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Abstract. We assimilate stratospheric ozone profiles from1 Introduction

MLS (Microwave Limb Sounder) into the MOCAGE

Chemistry Transport Model (CTM) to study Stratosphere-

Troposphere Exchange (STE). This study uses two horizonln the stratosphere, 0zone4)ds known to shield the surface
tal grid resolutions of 2and 0.2. The combined impacts of from harmful ultraviolet radiation. In the middle and high
MLS ozone assimilation and high horizontal resolution are{roposphere ozone is the third most important greenhouse
illustrated in two case studies where STE events occurred (2§as after carbon dioxide (Gpand methane (Ck). lts forc-
June 2009 and 17 July 2009). At high resolution the filamen-iNg is equivalent to about 24 % of that from carbon dioxide
tary structures of stratospheric air which characterise STERamaswamy et al200]). The troposphere and stratosphere
events are captured by the model. To test the impact of thér€ characterised by different dynamical and chemical prop-
assimilation and the resolution, we compare model output€rties, with strong gradients of potential vorticity (PV) and
from different experiments (high resolution and low resolu- 0Zone at the tropopausklglton et al, 1993. Stratosphere-
tion; MLS assimilation run and free run) with independent troposphere exchange (STE) events play a key role in con-
data (MOZAIC aircraft ozone data; WOUDC ozone sonde trolling the ozone budget in the Upper Troposphere Lower
network data). MLS 0zone analyses show a better descriptiotratosphere (UTLS), which in turn affects the radiation bud-
of the Upper Troposphere Lower Stratosphere (UTLS) re-96t (PCC 199§. The stratosphere is characterised by high
gion and the stratospheric intrusions than the free model runvalues of PV and ozone concentrations, so intrusion of strato-
In particular, at high horizontal resolution the MLS ozone SPheric air is expected to bring PV and ozone rich air into
analyses present realistic filamentary ozone structures in thi€ troposphere. These intrusions typically form filamentary
UTLS and laminae structures in the ozone profile. DespiteStructures Kiolton et al, 1995, which appear as laminae

a low aspect ratio between horizontal resolution and verticaln the ozone profilesStohl et al, 2003 and often exhibit
resolution in the UTLS at high horizontal resolution, MLS mesoscale features. Filamentary structures of PV and ozone
ozone analyses improve the vertical structures of the ozon@t lower stratosphere have been simulatecHayichecorne
fields. Results from backward trajectories and ozone fore£t al. (2002, Marchand et al(2003 and Tripathi et al.
casts show that assimilation at high horizontal resolution 0f(2008; these papers show that high resolution simulations

MLS ozone profiles between 10 hPa and 215 hPa has an in'e needed for detailed investigation of STE.
pact on tropospheric ozone. In the lower stratosphere, PV and ozone are nearly con-

served on the synoptic time scaleppenzeller et a).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. Ozone fields in the UTLS region
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6130 J. Barré et al.: Stratosphere-troposphere ozone transport

