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ABSTRACT

We have used ozone data from the Infrared Atmospheric Sounding Interferometer to follow an event of ozone-
enriched air-masses in the upper troposphere from eastern Africa to northern India. The ozone transport
(hereafter called ‘ozone river’ or O3R) occurred during the Asian post-monsoon season in 2008 and was
associated with Rossby wave propagation. The persistence of the O3R in a narrow channel was confirmed by
MOZALIC airborne data over the northwestern Indian coast. The regions of origin of the O3R were identified
by a transport analysis based on the Lagrangian model FLEXPART. The Lagrangian simulations combined
with potential vorticity fields indicate that stratospheric intrusions are not likely to be the most important
contributor to the observed O; enhancements. A high-resolution Eulerian model, Meso-NH, with tagged
tracers was used to discriminate between African biomass burning, lightnings and Indian anthropogenic
pollution as potential sources of precursors for the O3R. Lightning NOx emissions, associated with convective
clouds over Africa, were found to be the principal contributor to the ozone enhancement over the Indian Ocean
taking advantage of a northeastward jet. This case study illustrates African lightning emissions as an important
source for enhanced Oj in the upper troposphere over the Indian Ocean region during the post-monsoon
season.
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1. Introduction number-one zonal variability with the highest O3 concen-
trations over the Atlantic and the lowest O3 concentrations
over the Western Pacific (Fishman et al., 1990; Thompson
et al., 2003). As part of this global pattern, UT Oj is low
over the whole Indian Ocean region while it is much higher
over Africa, where it benefits from a process of injection
of O3 precursors followed by zonal Oj build-up inside
Walker cells (Sauvage et al., 2007b).

Nevertheless, O; profiles measured during the Pre-
INDOEX (1995-1998) and INDOEX (1999) campaigns in

the northern Indian Ocean region revealed the frequent

Ozone (O3) is one of the most important greenhouse gases
contributing to global warming. The net radiative forc-
ing resulting from changes in tropospheric Oz during the
next century is particularly important within the northern
tropics from Central America to South Asia and the Indian
Ocean (Shindell et al., 2013). In the tropics, the upper
tropospheric (UT) Oj; is characterised by a global wave-
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occurrence of elevated O3 concentrations in the mid- to
upper-troposphere during the winter season (Zachariasse
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et al., 2000, 2001; De Laat, 2002; Chatfield et al., 2007;
Lawrence and Lelieveld, 2010). In particular, O; peaks
reaching 120 ppbv were often found in the UT within layers
1-2 km thick just below the tropopause (De Laat et al., 1999).

Several sources and transport processes were put forward
to explain these high concentrations of Os in the mid-upper
troposphere over the Indian Ocean. Using ozonesondes
launched in winter 1998 and back-trajectories analysis,
Zachariasse et al. (2000) demonstrate that O3 laminae in the
UT originate from stratosphere to troposphere exchange
(STE) along the subtropical westerly jet (SWJ). This direct
contribution of O3 by isentropic intrusion of stratospheric
air masses is characterised by high O; concentrations
associated with low humidity. Based on O3 observations
from radiosondes during INDOEX 1999, satellite measure-
ments and back-trajectories analysis, Chatfield et al. (2007)
attribute O; peaks in the mid-troposphere primarily to
STE and convective lofting of pollution from the Indian
continental outflow in the intertropical convergence zone
ITCZ).

Furthermore, Chatfield et al. (2004, 2007) attribute east—
west streaks of elevated mid-tropospheric O3 observed
from space over the Indian Ocean to high-level westward
transport of pollution potentially contributing to the south
Atlantic O3 maxima in boreal winter. Indeed, the biomass
burning (BB) season in Africa in the Northern Hemisphere
takes place from October to January (Cooke et al., 1996).
Transport of BB emissions in the free troposphere is ob-
served and described in Edwards et al. (2003), which explains
the inter-hemispheric transport of African O; precursors.
Through the analysis of modelled CO (carbon monoxide)
and Oj distributions, De Laat (2002) explains winter mid-
tropospheric O3 peaks observed from radiosondes over
the Indian Ocean with the eastward advection of air masses
impacted by African BB emissions caused by the propaga-
tion of waves along the SWJ. It must be emphasised that in
their review of the outflow of atmospheric pollution from
south Asia, Lawrence and Lelieveld (2010) point to some
possible inconsistency in De Laat (2002) and rather support
the scheme of Chatfield et al. (2007) to explain the elevated
layers of O3 in the Indian Ocean mid-troposphere.

Another significant source of O3 precursors over this equa-
torial region is lightning. Deep convection that characterises
central Africa during austral summer is both promoting
vertical mixing of air masses but also a high electrical
activity. From spaceborne data Bond et al. (2002) present
an overview of the distribution of nitrogen oxides (NOx)
produced by lightning (LiNOx) with a peak production
between September and November and show the impor-
tance of these emissions relative to other sources of NOx in
this region. Based on simulations from a chemical transport
model (CTM) and airborne observations, Barret et al.
(2010) demonstrate the significant impact of LiNOx on the

middle to upper troposphere over Africa and the tropical
Atlantic during the West African Monsoon. Indeed, LiINOx
emitted directly into the UT have a longer life-time and can
therefore travel longer distances increasing their impact on
tropospheric chemistry (Labrador et al., 2005; Sauvage
et al., 2007b). The tropospheric O3 distributions over the
Indian Ocean between 2005 and 2009 have been examined
in a study by Zhang et al. (2012). Based on spaceborne
observations they document an annual maximum of O3 in
the mid- and upper-troposphere of the equatorial southern
Indian Ocean during May and conclude that this maximum
results from lightning NOx emissions. Referring to Zhang
et al. (2011) they explain the important Oz maximum
detected in the mid- and upper-troposphere over the Indian
Ocean during autumn 2006 by the strong El-Nino event.
This event was indeed responsible for large-scale fires in
equatorial Asia and perturbations of the tropospheric cir-
culation that resulted in the transport of BB impacted air
masses to the Indian Ocean.

