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Abstract. The SPIRALE and SWIR balloon-borne instru-
ments were launched in the Arctic polar region (near Kiruna,
Sweden, 67.9◦ N–21.1◦ E) during summer on 7 and 24 Au-
gust 2009 and on 14 August 2009, respectively. The SPI-
RALE instrument performed in situ measurements of sev-
eral trace gases including CO and O3 at altitudes between 9
and 34 km, with very high vertical resolution (∼ 5 m). The
SWIR-balloon instrument measured total and partial column
of several species including CO. The CO stratospheric profile
from SPIRALE for 7 August 2009 shows some specific struc-
tures with large concentrations in the low levels (potential
temperatures between 320 and 380 K, i.e. 10–14 km height).
These structures are not present in the CO vertical profile of
SPIRALE for 24 August 2009, for which the volume mixing
ratios are typical from polar latitudes (∼ 30 ppb). CO total
columns retrieved from the IASI-MetOp satellite sounder for
the three dates of flights are used to understand this CO vari-
ability. SPIRALE and SWIR CO partial columns between 9
and 34 km are compared, allowing us to confirm that the en-
hancement of CO is localised in the stratosphere. The mea-
surements are also investigated in terms of CO:O3 corre-
lations and using several modelling approaches (trajectory

calculations, potential vorticity fields, results of chemistry
transport model) in order to characterize the origin of the air
masses sampled. The emission sources are qualified in terms
of source type (fires, urban pollution) using NH3 and CO
measurements from IASI-MetOp and fires detection from
MODIS on board the TERRA/AQUA satellite. The results
give strong evidence that the unusual abundance of CO on
7 August is due to surface pollution plumes from East Asia
and North America transporting to the upper troposphere and
then entering the lower stratosphere by isentropic advection.
This study strengthens evidence that the composition of low
polar stratosphere in summer may be affected by anthro-
pogenic surface emissions through long-range transport.

1 Introduction

The polar stratosphere during summertime remains largely
unexplored. Only few measurement campaigns such as PO-
LARCAT (Jacob et al., 2010; Brock et al., 2011), POLARIS
(Pierce et al., 1999), and SAMMOA (Orsolini, 2001) have
been conducted, but they focussed more on spring and early
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summertime. In addition, the SPURT campaign (Engel et
al., 2006; Hegglin et al., 2006) focussed on the transport in
the UTC/LMS (upper troposphere/lowermost stratosphere)
during the four seasons between 35 and 75◦ N over Europe.

Large scale transport and mixing between air masses from
different latitude and altitude origins affect the distribution
of trace gases and aerosols at polar latitudes, and can im-
pact the stratospheric ozone budget. Ozone (O3) change in
the stratosphere affects the Earth radiative balance, which
subsequently modifies the stratospheric circulation (Baldwin
et al., 2007; Forster et al., 2005). It is consequently of the
utmost importance to understand these effects. In the frame-
work of the International Polar Year, the StraPolÉté project
started on January 2009 (http://strapolete.cnrs-orleans.fr/). A
successful balloon-borne campaign took place from Esrange
near Kiruna (67.9◦ N–21.1◦ E, Sweden) from 2 August to
12 September 2009 with eight balloon flights. One objective
of the StraPoĺEté project was to combine balloon measure-
ments, satellite observations and modelling studies to char-
acterize the dynamical state of the summer stratosphere in
the polar region.

The polar atmosphere has been believed to be very clean
for a long time. The polar atmosphere becomes, however,
more and more polluted due to the increase of the pollutant
emissions at northern mid-latitudes, followed by the long-
scale transport of the resulting pollution plumes (Raatz et
al., 1984; Rinke et al., 2004). Carbon monoxide (CO) is one
of these pollutants. Industrial processes, incomplete combus-
tion, biomass burning and methane oxidation are the main
sources of CO in the troposphere. At higher altitude in the
stratosphere, CO is principally produced by methane oxida-
tion. Reaction with OH is the main sink of CO in the tro-
posphere and the lower stratosphere. CO has a chemical life-
time of around 2 months in the troposphere, allowing for pos-
sible direct transport into the stratosphere where its lifetime
is much longer. CO is a good chemical tracer and, correlated
with O3, is a powerful tool to study the exchange between
troposphere and stratosphere (Fischer et al., 2000; Hoor et
al., 2002; Brioude et al., 2006). CO plays an important role
in the atmosphere oxidation capacity and in the production
of tropospheric ozone. Ozone chemistry, enhanced in spring
and summer, is closely depending on the CO and NOx emis-
sions and on the season (Hegglin et al., 2006). Depending on
the latitude, the typical tropospheric CO volume mixing ra-
tios (vmr) can vary from 40 to 200 ppb (Seinfeld and Pandis,
2006), with higher values in the Northern Hemisphere than
in the Southern Hemisphere. The East Asia region is a large
and increasing source of CO (Elliott et al., 1997; Akimoto
et al., 2003). The intercontinental transport of CO pollution
from that area can impact the troposphere and the strato-
sphere of different regions such as North America (Berntsen
et al., 1999; Jaffe et al., 1999; Cooper et al., 2004) and Eu-
rope (Stohl et al., 2007; Fiedler et al., 2009). Indeed, East
Asia is characterised by important transport from the bound-
ary layer to the upper troposphere in air streams associated

with mid-latitude cyclone called warm conveyor belt (WCB;
Stohl et al., 2001; Liang et al., 2004). WCB is thought to be
the primary mechanism for fast intercontinental transport of
air plume pollution (Cooper et al., 2004). Stohl et al. (2007)
and Liang et al. (2004) reported in particular the transport
of polluted air masses across the central North Pacific atmo-
sphere to North America, and then Europe via WCB.

Very recently, Roiger et al. (2011) reported case studies
of trace gas export from East Asia, across the North Pole
to Greenland’s lowermost stratosphere (11.3 km altitude) via
WCB. Most of the previous studies on the CO transport
into the polar stratosphere used satellite measurements or
airborne data (Harrigan et al., 2011; Roiger et al., 2011).
In the present paper we analyse balloon-borne in situ mea-
surements performed at high vertical resolution by the SPI-
RALE (French acronym for infrared absorption spectroscopy
by embarked tunable laser diodes) instrument (Moreau et
al., 2005). In particular we examine the situation on 7 Au-
gust 2009, which was characterized by unusually large CO
abundance in the lower stratosphere. These measurements
from 7 August are compared to others performed during
the campaign, on 24 August 2009 also by SPIRALE and
on 14 August 2009 by the SWIR-balloon (Short Wave Infra
Red Fourier transform spectrometer in nadir-looking) instru-
ment (T́e et al., 2002). In support of the in situ measurements
we use IASI (Infrared Atmospheric Sounding Interferome-
ter) CO satellite data (Clerbaux et al., 2009). As our analy-
ses aim at understanding transport and source origin for the
high-CO case, they rely as well on different modelling ap-
proaches. Finally, the possible CO sources (natural and/or
anthropogenic) are qualified using NH3 measurements from
IASI and fire detection from MODIS (MODerate resolution
Imaging Spectroradiometer) instrument (Giglio et al., 2003)
on Terra/Aqua satellites.

