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Abstract. Ozone and its precursors were measured onthe ozone levels by up to 11 pbbv, and the aforementioned
board the Facility for Airborne Atmospheric Measurements enhanced photochemical production north of 2 The per-
(FAAM) BAe 146 Atmospheric Research Aircraft during the oxy radicals required for this enhanced production in the
monsoon season 2006 as part of the African Monsoon Mulnorth come from the oxidation of background CO and4sCH
tidisciplinary Analysis (AMMA) campaign. One of the main as well as from VOCs. Sensitivity studies reveal that both
features observed in the west African boundary layer is thethe background Cldand partially oxidised VOCs, produced
increase of the ozone mixing ratios from 25 ppbv over thefrom the oxidation of isoprene emitted from the vegetation in
forested area (south of 1Rl) up to 40 ppbv over the Sa- the south, contribute around 5-6 ppbv to the ozone gradient.
helian area. We employ a two-dimensional (latitudinal ver- These results suggest that the northward transport of trace
sus vertical) meteorological model coupled with agDy- gases by the monsoon flux, especially during nighttime, can
VOC chemistry scheme to simulate the distribution of tracehave a significant, though secondary, role in determining the
gases over West Africa during the monsoon season and tozone gradient in the boundary layer. Convection, anthro-
analyse the processes involved in the establishment of sucpogenic emissions and NO produced from lightning do not
a gradient. Including an additional source of NO over the contribute to the establishment of the discussed ozone gradi-
Sahelian region to account for NO emitted by soils we sim-ent.

ulate a mean NQconcentration of 0.7 ppbv at 16l versus
0.3 ppbv over the vegetated region further south in reasonable

agreement with the observations. As a consequence, 0ZONe{S |ntroduction

photochemically produced with a rate of 0.25 ppb¥ lover

the vegetated region whilst it reaches up to 0.75pplvdt  One of the objectives of the African Monsoon Multidisci-
16° N. We find that the modelled gradient is due to a combi- plinary Analyses (AMMA) project is to improve understand-
nation of enhanced deposition to vegetation, which decreaseifig of factors controlling the ozone concentrations over West
Africa. This paper addresses this for the lower troposphere
by using a two-dimensionnal (2-D) coupled chemistry dy-

@ Correspondence tdvl. Saunois namics model, the results of which are compared to concen-
@ e (marielle.saunois@aero.obs-mip.fr) tration fields observed by a research aircraft.
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Tropospheric ozone, §)is formed by photochemical ox- ical troposphereRickering et al. 1996 Bond et al, 2002
idation of carbon monoxide (CO) and hydrocarbons in theLabrador et al.2005 Martin et al, 2007 Sauvage et al.
presence of nitrogen oxides (N The formation of the 20079 which has a large influence on the ozone distribu-
hydroxyl radical, OH, by ozone photolysis is promoted in tion in the middle and upper troposphekég(tin et al, 200Q
the tropics by high ultra violet (UV) radiation and temper- DeCaria et a].2005 among others) due to its relatively long
ature Thompson1992. OH is the primary oxidant of the lifetime. Sauvage et al(20070 and Saunois et al(2008
atmosphere and is responsible for the removal of many polluhave studied the possible impact of lightning Nén the
tants. In Africa primary pollutants come from biomass burn- ozone meridional distribution in the upper troposphere over
ing, natural emissions (e.g. vegetation, soils), lightninggNO Africa. Deep convection causes entrainment of ozone pre-
emissions and anthropogenic sources. These trace gases hagsors from the surface to the free troposphé@mMence
a significant impact on atmospheric chemistry and can leacet al, 2003 whilst downdrafts supply the planetary bound-
to formation of ozone. ary layer (PBL) with @ rich air from aloft Jacob and Wofsy

African biomass burning results from agricultural prac- 1990. Consequently surface ozone might slightly increase
tices and takes place during the dry seaslim(uére et al, due to lightning NO Aghedo et al.2007) and downdrafts of
1998 contributing a large amount of the global emissions Oz-rich air.
of CO, hydrocarbons and NO During the monsoon (June, In Africa anthropogenic emissions have a large spatial
July and August) little biomass burning takes place over Wesvwariability with South Africa, Nigeria and Egypt contribut-
Africa. However, biomass burning plumes from the Southerning the largest amount&\ghedo et al.2007). In the region
Hemisphere may be transported over the Atlantic Ocean taf interest, West Africa, Nigeria is the country which con-
the Northern Hemisphere over West Africa (edpnquére  tributes the most to anthropogenic emissions according to
et al, 1998 Sauvage et g1.2005 2007h. Signatures of emission inventories. Anthropogenic release of trace gases
biomass burning plume intrusions have been observed durinbas a strong local effect in highly populated cities (e.g., La-
the AMMA campaign by radiosondings in CotonoMdri gos in Nigeria, Cotonou in Benin, Ouagadougou in Burk-
et al, 2008 Thouret et al.2009 and airborne measurements ina Faso) where urban pollution severely affects population
on several research aircraRdeves et 3/12009. health Baumbach et al.1995 Fanou et al.2006 Linden

Vegetation releases vast quantities of diverse volatile oret al, 2008. Using a global climate modelghedo et al.
ganic compounds (VOCsKeésselmeier and Staydt999 (2007 found an increase of surface ozone of about 2—7 ppbv
and isoprene is one of the most important (e@uenther  in West Africa due to anthropogenic emissions during boreal
et al, 1995. The effect of biogenic emissions from veg- summer with a maximum effect located in Nigeria.
etation on ozone formation has been investigated in previ- The dry deposition of @is one of the most important
ous studies using global models ¥Wang and Eltahi2000 sinks for ozone in the boundary layer. Using a one di-
and Pfister et al(2008. They found that adding biogenic mensional photochemical model for the planetary bound-
emissions change ozone by up to 8 ppbv over West Africaary layer, Jacob and Wofsy(1990 found that Q losses
Using a global climate modeAghedo et al(2007) inves-  via deposition to the canopy of an Amazon forest reached
tigated the impact of biogenic trace gases (VOCs, CO and-2.0 ppbvday? leading to a net loss of £in the PBL dur-
NOy) emitted from Africa and showed that this is the most ing the wet season. The majority ofs@ux experiments
important African emission source affecting the total tropo-in Congo and in Amazonia were carried out during the dry
spheric ozone. seasonKirchhoff et al, 1988 Gregory et al.1988 Andrea

As a catalyst for the ozone formation, N@fluences the et al, 1992 Cros et al. 1992 2000 Matsuda et aJ.2006
oxidative capacity of the atmosphere. Biogenic emissions oRummel et al. 2007). However a few continuous £Xlux
nitric oxide (NO) from soils remain uncertain and are highly measurements above tropical forests during the wet season
controlled by surface soil temperature and moisture as wellvere reported as part of the Amazonian Boundary Layer Ex-
as nitrogen content in the soil. Evidence of large emissionperiment (ABLE) 2B Fan et al. 1990, the experiment of
pulses of NO from West African Sahel soils wetted after Matsuda et al(2006 in Thailand and the EUropean Stud-
a dry period were observed during AMM/S{ewart et al.  ies on Trace gases and Atmospheric CHemistry as a contri-
2008 and references therein). Using satellite dagagé bution to the Large-scale Biosphere-Atmosphere experiment
et al.(2009 also showed that NO emitted from wetted soils in Amazonia (LBA-EUSTACH) Rummel et al.2007). The
can lead to a significant enhancement ofNfOncentrations calculated ozone dry deposition velocities during the wet sea-
over West Africa. Recent AMMA studies have linked the son in respective of the three previously mentioned studies
NO emission from wetted soils to ozone enhancement duringvere in the range of 0.26—1.28 cm's 0.25-0.65 cm's! and
the West African Monsoon (WAM) (July and August 2006) 0.3—1.5cms! depending on time of day.