This study focuses on an event of O3 elevated air-masses
transport from Africa to northern India during early winter
2008 identified from spaceborne Infrared Atmospheric
Sounding Interferometer (IASI) observations, hereafter re-
ferred to as ‘ozone river’ (O3R). The high spatio-temporal
resolution of IASI enabled the observation of such an event
for the first time to our knowledge. This observed episode
provides an opportunity to better understand the transport
processes responsible for O3 enrichments within the Indian
Ocean troposphere. Section 2 describes the spaceborne and
airborne observations and the models used in the present
study. The chemical and meteorological context associated
with the O3R is described in Section 3. In Section 4, we use
Lagrangian and Eulerian simulations to provide insights
into the emission sources of the O3R and their transport
pathways.

2. Data and models description

2.1. IASI spaceborne data

The Metop—A/IASI sensor measures the Earth—atmosphere
radiance in thermal infrared (range 645-2760cm ~') with
a spectral resolution of 0.5cm ~'. With a 2200km swath
across the flight track (12km footprint at nadir), IASI
provides a global coverage twice daily. Designed to mea-
sure atmospheric temperature and water vapour, IASI
quantifies atmospheric abundances of a number of chemi-
cal species such as CO (George et al., 2009; De Wachter
et al., 2012) and O3 (Barret et al., 2011; Dufour et al., 2012).

The O3 tropospheric profiles used in the present study
were retrieved from TASI radiances with the Software for
a Fast Retrieval of IASI Data (SOFRID) described in
Barret et al. (2011). IASI-SOFRID O; data are validated
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on the global scale (Barret et al., 2011; Dufour et al., 2012)
with ozonesonde data and over the Indian region with
Measurements of OZone, water vapour by in-service Alrbus
airCraft (MOZAIC) airborne data (Barret et al., 2011).
The retrieved O; profiles contain between 1.8 and 2.5
independent pieces of information in the tropics, which
is equivalent to an 8-km resolution. They are particularly
suited to study the upper troposphere—lower stratosphere
(UTLS) O3 because the sensitivity of the O; retrievals is the
highest in this altitude range (R >0.91) (Barret et al., 2011;
Dufour et al., 2012). Furthermore, the retrieval error of the
IASI-SOFRID UTLS columns is estimated to be less
than 15% for Oj. Nevertheless, according to Dufour et al.
(2012) the three different IASI retrievals investigated are
overestimating ozonesondes UT columns by 11-24% when
smoothing by the retrievals averaging kernels are taken
into account. The bias is larger (20-40%) for UT mixing
ratios when the ozonesonde profiles are not smoothed by
the averaging kernels (Dufour et al., 2012).

2.2. MOZAIC airborne data

The MOZAIC programme gathers concentrations of trace
gases mainly in the UTLS between 9 and 12km from
measurements aboard commercial aircrafts (www.iagos.fr
and Marenco et al., 1998). The vertical resolution is about
20-30m and the horizontal resolution is about 1 km. The
airborne in-situ measurements of CO and Os used in this
study were performed from Hyderabad (17.2°N, 78.3°E,
India) to Frankfurt (50°N, 8.6°E, Germany). Based on
the dual-beam UV absorption principle, the ozone mea-
surement accuracy is estimated to +2ppbv (~2%) for a
4 seconds response time (Thouret et al., 1998). Based on an
infrared analyser, the CO measurement accuracy is esti-
mated to be +5ppbv (~5%) for a 30 seconds response
time (Nedelec et al., 2003). In the present study, we have
used the data from the four Hyderabad—Frankfurt (HY -
FR) flights that took place during the O3R event from
27 November to 3 December, that is, two flights on 27
November and two flights on 3 December.

2.3. FLEXPART Lagrangian particle dispersion model

In order to determine the geographical regions influencing
the O3 concentrations in the UT over the Arabian Sea,
simulations were performed with the FLEXPART Lagran-
gian particle dispersion model (version 6.2) (Stohl et al.,
1998, 2005). FLEXPART simulates the transport and dis-
persion of linear tracers and treats advection and turbulent
diffusion by calculating the trajectories for a multitude
of particles. Stochastic fluctuations, obtained by solving
Langevin equations (Stohl and Thomson, 1999), are super-
imposed on the grid-scale winds from the European Centre

for Medium-Range Weather Forecasts (ECMWF) data
set to represent transport by turbulent eddies. The spatial
and temporal resolutions of ECMWF data are respectively
1°x1° and 3 hours. FLEXPART enables establishing
a relationship between a source which may be a region
characterised by pollutant emissions and a receptor which
may be a location impacted by these emissions. A large
number of particles (not necessarily representing real par-
ticles, but infinitesimally small air parcels) is released from
the receptor location and transported backward in time.
For the present work a large number of so-called particles
are released from three different boxes over the Arabian
Sea between 9 and 12 km, and located within and on either
side of the O3R in UT (rectangles on the Arabian Sea in
Fig. 5) (see Section 4.1 for further details on the boxes
definition). Particles are released during 4d between 29
November 2008, 12 UTC, and 2 December 2008, 12 UTC,
which corresponds to the period with the highest O3
concentration according to IASI. The time step for back-
ward model calculation is 3 hours. Back trajectories cal-
culation period is set to 20d. FLEXPART outputs the
residence time of all the particles that represents the sen-
sitivity of the source to the receptor. Output is produced
every 3 hours (particles position and residence time).

