICARTT/ITOP) campaign (Bousserez et al., 2007). The
meteorological analyses of Météo-France, ARPEGE (Courtier et al., 1991) are used
to force the dynamics of the model every 3 h. To force the model, ARPEGE analyses
are interpolated on the MOCAGE grid. The resolution of ARPEGE analyses are in
a T798 spectral grid (i.e. resolution from 10.5 km over France to 60 km over the South25

Pacific). Moreover, MOCAGE has the possibility to be in tracer mode and to specify the
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J. Barré et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

temporal and geometrical characteristics of a tracer release. An interesting additional
capability of MOCAGE is to calculate backwards 3-D simulations, using its adjoint.

In this study, the model uses 2 domains: a global domain at 2◦ (low horizontal reso-
lution: LR) and a regional nested domain at 0.2◦ (high horizontal resolution: HR) over
Europe, from 32◦ N to 72◦ N and from 16◦ W to 36◦ E. Four modelling experiments are5

performed:

1. low resolution free model run,

2. low resolution MLS ozone analysis,

3. high resolution free model run,

4. high resolution MLS ozone analysis.10

The simulations in this paper cover the period from 1 June 2009 to 1 September 2009.
The assimilation experiment started on 1 June 2009. The initialisation field for this date
has been obtained from a free model run started from the April climatological initial
field. We thus have a free model run spin-up of 2 months in addition to 1 month of MLS
data assimilation before the 1 June 2009.15

2.2 Data assimilation system

The assimilation system used in this study is MOCAGE-PALM implemented within the
PALM framework (Buis et al., 2006). The technique used is 3D-FGAT (First Guess at
Appropriate Time, Fisher and Andersson, 2001). This technique is a compromise be-
tween the 3D-Var (3-D-variational) and the 4D-Var (4-D-variational) methods. It com-20

pares the observation and background at the correct time and assumes that the in-
crement to be added to the background state is constant over the entire assimilation
window. The choice of this technique limits the size of the assimilation window, since it
has to be short enough compared to chemistry and transport timescales. It has been
validated during the assimilation of ENVISAT data project (ASSET, Lahoz et al., 2007)25
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and has produced good quality results compared to independent data and other as-
similation systems (Geer et al., 2006). MOCAGE-PALM have been used to assess the
quality of satellite ozone measurements (Massart et al., 2007). It has also been proven
to be useful to overcome the possible deficiencies of the model. In this context, assim-
ilation products has been used in many atmospheric studies in relation to the ozone5

loss in the Arctic vortex (El Amraoui et al., 2008a), the tropics-mid-latitudes exchanges
(Bencherif et al., 2007), the STE (Semane et al., 2007), the exchange between the
polar vortex and the mid-latitudes (El Amraoui et al., 2008b), and diagnosing STE from
ozone and carbon monoxide fields (El Amraoui et al., 2010).

2.3 Aura/MLS ozone observations10

The Aura satellite was launched on 15 July 2004 and placed into a near-polar Earth
orbit at ∼705 km with an inclination of 98◦ and an ascending node at 13:45 UT. It
makes about 14 orbits per day. The MLS instrument onboard Aura uses the mi-
crowave limb sounding technique to measure chemical constituents and dynamical
tracers between the upper troposphere and the lower mesosphere (Waters et al.,15

2006). It provides dense spatial coverage with 3500 profiles daily between 82◦ N and
82◦ S. In this study we use the Version 2.2 of the MLS O3 dataset. It is a standard
retrieval between 215 and 0.46 hPa with a vertical resolution of 3 km in the upper
troposphere and the stratosphere. For ozone measurements the along-track reso-
lution is ∼200 km and the cross-track resolution is ∼6 km between 215 and 10 hPa.20

The estimated single profile precision in the extra-tropical UTLS region is of the or-
der of 0.04 ppmv (parts per million by volume) from 215 to 100 hPa and between
0.05 and 0.2 ppmv from 46 to 10 hPa (Froidevaux et al., 2008). For the assimilation
experiment, MLS data are selected according to the precision and quality flags rec-
ommended in the MLS Version 2.2 Level data quality and description document (see25

http://mls.jpl.nasa.gov/data/v2-2 data quality document.pdf). The respective errors for
each profile are taken into account in the assimilation process through the error co-
variance matrix of observations. Note that only measurements performed between

33425

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://mls.jpl.nasa.gov/data/v2-2_data_quality_document.pdf


ACPD
11, 33419–33463, 2011

Stratosphere-
troposphere ozone

transport

J. Barré et al.
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215 and 10 hPa are used during the assimilation experiment because of the limitation
imposed by the upper boundary (5 hPa) of the MOCAGE version used in this paper.

