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Abstract. This paper reports the first record of extreme 1 Introduction

0zone measurements in Africa. As part of the AMMA pro-

gram, the ozone vertical profile recorded on 20 DecemberTropospheric ozone is an important trace gas regarding its
over Cotonou presents exceptionally high ozone concentrarole in the oxidative capacity of the global atmosphere, its
tions with up to 295 ppb at 1 km altitude. Retroplumes from climate effect and its impact on air quality. Two main rea-
the Flexpart model show that the air masses sampled at 1 ki§ons make the tropical regions of interest regarding tropo-
over Cotonou on this day came from the burning area situate@dpheric ozone. Firstly, photochemistry and OH formation are
north-east of Cotonou and passed over Lagos, Nigeria, whiclinore active in the tropics due to high UV radiation and hu-
is highly impacted by urban pollution. We used the Master midity. Secondly, the tropics are important source regions of
Mechanism box model to simulate the chemical compositionozone precursors, especially through biomass burnimg (

of the plume during its transit. dreae and Merlet200% van der Werf et aj.2006), bio-

We find that neither the biomass burning emissions ofgenic Guenther et a].1995 2006 Serca et a).1998 Jaegk
ozone precursors nor additional urban emissions from Laet al, 2004 2005 Aghedo et al.2007 and lightning emis-
gos are high enough to simulate more than 120-150 ppb o§jons (Moxim and Levy 200Q Sauvage et al2007 Holler
ozone. The only way to reach almost 300 ppb of ozone withinet al, 2009. In addition, some of the biggest cities in the
afew hours is to feed the air mass with large amounts of reacworld are situated in tropical regions (e.g. Lagos, Mexico
tive VOCs as those recorded in the vicinity of petrochemical city, Bangkok, Bombay). These cities are subject to increas-
area. Sensitivity tests show that 250-600 ppb of VOCs coming anthropogenic emissions and suffer air quality problems.
bined with 35-80 ppb of NQallow the ozone concentrations  Air quality in the megacities is quite a recent issue in our
to be higher than 250 ppb. Nigeria is the first African country scientific field. Lawrence et al(2007) emphasized the role
with gas extraction and petrochemical industries, and petroof megacities in controlling the pollution at regional scales.
chemical explosions frequently happen in the vicinity of La- Butler et al (2008 questioned the representation of the emis-

gos. The hypothesis of a petrochemical explosion in this aregjons of the megacities in global models and pointed out large
is the most likely scenario which could explain the 295 ppb differences between available inventories.

ozone maximum measured over Cotonou, downwind of La-  geyeral African campaigns from TROPOZ in 1987 to

gos. TRACE-A and SAFARI in 1992 and SAFARI in 2000 have
highlighted the importance of the tropical region, and par-
ticularly Africa, as a source region of ozone precursors
(e.g., Cros et al. 1992 200Q Delmas et al. 1999 Jon-

Correspondence tdv. Thouret quiere et al, 1998 Jacob et a).1996 Thompson et a).
BY (valerie.thouret@aero.obs-mip.fr) 1996 Swap et al. 2003. However, these programs did
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900hPa been recorded in polluted plumes originating from Beijing
20N ——— . (286 ppb,Wang et al. 2006, from Houston (238-251 ppb,
- y Berkowitz et al, 2004 Kleinman et al. 2002, from Mex-
|5 1 10 ico city (243-250 ppbdeFoy et al.2005 Tie et al, 2007
Z/ - J 8 Molina et al, 2007 and from the Po valley in Italy (200 ppb,
10N 1 g8 - Spirig et al, 2002. The lack of measurements dedicated to
i N A s air quality or pollution episodes did not allow the exploration
RSSO TR e a2 of such phenomenon in Africa. We report here the first ex-
R i treme values of ozone concentration ever measured in this
0 4N A AN :
IR\ ol He Sub-Saharan region.
SR - . The objectlves_of this paper are to present the extreme
A —T I ozone concentrations recorded on 20 December 2005 in the
108 Rt | lower troposphere and to suggest an hypothetic scenario,
20W 20E which explains how near 300 ppb concentrations of ozone