The instruments and models used to perform this study are
described in Sect. 2. Section 3 presents the CO observations
performed during the polar summer 2009 and their com-
parisons with satellite data. Using potential vorticity fields
and trajectory calculations, we analyse the origin of the air
masses sampled. Finally, in the discussion section we qual-
ify the partitioning between tropospheric and stratospheric
air using CO:O3 correlation; we characterize the source types
(fire/anthropogenic) and source locations (East Asia/North
America) at the origin of the observed CO pollution.

2 Instrument and model descriptions

2.1 Balloon-borne instruments

Eight balloon-borne instruments were launched during the
campaign between 2 August and 12 September 2009 from
ESRANGE (Swedish Space Corporation) close to Kiruna
(67.9◦ N–21.1◦ E, Sweden). Among these flights, the SPI-
RALE instrument flew twice, once on 7 August (hereafter
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flight SPF07), and on another occasion on 24 August, (flight
SPF24). The SWIR-balloon instrument flew on 14 August
(flight SWF14).

SPIRALE is a spectrometer with six tunable laser diodes
for in situ measurements of trace gas species from the up-
per troposphere to the middle stratosphere (∼ 34 km height).
A detailed description of the instrument can be found in
Moreau et al. (2005). In brief, the absorption of six laser
beams in the mid-infrared region (3–8 µm) takes place be-
tween two mirrors distant of 3.50 m in a multipass optical
Herriott cell located at the extremities of a deployable mast
below the gondola, leading to a path length of 430.5 m. Sev-
eral species, such as O3, N2O, CH4, HCl, NO2, HNO3 and
CO, were measured with high frequency sampling (∼ 1 Hz),
which leads to a vertical resolution of a few meters (3 to 5 m),
depending on the vertical velocity of the balloon. The over-
all uncertainties take into account the random and systematic
errors, combined as the square root of their quadratic sum.
The two main sources of random errors are the fluctuations
of the laser background emission signal and the signal-to-
noise ratio. At low altitudes (< 20 km), these are the main
contributions to overall uncertainties. Systematic errors orig-
inate essentially from the laser line width (an intrinsic char-
acteristic of the laser diode), which contributes more at lower
pressure than at higher pressure (lower altitude). For CO, the
overall uncertainty is on average 2.5 % (with a standard devi-
ation of 1.8 %) below 15 km, increasing to 6 % at 17 km. For
O3, the overall uncertainty significantly decreases from 50 %
at 13 km, to 10 % at 15 km, and 4 % at 17 km. Absorption
micro-windows for both flights were 2123.55–2123.80 cm−1

for carbon monoxide and 2123.40–2123.54 cm−1 for ozone.
The following time sequences characterized the two SPI-
RALE flights:

– During SPF07, the first flight on 7 August 2009, the SPI-
RALE measurements started at 01:26 UTC, i.e. 03:26
local time. The balloon reached the maximum altitude
of 34.2 km (7.28 hPa) at 03:20 UTC. The descent phase
started at 03:32 UTC and the measurements ended at
06:00 UTC at 16.1 km (106.9 hPa).

– For SPF24, the second flight on the night of 24 to 25 Au-
gust 2009, the measurements started at 20:50 UTC and
reached the maximum altitude of 34.1 km (6.9 hPa) at
22:30 UTC. The descent phase started at 23:26 UTCat
33.7 km and the measurements ended at 01:36 UTC at
16.7 km (94 hPa).

For both flights, retrievals of the species volume mix-
ing ratios (vmr) were performed using ascent and descent
phases. The study is focussed on the layer below 16 km al-
titude and thus only the ascent profiles allow studying this
part of the atmosphere.

SWIR-balloon is an extended version in the short-wave
infrared domain of the IASI-balloon instrument (Té et al.,
2002). This instrument is an infrared remote sensing instru-

ment based on a Fourier Transform interferometer. The inter-
ferometer is associated with two InSb detectors to cover both
thermal infrared (3–5 µm) and short-wave infrared (SWIR)
(1.8–2.4 µm) domains. The maximum optical path difference
is fixed at 10 cm. In nadir-looking, the SWIR-balloon ob-
serves the upwelling radiation which is composed of sev-
eral contributions from the Earth surface emission, the emis-
sion and absorption of atmospheric constituents, the emis-
sion of the clouds and the reflected solar radiation. The
recorded atmospheric spectra are radiometrically calibrated
using two reference sources (Revercomb et al., 1988; Té et
al., 2009). The LPMAA Atmospheric Retrieval Algorithm
LARA (Clerbaux et al., 1999) is used to retrieve from the
spectra total columns (from ground to 34 km, the gondola
height) of CO, O3, OCS, CO2, N2O and H2O. For the CO
retrieval, the spectral window from 2149 to 2171 cm−1 was
used. In addition to CO, the contributions of the six atmo-
spheric species H2O, O3, N2O (principal interferers) and
CO2, CH4, and OCS has been taken into account. The SWIR-
balloon instrument was flown during the campaign on 14 Au-
gust 2009 at 09:26 UTC for 5 h 58 min and covered the dis-
tance from the position (68.1◦ N, 21.0◦ E) for the first spec-
trum acquired at float to the last position (68.4◦ N, 20.6◦ E)
before the balloon cut-off. The altitude at float varied be-
tween 34.0 and 34.4 km according to the onboard GPS data.

2.2 Satellite instruments

Satellite data are used to enhance the interpretation of the
balloon measurements. IASI on board MetOp satellite allows
for interpreting the evolution of CO spatial distribution and
MODIS (MODerate resolution Imaging Spectroradiometer)
on TERRA/AQUA allows for locating the fires.

