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Abstract. This paper presents a comprehensive charac-
terization of a very deep stratospheric intrusion which oc-
curred over the British Isles on 15 August 2007. The sig-
nature of this event is diagnosed using ozonesonde mea-
surements over Lerwick, UK (60.14◦ N, 1.19◦ W) and is
also well characterized using meteorological analyses from
the global operational weather prediction model of Mét́eo-
France, ARPEGE. Modelled as well as assimilated fields of
both ozone (O3) and carbon monoxide (CO) have been used
in order to better document this event. O3 and CO from
Aura/MLS and Terra/MOPITT instruments, respectively, are
assimilated into the three-dimensional chemical transport
model MOCAGE of Ḿet́eo-France using a variational 3-D-
FGAT (First Guess at Appropriate Time) method. The val-
idation of O3 and CO assimilated fields is done using self-
consistency diagnostics and by comparison with independent
observations such as MOZAIC (O3 and CO), AIRS (CO) and
OMI (O3). It particularly shows in the upper troposphere
and lower stratosphere region that the assimilated fields are
closer to MOZAIC than the free model run. The O3 bias be-
tween MOZAIC and the analyses is−11.5 ppbv with a RMS
of 22.4 ppbv and a correlation coefficient of 0.93, whereas
between MOZAIC and the free model run, the correspond-
ing values are 33 ppbv, 38.5 ppbv and 0.83, respectively. In
the same way, for CO, the bias, RMS and correlation coef-
ficient between MOZAIC and the analyses are−3.16 ppbv,
13 ppbv and 0.79, respectively, whereas between MOZAIC

Correspondence to:L. El Amraoui
(laaziz.elamraoui@meteo.fr)

and the free model they are 6.3 ppbv, 16.6 ppbv and 0.71, re-
spectively. The paper also presents a demonstration of the
capability of O3 and CO assimilated fields to better describe
a stratosphere-troposphere exchange (STE) event in compar-
ison with the free run modelled O3 and CO fields. Although
the assimilation of MLS data improves the distribution of O3
above the tropopause compared to the free model run, it is
not sufficient to reproduce the STE event well. Assimilated
MOPITT CO allows a better qualitative description of the
stratospheric intrusion event. The MOPITT CO analyses ap-
pear more promising than the MLS O3 analyses in terms of
their ability to capture a deep STE event. Therefore, the re-
sults of this study open the perspectives for using MOPITT
CO in the STE studies.

1 Introduction

The troposphere and the stratosphere are characterized
by different dynamical and chemical properties, involving
strong gradients of potential vorticity (PV), relative humid-
ity (RH) and chemical species such as ozone (O3) and car-
bon monoxide (CO) at the tropopause. Dynamical, chemical
and radiative coupling between the stratosphere and the tro-
posphere are among the most important processes that must
be understood for prediction of climate change (Holton et al.,
1995). Stratosphere-troposphere exchange (STE) events play
a key role in controlling the ozone and water vapour bud-
gets of the upper troposphere and lower stratosphere (UTLS)
region. STE events can have a significant role in the radia-
tive forcing of climate change in relation to the increase of
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the anthropogenic influences (e.g.Santer et al., 2003). In
this context,Stohl et al.(2003) reported that modifications
in STE events in a changing climate may significantly affect
stratospheric ozone depletion and the oxidizing capacity of
the troposphere.

STE events have been reviewed by e.g.WMO (1986);
Davies and Schuepbach(1994); Holton et al.(1995); Stohl
et al. (2003). The exchange of mass across the tropopause
is bidirectional, with a return flow transporting tropospheric
air into the lowermost stratosphere (Danielsen, 1968; Hoor
et al., 2002). It occurs via a variety of processes on dif-
ferent scales which include both Troposphere to Strato-
sphere Transport (TST) (e.g.Zahn et al., 2000; Hoor et al.,
2002) and Stratosphere to Troposphere Transport (STT) (e.g.
Danielsen, 1968; Shapiro, 1980) events. The TST events oc-
cur mainly in the tropics, and also at higher latitudes. The
isentropic transport into the lowermost stratosphere takes
place across the extratropical tropopause (Dessler et al.,
1995) and the transport of tropospheric air into the strato-
sphere is irreversible (Hintsa et al., 1998). Conversely, the
STT events happen everywhere but dominate in the mid-
latitudes. The deep descent of stratospheric air into the tropo-
sphere leads to irreversible transport as the stratospheric air
becomes mixed with the surrounding air (Papayannis et al.,
2005).

Stratospheric intrusions are the most important manifesta-
tions of STT events in the extratropics and they are associated
with tropopause folds (Danielsen, 1968; Kentarchos et al.,
1999). These events, characterized by tongues of anoma-
lously high potential vorticity, are considered as the main
sources of ozone into the troposphere. Stratospheric intru-
sions form in the baroclinic zone beneath a jet stream, as a re-
sult of an ageostrophic circulation forced by convergence at
the jet entrance (Keyser and Shapiro, 1986). They mainly de-
pend on small-scale near-tropopause processes and they are
more frequent in the extratropical regions than further pole-
ward (e.g.Sprenger et al., 2003; Rao and Kirkwood, 2005).
The intruding stratospheric air typically forms filamentary
structures, which appear as laminae in ozone profiles and
can reveal mesoscale features on water vapour satellite im-
ages especially if they are stretched into streamers and sub-
sequently roll up (Holton et al., 1995; Stohl et al., 2003).

Knowledge of the frequency and global geographical dis-
tributions of stratospheric intrusions is important for the
climatological understanding of extratropical synoptic-scale
and mesoscale weather systems, and of irreversible mixing
between stratospheric and tropospheric air (Sprenger et al.,
2003). For these reasons, they have been widely studied
using in-situ aircraft measurements (e.g.Hoor et al., 2002;
Brioude et al., 2006), ground-based lidar sounding data (e.g.
Eisele et al., 1999), airborne lidar systems (e.g.Browell et al.,
1987), in-situ ozonesonde stations (e.g.Seidel and Randel,
2006), meteorological analyses (e.g.Wernli and Bourqui,
2002; Sprenger et al., 2003), and modelling studies (e.g.
Kentarchos et al., 1999; Hsu et al., 2005). Most of the studies

dealing with tropopause folds focused on the detection of the
stratospheric signature in the troposphere based on low RH
and high O3, PV, radioactivity (7Be, 10Be/7Be) or static sta-
bility. Relationships between tracers have also been used in
order to characterize mixing processes in the tropopause re-
gion (e.g.Zahn et al., 2000; Pan et al., 2007; Brioude et al.,
2008).

Satellite measurements based on the analysis of satel-
lite imagery from water vapour channels (e.g.Appenzeller,
1996; Wimmers et al., 2003) or the analysis of ozone total
columns (e.g.Shapiro et al., 1987; Wimmers and Moody,
2004) have also been used in order to diagnose and docu-
ment stratospheric intrusions into the troposphere. Gener-
ally, satellite measurements have the advantage that they pro-
vide global coverage which offers the opportunity to investi-
gate the mixing processes between the stratosphere and the
troposphere in the UTLS region. However, these measure-
ments are not able to resolve the synoptic-scale variabilities
in the tropopause region, neither from limb-viewing sensors
because of their sparse horizontal sampling, nor from nadir-
viewing sensors because of their poor vertical resolutions.
Moreover, the UTLS region is characterized by very high
vertical gradients. The representation of these gradients is
a well-known limitation of most of the global chemical trans-
port models (CTM) as described byLaw et al.(2000) in their
comparison between global CTM results and Measurement
of OZone and wAter vapour by aIrbus in-service airCraft
(MOZAIC) in-situ data (Marenco et al., 1998). Therefore,
the use of chemical data assimilation, which allows for an
optimal combination of model results and measurements, can
be very useful to better resolve the UTLS region. In this con-
text, Clark et al.(2007) andSemane et al.(2007) have used
O3 assimilated fields from MOZAIC in-situ measurements
and stratospheric profiles from the Michelson Interferome-
ter for Passive Atmospheric Sounding (MIPAS) instrument
onboard ENVISAT, respectively, in order to better describe
the exchange between the troposphere and the stratosphere
across the tropopause region.