have strong vertical gradients. The representation of theseulated with the scheme abuis (1979 and convective pro-
gradients is a well-known limitation of most of the chem- cesses with the schemeBéchtold et al(2001). The chem-
ical transport models (CTM) as described bgw et al. ical scheme used in this study is RACMOBUS. It is a com-
(2000. Ozone measurements from the Microwave Limb bination of the stratospheric scheme REPROBU&¢vre
Sounder (MLS) instrument on-board the Aura satellite giveet al, 1994 and the tropospheric scheme RACI8t¢ck-
global coverage, and are able to detect stratospheric profilesell et al, 1997). It includes 119 individual species with 89
between 215hPa and 0.46 hPa. Comparisons of simulateprognostic variables and 372 chemical reactions. MOCAGE
ozone fields with MLS ozone observations show good agreehas the flexibility to be used for both stratospheric studies
ment in the UTLS spatial structuredblanc et al.2006 and (ElI Amraoui et al, 20083 and tropospheric studieB¢four
suggest that stratospheric intrusions can be captured by MLSet al, 2009. It is used in the operational air quality monitor-
Due to the sparse horizontal sampling of these profiles, MLSng system in France, Prev'aiRful et al,, 2008, and in the
ozone products are not able to resolve synoptic-scale varipre-operational GMES (Global Monitoring for Environment
ability in the tropopause region. To address this issue we usand Security) atmospheric core serviemllingsworth et al.
data assimilation which combines observational information2008. A detailed validation of the model has been done us-
with a priori information from a model in an objective way ing a large number of measurements during the Interconti-
(Kalnay, 2003. Data assimilation of stratospheric ozone pro- nental Transport of Ozone and Precursors (ICARTT/ITOP)
files from satellite data has been used extensively to studgampaign Bousserez et gl2007). The meteorological anal-
the UTLS distribution of ozoneSemane et 312007, EI Am- yses of Metto-France, ARPEGEJpurtier et al. 199]) are
raoui et al, 2010 Wargan et a].2010. These studies show used to force the dynamics of the model every 3h. To
that ozone analyses from assimilation of limb sounder ozondorce the model, ARPEGE analyses are interpolated onto
data can capture the signature of stratospheric intrusions in the MOCAGE grid. The resolution of ARPEGE analyses is
realistic way. T798 (i.e. resolution from 10.5 km over France to 60 km over
In this paper we use the MOCAGE-PALM system the South Pacific). MOCAGE can be used in tracer mode
of Météo-France to assimilate MLS ozone data into theand to specify the temporal and geometrical characteristics
MOCAGE (MOckle de Chimie Atmospheriqua Grande of a tracer release. An additional capability of MOCAGE
Echelle) CTM Peuch et a)1999. The aim is to have a better is the calculation of backwards 3-D simulations, using the
representation of the STE by increasing the horizontal gridMOCAGE adjoint.
model resolution from2to 0.2. In addition, we improve the In this study, we use 2 domains: a global domain at 2
representation of the STE by assimilating MLS ozone data(low horizontal resolution: LR) and a regional nested domain
In order to investigate STE in detail, two typical cases stud-at 0.2 (high horizontal resolution: HR) over Europe, from
ies are presented and validated with independent aircraft and2° N to 72° N and from 16 W to 36 E. Four modelling ex-
balloon data. Finally, we show the impact of MLS analysesperiments are performed:
on tropospheric ozone using backward trajectories and ozone
forecasts. The outline of the paper is as follows: Section 2
describes the MOCAGE CTM a.nd the aSSimilation method. 2. low resolution MLS ozone ana|ysisi
Section 3 presents the impact of MLS ozone assimilation on
the MOCAGE model. In Sect. 4, results of two case stud- 3. high resolution free model run,
ies of STE are presented. The validation with independent
data is discussed. Before concluding in Sect. 6, we discuss in
Sect. 5 the impact of model high resolution and MLS ozone The forcing fields differ because of the interpolation from
assimilation on tropospheric ozone. the ARPEGE fields. For the low resolution the interpolation
effect is important but for the high resolution the interpola-
tion effect should be negligible because the ARPEGE res-

1. low resolution free model run,

4. high resolution MLS ozone analysis.

2 Methodology olution over Europe is in the range of the resolution of the
MOCAGE model at the high resolution (around 10-20 km).
2.1 CTM model Pisso et al(2009 has shown that a vertical resolution of the

order of 500 m and at least 40 km of horizontal resolution are
The MOCAGE model is a three-dimensional CTM for the needed to accurately simulate the transport of pollutants (car-
troposphere and the stratosphdpeljch et a).1999 which bon monoxide for this case study) in the free troposphere.
simulates the interactions between the physical and chem¥hus, the aspect ratio of the tracer between horizontal and
ical processes. It uses a semi-Lagrangian advection schemeertical scales should be in the order of 100. In this study the
(Josse et al2004) to transport the chemical species. It has 47 aspect ratio is about 25 and suggests that the vertical reso-
hybrid levels from the surface to5 hPa with a vertical reso- lution is underestimated compared to the horizontal resolu-
lution of about 150 m in the lower troposphere increasing totion. However we show, in the comparisons using indepen-
800 m in the higher troposphere. Turbulent diffusion is cal- dent data (Sects. 4.2.4 and 4.3.4), that our model with this
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aspect ratio gives realistic results. The simulations in this pa0.05 ppmv and 0.2 ppmv from 46 hPa to 10 hPeo{devaux

per cover the period from 1 June 2009 to 1 September 200%t al, 2008. For the assimilation experiments, MLS data
The assimilation experiment started on 1 June 2009. The iniare selected according to the precision and quality flags
tialisation field for this date has been obtained from a freerecommended in the MLS Version 2.2 Level data quality
model run started from the April climatological initial field. and description document (sédtp://mls.jpl.nasa.gov/data/
We thus have a free model run spin-up of 2 month before thes2-2 dataquality_document.pdt The errors for each profile

1 June 2009. are taken into account in the assimilation process through the
error covariance matrix of the observations. Only measure-
2.2 Data assimilation system ments made between 215 hPa and 10 hPa are used during the