The polar-orbiting MetOp-A, launched on 19 Octo-
ber 2006, is the first of three successive MetOp satellites.
The IASI-MetOp instrument is a nadir-looking high resolu-
tion Fourier transform spectrometer (FTS). It is designed to
provide atmospheric temperature and water vapour profiles
for operational meteorology. Atmospheric concentrations of
several key species important to climate forcing and atmo-
spheric chemistry monitoring can be derived from IASI ra-
diance measurements (Clerbaux et al., 2009), including a
variety of reactive compounds in fire or volcanic plumes
(Clarisse et al., 2011). In addition, IASI-MetOp offers an
excellent horizontal coverage due to its across-track swath
width of 2200 km, allowing for global coverage twice a day,
with a field of view sampled by 2± 2 circular pixels each
with a 12 km footprint diameter at nadir. IASI-MetOp mea-
sures CO on a global scale. CO total columns and verti-
cal profiles (18 tropospheric layers and an additional upper
layer) are retrieved in near real time from the nadir radi-
ance spectra using the FORLI fast radiative transfer and re-
trieval software (George et al., 2009; Hurtmans et al., 2012).
Here we also use NH3 total columns (Coheur et al., 2009) re-
trieved using a similar approach but restricted only to scenes
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where its spectral signature was unambiguously detected us-
ing a simple brightness temperature difference approach. Al-
though this NH3 product has not yet been validated, it is
worth stressing that the total columns are overall consistent
with those retrieved locally using a full line-by-line radiative
transfer model (Clarisse et al., 2010).

MODIS (Giglio et al., 2003) on NASA Terra (MOD14)
and Aqua (MYD14) satellites detects a wide spectral range
of electromagnetic energy spread in 36 spectral bands rang-
ing from 0.405 to 14.385 µm. We use the fire and thermal
anomalies from climate modelling grid fire products at 0.5◦

resolution. Fire detection is performed using a contextual al-
gorithm (Giglio et al., 2003) that exploits the strong emission
of mid-infrared radiation from fires.

2.3 Model

Three models, namely FLEXTRA (Stohl et al., 1995), MI-
MOSA (Modèle Isentrope de transport Méso-́echelle de
l’Ozone Stratosph́erique par Advection; Hauchecorne et al.,
2002), and REPROBUS (REactive PRocesses ruling the
Ozone BUdget in the Stratosphere; Lefèvre et al., 1994) have
been used to calculate backward trajectories to track air mass
origin, to calculate potential vorticity maps to study dynam-
ical conditions, and to determine the CO emission regional
distribution, respectively.

FLEXTRA is a Lagrangian atmospheric trajectory model,
developed at the Institute of Meteorology and Geophysics
University of Vienna to compute trajectories from meteo-
rological fields of the European Centre of Medium-Range
Weather Forecasts (ECMWF). We used the 3-hourly ERA-
Interim reanalysis fields (Dee et al., 2011) with a horizon-
tal resolution of 1◦ ± 1◦ and 60 vertical levels. Clusters of
three-dimensional backward trajectories in a volume of size
0.5◦ ± 0.5◦ along latitude and longitude and 500 m height
have been performed.

Potential vorticity (PV) maps are calculated using the MI-
MOSA contour advection model. This model performs high
resolution advection calculations based on the ERA-Interim
reanalysis (Dee et al., 2011) of wind, pressure and temper-
ature. MIMOSA initially computes the PV field at a reso-
lution of 1.125◦ in latitude and longitude vertically interpo-
lated on an isentropic surface. This field is then interpolated
on an x–y grid centred on the North Pole with a horizon-
tal resolution of 37± 37 km (three grid points/degree) and
advected with a time step of one hour. To preserve the ho-
mogeneity of the field, a regridding of the PV field on the
original grid is calculated every 6 h. The information on dia-
batic changes in the PV field at large scales can be extracted
from the ERA-Interim fields. For the MIMOSA model this is
done by applying to the advected field a relaxation towards
the ERA-Interim PV field calculations with a time constant
of 10 days. This technique allows running continuously MI-
MOSA over periods of several months in order to follow
the evolution of dynamical barriers and fine scale structures

such as vortex remnants and tropical intrusions (Marchand et
al., 2003; Durry and Hauchecorne, 2005; Huret et al., 2006;
Thiéblemont et al., 2011).

The REPROBUS 3D chemistry-transport model (Lefèvre
et al., 1994; Jourdain et al., 2008) contains a detailed de-
scription of Ox, NOx, HOx, ClOx, BrOx and CHOx chem-
istry. It calculates the chemical evolution of 55 species us-
ing 160 gas-phase reactions and 6 heterogeneous reactions.
Reaction rates coefficients are taken from the recommenda-
tions of Sander et al. (2006). The photolysis rates are calcu-
lated at every time step using a look-up table from the Tropo-
spheric and Ultraviolet Visible (TUV) model (Madronich et
al., 1999). The REPROBUS model extends from the ground
up to 0.1 hPa, with a vertical resolution varying from less
than 1 km near the tropopause level to 2.2 km in the up-
per part of the stratosphere. The horizontal resolution used
for this study is 2◦ ± 2◦. Zonally symmetric initial tracer
fields are taken from the two-dimensional model described
by Bekki et al. (1993, 1994). To represent the CO variabil-
ity over the Northern Hemisphere, a typical 2000s MOPITT
CO climatological analysis (Claeyman et al., 2010) with
2◦ ± 2◦ lat–lon resolution was used to fix the monthly CO
source at 500 hPa level. MOPITT CO data are referenced
in numerous publications (see Deeter et al., 2003, 2010).
Winds and temperatures (ERA-INTERIM) from ECMWF
were used during the REPROBUS simulation to drive the
transport of the stratospheric species and to compute their
loss and production rates, respectively.

3 Measurement description and interpretation

One of the objectives of the StraPolÉté project was to
study the origin of the polar stratospheric air in summer.
This project combined both balloon-borne and satellite mea-
surements with relevant dynamical models and chemistry-
transport models.

3.1 Variability of the tropopause altitude during
August 2009

The position of the tropopause plays a key role in the vertical
distribution of the trace gas species (Hegglin et al., 2009).
Indeed, the tropopause height provides a useful diagnosis
to identify troposphere/stratosphere exchanges (Gettelman et
al., 2011). Here, we used two definitions of the tropopause:
the thermal tropopause (Tp) and the dynamical tropopause
(Dp). TheTp is defined as the lowest level at which the lapse
rates decrease to 2 K km−1 or less, and the lapse rates within
the 2-km thick layer from this level do not exceed 2 K km−1

WMO (1957). The altitude of theTp corresponds also to a
vertical discontinuity in the static stability (Gettelman et al.,
2011). TheDp is defined as the PV surfaces at 1.5, 2 and
3 PVU (Hoerling et al., 1991; Wernli et al., 2002; Gettelman
et al., 2011), although the 2 PVU is generally used.
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Table 1. Comparisons of the CO partial columns between 9 and
34 km altitude between SPIRALE and SWIR balloon instruments
during summer 2009.