(Stewart et a].2008 Delon et al, 2008. During the AMMA campaign, ozone and trace gas mea-

The electrical activity associated with deep convective sys-surements were made on board five aircr&fééves et al.
tems in the InterTropical Convergence Zone (ITCZh(is- 2009. Among them, the Facility for Airborne Atmospheric
tian et al, 2003 is a major source of NO in the upper trop- Measurements (FAAM) BAe-146 flew over West Africa
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from Niamey and sampled both the boundary layer and the T L et PR DA
free troposphere. Figuteshows the flights tracks on a vege- [ East Atrica coastal forest
tation map. The latitudinal variation of the land cover in West [ peciduous forest-woodiand savanna
Africa (ocean/savanna/steppe/semi-desert/desert) leads to a £ srusn-grass savanna

. . . . . . . . . l:l Steppe (grass, brush, and thickeat)
latitudinal variation of biogenic emissions which can lead to B < acasrt
horizontal gradients in trace gas concentrations in the lower B 0ssort

atmosphereReeves et al2009. In particular,Reeves et al. ;
(2009 note that on average there is little variability in the 18 4 MAK‘ BAe‘146
ozone, CO or water vapor concentrations with longitude at e
any altitude. The general zonal homogeneity results fromthe ¢ L . &
homogeneity in the vegetation cover and atmospheric circu- e —
lation that redistribute the air. 14 44—
In this context, a 2-dimensional model is a useful numer- °
ical tool to investigate the relative importance of different © 12
chemical and physical processes influencing ozone and its‘%
precursors mixing ratios. Based on the zonal homogeneity— 10
in surface features, such as precipitation, vegetation, surface
temperature and albedo over West Africa betweehV¥0 8 T
and 10 E, a 2-D model has been developed Bgyrille
et al. (2007 to simulate a typical July monsoon regime in
a latitude-altitude cross section. This idealized model has al-
ready been used for chemical modelling to study the impact
of the lightning NG on the Q meridional profile in the up-
per troposphereSaunois et al2008. :
The FAAM BAe-146 flights were conducted between Longitude
4°W and 6 E. Therefore we will average natural and an-
thropogenic emissions betweehW and 5 E to derive their ap
mean latitudinal variatation. As a consequence, the modeﬁn '
simulations represent a substantial and typical part of West

Africa and we will denote in the manuscript the area betweeryje 1. NO, was measured using a commercial TECO 42C
5°Wand 5 E as "West Africa”. chemiluminescence NQanalyser (hereafter referred to as
Section 2 presents a brief description of the measurementgye TECO NQ instrument), which measures NO from the
made to obtain the observed data used in this study. Section gyemiluminescence of reaction with ozone. N@nd some
describes the 2-D idealized model along with the surfacegther NQ species) are converted to NO by a molybdenum
emissions and dry deposition velocities employed. Section 4onverter. Ozone was measured using a TECO 49C UV
compares modelled and observed trace gases mixing ratiqshotometric instrument. Carbon monoxide was measured
in altitude-latitude cross sections. The distribution of tracepy \vacuum Ultra Violet (VUV) resonance fluorescence us-
gases in the lowest 700 m of the atmosphere is discussed ing an Aero Laser AL5002 Fast Carbon Monoxide Moni-
Sect. 5. Section 6 presents different sensitivity tests to invesior (Gerbig et al, 1999. Isoprene, acetone and the sum of
tigate the influence of dry deposition and emission sourcesnethacrolein and methyl vinyl ketone were measured using
on the ozone distribution. a Proton Transfer Mass Spectrometer (PTrMS) supplied by
lonicon Analytik Murphy et al, 2009. The technique is
] based on the transfer of a proton frorg®t" to organic com-
2 Experimental data pounds which have a higher proton affinity. The resulting

ions are detected using mass spectrometry. The instrument

The measurements used in.this study were made qnboard tfb‘?oduced a point (1-2s) measurement for each species of
FAAM BAe-146 Atmospheric Research Aircraft which was . iarest approximately every 15s. Formaldehyde was mea-

based in Niamey, Niger for the AMMA campaign from 17 ¢, .0 sing a fluorescence technique based on the Hantzsch
July to 17 August 2006. Flights were conducted in a re- aaction Cardenas et al2000).

gion from # N to 18 N and £ W to 6° E over West Africa,

mainly over Benin and south-west of Niger, as well as re-

gions of Mali, Burkina Faso and Togo (Fig. 1). The flights 3 Model description

sampled both the boundary layer and the free troposphere. A

summary of the measurements including measured paraméFrhe idealized 2-D version of the &0-NH model used for
ters, precision, accuracies and detection limits is given in Tathis study was initially designed bipeyrille et al. (2007

o

5

u

Fig. 1. Flights tracks of the BAe-146 (red lines) on a vegetation
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Table 1. Measurements made on the FAAM BAe-146 Atmospheric Research Aircraft during AMMA used in this paper.

Species/Parameters  Reference Technique Averaging time  Accuracy Precision Detection limit
O3 - uvl 3s 5% 1ppbv 2 ppbv
CO Gerbig et al(1999 VUV fluorescence 1s - 1 ppbv 2 ppbv
Oxygenates Murphy et al.(2009 PTR-MS 1-2s 10-50% 10% 20-80 pptv
NOx - TECO 1s 50 ppt - 50 ppt
CHy0O Cardenas et a(2000 Fluorometric 10s 30% 12% 50 pptv

1 Ultra Violet

2 vacuum Ultra Violet

to provide a Iatitut_jinal re_'prese_ntation of the monsoon SYS raple 2. Description of some of the lumped species used in the
tem and the associated circulation betweeh\iand 10 E. ReLACs chemical mechanism and mentioned in this study. See

Based on a similar 2-D approa8aunois et ali2008 stud-  crassier et ak2000 for further details.

ied the budget of ozone in the upper troposphere. The model

is based on the French community atmospheric simulation ge| Acs lumped species  Brief description
system Meso-NH (afore et al, 1998.