assimilation experiment because of the limitation imposed by
The assimilation system used in this study is MOCAGE- the upper boundary (5 hPa) of the MOCAGE version used in
PALM implemented within the PALM frameworkBis this paper.
et al, 2009. The technique used is 3D-FGAT (First Guess at
Appropriate TimeFisher and Anderssp200]). This tech-
nique is a compromise between the 3D-Var (3-D-variational)3 MLS assimilation
and the 4D-Var (4-D-variational) methods. 3D-FGAT pro-
vides time information for a sequence of observations as irin this section, we show the impact of MLS ozone data
the 4D-Var technique. The advantage of this technique isassimilation on the MOCAGE model. Assimilation incre-
a lower numerical cost without the need to code a full ad-ments, (i.e. the difference between the first guess fields and
joint model as needed for the 4D-Var technique. The choicethe analysis, in the assimilation window time step) increase
of this technique limits the size of the assimilation win- the ozone concentrations at middle and polar latitudes in
dow, since it has to be short enough compared to the chenthe lower stratosphere. Figure la shows mean increments
istry and transport timescales. It has been validated duringf MLS ozone assimilation for July 2009, zonally averaged
the assimilation of ENVISAT data project (ASSEDahoz  over Europe as a percentage of the ratio increments/free run
et al, 2007 and has produced good quality results com- for the HR runs. MLS ozone profiles are between 10 hPa
pared to independent data and other assimilation systemand 215 hPa, thus the increment is only located at these lev-
(Geer et al.2006. MOCAGE-PALM has been used to assess els. The largest increments are located between 200 hPa and
the quality of satellite ozone measurememagsart et a). 300hPa and 49N and 72 N. Figure 1b also shows rela-
2007. Assimilation products have been used in many atmo-tive difference in % between the free run field and the MLS
spheric studies in relation to ozone loss in the Arctic vortexozone analysis field, zonally averaged over Europe for July
(ElI Amraoui et al, 20083, tropics-mid-latitudes exchange 2009 (i.e. ([free run]-[MLS analysis])/[free run]). Compari-
(Bencherif et al.2007), STE Semane et 312007, exchange  son between the relative differences and the assimilation in-
between the polar vortex and the mid-latitudes Amraoui crements, shows major differences to be located in the same
et al, 2008h, and diagnosing STE from ozone and carbon region: between 200 hPa and 300 hPa ariNtand 70 N.

monoxide fields El Amraoui et al, 2010). In figure 1, positive differences with values around 20 % be-
tween 1000 hPa and 300 hPa and MCand 72 N which are
2.3 Aura/MLS ozone observations visible in the relative differences do not occur in the assim-

ilation increments. This impact observed in the troposphere
The Aura satellite was launched on 15 July 2004 and placeds the result of the southward cross-tropopause advection of
into a near-polar Earth orbit at705km with an inclina- lower stratospheric air masses which have higher ozone val-
tion of 98 and an ascending node at 13:45UT. It makesues owing to assimilation.
about 14 orbits per day. The MLS instrument on-board Aura Figure 2 presents zonal means of ozone over the North-
uses the microwave limb sounding technique to measurern Hemisphere for July 2009, for the free model run
chemical constituents and dynamical tracers between the ud¥ig. 2a) and the MLS ozone analyses (Fig. 2b) for LR runs.
per troposphere and the lower mesosphé&katérs et al.  Black lines delineate the potential temperature iso-lines,
2006. It provides dense spatial coverage with 3500 pro-the white lines delineate the 2 PVU iso-lines (1 P&¥W x
files daily between 82N and 82 S. In this study we use 10°Kkg—1m?s1). For the mid and polar latitudes, strato-
the Version 2.2 of the MLS @dataset. It is a retrieval be- spheric ozone rich air is located above 350K. In the strato-
tween 215hPa and 0.46 hPa with a vertical resolution ofsphere MLS ozone analysis values are higher than the free
3km in the upper troposphere and the stratosphere. Forun values for levels located between 330K and 370 K. Isen-
ozone measurements the along-track resolution260km  tropic lines (i.e. potential temperature lines) between 320K
and the cross-track resolution 186 km between 215 and and 340K cross the 2 PVU iso-lines (the 2-PVU isoline iden-
10hPa. The estimated single profile precision in the extradifies the dynamical tropopause), and tilt downward between
tropical UTLS region is of the order of 0.04 ppmv (parts per 300 hPa and 600 hPa at mid-latitudes. The isentropic lines
million by volume) from 215hPa to 100 hPa and betweengive an idea of the mean isentropic transport during July
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Fig. 1. (a)Zonal means of increments of MLS ozone analyses at high horizontal resolutidpiOc@lative difference in %(b) Zonal means
of the MLS ozone analysis minus the associated equivalent MOCAGE free run at high horizontal resolutipim (@/2tive difference in
%. Zonal means are performed for the month of July 2009 over Europe.

a) MOCAGE Free run b) MLS ozone analysis below, which show that the analyses have higher ozone val-

- ues than the free model run at the location of the intrusion,
whereas the PV patterns are unchanged. Within the frame-
work of assimilation in a CTM model, the ozone distribution
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.

