N

N

Effects of regional-scale and convective transports on
tropospheric ozone chemistry revealed by aircraft
observations during the wet season of the AMMA

campaign
Gérard Ancellet, Jimmy Leclair de Bellevue, Céline Mari, Philippe Nedelec,

Alexandre Kukui, Agnes Borbon, Pascal Perros

» To cite this version:

Gérard Ancellet, Jimmy Leclair de Bellevue, Céline Mari, Philippe Nedelec, Alexandre Kukui, et al..
Effects of regional-scale and convective transports on tropospheric ozone chemistry revealed by aircraft
observations during the wet season of the AMMA campaign. Atmospheric Chemistry and Physics,
2009, 9 (2), pp.383-411. 10.5194/acp-9-383-2009 . hal-00355175

HAL Id: hal-00355175
https://hal.science/hal-00355175
Submitted on 8 Jan 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00355175
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 9, 38311, 2009 iy —* -
www.atmos-chem-phys.net/9/383/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

Effects of regional-scale and convective transports on tropospheric
ozone chemistry revealed by aircraft observations during the wet
season of the AMMA campaign

G. Ancellet!, J. Leclair de Bellevué, C. Mari?, P. Nedeleé, A. Kukui 1, A. Borbon3, and P. Perros$

1Service d’Aeronomie, Universi Paris 6, Universit Versailles-St-Quentin, CNRS, France
2Universié de Toulouse, CNRS, LA (Laboratoire c&fologie), France
3Laboratoire Interuniversitaire des Sistes Atmospériques, Universé Paris 12, CNRS, France

Received: 24 June 2008 — Published in Atmos. Chem. Phys. Discuss.: 21 August 2008
Revised: 11 December 2008 — Accepted: 11 December 2008 — Published: 19 January 2009

Abstract. The African Monsoon Multidisciplinary Analyses H>O» with a OH proxy revealed not only a control of the
(AMMA) fourth airborne campaign was conducted in July— trace gas variability by transport processes but also signifi-
August 2006 to study the chemical composition of the middlecant photochemical reactivity in the mid- and upper tropo-
and upper troposphere in West Africa with the major objec-sphere. The study of four MCSs outflow showed contrasted
tive to better understand the processing of chemical emisehemical composition and air mass origins depending on the
sions by the West African Monsoon (WAM) and its associ- MCSs lifetime and latitudinal position. Favorables condi-
ated regional-scale and vertical transports. In particular, thdions for ozone production were found for MCSs with in-
french airborne experiment was organized around two goalscreased MCS lifetimex1.5 days), which allowed for more
The first was to characterize the impact of Mesoscale ConH»0, formation, and with trajectories crossing the Nlati-
vective Systems (MCSs) on the ozone budget in the uppetude, which increased CO transport to the upper troposphere.
troposphere and the evolution of the chemical compositionThe upper tropospheric concentrations sampled in the MCS
of these convective plumes as they move westward towarautflow regions showed mixed origins including local ver-
the Atlantic Ocean. The second objective was to discrim-tical convective transport, and uplifting of air from the low
inate the impact of remote sources of pollution over Westtroposphere over the middle-east related to the summer Asian
Africa, including transport from the middle east, Europe, low pressure system or from the southern hemispheric fires.
Asia and from southern hemispheric fires. Observations of
O3, CO, NQ,, H20 and hydroperoxide above West Africa
along repeated meridional transects were coupled with trans;
port analysis based on the FLEXPART lagrangian model.

The cross analysis of trace gas concentrations and tran.spoﬁhe West African Monsoon (hereafter WAM) is character-
pathways revealed 5 types of air masses: convective uplift of,oq by the migration of zonally banded rainfall from the

industrial and urban emissions, convective uplift of biogenic g inea coast to the Sahel. This migration is associated with
emissions, slow advection from Cotonou polluted plumes, northward intrusion of a relatively cool, moist air from the
near the coast, meridional transport of upper tropospherigs it of Guinea into the continent, the so-called monsoon
air from the subtropical barrier region, and meridional trans-f,,x (Hall and Peyrile, 2006). The rainy season over the Sa-
port of Southern Hemisphere (SH) biomass burning emisg| corresponds to the northernmost placement of the inter-
sions. Q/CO correlation plots and the correlation plots of tropical convergence zone (ITCZ) — the local signature of the
ascending branch of the Hadley cell. The WAM is a com-
plicated system which involves many interactions between

Correspondence td5. Ancellet the atmosphere, the land surface and the ocBang et al,
BY (gerard.ancellet@aero.jussieu.fr) 1999 Grodsky and Cartqr2001, Giannini et al, 2003 and

Published by Copernicus Publications on behalf of the European Geosciences Union.

Introduction



http://creativecommons.org/licenses/by/3.0/

384 G. Ancellet et al.: Effects of regional-scale and convective transports on tropospgeric O

which is influenced by processes occurring over a range oR003 Sauvage et 812006 2007hH. An additional source of
spatial scales, down to individual rain events on the order ofozone precursors over Africa is related to biomass burning
tens of kilometersRedelsperger et aR002 Diongue etal.  which leads to large emissions of CO, hydrocarbons and ni-
2002. In the Sahel region, deep convection occurs in rela-trogen oxides. The ozone production above and downwind
tively large organized systems known as mesoscale conve®f the biomass burning regions has been the subject of nu-
tive systems (MCS)Ghong et al.1987 Redelsperger et al. merous studies mainly based on aircraft observations during
2002 Laing et al, 2008. Based on TRMM measurements, the dry seasons over the Northern Hemisphere (TROPOZ —
Zipser et al.(2006 identified West Africa as one of the lo- Jonquieres et gl1998 Jonquieres and Marenct998— DE-
cations on earth with the most very intense storms duringCAFE — Fontan et al. 1992 or the Southern Hemisphere
the boreal summer season. In the lower troposphere, ovefTRACE A/SAFARI —Andreae et a).1996 Fishman et a.
West Africa the temperature structure particular to the con-1996 In contrast, only a few studies have been devoted to the
tinent creates a distinct seasonal easterly jet known as thpossible impact of biomass burning emissions to the ozone
African easterly jet (AEJ)Thorncroft and Blackburnl999 budget on the opposite hemisphefedwards et al(2003
Parker et al.2005. The West African MCSs intensities have shown the potential for northern hemispheric fires emis-
and positions are strongly modulated by the AMbkr and  sions to be uplifted by the convection and transported south-
Thorncroft 2006. In the upper troposphere, a characteris- westward above the Gulf of Guinea in the upper troposphere
tic feature of the WAM is the persistence of a tropical east-during the boreal winter. Based on the airborne MOZAIC
erly jet (TEJ) which is in evidence over the African conti- programSauvage et a(2005 have showed the possible im-
nent and the Gulf of Guinea at about°I0 and 16 km alti-  pact of southern hemispheric fires on the ozone observations
tude Peyrille et al, 2007). The African Monsoon Multidis-  north of the equator, near the guinean coast during the bo-
ciplinary Analyses (AMMA) fourth airborne campaign was real summer. This hypothesis was further confirme/ayi
conducted in July—August 2006 to study the chemical com-et al.(2008 with an extensive study of fire tracers during the
position of the middle and upper troposphere in West AfricaJuly—August 2006 period.
(Mari and Prosper@005 J.L.Redelsperger et ak006 and The french airborne experiment was organized around
see also Reeves et al. (2009) for a review of the generatwo objectives. The first was to characterize the impact of
AMMA achievements and the results of the aircraft measure-mesoscale convective systems on the ozone budget in the
ment intercomparison . One major objective was to provide aupper troposphere and the evolution of the chemical com-
better understanding of the processing of chemical emissionposition of these convective plumes as they move westward
by the WAM and its associated regional-scale and verticaltoward the Atlantic Ocean. The second objective was to
transports, briefly described above. discriminate the impact of remote sources of pollution over
Over Africa, ozone precursors are emitted from soils andWest Africa. This includes transport from the middle east
vegetation, particularly betweert B and 15 N over West  (Li et al., 2002), from Europe Roca et al.2005, from Asia
Africa (Guenther et a] 1995 Serca et a).1998 Jaegle etal. (Barret et al. 200§ and from southern hemispheric fires
2004 2009, and from industrialized areas, especially in (Sauvage et g3l2005 Mari et al, 2008. In this work, we
Nigeria Qlivier et al, 1999 Aghedo et al.2007). When  provide an overview of the french airborne experiment with
these emissions are collocated with convective clouds, thehe French Falcon 20 (F-F20) equipped with gaseous mea-
emitted gases are transported efficiently in the upper troposurements of ozone, CO, N@nd hydroperoxide (i.e. #D-
sphere by convective updrafts depending on their solubil-and the sum of the organic peroxides ROOH) during the
ity. Since the late 1990s, the subsequent ozone productioeecond special operation period (hereafter SOP 2). For the
in the upper troposphere perturbed by deep convection hafirst time, measurements of complementary chemical species
been inferred from aircraft observationshpmpson et al.  were obtained in the upper troposphere over West Africa dur-
1994 and models $cala and et g1199Q Pickering et al. ing the rainy season.
1991, 1993 Thompson et al.1996 Pickering et al. 1996. With this paper, we attempt to analyze the aircraft data in
Moreover, the electrical activity associated with deep con-the light of the WAM main dynamical features to (1) provide
vection systems at the ITCZfristian. et al.2003 isama-  the horizontal variability of trace gas species in the outflow
jor source of NO in the upper tropospheRidkering et al. region of MCSs and (2) document the regional scale distribu-
1996 Martin et al, 200Q DeCaria et al.200Q Labrador tion of trace gas species, mainly across the vegetation gradi-
et al, 2005 Huntrieser et a).2008 and see als®&chumann  ent over Benin and southwestern Niger and through the tran-
and Huntriese(2007) for a review. More recently, it was sition zone between the continent and the Gulf of Guinea.
shown that lightning produced NGQs of great influence on
the ozone distribution in the middle and upper troposphere
over Africa (Sauvage et g12007¢ Saunois et al2008 and
could be a dominant contributor to the tropical South At-
lantic ozone maximum observed during the austral summer
(Thompson et a).200Q Martin et al, 2002 Edwards et a].
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Fig. 1. Aircraft tracks superimposed on MSG/Meteosat pictures at flight mid-time.