Date Instrument Column (9–34 km) Errors
(molecules cm−2) (molecules

cm−2)

7 August SPF07 SPIRALE 2.90× 1017 ±0.06
2009
14 August SWF14 SWIR-balloon 1.30× 1017 ±0.07
2009
24 August SPF24 SPIRALE 1.58× 1017 ±0.06
2009

During the StraPoĺEté campaign, radio soundings (Vaisala
Radiosonde RS92 type) were performed above Esrange to
provide vertical profiles of ozone, pressure and tempera-
ture. Ozone profiles are shown in Fig. 1a. The red line
denotes theTp derived from temperature profiles. TheDp
at 1.5, 2 and 3 PVU (white contour) has been calculated
from the ERA-Interim PV reanalyses. The tropopause alti-
tude presents a large variability during August 2009, vary-
ing between 500 hPa (∼ 6 km) and 200 hPa (∼ 12 km) for the
Dp and between 350 hPa (∼ 8 km) and 200 hPa (∼ 12 km)
for the Tp. The Dp for the three balloon flights was in the
ranges [11.5, 11.9] km, [8.0, 8.4] km and [5.7, 8.7] km for
SPF07, SWF14 and SPF24, respectively, corresponding to
[1, 3] PVU surfaces. TheTp has also been calculated and
was found to be 11.7, 9 and 9.5 km for SPF07, SWF14 and
SPF24, respectively.

Generally, as seen in Fig. 1, theDp andTp are consistent,
each other associated with the strong gradient observed in
O3 vmr ([0.1, 0.3] ppm) corresponding to the natural barrier
created between the troposphere and the stratosphere. On 7–
9, 20–21 and 29 August, the altitude of the tropopause is in-
deed higher than for the other days and the ozone gradient
observed at the tropopause is weaker for these dates (∼ 0.06
ppm/km for the three dates compared to∼ 0.1 ppm km−1 for
the other days). On 25 August, theTp does not show a sharp
decrease of the tropopause altitude as observed for theDp.
The boundary between the troposphere and the stratosphere
is often marked by a band of strong PV gradient (Holton et
al., 1995) observed during all August 2009, except on 25 Au-
gust 2009 where the transition is more extended. Moreover,
a high ozone vmr ([0.1, 0.35] ppm) is observed below theTp
on 25–26 August typical of stratospheric ozone values. These
results suggest that an intrusion of stratospheric air deep into
the troposphere occurred on 25 August.

SPF07 and the SPF24 flights were thus conducted during
specific dynamical events. Figure 1b represents the ozone
vertical profile from SPIRALE instrument during SPF07 and
SPF24. During these flights, the Vaisala Radiosondes were
flown as piggy back on the SPIRALE instrument and the
ozone profiles resulting are also shown in Fig. 1b. We can
notice that the SPIRALE and Vaisala profiles are in accor-

Fig. 1. (A) Ozone volume mixing ratio (vmr) in ppm over
Kiruna from soundings (Vaisala Radiosonde RS92 type, www.
vaisala.com) during August 2009 with the three flights SPF07,
SWF14 and SPF24 represented in dashed lines. The white lines
correspond to the 1.5, 2 and 3 PVU potential vorticity contours
(1 PVU= 10−6 K m2 kg−1 s−1) from ECMWF era-interim data
corresponding to the dynamical tropopause. The red line corre-
sponds to the thermal tropopause.(B) Ozone vmr in ppm from SPI-
RALE (coloured dots) and from Vaisala sounding (dash line) on
7 August 2009 (SPF07: green) and on 24 August 2009 (SPF24:
orange). TheTp (dashed lines) andDp (at 2 PVU) (dot line) are
represented for each flight.

dance and are well connected. The tropopause altitudes are
represented by dashed line for theTp and by dotted line
for theDp (at 2 PVU). An ozone gradient at the tropopause
is observed for the SPF07 and just below theTp for the
SPF24. The SPF07 sounding corresponds to a situation with
a high tropopause and low ozone values are observed above
the tropopause. SPF24 is characterized by a lowDp altitude
(from 300 to 500 hPa) and an increase of ozone values above
theDp (a phenomenon more marked in the radiosounding 6
hours later), typical for a stratospheric intrusion case.

In the following, we choose theTp as reference for the
tropopause so as to rely on SPIRALE measurements of tem-
perature, pressure and trace gas.

www.atmos-chem-phys.net/12/11889/2012/ Atmos. Chem. Phys., 12, 11889–11906, 2012
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3.2 CO column variability during August 2009

The CO total columns from IASI-MetOp are shown in Fig. 2,
represented in coloured squares for all overpasses around
the Kiruna region for the three flights (SPF07, SWF14 and
SPF24). The locations of the SPIRALE instrument trajec-
tories are shown in black (top and bottom panels), and the
SWIR data are shown in coloured circles (middle plot).
When comparing the three figures, it appears that IASI CO
total columns are different for each date:

– On 7 August a mean CO total column of
(1.88± 0.12)± 1018 molecules cm−2 is observed
by IASI-MetOp close to the SPF07 flight track and in
the entire range of latitude–longitude presented.

– On 14 August, the IASI-MetOp CO total columns are
comparable to the CO total column measurements of
SWF14 (coloured circle). Indeed, the mean CO total
column from IASI is (1.55± 0.10)± 1018 molecules
cm−2, whereas the average column retrieved from the
SWIR-balloon is (1.64± 0.08)± 1018 molecules cm−2

at the location of 68.2◦ N–20.7◦ E. The spatial and tem-
poral co-location is less than 0.5◦ in latitude and in
longitude for the closest overpass as compared to the
SWF14 trajectory.

– On the night of 24 to 25 August during SPF24,
the IASI CO total columns reveal some high val-
ues in the east region, similar to those obtained
on 7 August (Fig. 2a). However, in the vicinity of
the SPF24 flight track, CO total columns are below
(1.69± 0.09)± 1018 molecules cm−2.

The CO total column measured on 7 August is thus on aver-
age 15 % higher than the CO total columns on 14 August and
on 24 August (close to the SPF24 flight track).