ETH ethane
: ; ALKA alkanes, alkynes, alcohols, esters...
A1 M | configuration ' ' '
3 odel configuratio ALKE ethene and higher alkene
The 2-D model ofPeyrille et al.(2007) extends from 30S BIO isoprene #-pinene + d-limonene ...
40° N with a hori | luti f70km. Th ical HCHO formaldehyde
to . with a horizontal reso ution of m. The vertl.ca ALD acetaldehyde and higher saturated
domain extends to 20 km, with a variable grid-box height, aldehydes
which is about 30 m near the surface and 1 km in the upper KT acetone and higher saturated ketones
troposphere. A so-called sponge layer above 20km is im- CARBO other carbonyls (among them:
plemented as an upper boundary to prevent wave-reflection methacrolein..)
at the top. The lateral boundary conditions applied to the PAN PAN, higher and unsaturated PANs
North and South of the domain allow tangential velocities ©F1 methyl hydrogen peroxide GBOH
OoP2 higher organic peroxides

but introduce zero forcing so that no interaction with the

. . . . . ) MO2 Methyl peroxy radical
mid-latitudes is allowed. The West African subcontinent is 5| kap peroxy radical formed from ALKA
approximated as a flat continental band betweeN %nd ALKEP peroxy radical formed from ALKE
30° N. Orographically induced circulation is thus not consid- BIOP peroxy radical formed from BIO
ered.Peyrille et al.(2007 have shown that adding a plateau = CARBOP acetyl peroxy radicals (+ higher
induces a northward displacement of the monsoon of about saturated and unsaturated) and peroxy
3°. The convection parameterization froBechtold et al. radicals formed from KET

(200)) is adopted and includes transport and scavenging of
soluble speciesMari et al, 2000. Turbulent processes are
represented by the one-dimensional version of the turbulent A reduced chemical scheme for tropospheric chem-
scheme ofCuxart et al.(2000 which is based on the mix- istry, the Regional Lumped Atmospheric Chemical Scheme
ing length ofBougeault and Lacagre (1989 and includes (ReLACS,Crassier et al.2000, has been added to the dy-
a prognostical turbulent energy equation. Atlantic Oceannamical model. This chemical scheme is a reduced ver-
and Mediterranean Sea surface temperatures (SST) are takéion of the explicit Regional Atmospheric Chemistry Mecha-
from the Reynolds climatology of 1982—20@Rdynolds and  nism (RACM, Stockwell et al, 1997). This reduced scheme
Smith, 1995. We use July SST profiles for the Gulf of was constructed following a “lumped molecule approach”,
Guinea and May SST profiles for the Mediterranean Sea. Thé which the kinetic data and product yields for the lumped
role of the SSTs in the Mediterranean Sea has been discusségecies (e.g. ALKA in Tabl@) are calculated from the ki-
by Peyrille et al.(2007). The flux parameterization over the netic data and product yields of all primary species (e.qg. alka-
ocean for tropical winds is implemented accordindvton- nes, alkyns, alcohols...) using emissions rates and reactiv-
don and Redelspergéi999. The exchange between the ity as weighting factors. ReLACS considers 37 chemical
surface and the atmosphere is described by the Interactiorgpecies and 128 equations. Tal@lesummarises the cor-
between Soil, Biosphere and Atmosphere (ISBA) scheme ofespondence between some lumped species and the actual
Mahfouf and Noilhar(1996. chemical species that they represent. Under this assumption,
an emitted species can be represented by a lumped species

Atmos. Chem. Phys., 9, 6136355 2009 www.atmos-chem-phys.net/9/6135/2009/
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Table 3. Surface emission fluxes in molecules tfs~! assigned in the model. Model species names are capitalized. Numbers in
parentheses correspond to aggregation factors used to combine actual chemical species. See text for details.

Source Ocedh Vegetation Soils Anthropogertic
Location <5°N& >30°N 5°N—-12N 5°N—-12°N 12°N-16°N 5°N-—-8N 8°N-14°N
CcoO 0.29E10 0.17E® 0 0 0.51E12 0.11E12
NOx 0 0 0.17E1% 0.45E1f 0.12E11 0.25E10
BIO

isoprene (1) 0 0.22EP2 0 0 0 0

terpenes (1) 0 0.22E91 0 0 0 0
ETH 0.13E9 0.99E9 0 0 0.39E10 0.94E9
ALKA

propane (0.44) 0.12E9 0.13E10 0 0 0.13E10 0.34E9

butane (0.85) 0 0 0 0 0.20E10 0.54E9

higher alkanes (1.20) 0 0 0 0 0.37E10 0.60E9

methanol (0.38) 0 0.75E#1 0 0 0 0

alcohols RETRO (lumped) 0 0 0 0 0.75E10 0.18E10

ethyne (0.31) 0 0 0 0 0.30E10 0.70E9
ALKE

ethene (0.96) 0.20E9 0.53E10 0 0 0.72E10 0.17E10

propene (1.04) 0.15E9 0.71&9 0 0 0.21E10 0.51E9
KET

acetone (0.33) 0 0.15B9 0 0 0.11E10 0.28E9
HCHO 0 0 0 0 0.12E10 0.28E9
ALD 0 0 0 0 0.22E10 0.52E9

@ Adapted from the POET/GEIA inventory

b Adapted from MEGAN/MOHYCAN Miiller et al, 2009

¢ Adapted fromJaegg et al.(2004

d Adapted from the RETRO 2000 inventorgdhultz et al.2005

which reacts at a different rate providing that an aggrega- The model is initialised with a quiet, horizontally homo-
tion factor is applied to the compound emissions. These aggeneous and almost dry (10% relative humidity) atmosphere.
gregation factors can be seen in the Tablghere emission  For initialisation, the mixing ratios of the chemical species
fluxes are summarised. For example, for the lumped speciewere set to constant values (50 ppbv fog, Q00 ppbv for
called ALKA, the emission of ALKA is equal to 0.44 times CO, 10 pptv for NO and N@and 1 pptv the others species).
the emission of propane plus 0.38 times that of methanol. The model was then integrated for 30 days, with solar condi-
A parameterization of the NOproduction by lightning  tions corresponding to a permanent day choosen as the 15th
(LNOy) has been implemented into the deep convectionJuly, and includes diurnal variations. 10 to 15 days spin-up
scheme byMari et al. (200§. The parametrization of the are needed for the model to develop a deep convectiion zone.
lightning frequency is based dPrice and Rind1992 and  The trace gases distributions show little day-to-day variations
related to the convective cell height. The ratio IC/CG (IC after 25 days of simulation and the influence of the initial
stands for Intra-Cloud and CG for Cloud-to-Ground light- concentrations of trace gases was found to be negligible after
ning) is derived fronPrice and Rind1993 and depends on 25 days of simulation.
the depth of ice layers in the cloud. The NO production in
the flashes is assumed to be proportional to air density alon§.2 Surface emissions
the flash. The feature of this scheme is that it uses updraft
and downdraft mass fluxes modelled by the deep convectiorfable3 summarises the set of surface emissions used in this
scheme to generate the profile of lightning NO'he LNQ, study. Surface emission variations follow the latitudinal land
source is calibrated to 25 Mg(N)/month to obtain simulatedcover as observed during the period of measurements so that
ozone and N@mixing ratios in agreement with the measure- the model can closely reproduce the observed distribution of
ments made on board the MOZAIC aircraBgunois et a).  0zone and its precursors. As a consequence of the model
2008. configuration, ocean is considered south ©RN&and north of
30 N. Isoprene is known to be emitted from trees and satel-
lite data of leaf area index and visual observations from the