can be produced in the vicinity of Cotonou. The radiosound-
Fig. 1. Horizontal cross section over West Africa at 900 hPa giving ing data and the synoptic situation in December 2005 are
wind speed and wind directions along with the schematic arrowspresented in Sect. 2. The ozone anomaly is further detailed
for the harmattan and monsoon flux (black arrows), as well as then Sect. 3. Section 4 presents the Master Mechanism (here-
position of Cotonou, Djougou and Lagos. after MM) box model we used for this analysis along with
the possible scenario. The different hypothesis are discussed
in Sect. 5 where we finally propose the most likely scenario.
not specifically address air quality issues in African cities.
Few studies were dedicated to this issue in Sub-Saharan ) ) ) )
cities. For exampleBaumbach et al(1995; Fanou et al. 2 Data presentation and meteorological situation
(2006; Linden et al.(2008 show exposure situations that
exceed World Heath Organization (WHO) standards in La-

gos (Nigeria), Cotonou (Benin) and Ouagadougou (Burk-Three soundings have been launched in December 2005 (on

ina Faso), respectively. More recently, the African Mon- 16 20 and 22 around 10:00 UTC). The 0zone measurements
soon Multidisciplinary Analysis (AMMA) program aimed at \yere made with balloon-borne ECC (Electrochemical Con-

documenting the chemical composition of the West African .ontration Cell) ozonesondes coupled with a standard ra-

atmosphere and its variations linked to dynamics and cli-gjgsonde including a sensor for relative humidity and tem-
mate. IndeedHopkins et al.(2009 presented a first anal-  heratyre. We used the Vaisala manufactured RS80 radioson-
ysis of in situ data recorded over the city of Lagos during joq during the entire AMMA period. The air for the ozone
an aircraft flight dedicated to anthropogenic pollution. In the ,oocurements was sampled with a Science Pump 6A type.
frame of AMMA, an ozone sounding station was set up in g ther details on the entire data set along with quality and

Cotonou, Benin (6.21N, 2.23 E) thanks to the IRD (Insti- 500, racy of 0zone data can be found houret et al(2009.
tut de Recherche et&veloppement) and the SMN/ASECNA

(Service Meteorologique National/Agence de secérdt de 2.2 Observation sites

navigation &rienne) people located there. These regular

soundings were performed between December 2004 and Jaotonou, located on the coast of the Gulf of Guinea is the
uary 2007 and aimed to better assess the seasonal and iseonomic capital of Benin with a population of 1.2 million
terannual variability of ozone vertical profiles in Equatorial inhabitants (data from 2008). The city is situated 110 km
Africa as described byhouret et al(2009. They found  east of Lagos (63N, 3.2 E), which is the economic cap-
that December 2005 was characterized by very high ozonéal of Nigeria. The location of these two cities is shown
concentrations throughout the troposphere compared to then Fig. 1. Lagos is the most populated city in West Africa
rest of the sampled period. Also, the vertical profile ob- and one of the biggest cities in the world, with more than
tained on 20 December 2005 that they presented shows ex3 million people over only 3577 kfn The biggest power
ceptionally high ozone concentrations in the lower tropo-plant of the northern hemisphere part of Africa is situated
sphere. Ozone concentrations almost reached 300 ppb @t Lagos. Also, Lagos hosts around 75% of the commercial
around 1000 m altitude on this day. As far as we know, and industrial activities of the country (Hopkins et al., 2009),
such extreme concentrations have never been recorded in thiecluding petrochemical activities.

lower troposphere over Africa before. The highest ozone The confluence of the Harmattan and the monsoon flux is
concentration ever reported in the literature has been meahe main characteristic of the region in terms of synoptic sit-
sured in the metropolitan area of Mexico city with more than uation.This latter has been described in previous papers such
300 ppb West et al.2004). Similar concentrations have also asSauvage et al20095 and many references of this special