3 MLS assimilation

In this section, we show the impact on the MOCAGE model of MLS ozone data as-
similation. Assimilation increments, (i.e. the difference between the first guess fields5

and the analysis, in the assimilation window time step) increase the ozone concentra-
tions at middle and polar latitudes in the lower stratosphere. Figure 1 (left hand panel)
shows mean increments of MLS ozone assimilation for July 2009, zonally averaged
over Europe in a relative difference in as a percentage of the ratio increments/free run
for the HR runs. MLS ozone profiles are between 10 and 215 hPa, thus the increment10

is only located at these levels. The strongest increments are located between 200
and 300 hPa and 45◦ N and 72◦ N. This figure (right hand panel) also shows relative
difference in % between the free run field and the MLS ozone analysis field, zonally
averaged over Europe for July 2009 (i.e. free run-MLS analysis/free run). Compared to
the assimilation increments, major differences between the free run and the analyses15

fields occur in the same region: between 200 and 300 hPa and 45◦ N and 70◦ N, how-
ever the impact of this difference in the troposphere is significant. Positive differences
with values around 20 % between 1000 hPa and 300 hPa and 40◦ N and 72◦ N do not
occur in assimilation increments. These differences observed in troposphere are the
result of the southward cross-tropopause advection of lower stratospheric air masses20

with increased ozone values.
Impacts of MLS assimilation in the troposphere can be extended and generalised

at global scale. Figure 2 presents zonal means of ozone over the Northern Hemi-
sphere for July 2009, for free model run (left hand side panel) and MLS ozone analysis
(right hand side panel) for LR runs. Black lines delineate the potential temperature25

iso-lines, the white lines delineate the 2 PVU iso-lines (1 PVU = 1×106 K kg−1 m2 s−1).
For the mid and polar latitudes, stratospheric rich ozone air is located above 350 K.
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In the stratosphere MLS ozone analysis values are higher than the free run values for
the levels located between 330 K and 370 K. Isentropic lines (i.e. potential temperature
lines) between 320 K and 340 K cross the 2 PVU iso-lines (i.e. a tropopause height
estimation), and go downward between 300 hPa and 600 hPa at mid-latitudes. These
lines give an idea of the mean isentropic processes during July 2009. STEs are con-5

sidered as an irreversible isentropes process in the lowermost stratosphere, where the
isentropics cross the tropopause (Postel and Hitchman, 1999). Subsequent southward
cross-tropopause advection of these increments during a STE event increases ozone
concentrations in the analyses at the location of the intrusion. This will be reflected in
the case studies presented below, which show that the analyses have higher ozone10

values than the free model run at the location of the intrusion, whereas the PV patterns
are unchanged. Within the framework of assimilation in a CTM model, the ozone distri-
bution in the stratosphere and the troposphere is modified by the MLS ozone analyses,
whereas dynamical information shown here by the 2 PVU iso-line is not.

4 Results15

4.1 Filament processes

In this section we focus on 2 STE case studies called streamers. Streamers which
can be identified as filamentary structures of stratospheric air in the UTLS, have been
characterised by Appenzeller and Davies (1992), and Appenzeller et al. (1996) with
the help of water vapour satellite measurements. These patterns with high PV values20

(but also with high ozone values and low specific humidity), with a sub-synoptic scale
or a mesoscale, can stretch southward in an irreversible way, with a length of 2000 km
to 3000 km and a maximum width of 200 km. These streamers are generated by the
Rossby wave breaking at mid latitudes (Postel and Hitchman, 1999). Streamers are
considered as an irreversible isentropic process (see Sect. 3), and as a middle scale25

mass exchange mechanism between the stratosphere and the troposphere.
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Two types of streamers are defined (Thorncroft et al., 1993): Type I has an an-
ticyclonic curve (linked to an anticyclone at its western edge) and can often break
into a train of eddies which also means a PV height anomaly train (Browning, 1993).
These eddies rolling up the stratospheric air with the tropospheric air, which allows a
favourable mixing situation by increasing the surface between the two air masses. Type5

II has a North-South orientation following a cold front stretching at the surface, with a
vortex at the southern tip (Appenzeller et al., 1996). A stretching equatorward thal-
weg often means downstream deep convection, which can generate mass transfers
between stratosphere and troposphere.

4.2 Meteorological situation10

4.2.1 Case 1: stratospheric intrusion on 23 June 2009

In this section, we describe a stratospheric intrusion which took place on 23 June 2009
over Europe and lasted 4.5 days (from 20 June, 06:00 UT, to 24 June, 18:00 UT). Fig-
ure 3a shows horizontal distribution (left hand side panels) and vertical cross-sections
(right hand side panels) of PV during the main phase of the intrusion (23 June 2009,15

12:00 UT) at two model resolutions (LR: 2◦, HR: 0.2◦). Characteristic signatures of the
intruded air are high PV. This pattern can be associated as a type I streamer described
above (see Sect. 4.1). It has an anticyclonic curve (Fig. 3b) and a NE-SW orientation
from the North of the Baltic sea to the centre of France. A train of eddies is nearly
visible at the South tip of the streamer. On 23 June 2009 12:00 UT and with a resolu-20

tion of 0.2◦ these eddies are not clearly visible. PV fields (HR and LR), show high PV
values intruding the troposphere. As expected, at upper tropospheric levels (200 hPa–
300 hPa) PV values increase between the longitude range 5◦ E–25◦ E due to the strong
cyclonic (Fig. 3b) PV anomaly occurring above. The vertical distribution shows high
stratospheric PV values (>2 PVU) below 300 hPa. At these pressure levels, rapid mix-25

ing by turbulence and convection may lead to irreversible STE events (Gouget et al.,
2000).
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4.2.2 Case 2: stratospheric intrusion on 17 July 2009

This case describes a stratospheric intrusion which took place on 17 July 2009 over
Europe and lasted 3.5 days (from 16 July, 06:00 UT, to 19 July, 18:00 UT). Figure 4b
shows the horizontal distribution (left hand side panels) and the longitude-pressure
cross-sections (right hand side panels) of PV during the main phase of the intrusion5

(17 July 2009, 15:00 UT) at the two model horizontal resolutions. This pattern can be
associated as a type II streamer described above (see Sect. 4.1). The streamer has a
more North-South orientation than the previous case study (see Sect. 4.2.2), from the
North of Ireland to the South of France. A South tip vortex over France is visible at HR.
Vertical structure shows a deep intrusion. PV fields (HR and LR), show a V-shaped10

intrusion, due to the cross section orientation. As expected, at upper tropospheric
levels (200 hPa–300 hPa) PV values increases between the longitude range 15◦ W–
8◦ E due to the strong cyclonic (Fig. 4a) PV anomaly occurring above. The vertical
distribution shows high stratospheric PV values (>2 PVU) below 400 hPa.