2 Falcon 20 data set the flight patterns are shown on the Meteosat Second Gener-
ation (MSG) images in Fidl. On 20 August, the goal was to
2.1 Flight description fly along the 2 E line across the core of the African Easterly

Jet (AEJ) located at 23N on this day. For these flights, me-

The goals of the F-F20 flights were twofold: (i) measure- teorological dropsondes have been launched every 1 degrees
ments of the chemical species in the outflow of various MCSsTom the uppermost altitude level of the aircraft (i.e. 10 or
which have developed during the WAM period, (i) measure- 12km). The water vapor vertical stratification given by the
ments during the dry spell (i.e. between two convective peri-dropsondes provides a more complete picture of the merid-
ods Cowden et a].2009) at a regional scale. The first kind ional cross-sections of the chemical tracer than the use of
of flights allow a direct study of the chemical composition in-situ measurements at 2 or 3 altitude levels. Examples are
in the MCS outflows while there are still active. The second9diven in Sect3.3(see Figs7ato 7d). The dropsonde wind
kind of flights is important to assess the impact of convectiveVertical profiles have been also useful to check the good qual-
transport at a broader scale and to distinguish this transpofy of the ECMWF wind data which have been used in this
pathway from other dynamical processes. The F-F20 aircraftvork for trajectory calculations (Se@.2).
was based in Niamey (13.5(, 2.1° E) and performed 8 sci-
entific flights from 11 August to 20 August, plus an intercom-
p_la_glri;sion flight with the British BAe-146 aircraft on 16 August In this paper, concentrations 0f;0CO, NG, H0,, and
(Ta e1).. ) ) ROOH will be used together with the standard meteorolog-

Four flights were performed in the outflow of active MCSS jc4| measurements available on the aircraft. Details on the
and the flight patterns are presented in Séctour flights  yeteorological measurements can be found on the SAFIRE
were conducted during two dry spells (12 August-13 Au- gircraft management team web site (http:/iwww.safire.fr).
gust) and (19-22 August) to establish a meridional cross-rhe rejative humidity (RH) measurements are made by the
section of the chemical composition in the mid- and upperpERODATA capacitive sensor. The chemical measurements
troposphere over Benin and _nger. These fllghts are disyre described in the following sections.
cussed in SecB and generally include long horizontal tracks
at 2 or 3 different altitude levels. The horizontal projection of

2.2 Instrument description

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009
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Table 1. List of the F-F20 flights during the AMMA-SOP?2.

Day (UTC) Location Features

11 August (12:00-15:30UTC)  Niger Long-lived MCS propagating westward over Mali and Burkina Faso
13 August (12:15-15:30UTC)  Niger-Benin  Upper tropospheric meridional transect from Niamey to Cotonou
14 August (06:30-09:30UTC)  Niger MCS west of Niamey

15 August (12:30-15:45UTC) Benin Short-lived MCS north of Benin

16 August (09:00-12:00UTC)  Niger Intercomparison flight

17 August (09:00-12:00UTC)  Niger MCS north-west of Niamey

19 August (09:00-12:00UTC) Niger-Benin  Meridional transect from Niamey to Cotonou, plus sortie over the Gulf of Guinea
19 August (13:30-16:00UTC) Niger-Benin  Meridional transect from Cotonou to Niamey, plus northward exploration over Mali
20 August (14:00-17:30UTC)  Niger AEJ exploration west of Niamey

2.2.1 & and CO measurements paper are not corrected for this difference and must be di-
vided by 1.072 for comparison with the other aircraft.

The G; and CO instrument has been manufactured by Lab-
oratoire d'Aérologie and DT-INSU (CNRS Technical Divi- 2.2.2 Peroxide measurements
sion). It is a compact instrument developed using the ex-
perience gained from the MOZAIC measurement programPeroxide has been measured by well-established enzyme cat-
on commercial Airbus A340 aircraft. Thes@neasurement alyzed fluorescence technique using modified AEROLASER
principle and cells are coming from a commercial fast re- AL2002 H,0, analyser. This method has been widely used
sponse ozone analyzer (Model 49C TEI Thermo Environ-for the airborne HO, measurements and past studies have
ment Instruments, USA). The instrument is based on classhown that this instrument is sufficiently accurate and sen-
sic UV absorption in two parallel cells (zero, sample), with sitive for the ambient HO, detection, although not suitable
a precision of 2ppb, 2% for an integration time of 4s. It for the accurate quantitative analysis of the organic perox-
is compensated for aircraft pressure and temperature varidees Reeves and Penke®003 Lee et al, 2000. The latter
tions. For @, the instrument is calibrated against a NIST is still useful for a qualitative analysis of the role of organic
referenced @ calibrator Model49PS, at levels 0, 250, 500 peroxides.
and 750 ppb. No difference<1%) has been observed during | this instrument, ambient air was continuously drawn
the calibrations before and after the campaign by PTFE membrane compressor (KNF N860) through the
The CO analyzer is based on a commercial infrared ab+ear facing inlet and a 2-m Teflon (PFA) tubing into cylindri-
sorption correlation gas analyzer (Model 48C, TEI Thermocal 500 cnt2 Teflon (PFA) manifold with flow rate of about
Environment Instruments, USA). Its accuracy has been im-10 sIm at altitude of 11 kmy=200torr). The manifold was
proved by the addition of periodical (20 min) accurate zeromaintained at the pressure and temperature of the aircraft
measurements, new IR detector with better cooling and temeabin and served as a sampling volume for several instru-
perature regulation, pressure increase and regulation in thments, including the D, analyzer.
absorption Ce”, increased flow rate to 4|/min, water vapor The HO, measurements are based on the aqueous phase
trap and ozone filterNedelec et a).2003. The precision  enzyme catalyzed reaction of the peroxides with para-
achieved for a 30-s integration time (corresponding to the retydroxy phenol acetic acid producing fluorescent dimer
sponse time of the instrument) is 5ppb or 5% CO, with a(Lazrus et al.1988. To distinguish between #D, and or-
lower detection limit of 10 ppb. ganic peroxides (ROOH), both being catalyzed by the perox-
For CO, the instrument has been calibrated before and afidise enzyme, the air sampled from the PFA cylinder at the
ter the campaign, with no significant difference206). We  flow rate of 2 slm is equally divided between two channels.
used a CO in M bottle manufactured by Air Liquide, ref- In each channel the gaseous peroxides are trapped in the lig-
erence OTO-SL24, 478.8 ppm, NIST refereneetPo. This  uid solution using 10 turns glass stripped coils. In one of the
bottle was prepared on 14 November 2005, with validity up channels the b5 is partially destroyed by addition of cata-
to 13 November 2008. This bottle has been again measurelhse. The concentration of, in air is derived from the
in 2007 by CNRS and Air Liquide and the concentration wasdifference of the fluorescence signals from the two channels
found unchanged. On 23 May 2007, this bottle has been intewith accounting for the destruction efficiency of the catalase,
compared by DLR with 2 NOAA standards and was found to about 95% for all measurements as determined by calibra-
have a concentration 7.2% lower. No clear explanation istion. As the stripping efficiency of the ROOH is different
available for these standards differences, all normally com+from that of the HO,, the measurements of the organic per-
parable to NIST references. CO concentrations given in thisoxides mixtures of unknown composition is uncertain. The