www.atmos-chem-phys.net/9/6135/2009/ Atmos. Chem. Phys., 9, 6185-2009
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research aircraft during AMMA showed tree cover to extend . L _ .
Table 4. Dry deposition velocities in cnTs adopted fromSein-

from (e coast10 12-191. Fom 12-1314 (0 the Irt O feiq and Panig1999 for NO, NOy, HNOs, H,0, and fromvon
e desert (18N) was mostly bare soil. Consequently émis- i, imann et al(2003 for HCHO, OP1 (CHO,H) and PAN. G

sions from vegetation are considered betweegN 8nd 12N yenosition velocities are taken froBeinfeld and Pandi€.998 over
in the idealized model and NO emission from soil betweengcean and desert, and fraviatsuda et al(200§ over vegetation.

5°N and 16 N. Because of the canopy reduction south of
12° N and the NO pulses over bare soils caused by the numer-
ous precipitation events at this time of the monsddteyart

et al, 2008 Delon et al, 2008, the rates of NO emissions O3 0.07  0.65 0.1

Ocean  \egetation Desert Bare soil

are lower south of 12N than between 12 and 18l. NO 0.003  0.016 0.003
) . NO, 0.02 0.1 0.02
Miuller et al. (2008 have recently calculated isoprene H0 10 05 10
emission fluxes based on the MEGAN/MOHYCAN model. H2N023 10 40 10
We used their estimate for July 2006 to derive our iso- HCHO 0.9 0.36 0.36
prene emission rate. The terpene emissions are those of OP1 0.35 0.18 0.18
isoprene scaled by 0.1 (ratio derived from the analyse of PAN 0.02 0.1 0.1

the POET/GEIA emission rates in our domain of interest).
The emissions rates for the remaining biogenic compounds

have been derived from the estimate of the POET/GEIA in'from the LBA-EUSTACH 1 experiment during the wet sea-

ven_tor.y Granier et al. 2003 for ‘JUIY 2000. For.soil NG son in Amazonia which vary between around 1.2 crhdur-
emission, we use the POET/GEIA inventofgrénier et al. ing daytime to 0.3 cmst during nightime leading to a 24 h

2005 and the work ofJaegé et al.(2004 to derive fluxes average velocity of 0.67 cnT$ above canopy.
south and north of 12N, respectively. The biogenic emis-

sion rates shown in Tablg are mean values over the lon-

gitudinal band SW-5"E between 30S and SN, 5N and 4 Meridional distribution of ozone and its precursors in
12N and 12 N and 16 N for ocean, vegetation and wetted the lower troposphere

bare soils areas, respectively. A set of anthropogenic emis-

sions is included as well. We use the RETRO 2000 inventoryA reference run (named BASE) which includes all the sur-
(Schultz et al. 2009 to derive the average anthropogenic face sources (biogenic and anthropogenic) as well as light-
emission fluxes betweer? 8V and 5 E. This inventory in- ning emission of NO, was performed. Figu2eto Fig. 7
cludes different sectors of activity (power generation, resi-shows the latitude-altitude cross sections of simulated and
dential, commercial and other combustion, industrial com-gbserved trace gases. The simulated values are average con-
bustion, road transport and ships). The latitudinal distribu-centrations over the last five days of simulation. The ob-
tion of anthropogenic emissions shows higher values to theserved data are the averages from all the BAe-146 flights that
south due to higher population density near the coast. Asook place between the 20th July and the 17th August 2006.
a consequence, a two-step distribution is applied with high

(low) values derived from the calculated mean betweed 5 4.1 Hydrocarbons

and 8 N (8° N and 14 N). Except for emissions from veg-

etation, which have a diurnal variation with a maximum at BIO is the lumped species for isoprene and terpenes (Ta-
12:00 UTC, the emission fluxes are kept constant throughouble 2) and its emissions correspond to 91% of isoprene and

the simulation. 9% of other terpenes (Tab®. Figure2a and e show the
observed isoprene and simulated BIO cross sections. Simi-
3.3 Dry deposition velocities lar to isoprene, BIO remains close to the vegetation sources

due to its short lifetime. The typical lifetime of BIO at
Table4 summarises the dry deposition velocities used in this12:00 UTC for its reaction with OH is 1.5h in the lowest
study. Velocities for dry deposition also follow the latitudinal levels of the model and 30—-45min at 1km reflecting the
land cover but, unlike reality, they do not have diurnal varia- vertical gradient of OH south of 2N (Fig. 7). The BIO
tions. Deposition velocities for NO, NOHNOs, H,Oo, were  lifetime is also affected by its reaction withs@1-1.5 days
adopted fromSeinfeld and Pandi§l998 and for HCHO, at 12:00UTC). The longer lifetime of BIO near the surface
aldehydes, PAN fronwvon Kuhlmann et al(2003. The dry  favours a vertical mixing up to 1-2 km. At this altitude, BIO
deposition velocity for ozone over ocean and desert is takeris rapidly oxidized as also found acob and Wofs{1990
from Seinfeld and Pandi€l998. For ozone dry deposition in the Amazonian PBL during the wet season. At 500 m,
over vegetation, the value of 0.65 crmigs taken fromMat- the simulated BIO mixing ratio (Fia) ranges between 0.7
suda et al(2006 who studied the ozone dry deposition over and 1.0 ppbv in good agreement with the observed isoprene
tropical forest in Thailand during the wet season. This valuemixing ratios at the same altitude (Fige). CARBO is a
is in the range of the ones calculatedRymmel et al(2007) lumped species for glyoxal and other carbonyls, including

Atmos. Chem. Phys., 9, 6136355 2009 www.atmos-chem-phys.net/9/6135/2009/
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(a) BIO (ppbv) — Model (b) CARBO (ppbv) — Model (c) KET (ppbv) — Model (d) HCHO(ppbv) — Model

. 036 6 | 2.4 1.8
0.32 5 2.2 1.6
—_ 0.28 2 1.4
£ 024 4 1.8 1.2

> 0.2 3 1.6 1
E 0.16 1.4 0.8
g 012 2 1.2 0.6
0.08 1 1 0.4
0.04 0.8 0.2

0 0.6
(g) Acetone (ppbv) — Obs. BAe

0.72 6,1 [TTT 1.2 6y 18
0.64 1.1 | 1.6
—_ 0.56 5 1 5 i 1.4
£ 048 4 09  4f[[] 1.2
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Fig. 2. Meridional vertical cross sections of the simulated BIO, CARBO, KET and HCHO (top) in ppbv beté¢madd 19 N from

the surface up to 6 km. They are compared with their respective comparable observed species (bottom) which are isoprene, MVK+MACR,
acetone and HCHO, respectively. The simulated values are average concentrations over the last five days of simulation. The observed dat
are the averages from all the BAe-146 flights that took place between 20th July and the 17th August 2006.