In order to derive information on the altitude range (strato-
sphere/troposphere) corresponding to the high CO total col-
umn values measured by IASI, we have calculated the CO
partial columns from 9 to 34 km height (Table 1) measured
by SPIRALE and SWIR-balloon instruments for the three
balloon flights. It appears that whereas SWF14 and SPF24
partial columns are of the same order of magnitude, SPF07
partial column is around two times larger.

To conclude, the difference in the total column values
between 7 August and 14 and 24 August is on average
0.2× 1018 molecules cm−2 and the difference in the par-
tial columns (between 9 and 34 km) is about 0.15× 1018

molecules cm−2. Consequently, the increase in the total col-
umn values is mainly (around 75 %), explained by the change
in the CO concentration in the altitude range [9, 34] km. In
the following, we focus on this part of the atmosphere.

3.3 Vertical distribution of CO from in situ
measurements

The CO vertical profiles for both SPIRALE flights are dis-
played in Fig. 3 with altitude relative to theTp.

The SPF24 vertical profile presents a 30–35 ppb averaged
volume mixing ratio (vmr) above theTp. In this profile part
a very slight decrease of CO vmr with increasing altitude
is observed. A CO gradient just at theTp and an increase
in CO values with decreasing altitudes below theTp are
observed. On the contrary, during SPF07, the CO profile
presents strong variations and the vmr is greater by up to
60 ppb as compared to the SPF24 vmr. The SPF07 profile
is in fact mainly characterized by two layers, one (L1) be-
tween 10.7 and 12.6 km (1.0 km below theTp and 0.9 km
above theTp) with ∼ 70–80 ppb CO, so located in the up-
per troposphere and lower stratosphere, and the other one
(L2) between 12.6 km altitude (0.9 km above theTp) and
14.1 km (2.4 km above theTp) with ∼ 35–45 ppb CO located
in the stratosphere. In each layer, many thin structures are
observed as evidences of atmospheric fine scale disturbance.
At the height of 2.4 km above theTp, both vertical profiles
show similar features with CO vmr around 30 ppb, decreas-
ing smoothly with altitude.

3.4 Data interpretation

3.4.1 Dynamical conditions

The stratospheric dynamical conditions are examined
using the MIMOSA model results for 7, 14 and
24 August 2009 (Fig. 4):

– On 7 August during SPF07 (Fig. 4, top panels), a large
low latitude air mass tongue (PV< 6 PVU) is located
above Northern Europe at 340 K isentropic level (i.e.
12 km, L1). At 380 K (i.e. 14 km, L2), a thinner low lat-
itude intrusion is recorded. The SPF07 vertical profile,
recording two high CO laminae represented by L1 and
L2 in Fig. 3, is in agreement with the MIMOSA maps
where low PV intrusions are detected;

– On 14 August, high PV values (> 10 PVU) are observed
above Kiruna (denoted by the white cross) at 340 and
380 K (Fig. 4, mid panel). This suggests the presence of
typical polar air during the SWF14, which is confirmed
by examining the SWIR results (Fig. 2b) having CO to-
tal column values typical from polar latitude;

– On 24 August finally, MIMOSA results at 340 K show
that the launch of SPF24 occurred into a thin filament
of high PV value located between two tongues of low
PV (lower latitude). Such fine scale dynamical features
are less pronounced at 380 K. The SPF24 vertical profile
(Fig. 3, orange) and IASI CO total column (Fig. 2c, in
the south-west part) display that low CO values have
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Fig. 2. Maps of CO total columns (molecules cm−2) from IASI-
MetOp satellite data,(A) on 7 August 2009,(B) on 14 August 2009
and (C) on 24 August 2009. IASI CO data are compared with
balloon-borne data from SWIR01 instrument (coloured circles) on
14 August 2009, and the locations of the SPIRALE instrument tra-
jectories are represented by the black solid line in(A) and(C).

Fig. 3. SPIRALE vertical profiles of CO volume mixing ratios
(in ppb) with error bars above Esrange (67.9◦ N–21.1◦ E, Swe-
den) on 7 August (green) and 24 August 2009 (orange). The ver-
tical axis is the altitude relative to the thermal tropopause (Tp).
The squares labelled A, B and C represent the altitudes of the
clusters for the backward trajectories. L1 and L2 indicate two
different layers (see Sect. 3.3).

been recorded, which is in agreement with the PV maps
where polar air is detected along the flight position.

In summary, balloon measurements and MIMOSA maps are
consistent with each other at the same isentropic levels. In
particular, the MIMOSA model allows reproducing very thin
dynamical structures such as polar filaments and low lati-
tudes intrusions. However, the MIMOSA PV diagnosis does
not inform on the origin of the 7 August high CO laminae.
This aspect is investigated using the FLEXTRA trajectory
calculation model.

3.4.2 Trajectory calculations

To investigate the origin of the polluted air masses sampled
during SPF07 compared to the air sampled during SPF24, we
have calculated 10-day 3-D backward trajectories (Fig. 5) for
the three clusters corresponding to the top and bottom of L1
layer (squares A and B in Fig. 3) and to the middle of the L2
layer (square C in Fig. 3). The backward trajectories A and B
are calculated each side of the thermal tropopause. In Fig. 5,
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Fig. 4. Potential vorticity (1 PVU= 10−6 K m2 kg−1 s−1) from MIMOSA model at the 340 K level (left panels) and 380 K level (right
panels) on 7 August 2009 at 00:00 UTC (top panels), on 14 August 2009 at 12:00 UTC (middle panels) and on 24 August 2009 at 18:00 UTC
(bottom panels). The white cross shows the location of the balloon flights and the white square shows the position of the latitude–longitude
shown in Fig. 2.
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Fig. 5. Ten days backward trajectories calculated by the FLEXTRA model (Stohl et al., 1995) on 7 August 2009 (left panels) and on
24 August (right panels) for clusters centred in altitude relative to the thermal tropopause at(A) −500 m,(B) +250 m,(C) +1750 m, coupled
with the ERA-Interim horizontal wind module on 7 August 2009 (black solid line) (m s−1) at (A) 225 hPa,(B) 200 hPa and(C) 150 hPa and
on 24 August 2009 at(A) 300 hPa,(B) 250 hPa and(C) 225 hPa.
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we superimposed the horizontal wind speed (30 m s−1 and
50 m s−1 black isocontours) to indicate the location of the jet
stream. The altitude of the air masses along the trajectories is
illustrated by the colour code:

– For the SPF07 (Fig. 5, left column), the trajectories of
panel A (L1 bottom, Fig. 3) show that high vertical
transport occurred above North America and East Asia,
allowing several air masses to be lifted from the ground
to 10 km altitude in a few days. Following this ascent,
the trajectories are advected eastward by the upper tro-
pospheric jet stream. Panel B shows that the altitude
along the trajectories is in the range [10, 14] km, thus
that the transport is essentially horizontal and consis-
tent with the location of the jet stream. On panel C (L2,
Fig. 3), the influence of the jet stream on the horizon-
tal transport still remains present although it starts to
decrease at these altitudes (∼ 13.5 km). The air masses
sampled in the L2 are associated with an intrusion of
air from North America (30–45◦ N, (−75◦)–(−120◦) E)
into polar stratosphere via isentropic transport along the
340–380 K level.