Atmos. Chem. Phys., 9, 38311, 2009 www.atmos-chem-phys.net/9/383/2009/
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data presented here as ROOH were derived by taking for all The NO and NQ@ instruments are connected to an air-
the organic peroxides the same stripping efficiency of 60% asntake stainless steel with a backward-facing inlet. This de-
for the methylhydroperoxidd_&zrus et al.1988. For mea-  sign allows us to assume that the air sample corresponds
surements in remote area or in the free troposphere, the lattesolely to the gas phase and that there is no intake of clouds
is the main organic hydroperoxide and the uncertainty on theand aerosols. PFA Teflon is used for all the sampling lines,
ROOH concentration is less important. connectors and valves. The sampling lines are flushed with
The calibration of the instrument has been performed bepurified air at ground level in order to prevent contamina-
fore or after each flight (and occasionally during the flight) tion, and a subsequent memory effect, of the analytical sys-
using aqueous phase@, standard solutions. The standards tem. To maintain efficient operation of the analyzers at all
with mixing ratios (2 to 6x 10~ " M were freshly prepared by  altitudes it is necessary to fix the sample flow of each ana-
serial dilution of 102 M stock solution. The concentration lyzer. Instead of flow rates control with mass flow controllers
of the stock solution has been periodically verified by titra- which can induce a possible modification of the air sample by
tion with potassium permanganate. their metallic surfaces, the flow is controlled by the use of a
The base line has been measured about once per hour duixed 200 hPa pressure applied to a critical orifice. The cho-
ing the flight by passing the sampled air through the trap con-sen pressure does not allow operation above 12km a.s.l. For
taining HO, scrubber. With freshly prepared solutions the each analyzer the pressure is controlled with a loop control
zero signal was about 0.1V at 5V full scale adjusted to cor-process using a Teflon needle valve (Whitey) driven by a mo-
respond to about 10 ppb maximum gaseou®concentra-  tor (MKS) and a PID pressure controller (MKS Model 252).
tion. During the same flight the variation of the zero signal Pressure is monitored with a MKS Baratron (Type 122A).
was always less than 10% corresponding $#@blconcentra- For each flight, calibrations are performed simultaneously
tion of about 20 ppt. for the two chemiluminescent analyzers before take off and
Based on the stability of the blank the detection limit for after landing. All procedures are computer driven to ensure
the H,O, was estimated to be 50 ppt. The estimated accuracyhe best accuracy. A standard 8.47 ppmv NO (Alphagaz) (8
of H,O, measurements is 20%, including the uncertaintiesml/min STP) diluted in a 10 liter/min STP MO, synthetic
in concentration of aqueous,P, standards, blanks, gas and air (Air Liquide) stream allows us to generate 6.77 ppbv NO
solution flow rates, losses of the.B, in sampling lines and  calibration gas. This gas is then supplied simultaneously to

temperature and pressure variations inside the aircraft. the two analyzers. Since the chemiluminescent analyzers
have shown a temperature dependent sensitivity, the calibra-
2.2.3 NQ measurements tion coefficients, which were determined at a given temper-

ature, have been corrected at each sampling time by linear

The NOQ« measurements were performed by the LISA labo- interpolation.
ratory instrument using two high sensitivity chemilumines-
cent analyzers (Eco Physics CLD 780 TR). The instrument
has been flown during previous field measuremeiitsrion
et al, 200]) and it has been modified for operation on the
F'FZO'. ] i 3.1 G, CO, and NQ variability and air mass attribution

NO is directly measured by the first analyzer and.N©®
measured by a second instrument after conversion to NO. Ifeasured concentrations along the vertical cross-sections at
order to improve the detection limit for NOve use a spe-  the same longitude ¢ on 13 August 2006 and 19 August
cial designed photolytical converter (Eco Physics PLC-762)2006 and 1E on 20 August 2006) are shown in Figza
where NQ is converted to NO with a high conversion effi- 5 24, As expected a significant variability of the chemical
ciency by the use of a long path photolytic cell (0.91 m) and agpecies concentrations is observed as a function of altitude
1-kW UV xenon lamp. The Pyrex chamber is cooled t6@2  and |atitude. Hereafter we will discuss the large increase or
below the ambient temperature by the use of Peltier elementgecrease of the concentrations compared to their mean value.
in order to prevent a possible thermal decomposition of PAN.The aim is also to propose an air mass identification using

The measurement cycles are divided into two differentrejationship between the measured concentrations which are
steps. The first step corresponds to the zero determination biyased on possible transport processes driving their variabil-

introducing excess ozone into a pre-reaction chamber. Th@y This is the first step needed to assess the meaning of the
second step is the direct measurement by adding ozone intgjircraft data.

the main chamber. The duration of both steps was 12 s during

the campaign, allowing a sample time step of 30s. For this3.1.1 Ozone and CO

integration time the detection limit for each NO analyzer is

50 ppt and the precision of the measurements is 0.5%. Thedggirst, the vertical distributions show large area with high CO
values are calculated using a statistical treatment following avalues &140 ppb) and low @ concentrations<€50 ppb) at
French norm (AFNOR NF X20-300). altitudes above or near 10 km especially at the beginning of

3 Analysis of the regional vertical cross-section

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009
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Effects of regional-scale and convective transports on tropospheric O

Altitude, km Altitude, km

Altitude, km

latitude distribution of @ CO, and NQ mixing ratio in ppb along the 19 August LRT flight (p.m.).

Altitude, km Altitude, km

Altitude, km

—_—t
PNEROGOOMN R

—_—
PRG0N

—_—t
NEOHOOMN R

—_—
NEOOON &~

—_
PNHCOONF=

—_—
NEDOON &~

F-F20 Amma 19b/08/2006 - O3, ppb

{ovomeminn sew s
coms;::;mmmmv

8 10 12 14 16
Latitude, dg
F-F20 Amma 12b/08/2006 - CO, ppb

»«mmmmmwm»«d&q:::m»uﬁ
| | |
1 12

6 8 0] 14 16
Latitude, dg
F-F20 Amma 19b/08/2006 - NOX, ppt
r W tfostritamEIRe
: 06 88 0086 L/ o o 4 :
L ’0 % |
[ ¢ 1 1 | x 1 1 7
6 8 10 12 14 16
Latitude, dg

F-F20 Amma 20/08/2006 - O3, ppb

= T T T d
r HO 4 VNS 4D 4 40 200 40 00 T
[ 4 0400040000004 0400 40 %‘0 *:»‘00’.’ 7
: ? ’;” 0L > S a4 :
C | | | ( | | ]
11 12 13 14 15
Latitude, dg

F-F20 Amma 20/08/2006 - CO, ppb

: 204 3t 22224 0000000." :
r Sy FERREE 4000 4000000000000 3000000000 00000“0“” 7
[ '0»»»9 495000000000 000 7
r ” ]
| ! | 4 | !
1 12 13 14 15
Latitude, dg
F-F20 Amma 20/08/2006 - NOx, ppt
s T T T |
- 45000400 4 +88 00000000000000000000“ I
r + ? +000000000 000000008 b
r + * 44 + +*4 24 44 LECRNBBIEN & B8 L4 7
L | | L@ 48 | | il
1 12 13 14 15
Latitude, dg

80

60

40

180
160
140
120
100
80

800

600

400

80

60

40

180
160
140
120
100
80

800

600

400
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Cotonou Aircraft Data Amma LRT Flight 0-12 km
35 - P U 70 T T T T T T T
LI R S g SRR
R 0-3km
3t 1 60 3-Bkm i
DO3=-0.71 xDCO+36 O K™ v
2.5 7 :
=
[=%
e 2 1 =
£ E
5 2
S 15¢ 8 3
£ ¥
= @
03 downwind o)
1+ 7 &)
= = = = O3 upwind
CO downwind
0.5 ) 7
= = = = CO upwind
NOx downwind
or = = = = NOx upwind i 10 I I I I I I I I I
0 20 20 60 80 100 -20 0 20 40 60 80 100 120 140 160 180
03, CO/5, and NOx*10 in ppb CO excess, [ppb]

Fig. 3. Profiles of G, CO and NQ in ppb during landing (19  Fig. 4. Scatter plot of @ excess vs. CO excess in ppb as measured
August a.m. — downwind) and take-off (19 August p.m. — upwind) by the F-F20 during the four LRT flights.
from Cotonou (Benin).

uplifting of low level air masses with high CO and low ozone

the flight campaign (13 August). The same is true for ex-(j.e. where NQ was eliminated by wet scavenging in the
actly the opposite case, i.e. low CQ110ppb) and high®  monsoon layer or where{was titrated in very polluted ar-
concentrationsx70 ppb) mainly in the Northern part of the eas: oil industry, urban cities like Lagos or Cotonou) and
measurement domain (19 August, 20 August). Only a fewon the other hand of dry intrusions from the upper tropo-
observations correspond to air masses where CO grat@®  sphere with high ozone and low CO. Two different lines with
correlated positively. high and low gradient have been drawn in Figand they

In the altitude range 0—4km, data are obtained mainlycorrespond to the two main groups identified in this figure.
from take off and landing of the F-F20 in Niamey and The first one has a gradient ef0.7 close to the value of
Cotonou and significant differences have been observed be-=1 corresponding to stratospheric intrusion as shown by the
tween the vertical profiles of CO ands@t these two places.  analysis of the MOZAIC aircraft dat@(ioude et al, 2007),
Ozone concentrations higher than 60 ppb are only observegihile the higher one<0.3) can be related to air masses with
near Cotonou (64N, 2.5’ E) and large CO concentrations ozone chemical loss as measured at mid-latitudes in polluted
are observed at both latitudes but below 2 km above Niamewir masses during the winter timB4rrish et a].1998. Al-
and up to 4km near Cotonou. The profiles measured neaghough part of this correlation could be related also to mixing
Cotonou on 19 August 2006 are shown in RBgThree lay-  of stratospheric intrusions with polluted air masses, i.e. with
ers can be identified: the planetary boundary layer up to 1 kmarge CO values andthis is not very likely at tropical lat-
with low Os, a transition layer with the free troposphere up jtudes where the stratospheric intrusions remain at high al-
to 2.5km and the lowermost free troposphere between 2.%itudes and do not cap urban pollution plumes as they do at
and 3.5km. Only the transition layer and the lowermost freemjd-latitudes Cho et al, 2007). The polluted air mass corre-
troposphere show the elevateg énd CO values. sponds to the data collected during landing and take off from