methacrolein (Table), and is essentially a product of the = The HCHO distribution is well simulated by the model
BIO oxidation. Its lifetime with respect to reaction with OH with a northward extent to N and a vertical extent up to
is longer than that of BIO (around 10 h near the surface an® km (with concentrations up to 0.6 ppbv at 2km). Near the
2-3h at 1km) and allows it to be transported slightly fur- surface, the simulated HCHO mixing ratios range between
ther upwards and northwards (F&p). CARBO is initially 0.8 and 1.4 ppbv in reasonable agreement with the observed
produced within the lowest levels of the model but is rapidly values (Fig2d and h).
oxidized above about 500 m and north o N2 Comparing
the simulated concentrations of CARBO with the observa-4.2 Carbon monoxide
tions is not straightforward because not only does CARBO
represents many compounds, but the PTr-MS measuremenBoth observed and simulated CO mixing ratios show higher
of methacrolein (MACR) cannot be separated from that ofvalues south of 13N and lower to the north (Fig8) below
methyl vinyl ketone (MVK), which is not represented by 2km.
CARBO. Despite this the measured MVK+MACR and sim-  |tis worth noting that the high concentrations of CO which
ulated CARBO both show very similar distributions (F&.  were observed in the free troposphere above 2 km and south
and f) which are slightly more widespread in altitude and lat- of 8° N are not reproduced by the model. Based on trac-
itude than the observed isoprene and simulated BIO. A quaners such as acetonitrile and dispersion model calculations, it
titative comparison is unfortunately inappropriate betweenhas been found that these polluted air masses have been im-
CARBO and MVK+MACR. pacted by biomass burning from the Southern Hemisphere
KET, the lumped species for ketones, is treated chem{Mari et al, 2008 Janicot et al.2008 Reeves et 312009.
ically as 50% acetone and 50% MVKStockwell et al, High concentrations of HCHO, NOand G (Figs. 2b, 4b,
1997). Here again comparing measurements with model re-5p) at this altitude and latitude are signatures of this biomass
sults is rather difficult. However the simulated KET distri- purning pollution as well. This biomass burning pollution
bution has the same pattern as the observed acetone, boinot reproduced in the model because the biomass burning
with maxima around 13-2N (Fig. 2c and Fig.2g), which  source is out of the bounds of our model domain.
is quite different from that of the MVK+MACR. The sim- Below 2km, the model underestimates the CO mixing
ulated miXing ratios for KET are twice those observed for ratios Compared to the BAe-146 measurements with On|y
acetone (e.g. near the surface aroundNLET is simu- 120 ppbv as the maximum. The multimodel comparison of
lated to be up to 2.6 ppbv whereas observed acetone reach&hindell et al.(2006 shows that underestimation of CO is
only 1.3ppbv). This is partly due to the lumped effect, but 3 common behaviour of atmospheric chemistry models in
inaccuracies in emissions or the chemical scheme cannot Bgarticular in the Northern Hemisphere extra-tropics. GEOS-
excluded. Chem simulations of the tropical troposphere also underes-
timate CO in the African lower tropospher8quvage et al.
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_ 1-1.5km and betweer? & and 13 N while net photochem-

(2) CO (ppbv) ~ Model ical destruction of CO occurs elsewhere (not shown).
Increasing CO concentrations (through direct or indirect
sources) might change ozone concentrations by a few ppbv
but is expected to have an insignificant influence on the ozone
gradient. The analyses of the CO distribution and budget

in the African PBL is out of the scope of this study. Fur-
ther investigations should be performed based on the afore-
mentioned tests to improve the simulations of CO over West
Africa.

Altitude (km)

R N W b~ 01O

4.3 Nitrogen oxides

O =
4 6 8 10 12 14 16 18 Figure4 shows the observed and simulated N®eridional
distribution. The simulated NOmixing ratios are clearly
_ controlled by the meridional gradient of the emission rates.
(b) CO (ppbv) - Obs. BAe The highest values of NQare found north of 12N (with
concentrations up to 1 ppbv near the surface) where emis-
sion rates from bare soils have been assumed to be higher.
At 500 m altitude, the simulated NQconcentrations reach
500 ppt between TN and 17 N in good agreement with
the observations. A secondary maximum near the surface is
found around 7N due to anthropogenic emissions. The ob-
served surface NOmixing ratios show high values around
urban areas+6.5° N for Cotonou and Lagos and13° N for
Niamey, see the map Fitj). This local effect is smoothed by
the model due to the idealized variation of emissions and the
0 coarse horizontal resolution of the model (70 km). The high
4 6 8 10 12 14 16 18 values of NQ observed south of6N at 2-5 km (Fig4b) are
Latitude signatures of the biomass burning plume intrusions from the
Southern Hemisphere.

Altitude (km)

P N W b~ OO O

Fig. 3. Same as Fig2 for the simulateda) and observedb) CO
mixing ratios in ppbv. 4.4 Ozone

Figure 5 presents the observed and simulated ozone distri-
20073. The model underestimation in CO concentrations butions. The observed distribution og@ characterized by
may be due to either underestimation of direct sources (ana vertical gradient with lower values in the boundary layer
thropogenic or natural emissions) or secondary productiorind a strong meridional gradient at’™ below 2 km. These
from VOCSs’ oxidation (i.e. a chemical scheme issulgcob  patterns are well reproduced by the model. Lower values
and Wofsy(1990 could not explain the CO enhancement in of Oz below 2km and south of 3\ are well captured by
the Amazonian PBL by the oxidation of biogenic hydrocar- the model and range between 20 and 30 ppbv in reasonable
bons. They showed that direct emissions from the forests acagreement with the observationdanicot et al(2008 and
count for 88% of the total modelled CO in the PBL. A sensi- Reeves et ak2009 suggested that these lower values south
tivity test detailed later in Sect. 6 shows that biogenic hydro-of 13° N are partly due to rapid deposition to trees. Mix-
carbons oxidation accounts for around 10-15% of the totalng ratios up to 40 ppbv are obtained in the boundary layer
modelled CO below 700 m (NSVOC test of Sect. 6, .  around 15-18N in both the model and observations. In the
An artificial increase of OH concentration over vegetation middle troposphere, the highs@alues observed at 2-5 km at
(OHREZ2 test of Sect. 6, Fi@) does not help to improve the 4-8 N correspond to the biomass burning plume previously
CO comparison either. The results of the sensitivity tests sugmentioned.
gest that the modelled CO amount is mainly driven by direct The simulated distributions of £3n the PBL is regulated
emissions and background methane oxidation in our modelby three main processes: a downward transport from the free
In our model, we find a loss of CO by convective transport of tropopshere, deposition to the surface (especially over veg-
CO-rich air out of the PBL. Photochemical production and etation) and photochemistry. Figuéepresents the vertical
loss of CO in the PBL are dependant on the altitude and lati-cross-section of the convective and chemical tendencies of
tude. Net photochemical production of CO takes place belowozone during daytime. The ozone convective tendency in
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Fig. 4. Same as Fig2 for the simulateda) and observedb) NOx

mixing ratios in ppbv. Fig. 5. Same as Fig2 for the simulateda) and observedb) O3

mixing ratios in ppbv.