– The trajectories corresponding to the SPF24 (Fig. 5,
right column) show that during their 10 days transport,
air masses were advected from northern Asia (panels A
and B) and North America (panel C) and northward of
the jet stream (latitude> 60◦ N). The altitude evolution
on the A and B panels reveals that air masses undergo a
descent of∼ 2 km from North America to Kiruna ([10,
11] km to [8, 9] km and [10, 12] km to [9, 10] km, re-
spectively). These altitude decreases along the trajecto-
ries are consistent with the event of stratospheric intru-
sion previously reported (Fig. 1, Sect. 3.1). The trajecto-
ries of the C panel do not reveal a significant fluctuation
of the altitude.

The transport analysis confirms that SPF07 has sampled very
different air masses in the polar region as compared to the
other flights. This resulted in various long-range transport
regimes: in the upper troposphere, fast transport from the
mid-latitude ground (North America and East Asia) to the
free troposphere occurred, followed by isentropic transport
(for L1), whereas in the lowermost stratosphere, isentropic
transport of mid-latitude air masses from North America oc-
curred (L2). Both clusters of air parcels experienced fast
inter-continental transport along the jet stream. Furthermore,
the trajectories of SPF24 confirm the occurrence of a strato-
spheric intrusion into the troposphere on 24 August. The
sources of the air masses probed for these dates are further
discussed in the next section.

Fig. 6.Correlation between O3 and CO from SPIRALE in situ mea-
surements,(A) on 7 August 2009, and(B) on 24 August 2009. Left
panel: correlation with colours corresponding to the measurements
in the stratosphere (red colour), in the mixing layer (blue colour)
and in the troposphere (green colour). The vertical grey line rep-
resents the stratospheric branch and the horizontal one the tropo-
spheric branch; the dashed lines represent the 3σ deviation from
the linear fit of the branches. Right panel: correlation with colours
corresponding to the joint probability distribution function (PDFs)
in % of the total number of CO–O3 pairs between 8 km above the
Tp and 0.6 km below theTp.

4 Discussion

4.1 O3:CO correlation

Tracer-tracer correlations are a powerful diagnosis tool for
stratospheric transport and mixing analysis (Hoor et al.,
2002; Huret et al., 2006). In particular, we are interested in
the O3:CO correlation in the upper troposphere-lower strato-
sphere (UTLS), which has also been used in recent stud-
ies for transport diagnoses (Fischer et al., 2000; Hoor et
al., 2002; Pan et al., 2004; Pirre et al. 2008; Hegglin et
al., 2009; Roiger et al., 2011). CO is mainly produced or
emitted in the troposphere and its concentration smoothly
decreases with altitude in the stratosphere, reaching a vmr
minimum of about 10–15 ppb around 19–22 km altitude. Un-
like CO, O3 is mainly produced in the stratosphere and has
consequently a low vmr in the troposphere (below 100 ppb,
Bethan et al., 1996). Consequently, without mixing between
the stratosphere and the troposphere around the tropopause,
the correlation between CO and O3 has an L-shape. This is il-
lustrated by the grey lines in Fig. 6a (left panel). The vertical
line of the “L” is called the stratospheric branch and its hori-
zontal line the tropospheric branch. Figure 6 shows the corre-
lation between CO and O3 on 7 August (a) and 24 August (b)
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for SPF07 and SPF24, respectively. We use the CO and
O3 simultaneous measurements from SPIRALE. However,
as the O3 measurements start only at 14 km (Fig. 1b), we
have completed the lower part of the profile by the mea-
surements from the Vaisala sounding (Sect. 3.1). The cor-
relations of the left panels are divided into different parts:
the stratospheric part, the tropospheric part, and the mixing
layer. According to Hegglin et al. (2009), the tropospheric
branch is defined by O3 vmr< 100 ppb. We choose to de-
fine similarly the stratospheric branch as the part of the pro-
file with CO vmr< 20 ppb. Both branches are represented by
lines based on CO and O3 averages with uncertainties of
3σ and values for CO vmr> 20 ppb and O3 vmr> 100 ppb
defining the mixing layer (Hegglin et al., 2009). Note that the
tropospheric branch for SPF24 could not be determined be-
cause all O3 values are larger than 100 ppbv over the altitude
range with correlative CO measurements (i.e. 0.6 km below
theTp). The Vaisala ozone sonde allowed measurements of
O3 at lower altitudes and showed that the 100 ppb limit was
reached for altitudes lower than 8.7 km, i.e. 0.8 km below the
local thermal tropopause.

The mixing layer is different for the two flights. For
SPF07, the mixing layer is extending fromTp to ∼ 4.8 km
above theTp. For SPF24, the mixing layer is present∼ 7 km
above theTp and∼ 0.8 km below theTp. The origin of the
air masses for these mixing layers is also very different, as
explained in Sect. 3.4.2. The right panels of Fig. 6 repre-
sent the probability distribution function in percentage of all
the measurements for altitude between 8 km above theTp
and 0.6 km below theTp. The distribution of the correlation
points is more uniform in the mixing layer for SPF07 than
for SPF24, with CO vmr more likely included in the range
[20, 80] ppb and O3 vmr in the range [100, 700] ppb in the
first case, while [20, 40] ppb CO and [300, 700] ppb O3 are
more observed in the second case. As seen in Sect. 3.4.2., air
masses for SPF07 are indeed coming from mid-latitude tro-
posphere and stratosphere, whereas air is more from strato-
spheric polar origin for SPF24, confirming the stratospheric
intrusion in the latter case.

4.2 The L1 layer origin

The objective of this section is to characterize the CO sources
(urban pollution and/or fires) responsible for the polluted L1
layer observed by SPIRALE on 7 August.