Following Andreae et al(1994, one can study the chem- Cotonou on 19 August and the corresponding data appears on
ical history of sampled air masses using the correlation ofthe plot as the region with positive gradient betweg®s3]
ozone excess versus CO excesis] versusA[CO]. Ozone  and A[CO] of the order of 0.3.
excess is defined here as the ozone concentration corrected
by a reference ozone vertical profile which increases linearly3.1.2 NQ and relative humidity
with altitude from 20 ppb at 3km to 50 ppb at 12km. The
CO excess is defined as the difference of the measured COhe NG, concentrations are only available on 19 Au-
concentrations with a threshold CO value of 100 ppb whichgust 2006 and 20 August 2006. Mixing rations ranges
corresponds to non polluted tropospheric conditions accordbetween 100 ppt and 400 ppt above 7km and from 600—
ing to Sauvage et al20073. In Fig. 4, the correlation plot 4000 ppt below 4 km. The ratio NQover NO is generally
of A[O3z] versusA[CO] shows a negative correlation which higher than expected (not shown) suggesting either very re-
suggests a combined influence, on one hand of convectivduced NG photodissociation coefficient or high R@adical
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concentrations shifting the NQpartitionning towards large to biomass burning emissions or aged anthropogenic
NO,, especially for low [@] concentrations. A detailed and sources (high CO)

careful analysis of the NPpartitioning relevant for a quan-
titative Oz production assessment is not within the scope of
this paper. In this work, only the total NGconcentration

will be used to distinguish air masses which have been ex-
posed to high or low N@Qemissions. The high NOcon-
centrations above 7 km are often related to a relative increase
of RH suggesting influence of convective activity (vertical
transport of soil emissions or NO production by lightning).

Below 4 km, contrary to the CO vertical distribution the high- T5p1e 2 summarizes the position of the different air mass

est NG concentrations near Cotonou iare only found be-y g for the 4 flights discussed in this section. Regarding

low 2.5km. - Therefore transport processes controlling thejhe type i1 air mass observed near Cotonou on 19 August
composition of the transition layer (1-2.5 km) and the lower- (Fig. 3), 0zone precursor emissions, related to this large city

most free troposphere (2.5-4 km) are different although ho<¢ 1 jjlion inhabitants with frequent air pollution problems,

mogeneity would have been inferred from thg @nd CO 5y explain the layer observed between 1 and 3.5 km during
vertical profiles. the descent to Cotonou. Indeed the comparison between the

The in-situ RH measurements made by the Falcon havgeriical profiles recorded during landing at 12:00 and take-
also been used since it gives information on vertical trans¢ 1 5h later allows the comparison between an air mass
port, because high RH can be often related to recent uplift 5\ m, upwind (during take-off) and 10 km downwind (dur-
from the Planetary Boundary Layer (PBL) and low RH 10 g |anding) of the Cotonou emissions. It shows a CO and
subsidence from the upper troposphere. The aircraft RH datNOX difference of respectively 70 pbb and and 3.5 ppb, while
have been compared to the dropsonde measurements (S§& o, concentration is near 25-ppb in the upwind layer and
Figs.7ato 7din Sect3.3) and are in good agreement. reaches 70 ppb in the layer downwind of Cotonou. Consid-

. . . . ering the downwind CO and NQOconcentrations (respec-
3.1.3 Alr mass clustering using chemical tracer Observa'tively 240 ppb and 5 ppb), photochemical production in the
tions Cotonou plume could explain the 70-ppb ozone level. Type

IV air masses related to biomass burning emissions can have
similar chemical characteristics (although lower Niével)
and can be found at similar altitude levels during the WAM
period above the Guinea GulMari et al, 2008 Sauvage

— Type | where the main characteristics are low €tal,20073. Indeed the type IV air mass transport pathway

O3 (<50 ppb) and high CO concentrations¥50ppb) IS the following: a baroclinic low-level circulations in a 2-
i.e. possible export of polluted air mass with Ghemi- kM layer at 3S can uplift ozone precursors from the South-
cal loss in the monsoon layer ern Hemisphere (SH) and fire products are then transported

from the SH to the Northern Hemisphere (NH) by the south-
— Type Il where the main characteristics are opposite toeasterly trade wind above the monsoon layer. This transport
the previous one: low COJ100 ppb) and high @con-  pathway can contributes to a regional CO increase (e.g. the
centrations £ 70 ppb) together with low relative humid- 170-ppb CO concentrations found upwind of Cotonou), but
ity (RH<30%). This could be related to dry intrusions it cannot explain the sharp gradient in the ozone precursor
of ozone rich air masses from the tropopause region intcand ozone concentrations between the air mass upwind and
the free troposphere. downwind of Cotonou. This is why we beleive that our data
set includes an air mass type corresponding to the influence
— Type Il where the main characteristics are very high of city plumes.
CO (2200 ppb) and high N@concentrationsz1 ppb) In order to confirm the sources responsible for the chem-
at low altitudes &3km), while significant @ pro-  ical characteristics of each group, one must determine the
duction is also observed with concentrations highertransport processes associated to the different air masses.
than 60 ppb. These air masses were encountered nedthis will tell us also if the classification based only on corre-
Cotonou. lation between chemical tracers is a valid approach for West

. - .. Africa.
— Type IV where the main characteristics are similar

to the previous ones but with lower concentrations: 3.2  Air mass transport analysis

[CO]>130 ppb, [Q]~70 ppb and [NR]~300 ppt. This

group has been chosen to to correspond to what is exThe analysis of the air mass transport was made using the
pected for an air mass with ozone production relatedLagrangian Particle Dispersion Model (LPDM) FLEXPART

— Type V where the main characteristics are
100 ppb<[CO]<130 ppb with [@]~60 ppb,
[NOx]>500ppt and RH 30%. This group has
been chosen to consider an air mass with ozone
production but not clearly related to biomass burning
or aged anthropogenic emissions (no elevated CO
concentrations)

Looking at positive or negative anomalies of the
O3/CO/NO/H20 concentrations along the F-F20 tracks,
one can identify five different types of air masses:

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009



392 G. Ancellet et al.: Effects of regional-scale and convective transports on tropospgeric O

=]

2]

Altitude (km)
o

“‘ “‘ 10
B &

J—day hackward latitude

J—day hackward longitude

J—day hackward altitude

-5 2 0w 17 25 32 40

-4 -3 —2 -1 a 1 =2 -7 -4 -2 o0 2 4 7
4l | | | | | | | 41 | | | | | | | 4l | | | | | | |
& 7 8 9 10 11 1z 13 & 7 8 9 10 11 12 13 8 7 8 9 10 11 1z 13
Aireraft track Latitude (deq)

Aireraft track Lotitude {deq) Ajreraft track Latitude (deq)

Fig. 5a. Altitude vs. latitude FLEXPART plots of particles released along the 13 August flight track. The color scale indicates the altitude
(left in km), latitude (middle irf), and longitude (right i) change of the air mass between the observation time and its position three days

before.
21 1T 1T 1T 1T 17 1T 17 1T 11 T T T T 17T T 17T 1T T1
[ |
19 I b
. “
el i

5l
J—day backword longitude

127

J—day backwaord latitude

10

Altitude (km)
®

J—day backward altitude

[ —4 =3 -2 -1 0 1 2 -7 -4 =2 ul 2 4 7 -5 2 10 17 25 32 40

FE I | Y A A A 2 Y Y T 41 | | L1 1

13121110 9 &8 7 8 5 4 3 2 13121110 9 8 7 6 5 4 3 2 13121110 9 & 7 8 5 4 3 2
Aircraft track Lotitude (deg) Alreraft track Latitude (deg) Aircraft track Latitude {deg)

Fig. 5b. Altitude vs. latitude FLEXPART plots of particles released along the 19 August a.m. flight track. The color scale indicates the
altitude (left in km), latitude (middle i), and longitude (right ir?) change of the air mass between the observation time and its position

three days before.

Atmos. Chem. Phys., 9, 38311, 2009 www.atmos-chem-phys.net/9/383/2009/



G. Ancellet et al.: Effects of regional-scale and convective transports on troposphieric O 393

T T T I

127

T 1
I L

&

o

Altitude (km)
o

J—day backward altitude S—day backward latitude

3

-4 -3 -2 =1 o 1 2z | -7 -4 -2 0 2 4 7 5 25 32 40

40 401 1 4 | | \ I I

6 7 8 910 11 12 13 14 15 16 B 7 & 91D 11 12 13 14 15 18 7 8 91011 12 13 14 15 16
Alreraft track Laotitude {deg)

Aircraft track Lotitude (deq) Alrcraft track Latitude (deq)

Fig. 5c. Altitude vs. latitude FLEXPART plots of particles released along the 19 August p.m. flight track. The color scale indicates the
altitude (left in km), latitude (middle i), and longitude (right ir?) change of the air mass between the observation time and its position

three days before.