100

200

Pressure (hPa)

300 4 Meteorological situation and ozone fields analysis

400 4.1 Filamentary processes

500
In this section we focus on 2 STE case studies of atmospheric
features called streamers. Streamers which can be identified

600
700

10 20 30 40 50 €60 70 80 10 20 30 40 50 60 70 80 i i iri
i [ as filamentary structures of stratospheric air in the UTLS,

have been characterised Bppenzeller and Davie§l 992,
' e e andAppenzeller et al(1996 with the help of water vapour
0 50 100 150 200 250 300 350 400 450 500 . .
Ozone (ppbv) satellite measurements. These patterns of high PV values
(but also of high ozone values and low specific humidity),
ern Hemisphere (low resolution_ run$)2(a) MOCAG_E free run, g?ggggtk?: fg%tg&aliﬁnlgr?; :rri\g(riitﬂ; V\\ll\%ﬂ:’v (I;T 2a0:)el?r?1th
(b) MLS ozone analysis. Black lines are the potential temperature . . ’
the white line represents the 2 PVU iso-line (an estimate of the,_These S_treamers el man'fes'[.at'on of Rossby wave break-
tropopause height). ing at mid latitudesRostel and Hitchmgri999. Streamers
are considered as irreversible isentropic events (see Sect. 3),
and as a synoptic scale mass exchange mechanism between
the stratosphere and the troposph&prenger et al(2007)
2009. In a general manner, most of the STEs are considereandWernli et al.(2007 showed a relationship between STE
as an irreversible isentropic event in the lowermost strato-and PV streamers.
sphere, where the isentropes cross the tropop&cstd| and Two types of streamers are definethfrncroft et al.
Hitchman 1999. Subsequent southward cross-tropopausel993: Type | has an anticyclonic curve (linked to an an-
advection of these increments during a STE event increaseticyclone at its western edge) and can often break into a
0zone concentrations in the analyses at the location of the intrain of eddies, i.e., a PV low height anomaly traBrgwn-
trusion. This will be reflected in the case studies presentedng, 1993. These eddies roll up the stratospheric air with

Fig. 2. Zonal means of ozone for the month of July 2009 in North-
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Fig. 3. Meteorological situation on 23 June 2009, 12:00 UT from ARPEGE analfgig?otential vorticity fields, in potential vorticity

units (1 PVU=1x 108K kg1 m? s~1) from low (2°) horizontal resolution simulation (top) and high horizontal resolutiorP{GsEnulation

(bottom). Left hand side panels show longitude-latitude fields for a given model level; 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 confouidorizontal wind fields at LR near 300 hPa.

the tropospheric air, which allows conditions for favourable 4.2 Case 1: stratospheric intrusion on 23 June 2009

mixing by increasing the surface area between the two air

masses. Type Il has a North-South orientation with a vor-4.2.1 Meteorological situation

tex at the southern tipAppenzeller et a).1996. Note that,

not all STE is a result of irreversible isentropic ever8tofl In this section, we describe a stratospheric intrusion which

et al, 2003. 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). Figure 3a
shows the horizontal distribution of PV for a model level in
the UTLS (left hand side panels) and vertical cross-sections
of the model (right hand side panels) during the main phase
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of the intrusion (23 June 2009, 12:00 UT) at two model res-higher ozone values than the free runs. Generally, the verti-
olutions (LR: 2, HR: 0.2). White solid lines identify the cal cross sections from MLS ozone analyses show the ver-
2 PVU iso-line. Characteristic signatures of the intruded airtical ozone gradient displaced downward in altitude where
are high PV values. This pattern can be associated with théhe STE takes place. The shape of the vertical ozone gradient
type | streamer described above (see Sect. 4.1). It has an antia MLS ozone analyses follows more closely the 2 PVU iso-
cyclonic curve over the northern part of the domain (Fig. 3b)line. Qualitatively, MLS ozone analyses bring to the model
and a NE-SW orientation from the North of the Baltic sea an added value to the ozone distribution at the UTLS lay-
to the centre of France. A train of eddies is visible at theers. MLS analyses also increase the ozone values below the
South tip of the streamer. Figure 3a shows a transitional pe2 PVU iso-line in the troposphere.

riod when both cyclonic and anticyclonic behaviour are evi- Regarding the improvement shown by the HR fields, we
dent (Thorncroft et al.1993. On 23 June 2009 12:00 UT ata can conclude as for Sect. 4.2.2. Filamentary structures which
resolution of 0.2 these eddies are not clearly visible. At HR cannot be seen or are smoothed in the LR runs are repre-
and LR, this case study show high PV values intruding thesented accurately in the HR runs. In this case, the NE-SW
troposphere. At upper tropospheric levels (200 hPa—300 hPa)zone filament over northern Europe is more clearly iden-
PV values increase over the longitude ran§&525 E due tified with sharper gradients and is identified by the 2 PVU
to the strong (Fig. 3b) PV anomaly occurring above 200 hPacontour in the HR horizontal distribution. HR ozone verti-
The vertical distribution shows high stratospheric PV val- cal cross sections show a more detailed vertical ozone struc-
ues &2 PVU) below 300 hPa. At these pressure levels, rapidture than LR ozone vertical cross sections. For example, the
mixing by turbulence and convection may lead to irreversiblevertical ozone tropospheric patterns aEsbetween 300 and