4.2.3 Comparison between the low resolution and the high resolution runs15

In this section we compare the PV fields from the LR runs and HR runs. On hori-
zontal distributions, the HR allows an accurate representation of the streamers in the
horizontal distributions. Horizontal gradients are increased with the HR whereas the
LR gives a very smooth representation of these streamers. For example in the case
of 23 June 2009 the LR horizontal PV field show high values (PV anomaly) over Italy20

and South-East of France which do not seem to be linked by a streamer to the polar
stratospheric air mass. The HR horizontal distributions of PV allow the representation
in the UTLS of the filamentary structures that characterise the streamers. Fine vertical
structures in the streamers are also captured in the HR runs. In both cases we notice a
vertical PV filamentary structure occurring at HR to the west of the PV height anomaly25

described in Sects. 4.2.1 and 4.2.2 (5◦ E in case 1 and 5◦ W in case 2). At LR, these
vertical structures are somewhat seen in case 2 but not captured in case 1.
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4.3 Ozone analysis fields

Figures 5 and 6 show horizontal distributions (left hand side panels) and vertical cross-
sections (right hand side panels) of ozone during the main phase of the intrusions for
case 1 (23 June 2009, 12:00 UT) and case 2 (17 July 2009, 15:00 UT) respectively.
Figures 5 and 6 compares the free model experiment and the analyses from the assim-5

ilation experiment, at two model resolutions (see Sect. 2.1). White solid lines identify
the 2 PVU iso-line, which is often used to define the dynamical tropopause. Ozone
fields and PV fields show similar patterns. These patterns are seen in the free run
experiments but more marked in the MLS assimilation runs. In horizontal distributions,
MLS ozone analyses show higher ozone values than the free runs. Generally the ver-10

tical cross sections from MLS ozone analyses show the vertical ozone gradient pulled
down in altitude where the STE takes place. The shape of the vertical ozone gradient
in MLS ozone analyses follows more closely the 2 PVU iso-line. MLS ozone analy-
ses bring to the model an added value to the ozone distribution at the UTLS layers.
Analysed ozone fields show more agreement with PV fields than free run ozone fields.15

Regarding the improvement shown by the HR fields, we can conclude as for
Sect. 4.2.3. Filamentary structures which cannot be seen or are smoothed in the LR
runs are represented accurately in the HR runs. For example, in case 1, the NE-SW
ozone filament over northern Europe is visible in the HR horizontal distribution only.
This filament is seen in the vertical cross-sections as the vertical ozone tropospheric20

patterns at 5◦ E between 300 and 500 hPa for the HR MLS ozone analysis. In case 2,
the NE-SW ozone filament over the Mediterranean sea is only seen on the HR hori-
zontal distribution. This filament corresponds in the longitude-pressure cross sections
to the vertical high volume mixing ratio (VMR) of ozone tropospheric patterns visible at
13◦ E and between 300 and 500 hPa for the HR MLS ozone analysis.25

33430

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 33419–33463, 2011

Stratosphere-
troposphere ozone

transport

J. Barré et al.
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To summarise, these filamentary structures of ozone visible at the HR runs are
smoothed or not well represented in the LR runs. At HR, ozone filamentary patterns
are more marked in the MLS ozone analyses. These filamentary structures come from
the lower stratosphere at polar and middle latitudes where the MLS increments (relative
values in %) are the largest (see Sect. 3).5

4.4 Comparison with independent datasets

In this section a validation of MLS ozone analyses during two case studies is performed
using the WOUDC (World Ozone and Ultraviolet Radiation Data Centre) ozone son-
des and the MOZAIC (Measurements of OZone, water vapour, carbon monoxide and
nitrogen oxides by in-service AIrbus airCraft) aircraft flights. The MOZAIC program10

measures ozone and other species from commercial aircraft (Marenco et al., 1998).
Comparison of the first two years of MOZAIC ozone data with ozone sonde network
data showed good agreement (Thouret et al., 1998). The WOUDC is one of the five
World Data Centres which are part of the Global Atmosphere Watch (GAW) program
of the World Meteorological Organization (WMO).15