3—day backward altitude

Altitude (km)
®

B
| | IIII

3—day backward longitude

J—day backwaord latitude

-4 -3 -1 7 4 -2 0o 2z 4 7 | [-5 2 1 17 5 32 40
4 | | | 4 | | | 4 | |
15 14 13 12 1 15 14 13 12 11 15 14 13 12 1
Alreraft track Lotitude {deq) Alreraft track Latitude (deq) Alrcraft track Laotitude {deg)

Fig. 5d. Altitude vs. latitude FLEXPART plots of particles released along the 20 August flight track. The color scale indicates the altitude
(left in km), latitude (middle irf), and longitude (right ir?) change of the air mass between the observation time and its position three days

before.

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009



394 G. Ancellet et al.: Effects of regional-scale and convective transports on tropospgeric O

Table 2. Classification of the air masses for the 4 meridional cross-sections.

Date 13 August 19 August a.m. 19 August p.m. 20 August
12:13-15:22 UT 09:14-12:08 UT 13:42-16:27 UT 14:03-17:30UT

Type | CO>130 O3<50 CO>160 O3<50

air RH>50% RH>50%, NG<0.1

mass 11.5km,-11° N 10km, 2-3°N

8km, 6N

Type ll CO<110 G3>70 C0O<110 G3>70 C0O<110 G3>70

air RH<30% NG(<0.3 RH<30% NG(<0.5 RH<30% NOG<0.5

mass 10km 1314 N 7-10km 12-14#N  7.5km 11.5-14# N

Type 11l CO>200 NG>1 CO>200 NO(>1

air mass <4km6° N <4km6° N

Type IV CO~150 O3~70

air RH<30% NO(<0.3

mass 7.5km2-4°N

Type V COv130 O3~60 COv110 O3~60 CO<110 03755

air RH>50% NG=0.5 RH<80% NG>0.7 RH>40% NO>0.7

mass 7.5km%4-6° N 7.5km 8-10C° N 5.5km 1P-13 N
version 6.2 §tohl et al, 1998 2002 driven by 6-hourly the SH, and on the other hand from latitude20° N,
ECMWEF operational analyses (T106L91) interleaved with i.e. from the subtropics where downward transport from

operational forecasts every 3h. The quality of the wind the UTLS is often observed
data used for the simulations have been checked using the
dropsonde wind data (not shown). The agreement is excel-
lent both for the wind speed and the wind direction, namely
the AEJ vertical structure is well reproduced as well as the
southerly flow in the monsoon layer. A southeasterly flow
(trade wind layer) is also visible in the 700—600 hPa layerThe discussion of these figures will focus on the transport
above the Gulf of Guinea on 13 August and 19 August. processes related to the air mass groups which have been
FLEXPART includes turbulent diffusion, parameteriza- identified in Sect3.1.3using the aircraft observations.
tions of sub-grid scale convection and of topographic pro- .
cesses, as well as online computation of potential vorticity Type | air mass
(PV) for each air parcel. For a given simulation 2000 parti- ) i )
cles were released during 30 min in a box with a 250-m ver-FOr the 13 August flight (Fig53), the type | air mass at
tical thickness and a°k 1° horizontal area. This has been 11.5Km corresponds to a 3—-4km uplift according to the
done for 23 boxes at different altitudes from 6 to 11.75 km TLEXPART simulation and comes from latitudes always less
(250 m step) and for different latitudes (every degree) alongh@n 10 N. Upward motion is also resolved by the model
the vertical cross-section defined by the aircraft flight pat-1°F the lower altitude range near 8 km over Cotonou‘a6
tern. Then the positions of the 2000 particles were computed"”th very small horizontal motions. Then vertical tr_ansport
backward in time for 3 days. The 2000 particle mean IOO_of poIquop s_ource_s on the_Northern cpast of the Gglnea gulf
sitions 3 days before the observations are compared to thE-290S, oil fields in the Niger delta) is the most likely ex-
positions of the observations (released point) in order to proPlanation for the observed large CO values. Indeed MSG

duce altitude/latitude plots (FigSato 5d) of: images (not shown) indicate deep convective cells°al,6
6°—% E on 10 August 2007 and 11 August 2007. For the
— the relative altitude change of the air mass in order19 August a.m. flight (Figsb), FLEXPART simulations for
to identify significant convective ascent or downward type | air masses over Gulf of Guinea between 8.5 and 10 km
transport from the tropopause region also show local uplift three days before.

— the relative longitude change of the air mass to assess
the fast zonal transport from regions outside of West
Africa i.e. mainly corresponding to influence of long
range transport from Asia and the Middle East.

— the relative latitude change of the air mass to identify, onType 11 air mass
one hand transport from latitudeslL0® N, i.e. from re-
gions potentially influenced by biogenic emissions from On 19 August, the type Il air masses observed North of
the forest or even by biomass burning emissions from11° N in the morning at 10 km correspond to advection from
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latitudes>20° N. Although no clear subsidence is observed, ozone production observed near Cotonou is then supported
the strong meridional PV gradient at these latitudes wouldby the trajectory study.
support the idea of dry intrusion from mid-latitudes for
type Il air massesKowol-Santen and Ancelle2000. For  Type IV air mass
the afternoon flight (Fig5¢), type Il air masses are again re-
lated to advection from latitudes20® N. The horizontaland On 19 August the type IV air masses at low latitudes be-
vertical extent of the region influenced by this advection be-tween 2 and 4N near 7.5 km correspond to air masses com-
tween 7 and 10 km corresponds remarkably well to the largeng from the SH (10S, 20 E). Therefore ozone precursors
section of this flight influenced by the observations labeledobserved in this air mass can be related to the active biomass
as type Il air masses. Finally for the 20 August type Il air burning which is very common during the austral winter
mass at 7.5 km (Ficghd), the FLEXPART simulation shows a (Matri et al, 2008. This is also consistent with the high
transport pathway which is different from the type Il air mass CO/NC ratio (200) compared to the weaker ratio (20) ob-
identified on 19 August with a southeasterly flow linking the served in the type V air masses. The first evidences of south-
observation area with eastern Africa aP N} 3 days before.  ern hemispheric fire intrusions were describedSauvage
The connection with the UTLS is still possible as there is aet al. (20095 based on the MOZAIC profiles over Africa.
downward motion of 500 m per day. It is also noticeable on These authors showed that elevated concentrations of ozone
this day that the vertical stratification of the air mass origin observed between 600 and 700 hPa over West Africa during
in Fig. 5d corresponds well to three different air mass typesthe the wet season originated from fires in the SH. In the
in the observations at 5.5 km (type V), 7.5km (type II) and framework of the AMMA campaign, regular ozonesound-
12 km (no specific anomalies for all the parameters, so ageihgs were performed at Cotonou, which is located near the
air masses advected by the Tropical Easterly Jet (TEJ)).  Gulf of Guinea and therefore can be influenced by the pol-
lution from the southern hemispheric fires. Muari et al.
Type lll air mass (2008, one can note that the ozone peak on the 17 Au-
gust Cotonou ozonesounding profile corresponds to the ac-
The differences between Niamey and Cotonou have beetive phase of the African Easterly Jet — South (AEJ-S) when
noticed in Sect3.1.1and are related to differences in the the Gulf of Guinea is under the influence of the fire plumes.
boundary layer dynamics (land/ocean transition for CotonouActually, the F-F20 flights period is included in this second
and semi-arid region for Niamey), but also to differences inactive phase of the AEJ-S which goes from 9 August to 31
the lowermost free tropospheric dynamics. Indeed near Ni-August.
amey at the 4-km altitude there is a detrainment layer related
to the convergence between the monsoon flow and the SaFype V air mass
haran heat low which generally corresponds also to the top
of the layer influenced by the AEJ, while near Cotonou theThe air mass trajectory analysis is very interesting for the
vertical stratification is driven mainly by the southerly flow type V air mass as it is the group where the identification
extending to 3—4 km and the easterly flow above. The latteiof the sources is the most uncertain. For air mass identi-
corresponds to the northern branch of the southeasterly tradiied between 4N and & N near 7.5km on 19 August in the
winds. This vertical layering frequently observed during the morning, the FLEXPART simulation shows a slow horizontal
wet season near® along the coast has been discussed bytransport. Upward motion is not clearly resolved by FLEX-
Sauvage et a{20073. PART for the air mass at 7 km but is shown for air masses
To study more specifically the origin or the air mass just arriving 1.5 km higher and originating from Northern Nige-
above the PBL the 19 August near Cotonou, a 4-day backsia. Notice that the RH vertical stratification revealed by the
ward FLEXPART simulation was performed in two 500-m two dropsondes in this area shows that the 7.5km level is
thick layers at altitudes of 2.25km and 3.75km. The 2000at the lower boundary of a very humid layer between 7.5
particles are grouped into 5 clusters, the positions of whichand 10 km (see Figgato 7d in next section). So the £
are shown as a function of time for the two layers (.  production in this type V air mass could be explained by an
Advection was quite slow in both layers with a weak south- upward transport of ozone precursors, hamely organic com-
westerly flow and a significant southeasterly transport pathpounds from biogenic emissions and by the highyNOn-
way appears only above 3.5km on a 4-day timescale. Theentrations related to either lightning and/or N&bil emis-
long residence time of the air mass above the coast line neagion. It is difficult to find lightning data matching exactly
Cotonou means that the air mass influenced by biomass burrihe air mass positions during their transport through convec-
ing from the SH is probably dominated by mesoscale circu-tive systems, but long term ground based monitoring network
lations near the coast. Similar effects have been documentelike ZEUS (seéhttp://sifnos.engr.uconn.edugan provide a
at mid-latitudes for pollution transport in large cities located qualitative estimate of the lightning impact. We have indeed
near the seaZhang et al.1998 Drobinski et al, 2007). Hy- found more frequent flash occurences east'd during the
pothesis of a significant influence of local emissions in theperiod 16 August to 18 August less than three days before
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Fig. 6. 5-days FLEXPART backward time position of five clusters of the 2000 particles released between 2 and 2.5km (left panel) and
between 3.5 and 4 km (right panel) over Cotonou on 19 August at 12:00 UT. The clusters are plotted every 24 h, the color corresponds to
their altitude, and the size of each cluster is proportional to the number of particles.

