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Abstract Signatures of multiple stratospheric intrusions were observed on simultaneous and collocated
ozone and water vapor profiles retrieved by lidars and radiosondes at the Maido Observatory, Reunion
Island (21°S, 55°E, 2160 m above sea level), during MAido Lidar Calibration CAmpaign in April 2013. A singular
structure of the ozone vertical profile with three peaks (in excess of 90 ppbv, at ~8, ~10, and ~13 km altitude)
embedded in a thick dry layer of air suggested stratospheric intrusions with multiple origins. The hypothesis
is corroborated by a synoptic analysis based on re-analyses. European Centre for Medium-Range Weather
Forecasts ERA-Interim temporal series associated with 5 days Lagrangian back trajectories initialized on each
ozone peak allows to capture their stratospheric origin. The ozone peak at the lowest altitude is associated
with an irreversible tropopause folding process along the polar jet stream during an extratropical cutoff low
formation. Simultaneous lidar water vapor profiles of this peak show that the anticorrelation with ozone has
been removed, due to mixing processes. Back trajectories indicate that the two other ozone peaks observed
at higher altitudes are associated with the dynamics of the subtropical jet stream and the lower stratosphere.
The observations confirm the recent stratospheric origins. The highest ozone peak is explained by the
horizontal distribution of the intrusion. Use of a Lagrangian Reverse Domain Filling model and of the
Meso-NH Eulerian mesoscale model with a passive stratospheric tracer allow to further document the
stratosphere-troposphere transport processes and to describe the detailed potential vorticity and ozone
structures in which are embedded in the observed multiple stratospheric intrusions.

1. Introduction

In the context of global climate change, it is very important to survey stratosphere-troposphere exchanges
(STE) to understand these dynamical processes and to improve their representation in numerical weather
prediction and climate models. STE processes are crucial because both radiative and oxidizing roles of ozone
depend on its vertical distribution in the troposphere and in the stratosphere [Schwarzkopf and Ramaswamy,
1993; Kley, 19971. Global aspects of STE in the framework of the general circulation, including the role of
waves, eddies, and mesoscale structures such as jet streams and extratropical cyclone dynamics, have been
the subject of a review by Holton et al. [1995]. Several studies focused on STE associated with synoptic-scale
jet stream and Rossby wave dynamics [e.g., Ancellet et al., 1994; Postel and Hitchman, 1999; Scott et al., 2001;
Scott and Cammas, 2002; Baray et al., 2000, 2003], jet-front dynamics [Donnadille et al., 2001; Flentje et al.,
2005], and tropical cyclones [Das et al., 2011; Leclair de Bellevue et al., 2006]. Most of the case studies on strato-
spheric intrusions conclude that a part of this exchange is irreversible and impacts the tropospheric ozone
budget [e.g., Collins et al, 2003; Cristofanelli et al., 2006; Hess and Zbinden, 2013; Roelofs and Lelieveld,
2000]. Even if the tropospheric ozone budget derived from chemistry transport global models reasonably
agrees with ozone observations, the representations of the three main drivers of the budget—photochem-
istry (productions and losses), dry deposit on the surface, and STE—and a right balance between them need
further improvement [Stevenson et al., 2006, 2013]. Thus, it is important to document those processes includ-
ing stratospheric intrusions to better evaluate the ozone fluxes and budget.
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Depending on a mechanism of tropopause folding [Reed, 1955; Reed and Danielsen, 1958], a stratospheric
intrusion is characterized as stratospheric air masses subsiding isentropically within tropopause folds asso-
ciated with the creation of tongues of ozone-rich and dry air in the troposphere [Appenzeller and Davies,
1992; Holton et al., 1995]. Parameters like potential vorticity [Appenzeller and Davies, 1992; Danielsen, 1968;
Danielsen et al., 1970; Reed and Danielsen, 1958], ozone [Danielsen, 1968], and water vapor [Shapiro, 1978] con-
centrations, with different orders of magnitude between the stratosphere and the troposphere, are relatively
well conserved [Appenzeller et al., 1996] and are correlated [Danielsen et al., 1970, Shapiro, 1974] during tropo-
pause foldings. Newell et al. [1999] showed that by taking simple detection criteria on the O3/H,0 relationship,
different type of air masses could be differentiated. For an O3+/H,0— relationship (i.e., anticorrelation), the air
mass was identified as stratospheric air or pollution. Mixing of the stratospheric parcel with the wet tropo-
spheric air [Stohl et al., 2003a] can explain that the analysis of the relative humidity as a tracer is not always
conclusive and mainly explains why the anticorrelation O3/H,0 is not always sufficient to reliably characterize
layers associated to stratospheric intrusions [Colette et al., 2005; Thouret et al., 2000]. A dynamical parameter,
the potential vorticity (PV), is used as a tracer of STE. Under adiabatic and frictionless conditions, PV is con-
served on isentropic surfaces and is a parameter well adapted to study dynamic processes such as tropopause
folds and stratospheric intrusions [Reed and Danielsen, 1958; Hoskins et al., 1985]. These three tracers are the
best parameters and can be used in different methodologies to identify and characterize stratospheric intru-
sions. The first approach to study is instrumental. High-resolution in situ or remote sensing measurements are
mainly used to sample stratospheric filaments. Recent research works on the O3/H,0 relationship focused on
high-resolution data like water vapor ground-based lidar measurements to study stratospheric intrusions
[D'Aulerio et al, 2005]. The optimal data set should be co-localized and coincident measures. The
Measurements of Humidity in the Atmosphere and Validation Experiments campaign led to ozone and water
vapor coupled lidar observations of a stratospheric intrusion at the Table Mountain Facility in 2009 [Leblanc
et al,, 2011]. Another approach to document such processes consists in describing the synoptic analysis of
the event, thanks to global model (re-)analyses, such as, for example, for this case study the ones from
ECMWEF (European Centre for Medium-Range Weather Forecasts). ECMWF analyses contain all parameters
allowing the characterization of a stratospheric intrusion [Vaughan et al., 1994] and especially the potential
vorticity which is not directly measured. More than characterizing a single event, those global analyses data
have been and are still largely used to establish climatologies [Skerlak et al., 2014, 2015; Sprenger and
Wernli, 2003; Sprenger et al., 2007] and to calculate exchanges induced by STE (including stratospheric intru-
sions). Finally, to go further in the investigations, high-resolution modeling is the preferred method. On the
one hand, Lagrangian calculations can reveal subgrid scale structures [e.g., Stohl et al., 2003a; Trickl et al.,
2010] where transport dominates and are, thus, well adapted. A few case studies of stratospheric intrusions
have already been evaluated with Lagrangian tools, like the LAGRangian ANalysis TOol [Wernli and Davies,
1997; Wernli, 1997], the Hybrid Single Particle Lagrangian Integrated Trajectory model [Draxler and Hess,
1998], or the FLEXible PARTicle dispersion model [Stohl et al., 1998, 2005; Stohl and Trickl, 1999]. On the other
hand, previous studies have shown that mesoscale modeling could be used as an integrating tool for studying
and/or quantifying transport processes especially in the upper troposphere-lower stratosphere [Cristofanelli
et al, 2003; Ebel et al., 1991; Kentarchos et al., 1999; Leclair de Bellevue et al., 2007; Luo et al., 2013; Meloen
et al,, 2003]. To establish climatologies, ECMWF analyses are often coupled with Lagrangian calculations
[Bourqui, 2006; Bourqui et al., 2012; Cristofanelli et al., 2006; Sprenger et al., 2003]. Coupled to ECMWF forecasts,
some Lagrangian tools can also guide some measurement campaigns [Trickl et al., 2010; Zanis et al., 2003] as
the STACCATO one (Influence of Stratosphere-Troposphere Exchange in a Changing Climate on Atmospheric
Transport and Oxidation Capacity) [Stoh! et al., 2003b]. The different data and methodologies described in this
introduction might be coupled to establish the best diagnostic of a stratospheric intrusion process.