2.4. Meso-NH chemistry and meteorology model

The French research Mesoscale Non-Hydrostatic model
(Meso-NH) used in this study is a grid point Eulerian model
based on a non-hydrostatic system of equations. It couples
meteorology and chemistry and allows to simulate atmo-
spheric motions ranging from the synoptic scale to large-
eddy simulations. A full description of the model capabilities
is available on http://www.aero.obs-mip.fr/observation/
mesonh (Lafore et al., 1998). The model is used to inves-
tigate a large domain covering the Indian Ocean, central
and eastern Africa and south-west Asia [20°S—40°N; 4°—
85°E]. The simulation was conducted on one single domain
with a horizontal dimension of 6700km by 9300km at
15 km horizontal resolution and a vertical grid of 72 levels,
with a stretched resolution ranging from 60 m at the lowest
level to 600 m at the highest. The altitude of the model top
is at 30 km.

The atmospheric model (version 4.8) was run from 20
November 2008 to 15 December 2008 with a time step of 15
seconds. The initial and lateral boundary conditions were
obtained from ECMWF analyses. The physics of the model
included the prognostic calculation of the turbulence and
a convection scheme based on mass-flux calculations: the
Kain—Fritsch parametrisation scheme (Bechtold et al., 2001).
The exchanges of energy at the surface are represented by
four possible surface types (natural surfaces, urban areas,
oceans and lakes) in the SURFEX model coupled with
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Meso-NH (Masson et al., 2012). Shallow convection is
parameterised according to Pergaud et al. (2009). A mixed-
phase microphysics (Pinty and Jabouille, 1998) and the
subgrid cloudiness (Chaboureau and Bechtold, 2002) are
available for these simulations. The radiation fluxes are
provided by the ECMWF scheme (Gregory et al., 2000).
Three passive tracers were used to mimic Oj precursors
and assess the potential contribution of three important
pollution sources in this region: BB over Africa between
5% and 15°N, lightning produced NOx associated with the
convective clouds within the ITCZ; and anthropogenic
pollution outflow from India. The tracers have a fixed
lifetime of 10d and are initialised to zero. The first tracer
represents the NOx produced by the combustion of
biomass burning (hereafter BBTR). Monthly BB emissions
were derived from the GFEDv3 inventory (Giglio et al.,
2010; Van der Werf et al., 2010). The second one represents
the NOx produced by lightning activity (hereafter LITR).
Its source is directly calculated in the deep convection
scheme of the model following the parametrisation of Mari
et al. (2008). The last tracer represents the CO produced by
human activities (hereafter ANTR). Monthly emissions are
taken from the MACCity inventory (Granier et al., 2011).

Both models are used to provide complementary views
on the processes responsible for the O3R. First, FLEX-
PART Lagrangian simulations enable the determination
of the broad geographical domain influencing the O3R.
Then, Meso-NH simulations carried out over this domain
are used to determine the O; precursor sources impacting
the O3R.

3. Observations and analysis

3.1. IASI UT ozone

The mean O; distribution observed by IASI in the UT
(190-290 hPa) from Africa to South Asia during the post-
monsoon season of 2008 (October—December) is marked
by high concentrations of Oz over Africa and low con-
centrations over the Indian Ocean (Fig. 1). This feature is
the regional part of the tropospheric ozone zonal wave-one
initially detected with satellite data by Fishman et al. (1990)
and characterised by tropospheric columns of O3 minima
over the western Pacific and maxima over the tropical
Atlantic. The zonal wave-one was later documented by
Thompson et al. (2003) with tropical ozonesonde data,
completed over continental Africa by Sauvage et al. (2006)
with MOZAIC data and globally by Sauvage et al. (2007b)
with satellite data and model simulations. The minima are
a result of convective mixing over the Indian Ocean and the
western Pacific that injects O; poor air masses from the
marine boundary layer (BL) into the UT [see Lawrence
et al. (2003) for further details about the impact of convec-
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Fig. 1. TASI-SOFRID O3;UT (190-290hPa) for 3 months

average (October—December 2008). 200—300 hPa horizontal wind
from ECMWF reanalysis are represented as black arrows. The
dashed white line represents the +1.5PV units surface from
ECMWEF reanalysis at 200 hPa for the same period.

tion on tropospheric O3]. The primary source responsible
for the maxima that extend from Africa to South America
is LiNOx produced over these continents (see e.g. Sauvage
et al., 2007b). The UT O3 concentrations from IASI over
Africa are clearly overestimated with values reaching
120 ppbv which is 40 ppbv higher than the highest values
documented by Sauvage et al. (2006) for southern Africa
during SON. This is probably a result of the 20-40% IASI
O3 mixing ratios overestimation in the UT described in
Section 2.1.

At the end of November 2008, the UT Ojs distribution
observed by IASI shows a striking evolution with a channel
of elevated Os that starts from the coast of Somalia around
26 November (Fig. 2a), crosses the Arabian Sea and
northern India (Fig. 2b, c¢) and recedes after 4 December.
We have called this phenomenon O3R. During this period,
the region encompassing the Bay of Bengal, south India
and the southeastern Indian Ocean from 20°S to 20°N
remains little perturbed with a persistent O3 minimum in
the UT. The high O; concentrations following the undula-
tions of the SWJ correspond to extratropical stratospheric
air masses as will be discussed further in the text.