4.4.1 Case 1: stratospheric intrusion on 23 June 2009

In this case study two MOZAIC flights have been used: a flight on 23 June 2009 from
Frankfurt (50◦ N, 8◦ E, Germany) at 08:13 UT to Calgary (51◦ N, 114◦ W, Canada) and
a flight on 23 June 2009 from Frankfurt (50◦ N, 8◦ E, Germany) at 13:00 UT to Philadel-
phia (39◦ N, 75◦ W, US). In Fig. 7 (left hand side panel), the runs at HR (solid lines)20

agree better with MOZAIC data (green line) than the LR runs (dashed lines). The
two MOZAIC flights track cross the filament near 5◦ W and 52◦ N and detect a peak of
ozone at this location. The use of HR improves considerably the ozone distribution.
Peaks detected by the MOZAIC flights are well represented by the HR runs. Where
the analyses and free model run fields at HR show the signature of the filament, the25

analyses are significantly closer to the MOZAIC data. This comparison shows that the
MLS ozone analysed fields at HR improve the representation of UTLS ozone during a
stratospheric intrusion event.
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Unfortunately there are no WOUDC vertical records well co-located in space and
time with the stratospheric intrusion event. We thus compare our results with a sonde
launched at Legionowo (Poland: 52.4◦ N, 21◦ E) at 11:17 UT on 24 June 2009. In
Fig. 8, the ozone sonde measurements (green line) are compared with the four different
experiments in this study. These profiles show that between 100 hPa and 300 hPa MLS5

ozone analyses are in better agreement with observations than the free run. In this
height range, the improvement of the HR MLS ozone analyses is characterised by a
maximum closer to the observations than for the LR MLS ozone analyses. Compared
to the tropospheric values, MLS ozone analyses show no improvement but increase
the positive bias already seen in the free model runs.10

4.4.2 Case 2: stratospheric intrusion on 17 July 2009

The MOZAIC ozone data used in this study comes from a flight on 17 July 2009 from
Frankfurt (50◦ N, 8◦ E, Germany at 11:57 UT to Atlanta (33◦ N, 84◦ W, US) and left the
regional domain at 14:16 UT. In Fig. 9 (left hand side panel), the ozone analyses (red
lines) agree better with MOZAIC data (green line) than the free model (blue lines).15

The MOZAIC flight track crosses the intrusion between 3.5◦ E and 1.5◦ W. At the loca-
tion where the analyses and free model fields show the signature of the intrusion, the
analyses are significantly closer to the MOZAIC data. This comparison shows that the
MLS ozone analysed fields generally improves the UTLS ozone representation in the
stratospheric intrusion. High resolution results (solid lines) do not show significant im-20

provement in this figure, but seems to be consistent with low resolution results (dashed
lines).

At 11:00 UT on 17 July 2009, a MeteoSwiss ozone sonde was launched from Pay-
erne (Switzerland; 46.5◦ N, 6.6◦ E). In Fig. 10, the ozone sonde measurements (green
line) are compared with the four different experiments in this study. Figure 10 shows a25

maximum located at 190 hPa in the UTLS. The analyses at high resolution are closer
to the ozone sonde data in terms of magnitude and variability with height providing the
best match with the ozone profile changes on the vertical. This maximum represents
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the east side of the V-shaped intrusion identified on the left hand side panel of Fig. 6.
HR analyses improve the representation of this maximum. A second maximum lo-
cated at 500 hPa is only represented by the MLS ozone analyses at HR. The ozone
sonde measurement is co-located with a tropospheric filament of ozone. Holton et al.
(1995) and Stohl et al. (2003) have shown that stratospheric intrusions typically form5

filamentary structures in the free troposphere, which appear as laminae in the ozone
profile. This tropospheric maximum comes from a stratospheric intrusion that occurred
few days before in Northern latitudes. A discussion of the origin of this maximum of
ozone is detailed below. This tropospheric ozone maximum shows the benefits of HR
MLS ozone analyses in the troposphere. Validation with independent datasets shows10

that fine horizontal structures at the UTLS are well captured by HR MLS ozone anal-
yses (Fig. 7). Vertical structure is improved in the UTLS and in the free troposphere
appearing as laminae in the ozone profile (Figs. 8 and 10). Results indicate that the im-
provement in the representation of the UTLS and free troposphere structures is owing
to the use of assimilation and HR.15

4.4.3 Impact in the troposphere

Between about 300 hPa and 800 hPa, in the free troposphere, the free model run at HR
is closer than HR MLS ozone analyses to the ozone sonde data in terms of magnitude.
In other words the MLS ozone analyses increase the positive bias in the troposphere
which already exists in the free runs. This suggest that too much stratospheric ozone20

is advected through the tropopause. The high horizontal resolution used in this study
is still too coarse to represent faithfully the filamentary structures of ozone in the UTLS
measured by MOZAIC aircraft. For example in case study 2 (Fig. 7), the observed
filament is very thin and horizontal ozone gradients around are very strong. MLS ozone
analyses with 0.2◦ (∼20 km) horizontal resolution have hourly temporal resolution while25

the MOZAIC data has a sampling frequency of 4 s corresponding to a distance of 1 km
between each measurements. The MLS ozone analyses are able to have a good
estimation of the maximum values, but spatial gradients are smoothed. Then MLS
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ozone analyses have a positive bias in the neighbourhood of the filaments. This means
fine structures in the ozone analyses contain too much ozone in the UTLS layers. This
suggest that MLS ozone analyses bring more ozone from stratosphere to troposphere
than the free run. This overestimation of ozone values is stronger at LR than at HR,
due to the resolution. This also suggest that LR brings more ozone from stratosphere5

to troposphere than HR.
The MLS ozone analyses are closer to the MOZAIC ozone data than the free model

run in the UTLS layers. Moreover HR adds fine horizontal and vertical structures which
are amplified by the MLS ozone analyses. Ozone fluxes in the UTLS region should be
modified by the assimilation and by the increase in horizontal resolution. These fluxes10

are estimated in the next section.