Until now, very few STE case studies focused on the Southern Hemisphere mainly because of the lack of high-
resolution measurements which require in situ and remote sensing instruments. Using the ozonesonde data
of the NDACC/SHADOZ station (Network for the Detection of Atmospheric Composition Change/Southern
Hemisphere ADditional OZonesondes), some studies have been published on ozone aspects in STE on the
southwestern part of the Indian Ocean [Baray et al.,, 1998, 2000; Leclair De Bellevue et al., 2007; Clain et al.,
2010]. Reunion Island (21°S, 55.5°E) is located on a subtropical latitude band of the Southern Hemisphere.
The latitude of the island allows observations of different thermodynamic processes depending on the sea-
son, e.g., processes associated with the Intertropical Convergence Zone during its poleward migration in
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austral summer or the processes associated with the upper tropospheric jet streams during their equator-
ward migration in boreal winter. Its position makes possible observations of tropical and subtropical mechan-
isms. It is also a strategic location to monitor climate change, considering the widening of the tropical belt [Lu
et al., 2009]. The Maido Observatory, a high altitude site, is equipped with various in situ and remote sensing
instruments [Baray et al., 2013]. The different collocated lidars of the observatory provide high-resolution pro-
files of water vapor, ozone, and aerosols which represent an original data set to document STE studies. The
MALICCA (MAido Lldar Calibration CAmpaign) field campaign conducted in April 2013 [Keckhut et al., 2015]
has provided an important water vapor and ozone profiles and column data set. The objective of this paper
is to analyze in detail an event of multiple stratospheric intrusions observed between 28 March and 5 April
2013 in ozone lidar profiles, in water vapor lidar, and radiosounding profiles. A main goal is to explain the
multilayered nature of the stratospheric intrusions observed over Reunion Island with respect to the
dynamics of the subtropical and polar jet streams. Another goal is to investigate the relationship in the sub-
tropics between ozone and water vapor within the stratospheric intrusions as it is described by lidar and
sonde observations. The multi-instrumented lidar measurements and numerical approaches, Lagrangian
and mesoscale models, will allow to bring new characterization elements regarding the history of the strato-
spheric intrusions. In section 2, we describe the measurement site and the methodology. Section 3 focuses on
the synoptic characterization of the stratospheric intrusion and on the differentiation of the air masses. The
history of each ozone peak is reconstituted, thanks to the observations and the modeling results. The relia-
bility of measurements and the complementarity and/or limits of the different methodological approaches
are also discussed. Finally, conclusion is set in section 4.

2, Instrumentation and Methodology

2.1. Instrumentation

2.1.1. The Maido Observatory

Atmospheric ozone measurement systems have been deployed at Reunion Island since the nineties, begin-
ning with radiosoundings, followed by a Systeme d’Analyse par Observation Zénithale UV-visible spectro-
meter [Pommereau and Goutail, 1988] and lidar systems. Reunion Island represents a prime location
because there are very few multi-instrumented stations in the tropics and particularly in the Southern
Hemisphere. In 2012, the Maido Observatory (2160 m above sea level (asl)) was commissioned on the western
part of the island. It hosts various instruments for atmospheric measurements, including lidar systems, spec-
troradiometers, and in situ gas and aerosol measurements [Baray et al., 2013].

During the night, clear-sky conditions are favored at the observatory due to large-scale subtropical and antic-
yclonic subsidence which is reinforced by local conditions on the downstream side of the island. In April, the
Mascarene subtropical high strongly influences the meteorology over Reunion Island. Under this large-scale
feature and on the lee slide of the island, the synoptic subsidence is locally reinforced by the downslope flow
[Lesouéf et al., 2011]. Air masses at the Maido site are separated from local and regional sources of pollution at
nighttime, and the performances of the optical instruments above the marine boundary layer have been con-
siderably improved [Baray et al., 2013].

The intensive measurement campaign MALICCA-1 (1 April to 20 April 2013) provided detailed data set of
water vapor profiles on a short period. The main goal of the campaign was to set the best instrumental con-
figuration for the Raman lidar system and to evaluate its data [Dionisi et al., 2015; Keckhut et al., 2015]. This
campaign allowed also to conduct scientific studies on various topics: moistening of the lower stratosphere,
cirrus clouds, among others, and STE including the case study documented in this paper.

2.1.2. The Tropospheric Ozone Lidar

A Rayleigh-Mie lidar has been deployed at Saint-Denis (north of Reunion Island) and was performing several
times a week since 1998 [Baray et al., 2006]. This system has been upgraded and transferred to the Maido sta-
tion in 2012 [Baray et al., 2013]. This lidar is a differential absorption lidar system: profiles are retrieved from
the differential absorption in air of two wavelengths (289 and 316 nm). For the emission part, the UV wave-
lengths are generated by Raman shifting of the fourth harmonic of a neodymium: yttrium/aluminum/garnet
(Nd:YAG) laser in a high-pressure deuterium cell [Baray et al., 1999]. The laser frequency is 30 Hz. The beam
diameter is 10 mm and is expanded in a divergence optimizer system located after the Raman cell (length
and diameter in/out, respectively: 1500, 20, and 55 mm). The output diameter and the divergence of the
emitted beam are 30 mm and 0.25 mrad [Baray et al., 2013]. The reception part of the system is composed

VEREMES ET AL.

MULTIPLE STRATOSPHERIC INTRUSIONS 14,416



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025330

of a mosaic of four telescopes (500 mm diameter each) and optical fibers (1.5 mm diameter), and the spectral
separation of 289 and 316 nm beams is operated by a spectrometer (with a Czerny-Turner holographic grating).