the PBL is positive showing that convection acts as a sourc@ver Amazonia during the wet season. The different VOC
of ozone through downward transport from the free tropo-amounts available in the two experiments might explain the
sphere. Photochemical production and loss ¢frfthe PBL  different thresholds. The £production rate is a function of
is strongly dependant on altitude, latitude and time. Dur-NOx mixing ratio and reaches more than 0.6 (1.2) ppb¥ h
ing daytime, net photochemical destruction aft@kes place  south (north) of 12N. Jacob and Wofsy1990 also simu-
above 1200 m while net photochemical production (flg. lated a production rate of £of up to 0.5 ppbv ht in lower
occurs in the lowest levels of the model where the NO con-NOy conditions.

centration is higher (Figd). Comparing the reaction rates

of the peroxy radicals with HPagainst those with NO at 4.5 Hydroxyl radical OH and HO »

12:00UTC, we find that the peroxy radicals preferentially

react with HQ above 1 km while their reactions with NO is Figure 7 shows the modelled OH and H@istributions on
favoured below 1 km in higher NO conditions. These latter the 26th day of the simulation at 12:00 UTC. A sharp gradi-
reactions lead to the formation of NGnd then @. The ent of OH is simulated around 18l. The much lower con-
threshold NO concentration for net photochemical fgbo- centrations of OH south of 2] are largely due to rapid
duction in the model depends on the latitude: 60 ppt okNO loss by reaction with BIO over the vegetated region in the
and 15 ppt of NO over vegetation, 100 ppt of jlé&nd 30 ppt  model. The simulated OH distribution is similar to that
of NO north of 12 N. Below that threshold of NO concen- of Oz in the PBL but the gradient of OH is sharper than
tration, G is photochemically destroyedlacob and Wofsy the O; gradient. The modelled HOdistribution presents
(1990 found a threshold NO concentration of about 5ppta similar pattern with higher values north of °I8 (6—
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Fig. 6. Meridional vertical cross section of the simulateg €hem-

ical tendency (coloured area) during daytime in ppb¥ between

4° N and 19 N from the surface up to 6 km. For the convective ten-
dency, only the isolines at0.5 ppbv i1 (blue) and +0.5 ppbvht

(red) are plotted. The simulated values are averages over the las
five days of simulation.

8x10° molecules cm®) compared to the southern concen-
tration (3—4x 10° molecules cm?3).

Unfortunately the diurnal variability in HQalong with
the spatial and temporal limitations of the measurements per- 4 6 810 .12 14 16 18
formed on board the BAe during AMMA makes it difficult Latitude
to compare the modelled latitudinal distribution of H®ith . 7. Meridional vertical cross sections of OH (top) in
the observations. However some point to point comparisons o6 molecules crm3 and HG (bottom) in 16 molecules crm be-

between the model and the observations appear to suggegfeen £ N and 19 N from the surface up to 6km simulated at
that the model might underestimate OH by a half over veg-12:00 UTC the 26th day of simulation.

etation and overestimate H®y 1-3x 10° molecules crm®
north of 12 N.

The low OH calculated by the model in the region of KET and HCHO) and overall it led to insignificant changes
high isoprene concentration is typical of many models as disin the ozone latitudinal distribution (Figg). These results
cussed by elieveld et al.(2008. Here we address the influ- suggest that the misrepresentation of ;@ there is any,
ence of a possible misrepresentation of#@ the ozone and  will not alter the following discussion about the ozone distri-
its precursors concentrations. This has been assessed througlition in the PBL.
an artificial OH recycling within the reaction between iso-
prene peroxy radicals BIOP and H@hat leads to isoprene
peroxides as suggested Butler et al.(2008. The results
of this test are shown in Fi@ using the meridional profiles 5 Trace gas chemistry in the West African boundary
of the trace gases below 700 m. Including this recycling in-  layer (below 700 m)
creases the OH concentration over vegetation by a factor of
2-3, but this reduces the agreement with the observed coriFhe flights dedicated to the boundary layer survey were be-
centrations of isoprene (Figa). This direct effect could be low 700 m and mostly between 300 and 600 mabove sea
improved by reducing the reaction rate between OH and isodevel. The layer 0—700 m is mostly within the observed BL
prene to take account of the artificial mixing of short-lived (Stewart et a.2008 which is in agreement with the bound-
species in models of this grid sizErpl et al, 2000. How- ary layer height simulated by the model, diagnosed with the
ever this substantial change in K@nd isoprene induced turbulent kinetic energy (0.7—2 km). In the following we fo-
only a small change in the PBL isoprene products (CARBO,cus on the layer below 700 m where most of the data were

oo~ N (o) N NN V] o

Altitude”(km)
SO P N W~ O O

cCorNMWARIION®®

Atmos. Chem. Phys., 9, 6136355 2009 www.atmos-chem-phys.net/9/6135/2009/



M. Saunois et al.: Ozone distribution in the African lower troposphere 6145

isoprene (ppbv) HCHO (ppbv)
2 T 2 ——
[ L+
Py 18-
I I % 1»
T e 1.6
N % 1 1.4¢
Bl
LR z 1.2-

1k
0.8F
0.6
0.4r

0.2

0 S T S S S S S SO SO
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Latitude Latitude
CARBO and (MVK+MACR)/2 (ppbv) CO (ppbv)
0.6 — 150 BT
, I 145} R L
055 B wol e i
L - ! & | |
0% | lilii 135} LT E ‘
L I
0.45 1 RN 130t o + ‘
I
0.4 L e 125 Lo Pgoao
I
035" Lot ! % * 1 120f ! % o
I I
0.3} v R 1 115} ! o
& |
025 R : 1 110t . pige b
02l 1L Nk I (I S R R P et =
01'5 / L N 100} : b
' ‘ P H#\ 95} —
0.1 1 1% N 1 |
0.05 oL P Q%;\ o /£, | !
gy b 2 4 £, |
B o (F N B 85
oL ot R I [ o R g0’ N iy ‘
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
(c) Latitude (d) Latitude

Fig. 8a. 24 h-average meridional profiles of Bi@), HCHO (b), CO(c), CARBO(d), KET (e), NOx (f) and G; (g) in ppbv. The simulated

mean profiles are calculated for the layer 0—700 m over the last five days of simulation for the BASE run (black line) and eight sensitivity
tests (colored lines) (see the legend). The lumped species are compared to their respective comparable observed species which are isoprer
HCHO, CO, MVK+MACR, acetone and §)respectively. The observed values are the calculated means below 700 m and in the latitudinal
bins of the model. They are presented using box and whisker plots. The red bar is the median, the blue bar the range of the 25 to 75
percentiles. The vertical black whiskers extent to the most extreme data values within 1.5 times the interquartile range of the box. The red
crosses correspond to outliers with values beyond the ends of the whiskers.