2.1 Data acquisition
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Fig. 2. Time evolution of the ozone concentrations measured at the
ground based station Djougou during December 2005. Fig. 3. Vertical profiles of ozone up to 17 km over Cotonou provided
by the three soudings performed in December 2005: on 16 (red), 20
(black) and 22 (blue).
issue. A nice schematic zonal vertical cross section has also
been proposed biyaywood et al(200§ (their Fig. 12). Fig- 3 Case study of 20 December
ure 1 shows this main characteristic by representing the av-
erage wind speed and direction at 900 hPa over West Africa&rigure 3 presents the three vertical profiles recorded in De-
in December 2005, based on ECMWF analysis. At this alti-cember 2005 over Cotonou. Only the tropospheric part (up to
tude, in December, the coast of the Gulf of Guinea is underl7 km) is shown. Based on satellite and ozone sounding data,
the influence of the Harmattan flux from north-east and un-Thouret et al(2009 have shown that December 2005 is char-
der the one of the monsoon flux from south-west as shown byacterized by relatively high ozone concentrations throughout
the black arrows. It is also worth noting the very low wind the whole troposphere compared to the entire period of De-
speed in the region around Cotonou and Lagos. cember 2004-January 2007. In the middle troposphere, the
The December month corresponds to the dry season durinthree profiles show similar ozone concentrations with values
wich biomass burning occurs all over the Soudano Guineararound 90 ppb between 6 and 10km. The two profiles on
band between 8 and 1Rl (Sauvage et al.2005 Thouret the 20 and 22 December 2005 are very similar above 2km
et al, 2009. Consequently, at this time of the year, the and both of them show concentrations close to 70 ppb at the
ozone vertical profiles over Cotonou and Lagos are characsurface. This value is the overall maximum of surface con-
terized by enhanced ozone concentrations (up to 70 or 80 ppbentrations within the radiosounding data set. The most im-
on monthly average) in the Harmattan layer (between 1 angressive feature of this figure is the ozone enhanced layer
3km altitude). peaking at around 1km altitude on the profiles of 20 De-
Ozone concentrations were measured at the ground base@mber. This layer is about 1.5km thick and ozone con-
station of Djougou, about 400 km north of Cotonou also ascentrations are up to almost 300 ppb. Figdrpresents the
part of the AMMA program (Figl). Djougou is situated in  vertical profiles of ozone, temperature and relative humid-
the middle of the burning area and is under the influence ofity between the ground and 3 km altitude. This shows that
the Harmattan flux. This site is representative of the Soudanahe highly polluted plume is lying inside the boundary layer,
Guinean region and the measurements made there give typwhich is capped by the temperature inversion and the strong
cal values of the chemical composition of the air masses im-decrease in humidity (the Harmattan layer above is drier than
pacted by biomass burning during the dry season. Figure the monsoon layer below), characterizing thus the difference
gives the time series of the ozone concentrations recorded aib stability and preventing the vertical mixinghouret et al.
Djougou in December 2005. Ozone concentrations greate(2009 have demonstrated the quality of this entire data set.
than 100 ppb were measured several days in a row (14, 13oth Figs. 3 and 4 give further evidence that such ozone en-
16, 18, 19 and 26) with peaks at 123 and 120 ppb on the 1Hianced layer is not an erroneous measurement. Profiles on
and 16, respectively. the 20 and 22 December are very similar at the surface and
above 2 km altitude. Besides, the ozone sonde measured an
ozone layer in physical agreement with the thermodynami-
cal characteristics which were measured by the independent
PTU sonde, this one being not controversial.

www.atmos-chem-phys.net/10/895/2010/ Atmos. Chem. Phys., 1098952010
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Table 1. Tropospheric columns of ozone from the surface up to 17 km and contributions of the 0—2km and 2—-17 km layers in Dobson
Unit. These ozone amounts are calculated for the three individual soundings of December 2005 (16, 20, 22), the mean vertical profile of
December 2005 and the mean vertical profile of December from years 2004, 2005 and 2006 (called mean AMMA).

Columns (DU) 16 Dec 2005 20 Dec 2005 22 Dec 2005 meanDec 2005 mean AMMA
TCO (0-17km) 52.5 94.9 70.7 66.3 50.3
0-2km 8.0 321 11.9 9.3 8.2
2-17km 445 62.8 58.8 57.0 42.0
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Fig. 4. Vertical profiles of ozone in ppb (left), temperature in K (center), relative humidity in % (right) between the ground and 3 km altitude
as measured on 20 December 2005 over Cotonou.

Such high ozone concentrations have never been sammever been recorded during the seven years of operations of

pled before in this region. The MOZAIC programérenco
et al, 1998 Sauvage et 312005 provide quite a large sam-

MOZAIC over West Africa (i.e. 361 flights).
To better assess how large the discrepancies are on 20 De-

pling of the ozone distribution over Lagos, Nigeria between cember 2005 compared to other sampled December months,
1997 and 2004. Figuré gives the scatter plot of all the we calculate the tropospheric column of ozone (TCO) as
MOZAIC measurements over Lagos during this period. Thewell as the contributions of the 0-2km and 2-17 km lay-
ozone concentrations in the MOZAIC data set maximize aters. Tablel gives these ozone amounts in Dobson unit for
120 ppb of 0zone between 800 and 900 hPa. Concentrationgie three individual ozone profiles of December 2005, the
as high as those recorded on 20 December over Cotonou hav@ean of December 2005 and the average of December 2004,