First ozone measurements at the Maido were performed in January 2013. The lower and upper limits of the
validity are 5-6 km to 16-18 km asl, respectively, depending on meteorological conditions and on the quality
of the signal. To keep the lower limit for the vertical range of the measurements to 3-4 km asl, a low channel
(small telescope of 20 cm diameter) has been added to the setup of the lidar at the Maido Observatory. A
commutation allows to work with either mode by permuting the optical fibers at the entrance of the spectro-
meter. The data processing is described in Baray et al. [1999]. Routinely, measurements are performed on
average 5 times by month at the Maido station. The vertical resolution is approximately 400 m at 8 km asl
and 1.2km at 14 km asl.

2.1.3. The Water Vapor Lidar

The Raman water vapor lidar system which operated at Saint-Denis from 2002 to 2005 [Hoareau et al., 2012] has
been very significantly upgraded after being transferred to the Maido station in 2012. Some critical points
detected in the previous system have been improved and optimized [Hoareau et al., 2012; Dionisi et al., 2015].
The new Raman system has been designed to monitor the water vapor in the troposphere and in the lower stra-
tosphere and, simultaneously, the temperature in the stratosphere and in the mesosphere. The new lidar sys-
tem uses the 355 nm, generated by two Nd:YAG lasers, with a repetition rate of 30 Hz. Even if the system has
been designed to work at two wavelengths, only the 355 nm wavelength is used on a routine basis. Emitting
pulses of each laser are synchronized and coupled through a polarization cube, have an energy of 375 mJ per
pulse and a duration pulse of 9 ns. The geometric divergence of the beam is around 0.5 mrad. One of the specifi-
cities of this lidar configuration is the coaxial geometry for emission and reception designed to avoid parallax
effects, extend measurement down to the ground, and facilitate the optical alignment and the calibration
procedure. Another specificity is that the backscattered signal (collected by a 1.2 m diameter telescope) is trans-
ferred to the optical part by a set of lenses and mirrors instead of fiber-optic cables. The fluorescence in fiber-
optic cables could cause a systematic bias in water vapor measurements [Sherlock et al., 1999] that is avoided
with the new design. The field of view of the system is set to 0.5 mrad (2 mm), thanks to a diaphragm field stop
at the entrance of this box to avoid the saturation of the detectors due to the defocalization effect. The spectral
separation of the light is realized by dichroic beam splitters and band-pass and high-pass interference filters.
Details on the optical configuration are given in Dionisi et al. [2015]. Photons are counted by using
Hamamatsu photomultiplier with Licel transient recorders [Hoareau et al., 2012]. Water vapor profiles are
retrieved by using the method described in Dionisi et al. [2015]. Long-term calibration is performed by using
water vapor columns obtained from Global Navigation Satellite Systems (GNSS). The GNSS data are collocated
and simultaneous with the Raman lidar measurements. At the Maido Observatory, lidar measurements are rou-
tinely performed twice aweek on average. The vertical resolution of the raw datais 15 m.On a routine basis, data
are smoothed with a Blackman filter whose number of points changes with the altitude. The method of calcula-
tion of the vertical resolution is based on Leblanc et al. [2016] and retrieves values around 100 m at 4 km asl,
250 m at 12.5 km asl, 300 m at 15 km asl, and 375 m at 18 km asl.

2.1.4. Radiosoundings

PTU (pressure-temperature-humidity) radiosondes were launched from the Maido Observatory site during
MALICCA-1 [Keckhut et al., 2015]: 12 Modem M10 radiosoundings and 15 Vaisala RS92 radiosoundings, includ-
ing four dualflights (Modem and Vaisala) launched simultaneously to the beginning of the water vapor lidar
shots. The main objectives in performing those specific measurements were, with the dualflights, a compar-
ison between different types of PTU radiosonde data, a comparison of the use of radiosoundings versus GPS
for the calibration of the water vapor lidar [Dionisi et al., 2015], and a multi-instrumented comparison in order
to validate the Raman water vapor measurements. Biases of the Modem M10 sensors are known and are
being the subject of corrections in order to fit the GRUAN (Global Climate Observing System Reference
Upper-Air Network) framework requirements (work in progress at the MeteoModem company; G. Clain per-
sonal communication). The Modem M10 data of MALICCA used in this paper benefited of corrections on
response time and heating of the sensors that were not yet implemented in the code in April 2013.

2.2. Numerical Modeling

2.2.1. Operational Analysis and ERA-Interim Re-Analysis

The analysis of the synoptic context is based on the interpretation of ERA-Interim re-analyses [Berrisford et al.,
2011]. Vertical and horizontal resolutions of the parameters extracted (ozone, potential vorticity, water

VEREMES ET AL.

MULTIPLE STRATOSPHERIC INTRUSIONS 14,417



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025330

Table 1. Description of the Different Types of ECMWF Data Used in the vapor mixing ratio, and wind) are

P S given in Table 1. The thermal defi-

Method Synoptic Analysis LACYTRAJ Meso-NH nition of the tropopause [World
ECMWF data ERA-Interim ERA-Interim  Operational Meteorological Organization, 1986]
Temporal resolution 6h 6h 6h can fail in representing the dyna-
Type of level Pressure Pressure Model mical situation associated with a
D e Ak 37 37 60 tropopause fold [Kuang et al.
Horizontal resolution 0.5° 0.75° 0.5° !

2012]. The dynamical definition
based on a potential vorticity
threshold [Holton et al, 1995 ; Hoskins et al, 1985] as the iso-surface —2 PVU (potential vorticity uni-
t=10"%km?kg™"'s™") is more appropriate in our study. Ozone is a prognostic variable predicted simulta-
neously with the other model state variables in the 4D-Var ERA-Interim assimilation scheme [Dee et al.,
20111. The ozone first guess is derived from an updated version of the Cariolle and Déqué [1986] scheme
[Cariolle and Teyssédre, 2007].

2.2.2. LACYTRAJ

LACYTRAJ is a kinematic trajectory code using the ECMWF operational analyses or ERA-Interim re-analyses.
The user defines a start grid (either a 1-D vertical profile or a 2-D vertical/horizontal cross section), and parti-
cles (or air masses) positioned over model grid point are advected by 3-D analyzed wind components. The
altitude of the particles is computed by using the vertical component of the wind of ECMWF operational ana-
lyses or ERA-Interim re-analyses. Tracers can be advected along trajectories, in order to rebuild an advected
parameter’s profile or field. This technique, known as Reverse Domain Filling, hereafter RDF [Sutton et al.,
1994], allows to retrieve subgrid-scale information when the time step of the trajectory is adjusted to the life-
time of the parameter and assuming that no mixing process takes place along this path. This Lagrangian
technique has been used with various trajectory models to study the dynamics of the polar vortex and the
formation of filaments along its edge [Schoeberl and Newman, 1995], to trace troposphere-to-stratosphere
transport above a midlatitude deep convective system [Hegglin et al., 2004], to identify the water vapor trans-
port pathways over the summertime Asian monsoon region [Zhang et al., 2016], to construct a three-
dimensional gridded climatology of ozone [Liu et al., 2013], etc. The LACYTRAJ model has been developed
to investigate STE, either in case studies [Baray et al., 2010, 2012; Clain et al., 2010] or for climatologies
[Clain et al., 2010].