The main objectives of this paper are: firstly, to docu-
ment a deep stratospheric intrusion event, which occurred
over the British Isles on 15 August 2007, using ozonesonde
measurements, meteorological analyses, as well as modelled
and assimilated fields of O3 and CO observations from the
Microwave Limb Sounder (MLS) instrument onboard Aura
satellite and from the Measurements Of the Pollution In The
Troposphere (MOPITT) instrument onboard Terra satellite,
respectively. Secondly, to evaluate the added-value of strato-
spheric O3 and tropospheric CO assimilated fields in regard
to the composition of the UTLS region and to STE events in
comparison to modelled O3 and CO fields from MOCAGE.

Thus, an original objective of this study is to evaluate the
capacity to improve the description of STE events with the
assimilation of the tropospheric CO field from MOPITT. To
our knowledge, satellite CO data assimilation, in particu-
lar from the MOPITT instrument, has not yet been used in
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scientific studies related to stratospheric intrusion events. We
will then demonstrate the capability of CO assimilated fields
from MOPITT to describe a deep stratospheric intrusion in
comparison to MLS O3 assimilated fields. Both O3 and CO
observations are assimilated into the 3-D-CTM MOCAGE
of Mét́eo-France using a variational 3-D-FGAT (First Guess
at Appropriate Time) method within the MOCAGE-PALM
assimilation system. This paper is outlined as follows. Sec-
tion 2 presents the satellite observations as well as the model
and the assimilation system used in this study. In Sect.3,
we characterize the aforementioned event with the help of
ozonesonde measurements and meteorological data. Sec-
tion 4 presents a validation of the O3 and CO assimilated
products in comparison with other independent data. The
characterization of the stratospheric intrusion event with O3
and CO assimilated fields is described in Sect.5. Main re-
sults are summarized in Sect.6.

2 Data and analysis

2.1 Aura/MLS ozone observations

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 h. It makes about
14 orbits per day. The MLS instrument onboard Aura uses
the microwave limb sounding technique to measure chemical
constituents and dynamical tracers between the upper tropo-
sphere and the lower mesosphere (Waters et al., 2006). It
provides dense spatial coverage with 3500 profiles daily be-
tween 82◦ N and 82◦ S.

In this study we use the Version 2.2 of 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. The along-track resolution of O3 is
∼200 km between 215 and 10 hPa. The estimated single-
profile precision in the extratropical UTLS region is of the
order of 0.04 ppmv from 215 to 100 hPa and between 0.05
and 0.2 ppmv from 46 to 10 hPa. For the assimilation ex-
periment, MLS data are selected according to the precision
and quality flags recommended in the MLS Version 2.2 Level
data quality and description document (seehttp://mls.jpl.
nasa.gov/data/v2-2dataquality document.pdf). The respec-
tive errors for each profile are taken into account in the as-
similation process through the error covariance matrix of ob-
servations. Note that only measurements performed between
215 and 10 hPa are used during the assimilation experiment
because of the limitation imposed by the upper boundary of
the used version of the MOCAGE model, namely 5 hPa.

2.2 Terra/MOPITT carbon monoxide observations

The MOPITT instrument (Drummond and Mand, 1996) is
onboard the Terra platform and has been monitoring global
tropospheric CO from March 2000 to date. These data have

been intensively validated (e.g.Emmons et al., 2004, 2009).
The pixel size is 22 km×22 km and the vertical profiles are
retrieved on 7 pressure levels (surface, 850, 700, 500, 350,
250 and 150 hPa). The maximum likelihood method, used to
retrieve the MOPITT CO, is a statistical combination of the
measurements and a priori information (for more informa-
tion about the MOPITT CO retrieval algorithm, seeDeeter
et al., 2003). The retrieval profiles are characterized by their
averaging kernels, which provide information on the verti-
cal sensitivity of the measurements. In this study, we con-
sider MOPITT CO (Version 3) retrievals with less than 40%
a priori contamination to insure a consistent and good quality
dataset. MOPITT data are averaged in boxes of 2◦

×2◦ to ob-
tain super-observations directly assimilated into the used ver-
sion of MOCAGE-PALM system. Moreover, in order to take
into account of the vertical resolution of the MOPITT mea-
surements, their averaging kernels as well as their a priori
profiles are considered in the assimilation procedure. Note
that the variance-covariance error matrices of MOPITT mea-
surements are also taken into account during the assimilation
process through the error covariance matrix of the observa-
tions.

2.3 MOCAGE CTM and data assimilation system

The assimilation system used in this study is MOCAGE-
PALM (e.g. El Amraoui et al., 2008a) developed jointly
between Ḿet́eo-France and CERFACS (Centre Européen
de Recherche et de Formation Avancée en Calcul Scien-
tifique) in the framework of the ASSET European project
(Lahoz et al., 2007a). MOCAGE (MOd̀ele de Chimie At-
mosph́eriqueà Grande Echelle) (Peuch et al., 1999) is a 3-
D-CTM which covers the planetary boundary layer, the free
troposphere, and the stratosphere. It provides a number
of optional configurations with varying domain geometries
and resolutions, as well as chemical and physical param-
eterization packages. It has the flexibility to use several
chemical schemes for stratospheric and tropospheric stud-
ies. MOCAGE is used for several applications: operational
chemical weather forecasting in Mét́eo-France (Dufour et al.,
2004), tropospheric as well as stratospheric research studies
(e.g. Josse et al., 2004; Michou et al., 2005; Ricaud et al.,
2009a,b), and data assimilation research (e.g.Cathala et al.,
2003; Pradier et al., 2006; Clark et al., 2007; Semane et al.,
2007; El Amraoui et al., 2008a,b; Semane et al., 2009). In
this study, MOCAGE is forced dynamically by external wind
and temperature fields from the ARPEGE model analyses,
the global operational weather prediction model of Mét́eo-
France (Courtier et al., 1991). The MOCAGE horizontal res-
olution used for this study is 2◦ both in latitude and longitude
and the model uses a semi-Lagrangian transport scheme. It
includes 47 hybrid (σ , P ) levels from the surface up to 5 hPa,
whereσ=P/Ps; P andPs are the pressure and the surface
pressure, respectively. MOCAGE has a vertical resolution of
about 800 m in the vicinity of the tropopause and in the lower
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stratosphere. A detailed validation of the model using a large
number of measurements during the Intercontinental Trans-
port of Ozone and Precursors (ICARTT/ITOP) campaign was
done byBousserez et al.(2007).

The assimilation module used in this study is PALM (Pro-
jet d’Assimilation par Logiciel Multiḿethode): a modular
and flexible software, which consists of elementary compo-
nents that exchange data (Lagarde et al., 2001). It manages
the dynamic launching of the coupled components (forecast
model, algebra operators and input/output of observational
data) and the parallel data exchanges. The technique imple-
mented within PALM and used for the assimilation of O3
and CO profiles from MLS and MOPITT, respectively, is the
3-D-FGAT method. This method is a compromise between
the well-known 3-D-Var and 4-D-Var techniques (Fisher and
Andersson, 2001). It compares the observation and back-
ground at the correct time and assumes that the increment
to be added to the background state is constant over the en-
tire assimilation window. The choice of this assimilation
technique limits the size of the assimilation window, since
it has to be short enough compared to chemistry and trans-
port timescales. Using ozone profiles from the MIPAS in-
strument, this technique has already produced good-quality
results compared to independent data and many other assim-
ilation systems (e.g.Geer et al., 2006).