Atmos. Chem. Phys., 10, 89867, 2010
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Fig. 5. Scatter plots of ozone over Lagos based on 361 MOZAIC

vertical profiles. ) ) ]
Fig. 7. Hovmoeller diagram of the wind speed (m'§ at 900 hPa

at the longitude of Cotonou (2%) from ECMWF analysis.
ECMWF Wind direction - Lon 2.517 - 900hPa
10N —

360 Data are computed from ECMWEF analysis. If we look at
520 the latitude of Cotonou (6°N), we can see that the wind
oN B patterns are different between the 16 and the 20-22 Decem-
280 ber 2005. Around the 16th, the Harmattan flow (wind di-
" 240 rection between 30 and 8Pis well established . On the
o BN - — contrary, on the 20 and 22 the monsoon flow (wind direction
- o 200 between 120 and 24P still prevails, especially on the 20.
‘% 160 Also, the 20 December 2005 as well as the 18 and 19 De-
= 7N - - E cember are characterized by a particularly very slow south-
120 . )
eastern wind, less than 1 or 2 m's This suggests that there
- 80 can be an accumulation of pollutants in stagnant air masses
6N B 40 in the region of Cotonou and Lagos and also indicates that an
additional urban source of ozone and ozone precursors from
| i 0 Lagos might interfere and favour ozone photochemical pro-
SN 2 duction during the travel of the plume between Lagos and
Cotonou.

Day of December

Fig. 6. Hovmoeller diagram of the wind direction (degrees) at 4 Hypothetical scenario
900 hPa at the longitude of Cotonou (2E) from ECMWF anal-
ysis. Such high ozone concentrations, within the boundary layer,

are obviously not of stratospheric origin. If there were

a stratospheric influence, the air mass would have lost its
December 2005 and December 2006. The TCO on 20 Destratospheric ozone characteristics as it has lost its water
cember 2005 is almost twice as large as a standard dayapor characteristics (the layer is also quite wet with 70%
(16 December 2005 for example). The 0-2 km layer account®f RH). According to backward trajectory analysis using
for almost 35% of the TCO on this day and is three to four the FLEXPART lagrangian modeB{ohl et al, 2009, the
times larger than usually observed at this altitude showingair masses in which very high ozone concentrations were
how exceptional the event is. measured on 20 December 2005 originated mainly from the

Figures6 and7 give the temporal variations of the wind northeast (Fig8). These air masses were over the burn-

direction and speed, respectively, at 900 hPa between 5 anidg area three days before in agreement V@tuvage et al.
10° N at the longitude of Cotonou during December 2005. (2005. Our FLEXPART results show that the air masses

www.atmos-chem-phys.net/10/895/2010/ Atmos. Chem. Phys., 1098952010
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Residence time of the particles below 1500 m between J 0 and J -1 x10

Djougou .

Residence time of the particles below 1500 m between J -1 and J -2 X 105 Residence time of the particles below 1500 m between J -2 and J -3 X 104

0

Fig. 8. Retroplumes calculated by the FLEXPART model for the first 24 h (top panel), between 24 and 48 h (bottom left), and between 48 and
60 h (bottom right) initialised over Cotonou in the ozone enhanced layers (between 800 and 1600 m) measured on the 20 December 2005
Black dots mark the position of Cotonou, Djougou and Lagos. Red crosses mark the position of active fires as detected by MODIS on the
16, 17, 18 and 19 December 2005.