the measurements of the F-F20. Thus the lightning sourceand hydrogen peroxide). The latter parameter is quite use-
cannot be ignored. ful in the mid and upper troposphere because, for air masses

During the afternoon flight, the 3-km uplift of air masses showing a clear decrease ob®, concentrations, it helps
located initially from Northern Nigeria is in good agreement to distinguish on one hand the impact of mixing by upper
with the type V air mass observed betweéiNgand 1E N at tropospheric air where there is low ROOH and on the other
7.5km. This area corresponds also to the 4 dropsondes whefland fast convective upward transport of deplete@air
high RH is observed at many vertical levels between groundnasses within the monsoon layer where ROOH will decrease
and the aircraft (see Figgato 7din next section). Look- more slowly than HO, in the presence of wet scavenging
ing at the comparison of the trajectories for the two type V and aqueous chemistnBifow et al. 2007). For elevated
air masses of the am and pm flights, it is encouraging to se¢120O, concentrations, the D, fraction can measure the at-
that they are similar while the two air masses were identi-mospheric chemical processing of an air mass which is pro-
fied using only chemical tracer data. This demonstrates thaportional to the duration of the atmospheric oxidation pro-
the air mass classification in Tal®ewhich is based on rela- cesses responsible for OH formation. This will decrease the
tive impact of different transport processes, is indeed in goocH20; fraction as the hydrocarbon oxidation will produce or-
agreement with a direct meteorological analysis. ganic peroxidesHeike et al, 1996.

For the type V air mass at 6 km from 4l to 13 N on Regarding the KO, vertical distribution, there is a nega-
20 August (Fig.5d), it shows a slow zonal advection and tive vertical gradient in the free troposphere with a maximum
a 1-2km downward motion over West Africa (air mass at near 2km (1.5-1.8 ppb) and lowest values ranging from 200
12°E 3 days before). Although no indication of upward to 500 ppt near 10km. Below 2km, 28, concentrations
transport is shown by the FLEXPART simulation, the slow decrease with a significant sink related to wet scavenging
zonal motion increases the probability for encountering con-and surface removal. Looking more precisely at the free tro-
vection with uplifting of an air mass. The low CO necessary pospheric data, the #0, concentrations show a sharp drop
for this group is explained by the fact that, if convection hasnear 7 km with concentrations often being above 1 ppb be-
occurred, it must have developed over an area with moderat®w 7 km and decreasing below 600 ppt above 8km. This is
vegetation and little influence from biomass burning emis-in good agreement with previous observations over the ocean
sions. The high NQconcentrations and subsequentio- (Heike et al, 1996 Snow et al. 2007 showing that it is the
duction characteristic of the type V air mass must be relatedlirect result of a large production of RGnd RQ at alti-
to lightning and/or upward transport of soil emissions at lat-tudes near 2—4 km.

itudes above 10N. Following Heike et al.(1996, a positive correlation is ex-
pected between [§)*[H 20]/[CO] and [HO>] since OH will
3.3 Variability of the hydroperoxides measurements be proportional to the ratio [¢)*[H 2O]/[CO]. Since the pho-

tochemical time scale for D, is short enough (1-2 days),
The H,O, concentrations are shown in Figato 7dtogether  this correlation will hold as long as recent vertical transport
with the relative humidity and the fraction obB, relativeto  and related wet scavenging in the PBL cannot compete with
the total concentration of hydroperoxides (organic peroxideghe net photochemical equilibrium. In Fi§, the correlation
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Fig. 7a. Altitude vs. latitude distribution of HO> mixing ratio in ppt, relative humidity in % and fraction of2, over total organic
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plot shows that the positive correlation is kept although it is Amma LRT Flight 0-12 km
less compact as the ratio §P[H ,O]/[CO] increases. Indeed 4 - —s - - 7
air masses related to a recent vertical transport correspond t
a small fraction of the observed data (mainly type | air mass)
and it cannot control the correlation plot. It was different gl
for the correlation between CO ands ®ecause they have
longer photochemical time scales in the free troposphere anc
a larger fraction of the data collected in West Africa during <
the wet season may have been influenced by upward trans%
port on a time scale of 1-2 weeks. The decrease in the com? 15l
pactness of the plot are for the highest values ofQHin &
the troposphere (3—6 km) where the ages of the air masse™ 1}
are largest and the range 0$®, concentrations depends on
the air mass composition following air mass transport. For 287
example an increase of N@nd a decrease of soluble car- oL , , , , ‘ ,
bonyl compounds will reduce the B, formation. This de- 0 0.5 1 1.5 2 25 3 35 4
pendence of hydrogen peroxide data with the influence of H202, [ppb]

convective transport is then very useful in the discussion of

the link between the air mass types identified in S&act.3
and the dynamical processes.

=
x
250

Fig. 8. Scatter plot of [BO]*[O3])/[CO] in g/kg vs. HO> in ppt as
measured by the F-F20 during for the four LRT flights. The mea-
surements are colored with altitude (4 classes with a 3-km thickness
within the range to 0-12 km).

Considering type | air masses, this study shows that low
H>O, concentrations €500 ppt) are related to these air
masses, this is consistent with the efficient wet scavengin
and/or reaction of KO, with SO, related to recent uplifting
by well developed MCS. The D, fraction is on the order of
0.4 lower than the fraction for other air masses with similar
H20, concentrations (b, fraction near 0.8). Indeed this
corresponds to the lower solubility of ROOH which is less
depleted than b0, during convective uplifting.

Type | air mass

ant contribute anymore to the hydroperoxide budget. The
20, fraction is below 0.7 consistent with moderate atmo-
spheric processing being able to increase the formation of
ROOH. Thus, it appears that the time scale for the transport
of biomass burning cannot exceed 3-4 days.

Type V air mass

The horizontal variability of HO, near 7.5 km shows that the
higher values £1 ppb) are often observed in the type V air

For the type Il air mass observed in the upper tropospherefass where high NOand RH-50% are present. This indi-

H»0, is as low as the concentrations observed for type | airéf"ltes that upward transport plays a significant role in type V
mass. This can be explained by the low water vapor con2if mass. Uplift of a humid air mass from the lower tropo-
centrations which cannot maintain elevated,+@xical and  SPhere increases the H@adical production necessary for
H,0, production. Regarding the @, fraction , the values subsequent hydroperoxide formation. Since we expeCiH

are larger than for type | air masses This is in good agreemerfgmoVval in the humid PBL, this implies that the observations
with the fact that type Il air masses could correspond to ad-correspond to convective processes older than at least 1-2

vection of upper tropospheric air from the subtropics. Indeedd@Ys , i-€. the time scale for hydrogen peroxide chemical pro-

in this case mixing with upper tropospheric air dominates theduction. It is often the case for the flights discussed in this

other sinks of hydrogen peroxide. section since they have been performed in clear air far away
from convective systems. Considering that the lifetime of

Type Il air mass

Type IV air mass NOy is longer in the free troposphere than the hydrogen per-
oxide lifetime, this hypothesis is also in good agreement with
In previous papersLge et al, 1997 Snow et al. 2007, the elevated NQconcentrations resulting from either light-

the possibility of hydroperoxide formation in biomass burn- ning processes in the convective system or upward transport
ing plumes have been shown, especially faiOd. Thisis  of soil emissions which are maximum over wet continental
not observed in our study where concentrations gDplre- surfaces Delon et al, 2008 Stewart et al.2008. It is also
main near 700-800 ppt at 7.5km. It is explained by the factinteresting to examine theJ@, fraction for the type V air
that the time scale for the transport of SH biomass burningmass where there is this relative® enhancement. We no-
near the coast of West Africa is longer than 1-2 days. In-tice high fractions £75%) on 19 August while the fraction
deed in this case, theJ @, produced within the plume does drops to 50% on 20 August. This means that atmospheric