The assimilation system MOCAGE-PALM has been used
to assess the quality of satellite ozone measurements (Mas-
sart et al., 2007). It has also been proven to be use-
ful to overcome the possible deficiencies of the model.
In this context, its assimilation product has been used
in many atmospheric studies in relation to the ozone
loss in the Arctic vortex (El Amraoui et al., 2008a), the
tropics-midlatitudes exchanges (Bencherif et al., 2007), the
stratosphere-troposphere exchanges (Semane et al., 2007),
and the exchange between the polar vortex and the midlat-
itudes (El Amraoui et al., 2008b).

3 In-situ measurements and meteorological conditions
during the stratospheric intrusion event

3.1 Ozonesonde measurements of the ozone anomaly
over Lerwick on 15 August 2007

In this section, with the help of ozonesonde measurements,
we characterize a positive anomaly of ozone in the UTLS
region which occurred over the British Isles on 15 Au-
gust 2007. At 12:00 UTC, an ozonesonde was launched
from Lerwick (60.14◦ N, 1.19◦ W) as a part of the VINTER-
SOL (Validation of INTERnational Satellites and study of
Ozone Loss) European field campaign. Figure1a shows the
volume mixing ratio profile of ozone over Lerwick (thick
line) recorded on 15 August 2007. It also depicts a mean
profile (thin line), which corresponds to the average of all
August ozone profiles measured between 2004 and 2007.
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Fig. 1. (a)Thick line: Ozone volume mixing ratio profile in parts per billion by volume (ppbv) as obtained over

Lerwick, UK (60.14◦ N, 1.19◦ W) in the British Isles on 15 August 2007 at 12:00 UTC from ozonesonde;(b)

same as (a) but for relative humidity in %;(c) same as(a) but for temperature in Celsius degrees (◦C). In (a–c),

thin lines correspond to the average of all August profiles from 2004 to 2007. The shaded surface represents

±σ with respect to the mean profile.
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Fig. 1. (a) Thick line: Ozone volume mixing ratio profile
in parts per billion by volume (ppbv) as obtained over Ler-
wick, UK (60.14◦ N, 1.19◦ W) in the British Isles on 15 Au-
gust 2007 at 12:00 UTC from ozonesonde;(b) same as (a) but for
relative humidity in %;(c) same as (a) but for temperature in Cel-
sius degrees (◦C). In (a–c), thin lines correspond to the average of
all August profiles from 2004 to 2007. The shaded surface repre-
sents±σ with respect to the mean profile.

The shaded area represents the standard deviation (±σ ) with
respect to the mean of all August profiles (2004–2007).
The measured ozone profile on 15 August 2007 over Ler-
wick shows a positive ozone anomaly of the same order
as the standard deviation in comparison to the mean pro-
file especially between∼280 and 120 hPa. Moreover, si-
multaneous ozonesonde measurements show very low rela-
tive humidity values (RH<5%) from the stratosphere down
to about 280 hPa compared to the mean August profile as
illustrated in Fig.1b. Similarly, Figure1c shows the tem-
perature profile over the same location on 15 August 2007.
The tropopause height on 15 August 2007, as indicated by
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reversal in temperature gradient, is low compared to the
average of all August profiles. Its downward displacement
is estimated to be about 2 km. Finally, Fig.1 shows just be-
low 400 hPa a layer, which is ozone-rich, 1 km thick, very
dry, and associated with a break in the vertical temperature
lapse rate at approximately 6 km, which corresponds to the
isentropic level of about 315 K. All the characteristics of this
layer suggest the existence of a tropopause fold below the
anomalously low-altitude tropopause. This is a clear signa-
ture of a strong baroclinic development event which is very
likely associated with a STE event. In the next sections, we
will document this event using meteorological analyses from
the ARPEGE model as well as assimilated fields of O3 and
CO from the MLS and MOPITT instruments, respectively.

3.2 Meteorological conditions during the stratospheric
intrusion event

The purpose of this section is to document the stratospheric
intrusion which took place on 15 August 2007 over the north-
ern British Isles with the help of the meteorological pa-
rameters. We give a dynamical context concerning the O3
anomaly observed in the ozonesonde measurements and pre-
sented in Sect.3.1. According toHoskins et al.(1985), an
upper-level cyclonic PV anomaly is associated with a de-
crease of the tropopause height. Therefore, the signature
of stratospheric air descending to lower altitude levels can
be seen in the potential vorticity field plotted on isentropic
surfaces. Figure2 top shows a PV isentropic map at 315 K
on 15 August 2007 at 12:00 UTC from the ARPEGE analy-
ses. It shows high values of PV over northern Great Britain
which corresponds to an anomaly of the cyclonic PV at
the tropopause (=1.5 pvu) where the PV maximum is lo-
cated near the northern British Isles. Also note on Fig.2
top the strip of 1.5 potential vorticity units (pvu) stretch-
ing from western Spain to southern England which will be
further below associated with the upper level dynamics of
a tropopause fold. Figure2 bottom shows a zonal verti-
cal cross-section (longitude versus pressure) across the re-
gion of lowest altitude tropopause described by the Lerwick
ozonesonde measurements. As expected, the tropopause de-
creases with height particularly between the longitude range
0–10◦ W due to the strong cyclonic PV anomaly occurring
above. In this region of the lowest altitude tropopause along
the upper level trough (as low as about 430 hPa), rapid mix-
ing by turbulence and convection may lead to irreversible
STE events (Gouget et al., 2000).

ARPEGE analyses are used in order to describe the syn-
optic conditions during the stratospheric intrusion event.
Figure 3 shows analyses of geopotential height (Fig.3a),
and potential temperature (Fig.3b) on the potential vortic-
ity iso-surface 1.5 pvu. In addition, the horizontal wind
(both velocity and direction) and the relative humidity at
250 hPa pressure level are presented in Fig.3c and d, re-
spectively. The meteorological conditions show a typical

Fig. 2. (Top) Longitude-latitude cross-section of the Potential Vorticity (PV) field in PV units (pvu) on the

315K isentropic level. Contours of PV are shown for values greater than 1.5pvu. (Bottom) zonal cross-section

of PV in longitude versus pressure at 61◦ N between 40◦ W and 40◦ E in longitude, and between 600 and

100hPa in the vertical. Contours of PV are shown in black lines with an interval of 1.5pvu. The white bold

solid line corresponds to 1.5pvu contour and indicates the height of the tropopause according to Hoskins et al.

(1985). Note that the PV field for both Figures is from the ARPEGE analyses corresponding to 15 August 2007

at 12:00 UTC.
25

Fig. 2. (Top) Longitude-latitude cross-section of the Potential Vor-
ticity (PV) field in PV units (pvu) on the 315 K isentropic level.
Contours of PV are shown for values greater than 1.5 pvu. (Bot-
tom) zonal cross-section of PV in longitude versus pressure at
61◦ N between 40◦ W and 40◦ E in longitude, and between 600 and
100 hPa in the vertical. Contours of PV are shown in black lines
with an interval of 1.5 pvu. The white bold solid line corresponds to
1.5 pvu contour and indicates the height of the tropopause accord-
ing to Hoskins et al.(1985). Note that the PV field for both figures
is from the ARPEGE analyses corresponding to 15 August 2007 at
12:00 UTC.