have been rather stagnant between Lagos and Cotonou f@nd the associated gaseous pollutants measured in different
more than one day. A further detailed analysis shows thaurban areas known for their episodes of high pollution. For
most of the air particules stay, indeed, in the same rangexample, ozone concentrations as high as 251 ppb have been
of altitude, 800-1500 m. The wind speed in the vicinity of measured over Houston associated with high concentrations
Cotonou and Lagos was less than 2th,smeaning that air  of ethene, propene and butene.
masses needed around 15 h to travel from Lagos to Cotonou The Master Mechanism zero-dimensional model
and could be influenced by local pollution from Lagos. (Madronich and Calvert1990 has been used to inves-
We propose here a scenario that could explain this extremégate the photochemical production of ozone in the region,
and rare pollution event. As seen from the literature andone, two or three days before 20 December 2005. The
from Figs. 2 and 5, ozone concentrations in biomass burnMaster Mechanism model consists of a detailed gas phase
ing plumes seem to maximize around 120 ppb but not morghotochemistry, with nearly 5000 reactions between nearly
in West Africa. To produce the additional 180 ppb to reach2000 species. This model computes the time-dependent
the 300 ppb, the air mass needed to be fed with fresh NO chemical evolution of an air parcel initialized with known
and reactive precursors such as volatil organic compoundsomposition, assuming no additional emissions and no het-
(VOCs). Table2 gives a non exhaustive overview of the erogeneous processes. Photolysis frequencies are computed
ozone concentrations along with the ozone production ratdrom the TUV model Madronich and Flockel998 every

Atmos. Chem. Phys., 10, 89867, 2010 www.atmos-chem-phys.net/10/895/2010/
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Table 2. Non-exhaustive list of studies reporting events of high ozone concentrations. The 0zone concentrations and production rates as well
as the concentrations of some o0zone precursors are given.

References Region Ozone (ppb)  Ozone prod. rate (ppp h gaseous pollutants (ppb)
Wang et al. (2006) Beijing metropolitan area 180-286 NC CO (500-2000)
NOy (12-60)
SO, (4-60)
Spirig et al. (2002) Po Valley (Italia) 150-200 20-30 NB-14)

CO (500-600)
CgHg (1.5-2.5)
CH,0 (5.2-10)
NOy (37-47)

Kleinman et al. (2005) Houston area 151-211 25-140 NO (5-25)
NOx gt 100
Isoprene (0.01-10.2)

Kleinman et al. (2002) Houston area 124-251 5-45 xNG-40)
Ethene (16)
Propene (8)
Butene (2.5)

Zhang et al. (2007) Hong Kong area 120-203 NC xN0—-60)
NOy (2-150)
NO (0.01-100)
SO, (1-70)
CO (400-3500)
VOC (20-900)
aromatic hydrocarbons (19-205)

Berkowitz et al. (2004) Houston area 205-238 NC NO (122)
NOy (59-146)
CO (670-1100)
HCHO (20-40)
SO, (40-58)
HNO3 (3.7-8)
PAN (3.6 —15.9)

Guangfeng and Fast (2004) Houston area 20-200 10-35 HCHO (1-34)
Ethene (1-82)
Toluene (1-5)
NOx (0-50)
Hung-Lung et al. (2007) Taiwan area 10-100 NC 52 VOC species (110-190)

15min. The dilution of the air parcel with the ambient air not meant to be the exact values recorded but rather to give
has been included in the model following the formulation of an order of magnitude of the ozone amount that can be pro-
Arnold et al.(2007): mixing is simulated using background duced from various chemical mixtures. The meteorological
concentrations from MOZAIC and AMMA database and forcing is taken from the sounding data in the altitude of the
a typical lifetime of the air parcel. All runs are done with ozone enhanced layer. For example, temperature and relative
a 5 days and a 10 days lifetime as determinediinold humidity are set, respectively, at 295K and 70%, and are
et al. (2007 and the background concentrations used areconstant throughout the simulation. This is justified by the
given in Table3. This model cannot substitute a full 3-D fact that air masses are travelling mostly between 800 and
Chemistry-Transport Model (CTM), but has the advantage1500 m as realed by the Flexpart analysis (Fig. 8). Besides,
of describing explicitly all intermediate chemical transfor- even if ozone production efficiency varies with temperature,
mations Madronich 2006, which is necessary to describe we rather want to focus on the role of precursors emissions.
such an extreme event. The calculated concentrations ar€he ozone concentration in the air mass has been initialized

www.atmos-chem-phys.net/10/895/2010/ Atmos. Chem. Phys., 1098952010
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Table 3. Ozone precursors concentrations used to initialize the three runs (Biomass burning, Additional Lagos and Additional petrochemical
accident) performed with the Master Mechanism box mollieldronich and Calvertt990 and backgound concentrations used to compute
the mixing of the air parcel. Empty spaces mean that concentrations are taken from the restart run without modifications.