4.2.1 Anthropogenic and natural CO sources

Figure 7 shows the evolution of IASI CO total column from
28 July (10 days before the flight) to 7 August in the North-
ern Hemisphere. At the end of July, the CO transport from
East Asia is well illustrated in this figure and the local-
isation of the air masses (of L1) is highlighted by black
circles (clusters A resulting from FLEXTRA simulation,
Sect. 3.4.2). At the beginning, the CO plume is located at

105–160◦ E and 30–65◦ N over East Asia and Siberia. It has
CO total columns higher than 3.25× 1018 molecules cm−2

(Fig. 7a). Figure 7b illustrates the plume pollution trans-
port across the Pacific Ocean from Asia (180◦ E–40◦ N) to
North America (−130◦ E–65◦ N) during two days (31 July
and 1 August). Then the pollution crosses North America to-
ward the Atlantic Ocean (Fig. 7c). CO total column values
are lower than values found 6 days before but still signifi-
cant (> 2.25× 1018 molecules cm−2). Starting from 5 Au-
gust 2009, a long tongue of CO with columns higher than
2.25× 1018 molecules cm−2 appears over the Atlantic Ocean
(in green colour in Fig. 7d). Two days before the intrusion
of 7 August, the CO plume is located in the middle of the
Atlantic Ocean (40–50◦ N) and over Western Europe. Then
the pollution intrusion crosses Northern Europe with CO to-
tal column between 2.00× 1018 and 2.50× 1018 molecules
cm−2 on 7 August 2009.

Figure 7 reveals several areas of high CO concentration
(with columns> 2.8× 1018 molecules cm−2) along the air
mass trajectories (black circle), over northern East Asia and
over North America. To identify the origin of the pollution,
we used, in addition to CO, ammonia (NH3) columns from
IASI and fires detection from MODIS. Indeed, CO is mainly
emitted from biomass burning, fuel consumption, industry
and from in situ oxidation of organics (Seinfeld and Pandis,
2006). Agriculture and biomass burning are the main sources
of NH3 (Bouwman et al., 1997). Consequently, NH3 and CO
have only one source in common, biomass burning, whereas
the other sources are quite incompatible. NH3 total column
coupled with other gas tracers such as CO has already been
used by Coheur et al. (2009) to highlight the strong fires that
have occurred in the Mediterranean Basin in August 2007.
These authors showed the good correlation between the CO
and NH3 emissions when the Greek fires occurred. In order
to identify the geographical area of biomass burning from
10 to 5 days before the flight, NH3 and CO maps are cou-
pled with fire detection maps from MODIS shown in Fig. 8.
The comparison between the CO and NH3 distributions high-
lights two areas of high concentrations for both species along
the air mass trajectories (labelled by dates with black cir-
cles in Fig. 8): one over Siberia (130–160◦ E, 60–65◦ N) and
the other one over Alaska–Canada ((−125)–(−155◦) E, 50–
70◦ N). The correlation between CO and NH3 plumes sug-
gests a biomass burning origin for the enhanced concentra-
tions, and not high CO concentrations due to the imported
pollution from other regions. This is further confirmed by
the location of the MODIS fire counts (Fig. 8, bottom).

We thus have three candidate regions for pollution to ex-
plain the unusual CO measurements in the polar atmosphere:
anthropogenic emissions from East Asia, and fire emissions
from Alaska–Canada and Siberia. In addition, backward-
trajectory calculations (Sect. 3.4.2, Fig. 5a, left) have shown
pollution from North America origin. In the next section, we
test the relative impact of each region on the polar atmo-
sphere on 7 August 2009 for L1.
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Fig. 7. CO total column (molecules cm−2) from IASI-MetOp satellite evolution from 29 July 2009(A) to 7 August 2009(E). The circles
indicate the location of the air masses before the flight day (clusters A and B resulting from FLEXTRA simulation).
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Fig. 8.CO and NH3 total column (molecules cm−2) (top and middle panels) from the IASI instrument and fire detection by MODIS (bottom
panels) (each red point symbolizes a fire location) from 29 to 30 July 2009 over north of East Asia (left panels) and from 31 July to
2 August 2009 over North America (right panels). The circles indicate the location of the air masses before the flight day (clusters A and B
resulting from FLEXTRA simulation).
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Table 2. Additional CO volume mixing ratio (ppb) in the intru-
sion on 7 August 2009 (difference between CO (7 August) and CO
(24 August)), at−500 m (L1 A, Fig. 3) and+250 m (L1 B, Fig. 3)
relative altitudes to the thermal tropopause (Tp). Simulation 1 is
with a mask (#1) over East Asia; simulation 2 with a mask (#2)
over North America. See text (Sect. 4.2.2) for details.

+250 m −500 m

Simulation Region CO (7 Aug)– CO (7 Aug)–
CO (24 Aug) CO (24 Aug)

Control run World 32 (100 %) 30 (100 %)

1 East Asia 7 (22 %)* 8.8 (29 %)*

2 North America 1 (3 %)* 19 (63 %)*

3 Fires 0 (0 %) 0 (0 %)

* Proportion of air from the source region in the intrusion over Kiruna on
7 August 2009.

4.2.2 CO emission regional distribution determined
by simulation

To evaluate the potential impact of these anthropogenic
and natural sources, we have performed simulations us-
ing the REPROBUS CTM. Three different masks were ap-
plied on MOPITT CO analyses used by REPROBUS as
CO source at 500 hPa. In simulations 1, 2 and 3, only East
Asia (105–150◦ E, 20–45◦ N) emissions, Northern Amer-
ica ((−75)–(−120◦) E, 30–45◦ N) emissions, and Siberia-
Alaska-Canada fire emissions were taken into account, re-
spectively. We performed a control run using the global MO-
PITT CO climatology. Figure 9 shows the spatial extension
of masks. The test results are shown in Table 2 for two differ-
ent altitudes corresponding to the top (250 m above theTp)
and the bottom (500 m below theTp) of L1.

The first simulation (Mask 1) tests the impact of the East
Asia CO emission on the polar UTC/LMS. The value on
7 August is larger by 7 ppb at 250 m above theTp and 8.8 ppb
at 500 m below theTp than the value on 24 August. In the
control case, this difference is increased by a factor of 4
(larger by 30 ppb) and therefore the L1 pollution is not ex-
clusively explained by these Asia CO emissions. Accord-
ing to the FLEXTRA backward trajectories (Sect. 3.4.2.,
Fig. 5), we considered that on 24 August 2009 the air masses
are coming only from the polar latitudes. Consequently, we
can consider the air masses of 24 August 2009 as typical
background polar air (with different origins). So, the differ-
ence between the 7 and 24 August for REPROBUS simu-
lation 1 is only due to the intrusion and we can calculate
the proportion of air from East Asia in the intrusion. We
found 23 and 30 % of CO in the air mass present in the
L1 layer on 7 August 2009 over Kiruna originate from an-
thropogenic East Asia pollution for altitude 250 m above
the Tp (L1 B, Fig. 3) and for altitude 500 m below theTp
(L1 A, Fig. 3), respectively.