baroclinic wave developing over western Europe with an in-
tense trough extending from northeast of Iceland to north-
west of Spain (Fig.3a) and with jet-streaks on both sides
of the upper-level trough (Fig.3d). This trough isolates
many tongues characterized by low values of geopoten-
tial height and potential temperature (see Fig.3a and b).
Above Lerwick, the region of the ozonesonde measurements
(see Fig.1), the dynamical tropopause (1.5 pvu iso-surface)
descends to as low as 6.5 km altitude (Fig.3a). This is
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Fig. 3. Synoptic situation on 15 August 2007 at 12:00 UTC from the ARPEGE analyses.(a) Geopotential

height in decameters (dam) (contour interval is 50dam) on the potential vorticity (PV) iso-surface 1.5 PV

units (pvu). (b) Potential temperature in Kelvin (K) on the same iso-surface as (a). Note that the 1.5pvu

iso-surface is an estimate of the dynamical tropopause according to Hoskins et al. (1985).(c) Horizontal wind

direction (grey arrow) and velocity inm/s (coloured surface) at 250hPa pressure level. Areas of velocities

greater than 50m/s are delimited by a bold solid line showing an upper-level jetstreak.(d) Relative humidity

in % at 250hPa pressure level. Note that in (a–d), blue and red colours represent relatively low and relatively

high values, respectively.
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Fig. 3. Synoptic situation on 15 August 2007 at 12:00 UTC from the ARPEGE analyses.(a) Geopotential height in decameters (dam)
(contour interval is 50 dam) on the potential vorticity (PV) iso-surface 1.5 PV units (pvu).(b) Potential temperature in Kelvin (K) on the
same iso-surface as (a). Note that the 1.5 pvu iso-surface is an estimate of the dynamical tropopause according toHoskins et al.(1985). (c)
Horizontal wind direction (grey arrow) and velocity in m/s (coloured surface) at 250 hPa pressure level. Areas of velocities greater than
50 m/s are delimited by a bold solid line showing an upper-level jet streak.(d) Relative humidity in % at 250 hPa pressure level. Note that
in (a–d), blue and red colours represent relatively low and relatively high values, respectively.

the level where physical processes may lead to irreversible
STE event. In addition, there is also a tropopause break
from 10 km altitude down to 6.5 km altitude (Fig.3a) stretch-
ing a line along the cyclonic-shear side of the eastern jet
streak (Fig.3b) from northwest of Spain to East of Den-
mark. The tropopause break and the parallel PV band stretch-
ing on 315 K (Fig.2) are dynamical signatures of on-going
upper-level frontogenesis and tropopause folding (Keyser
and Shapiro, 1986). This kind of fold is generally a conse-
quence of an ageostrophic circulation near a jet streak, where
the air from the lower stratosphere is intruded into the tropo-
sphere. In our case, we notice horizontal winds in excess
of 50 m/s, showing an upper-level jet streak with southwest

winds from the north of Spain to the west of Denmark at the
250 hPa pressure level. As a consequence of this circulation,
the stratospheric air enters the troposphere beneath the core
of the jet and on its cyclonic (poleward) side. Characteristic
signatures of the intruded air are high PV, low RH, high O3
and low CO concentrations. Irreversible stratospheric intru-
sions may occur along the 315 K isentropic surface, as sug-
gested by the ozone layer captured below the low tropopause
on the ozonesonde measurements at Lerwick (see Fig.1). In
the following sections, we seek signatures of the upper level
dynamics on the distribution of O3 and CO by using mod-
elled outputs, both in the free model run and with the assim-
ilation of satellite observations.
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4 Evaluation of O3 and CO assimilated fields

Throughout all this study, the model is forced by winds, tem-
peratures, humidity and surface pressure from the ARPEGE
analyses. The comprehensive chemical scheme RAC-
MOBUS used for the assimilation of O3 and CO mea-
surements includes both the tropospheric RACM (Stock-
well et al., 1997) and the stratospheric REPROBUS schemes
(Lefèvre et al., 1994) since we are interested in the exchange
between the troposphere and the stratosphere.

The assimilation experiments for O3 and CO started on
20 July 2007 and were entirely separate. The initializa-
tion field for this date has been obtained by a free model
run (MOCAGE with the detailed RACMOBUS chemistry
scheme) started from the April climatological initial field.
Thus, for each species (O3 and CO), we have a free model
run spin-up of more than 3 months in addition to 25 days of
data assimilation concerning each species before the date of
the stratospheric intrusion event. We estimate this spin-up
period to be sufficient enough to have both O3 and CO fields
well balanced with respect to the atmospheric chemistry and
dynamics.

In this section, we evaluate the quality of MLS O3 and
MOPITT CO assimilated fields into the MOCAGE-PALM
assimilation system. This evaluation is required to test sev-
eral assumptions introduced into data assimilation and to
check the consistency of the analyses to the observations.

Several diagnostics, which consist of self-consistency
tests, have been developed to check the quality of the as-
similation runs (Talagrand, 2003). The chi-square (χ2) test
enables assessment of the estimation of the observation and
background error covariance matrices (e.g.Khattatov et al.,
2000) as well as other parameters such as the model error
growth (e.g.El Amraoui et al., 2004).

If the observation and background errors are Gaussian,
which is the case in this study (see OMF diagnostics in
Figs. 4a and8a as well as their corresponding comments),
the cost function at its minimum (Jmin) should have aχ2

distribution withp degrees of freedom, and must be equal
on average top/2 (Bennett, 1992; Talagrand, 2003; Lahoz
et al., 2007b). Theχ2 formula is then given by:

χ2
=

Jmin

p/2

The cost functionJ is given by:

J (x) =
1

2

[
x(t0)−xb(t0)

]T

B−1
[
x(t0)−xb(t0)

]
+

1

2

p∑
i=1

[y(ti)−H(x(ti))]
T R−1

i [y(ti)−H(x(ti))]

The first term on the right-hand side is the misfit to the back-
ground state and the second term represents the misfit to the
observations.xb(t0) andy(ti) are the background state at the
initial time and the observation at the timeti , respectively.B
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Fig. 4. (a)Histograms of observations minus forecasts (OMF) differences normalized by the observation error

concerning assimilated MLSO3. The red line is a Gaussian fit to the histogram. The good agreement between

the histogram and the fit function supports the assumption ofGaussian errors in the observations and the fore-

cast.(b) Vertical profile of the mean of OMF (blue) and OMA (red) both averaged over the assimilation period

and over the globe for all MLS levels between 215 and 10hPa. (c) The corresponding vertical profile of the

standard deviations of OMF and OMA. Units in (b) and (c) are parts per million by volume (ppmv).
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Fig. 4. (a)Histograms of observations minus forecasts (OMF) dif-
ferences normalized by the observation error concerning assimi-
lated MLS O3. The red line is a Gaussian fit to the histogram. The
good agreement between the histogram and the fit function supports
the assumption of Gaussian errors in the observations and the fore-
cast.(b) Vertical profile of the mean of OMF (blue) and OMA (red)
both averaged over the assimilation period and over the globe for
all MLS levels between 215 and 10 hPa.(c) The corresponding ver-
tical profile of the standard deviations of OMF and OMA. Units in
(b) and (c) are parts per million by volume (ppmv).

andR are the background and the observation error covari-
ance matrices, respectively.H is the observation operator,
generally non-linear, which maps the model statex to the
measurement space, wherey is located.

A value of χ2 close to 1 indicates a good estimation of
both error-covariance matrices, whereas a value ofχ2 lower
(greater) than 1 implies an overestimation (underestimation)
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of the observation and/or background error covariance matri-
ces. Another consistent self-diagnostic is based on observa-
tion minus analysis (OMA) residuals and observation minus
forecast (OMF) innovations. This diagnostic, defined in the
observation space, checks the consistency of both forecast
and analysis distributions with respect to the observations
(Lahoz et al., 2007b).

4.1 Validation of O3 assimilated fields

The assimilation period in this study is between 20 July
and 19 August 2007 during which the value ofχ2 for the
O3/MLS assimilation experiment varied between 0.81 and
1.22 with a mean value of 0.96. This result is satisfactory
since it shows that both the observations and the background
error covariance matrices were well estimated during the as-
similation process.