Compounds (ppb) Biomass burnthg Add. Lago§ Add. petrochemical accidént Bgd concentratiorfs
NMHC (listed below) 36.55 16.8 280

CoHy (Ethene) 10 14 50

C3Hg (Propene) 10 1.4 40

CyHg (Ethane) 10 1.2 40

C3Hg (Propane) 0.5 0.3 20

CgHg (Benzene) 5 1 30

CoH» (Acetylene) 0.5 1.8 40

C4H1g (Butane) 0.5 1.3 20

C7Hg (Toluene) 0.05 1 40

Carbonyl compounds (listed below) 15 11.4 40.5

HCHO (Formaldehyde) 0.5 3.4 10

CH3COOH (Acetic acid) 0.5 0.5 0.5

CH3COCH;z; (Acetone) 0.5 1.6 20

CH3CHO (Acetaldehyde) 0 6 10

O3 (ozone) 50 60
NOx (Nitrogen oxide) 40 6 55 0.5
CHy4 (methane) 1981 1980
CO (carbon monoxyde) 1000 450
SO, (sulfur dioxide) 5 10 1
NH3 (ammonia) 5 10 1

@ taken fromPoppe et al(1998

b taken fromHopkins et al(2009

¢ Adapted from our sensitivity study (Fig0) and from the literature as presented in Table

d Adapted from MOZAIC measurements for CO ang, @om Carmichael et ak2003 for NH3 and SQ and fromStewart et al(2008 for
NOxy.

at 50 ppb which is the long-term average background valuébutane, toluene), NO(=NO+NO,), and carbonyl com-
at this time of the year in this region. For the simulations, we pounds (which contain formaldehyde, acetic acid, acetone
have used the time frame resulting from the back trajectoriesand acetaldehyde) used for this Biomass Burning run and
shown in Fig.8. The air mass travels from the biomass the runs described below. Figudgtop) presents the results
burning area to the vicinity of Lagos during 24 to 48 h and from this first set of runs and shows that N@ecreases from
afterwards takes about 15-18h to reach Cotonou, wherd0 ppb to a few ppt after 35 h of simulation. CO concentra-
high ozone concentrations were measured. tions decreases by 100 ppb per day for the 10 days dilution
The first set of runs is called “Biomass Burning” and gives run and by 160 ppb per day for the 5 days dilution run due
the chemical composition of the air mass after passing oveto a combined effect of oxidation and dilution during the day
a fire of biomass in West African savanna for two typical and the effect of dilution during the night. The ozone concen-
value of the air parcel lifetime: 10 days and 5 days. Eventrations reach a peak value of 100 ppb for the 10 days dilution
though we set up the runs to last for 42 h (beginning 12:00,yun and of 110 ppb for the 5 days dilution run the second day,
end 06:00LT, 2 days after) to be consistent with the backwhich is what we expect to be typical of the biomass burning
trajectories analysis (Fig), Fig. 9a shows a 100h lasting plumes in agreement with the measurements from Djougou
runs in order to exhibit the two peaks of ozone productionor from MOZAIC-Lagos (Figs. 2 and 5, respectively).
followed by a weak decreasing mainly explained by dilution. The second set of runs is called “Additional Lagos”, and
This run is initialized according to concentrations that aresimulates the passing of the air mass already charged in
characteristic of a savanna fire as describedPbppe et al.  biomass burning compounds over Lagos for a air parcel life-
(1998. Table3 gives the amount of the NMHCs (which con- time of 10 days and 5 days. It begins at 06:00 UTC local
tain ethene, propene, ethane, benzene, propane, acetylernine and lasts for 3 days (72 h). NONMHC and carbonyl
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Fig. 9. Time evolution of the ozone (black), CO (blue) and N\@ed) concentrations simulated by the Master Mechansim box model for the
three simulationsfa) biomass burning(b) additional Lagos an¢t) additional petrochemical accident.

compunds are re-initialized. For other compounds includingconcentrations reach peak value around 120 ppb after a few
CO and ozone, concentrations at the beginning of this secontours (Fig.9b) and slightly decrease due to dilution to about
set of simulations are those calculated in the Biomass Burn100 ppb for the 10 days dilution run and to about 80 ppb for
ing runs after 42 h for the two dilution hypothesis (10 daysthe 5 days dilution run after 3 days of simulation. These
and 5 days). Additional fuel from Lagos urban emissionsresults show that anthropogenic emissions from urban pollu-
provides fresh VOCs and NO We used the concentra- tionin Lagos is not sufficient to produce enough ozone down-
tions measured over Lagos on board the BAe-147 during thevind and explain the near 300 ppb of ozone as measured in
AMMA campaign Hopkins et al(2009, C. Reeves personal Cotonou.