3.2. MOZAIC ozone observations

The MOZAIC HY-FR observations are used to corrobo-
rate the occurrence and composition of the O3R over the
Arabian Sea. Figure 3 shows MOZAIC in-flight observa-
tions off the western coast of India and TASI O; pressure—
longitude cross-sections along MOZAIC flight tracks
during the O3R period. The corresponding flight tracks
are displayed on top of the IASI O; distribution in Fig. 2a, c.
On 27 November, IASI and MOZAIC ozone mixing ratios
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Fig. 2. IASI-SOFRID UT Oj; (190-290 hPa average), in ppbv, for (a) 26-28 November, (b) 29 November—1 December, (c) 2—4

December 2008, (d) 5—7 December 2008. 200—300 hPa averaged horizontal wind from ECMWF reanalysis are represented as black arrows.
The blue line represents the +1.5PV units surface from ECMWF reanalysis at 200 hPa. Black hatched contours indicate OLR below
220 W/m?. The black and grey lines in (a) and (c) indicate the flight track for MOZAIC observations, Hy—Fr and Fr—Hy respectively. The
coloured boxes in (b) over Arabian Sea shows the starting boxes of particulate emissions for FLEXPART simulations.

were in good agreement showing both a longitudinal
gradient from low O; concentrations typical of the tropical
oceanic UT to enhanced O3 concentrations when the air-
craft crossed the SWJ and entered the extratropical strato-
sphere. On 3 December, the O; features observed during
the outward and return MOZAIC flights between 70° and
80°E are well captured by IASI. The correlation coefficient
between IAST and MOZAIC data for this episode taking all
the observations displayed in Fig. 3 into account, is
R =0.85, which shows that TASI is able to capture the
variability of UT Oj;. This comparison remains qualitative
as IASI profiles have a vertical resolution of about 8 km in
the UT while MOZAIC data are in-situ.

3.3. Meteorological situation

The horizontal 200 hPa winds and the 1.5PVU contours
(in absolute values) from ECMWF reanalyses are displayed
in Fig. 2 for the O3R period. Prior to the O3R event,
between 6 and 25 November (not shown), the stratosphere—
troposphere limit (1.5PVU) lies between 30° and 20° in
both hemispheres. During the O3R period, strong winds
lie along the Northern Hemisphere SWJ and result from
midlatitude Rossby waves propagating into the tropics,
over the Arabian Peninsula. A number of studies show that
Rossby waves tend to propagate through an equatorial
westerly duct in the UT (e.g. Webster and Holton, 1982;
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Longitude—pressure cross-sections of IASI O3 volume mixing ratios vertical profiles along four MOZAIC flight tracks for (a, b)

27 November, (c, d) 3 December 2008. The IASI data are averaged over (a, b) 26-28 November (¢, d) 2—4 December 2008. The coincident
ozone MOZAIC observed volume mixing ratios are displayed with the colour-coded circles. The black solid line is the tropopause derived

from NCEP data.

Yang and Hoskins, 1996; Homeyer and Bowman, 2013). A
climatology of westerly ducts in the Northern Hemisphere
based on 20 yr (1980-1999) of meteorological reanalyses
by Waugh and Polvani (2000) show an autumn—winter
occurrence peak. An analysis of the wind anomalies con-
ducted over 4 months (October 2008—January 2009; not
displayed) over the Indian Ocean also shows the same
abnormal flow to the NE across the equatorial band. On
26-28 November 2008, the westerly duct lies across the
equator at about 50°E (Fig. 2) and encompasses regions
from the Arabian Sea in the Northern Hemisphere to the
northwest of Madagascar in the Southern Hemisphere.
The westerly duct leads to the formation of a strong jet
over the equatorial Indian Ocean with a northeastward
branch over the Arabian Sea that marks the O3R. It
is also important to note that during the O3R period, in
the Southern Hemisphere stratospheric air masses remain
south of 20°S except some very limited incursions over the
Mozambic channel (Fig. 2a) around 27 November and over
the centre of Madagascar (Fig. 2b) around 30 November.
Deep convective areas corresponding to OLR (Outgoing
Longwave Radiation) below 220 W/m? (Park et al., 2007)

are displayed in Fig. 2 in black hatched contours. These
convective areas are located over central Africa and the
convective outflow will probably impact the air masses
transported by the westerly duct. After 4 December, only
weak winds remain over the Arabian Peninsula and the
westerly duct has disappeared from the Indian Ocean.
Extended clusters of deep convective storms are observed
over southern India and the Bay of Bengal in Fig. 2a
and over the Bay of Bengal in Fig. 2¢, d. The first one
corresponds to cyclonic storm Nisha (Barret et al., 2011)
which formed over Sri Lanka on 26 November and died
over central India on 28 November. The second convective
cluster is an important deep depression which lasted from
4 to 7 December 2008 over the southern Bay of Bengal within
the ITCZ (hereafter BOB08) and propagates westward.