4.5 Stratosphere-troposphere ozone fluxes

4.5.1 Methodology

In this section, we focus on the calculation of the net ozone flux across the tropopause
in order to quantify the importance of the STE events according to the horizontal reso-15

lution used. There are many ways to estimate the flux of ozone across the tropopause,
for example, by correlation of concentrations of nitrous oxide (N2O) with O3 (Murphy
and Fahey, 1994) or by correlation of ozone column and PV column (Olsen et al.,
2002, 2003), the contour advection technique (Jing et al., 2004), or chemical transport
modelling (Crutzen et al., 1999). In this study, we apply the formulae of Wei (1987)20

and as described by Grewe and Dameris (1996) to calculate the net ozone flux using
MOCAGE CTM for the various runs. This method has already been applied by Clark
et al. (2007) using MOZAIC data assimilated into MOCAGE at global scale and at HR.
The method simply requires dynamical information and ozone concentration from the
model.25
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J. Barré et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The formulae can be expressed with pressure as vertical coordinate as follows:

Fp(O3)=−g−1 · [O3]

(
ω−

∂ptrop

∂t
−Vh ·∇trop ·ptrop

)
(1)

with g the acceleration of gravity, [O3] the ozone mixing ratio at the tropopause layer,
ω= dp/dt the vertical wind in pressure coordinates, ptrop the tropopause height in
pressure coordinates, and Vh the horizontal wind. The required dynamical and chemi-5

cal information is provided by the ARPEGE and MOCAGE models, respectively.
For the calculation of the STE net flux using Eq. (1) we need to determine the height

of the dynamical tropopause. We performed a sensitivity study of the height of the
dynamical tropopause using different PV values. The mid-latitude tropopause is gen-
erally found between 1.6 PVU (World Meteorological Organization, 1986) and 3.5 PVU10

(Hoerling et al., 1991) and to be in this range, we use a value between 1.5 PVU and
2.5 PVU. Multiple tropopauses criteria can exist at a given location. In this study, we de-
fine the tropopause at the highest height where the tropopause criteria are met. Such
a condition truncates the tropopause fold at its onset; therefore, any stratospheric air
entering a fold is assumed to be irreversibly transferred to the troposphere. After deter-15

mining the height of the tropopause in time and space, the STE net ozone flux across
this surface is calculated.

STE net ozone flux calculation is performed with the 4 modelling experiments. The
modelling time step is 3 h and the calculation is performed for each case period
(see Sect. 4.2) on a square area between 32◦ N–60◦ N and 0◦ W–27◦ E (1×106 km2)20

for case 1 and for case 2 on a square area between 35◦ N–65◦ N and 16◦ W–29◦ E
(1.6×106 km2). Because this study focuses on singulars STE events, the choice of the
area is defined by the location of the streamer.

4.5.2 Ozone flux results

In order to assess the importance of the PV value on the flux calculation, we made the25

calculation on a varying PV tropopause surface between 1.5 and 2.5 PVU. Figure 11
33435
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presents flux calculations averaged in space (square area defined in Sect. 4.5.1) and
time (see Sect. 4.2) for the two case studies, averaged over space (square area defined
in Sect. 4.5.1) and time (duration defined in Sects. 4.2.1 and 4.2.2). For each modelling
experiment, results show the same order of magnitude for a varying PV surface. The
flux is modified through the assimilation of the MLS ozone observations and the dif-5

ferent horizontal resolutions. Low resolution results show net ozone flux with values
between 0.5×10−10 kg m−2 s−1 and 2.0×10−10 kg m−2 s −1 whereas HR results shows
flux values between 0.2×10−10 kg m−2 s−1 and 0.5×10−10 kg m−2 s−1. We calculated
the averaged relative difference between the ozone flux from the runs (free run and
MLS ozone analyses) with the two resolutions (Table 1). The high resolution tends to10

decrease the ozone flux values whereas MLS ozone assimilation tends to increase the
flux values. Compared to the LR free run, LR ozone assimilation increases the fluxes
by 86 % for case 1 and by 109 % in case 2. Compared to the HR free run, HR ozone
assimilation increases the fluxes by 30 % for case 1 and by 56 % in case 2. The impact
of MLS ozone assimilation is different between the two cases studies. MLS assimilation15

has more impact on case 2 than in case 1. This is explained by a stronger enhance-
ment of the ozone STE pattern in MLS ozone analyses in case study 2 (see Figs. 5
and 6). Ozone values are more increased in case 1 than in case 2. Then more ozone is
advected in troposphere in case 2. MLS ozone analyses have a different contribution in
time and space, this has an impact on flux calculations. In Sect. 4.4.3 we have shown20

that MOCAGE has difficulties to represent very strong gradients when the resolution
is too coarse. This smoothed gradient representation overestimates ozone fields in
UTLS when analyses has its maximum values increased to reach the values seen in
the independent datasets. We also shown in Sect. 4.4.3 that effect is more marked at
LR than at HR. UTLS ozone overestimation is larger at LR MLS ozone analyses than at25

HR ozone analyses. With the increase of ozone values at a coarser resolution we can
easily understand that in both case studies, the MLS ozone analyses increase more
the fluxes at LR than at HR. Compared to the LR free run, the HR free run decreases
the fluxes by similar values for case 1 and for case 2, 63 % and 68 % respectively.
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Compared to the LR analyses, the HR analyses decreases the fluxes by 74 % for case
1 and 76 % for case 2. We can notice how close are the values between case 1 and
case 2. In any case, increasing the resolution decreases the STE ozone net flux in a
consistent way.