Figure4a shows the OMF distribution normalized by the
observation errors for all MLS levels between 215 and 10 hPa
corresponding to the assimilation period. The OMF his-
togram is fitted by a Gaussian function. The comparison be-
tween both the OMF histogram and the fitted Gaussian func-
tion is very good. This good agreement supports the assump-
tion that the observations and the forecast have Gaussian er-
rors. We note that the mean of normalized OMF values is
close to zero (∼−1) with a standard deviation of 13.2, which
suggests that the bias between the model and the observa-
tions is very small. Indeed, if the mean of the OMF statistics
is significantly different from zero, this indicates a bias in
the model or the observations. Figure4b shows the vertical
profile of the mean of the OMF and OMA distributions as a
function of the vertical pressure both averaged over the as-
similation period and over all the globe. Figure4c displays
their corresponding standard deviations. The mean of OMA
is closer to zero than that of OMF with a corresponding stan-
dard deviation which is small than that of OMF at all pressure
levels. This indicates that the analyses are closer to the ob-
servations than the forecast. Consequently the assimilation
of MLS profiles corrects the background state at all observa-
tion levels.

To further test the behaviour of the data assimilation sys-
tem, assimilated fields of MLS O3 observations have been
compared to MOZAIC measurements. The MOZAIC pro-
gramme was launched in January 1993. The measurements
started in August 1994, with the installation of ozone and
water vapour sensors aboard 5 commercial aircraft. In
2001, the instrumentation was upgraded by installing car-
bon monoxide sensors on all aircraft and a total odd nitro-
gen instrument (NOy) aboard one aircraft. Ozone is mea-
sured by UV absorption (Thermo Instruments, Model 49–
103). The instruments are calibrated before and after each
period of deployment (∼every 12 months) and in-flight qual-
ity control is achieved, both for bias and calibration fac-
tor, with a built-in ozone generator. A comparison of the
first 2 years of MOZAIC data with data of the ozonesonde

network showed good agreement (Thouret et al., 1998). For
the measurement of CO, the infra-red (IR) gas filter correla-
tion technique is employed (Thermo Environmental Instru-
ments, Model 48CTL). This IR instrument provides excel-
lent stability, which is important for continuous operation
without frequent maintenance. The sensitivity of the instru-
ment was improved by several modifications (Néd́elec et al.,
2003), achieving a precision of±5 ppbv or±5% for a 30 s
response time. A complete description of the MOZAIC pro-
gramme may be found athttp://mozaic.aero.obs-mip.fr/web/
and in the IGAC Newsletters (Cammas and Volz-Thomas,
2007).

The comparison of MLS O3 assimilated field as well as
model outputs to MOZAIC observations is made in terms of
time-series over the assimilation period (20 July–19 August).
Collocated MOZAIC observations as well as assimilated and
modelled O3 output are averaged over a constant time bin
whatever the number of aircraft and the position of MOZAIC
measurements. Each average is then plotted as a function of
the day time. Assimilated fields are plotted with respect to
their standard deviations. Note that only observations above
the altitude pressure of 280 hPa are considered since we are
interested in the tropopause layer (the cruise flight altitude
pressure of MOZAIC aircrafts is around 200 hPa). Figure5
shows the time-series of O3 assimilated field with its stan-
dard deviation (shaded colour) as well as the free model run
compared to MOZAIC data for a one month period. The be-
haviour of all datasets is consistent throughout the period of
comparison. Nevertheless, assimilated fields are closer than
the free model output to MOZAIC measurements. The bias,
RMS and correlation coefficient between aircraft and assim-
ilated O3 are−11.5 ppbv, 22.4 ppbv and 0.93, respectively,
whereas between aircraft and modelled O3 they are 33 ppbv,
38.5 ppbv and 0.83, respectively. These results suggest that
MOZAIC in-situ measurements and O3 assimilated field are
in good agreement in the UTLS region.

As an additional validation, the deduced total column from
O3/MLS assimilated field is compared to the total column
measured by the OMI (Ozone Monitoring Instrument) sensor
onboard Aura satellite (Levelt et al., 2006). OMI is a nadir-
scanning instrument that detects backscattered solar radiance
at visible (350–500 nm) and UV wavelength channels (270–
314 nm and 306–380 nm) to measure O3 column with near
global coverage over the Earth with a spatial resolution of
13 km×24 km at nadir (except for polar night latitudes).

Figure6 shows a comparison between O3 total columns
deduced from OMI, MOCAGE free run, and MLS assimi-
lated field corresponding to 15 August 2007. MOCAGE un-
derestimates the amount of O3 total column, whereas total
columns from OMI and MLS assimilated field are nearly
the same particularly over the British Isles. The aver-
age bias between OMI and free model run is positive with
a value of 17.64 DobsonUnit (DU) and a corresponding RMS
of 12.82 DU, whereas the average bias between OMI and
assimilated field is negative with a value of−13.21 DU and
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Fig. 5. Time-series of collocated MLSO3 assimilated field (black) with its standard deviation (shaded colour)

compared to MOZAIC measurements (red) and model free run output (blue) for the period: 20 July–19 August

2007. Only observations above the altitude pressure of 280hPa are used for the comparison, since we are

interested in the tropopause layer (the cruise flight altitude pressure of MOZAIC aircraft is around 200hPa).
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Fig. 5. Time-series of collocated MLS O3 assimilated field (black) with its standard deviation (shaded colour) compared to MOZAIC
measurements (red) and model free run output (blue) for the period: 20 July–19 August 2007. Only observations above the altitude pressure
of 280 hPa are used for the comparison, since we are interested in the tropopause layer (the cruise flight altitude pressure of MOZAIC aircraft
is around 200 hPa). Units: parts per billion by volume (ppbv).

a corresponding RMS of 12.10 DU. The correlation coeffi-
cient is 0.66 and 0.82 between OMI and free model run and
between OMI and assimilated MLS, respectively.

The validation exercise with MOZAIC and OMI datasets
confirms that the assimilation of O3 from the MLS instru-
ment improves the O3 distribution, particularly in the UTLS
region. This O3 product will be used later in order to charac-
terize the depth of the stratospheric intrusion in comparison
to the PV field.

In order to assess the improvement of the ozone distribu-
tion in the UTLS region via the assimilation process, ozone
profiles from both the free model run and the MLS as-
similated field are compared with ozonesonde observations
over Lerwick. The results of that comparison is given in
Fig. 7. This figure clearly shows that the model under-
estimates the O3 concentrations particularly between 300
and 150 hPa. The assimilation of MLS O3 profiles cor-
rects well this underestimation since the agreement between
ozonesonde measurements and MLS assimilated profile is
very good. The MLS analysis profile captures well the strato-
spheric intrusion event in the pressure levels between 180
and 270 hPa. However, between 400 and 430 hPa where

ozonesonde observations (see also Fig.1) depict a tropopause
fold event, neither the model free run nor the O3 MLS assim-
ilation succeeds in capturing this STE event.

In the next section, we will check the capability of CO
assimilated field to represent the characteristics of the strato-
spheric intrusion event.

4.2 Validation of CO assimilated fields

Concerning the assimilation of MOPITT CO, the value of
χ2 varied between 0.4 and 0.6. This shows that the observa-
tion and/or background error covariance matrices are some-
what overestimated in our assimilation experiment. To try
to converge towards a value as close as possible to 1, we
conducted several tests with different values of the back-
ground error which show that the variation of this parame-
ter has little effect on the value ofχ2. Thus, the low value
of χ2 is most likely due to the overestimation of the er-
ror covariance matrices of MOPITT observations. Despite
this fact, we prefer working with the actual error covari-
ance matrices of the retrieved MOPITT CO since (i) they are
a consistent characteristic of MOPITT that takes into account
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Fig. 6. Map of O3 total column for 15 August 2007 as deduced from:(a) the OMI instrument,(b) MOCAGE free model run and(c) as-
similated MLS O3. (d) and(e) difference between OMI and MOCAGE and between OMI and assimilated MLS O3 data, respectively. All
datasets are binned into 2◦

×2◦. Blue and red colours in (d) and (e) indicate negative and positive differences, respectively. Units in all plots:
DobsonUnit(DU).