STE eventsGouget et a.2000. 500 hPa for the HR MLS ozone analyses can be associated
with the streamer structure.
4.2.2 Comparison between the low resolution and the To summarise, these filamentary structures of ozone visi-
high resolution runs ble at the HR runs are smoothed or not well represented in the

LR runs. MLS analyses increase the ozone values by about
In this section we compare the PV fields from the LR runs 100 ppbv (parts per billion by volume) in the streamer struc-
and HR runs. On horizontal distributions, the HR allows anture in LR and HR.
accurate representation of the streamers. Horizontal gradi-
ents are increased with the HR whereas the LR gives a ver¢.2.4 Comparison with independent datasets
smooth representation of these streamers. The LR horizontal
PV field shows high values (a PV anomaly) over Italy and In this section a validation of MLS ozone analyses of this
South-East of France which do not seem to be linked by acase study is performed using the WOUDC (World Ozone
streamer to the polar stratospheric air mass. The HR horizonand Ultraviolet Radiation Data Centre) ozone sondes and
tal distributions of PV allow the representation in the UTLS the MOZAIC (Measurements of OZone, water vapour, car-
of the filamentary structures that characterise the streamer&on monoxide and nitrogen oxides by in-service Alrbus
Fine vertical structures in the streamers are also captured iairCraft) aircraft flights. The MOZAIC program measures
the HR run. We notice a vertical PV filamentary structure oc-ozone and other species from commercial aircigfienco
curring at HR to the west of the PV height anomaly describedet al, 1998. Comparison of the first two years of MOZAIC
in Sect. 4.2.1 (5E). At LR, these vertical structures are not ozone data with ozone sonde network data showed good
captured. The increase in the horizontal resolution provides agreementThouret et al.1998. The WOUDC is one of the
more detailed streamer structure in the horizontal and in thdive World Data Centres which are part of the Global Atmo-

vertical. sphere Watch (GAW) program of the World Meteorological
Organization (WMO).
4.2.3 Ozone analysis fields In this case study two MOZAIC flights have been used:

a flight on 23 June 2009 from Frankfurt (58, 8° E, Ger-
Figure 4 shows horizontal distributions for a model level in many) at 08:13UT to Calgary (8N, 114 W, Canada)
the UTLS (left hand side panels) and vertical cross-sectionsand a flight on 23 June 2009 from Frankfurt {30 8° E,
(right hand side panels) of ozone during the main phase ofsermany) at 13:00 UT to Philadelphia (39, 75° W, US).
the intrusion (23 June 2009, 12:00 UT). Figure 4 comparedn Fig. 5a, the runs at HR (solid lines) agree better with
the free model experiment and the analyses from the assimMOZAIC data (green line) than the LR runs (dashed lines).
ilation experiment, at the two model resolutions describedThe two MOZAIC flight tracks cross the filament nears
in this paper (see Sect. 2.1). White solid lines identify theand 52 N and identify a peak of ozone at this location.
2 PVU iso-line. Ozone fields and PV fields show similar pat- The use of HR improves considerably the ozone distribution.
terns. These patterns are seen in the free run experimenieaks detected by the MOZAIC flights are well represented
but ozone values are increased in the MLS assimilation runsby the HR runs. Where the analyses and free model run fields
The horizontal distributions of the MLS ozone analyses showat HR show the signature of the filament, the analyses are
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Fig. 4. Ozone fields for 23 June 2009, 12:00 UT, in ppbv (parts per billion by volume) for various experimegtsomRResolution (2)

free run; LRy Low Resolution (2) analyses; HR High Resolution (0.2) free run and HR: High Resolution (0.2) analyses. Left hand side

panels show longitude-latitude fields for a given model level; right hand side panels show longitude-pressure cross-sections. White dashec
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.

significantly closer to the MOZAIC data. The measured peak Unfortunately there are no WOUDC vertical records well
maximum by MOZAIC flights is between 7 mPa and 8 mPa, co-located in space and time with the stratospheric intrusion
whereas LR free run, LR MLS analyses, HR free run andevent. We thus compare our results with a sonde launched at
HR MLS analyses provides ozone maxima of 3 mPa, 6 mPal_egionowo (Poland: 52°4, 21° E) at 11:17 UT on 24 June
5mPa and 7.5 mPa, respectively. This comparison shows th&009. In Fig. 6, the ozone sonde measurements (green line)
the MLS ozone analysed fields at HR can improve the rep-are compared with the LR free run (blue dashed line), the
resentation of UTLS ozone during a stratospheric intrusionLR MLS analyses (red dashed line), the HR free run (solid
event. blue line) and the HR MLS analyses (solid red line). These
profiles show that between 100 hPa and 300 hPa MLS ozone
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mPa (1073 Pascals, right hand side y-axis); flight level (black line), in hP# @#scals, left hand side y-axis). Low resolutiof)(@nd 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 (30, 8° E, Germany, 08:13 UT) to Calgary (5N, 114 W, Canada). Position 1000 to 1900: starting at
Frankfurt (50 N, 8° E, Germany, 13:00 UT) to Philadelphia (39, 75° W, US).