4. Origin of the O3R

4.1. MOZAIC air-mass characterisation

In this section, we use O3 and CO observations from the
MOZAIC programme to better characterise the composi-
tion and the possible origin of the air masses during the
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(a) Longitudinal profiles of MOZAIC Oj; (black line) and CO (violet line) mixing ratios along a Hyderabad Frankfurt flight on

3 December 2008 with the altitude of the aircraft (dashed black line). (b) Meso-NH passive tracers normalised concentrations along the
MOZAIC flight at 258 hPa. Concentrations have been normalised relative to their respective maxima over the whole simulation domain.
The red curve corresponds to BBTR, the green to LITR and the blue to ANTR. (c) Meso-NH and ECMWF relative humidity along the

MOZAIC flight.

O3R event. The O3 and CO concentrations observed along
the MOZAIC HY-FR flight of 3 December are displayed
in Fig. 4a. Four distinct air masses are observed. On the
southeast side of the flight, CO concentrations reached their
maximum values (100—140 ppbv) while the O3 concentra-
tions remained low (50 ppbv) and stable. This O;—CO
relationship is typical of fresh pollution that has not yet
been photochemically processed (Chin et al., 1994). The
sampled polluted air-masses were probably recently up-
lifted in the UT through convection. Within the O3R (68°—

74.5°E), O3 and CO are both elevated and highly correlated
(R=0.76) with an almost linear relationship. The slope
AO;/ACO = 0.98 ppbv/ppbv is larger than climatological
values (0.20—0.27) computed for the tropical UT during the
autumn winter season from CARIBIC data (Zahn et al.,
2002). The AO3/ACO measured within the O3R corre-
sponds to photochemically aged tropospheric air. Further
northwestwards (60°-64.5°E near the Northern Hemi-
sphere SWJ) O5;CO are highly anticorrelated (R = —0.73)
with an almost linear relationship and a large negative
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slope (— 1.3 ppbv/ppbv) indicating the import of strato-
spheric air-masses as the most likely dominant process
controlling the O5 distribution (Zahn et al., 2002; Fadnavis
et al., 2010). In between (from 64.5° to 68°E), the air masses
are characterised by intermediate values of O; and CO
typical of the tropical UT with moderate O; peaks, whose
origins are investigated in Section 4.3.

4.2. Simulation of retroplumes

The analysis of MOZAIC observations showed that the air-
masses involved in the O3R region have different chemical
signatures which probably correspond to different origins
from the midlatitude stratosphere to the marine BL. The
aim of the present section is to identify the potential sources
of O3 precursors which are responsible for the O5 enrich-
ment in the O3R. The TASI observations are used to define
three boxes between 9 and 12km over the Arabian Sea just
off the west coast of India (see Figs. 2 and 5). The red box
(22°-26°N, 65°—67°E) and the green box (10°—14°N, 71°—
73°E) are located respectively northwestward and south-
eastward of the O3R and the blue box (16°-20°N, 68°—
70°E) is located within the O3R (see Fig. 2b). FLEXPART
is run following the methodology described in Section 2.3.
Figure 5 shows the regions which encompass 70% of the
mean residence times within the BL (0-3 km, Fig. 5a) and
within the UTLS (9—-15km, Fig. 5b) for the corresponding
three boxes.

November—December corresponds to the dry season over
the African continent north of the Equator. During this
period, BB emissions occur over a large zonal band extend-
ing from 5° to 15°N that roughly corresponds to African
savannah and forests (Cooke et al., 1996) (Fig. Sa).
Anthropogenic emissions are high all over India but more
particularly over the Indo Gangetic Plain in Northern India
(Fig. 5a). From Fig. 5a, it can be seen that air masses,
which reach the three boxes, have spent time in the BL
mostly over the northern Indian Ocean region. The con-
tours are shifted in latitude according to the position of
the box. It is interesting to note that none of the three BL
contours are overlapping the region of African BB emis-
sions that have therefore probably little impact on the
observed UT composition. On the contrary, the three con-
tours are overlapping regions of large anthropogenic emis-
sions from the Indian continent. The green box is the most
impacted by BL air masses with the 0-3km layer con-
tributing to 16% of the total residence times compared to
5% for the blue box and 3% for the red one. Convective
uplift of these air-masses was probably favoured by the
crossing of cyclonic storm Nisha from the Bay of Bengal to
central India at the end of November (Barret et al., 2011).

In order to determine the region with LiNOX emissions,
we are using the High Resolution Monthly Climatology

(a) (0-3 km)
AN

+40°

+30°
+20°
+10°f,

0°
-10°
—20°

-30°

=10°  +10°  +30°  +50°  +70°  +90°
(b) (9-15 km)

+40°

+30°

-10°

-20°

-30°

_491 0° +10° +30° +50° +70° +90°

Fig. 5. The colour coded solid contours represent the area
encompassing 70% of the FLEXPART total retroplume residence
times for particles released between 29 November 12 UT and 2
December 12 UT from the corresponding colour coded boxes (the
blue rectangle is within the O3R) (a) residence times within the BL
(0-3 km) with monthly GFED3 fire data and monthly MACCity
anthropogenic emissions (fluxes are normalised to their respective
maxima) and (b) residence times within the UT (9—15km) with
LIS/OTD HRMC flash rates (values given in fl/km?/yr are
normalised to their maximum) for November 2008.