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009



400 G. Ancellet et al.: Effects of regional-scale and convective transports on tropospgeric O

FF20 Amma 112/08/2006 — O3, ppb

T T T T T T T T 80
16} 1
k=) 70
& 15r 1 60
©
2 14¢ 1 50
©
3 13} N
1 1 1 1 1 1 1 | 30
-2.5 -2 -1.5 -1 -0.5 0 0.5 1
FF20 Amma 11a/08/2006 — CO, ppb
. . . . . . . . 180
16} 1
9 160
s 157 ] 140
©
.;2 141 7 120
1 1 1 1 1 1 1 1 80
-25 -2 -1.5 -1 -0.5 0 0.5 1
FF20 Amma 112/08/2006 — H202, ppb
T T T T T T T T 700
16} :
S 4 600
-~ 15r A .
[}
E 1l g ' ; | 500
© ' 400
1 13} PRV | 0000000000000 J

: : 300
-2.5 -2 -1.5 -1 -0.5 0 0.5 1

20060811 IR-MSG 1300UT

e ] e

Latitude, dg

5 0 5 10
Longitude, dg

Fig. 9. Latitude vs. longitude distribution of §) CO in ppb, and HO, in ppt along the 11 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

chemical processing during the upward transport has beed Comparison of the MCS flight

more intense for the 20 August type V air mass compared to

the 19 August type V air mass. This is also consistent withg 1  chemical composition of the MCS outflow
lower RH and NQ values on 20 August. Indeed a longer
Itlme since exposure to surfgce emissions and 'upllftmg, al_Four Mesoscale Convective Systems (MCS) have been stud-
ows on one hand dehydration of the air mass in the uppet

X . led using the F-F20 aircraft: 3 over the Sahelian region (11
troposphere before subsidence to lower altitudes near 8kr’5&u ust, 14 August, 17 August) and 1 over the Benin forest
and on the other hand N&@hemical conversion to PAN or gust, gust, 9

o . . ; : (15 August). The F-F20 tracks are superimposed on the im-
nitric acid. We also notice that the trajectory analysis showsages of the MCS brightness temperatures at the times when

more evidence of nearby upward motions for the 19 August[he F-F20 starts the MCS upper altitude exploration (Figs.

type V air masses. to 12). The measurements always start at the western bound

Atmos. Chem. Phys., 9, 38311, 2009 www.atmos-chem-phys.net/9/383/2009/
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Fig. 10. Latitude vs. longitude distribution of §) CO in ppb, and HO» in ppt along the 14 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

of the M shape flight track and the aircraft stays at the thewas followed by a second one that dissipated east of Niamey.
same altitude (12 km) during the 2.3 h upper altitude explo-The aircraft has flown mainly in the outflow region of the
ration. So during the flight, the MCS moves westward by first MCS after its transport northward to Western Niger. On
approximately 1.5from its initial position shown in Fig9 14 August, another strong MCS was studied East of Niamey

to12 with the beginning of the flight being near the leading edge
of the MCS and the end in the convective area. The MCS is
MCS characteristics significantly younger than the previous one as it started only

15 h before the F-F20 flight, over the Zinder region(¥4
On 11 August, the upward development revealed by MSG1(r E) before moving westward at the same latitude. On 15
images indicates a strong MCS which formed 2 days beforeaugust, the MCS is located at latitudes farther soutt (10
over the border between Nigeria and Chad®(015° E) and

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009
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Fig. 11. Latitude vs. longitude distribution of §) CO in ppb, and HO, in ppt along the 15 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

over Benin and it is significantly smaller than the previous moved southward to Niamey. Let us examine the horizontal
ones. It corresponds to the southern tip of a decaying systemariability of the measured chemical species in the outflow
which formed over Chad (23N, 17° E) 36 h before. Again  of these MCSs.

the beginning of the flight took place in front of the MCS

and the end in the outflow. Finally on 17 August, the MCS Ozone and CO variability

is also rather weak during the measurement period over Ni- )
amey. It actually dissipated during the aircraft deployment €€ flights (15 August, 14 August, 11 August) show large

with the beginning of the flight in the leading edge of MCS sections of the MCS outflow with CO concentrations hlgher

and the end in the convective area. The system formed ovef'@n 140 ppb and up to 190 ppb on 15 August. At the same

the Air region (18 N, 6° E) 18 h before the F-F20 flight and time, ozone concentrations are always weak@ppb) ex-
cept on 15 August when they exceed 50 ppb mainly in the

Atmos. Chem. Phys., 9, 38311, 2009 www.atmos-chem-phys.net/9/383/2009/
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Fig. 12. Latitude vs. longitude distribution of §) CO in ppb, and HO» in ppt along the 17 August MCS flight. The track has been
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superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

northern part of the convective area. These CO rich airare then lower than the ones measured in the other MCSs.
masses are different from the type | air masses defined ea®n 15 August and 17 August, the areas with the highest CO
lier as there are directly found in the MCS outflow and at values are found behind the convective system in its outflow
rather than in its leading edge. This points toward a sig-

masses hereafter. The question arises whether the CO enificant role of the convective transport rather than regional

hancement is related to transport of CO surface emissionscale circulation on the large concentrations encountered. It
uplifted from the West African PBL or whether the elevated is less obvious for the 14 August where the high CO concen-
CO is already present in the type VI air mass because of longrations are located in the northern part of the measurement
range transport from regions outside the AMMA region. On area, which is less influenced by the MCS outflow.

latitudes north of 1®N. They will be named as type VI air

17 August, the CO concentrations never exceed 140 ppb and

www.atmos-chem-phys.net/9/383/2009/
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Hydroperoxide variability 4.2 Air mass transport analysis

The HO; distributions show areas of high concentrations The analysis of the air mass transport was made using again
(>600 ppt) but their horizontal extent are always smaller thanFLEXPART version 6.2 driven by 6-hourly ECMWF analy-
the high CO patterns. Looking at the average concentrases (T106L91). For a given simulation 1500 particles were
tions over the whole convective area, the concentrations argeleased during 60 min in a box with a 1-km vertical thick-
smaller (300400 ppt) for the most active MCS on 11 Augustness and a°k1° horizontal area. This has been done for
and 14 August. This is consistent with the hydrogen per-approximately 17 boxes at 12 km a.s.l. (i.e. the altitude of the
oxide sink in the humid PBL before rapid upward transport MCS survey flight) and for different latitudes and longitudes
at upper altitudes by the convective system. This hypothe{every degree) along the aircraft track. Owing to the limited
sis is also supported by the low values of the(Hd fraction  area of the MCS survey and the limited horizontal resolution
(<50%) also observed for these two flights since one expecbf the ECMWEF analysis, the variability of the trajectories for
ROOH to be less depleted in the humid PBL. The only smalla given flight is rather small and is not really suitable for a
area with large HO; during the 11 August flight is found detailed analysis of mesoscale structure in the chemical com-
in the southwestern corner with also low® fraction and  position. However the comparison of the trajectories from
moderate CO concentratiorgl 20 ppb. This would indicate  one MCS to the other one is possible. So we have focused
that this particular part of the MCS convective area has beemur attention on a single trajectory computed from a single
influenced by a significant amount of atmospheric processingosition in the outflow of the MCS.
to increase ROOH. It is not so surprising that old masses are First the 4 FLEXPART trajectories ending at 12 km near
interleaved with fresh convective outflow in the older MCS. the center of the observation area can be compared®ig.
The very important role of ROOH in the H®budget of the |t s interesting to observe that a significant fraction of parti-
upper tropical troposphere has already been discussed in thges have been uplifted by more than 5 km in the FLEXPART
work of Prather and Jacdd997). simulations for the type VI air mass i.e. for the 3 days with
The H,0; concentrations are in the range of 500-600 ppthigh CO in the MCS outflow. FLEXPART is then able to re-
for the less active MCS on 15 August and 17 August. Theproduce some convective transport in this region. Part of this
H20, fraction remains high for the layer with the largest transport is already resolved in the ECMWF analysis itself
H20, concentrations%600 ppt) on these two days. This since it remains when the FLEXPART convection is switched
would be consistent with an upward transport from the hu-off. The cluster in the lower layers indicate a source region
mid PBL which took place 1 or 2 days before the measure-ocated above the Arabic Peninsula 5 days before and with a
ment to allow some b, production with significant ROOH  |ikely connection further ahead with the Persian Gulf. Notice
increase compared to8,. that this connection is not present on 17 August when CO re-
To summarize the analysis of the CO3 @1d HO2 con-  mains low around the MCS. The question arise about the in-
centrations shows that convective transport drives the varifluence of the significant emissions related to the oil industry
ability of the chemical composition when they are intercom- in this region. This transport pathway is different from the
pared. The main key parameters appear to be the lifetimgne analyzed iBarret et al (2008, where MLS UTLS CO
and the latitudinal position of the MCS during its evolution. ghservations first adjusted towards a climatological tropical
Indeed one first notices no influence of polluted air mass orprofile have been assimilated. At and above 150 hPa the main
17 August due to the northern origin of the MCS. Second,contributors are westward transport by the Tropical East-
regarding the 11 August and 15 August MCS, transport fromerly Jet and the Asian Monsoon Anticyclone of Asian pol-
the lower layers at latitudes around°M may explain the  |uted air masses that have been uplifted up to 100 hPa result-
large CO concentrations found in type VI air masses. Theing in maxima CO concentrations over North Africa around
latter conclusion is based on the observation of a negatives® N. Even if FLEXPART is able to resolve some uplifting,
latitudinal CO gradient by other aircraft in the lower Iayers it may miss Strong upward transport due to MCSs encoun-
Reeves et al. (2009). Third, the lifetime of the MCS allows tered along the trajectories. To account for this contribution
for more HO, production meaning significant H@adicals  to the CO distribution, occurrence of observed MCS by MSG
formed in the outflow of a long lived MCS. To support this was searched along the FLEXPART trajectories. Examples
interpretation of the observed comparison of the 4 MCS, itof the cluster positions are shown on the top of MSG images
is necessary to conduct an analysis of the air mass transpog 00:00 UT on the measurement day and 00:00 UT on the
using the meteorological analysis. For example, this wouldprevious day in Figl3. This analysis has shown that for the
help to understand why there are large CO concentrations o1 August and 14 August MCS, another MCS encountered
14 August while the MCS has remained abové N3luring  previously must have changed the chemical composition of
its lifetime or why there are largergoncentrations for the  the advected air mass, while for the 15 August and 17 Au-
15 August MCS compared to the 11 August MCS. gust MCS it is the influence of the MCS sampled by the air-
craft which must be taken into account. Assuming, that the
MCS occurrence connects efficiently the lower troposphere
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Fig. 13. Plot on MSG/meteosat pictures of the five FLEXPART clusters released at the center of the upper altitude flight track survey around
the MCS studied on 11 August, 14 August, 15 August and 17 August (top to bottom). Cluster position and altitude (color code) are given at
00:00 UT on the measurement day (left) and 00:00 UT on the previous day (right). The size of each cluster is proportional to the number of
particles.