communication, 2009). These concentrations are given in Several studies have been conducted in the region of Hous-
Table 3. Our case study is in December 2005 but we as-ton, where petrochemical industries emit a large amount of
sume there is no significant seasonal variation for the anVOCs and NQ in the atmosphereK{einman et al. 2005
thropogenic emissions. This set of runs shows that ozon®erkowitz et al, 2004 Guangfeng and Fgs2004), as well
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Ozone (ppbv) or explosions in petrochemical industries. As an example,
80 . . . reports on high VOCs emissions are available in Canada
(in the region of Montreal), mentioning a probable in-
701 dustrial incident on 20 October 2003, with total VOCs
g0l concentration close to 1000 pugt (http://www.ec.gc.ca/
= cleanair-airpur/caol/trackingbenzenefpdfm#journees in
red 507 french), and among them, benzene concentrations of 34 ppb
2 40t (120 pg nr3). Figure9c shows the result of this last set of
x runs. Ozone concentration increases by 170 ppb-ih
% 30 (around noon local time) and reach a maximum of about
201 250ppb. This gives an estimate of the ozone production
| | rate of 34 ppb hl, which is in the range of the ozone pro-
10 duction rates calculated in the studies referenced in Table

: : ' : ' The ozone concentration remains higher than 150 ppb and
0 100 200 300 400 500 600 130 ppb for more than 3 days for the 10 days dilution run and
VOC (ppbv) the 5 days dilution run respectively. The sounding recorded
on 22 December 2005 shows that ozone concentrations were
Fig. 10. Isopleths of the ozone concentrations as a function of NO lower than those on 20 December 2005 down to 65—-80 ppb
and VOCs concentrations. This is interpolated from the calculationbut still higher than the ones recorded on the 16 Decem-
of 49 sensitivity tests using the box model as done for the so calledher 2005 (40—70 ppb) as seen in Ry The sounding on the
additional petrochemical accident run. 22 December 2005 has probably sampled a different polluted
plume from the one of the 20 December. This seems to be
confirmed by the box model run, which simulates the aging
as in Asian petrochemical complexesghéng et al. 2004 and the dilution of the polluted mass sampled the 20 Decem-
Hung-Lung et al.2007. High ozone concentrations have ber.
been measured downwind petrochemical industrial facilities, The set of runs Additional Petrochemical Accident pre-
where highly elevated concentrations of N@nuch more  sented in Fig.9c uses arbitrary values. To better assess
elevated than in urban zones) and reactive VOCs are simultahe amounts of VOCs and NCthat are necessary to pro-
neously presenRyerson et a).2003. Usual ozone concen- duce 0zone concentrations as high as observed on 20 Decem-
trations in Houston reported Ryerson et al(2003 remain  ber 2005 over Cotonou, we actually performed 49 sensitivity
half the ones measured in Cotonou the 20 December 2006tudies. In these test runs the N@ncentrations vary from
though. To simulate similar values as observed on 20 Decemé to 78 ppb and the VOCs amount from 55 to 555 ppb. Fig-
ber over Cotonou, we suggest that an exceptional release efre 10shows the isopleths of the maximum ozone concentra-
VOCs and NQ took place near Lagos. A pipeline explosion tions reached before the end of the simulation as a function
due to a leak of hydrocarbons would emit large quantities ofof the initial NO, and VOCs amounts. The results of the first
reactive hydrocarbons and NOSuch a pipeline explosion two simulations are recalled on this contour plot as the blue
actually occured on the morning of the 20 December 2005 inpoints on the left hand side. Figut® shows that a combina-
the vicinity of Port Harcourt in the Niger Delta river. The fire tion of 250-600 ppb of VOCs and 35-80 ppb of Né&e nec-
was not completely extinguished until 4 days later. The lossessary to produce more than 250 ppb of ozone. These ranges
of gas has been estimated to be 7% of the daily productiorf concentrations do not correspond to biomass burning nor
(Agence France Presse, 2006). Thus, it may be not surprisingsgular anthropogenic pollution but rather to emissions from
to have such accidents in the city of Lagos. a petrochemical accident.
Therefore, we conduct a third set of runs called Addi-
tional petrochemical Accident which simulates the passing
of the air mass already charged in biomass burning over & Conclusions
hypothetical release of VOCs and N@om a petrochem-
ical source. As with the second set of runs, it begins atAs part of the AMMA program, ozone soundings over
06:00LT (local time) and lasts for 3 days (72 h). This time Cotonou were launched between December 2004 and Jan-
we feed the biomass burning plume with 320 ppb of extrauary 2007. In December 2005, particularly high ozone con-
reactive VOCs and 55 ppb of NQto represent emissions centrations have been recorded throughout the troposphere
of petrochemical compounds. Those values are based ofThouret et al.2009. This paper focuses on the ozone ver-
different records from literature, which are detailed in Ta- tical profile measured on 20 December 2005. This day is
ble 2 and are in the upper range of these values. As farcharacterized by an exceptional ozone enhanced layer peak-
as we know, very few measurements of ozone (and preing at around 1 km altitude. This layer is about 1.5 km thick
cursors) concentrations have been made during incidentand ozone concentrations are up to almost 300 ppb within it.
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Such high concentrations were previously reported in Chinal94 vandalism acts, and 15 accidental breaks during the year
(Wang et al. 2006, in Mexico City (Molina et al, 2007 2005. Nigeria has 5000 km of pipelines, which are regularly
and close to petrochemical industries near Houston in USAsabotaged has declared Funsho Kupolokun, president of the
(Kleinman et al.2002 2009. However such event has never NNPC in front of the federal Parliament on 23 January 2007
been reported over Africa and we reported here the first on€This Day, national daily newspaper, 24 January 2007.) Such
of the region. pipeline breaks are frequent and sometimes associated to in-
We have shown that the 294 ppb of ozone measured oitense fires. Besides the loss of oil, the consequences are
20 December 2005 are far higher than the typical ozonedramatic for the vegetation, and one can often deplore the
concentrations recorded over West Africa provided by thedeath of animals and human bein@tioloju et al, 2007).
MOZAIC and AMMA programs, which are lower than This Day has reported two murderous accidents for the 18
120 ppb. The wind pattern indicates that Cotonou is under@nd 20 December 2005. Indeed, on the 20 December 2005,
the influence of the Harmattan flow at this time of the year This Day reports an explosion of a pipeline in Port Harcourt
and that its atmosphere is impacted by biomass burning polkilling 8 persons. These examples show the frequency of
lution. We used Flexpart backward trajectories and a pho-such accidents. We did not find any proof of something on
tochemical zero-dimensional model including dilution effect 19 December 2005 around Lagos but it does not mean that
to built a scenario that explains how such high ozone con-nothing happened. It may probably only means that nobody
centrations could be produced in the vicinity of Cotonou. has been killed by such an explosion on this day, hopefully.
When the biomass burning emissions of VOCs and; ldt2
included in the model as initilization, the model simulates AcknowledgementsBased on a French initiative, AMMA was
only up to 110 ppb of ozone, which is in agreement with the built by an international sqentlflc group and is currently funded by
typical 0zone concentrations within biomass burning plumes '279¢ number of agencies, especially from France, the UK, the
. L . USA, and Africa. It has been the beneficiary of a major financial
Adding urban emissions from the city of Lagos to the plume