(HRMC, ftp://ghrc.nsstc.nasa.gov) from the Lightning Imag-
ing Sensor (LIS) and the Optical Transient detector (OTD)
onboard the TRMM platform (Christian et al., 2003). The
HRMC product is a 0.5° x 0.5° gridded composite of total
(Intra-Cloud 4 Cloud-Ground) lightning bulk production,
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expressed as a flash density (f/km?/yr). In November
2008 most of lightnings occur over central and southern
Africa between equator and 15°S corresponding to the
rainy season. Air masses reaching the red box are mostly
originating from the tropical UT over west and north
Africa and the Arabian peninsula (Fig. 5b). They are
advected by the strong winds following the Rossby waves
south of the tropopause (see Fig. 2 for the location of the
tropopause). They are therefore characterised by lower con-
centrations of Os than the lower stratospheric air masses
to the north and then the O3R to the south as detected by
IASI and MOZAIC (Fig. 2). The green contour, centred
over the Indian Ocean at the southern tip of India is
probably the signature of cyclonic storm Nisha. The blue
contour is the only one to extend southwestward into
Africa and overlap with the region where LIS detects most
lightnings. Lightnings are thus a distinct source of ozone in
the O3R compared to the two bordering regions.

As mentioned in the introduction, previous studies
(Zachariasse et al., 2000, 2001; Chatfield et al., 2007) have
shown that stratospheric intrusions could play a role in
O3 increase in the mid- and UT over the Indian Ocean. Our
Lagrangian simulations provide first evidences to rule out
STE as the primary source of O3 enhancement within the
O3R. Indeed, the blue contour displayed in Fig. 5b concern-
ing residence times within the 9-15km layer is confined
within the tropical band (20°S—-20°N) while, as discussed
in Section 3.3, at 200 hPa the stratosphere is outside the
20°S—20N from 6 November to 7 December period (see the
1.5PVU limit in Fig. 2 for the O3R period). Furthermore,
as discussed above (Section 4.1), MOZAIC data indicate
photochemically aged air-masses within the O3R.

FLEXPART simulations point out that African BB
emissions have probably little impact upon the O3 or CO
increase over the Arabian Sea during the O3R period. On
the contrary, the backtrajectories highlight the potential
contribution of LiNOx emissions from southern Africa to
the O3R. High CO over the Arabian Sea probably origi-
nates from Indian polluted air masses freshly uplifted by
cyclonic storm Nisha. To confirm the assumptions on
the sources and the transport pathways responsible for the
O3R, we have performed an onward simulation with the
Eulerian Meso-NH model over a domain encompassing
the main sources identified with FLEXPART.

4.3. Tagged simulation at mesoscale

A high-resolution forward simulation was performed with
the mesoscale meteorological model Meso-NH from 20
November to 15 December 2008 (see Section 2.4). The
domain was chosen in order to represent the O3 precursors
sources identified with the FLEXPART backward simula-
tions. Three passive tracers were implemented to mimic

African BB emissions (BBTR), anthropogenic emissions
(ANTR) and emissions from lightning (LITR) (see Section
2.4 for details). In the following, the transport pathways
of these tracers are illustrated with concentrations nor-
malised by their respective maximum values on all vertical
levels.

Figure 6 shows the contours of the forward normalised
plumes for the three passive tracers from 26 November to 7
December 2008 at 210 hPa. Surface emissions (BBTR and
ANTR) are uplifted to the UT. The two tracers originating
from the African continent (BBTR, LITR) experience a
northeastward transport by the southwesterly duct. ANTR
higher concentrations are located over the Bay of Bengal
and central India south of the O3R. The tracers thus have
three quite distinct transport pathways. During the studied
period the most intense convective systems occur in the
region of central Africa where LIS detected the largest flash
frequencies (Fig. 5b). The largest lightning frequencies simu-
lated by Meso-NH (not displayed) are in good agreement
with the LIS observations in capturing the central African
maximum. Figure 6 shows that, once emitted in the central
African UT, the LITR is rapidly transported eastward over
the Indian Ocean and northeastward within the south-
westerly duct. Throughout the studied period the LITR
plume is the one that best fits within the blue contour that
corresponds to the O3R (Fig. 6b). The maximum of LITR
concentration over the south-western part of the Indian
Ocean (Fig. 6) is also in good overlap with the UT O; high
concentrations observed by IASI in this region (Fig. 2).
Nevertheless, after 1 December the LITR recedes faster
over the Arabian Sea than the O3 enhanced concentrations
and both remain high above the western equatorial Indian
Ocean (Fig. 6¢). The NOx lifetime range from 4d to 1 week
in the UT (Brasseur et al., 1999) and we have chosen a
longer lifetime (10d) for our LITR. Tropospheric O3 has a
lifetime of more than 20d (Stevenson et al., 2006) which
makes O; produced from LiNOx able to travel on larger
distances than LiNOx themselves. This probably explains
the inconsistency between the LITR and O; enhancements
in Fig. 6¢c. Deep convective systems associated with storm
Nisha over India have also produced LITR but east of the
O3R observed by IASI (Fig. 6b). The simulated south-
western branch of BB transport was described by Edwards
et al. (2003). BB emissions from eastern Africa are uplifted
to the free troposphere by pyroconvection and advected
southwestward by the prevailing Harmattan winds. When
they reach the ITCZ, the polluted air masses are lofted on
top of the incoming cool ‘monsoon’ flow from the Atlantic
and end-up over southern central Africa or over the gulf
of Guinea. In our case study, the transport of BB is
noteworthy because it is characterised by an UT circulation
which then favours a northeastward transport by the
southwesterly duct to end up over the Indian continent.
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Fig. 6. Meso-NH passive tracers distributions at 210 hPa from
26 November to 4 December 2008 averaged over 3 days. (a) 26—28
November 2008, (b) 29 November to 1 December 2008, (c) 2—4
December 2008. Concentrations were normalised relative to the
maxima values over all vertical levels. The red plume corresponds
to BBTR, the green one to LITR and the blue one to ANTR. And
the blue isocontour corresponds to 60 ppbv Oz from IASI and
delimits the position of the O3R.