For the present study, 5 day back trajectories have been calculated from atmospheric columns on the closest
grid points to Reunion Island initialized with the ECMWF re-analyses of 4 April at 1800 UTC (Table 1), with a
time step of 15min and a pressure step (i.e., the vertical spacing of the starting positions) of 10 to 50 hPa
depending on the altitude. Furthermore, subgrid structures are reconstructed by using the RDF method by
advecting the ozone and the potential vorticity from 1 to 7 days, with a time step of 15 min and a vertical spa-
cing of 5hPa on a space domain from 5 to 30°S and 40 to 85°E. The time horizon of the RDF analysis, con-
structed with back trajectories and initially extended up to 7 days, was finally set at 2 days. The mean
reason for this is twofold: (i) the period of time needed for the air particles to irreversibly cross the tropopause
is linked to the typical duration of a Rossby wave breaking (RWB) event (i.e., 2 to 3 days) and (ii) the RWB event
occurred just upstream of and over Reunion Island (see section 3.1); thus, the air particles did not take much
time to reach the point of observation. We noted that no additional relevant information was provided
extending the time range beyond 2 days. On the contrary even, a gradual increase of both the noise of the
advected fields and the disappearance of fine-scale upper level features takes shape as the time range
increases. Moreover, the model assuming that there is no mixing process along the trajectory, the RDF
approach will bring some information about the maximum possible ozone concentration at the
target position.

2.3.3. Meso-NH

Meso-NH is a nonhydrostatic research model [Lafore et al., 1998]. It is used herein to describe the fine-scale
dynamics associated with tropopause folds, as already done for extratropical [Donnadille et al., 2001; Tulet
et al., 2002] and for tropical case studies [Leclair de Bellevue et al., 2007; Scott et al., 2001].

The case study is simulated with one model with a horizontal grid spacing of 24 km. The vertical grid has 150
vertical levels with 150 m grid spacing (from the 1 to 21 km). A sponge layer is applied from 18 to 21 km in
order to dampen the upward propagating gravity waves generated by the convection. The horizontal
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Figure 1. (a) Lidar profiles of ozone mixing ratio (in ppbv) at the Maido Observatory on 4 April 2013 at 1610 UTC (red) and 2
April 2013 at 2151 UTC (orange). The ozone average profile for a month of April and its standard deviation derived from the
2007-2012 weekly NDACC/SHADOZ radiosounding database at Reunion station are displayed with a purple solid and
dotted line, respectively. (b) Lidar profiles of water vapor mixing ratio (in ppmv) at the Maido Observatory and their 1o error
for 4 April 2013 at 1635 UTC (red solid and dotted lines), at 1703 UTC (pink solid and dotted lines), and at 2210 UTC (yellow
solid and dotted lines, respectively) and Modem water vapor radiosounding profiles on 4 April 2013 at 1516 UTC (blue line)
and at 1956 UTC (sky blue line) and at 2212 UTC (cyan line).

domain covers the South West Indian Ocean region with an area of about 4320 km x 4800 km (180 x 200
points). The time step is 15 s. The simulation is integrated from 0000 UTC on 2 April 2013 to 1800 UTC on 5
April 2013. The initial and lateral boundary conditions are obtained from European Centre for Medium-
Range Weather Forecast (ECMWF) operational analyses.

The physics of the model includes the prognostic calculation of turbulence following Bougeault and Lacarrére
[1989]. A convection scheme based on mass-flux calculations is used [Bechtold et al., 2001]. Mixed-phase
microphysics [Pinty and Jabouille, 1998] and subgrid cloudiness [Chaboureau and Bechtold, 2005] are used
for these simulations. The Rapid Radiation Transfer Model scheme of ECMWF is used for radiation [Mlawer
et al, 19971. A new scalar variable has been implemented in Meso-NH: a stratospheric ozone tracer. In order
to initialize this variable, the ozone is extracted from the ozone parameter of the CAMS (Copernicus
Atmosphere Monitoring Service) near real-time analyses [Inness et al., 2009]. Tracer values are set to zero
wherever the CAMS ozone parameter is below a stratospheric threshold. This method allows to take account
of the stratospheric-origin air initially present in the troposphere and entering it through the boundaries of
the domain during the model run. Setting to zero the tracer below the stratospheric threshold avoids confus-
ing stratospheric-origin air being mixed in the troposphere with the background tropospheric ozone. Some
sensitivity tests have been performed in order to choose the best starting date, vertical resolution, altitude of
the beginning of the sponge layer, and threshold for the stratospheric ozone. The sensitivity tests were con-
clusive when the comparisons of Meso-NH fields were in agreement with the 4 April ozone lidar profile
(Figure 1) or with the advected PV and ozone cross sections (see section 3.2). The result of the test shows that
the most suitable threshold for the stratospheric ozone tracer is 70 ppbv. On the observations, this altitude is
representative of the ozone tropospheric background: it corresponds to the highest amount of ozone in the
troposphere for which the lidar profile on 4 April and the climatological profile of ozone for a month of April
are in agreement. When looking at the ECMWF ERA-Interim re-analyses, the 70 ppbv contour seems signifi-
cant, highlighting a structure from the ozone background (see section 3.2).
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Table 2. Measurements at the Maido Observatory on 2 and 4 April 2013 (MALICCA-1)

Date 2 April 2013 4 April 2013

Parameter Water vapor mixing ratio ~ Ozone mixing ratio Water vapor mixing ratio Water vapor mixing ratio Ozone mixing ratio
Instrument Radiosonde (M10) Lidar Radiosonde (M10) Lidar Lidar

Type of product Profile Integrated profile Profile Integrated profile Integrated profile
Launch time 1600 UTC 2157 UTC 2151 UTC 1535 UTC 1956 UTC 2212 UTC 1635 UTC 1703 UTC 2210 UTC 1610 UTC