100

4.3 Case 2: stratospheric intrusion on 17 July 2009
4.3.1 Meteorological situation

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 7b shows the
horizontal distribution for a model level in the UTLS (left
hand side panels) and the longitude-pressure cross-sections
(right hand side panels) of PV during the main phase of the
intrusion (17 July 2009, 15:00UT) at the two model hori-
zontal resolutions. White solid lines identify the 2 PVU iso-
line. This pattern can be associated with a type Il streamer
described above (see Sect. 4.1). The streamer has a more
3 8 10 North-South orientation than the previous case study (see
Qzone partial pressure (mPa) Sect. 4.2.1), from the North of Ireland to the South of France.
Fig. 6. Ozone profiles in mPa from a sonde over Legionowo At the South tip of the streamer, a vortex over France is
(52.4# N, 21.97 E, Poland; green line, launched at 11:17 UT on visible at HR. The vertical cross sections of PV fields (HR
24 June 2009), from the free MOCAGE run (blue lines) and from and LR), show a V-shaped deep intrusion. At upper tro-
analyses (red lines). Low resolutiorP§j2and high resolution (0% pospheric levels (200 hPa—300 hPa) PV values increase be-
results are represented by dashed and solid lines, respectively.  tween the longitude range 1%/~8 E due to the strong
cyclonic (Fig. 7a) PV anomaly occurring above 200 hPa.

) . ) The vertical distribution shows high stratospheric PV values
analyses are in better agreement with observations than the, 5 pyy) below 300 hPa.

free run. In this height range, the improvement of the HR

MLS ozone analyses is characterised by a maximum closert@ 3.2 Comparison between the low resolution and the

the observations than for the LR MLS ozone analyses. Com- high resolution runs

pared to the tropospheric ozone sonde values, MLS ozone

analyses show no improvement but increase the positive biam this section we compare the PV fields from the LR runs

already seen in the free model runs. Between 400 hPa angdnd HR runs. Horizontal gradients are increased with the

800 hPa free model runs show a bias of around 1 mPa an#iR whereas the LR gives a very smooth representation of

MLS analyses show a bias of around 2 mPa. these streamers. 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. We notice a ver-
tical PV filamentary structure occurring at HR to the west of

200 -
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Fig. 7. Meteorological situation on 17 July 2009, 15:00 UT from ARPEGE analya)sPotential vorticity fields, in potential vorticity unit

(LPVU =1 x 10° Kkg=1m?s~1) from low horizontal resolution (9 simulation (top) and high horizontal resolution (©)&imulation

(bottom). Left hand side panels show longitude-latitude fields for a given model level; 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 conoudorizontal wind fields at LR near 300 hPa.

the PV height anomaly described in Sect. 4.2.2W§. At (right hand side panels) of ozone during the main phase of
LR, these vertical structures are also seen in this case studyne intrusion (17 July 2009, 15:00 UT). Figure 8 compares
but are less detailed. As described in Sect. 4.2.2 the increadbe free model experiment and the analyses from the assim-
of the horizontal resolution provides a more detailed streameilation experiment, at two model resolutions (see Sect. 2.1).

structure in the horizontal but also in the vertical. White solid lines identify the 2 PVU iso-line. Ozone fields
and PV fields show similar patterns. These ozone patterns
4.3.3 Ozone analysis fields are seen in the free run experiments but ozone values are in-

creased in the MLS assimilation runs. Generally, the ozone
Figure 8 shows horizontal distributions for a model level in vertical cross sections from MLS analyses show a vertical
the UTLS (left hand side panels) and vertical cross-section®zone gradient displaced downward in altitude, where the
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Fig. 8. Ozone fields for 17 July 2009, 15:00 UT, in ppbv (parts per billion by volume) for various experiments.&R Resolution (2)

free run; LRy: Low Resolution (2) analyses; HR High Resolution (0.2) free run and HR: High Resolution (0.2) analyses. Left hand side

panels show longitude-latitude fields for a given model level; right hand side panels show longitude-pressure cross-sections. White dashec
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.