many considerations: instrument characteristics, retrieval al-
gorithm and validation, and (ii) the MOPITT assimilated
field gives satisfactory results in comparison to independent
data (see Figs.9 and10and their associated comments). Fig-
ure 8 is similar to Fig.4 but for MOPITT CO assimilated
field. Figure8a presents the OMF distribution normalized
with the observation error for all MOPITT levels between the

ground and 150 hPa corresponding to the assimilation period
between 20 July and 19 August 2007. Similar conclusions
as for MLS O3 assimilated fields can be deduced. The fit-
ted Gaussian function agrees well with the normalized OMF
distribution. This supports the assumption of normally dis-
tributed observation and background errors. The mean of
the normalized OMF values is close to zero (0.09) with a
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Fig. 7. Ozone volume mixing ratio profile in parts per billion by vol-
ume (ppbv) as obtained over Lerwick, UK (60.14◦ N, 1.19◦ W) in
the British Isles on 15 August 2007 at 12:00 UTC from: ozonesonde
measurements (black); free model run (blue) and assimilated MLS
O3 (red).

standard deviation of 9.8 suggesting that the bias between
the model and the observations is very small. From Fig.8b
and Fig.8c we can deduce that the mean of OMA vertical
profile is closer to zero than that of OMF with a correspond-
ing standard deviation which is small than that of OMF at all
MOPITT pressure levels. This demonstrates again that the
analyses are closer to the observations than the forecast.

All these results concerning the OMF and the OMA statis-
tics for both O3/MLS and CO/MOPITT illustrate the capa-
bility of data assimilation to reduce the bias between the ob-
servations and the model, and therefore adds value.

To validate the CO assimilated fields, we compare them
to in-situ MOZAIC measurements in terms of time-series
and vertical profiles. For time-series comparison, the same
methodology is applied as for O3 comparison (see Sect.4.1).
Figure9 shows the time-series of MOPITT CO assimilated
field with its standard deviation (shaded colour) as well as
modelled CO free run compared to MOZAIC data over the
same period as for O3. Again, only observations above the
altitude pressure of 280 hPa are considered. We note from
Fig. 9 that the assimilation of MOPITT improves the CO
model distribution in the UTLS. The behaviour of assimi-
lated CO and MOZAIC is the same over the whole period
of comparison and MOZAIC measurements remain gener-
ally inside the standard deviation of CO assimilated field.
The maxima and the minima of CO are well localized in
both datasets. The bias, RMS and correlation coefficient be-
tween aircraft and assimilated CO are−3.16 ppbv, 13 ppbv
and 0.79, respectively, whereas between aircraft and mod-
elled CO they are 6.3 ppbv, 16.6 ppbv and 0.71, respectively.
This suggests that MOZAIC in-situ measurements and as-
similated CO are in good agreement in the UTLS region.
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Fig. 8. (a)Histograms of observations minus forecasts (OMF) dif-
ferences normalized by the observation error concerning assimi-
lated MOPITT CO. The red line is a Gaussian fit to the histogram.
The good agreement between the histogram and the fit function sup-
ports the assumption of Gaussian errors in the observations and the
forecast.(b) Vertical profile of the mean of OMF (blue) and OMA
(red) both averaged over the assimilation period and over the globe
for all MOPITT levels between the ground and 150 hPa.(c)The cor-
responding vertical profile of the standard deviations of OMF and
OMA. Units in (b) and (c) are parts per billion by volume (ppbv).

Another comparison was conducted with collocated verti-
cal profiles for the three datasets over the only two MOZAIC
airports visited over the whole assimilation period, Frankfurt,
Germany (52.35◦ N, 14.55◦ E) and London, UK (51.3◦ N,
0.10◦ W). Note that collocated observations are selected in
2◦ radius area over both airports. The comparisons between
MOZAIC, modelled free run and CO assimilated profiles
over the two airports are shown in Fig.10. Both comparisons
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Fig. 9. Time-series of collocated MOPITTCO assimilated field (black) with its standard deviation (shaded

colour) compared to MOZAIC measurements (red) and model free run output (blue) for the period: 20 July–19

August 2007. Only observations above the altitude pressureof 280hPa are used for the comparison, since we

are interested in the tropopause layer. Units: parts per billion by volume (ppbv).
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Fig. 9. Time-series of collocated MOPITT CO assimilated field (black) with its standard deviation (shaded colour) compared to MOZAIC
measurements (red) and model free run output (blue) for the period: 20 July–19 August 2007. Only observations above the altitude pressure
of 280 hPa are used for the comparison, since we are interested in the tropopause layer. Units: parts per billion by volume (ppbv).

show a very good agreement between MOZAIC and CO as-
similated profiles. Over Frankfurt, the bias, RMS and corre-
lation coefficient between MOZAIC and assimilated CO are
3.3 ppbv, 7.6 ppbv and 0.95, respectively whereas between
MOZAIC and modelled CO they are 10.4 ppbv, 8.1 ppbv and
0.89, respectively. Over London, the bias, RMS and corre-
lation coefficient between MOZAIC and assimilated CO are
4.5 ppbv, 8.5 ppbv and 0.63, respectively whereas between
MOZAIC and modelled CO they are 12.4 ppbv, 11.7 ppbv
and 0.55, respectively. The difference between MOZAIC and
assimilated profiles, for both locations, are very small at all
altitudes and the vertical variability is almost similar for both
datasets in the UTLS region.

After validating the assimilated CO product using
MOZAIC in-situ data, we compared the total column de-
duced from assimilated CO to that retrieved from the
Aqua/AIRS (Atmospheric Infrared Sounder) instrument.
AIRS instrument onboard Aqua was launched in 2002 with
its primary goal of determining the vertical profiles of tem-
perature and water vapour in the Earth’s atmosphere (Au-
mann et al., 2003). CO retrievals are obtained from the
2160–2200 cm−1 portion of the spectrum on the edge of

the 1–0 vibration-rotation band of CO, and the AIRS re-
trieval method was described bySusskind et al.(2003) and
McMillan et al. (2005). AIRS CO measurements are pro-
vided at approximately 45 km×45 km horizontal resolution
and 1600 km swath, and therefore, combined with its cloud
clearing capability, AIRS can obtain near daily global cov-
erage. AIRS tropospheric CO profiles as well as the mixing
ratios at 500 hPa have been compared with those of MOPITT
(Warner et al., 2007). An average CO bias of 10–15 ppbv be-
tween AIRS and MOPITT observations is identified and the
biases are mainly due to the prior information used in the
retrieval algorithms.

Figure11 presents the comparison between the results of
MOCAGE free model run, the assimilation of MOPITT CO
in MOCAGE-PALM and AIRS CO total column indepen-
dent data. All datasets correspond to the average of 15 and
16 August 2007 data binned in 2◦

×2◦ boxes. The differences
between assimilated and free model run are relatively large
particularly in the western and the northern British Isles.
Note that assimilated MOPITT and model free run are com-
pared to AIRS CO data in order to have an idea about the
quality of the assimilated field with respect to the free model
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Fig. 10. (a)The meanCO vertical profiles in parts per billion by volume (ppbv) of MOPITT assimilated field

(red), MOZAIC (black) and model free run (blue) over Frankfurt. All profiles are averaged over the assimilation

period (20 July–19 August 2007) and within a geographical box of 2◦

×2◦ centred over the specified location.