3. Characterization of the Stratospheric Intrusions
3.1. Ozone-Rich and Dry Layers in the Upper Troposphere

Figure 1 shows the lidar ozone profiles on 2 April 2013 at 2151 UTC and 4 April at 1610 UTC and the different
lidar and radiosounding water vapor profiles on 4 April 2013at 1516 UTC and 5 April at 0032 UTC. On the
ozone lidar profile measured 2 days before (2 April 2013, see the orange line on Figure 1a), a small peak is
observed (60 ppbv) at a low altitude (6.8 km). With regards to ozone observations (Table 2), the lidar vertical
profile on 4 April (Figure 1a, red line) shows three distinct peaks at 8.2, 9.9, and 12.7 km altitude with ozone
mixing ratios of 97 ppbv (peak no. 1), 92 ppbv (peak no. 2), and 105 ppbv (peak no. 3), respectively. Above the
tropopause at 16 km altitude, stratospheric standard values of ozone are observed by the lidar (not shown).
All these tropospheric ozone peaks can be considered as significant positive anomalies of ozone when they
are compared to the mean April ozone profile derived from 158 weekly NDACC-SHADOZ radiosoundings
between 2007 and 2012 (Figure 1a, purple line). The Meteosat water vapor image on 4 April 2013 at 1800 UTC
(Figure 2) shows a synoptic and very dry upper tropospheric trough extending equatorward and just west of
Reunion Island. All available lidar and radiosonde water vapor vertical profiles on 4 April (Figure 1b and
Table 1) also show that a very dry air mass with concentrations below 100 ppmv is in place above 9 km alti-
tude. Compared with the mean water vapor profile derived with all lidar observations obtained during the
MALICCA-1 campaign (see Figure 12 in Dionisi et al. [2015]), this very dry air mass can be considered as an
anomalous pattern of dryness in the middle and upper troposphere.

The observations of very dry and ozone-rich layers exceeding the ozone climatology in the upper tropo-
sphere over Reunion Island suggest multiple stratospheric intrusions. Biomass burning activities were not
detected on satellite images over countries bordering the South-West Indian Ocean the previous weeks,
and no significant electric activity (i.e., lightning strokes [Jacobson et al., 2006]) was detected on the World
Wide Lightning Location Network data. The ozone anomalies are then very likely not associated with an
on-site production in the troposphere by chemical processes. Explanations for their origins have to be
searched assuming irreversible stratosphere-troposphere transport. In the following sections, further investi-
gations are presented to interpret in more details the vertical structure of these peaks, to document their
multiple stratospheric origins, and to assess their corresponding residence times in the upper troposphere.

3.2. Synoptic Setting

Figure 3 shows the water vapor,
" & " W = i the ozone mixing ratio, and the
B ; SN e potential vorticity at 350K from
R ECMWF ERA-Interim re-analysis on
’ 4 April at 1800 UTC. The water
vapor mixing ratio at 350K
(Figure 3a) is in agreement with
the Meteosat image (Figure 2),
showing two synoptic-scale dry air
filaments at the longitudes of
Reunion Island and over the
south-eastern coast of Africa. As
shown by the ERA-Interim analysis,
these filaments are rich in ozone

Figure 2. Meteosatimage in the water vapor channel on 4 April 2013 at 1800 (Figure 3b) and are associated with
UTC. PV values (lower than or equal to

2
\
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Figure 3. ECMWF ERA-Interim re-analysis on 4 April 2013 at 1800 UTC for (a)

water vapor mixing ratio (in ppmv), (b) ozone mixing ratio (in ppbv), (c)

potential vorticity (in PVU), and (d) wind speed (m 571) at 350 K. The black

lines represent the 15 ppmv water vapor mixing ratio, the 70 ppbv ozone

mixing ratio, and the —2 PVU potential vorticity contours in Figures 3a-3c,

respectively.

—2 PVU) typical of the stratosphere
(Figure 3c). The synoptic setting
then describes a regime of RWB
with meridional intrusions of dry
and rich-ozone equatorward air
masses, and inversely. It involves
the dynamics of two upper level
tropospheric jets (Figure 3d): the
polar jet stream nearby and south
of 40°S, and the subtropical jet
stream mostly present at 250 hPa
at lower latitudes.

Meridional vertical cross sections
of water vapor and ozone mixing
ratios, and potential vorticity from
ECMWF ERA-Interim re-analysis on
4 April at 1800 UTC, are displayed
on Figure 4. The zonal cross sec-
tions are quite symmetrical to the
meridional ones. Over Reunion
Island (position represented by a
white segment in Figure 4), the
RWB involves a strong tropopause
break. The vertical structure of the
water vapor mixing ratio field is
the one of the three tracers that
shows the least of vertical fine-
scale structures and evidence of
intrusions. Ozone and PV fields
are strongly correlated. By contrast
to water vapor, the latter fields
clearly show that stratospheric
intrusion processes are present
down to 400-500 hPa.

To summarize, a complex synoptic
setting associated with the
dynamics of the subtropical and
polar jet streams has to be consid-
ered over a time period of a few
days to take into account the time
scale of stratosphere-troposphere
transport. While reproducing well
a RWB event and the large-scale
structures of the tropopause, the
ECMWEF analyses do not provide
the detailed structures shown on
the ozone lidar profile. With regard
to the vertical layering, only one
peak of ozone and PV can be
inferred from vertical cross-

sections (Figure 4), whereas ozone lidar profiles show three peaks. To ensure that the misrepresentation
did not come from the vertical resolution chosen (37 pressure levels), an ozone mixing ratio cross section
based on the whole ERA-Interim model levels has been plotted (not shown). With the full vertical resolution
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Figure 4. Meridional vertical cross sections from ECMWF ERA-Interim re-ana-
lysis on 4 April 2013 at 1800 UTC for (a) water vapor mixing ratio (ppmv, with
a logarithmic color scale), (b) ozone mixing ratio (ppbv), and (c) potential
vorticity (PVU). The white vertical lines indicate the position of Reunion
Island. The black lines represent the 35 ppmv water vapor mixing ratio, the
70 ppbv ozone mixing ratio, and the —2 PVU potential vorticity contours in
Figures 4a-4c.

of the model, no more significant
structures or peaks appeared.
ECMWF ozone fields in the upper
troposphere are not always robust
in some synoptic situations [Dethof
and Holm, 2004]. The problem has
not yet been solved in the re-
analysis, and it is recognized that
this issue should be considered for
the next re-analysis project
[Dragani, 2011; Dragani and Dee,
2008]. Few studies [e.g., Bithell et al.,
2000; D’Aulerio et al., 2005; Gouget,
2000] highlighted that global model
analyses may not represent verti-
cally thin structures associated
with STE.

3.3. Fine-Scale Vertical Layering

Getting back to observations in ver-
tical profiles (Figure 1), a multispe-
cies analysis is now attempted to
better interpret the stratospheric ori-
gin of the layers. One ozone lidar
profile was performed per night dur-
ing the campaign supported by one
or several water vapor lidar and
radiosounding profiles (Table 2).

With regard to the vertical profiles
available on 2 Apiril, there is none
anticorrelation between water vapor
and ozone suggesting a recent stra-
tospheric origin of the ozone peak
(peak 0) observed at 450hPa
(Figure 1a). For that kind of low-
altitude ozone peak, Lagrangian
techniques  and/or  mesoscale
numerical simulations using a
meteorological model with strato-
spheric tracers are necessary to go
further to reproduce the vertical
layering of the case study.