Similarly, simulation 2 tests the impact of North America
emissions on polar UTC/LMS. The CO vmr on 7 August is
larger by 1 ppb at 250 m above theTp and 19 ppb at 500 m
below theTp compared to 24 August. As previously, we can
calculate the proportion of CO originating from North Amer-
ica in the intrusion. Totals of 3 and 60 % of CO in the air mass
present on 7 August 2009 over Kiruna originate from North
America for altitudes 250 m above theTp and 500 m below
theTp, respectively.

And finally, simulation 3 tests the impact of fires emissions
from Siberia, Canada and Alaska on polar UTC/LMS. No
differences are observed between the flights. So, the fires in
these regions have the same influence for both flights.

According to the simulations, the air masses sampled in
the L1 mainly come from anthropogenic emissions. The
stratospheric part of L1 (250 m above theTp) is more in-
fluenced by East Asia than North America pollution, while
the tropospheric part (500 m below theTp) is influenced less
by East Asia than by North America pollution. The fires
in Alaska, Canada and Siberia have a negligible influence
on the CO vmr in the intrusion. This is also in agreement
with the FLEXTRA trajectories (Sect. 3.4.2 and Fig. 5),
which show that the Alaska–Canada fire emissions influence
equally SPF07 and SPF24.

Some care has to be given to the above analyses, given
that the REPROBUS CO concentrations are nudged by the
monthly CO climatology at 500 hPa level. CO at this level
could have several origins corresponding to regional or long-
range transport. All CO pollution coming from nearby re-
gions, e.g. biomass burning in Alaska–Canada ((−125)–
(−155◦) E, 50–70◦ N) (Wotawa et al., 2000) or CO trans-
port across the Pacific Ocean, Liang et al., 2004), and cross-
ing the mask have been taken into account in our calcula-
tion. So, the relative parts of the long-range transport have
to be taken as maxima.

5 Conclusions and perspectives

Eight balloon flights were launched during the StraPolÉté
campaign between 2 August and 12 September 2009 from
ESRANGE base (Swedish Space Corporation) close to
Kiruna, Sweden. Among these flights, the SPIRALE instru-
ment flew twice, on 7 August and on 24 August. In addition,
the SWIR-balloon instrument flew on 14 August.

The altitude of the tropopause has been identified for the
StrapoĺEté campaign according to several definitions (ther-
mal tropopause and dynamical tropopause) to discuss in de-
tail the troposphere/stratosphere exchange.

CO total column satellite data from IASI-MetOp instru-
ment for the three dates of flights were used to understand the
spatial and temporal CO variability observed during the three
balloon flights. IASI measures comparable low CO concen-
trations on 14 and 24 August and much higher values on
7 August. SPIRALE and SWIR CO partial columns between
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Fig. 9. Spatial extensions of mask 1, mask 2 and mask 3: the CO emissions in the grey part are not taken into account for simulation 1 or
2 or 3, depending on the mask. The green mask (#3) takes into account more fire emissions and the red masks (#1, #2) more anthropogenic
emissions.

9 and 34 km were compared and allowed us to confirm that
the enhancement of CO is localised in the stratosphere.

The SPIRALE balloon-borne instrument observations in
the lower stratosphere on 7 August showed two layers of air
with very high CO levels (volume mixing ratios near 80 ppb).
The layers extend over the potential temperature range [320,
380] K (10–14 km), with the CO maximum of 80 ppb at
330 K (11.4 km). The CO mixing ratio in the range [50,
80] ppb is typical from mid-latitude values. These CO data
are consistent with poleward intrusions from mid-latitudes
represented by low PV region detected at 340 K and 380 K,
as shown by MIMOSA model. Ten days backward trajec-
tories between 10.5 and 15 km from Kiruna were calcu-
lated by using FLEXTRA model. The upper layer, extend-
ing from 12.6 to 14 km, is associated with air mass intrusion
from mid-latitudes (North America). Air masses of the lower
layer, below 12.6 km (L1), were shown to originate from East
Asia and North America, entering the polar UTLS by fast
transport from the mid-latitude lower levels (altitude< 4 km)
into free troposphere, followed by isentropic transport. The
O3:CO correlation of the two flights of SPIRALE confirmed
that a recent mixing with tropospheric air occurred in the re-
gion called mixing layer on 7 August 2009 and mixing with
stratospheric air occurred on 24 August 2009.

We have also investigated the origin, evolution and trans-
port of air masses of the lower layer (L1, i.e. below 12.6 km).
The plume pollution was ascending over West Pacific near
Japan and North America. After the initial ascent, the plume
crossed the North Pacific Ocean, North America, and the
North Atlantic Ocean in a fast zonal flow. IASI-MetOp mea-
surements were also used to detect where high CO concentra-
tions occurred and allowed us to provide information on the
origins of CO source. The CO total column maps were com-
bined with NH3 distributions from IASI and fire counts from

MODIS and were used to detect anthropogenic area emis-
sion over East Asia and North America and biomass burn-
ing regions over Siberia and Alaska–Canada as potential CO
sources impacting the polar region.

To evaluate the potential impact of these anthropogenic
and natural sources on the air masses of the intrusion, we
have performed simulations using the REPROBUS CTM.
According to all the simulations, the air masses present in the
lower layer (L1) mainly come from anthropogenic emissions.
The stratospheric part of L1 (11.7–12.6 km, Fig. 3) is more
influenced by East Asia than North America pollution, while
the reverse is true for the tropospheric part (10.5–11.7 km,
Fig. 3) of the profile. The fires over Siberia and Alaska–
Canada have negligible influence on the CO vmr present in
the intrusion.

In this study, only one case was described. However, in
August 2009 there were two other similar phenomena sim-
ulated by MIMOSA model and shown by ozone sounding –
on 21 and 29 August. Therefore, the 7 August 2009 intrusion
might not be an isolated case. The climatology of the intru-
sions during several summers should be established to better
study the impact of urban mid-latitude pollution on the Arctic
regions. Studies using trajectory models have very recently
evaluated the impact of three regions, namely Europe, USA
and East China on the Arctic (e.g. Harrigan et al., 2011).
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