(b) the corresponding standard deviations.(c) and(d) are the same as(a) and(b), respectively but for London.
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Fig. 10. (a) The mean CO vertical profiles in parts per billion
by volume (ppbv) of MOPITT assimilated field (red), MOZAIC
(black) and model free run (blue) over Frankfurt. All profiles are
averaged over the assimilation period (20 July–19 August 2007) and
within a geographical box of 2◦×2◦ centred over the specified lo-
cation. (b) the corresponding standard deviations.(c) and(d) are
the same as (a) and (b), respectively, but for London.

run. The correlation coefficients between AIRS and mod-
elled CO and between AIRS and assimilated MOPITT CO
(without applying the AIRS averaging kernels) are 0.51 and
0.75, respectively. This shows that assimilated MOPITT CO
is better than the free model run compared to the AIRS in-
dependent data. This figure shows the positive impact of
MOPITT CO assimilation with an obvious improvement in
terms of CO distribution. Total columns from AIRS and as-
similated field almost show the same behaviour: a maximum
of CO on the west side of the British Isles, and a minimum
of CO over the British Isles and northward. These features
are not present in the MOCAGE free model run. The good
agreement between the assimilated CO MOPITT field and
the AIRS data provides confidence in the MOCAGE-PALM
results.
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Fig. 11. Average CO total column field over 15 and 16 August 2007
as deduced from(a) the model free run,(b) AIRS instrument, and
(c) assimilated MOPITT CO data. All datasets are binned into
2◦

×2◦. The grey areas in (b) correspond to a lack of data in AIRS
measurements. Note that no averaging kernel from AIRS is applied
for neither MOCAGE nor assimilated product in this comparison.
The correlation coefficient between AIRS and MOCAGE and be-
tween AIRS and assimilated MOPITT CO data are 0.51 and 0.75,
respectively. Units in all plots: 1021molec/m2.
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Fig. 12. (a)Longitude-latitude cross-section at the 315K isentropic level ofO3 from MOCAGE. (b) Zonal

cross-section ofO3 from MOCAGE in longitude versus pressure at 61◦ N between 40◦ W and 40◦ E in longi-

tude, and between 600 and 100hPa in the vertical. Contours ofO3 field are shown in thin black lines. The

thick white line corresponds to 1.5 potential vorticity units contour: an estimate of the dynamical tropopause

height. The magenta dashed lines correspond to the potential temperature contours between 310 and 330K

with an interval of 5K from bottom to top. Both figures are for 15 August 2007 at 12:00UTC. (c) and(d) are

the same as (a) and (b), respectively, but for the MLSO3 assimilated field. Units ofO3: parts per billion by

volume (ppbv).
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Fig. 12. (a) Longitude-latitude cross-section at the 315 K isentropic level of O3 from MOCAGE. (b) Zonal cross-section of O3 from
MOCAGE in longitude versus pressure at 61◦ N between 40◦ W and 40◦ E in longitude, and between 600 and 100 hPa in the vertical.
Contours of O3 field are shown in thin black lines. The thick white line corresponds to 1.5 potential vorticity units contour: an estimate of
the dynamical tropopause height. The magenta dashed lines correspond to the potential temperature contours between 310 and 330 K with
an interval of 5 K from bottom to top. Both figures are for 15 August 2007 at 12:00 UTC.(c) and(d) are the same as (a) and (b), respectively,
but for the MLS O3 assimilated field. Units of O3: parts per billion by volume (ppbv).

These validation tasks confirm that the MOPITT CO as-
similated fields within MOCAGE-PALM is well suited for
the study in relation with the stratospheric intrusion event.

5 Characterization of the stratospheric intrusion event
with O3 and CO assimilated fields

In this section, we focus on the comparison of the STE event
representation as diagnosed in Sect. 3, with MOCAGE runs
with and without assimilation of satellite data.

5.1 Signature of the stratospheric intrusion in O3
assimilated fields

To look for the ozone signature indicating stratospheric in-
trusions, we analyse modelled and assimilated O3 fields on
isentropic maps and in vertical cross-sections (Fig.12). The

isentropic distribution of modelled O3 over the domain of
interest (Fig.12a) is quite homogeneous. However, the up-
per level dynamics is associated with very weak maxima
over the two regions of interest. Firstly, over northern UK
where the positive anomaly of ozone in the lowermost strato-
sphere and the tropopause fold were observed (see Fig.1),
and secondly over northwestern Spain where a PV strip on
the 315 K surface suggested the existence of a tropopause
fold. The vertical cross-section north of UK (Fig.12b) con-
firms a strong underestimation of modelled O3 well above
the dynamical tropopause (1.5 pvu isoline). This is due to
the fact that there is no evidence of an ozone maximum
in the 300–200 hPa layer between 10◦ W and 0◦ W, where
the ozonesonde measurements (Fig.1) indicated a positive
ozone anomaly. Further, at 400 hPa, where a tropopause
fold is suggested on the ozone sounding (Fig.1), there is
less signature of a stratospheric intrusion in the modelled O3
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Fig. 13. Same as Fig. 12 but for MOCAGECO and for MOPITTCO assimilated field in parts per billion

by volume (ppbv). The thick black line corresponds to 1.5 potential vorticity units contour: an estimate of

the dynamical tropopause height. The green circles in(b) and(d) correspond to an estimation of the thermal

tropopause height in pressure (hPa) as deduced from lapse rates of ARPEGE temperature profiles.The thermal

tropopause has almost the same behaviour as the dynamical tropopause, nevertheless it is higher (see the text

for more details).
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Fig. 13. Same as Fig.12 but for MOCAGE CO and for MOPITT CO assimilated field in parts per billion by volume (ppbv). In(b) and(d),
the thick black line corresponds to 1.5 potential vorticity units contour: an estimate of the dynamical tropopause height. The green circles
correspond to an estimation of the thermal tropopause height in pressure (hPa) as deduced from lapse rates of ARPEGE temperature profiles.
The thermal tropopause has almost the same behaviour as the dynamical tropopause, nevertheless it is higher (see the text for more details).

field at ∼400 hPa (Fig.7). A large improvement is made
by the O3 assimilated field for which values are 50% to
100% greater than modelled O3 ones in regions of interest
(Fig. 12c). The O3 assimilated field displays in the 300–
200 hPa layer, a maximum with ozone values in excess of
500 ppbv (Fig.12d), which better fits with the positive ozone
anomaly observation (see Fig.7). On the 315 K isentropic
surface where the stratospheric intrusion dives below 400 hPa
between 10◦ W and 0◦ W, O3 assimilated field is marginally
increased (Fig.12c, d). This improvement is insufficient
to quantitatively reproduce the stratospheric intrusion event.
This can be explained by the fact that O3 retrievals from the
MLS sensor are only available above the 215 hPa pressure
level and that the information acquired by assimilation has
not propagated through atmospheric transport further below
the 400 hPa layer in such a very deep stratospheric intrusion.
In the next section, we will further describe the STE event
representation with the assimilation of CO from MOPITT.

5.2 Signature of the stratospheric intrusion in CO
assimilated fields

The 315 K CO distribution from the free run of MOCAGE
(Fig. 13a) does not show the expected minima of CO trac-
ing stratospheric intrusions. In the vertical cross-section
(Fig. 13b), the lowermost stratosphere between 10◦ W and
0◦ W is associated with free run modelled CO values of about
80 ppbv, which are too big to suggest a stratospheric origin.
MOPITT CO observations, which are generally sparse and
have a low vertical resolution (∼3–4 km) in the UTLS re-
gion, lack in principle the spatial and temporal resolutions
required to capture stratospheric intrusion events, for which
the synoptic variability is quite important. However, the as-
similation of MOPITT observations and the transport greatly
improve the distribution of CO in the UTLS region as demon-
strated by the ability of the run with assimilation to cap-
ture signatures of stratospheric intrusions. The CO assimi-
lated field distribution at 315 K (Fig.13c) obviously exhibits
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an intense minimum of CO (<60 ppbv) north of UK where
the ozonesonde measurements (see Fig.1) indicate a very
low tropopause overhanging a tropopause fold, in agreement
with the potential vorticity maximum on the 315 K surface
(Fig. 2 top). In the vertical cross section (Fig.13d), the
distribution of the assimilated CO field has been improved
in the tropopause region, which is bounded by the dynami-
cal tropopause (1.5 pvu isoline) and the thermal tropopause
deduced from lapse rates of ARPEGE temperature profiles.
A minimum of assimilated CO nicely fits within the strato-
spheric intrusion down to 400 hPa between 10◦ W and 0◦ W.
At longitudes of upper level ridges with a higher tropopause
(35◦ W, 10◦ E, and 35◦ E), the CO assimilated field displays
high values compared to the free model run field (Fig.13b,
d) up to the thermal tropopause. The thermal tropopause has
almost the same behaviour as the dynamical tropopause, nev-
ertheless it is higher. This is in accordance with the find-
ing of Kim et al. (2001). The thermal tropopause is strongly
influenced by uplift vertical motion, whereas the dynamical
tropopause is more influenced by downward motion. This
explains the large CO concentration observed above the dy-
namical tropopause. This could be the consequence of the
uplift vertical air motion which modify the height of the ther-
mal tropopause, whereas the dynamical tropopause changes
through diabatic heating such as radiative heating as reported
by Kim et al. (2001). Indeed, the stratospheric intrusion
event located between 10◦ W and 0◦ W is better represented
by the dynamical tropopause. Discussions about the differ-
ence between the thermal and the dynamical tropopauses are
beyond the scope of this paper. For more explanations, the
reader is referred to e.g.Kim et al. (2001); Wirth (2001) and
references therein. A possible perspective of this study is
a further investigation of processes contributing to the obser-
vation of a mixing layer at the tropopause.