. d by bi burning d 4 h | contribution from the European Communitys Sixth Framework Re-
Impacted by biomass burning does increase the ozone eV%'earch Programme. Detailed information on scientific coordination

but it remains below 120 ppb. To simulate ozone concentrazpg funding is available on the AMMA International Web site at
tions close to 300 ppb, we needed to assume that there wagyw.amma-international.orgBesides, authors warmly thank all
arelease of large quantities of VOCs and,\43 in a petro-  the people from IRD based in Cotonou for their help before, during
chemical accident. This kind of accident is known to hap- and after this sounding operation, as well as Mrs FEDA. Solete
pen frequently in Nigeria and in the vicinity of Lagos (see and D. Agbangla from SMN/ASECNA. Finally, collaborations
appendix below for further details). Including these high with Mrs A. Akpo, E. Houngninou and B. Kounouhewa from the
emissions of VOCs and NQOn the box model allowed the University of Abomey-Calavi have been really appreciated.
model to produce up to 170 ppb of ozone in a few hours and_

the 0zone concentrations to reach about 250 ppb. Sensitid1ted by: F. Dentener

ity tests showed that only 250-600 ppb of VOCs combined
with 35—80 ppb of NQ allow the ozone concentrations to be
higher than 250 ppb.

Unfortunately, we did not find any proof of such petro-
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