STE takes place. The shape of the vertical ozone gradienropospheric patterns visible at°1B and between 300 and

in MLS ozone analyses follows more closely the 2 PVU iso- 500 hPa for the HR MLS ozone analysis.

line. To summarise, these filamentary structures of ozone visi-
Regarding the improvement shown by the HR fields, weble at the HR runs are smoothed or not well represented in the

can conclude as for Sect. 4.2.3 Filamentary structures notR runs. At HR, ozone filamentary patterns are more marked

seen or smoothed in the LR runs are represented accurately in the MLS ozone analyses.

the HR runs. The NE-SW ozone filament over the Mediter-

ranean sea is only seen on the HR horizontal distribution.

This filament corresponds in the longitude-pressure cross

sections to the high volume mixing ratio (VMR) of ozone
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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 hand side y-axis); flight level (black line), units of hPa (left hand side y-axis). Low resolutjoan@ righ resolution (02

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, 84°, US).

100

the free model run fields. At the location of the intrusion the
MLS analyses are significantly closer to the MOZAIC data.
At 11:00UT on 17 July 2009, a MeteoSwiss o0zone sonde
was launched from Payerne (Switzerland; 4&856.6° E).
In Fig. 10, the ozone sonde measurements (green line) are
compared with the four different experiments in this study.
Figure 10 shows a 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 pro-
viding the best match with the ozone profile changes on the
vertical. This maximum represents the east side of the V-
shaped intrusion identified on the left hand side panel of
Fig. 8. HR analyses improve the representation of this max-
imum. It has been shown that stratospheric intrusions typi-
10 cally form filamentary structure¢iplton et al, 1995 in the
free troposphere, which appear as lamirgtekil et al, 2003
Fig. 10.0zone profiles, mPa, from a sonde over Payerne ¢46,5 in the ozone profile. A second maximum located at 500 hPa
6.6° E; green line, launched at 11:00 UT on 17 July 2009), from theis only represented by the MLS ozone analyses at HR and
free MOCAGE run (blue lines) and from analyses (red lines). Low also detected by the ozone sonde. This tropospheric ozone
resolution (2) and high resolution (073 results are represented by maximum shows the benefits of HR MLS ozone analyses in
dashed and solid lines, respectively. the troposphere. Vertical structure is improved in the UTLS
and in the free troposphere appearing as laminae or as ozone
maxima in the ozone profile (Figs. 6 and 10). Results indicate
4.3.4 Comparison with independent datasets that the improvement in the representation of the UTLS and
free troposphere structures is owing to the use of assimilation
In this section a validation of MLS ozone analyses duringand HR. A discussion of the origin of the maximum of ozone
the two case studies is performed using the WOUDC ozoneén troposphere is detailed in Sect. 5.1.
sondes and the MOZAIC aircraft flights.
The MOZAIC ozone data used in this study comes from4.4 Impact in the troposphere
a flight on 17 July 2009 from Frankfurt (30, 8° E, Ger-
many) at 11:57 UT to Atlanta (33N, 84° W, US) and left  To describe in a complete way the phenomena taking place
the regional domain at 14:16 UT. In Fig. 9a, the ozone anal-during the case studies we need to refer to both the UTLS
yses (red lines) agree better with MOZAIC data (green line)and the troposphere. Although there are no increments be-
than the free model (blue lines). The MOZAIC flight track low 250 hPa, the information from the increments above
crosses the intrusion between 35and 1.5 W. MLS anal- 250 hPa will be propagated to the troposphere by the model.
ysed fields show a better agreement with MOZAIC data thanTherefore the increments can impact the ozone field below
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Fig. 11. Zonal means of a tracer initialised backward trajectorfeyLow Resolution (LR 2), (b) High Resolution (HR 0.2). Tracer
concentration values are arbitrary: from 0 to a (the maximum value).

250 hPa. Between about 300 hPa and 800 hPa, in the free tro 100
posphere, the free model run at HR is closer than HR MLS
ozone analyses to the ozone sonde data in terms of magni
tude. 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 ozone it
advected through the tropopause. The high horizontal res-
olution and vertical resolution used in this study are still
too coarse to represent faithfully the filamentary structures g
of ozone in the UTLS measured by MOZAIC aircraft and a0}
ozone sondes. For example in case study 2 (Fig. 7), the ob:
served filament is very thin and horizontal ozone gradients in

the neighbourhood are very strong. MLS ozone analyses with  ®°
0.2 (~20km) horizontal resolution and 800 m vertical res- ~ 7°°f
olution have hourly temporal resolution while the MOZAIC ~ **%
data has a sampling frequency of 4 s corresponding to a dis-
tance of 1 km between each measurements. The MLS ozonkig. 12. Ozone profiles, mPa, from a sonde over Payerne 46,5
analyses have a good estimation of the maximum values, bua.6 E; green line, launched at 11:00 UT on 17 July 2009), from the
spatial gradients are smoothed due to the coarse model reee MOCAGE run (blue line), from analyses (red line) and fore-
olution. Then MLS ozone analyses have a positive bias pecasted run initialised with MLS anlyses at 00:00 UT on 15 July 2009
tween 3 and 5 hPa (see Fig. 5) in the neighbourhood of the fii{orange line). All experiments are from High Resolution {3 12ins.
aments. This means fine structures in the ozone analyses con-