Finally, a relative minimum of CO assimilated field
stretching out from over western Spain to Brittany (northwest
of France) (Fig.13c) also fits well with the potential vorticity
strip (Fig.2 top). This has been described in Sect.3 as the
dynamical signature of a tropopause fold developing beneath
the jet streak over western Europe (Fig.3c). Signatures of
this tropopause fold in the run with assimilation are further
described. As suggested by the 1.5 pvu contour in a vertical
cross-section at 45◦ N (Fig. 14b), the tropopause fold devel-
ops down to 500 hPa. The CO assimilated field, which is
consistent with the upper-level dynamics, with values less
than 70 ppbv, has been transported down to below 300 hPa,
whereas the CO values from the free model run exceed
80 ppbv at the same location (not shown). The O3 assimilated
field (Fig.14a) shows ozone values greater than 200 ppbv in-
side the tropopause fold down to 350 hPa, whereas modelled
free run of O3 values larger than 200 ppbv stay above 150 hPa
in the run without assimilation (not shown).

Fig. 14. Zonal cross-section in longitude versus pressure at 45◦ N between 40◦ W and 40◦ E in longitude, and

between 600 and 100hPa in the vertical for(a) MLS O3 assimilated field and(b) MOPITT CO assimilated

field. The thick lines (white in(a) and black in(b)) correspond to 1.5 potential vorticity units contour whichis

an estimate of the dynamical tropopause height. Units ofO3 andCO: parts per billion by volume (ppbv).
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Fig. 14. Zonal cross-section in longitude versus pressure at
45◦ N between 40◦ W and 40◦ E in longitude, and between 600
and 100 hPa in the vertical for(a) MLS O3 assimilated field and
(b) MOPITT CO assimilated field. The thick lines (white in(a)
and black in(b)) correspond to 1.5 potential vorticity units contour
which is an estimate of the dynamical tropopause height. Units of
O3 and CO: parts per billion by volume (ppbv).

6 Conclusions

In this study, by using the global chemical transport model
of Mét́eo-France MOCAGE, we demonstrate the capability
of assimilated fields of MLS O3 and MOPITT CO obser-
vations to better describe the upper troposphere and lower
stratosphere (UTLS) region and a stratosphere-troposphere
exchange (STE) event in comparison with modelled free run
of O3 and CO fields. The novel result of this study demon-
strates the usefulness of assimilated fields of CO retrieved
from a tropospheric measurement sensor, such as MOPITT,
in a STE event.

The assimilated products for both O3 and CO revealed an
improvement compared to the free model run results. They
have been validated using independent MOZAIC aircraft
measurements in terms of vertical profiles as well as total
columns in comparison with OMI and AIRS instruments for
O3 and CO, respectively.
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In the UTLS region, the O3 bias, RMS and correla-
tion coefficient between aircraft and assimilated field are
−11.5 ppbv, 22.4 ppbv and 0.93, respectively, whereas be-
tween aircraft and the free model run they are 33 ppbv,
38.5 ppbv and 0.83, respectively. For CO, the bias, RMS
and correlation coefficient between aircraft and assimilated
field are−3.16 ppbv, 13 ppbv and 0.79, respectively, whereas
between aircraft and the free model run they are 6.3 ppbv,
16.6 ppbv and 0.71, respectively.

In terms of CO vertical profile, the comparison was con-
ducted over the only two MOZAIC airports visited over the
whole assimilation period, Frankfurt-Germany and London-
UK. Over Frankfurt, the bias, RMS and correlation coeffi-
cient between MOZAIC and assimilated CO are 3.3 ppbv,
7.6 ppbv and 0.95, respectively whereas between MOZAIC
and modelled CO they are 10.4 ppbv, 8.1 ppbv and 0.89, re-
spectively. Over London, the bias, RMS and correlation co-
efficient between MOZAIC and assimilated CO are 4.5 ppbv,
8.5 ppbv and 0.63, respectively whereas between MOZAIC
and modelled CO they are 12.4 ppbv, 11.7 ppbv and 0.55, re-
spectively.

In terms of total columns, the comparison between CO as-
similated field and AIRS data revealed very good qualitative
agreement. Indeed, the correlation coefficient is 0.75 and
0.51 between AIRS and assimilated field and between AIRS
and modelled field, respectively. For O3, the average bias be-
tween total columns from OMI and assimilated field is neg-
ative with a value of−13.21 DobsonUnit (DU) and a corre-
sponding RMS of 12.10 DU, and a correlation coefficient of
0.82, whereas the average bias between total columns from
OMI and modelled field is positive with a value of 17.64 DU
and a corresponding RMS of 12.82 DU, and a correlation co-
efficient of 0.66.

These validation exercises have revealed a generally good
agreement between assimilated fields and different indepen-
dent data either in terms of vertical profiles or total columns.

The studied stratospheric intrusion event occurred on
15 August 2007 over the British Isles and was accompa-
nied by an intense tropopause folding. It was documented
using meteorological analyses from the ARPEGE model,
the global operational weather prediction model of Mét́eo-
France. The signature of this event has been verified using
the vertical distribution of ozonesonde measurements over
Lerwick, UK. Both MLS O3 and MOPITT CO measure-
ments lack the spatial and the temporal resolutions required
to characterize the synoptic variations of the event. More-
over, O3 MLS observations are only valid from 215 hPa up
to the upper stratosphere, which is a strong limitation to re-
produce deep stratospheric intrusions into the troposphere.
Owing to its good dynamical forcing, the free model run pro-
vides rather realistic O3 and CO vertical distributions. How-
ever, modelled O3 and CO do not reproduce the features of
the deep intrusion observed in this study. Assimilated data
from MLS improve the representation of O3 in the UTLS re-
gion, nevertheless this improvement is not sufficient enough

to reproduce the intensity and the depth of the stratospheric
intrusion event well. In contrast, assimilated CO data from
MOPITT succeed in capturing the deep structure of the event
both horizontally and vertically. The behaviour of CO assim-
ilated fields is consistent with the synoptic evolution of the
meteorological parameters in the UTLS region. This is in ac-
cordance with the fact that CO is a good tracer in this region,
where complex dynamical and chemical processes occur.

Finally, it should be noted that the results of this work open
new perspectives for using assimilated MOPITT CO data in
STE studies. At this step, we are able to combine measure-
ments from different sensors including their own uncertain-
ties and vertical resolutions. As a particular perspective, we
will focus on the quantification of the contribution of each
assimilated species (O3 and CO) in the mixing process be-
tween the troposphere and the stratosphere in the UTLS. Data
assimilation of chemical observations from different sensors
will then be needed for a quantitative representation of chem-
ical species as well as their mixing in the UTLS region.
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