Over the past 20 yr, several studies, using varying domains, time periods and hor-5

izontal resolution, have estimated STE fluxes. For example, Büker et al. (2005),
Hitchman et al. (2003) and Lamarque and Hess (1994) worked on similar events,
over similar latitudes and using models with a horizontal resolution of the order of
1◦ and they estimated STE fluxes of 2.05× −10 kg m−2 s−1 (domain size: 9×106 km2,
duration: 2.5 days), 3.24× −10 kg m−2 s−1 (domain size: 2.5×107 km2, duration: 110

day), 1.06× −10 kg m−2 s−1 (domain size: 3×106 km2, duration: 3 days), respectively.
Luk’yanov et al. (2009) used the Wei method (Wei, 1987) on a horizontal grid reso-
lution of 0.25◦ and estimated an STE ozone flux of 0.94×10−10 kg m−2 s−1 (domain
size: 1.6×106 km2, duration: 1 day). These latter values are of the same order
of magnitude as values found by Ancellet et al. (1991) using LIDAR measurements15

(0.61×10−10 kg m−2 s−1, duration: 2.5 days). These previous studies and the present
study differ in many ways: domain size, location, duration, calculation method, model
resolution, period of the year, etc. These parameters have an influence in the flux
estimates and comparisons between these studies have to be taken with caution.
Low resolution results give STE net ozone flux values between 0.5×10−10 kg m−2 s−1

20

and 2.0×10−10 kg m−2 s−1. These values lie in the range of the previous studies
with a horizontal resolution similar to 2◦ (Büker et al., 2005; Hitchman et al., 2003;
Lamarque and Hess, 1994). High resolution results give STE flux values between
0.2×10−10 kg m−2 s−1 and 0.5×10−10 kg m−2 s−1. The values given by the HR runs
are closer to Luk’yanov et al. (2009) results, which use an horizontal resolution of25

0.25◦, and Ancellet et al. (1991) estimates from LIDAR measurements.
As mentioned in Sect. 4.4.3, MLS analyses overestimate the ozone concentrations

when independent data show strong gradients in the vertical and in the horizontal.
This overestimation of ozone is more important at LR than at HR and responsible for
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an increasing tropospheric positive bias. As expected the fluxes are increased with
MLS assimilation and thus overestimated. Within the context of the published literature
on STE ozone fluxes, the fluxes estimated from MLS ozone analyses have a realistic
order of magnitude.

5 Tropospheric impact of MLS ozone analyses at high resolution5

5.1 Backward trajectories: impact of high resolution

In this section we use MOCAGE to calculate backward trajectories in the situation of
the case study 2 (17 July 2009). The tracer was initialised between 400 and 600 hPa on
17 July 2009 at 11:00 UT where a tropospheric laminae structure was observed by the
WOUDC profile and was reasonably well represented by the HR MLS ozone analyses10

(see Sect. 4.4.2 and Fig. 10). Moreover, the model is initialised for the global domain
(LR) and for the regional domain (HR). Note that the global domain is used to constrain
the regional domain. Figure 12 shows the zonal means of tracer concentration in the
Northern Hemisphere. We observe difference in the backward trajectories for the two
experiments on 12 July 2009 at 00:00 UT, five and a half days earlier, the sounding at15

Payerne was made. We observe a larger part of the tracers around the polar UTLS for
the HR run whereas it is less evident for the LR run where the larger part of the tracers
are instead located in the mid troposphere at middle latitudes. The LR run presents a
part of the tracers close to the surface around 42◦ N. Different to the LR run, the HR run
clearly shows that the lamina structure at 500 hPa mentioned above, originates from20

the polar UTLS.

5.2 Ozone forecasts at high resolution: impact of MLS ozone analyses

In order to quantify the tropospheric impact of the MLS assimilation on the stratosphere,
a forecast of two weeks has been done. The initial state is the MLS ozone analyses on
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15 July 2009 00:00 UT and the forecast ends 14 days later on 29 July 2009 00:00 UT.
At first we compare the forecast to the WOUDC profile at Payerne on 17 July 2009
11:00 UT (Fig. 13). Two and a half days after the beginning of the forecast, the maxi-
mum of ozone in the UTLS decreases but the stratospheric and the free tropospheric
profiles show no significant changes. As already shown in Fig. 1 the largest impact5

of MLS is located in the UTLS region. The transport of ozone from UTLS to the free
troposphere takes a few days. The advantage of MLS ozone analyses (e.g. revealing
ozone features in the free troposphere) can be used to forecast the free troposphere for
about a week. Figure 14 shows the relative difference between forecasts and the MLS
ozone analyses until the end of July. The largest difference is located at the UTLS lay-10

ers and increases with time. In the first seven days of the forecast the difference in the
free troposphere (below 300 hPa) is very small, under 5 %. By constraining ozone at
the UTLS, tropospheric forecasts still contain after 7 days a strong contribution from the
MLS observations. By using MLS ozone analyses at high resolution these tropospheric
features (e.g. laminae of ozone structures in tropospheric profiles) can be forecast for15

a week. Even if MLS ozone analyses are biased in the free troposphere, this infor-
mation on ozone features probably plays a non-negligible effect in the the tropospheric
ozone budget, which will be studied in further studies. Studying the tropospheric ozone
budget is out of the scope of this paper.