On 4 April, the ozone peak no. 1, that
is the lowest in altitude, presents the
narrowest vertical width of the three
ozone peaks and is linked to the
highest water vapor mixing ratio.
Water vapor mixing ratio ranges
from a few hundreds of ppmv in
the lowest altitudes to approxi-

mately 40 ppmv at the top of the profiles. The magnitudes of ozone and water vapor mixing ratios for peak
nos. 2 and 3 (in excess of 90 ppbv for ozone and dryer than 30 ppmv for water vapor) suggest air originating
from the stratosphere for both peaks. The radiosounding profile closest in time to the ozone lidar profile
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Figure 5. (a) 400 hPa ozone mixing ratio (ppbv) on 3 April at 0000 UTC with

the LACYTRAJ-RDF method (48-hours backward advection using ECMWF
ERA-Interim re-analyses). (b) 400 hPa stratospheric tracer mixing ratio (ppbv)

(1516 UTC and 1610 UTC, respec-
tively) shows an extremely dry
layer centered at 10 km altitude in
strong anticorrelation with peak
no. 2, which reinforces its
stratospheric-origin ~ hypothesis.
The next radiosoundings show that
the extremely dry layer has
widened and taken aloft at about
10.5 km altitude (1956 UTC) and is
no longer present later on (2212
UTC). However, water vapor lidar
profiles from 1635 UTC to 2210
UTC do not show evidence of such
an extremely dry layer even if a
very dry upper troposphere (water
vapor mixing ratio < 100 ppmv) is
remotely sensed. Water vapor mix-
ing ratio differences observed
between radiosondes and lidar
measurements may have several
explanations. The measurement
technique of the lidar could
explain the difficulty of observing
the strict anticorrelation of the
ozone peak no. 2. Since the struc-
ture rose of about 800m in 7h
and moved in longitude, the gradi-
ent may have been smoothed by
the integration that would make it
difficult to see on the lidar profiles.

on 2 April 2013 at 2200 UTC from the Meso-NH simulation. The stratospheric

tracer is initialized at the beginning of a dedicated simulation on 1 April 0000 Thus, differences may come from
UTC. the noncoincidence in time and in

space for two instruments sam-
pling a highly spatiotemporal variable field [Vogelmann et al., 2015; Wang et al., 2010] in the complex fine-
scale structure of the upper level trough and its associated frontal zones. It may also come from the different
metrologies, such as sensitivity, response times, and vertical resolution for the radiosonde sensors, and time
integration period, calibration factor, and vertical resolution for the lidar. It should also be pointed out that
the lidar setup and its configuration were not optimal because it was one of the first measurements of the
campaign. The time period for integration of the lidar signal was generally short (about 30 min), while more
recent campaigns have shown that a minimum 40 min integration time is required for upper tropospheric
measurements with standard errors (results in progress, not shown). The calibration factor was difficult to
determine during this campaign and especially this night during which different instrumental configurations
have been tested, tests which could impact this factor. Nevertheless, the reliability of both types of measure-
ments is set and useful information have been pointed out regarding the stratospheric origin of ozone peaks
observed on 4 April 2013.

3.4. Lagrangian History and Mesoscale Modeling

With regard to ozone peak 0 observed on 2 April (Figure 1a), results for the RDF Lagrangian model and for the
Meso-NH model are shown on Figure 5. The model simulations are a run of Meso-NH initialized on 1 April at
0000 UTC and LACYTRAJ runs initialized on the domain: 250 to 450 hPa, 10°S-30°S and 45°E-70°E on 2 and 3
April. Although the techniques used are completely different, the ozone fields of stratospheric origin that are
reproduced strongly resemble each other, both in the structure and in the intensity. It draws a filament of air ori-
ginating from the stratosphere which has been transported down to the middle troposphere (400 hPa) above
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(a) the trade wind inversion. The
exchange with the stratosphere is
irreversible as the filament is no
longer associated with the upper
level dynamics and is then destined
to be mixed in the troposphere. The
simulations show that the strato-
spheric intrusion displayed on
Figure 5 moves later on north of
Reunion Island and does not reach
the island. The filament of strato-
spheric origin has not been
advected up to the longitude of
Reunion Island. The distances asso-
b ciated with the stratospheric intru-
( ) sion process are synoptic-scale; it is
the same order of magnitude than
the distances traveled by air parti-
cles during their tropospheric resi-

Latitude (°)
m/s

100

= dence times; i.e., a few thousands

9:; 200 of kilometers. Therefore, an accep-

g table uncertainty on the location of

2 300 the filament would be a few hun-

a dreds of kilometers. The shortest

400 distance between the Maido

500 Observatory and the 60 ppbv ozone

600 isocontour in the southwest direc-

04-03 04-02 04-01 03-31 tion is less than 300 km with both

Date (mm-dd) methods, which is an acceptable

(C) uncertainty with regard to the dis-

100 120 tances associated with the strato-

spheric intrusion process. The back

100 trajectory of the air parcel initialized

inthe filament shows that the cross-

f 200 ing of the tropopause of these air

% 2 masses is strongly associated with

‘a‘ et ' 2 the polar jet stream (Figures 6a

o 300 N - and 6b). This is consistent with the

= : low altitude reached by the intru-
400 . .

sion (compared to the altitudes of

500 : the intrusions associated with the

600 . higher subtropical jet stream).

04-03 04-02 04-01

Records of PV and ozone along the
back trajectory (Figures 6b and 6c,

Figure 6. (a) 200 hPa wind speed (ms~') on 1 April at 1200 UTC from respectively) show that the resi-
ECMWF ERA-Interim re-analysis. The white line is the LACYTRAJ back trajec- dence time of the air parcel in the
tory initialized on a grid point located at 21°S, 48°E, and 400 hPa on 3 April troposphere after leaving the stra-
2013 at 0000 UTC. The circles indicate the geographical location of the par-
ticle for each day (mm-dd) at 0000 UTC. Time series of vertical profiles of (b)
potential vorticity (PVU) and (c) ozone mixing ratio (ppbv) from ECMWF ERA-

Date (mm-dd)

tosphere is of about 36 h and that
the ozone mixing ratio of air parcels

Interim re-analysis along the back trajectory shown with a white line in when in the lower stratosphere is of
Figure 6a. The black solid and dashed lines in Figures 6b and 6c represent the about 80-90 ppbv. The last two esti-
340, 350, and 360 K isentropic levels, and the —2 PVU isocontour, mations are reconcilable with the

respectively. action of tropospheric mixing pro-

cesses to diminish the ozone mixing
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Figure 7. Wind speed (m s~ ") at 350 K on (left) 31 March at 1200 UTC and on (right) 2 April at 0000 UTC from ECMWF ERA-
Interim re-analysis. The orange, violet, black, and green lines are LACYTRAJ 5-day back trajectories initialized on 4 April 2013
at 1800 UTC on the grid point (21.5°S, 55°E) at 350 hPa, 280 hPa, and 200 hPa, and on the grid point (21.5°S, 56°E) at 200 hPa,
respectively. The circles indicate the geographical location of the particles for each day (mm-dd) at 0000 UTC.
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Figure 8. (a) Potential vorticity (PVU) and (b) ozone mixing ratio (ppbv) at 350K on 31 March at 1200 UTC from ECMWF
ERA-Interim re-analysis. The crosses represent the position of the particles along the backward trajectories in Figure 7 on
31 March 2013 at 1200 UTC with the same color code as in Figure 7.
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ratio down to 60ppbv in Reunion

100 Island. Although not being strictly

reproduced by the models, this obser-

E vation of the first ozone peak at the

% 200 -  Maido Observatory was worth to
= £  bedocumented.