collected and where the surface effects and the trace gas graig ratios, because emissions from vegetation are assumed to

dients are pronounced. cover a broader latitudinal band of 5°1R. The coast in the
o ) model is set at SN, which is typical for the southern coast
5.1 Trace gas meridional profiles below 700m of West Africa within the model domain, but the coast where

Fi 8 th delled idional profil ft the airborne measurements were made is located réNr 6
\gurec compares the modefied meridional proflies of race ;¢ explains the model overestimation seen around B--6

gases with the measurements. The measurements have beﬁqe observations and the MEGAN/MOHYCAN model sug-
averaged for all locations within the latitudinal range of the gest also that emissions drop off towards the coast and be-
horizontal grid boxes of the model and for all altitudes from . " .o patchy towards 1. The assumption of con-
the. surface up to 700m. The Qbserved proﬁles (bo?< aNGtant latitudinal average emissions from vegetation in the
whisker plots) as well as th? simulated profiles (SO"‘? Of'5_12 N band may induce an overestimation of simulated
dashed Imes_) are presented in Fﬁig.The reference run is .BIO concentrations as well as HCHO, CARBO (compared to
the black solid line and the other lines correspond to Sens"l\/lVK+MACR) and CO concentrations (Figb, c, d) close
tlvg‘y teﬁts dlgcu'i;eg Iat(ra]r n the baper. - . to both sides of the vegetated area. The CO mixing ratio
$ shown in Fig.3a, the ISoprene mixing ratios are cap- is largely underestimated south of°18 as discussed previ-
tured well by the model species BIO between 8 angéiN.1 ously. Close to~7° N and 13.5 N, the high measured con-
with values close to the median of the observations or in'centrations of CO. HCHO and Nl(]:orrespond to pollution

side the interquartile range. We see discrepancies outsidﬁom the cities of LagosHopkins et al, 2009 or Cotonou
this range where the model overestimates the isoprene mix- ' '
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Fig. 8b. Continued.

and Niamey, respectively. CARBO and MVK+MACR do instrument which like the TECO instrument measures NO
not compare well quantitatively, as discussed previously, buby chemiluminescence, but since it photolytically converts
their meridional variations are reasonably similar given theNO, to NO it should not measure NODuring AMMA on
latitudinal shift of the drop-offs resulting from the modelled average N@ data from TECO NG was about 16% higher
BIO distribution described above. The acetone profile ex-than NG data from NQy instrument Stewart et al.2008.
hibits a much broader maximum than does KET. Unfortunately the NQ, instrument was not operational on
The modelled N@ agrees reasonably well with the mea- many flights so the data are too sparse to provide a good rep-
surements in that they are mostly within the interquartile resentation of the latitudinal gradient of W@hich is why
range (Fig8f). It is, however, hard to discern a clear latitu- the data from the TECO instrument have been used. Given
dinal gradient in the observations, partly because the data dhe uncertainty in the measurements, the modelled 8-
~7° N and 13.8 N are skewed by pollution from the cities of centrations are in the range of observations, except south of
Cotonou, Lagos and Niamey and partly because the data e8° N where NQ, is overestimated . The simulated N@ro-
hibit considerable variability due to large instrumental noisefile does not reproduced the spatial variability of the mea-
and to some extent atmospheric variability. The TECONO surements due to the idealized emissions and exhibits too
instrument has a detection limit of 50 ppt with a 2 min aver- sharp a gradient betweeni2 and 16 N.
aging time while the data is reported as 10 s data leading to As shown in Fig8g, the @G model to measurement com-
a detection limit of at least a few hundred ppt. By averagingparison is rather good though it shows also a few discrepan-
over grid boxes we are considering enough data such that theies linked to points already mentioned for the VOCs and the
median should be a reasonably robust value and give somROy. The G values simulated in the reference run (black
indication of how NQ varies with latitude. Another point line) between 7 and 23N are in reasonable agreement with
is that the TECO N@ measurements includes a fraction of measurements. The model fails to reproduce the higher val-
NO,(=NOy-NOy) (Stewart et al.2008. To estimate this ef- ues of Q south of 7 N probably because the misplaced coast
fect NO, data from the FAAM TECO N@instrument was induces an overestimated sink og @rough dry deposi-
compared to data from the University of East Anglia,jjO tion. The model simulates thes@aximum  further north
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compared to the observed maximum. This shift seems to be CARBO (ppbv)
linked to the overestimation of VOCs north of’IN. As a T
consequence, thes®roduction might be too efficient in the 18
model north of this latitude. The model resolution is proba-
bly too coarse to expect a perfect agreement for the ozone
maximum location. We found that the maximum can be
shifted by+1° in latitude by changing the vegetation north-
ern limit in the model by 0.5-1 Finally we notice thatthe & ,|
simulated meridional gradient is not as sharp as the observecé
one. ~ 1o}
Despite some discrepancies, the reasons for many of
which are known and understood, the idealized 2-D model st
reproduces well the main trace gases variations. In the next -
two subsections, the trace gas transport during the night as- 6}
sociated with northward advection and the distribution in

. 4 L
the PBL are discussed. 0O 2 4 6 8 10 12 14 16 18 20 22
Time UTC (h)

5.2 Northward advection by the monsoon flux

Fig. 9. Hovmoller diagram of the daily composite of the simulated
the West African monsoon dynamics as revealed by the o_pjor the last five days of simulation for the BASE run. Night time is
model in a more developed configuration than the one used"2ded in grey.
in Peyrille et al.(2007) and here. In particular they found

thatthe intfansity of the monsoon wind reaches a maximum ae ntia| mechanism to transport trace gases, for instance reac-
around 02:00 UTC. This behaviour of the 2-D model agrees;;, o VOCs, to the N@-richer region. As a consequence the

well with the diurnal cycle of the monsoon circulation as hqhvard advection might influence the ozone distribution
shown in numerical model analyses (ERA-40 from ECMWF ;. 11o pBL.

or those of NCEP/NCAR)Rarker et a].2005. In our model,

the meridional wind is also strongest at night with an inten-5.3  Ozone tendencies below 700 m

sity of around 4-8 ms! below 700m. This suggests that

northward advection of materials is favoured during night- Figure10 presents the 24 h average of the ozone tendencies
time. Long-lived species (relative to this transport) such as(convection, turbulence and chemical production) in the layer
methane, CO and ozone, will be transported efficiently to0—700 m. It also shows the simulated meridional ozone con-
the north. Also, after dark, the lifetimes of the pollutants centration (black dashed line). TalBeprovides details of
such as isoprene and its oxidation products are longer bethe relative contributions of the aforementioned tendencies
cause the concentrations of OH, which is the main oxidantas well as the contributions of advection for three regions.
decrease. Consequently those more reactive species can albese regions are defined according to the soil cover: the
be transported north of the vegetated area wherg MNQ- 5-12 N region corresponds to the vegetated zone, the 12—
ing ratios are higher. Figur@shows the diurnal cycle of the 16°N to the bare soils and the 1629 to a part of the
CARBO lumped species below 700m. The northward ad-desert.