6 Conclusions20

In this paper we show the benefit of high horizontal resolution and MLS ozone assim-
ilation on STE events. We use assimilation of MLS ozone profiles to constrain the
MOCAGE CTM in the UTLS at middle and high latitudes. The study is conducted over
Europe at low horizontal resolution (2◦) and high horizontal resolution (0.2◦). The as-
similation of MLS ozone tends to increase the ozone concentration in UTLS levels in25

polar and middle latitudes and we show the importance of such an increase on the
free troposphere. It is shown that the assimilation increments, advected through the
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tropopause, also affect significantly the free troposphere. The added value of MLS
ozone assimilation and its impact on troposphere are illustrated using two case stud-
ies.

These case studies (23 June 2009 and 17 July 2009) which both show a strato-
spheric intrusion, are detailed in the paper. The combination of high horizontal reso-5

lution and MLS ozone assimilation allows an accurate estimate of UTLS ozone fields.
High resolution runs are able to represent very thin filamentary structures of potential
vorticity and ozone which characterise a STE. These structures of ozone are described
more realistically in the MLS ozone analyses. The confidence of the ozone analyses
is assessed by comparison against independent measurements from MOZAIC aircraft10

and WOUDC ozone sonde. In both cases, comparison with MOZAIC flight data show
that the ozone analyses at the two resolutions provide a better description of the UTLS
and the stratospheric intrusions, than the free model run. In particular, at high horizon-
tal resolution the UTLS show fine ozone structures. In addition, the comparison with
ozone sonde measurements shows that the high horizontal resolution improves the15

representation of the UTLS. The transport at high resolution in the free troposphere
reveals a maximum of tropospheric ozone at 500 hPa (17 July 2009 case). However,
we found a bias in the free troposphere between the ozone analysis and the in-situ
data at the resolutions used. It is likely due to a too coarse model resolution in com-
parison to the MOZAIC data sampling. The model is unable to represent as strong20

gradients as shown in MOZAIC data. This affects significantly the UTLS by increasing
the concentration of ozone transported into the free troposphere, and explains the bias.

Then, we calculate and discuss different estimates of the ozone fluxes through the
tropopause using the free run, analyses and the high and low horizontal resolutions.
We find that MLS ozone analyses tend to increase the ozone fluxes whereas the high25

horizontal resolution decreases it. Even though the ozone net flux estimates show
significantly different results, the values estimated lie within the range found by other
studies for similar conditions.
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It has been shown that vertical structures in tropospheric ozone profiles appearing
as laminae in high horizontal resolution MLS ozone analyses come from the UTLS
at high latitudes. By using backward trajectories, we show that these structures which
only appear at high resolution come from the UTLS region at high latitudes. In addition,
we use MLS ozone analyses at high horizontal resolution to forecast the tropospheric5

ozone features. After 2.5 days the forecast vertical tropospheric profile is very close
to the MLS ozone analysis which has a better representation of tropospheric ozone
laminae structures than the free run. After 7 days the difference between forecast and
MLS ozone analyses in the troposphere become significant (greater than 5 %). This
confirms that improving the ozone in the UTLS region using MLS ozone data, improves10

the ozone distribution in the free troposphere revealing laminae structures in the ozone
profile.

In order to improve the variability on tropospheric ozone but also to improve the
absolute value of tropospheric ozone, we propose in a further study to extend the
geometry of the observations assimilated by combining stratospheric limb observations15

with tropospheric column nadir observations.
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Table 1. Differences between average fluxes in absolute values calculated in the range of
2.5 PVU and 1.5 PVU. LRa: Low Resolution Analysis, HRa: High Resolution Analysis, LRf: Low
Resolution Free-run, HRf: High Resolution Free-run. LR refers to 2◦ whereas HR refers to 0.2◦.

Case 1 Case 2

(LRa-LRf)/LRf 86 % 109 %
(HRa-HRf)/HRf 30 % 56 %
(HRf-LRf)/LRf −63 % −68 %
(HRa-LRa)/LRa −74 % −76 %