The simulated BBTR plume overflows the Asian continent
but north of the Arabian Sea which excludes a potential
contribution to the O3R.

According to Barret et al. (2011), the cyclonic storm
Nisha formed over Sri Lanka on 26 November and crossed
the south-east Indian coast in the morning of 27 November
and headed northwest.

Figure 7 displays the Brightness Temperature (BT) at
10.8 um as simulated by the Meso-NH model (Fig. 7b) and
as observed by the VIRS sensor onboard the TRMM
satellite (Barnes et al., 2000) (Fig. 7a). The position of the
storm modelled by Meso-NH is in good agreement with
that measured by VIRS. Meso-NH slightly overestimates
the BT, and therefore underestimates the cloud top. Both
model and observations give BT below 220°K within the
storm corresponding to a cloud top above 12 km. The cyclonic
circulation associated with Nisha (see Fig. 7b) is respon-
sible for the transport of polluted air masses from northern
and central India to the centre of the storm located around
80°E and 12°N on 26 November. The vertical transport of
the ANTR tracer by storm Nisha is highlighted by Fig. 7c
which displays the longitude—pressure cross section of
ANTR at 12°N averaged from 26 to 28 November and
normalised by its maximum value at this latitude. The
ANTR tracer reaches the UT and then spreads westward
towards the Arabian Sea where it is transported north-
eastward on the southern edge of the southwesterly duct
described earlier. The uplift of air-masses from the BL to
the UT associated with the storm is responsible for the low
O3 concentrations around the storm (see Fig. 2a with the
storm represented by the hatched contour at the southern
tip of India) and for the high concentrations of ANTR
(see Fig. 6a). Cyclonic storm BOBOS is responsible for very
similar vertical transport of Indian BL pollution to the
UT in early December. The ANTR transport to the UT by
BOBOS is clear in Fig. 6¢c and its chemical signature is
observed by MOZAIC flight of 3 December 2008 with low
05 and high CO south-east of the O3R (Fig. 4a).

Figure 4b shows the three simulated tracers along the
MOZAIC flight track on 3 December. In the following,
we analyse the MOZAIC and coincident Meso-NH long-
itudinal transects from west to east. The large O3 maximum
detected by MOZAIC west of 64°E (Fig. 4b) is associated
with low concentrations of the LITR which was expected
due to its stratospheric characteristics. From 64° to 75°E, we
can identify five relative maxima of the LITR associated
with relative O; maxima observed by MOZAIC. The four
westernmost LITR maxima are associated with negligible
ANTR concentrations and are therefore most likely of
African origin. The westernmost maximum is even asso-
ciated with a low maximum of the BBTR indicating the
convective lifting of a small fraction of African BB emissions
further transported by the southwesterly duct as discussed
previously (see Fig. 6¢). The two easternmost LITR maxima
are noteworthy because they are only separated by about
1.5° but their analysis demonstrates different origins. Firstly,
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NH simulated anthropogenic tracer ANTR at 12°N with concentrations normalised by their maximum value at this latitude. The

corresponding section is represented by a black line on the plot (b).

the maximum at 74.5°E is associated with a sharp O;
maximum from MOZAIC corresponding to ‘old” LINOX
from African origin responsible for an important Oz pro-
duction. Secondly, the large LITR maximum at 76°E is
associated with the lowest MOZAIC Oj; concentrations and
both with the maximum of ANTR and of MOZAIC CO
concentrations all indicating fresh convective outflow from
the BOBOS storm. These model results indicate that elevated
O; in the O3R is most consistent with African LiNOx. Their
analyses have also shown that the Meso-NH simulation was
able to explain qualitatively most of the structure of the
high-resolution MOZAIC O; and CO transect.

5. Discussion

As shown in the previous sections, MOZAIC observations,
FLEXPART Lagrangian and Meso-NH tagged simulations
tend to indicate African LiNOX as the most important
source to build up the O3R. Nevertheless, most INDOEX
studies (Zachariasse et al., 2000, 2001; Chatfield et al., 2007)
related Os;UT enhancements over the Arabian sea to STE.
Because of the southwesterly duct originating around the
equator, our case seems most similar to the cases of inter-