2 300

& 400 Back to the observations on 4 April

500 2013, we now trace the history of

600 atmospheric  particles which are

0404 0203 0302 0A-01 <03-31 representative of the two ozone peak

(b) Date (mm-dd) nos. 1 and 2 (Figures 7-10). Peak no. 1

100 is associated with particles involved in

the polar jet stream dynamics south

§ of latitude 40°S (Figure 7, left, orange

% 200 ! o back trajectory). While it is clear that

2 560 &  peak no. 2 is associated with particles

o involved in the subtropical jet stream

& :zz dynamics north of latitude 40°S
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(Figure 7, left, violet back trajectory).
At the synoptic scale, particles asso-
ciated with peak nos. 1 and 2 are fol-
lowing the polar edges of the

190 tropopause break as drawn by the

s isentropic gradients of PV and ozone
°_:; 200 on Figure 8. Particles associated with
g g peak no. 1 stayed in the polar strato-
§ 300 p spheric reservoir up to longitude 50°
O 400 E, while particles associated with peak
500 no. 2 already had incursions in the

600 GL0E 004 OLOA 0401 G544 subtropics at  longitude  10°E.
Date (mm-dd) Particles associated with peak no. 1

(d) stayed below the 340 K isentropic sur-
100 face (Figure 9). Their residence time

into the troposphere is about 36h

g 560 (Fiqure 9a). Lifjar water vapor obser-
® 2 vations of this peak show that the
E 200 o anticorrelation with ozone is no more
a_‘.’ . observed (Figure 1b), which indicates
500 that mixing processes with more

04-04 04-03 04-02 04-01 03-31
Date (mm-dd)

humid lower tropospheric air masses
are at work. It makes clear that the
stratosphere-troposphere  transport
for the latter particles is irreversible.

Figure 9. Time series of vertical profiles of potential vorticity (PVU) from ) )
ECMWF ERA-Interim re-analysis along the back trajectories shown in With regard to peak no. 2, particles
Figure 7. The black lines represent the 340, 350, and 360 K isentropic levels  stayed above the 340 K isentropic sur-

(dotted) and the —2 PVU contour (solid). face (Figure 9b). Residence time into
the troposphere for air particles asso-
ciated with peak no. 2 is difficult to

assess as the air particles constantly have followed the edge of the tropopause break (Figure 8b). Brought
in a Rossby wave, the particles met on the path over South Africa cloud convection as it can be seen in satel-
lite images and in ECMWF convective precipitations fields (not shown). This could have induced some moist-
ening of the air masses. Nevertheless, the associated lidar water vapor observations confirm the recent
stratospheric origins (dryness and ozone anticorrelation).
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2013-04-03 06UTC
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Horizontal Wind P=200hPa As presented above, particles asso-

ciated with peak nos. 1 and 2 were
guided as a first step (west of 30°E
and before 2 April) by the
dynamics of the polar jet stream
and by the dynamics of the subtro-
pical jet stream, respectively. It is
now shown that in the final phase
(east of 40°E and starting from 3
April) particles associated with
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Longitude (°) dynamics of the subtropical jet
(b) stream. Figure 10a shows that

Vertical Velocity P=300hPa these particles are moving toward

-10
the entrance region of the subtro-
-15 pical jet between Madagascar and
. 20 Reunion Island. Through the com-
° -25 " bined effects of acceleration and
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E 30k 7 & curvature in the entrance region
s r77 of the subtropical jet [Keyser and

-35r 77 S NG - - . A .
Lozt s ORISR . - NG Shapiro, 1986], a dipole of vertical
-0 B v S \:::;::::: 04 velocity (Figure 10b) has set up
-45 - —c -0.6 with descent east of Madagascar
e < <l _40 =) o0 L and ascent over Reunion Island.

Longitude (°) .

Entering the descent pole, both
Figure 10. (a) Horizontal wind speed (m/s) at 200 hPa and (b) vertical velo- particles associated with peak nos.
city (Pa/s) at 300 hPa (zoom) on 3 April at 0600 UTC from ECMWF ERA- 1 and 2 subside along the upper
Interim re-analysis. level frontal zones beneath the

subtropical jet (Figures 9c and 9d).
The intrusion of particles associated with peak no. 2 stays on the polar side of the subtropical jet (Figure 7,
right). Processes are approximately adiabatic because potential vorticity and potential temperature are con-
served to a certain extent from 3 to 4 April (Figure 9c). Mixing effects have a negligible impact on this intru-
sion which is consistent with the ozone and water vapor mixing ratios anticorrelation observed between lidar
and radiosonde data (Figure 1). During the intrusion associated with peak no. 1, particles pass on the equator
side the subtropical jet axis (Figure 7, right). The time series of potential vorticity profiles along the trajectory
(Figure 9d) clearly show high-altitude subtropical tropopauses above the particles when following a cyclonic
circulation back to Reunion Island (Figure 7, right). Processes during this deeper intrusion into the subtropical
upper troposphere are not adiabatic because particles loose potential vorticity and shift down to lower isen-
tropic surfaces from 3 to 4 April (Figure 9d). Effects of diabatic mixing associated with clear-air turbulence in
the upper level frontal zone are responsible of the decorrelation that occurs between stratospheric-origin
ozone and more humid layers below 9 km altitude (Figure 1).

With regard to peak no. 3, it was not possible to demonstrated that it is a stratospheric intrusions associated
with the dynamics of the subtropical jet stream above 350 K. Rather than a stratospheric intrusion, peak no. 3
is interpreted here as a brief period of scanning of the lidar beam at 11-13 km asl across the stratospheric
reservoir. It occurs at the tropopause break where the tropopause is structured as a quasi-vertical wall follow-
ing the edges of the upper level trough associated with the Rossby wave. This is achieved by the movement
of the tropopause break during the time integration period needed to build the ozone vertical profile with
the lidar (>1 h). Back trajectories of two air particles situated at the same latitude (21.5°S) but with a small shift
in longitude (55°E and 56°E; Figures 9c and 9d, respectively) across the tropopause break (see Figure 2) show
almost identical pathways (Figure 7), while PV records (Figure 9) clearly indicate that air particles stay within
their own tropospheric or stratospheric reservoir.