Domain Size 1×106 km2 1.6×106 km2

Duration 4.5 days 3.5 days
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Fig. 1. Zonal means for the month of July 2009 over Europe: left hand side: increments of
MLS ozone analyses at high horizontal resolution (0.2◦) in relative difference in %; right hand
side: MLS ozone analysis minus the associated equivalent MOCAGE free run at high horizontal
resolution (0.2◦) in relative difference in %.
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Fig. 2. Zonal means of ozone for the month of July 2009 in Northern Hemisphere (low resolu-
tion runs 2◦). Left hand side: MOCAGE free run, right hand side: MLS ozone analysis. Black
lines are the potential temperature, the white line represents the 2 PVU (an estimate of the
tropopause height).
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Fig. 3. Situation on 23 June 2009, 12:00 UT from ARPEGE analysis. (a) Potential vorticity
fields, in potential vorticity unit (1 PVU = 1×106 K kg−1 m2 s−1) from low (2◦) horizontal reso-
lution simulation (top) and high horizontal resolution (0.2◦) simulation (bottom). Left hand side
panels show longitude-latitude fields; right hand side panels show longitude-pressure cross-
sections. The white dashed line associates the vertical and the horizontal distribution by show-
ing the same location between left hand side and right hand side panels. The white solid lines
identify the 2 PVU contour. (b) Horizontal wind fields at LR near 300 hPa.
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Fig. 4. Situation on 17 July 2009, 15:00 UT from ARPEGE analysis. (a) Potential vorticity
fields, in potential vorticity unit (1 PVU =1×106 K kg−1 m2 s−1) from low horizontal resolution (2◦)
simulation (top) and high horizontal resolution (0.2◦) simulation (bottom). Left hand side panels
show longitude-latitude fields; right hand side panels show longitude-pressure cross-sections.
The white dashed line associates the vertical and the horizontal distribution by showing the
same location between left hand side and right hand side panels. The white solid lines identify
the 2 PVU contour. (b) Horizontal wind fields at LR near 300 hPa.
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Fig. 5. Ozone fields for 23 June 2009, 12:00 UT, in ppbv (parts per billion by volume) for various
experiments: LRf: Low Resolution (2◦) free run; LRa: Low Resolution (2◦) analyses; HRf: High
Resolution (0.2◦) free run and HRa: High Resolution (0.2◦) analyses. Left hand side panels
show longitude-latitude fields; right hand side panels show longitude-pressure cross-sections.
White dashed line associate vertical and horizontal distribution by showing the same location
between left hand side and right hand side panels. The white solid lines identify the 2 PVU
contour.
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Fig. 6. Ozone fields for 17 July 2009, 15:00 UT, in ppbv (parts per billion by volume) for various
experiments: LRf: Low Resolution (2◦) free run; LRa: Low Resolution (2◦) analyses; HRf: High
Resolution (0.2◦) free run and HRa: High Resolution (0.2◦) analyses. Left hand side panels
show longitude-latitude fields; right hand side panels show longitude-pressure cross-sections.
White dashed line associate vertical and horizontal distribution by showing the same location
between left hand side and right hand side panels. The white solid lines identify the 2 PVU
contour.
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Fig. 7. Left hand side panel: ozone data from MOZAIC (green line), free MOCAGE run (blue
lines) and analyses fields (red lines), in mPa (10−3 Pascals, right y-axis); flight level (black
line), in hPa (102 Pascals, left y-axis). Low resolution (2◦) and high resolution (0.2◦) results
are marked as dashed lines and solid lines, respectively. Right hand side panel: flight tracks
on 23 June 2009. Position 0 to 1000: starting at Frankfurt (50◦ N, 8◦ E, Germany, 08:13 UT)
to Calgary (51◦ N, 114◦ W, Canada). Position 1000 to 1900: starting at Frankfurt (50◦ N, 8◦ E,
Germany, 13:00 UT) to Philadelphia (39◦ N, 75◦ W, US).

33456

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33419/2011/acpd-11-33419-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 33419–33463, 2011

Stratosphere-
troposphere ozone

transport

J. Barré et al.
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Fig. 8. Ozone profiles in mPa from a sonde over Legionowo (52.4◦ N, 21.97◦ E, Poland; green
line, launched at 11:17 UT on 24 June 2009), from the free MOCAGE run (blue lines) and from
analyses (red lines). Low resolution (2◦) and high resolution (0.2◦) results are represented by
dashed and solid lines, respectively.
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Fig. 9. Left hand side panel: ozone data from MOZAIC (green line), free MOCAGE run (blue
lines) and analyses fields (red lines), units of mPa (right y-axis); flight level (black line), units of
hPa (left y-axis). Low resolution (2◦) and righ resolution (0.2◦) results are marked as dashed
lines and solid lines, respectively. Right hand side panel: flight track on 17 july 2009. Position
0 to 1700: starting at Frankfurt (50◦ N, 8◦ E, Germany, 11:57 UT) to Atlanta (33◦ N, 84◦, US).
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Fig. 10. Ozone profiles, mPa, from a sonde over Payerne (46.5◦ N, 6.6◦ E; green line, launched
at 11:00 UT on 17 July 2009), from the free MOCAGE run (blue lines) and from analyses (red
lines). Low resolution (2◦) and high resolution (0.2◦) results are represented by dashed and
solid lines, respectively.
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Fig. 11. Sensivity flux (kg m−2 s−1) from free MOCAGE run (blue lines) and from analyses (red
lines). Low resolution (2◦) and high resolution (0.2◦) results are represented by dashed and
solid lines, respectively following different PV value in a range between 1.5 PVU and 2.5 PVU.
Left case study 1: fluxes are estimated from 20 June, 06:00 UT, to 24 June, 18:00 UT. Right
case study 2: fluxes are estimated from 16 July, 06:00 UT, to 19 July, 18:00 UT.
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Fig. 12. Zonal means of a tracer initialised backward trajectories. Left hand side: Low Res-
olution (LR 2◦), right hand side: High Resolution (HR 0.2◦). Tracer concentration values are
arbitrary: from 0 to a (the maximum value).
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Fig. 13. Ozone profiles, mPa, from a sonde over Payerne (46.5◦ N, 6.6◦ E; green line, launched
at 11:00 UT on 17 July 2009), from the free MOCAGE run (blue line), from analyses (red line)
and forecasted run initialised with MLS anlyses at 00:00 UT on 15 July 2009 (orange line). All
experiments are from High Resolution (0.2◦) runs.
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Fig. 14. Hovmuller diagram of the mean profile: (Forecast-MLS ozone analyses) in %, between
44◦ N–48◦ N and 5◦ W–9◦ W (Switzerland). Forecast is initialised from MLS ozone analyses on
15 July 2009 00:00 UT.
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