hemispheric STE discussed by Zachariasse et al. (2001).
The first point that contradicts the hypothesis of STE
for the O3R is that during the period from 6 to 25
November, the 1.5PVU contour is confined south of 20°S
with some limited incursions of stratospheric air masses
around Madagascar afterwards. FLEXPART 20d retro-
plume simulations show that UT air-masses reaching the
O3R are coming from the tropics, between 20°S and 20°N
and mostly from the African continent (Fig. 5b). Never-
theless it is not possible to completely rule out the fact that
part of the stratopsheric air-masses that reached Madagas-
car on two occasions could be entrained into the south-
westerly duct and marginally participate to the O3R. This is
very different from the main case of interhemispheric STE
documented by Zachariasse et al. (2001) who state: ‘some
trajectories [. . .] move from the STJ at roughly 35°S to as far
north as 10°N’. Moreover, in their case there is a continuous
‘flow regime from the Southern to the Northern Hemi-
sphere along Madagascar and the east coast of Africa’. In
the case of the O3R, there is a strong westerly duct across
the Equator which prevent any interhemispheric transport
over the Indian Ocean such as described in Zachariasse et al.
(2001) (see Fig. 2a—c).
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Furthermore, the tagged Meso-NH simulations clearly
indicate a strong correlation between LITR and O; maxima
with some limitations linked to the different lifetimes as
discussed above. Finally, water vapour can be used as
another indicator to discriminate stratospheric and tropo-
spheric air masses. Unfortunately, the MOZAIC water
vapour sensor was out of order during the flights that docu-
ment the O3R. Nevertheless, we have access to the relative
humidity from both Meso-NH and ECMWF whose values
are plotted along the MOZAIC flight track of 3 December
in Fig. 4c. Relative Humidity from Meso-NH is below 20%
west of 66°E, sharply increases between 66°E and 68°E and
remains higher than 80% east of 68°E. ECMWF relative
humidity has a very similar behaviour with lower values
between 68°E and 70°E. Relative humidity from both
Meso-NH and ECMWF is therefore higher than 80%
within most of the O3R which is another evidence against
the inter-hemispheric STE. Stratospheric air masses are
indeed very dry and in Zachariasse et al. (2000, 2001) STE
events over the INDOEX domain are always associated
with air masses with relative humidity below 20%.

Even if, according to what has been discussed above, STE
cannot be the main source of O3 enrichment in the O3R,
it is necessary to discuss the ability of LiINOx to produce
the observed enhancements of Oz. According to IASI re-
trievals, the O; mixing ratios reach 70 ppbv within the
O3R and are below 30 ppbv on both sides of the O3R (2).
MOZAIC measurements give mixing ratios of about
40 ppbv around the O3R and of 70-75ppbv within the
O3R (Fig. 4a) which is in qualitative agreement with TASI.
The underestimation of IASI relative to MOZAIC on both
sides of the O3R is related to a retrieval problem docu-
mented in Dufour et al. (2012). They show that tropical
S-shape Oj profiles retrieved by IASI are characterised by
too low Oj at the level of the UT minimum. We can
therefore give 30 ppbv as a reasonable value for the O;
enrichment within the O3R. The level of O3 enrichments
produced by LiNOx has been largely documented in pre-
vious studies led by one of the authors of the present study.
Firstly, MOZAIC observations have shown that during
boreal autumn, the African UT is characterised by a large
meridional gradient of O3 with values of 40—50 ppbv over
the north and 70—80 ppbv over the south impacted by con-
vective activity (Sauvage et al., 2006). Based on the same
MOZAIC observations, Sauvage et al. (2007a) have roughly
estimated that LiINOX are responsible for the production of
1.6 ppbv O5 per day in the African UT during the monsoon
season. Therefore, from 40 to 50 ppbv background Os it is
possible to reach 70—80 ppbv in 20d from LiNOx produc-
tion. Finally, based on GEOS-Chem simulations Sauvage
et al. (2007b) have shown that the meridional O; gradient
over Africa and the South Atlantic was mainly driven
by LiNOx which contribution can reach 30 ppbv in the

middle and upper troposphere of southern tropical Africa.
Therefore, LiNOx is a perfectly realistic source for the
30 ppbv O3 enrichment observed within the O3R.

6. Conclusions

With its high spatio temporal resolution, IASI enables study-
ing UT transport and chemistry processes at a day to weekly
time scale. In the present study, we have focused on a case of
O; enriched air masses flowing from Africa to northern India
during the 2008 post-monsoon season, the O3R. This trans-
port event is related to Rossby waves propagating into the
tropics and leading to the formation of an equatorial south-
westerly duct over the Arabian Sea. The MOZAIC airborne
observations have confirmed the crossing of the O3R over the
northwestern coast of India during our period of analysis.
Moreover, MOZAIC in-situ CO observations enabled us
to determine that air-masses involved in the O3R were of
tropospheric rather than stratospheric origin. Lagrangian
simulations with the FLEXPART model were used to identify
the regions of the atmosphere through which air masses
reaching the O3R had recently passed. They show that air
masses that fed the O3R mostly originate from the tropical
African UT. In order to have a more accurate determination
of the sources and transport pathways of the emissions we
have performed meso-scale high-resolution simulations with
the Meso-NH model. The simulation has been set-up over a
large domain encompassing the source regions identified with
FLEXPART and with passive tracers implemented for the
O3 precursors sources anticipated with the Lagrangian
analyses. The Meso-NH simulations have shown that the
elevated O3 values within the O3R over the Arabian Sea are
mostly resulting from the LiNOx emissions from central
Africa and subsequent transport within the south-westerly
duct. The arguments described previously together with
the high relative humidity documented by both Meso-NH
simulations and ECMWF reanalyses rule out STE as a large
contributor to the O3R. This transport pathway therefore
complement the previous studies by Chatfield et al. (2007),
Zachariasse et al. (2000, 2001) that have mostly emphasised
STE as a source of enhanced UT Os; in this region during
the winter season. African BB has been shown to play a
negligible role in the formation of the O3R and this case
therefore does not support the hypothesis of De Laat (2002).
On the north-eastern edge of the O3R, we have shown that
the UT composition is impacted by Indian pollution that
has been uplifted by the tropical storms Nisha and BOBO0S
resulting in the low (resp. high) Oz (resp. CO) concentra-
tions observed by MOZAIC. This particular transport
pathway agrees with the results of Chatfield et al. (2007) who
have identified the uplift of Indian pollution as one of the
sources for enhanced mid- to upper- tropospheric O3 over
the Arabian sea.
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