below 2 km and the upper troposphere above 10 km, we calsampled MCS at 00:00 UT on the measurement day for the
culated a backward flexpart simulation releasing 1500 parti-15 August and 17 August cases. Looking at Bify.it shows
cles at the base of the MCS, i.e. in ax11° box between 1.5 that a significant fraction of the 1500 particles are coming
and 2 km, at the time when the upper altitude trajectory enfrom the equatorial region below? 8! for the 3 MCS corre-
counters the MCS. This low level backward simulation was sponding to the elevated CO observed by the aircraft in the
performed on the MCS encountered respectively on 10 Au-upper troposphere. More precisely, the fractions of particles
gustat 10N, 15° E and on 13 August TN, 20° E forthe 11 south of the 8N limit are respectively 10%, 19% and 34%
August and 14 August cases, while it was performed for thefor the 11 August, 14 August and 15 August observations.
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Fig. 14. 5-days FLEXPART backward time position of five clusters of the 2000 particles released at the center of the upper altitude flight
track survey around the MCS studied on 11 August (upper left), 14 August (upper right), 15 August (lower left) and 17 August (lower right).
The clusters are plotted every 24 h, the color corresponds to their altitude, and the size of each cluster is proportional to the number of
particles.

The numbers are even higher (55%, 50% and 35%) if we5 Conclusions

choose the 10N limit which often corresponds to the largest

CO meridional gradient. This implies that the biomass burn-in this paper, we have presented the airborne measurements
ing source in the SH contributes to the CO distribution in the of tropospheric @, CO, NQ, H,O and hydroperoxide above
NH upper troposphere as far as°™ This is in agreement  West Africa during the summer monsoon season. Two dif-
with Barret et al.(200§ who showed that below 150 hPa, ferent aircraft missions have been planned to study both (1)
convective uplift of air masses impacted by biomass burningthe efficiency of vertical transport by MCSs with flights at

in Southern Africa within the West African Monsoon region constant altitude (12 km) in the MCSs vicinity and (2) the
between ON and 12 N is the main contributor to the latitu- remaining influence of convection during the dry spell peri-
dinal CO maximum. A similar interaction between the two ods with meridional exploration of the free troposphere be-
hemispheres is discussedddwards et al(2003 forthe dry  tween the Gulf of Guinea and the Sahel region &N5The
season, as already mentioned in the introduction. The facbbserved variability of the chemical composition during the
that the largest @concentrations are found for the 15 Au- meridional transects was used to sort air masses into 5 types:
gust MCS indicates also that this pathway is probably the

dominant one. Indeed the 15 August case corresponds to the — convective uplift of polluted air masses by industrial

largest fraction of particles south of B, while it is not very and urban emissions along the coast (type 1) and of air
different from the other MCS looking at the middle east path- masses influenced by biogenic emissions over the con-
way revealed by the upper level trajectories (Hig). tinent (type V),

— meridional transport of upper tropospheric air from the
subtropical barrier region (type Il),

Atmos. Chem. Phys., 9, 38311, 2009 www.atmos-chem-phys.net/9/383/2009/
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Fig. 15. 5-days FLEXPART backward time position of five clusters of the 2000 particles released at low altitudes (1500—200 m) below a
MCS position at 00:00 UT on 10 August (upper left), 13 August (upper right), 15 August (lower left) and 17 August (lower right). The 10
August and 13 August MCS have developed along the trajectories shown ib4Fighile the 15 August, 17 August MCS are the studied

MCS. The clusters are plotted every 24 h, the color corresponds to their altitude, and the size of each cluster is proportional to the number of
particles.

— low level slow advection of the Cotonou plumes near vealed that these elevated concentrations could also have an
the coast (type 111, important contribution from remote convective activity fol-
lowed by advection by the TEJ in the upper troposphere.
— meridional transport of Southern Hemisphere biomassThese upper tropospheric air masses showed strong connec-
burning emissions related to the southeasterly windstions with the the middle-east region related to the asian sum-
over the equatorial Atlantic ocean (type 1V), mer low pressure system or the biomass burning which oc-
curs in the Southern Hemisphere in this season. The transport
Further analysis of the origin of these air masses usingyathways are sketched in Fitpand the air masses of type I,
the FLEXPART Lagrangian Particle Dispersion Model con- ||| and IV are found near the coast while type Il and V air
firmed the robustness of this classification. The analysis ofnasses are mainly north of the°19 latitude.
the four MCSs sampled by the french aircraft pointed out a
large variability of chemical composition according to their  Regarding the ozone production in air masses away from
lifetime and latitudinal position. A sixth type of air mass the direct outflow of MCS, it is related to (i) the transport of
was identified based on the MCSs chemical outflow properbiomass burning emission from the SH, (ii) the city plume
ties. This type VI is a mix between fresh vented air from near Cotonou and (iii) the aftermath of convective trans-
the boundary layer and large scale transport in the upper troport over the continent (high NCand high HO, concen-
posphere. Elevated CO concentrations in the rear outflowrrations). The photochemical reactivity of the air masses for
region of the MCS can be related to rapid uplifting of air these flights are already noticeable ip @&d CO correlation
from the low troposphere during the passage of the MCS. Theplots and in the correlation of 4, with a OH concentra-
analysis of air mass transport with the FLEXPART model re-tion proxy ([Os]*[H 20)/[CO]), but for the WAM it remains

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 943832009
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Fig. 16. Schematic view of the main transport pathways (large ar-
rows for the synoptic scale transport, blue arrows for the convective
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Atmospheric Chemistry near the Equator- Atlantic(TRACE-
A) and Southern African Fire-Atmosphere Research Initia-
tive(SAFARI): An Introduction, J. Geophys. Res., 101, 23519-
23520, 1996.

Andreae, M. O., Anderson, B. E., Blake, D. R., Bradshaw, J. D.,

Collins, J. E., Gregory, G. L., Sachse, G. W., and Shipham,
M. C.: Influence of plumes from biomass burning on atmo-
spheric chemistry over the equatorial and tropical South Atlantic
during CITES, J. Geophys. Res., 99, 12793-12808, 1994.

Barret, B., Ricaud, P., Mari, C., A#tj J.-L., Bousserez, N., Josse,

B., Le Flochmén, E., Livesey, N. J., Massart, S., Peuch, V.-
H., Piacentini, A., Sauvage, B., Thouret, V., and Cammas, J.-
P.: Transport pathways of CO in the African upper troposphere
during the monsoon season: a study based upon the assimilation
of spaceborne observations, Atmos. Chem. Phys., 8, 3231-3246,
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uplifting and the small red arrow for the slow advection of urban Brioude, J., Cooper, O. R., Trainer, M., Ryerson, T. B., Holloway,

pollution at low altitudes) which have been identified as controlling

J. S., Baynard, T., Peischl, J., Warneke, C., Neuman, J. A., De

the chemical composition of the mid and upper troposphere above Gouw, J., Stohl, A., Eckhardt, S., Frost, G. J., McKeen, S. A.,

West Africa. The related air mass types defined in this work by the
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Hsie, E.-Y., Fehsenfeld, F. C., ancebtlec, P.: Mixing between
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difficult to separate photochemistry and dynamical processe§ho, J., Newell, R., Browell, E., Grant, W., Butler, C., and Fenn,

on these correlation plots. Regarding the chemical composi-

tion of the outflow of the different MCSs, it was shown here
that the increase of CO and8, and the associated chemi-
cal reactivity necessary for subsequentf@mation, are di-
rectly related to the position and the lifetime of the MCS dur-
ing its evolution. Increased lifetime-(L.5 days) allows more
H»>0, formation, while a trajectory of the MCS crossing the
1 N latitude increases the CO transport to the upper tropo-
sphere.
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