Figure 11 shows meridional cross sections from RDF-LACYTRAJ and Meso-NH equivalent to those derived
from ECMWF analysis (see Figure 4). It is important to remember that the ozone fields represented by the
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Figure 11. Meridional vertical cross sections at 55.5°E on 4 April 2013 at 1800 UTC. (a) Ozone mixing ratio and (b) potential vorticity with LACYTRAJ-RDF method (48 h
backward advection using ECMWF ERA-Interim re-analyses). (c) Stratospheric ozone mixing ratio tracer and (d) potential vorticity from Meso-NH. The white lines
indicate the position of Reunion Island. The black dashed lines indicate the 70 ppbv and —2 PVU isocontours for ozone mixing ratio and potential vorticity,
respectively (Figures 11a and 11b).

two models are not equivalent: the RDF-LACYTRAJ cross section represents ozone from 2 day backward tra-
jectories initialized over the whole domain (Figure 11a), whereas Meso-NH runs forward in time a passive stra-
tospheric ozone tracer (with the threshold of 70 ppbv) during 2 days (Figure 11c). On 4 April, a maximum of
ozone, around 350 hPa and higher than 80 ppbv, is represented by a 2 day run (Figures 11a and 11c). A col-
umn of ozone linked to the stratospheric reservoir can also be seen in the troposphere up to 250 hPa
(Figures 11a and 11c). LACYTRAJ and Meso-NH representations of the intrusion are essentially very similar
(Figures 11b and 11d). Even if the variables representing the ozone come from different methodologies,
the values for the tracer simulated by Meso-NH on 4 April are consistent with the observations and the
RDF calculations. Even if the chemistry is not activated, Meso-NH represents in details the vertical and hori-
zontal distributions regarding ozone and PV, in agreement with the observations and the Lagrangian recon-
struction. For such a mesoscale Eulerian modeling, the vertical resolution is a key factor to simulate such
large-scale processes while retrieving precisely its vertical and horizontal fine-scale structures.

As for the case of 2 April (Figure 5), ozone and PV fields produced by the two numerical approaches are again
very similar. With regard to ozone peak nos. 1 and 2 on 4 April, the modeled ozone and PV fields confirm how
the peaks are a part of tropopause folds associated with the polar and subtropical jet streams, respectively.

VEREMES ET AL. MULTIPLE STRATOSPHERIC INTRUSIONS 14,428



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025330

Ozone mixing ratios within the modeled stratospheric intrusions match well to lidar observations (80—
90 ppbv), despite inherent simplifications in numerical simulations, like turbulent mixing processes which
are missing in the RDF technique, and ozone tropospheric photochemistry which is missing in both techni-
ques. The results show that the two techniques used herein, the Lagrangian RDF technique and the advection
of a stratospheric tracer with the Meso-NH Eulerian model, are suitable to investigate stratosphere-
troposphere transport processes.

4, Conclusion

In this paper, we have analyzed a situation of multiple stratospheric intrusions associated with the dynamics
of the polar and subtropical jet streams over the south-west Indian Ocean. The combined use of in situ and
remote sensing observations, synoptic analyses, and numerical modeling has allowed to (1) detect and vali-
date assumptions of stratospheric intrusions and (2) trace back the history of the intrusions. The modeling
results show that both Lagrangian and Eulerian models can be used to diagnose and interpret STE processes.
The Meso-NH model run with a high vertical resolution (150 m for vertical grid-spacing) well reproduces the
complex situation of multiple stratospheric intrusions.

Results indicate that the dynamics of the polar and of the subtropical jet streams are each one responsible
for the stratospheric-origin ozone intrusions in the troposphere, at 6.8 and 8.2 km altitude for the polar jet
stream, and at 9.9 km altitude for the subtropical jet stream. The significant tropospheric residence times
and distances in latitude and altitude between these three intrusions and the stratospheric reservoir indi-
cate that a part of the stratosphere-troposphere transport is irreversible. It remains to be seen whether
or not these multiple stratospheric intrusions refer to the possible existence of a regional specificity.
Furthermore, results anecdotally show that the highest ozone peak observed under the tropopause is
not a signature of stratosphere-troposphere transport. It is a result of the combined effect of the time inte-
gration period needed for the ozone lidar measurements and of the position of the lidar beneath strong
and moving ozone horizontal gradients along the edge of the tropopause break. The modeling results indi-
cate that providing that a suitable vertical resolution is chosen in mesoscale modeling exercises with a reg-
ular horizontal resolution (about 20 km), complex intrusion processes might be well represented, thanks to
the dynamics of the model and the parametrization schemes controlling the mixing. No chemistry was
needed to be activated in Meso-NH to simulate the event in agreement with the observations. The results
also show that progress has been made in the representation of the stratospheric ozone in global analyses
of Global and regional Earth-system Monitoring using Space and in situ data Atmospheric Service. The use
of this field to initialize passive stratospheric tracer in the mesoscale modeling of the STE has been efficient
to reconstitute the fine-scale layering of the ozone distribution observed above Reunion Island for the
case study.

As a follow-up to this work, it would be possible to run budget calculation in Meso-NH to quantify the irrever-
sible part of the stratosphere-to-troposphere transport. The study has also highlighted the difficulty in using
water vapor as a tracer of stratosphere-troposphere transport in the subtropics. Indeed, the complex vertical
layering shown by the lidar and sonde measurements in the extreme dry environment of the upper tropo-
sphere is challenging both observation and modeling tools for producing high vertical resolution. With
high-resolution water vapor and ozone profiles coming soon from more efficient devices (sondes and lidars),
a new focus of research on the lifetime and the impact of stratospheric intrusions in the troposphere could be
initiated in Reunion Island and push forward STE studies in the subtropics. The lidar technique and the
Lagrangian and mesoscale modeling approaches represent interesting tools to characterize such events
regarding the air parcel origins, the irreversibility of transport, and mixing processes. The strength of the
Maido Observatory is that the facility offers a set of several collocated lidars that are committed to deliver,
twice a week on a routine basis following the recommendations of NDACC, high vertical resolution observa-
tions of ozone and water vapor mixing ratio profiles. It heightens the role of the Maido high-altitude station
facility in delivering routine and high-quality atmospheric measurements for process studies and for long-
term surveys in the subtropics.

Our modeling results confirm that the vertical resolution of global chemistry transport models needs to be
improved in order to (i) resolve the multiplicity of the STE processes and (ii) better take account of the irre-
versible transport term associated to STE for the tropospheric ozone budget. Such an event is characteristic
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of irreversible stratosphere-troposphere transport. These events, taken as a whole, may impact the tropo-
spheric ozone budget in subtropical areas. This issue merits further study.
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