tain too much ozone in the UTLS layers. In other words mix- . )

ing ratios at the dynamical tropopause (2 PVU for example)® Discussion

will be overestimated. This suggests that MLS ozone analy-
ses bring more ozone from stratosphere to troposphere tha

the free run. This overestimation of ozone values is strongerA 0od example of tronospheric impact is shown on figure
at LR than at HR, due to the lower resolution at LR. This also 9 P POSp P ; g
10 (see Sect. 4.3.4) where a tropospheric ozone maximum

suggest that LR brings more ozone from the stratosphere tg . )
the troposphere than HR. Structure was observed by the WOUDC profile and was rea

sonably well represented by the HR MLS ozone analyses.
To identify the origin of the air mass where the tropospheric
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1 Backward trajectories: impact of high resolution
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Fig. 13.Hovmuller diagram of the profile: (Forecast-MLS ozone analyses) in %, averaged betvwedrd& N and 5 W-9° W (Switzer-
land). Forecast is initialised from MLS ozone analyses on 15 July 2009 00:00 UT.

ozone maximum takes place, we use MOCAGE to calculatehe UTLS region. The transport of ozone from UTLS to the
backward trajectories for case study 2 (17 July 2009). Thefree troposphere takes a few days. The advantage of MLS
tracer was initialised between 400 hPa and 600 hPa on 18zone analyses (e.g. revealing ozone features in the free tro-
July 2009 at 11:00 UT. The model is initialised for the global posphere) can be used to forecast the free troposphere for
domain (LR) and for the regional domain (HR). Note that the about a week. Figure 13 shows the relative difference be-
global domain is used to constrain the regional domain. Lattween forecasts and the MLS ozone analyses until the end
eral boundary conditions for the regional domain come fromof July. The largest difference is located at the UTLS layers
the global domain. If tracers are advected out of the regionalnd increases with time. In the first seven days of the fore-
domain the tracer is then visible on the global domain. Fig-cast the difference in the free troposphere (below 300 hPa) is
ure 11 shows the zonal means of tracer concentration in theery small, under 5%. By constraining ozone at the UTLS,
Northern Hemisphere five and a half days before (12 Julytropospheric forecasts still contain after 7 days a strong con-
00:00 UT) the initialisation. Differences are significant in the tribution from the MLS observations. By using MLS ozone
backward trajectories for the two experiments. We observeanalyses at high resolution these tropospheric features (e.g.
a larger part of the tracers around the polar UTLS for themaxima of ozone in tropospheric profiles) can be forecast for
HR run whereas it is less evident for the LR run where thea week. Even if MLS ozone analyses are biased in the free
larger part of the tracers are located in the mid tropospherdéroposphere, this information on ozone features likely plays
at middle latitudes. The LR run presents a part of the tracer& non-negligible effect in the the tropospheric ozone budget,
close to the surface aroundg. Different to the LR run, the  which will be investigated in further studies. Studying the
HR run clearly shows that the tropospheric maximum comesropospheric ozone budget is out of the scope of this paper.
from a stratospheric intrusion that occurred few days before

at Northern latitudes. It is shown that the HR run is able to ,

represent tropospheric features coming from the lower strato® €onclusions

sphere; this is not the case for LR runs. In this paper we show the benefit of high horizontal resolu-

) o tion and MLS ozone assimilation on STE events. We use as-

5.2 Ozone forecasts at high resolution: impact of MLS  gjmjlation of MLS ozone profiles to constrain the MOCAGE

ozone analyses CTM in the UTLS at middle and high latitudes. The study is

conducted over Europe at low horizontal resolutiot) gnhd

To quantify the tropospheric impact of the MLS assimilation high horizontal resolution (0%. The assimilation of MLS
on the stratosphere, a forecast of two weeks has been dongzone tends to increase the ozone concentration in UTLS lev-
The initial state is the MLS ozone analyses on 15 July 200%is in polar and middle latitudes and we show the impact of
00:00 UT and the forecast ends 14 days later on 29 July 200¢his increase on the free troposphere. It is shown that the as-
00:00 UT. At first we compare the forecast to the WOUDC similation increments, advected through the tropopause, also
profile at Payerne on 17 July 2009 11:00 UT (Fig. 12). Two affect significantly the free troposphere. The added value of
and a half days after the start of the forecast, the maximumMLS ozone assimilation and its impact on the troposphere
of ozone in the UTLS decreases but the stratospheric and thgre illustrated using two case studies.
free tropospheric profiles show no significant changes. As al-
ready shown in Fig. 1 the largest impact of MLS is located in
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