vection of CARBO is seen in the non-zero concentration be- As mentioned previously, convection acts as a source of
tween 12 and 1%N. At these latitudes, the simulated merid- ozone by bringing ozone-rich air from the free troposphere
ional wind is up to 6ms! during night-time so that the to the boundary layer within the downdrafts. Convection
CARBO species can be transported by more tham1 h has a significant effect on the ozone conentrations south of
30 min. Indeed, on 25 July 2006, an afternoon flight (B219A) 12° N (Table5) with its maximum effect at 10—22\. Con-
which presented high biogenic emissions, was followed bysequently convection cannot drive the establishment of the
a later flight (B219B) after dark. These companion flights modelled ozone gradient in the layer 0—700 m.

aimed to study how the chemical composition evolved and We find that ozone is chemically destroyed over the ocean
how the nocturnal winds redistribute the air. During the nightwhere NQ concentrations are low. These results are simi-
flight, biogenic species were observed north of the vegetatethr to those found bystickler et al.(2007) over the Atlantic
region, confirming a nocturnal advection of these species. AOcean near the Guyanas. North 6N\ the net ozone chem-
rough estimate of the northward wind during that night givesical production is positive with values in the range of 0.2—
a value of around 4 nTg, in agreement with the simulated 0.7 ppbv/h depending on the latitude (Fig). Higher &
meridional wind in the model below 1 km. Consequently the chemical production is collocated with higher N@ixing
northward advection by the monsoon winds could be a po-ratios (Fig.8f). This suggests that ozone is under a,NO
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Table 5. Relative contributions of chemistry, convection, turbulence and advection to the ozone tendencies during daytime, nighttime as well
as 24 h averages for the three regions described in the text. These values are derived from the mean tendencies calculated over the last fi
days of simulation.

5°N-12 N 12°N-16° N 16° N-2C° N

day night 24h day night 24h day night 24h
chemistry 0.58 -0.07 0.26 1.37 -0.12 0.63 0.32 -0.02 0.15
convection 0.14 0.15 0.14 0.02 0.05 0.04 0.08-0.005 0.04
turbulence (deposition) —-0.41 -0.34 -0.37 -0.16 -0.13 -0.15 -0.30 -0.14 -0.22
horiz. adv. —-0.28 —-0.05 -0.16 0.19 0.10 0.15 0.76 0.56 0.67
vert.adv. 0.27 0.03 0.15 -0.59 -0.57 -058 -0.73 -0.49 -0.61
total adv. —-0.005 -0.012 -0.01 -0.39 -0.48 -0.43 -0.02 0.07 0.05
total tend. 0.30 -0.27 0.02 0.84 —0.68 0.08 0.14 -0.10 0.02

limited regime. During day time, the netzQroduction  action with HG and five peroxy radicals at 12:00 UTC when
rate reaches on average 1.37 ppbv/h over bare soils, which ihese radical concentrations maximize. H&@mes mainly
twice that over vegetation (Tabl. Therefore, the higher from the photolysis of species, such ag &d HCHO, and
ozone production over bare soils contributes to the ozondhe oxidation of CO. The oxidation of hydrocarbons also
maximum and gradient. yields HG.. The five peroxy radicals considered are: BIOP

The turbulent tendency sign gives information on the net(Peroxy radicals formed from BIO), CARBOP (acetyl per-
budget for chemical species at the surface in terms of emisOXy radicals and peroxy radicals formed from KET, CARBO
sions and vertical mixing (i.e. =emission rate — depositionand ALD), ALKAP (peroxy radical formed from ALKA
rate). For ozone, the turbulent tendency is negative which reand OP2), ALKEP (peroxy radical formed from ALKE) and
veals a strong effect of dry deposition. This effect is strongerMO2 (methyl peroxy radical formed from GHand OP1).
over vegetation because a higher deposition velocity is asThe NO loss rates for these reactions are defined as the NO
sumed there (Tabl). Deposition removes up to 0.40 ppbv/h reaction rate constant for a specific radical multiplied by the
of O3 over vegetation (Tabl&) and only 0.13-0.30 ppbv/h radical and NO concentrations. Figurg presents the mean
north of 12 N. This sink almost balances the ozone net NO loss rates for the layer 0—700 m for its reaction with these
chemical production and the source from convection in theSix radicals as evaluated at 12:00 UTC on the 26th day of
vegetated region. Dry deposition appears to be the most imthe simulation. - South of TN, the reaction of NO with

portant mechanism in the establishment of the lgnéixing ~ BIOP is dominant as expected with up to 1 ppbvh The
ratios south of 12N . reaction of NO with HQ yields around 0.4 ppbvtt. The

four other radicals contribute less than 0.15 ppb¥ bouth
of 12° N. Consequently ozone production is mostly the re-

difference might be explained by the northward advectionsun of BIO oxidation over vegetation. At 1M BIOP does

of ozone by the monsoon flux as discussed previously. Thédwt cj‘ontribut.ehmuch V\;]hileltrge rebaci;[,'ionAEl;(ﬁg Wi;h'v}lzlg
positive (negative) horizontal advection og @ the north | orgltnant (W'td (;r}?re E\}? ) r?p ZKLKEP :r(': ARBOP
(south) of 12 N supports this explanation (Tati. eadfoaround Y. pp €ach an an

) to less than 0.2 ppbvitt. At 16° N, where Q production is
The study of the ozone tendencies suggests that botgt a maximum, MO?2 contributes 0.5 ppbvi ALKAP and
greater deposition over trees and higher ozone productioQ:ARBOP to less than 0.2 ppbvh. Consequently the three
to the north contribute to creating the ozone gradient by deq, i radicals involved in 0zone formation north of the veg-
creasing concentrations south o and increasing them etated area are HOMO2 and ALKAP. KET and CARBO

to the north, respectively. Questions remain regarding firstlyfrom which CARBOP is formed are of secondary importance
the relative contributions of the precursors involved in the north of 12 N

ozone production and secondly the relative contributions of
deposition and chemical production.

Below 700 m, in relatively high NO conditions, the reac- 6 Sensitivity of ozone distribution and gradient below
tions of the peroxy radicals with NO dominate over those 700 m to emissions and dry deposition
with HO, as said in Sect. 4.4. These reactions with NO yield
NO, promoting photochemical production o3OWe aim  This section investigates the influence of emissions of ozone
here to assess which peroxy radicals are most involved in therecursors (N§Q, VOCs, CH;) and dry deposition to the
O3 production. We analyse the loss rates of NO due to its re-0zone distribution (Sect. 6.1 to 6.7). Figuein which the

It is worth noting that the maxima in ozone mixing ratios
and ozone chemical tendency aredpart (Fig.10). This
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Fig. 10. 24 h-average meridional profiles ofz@nd its chemical,
convective and turbulent tendencies in the layer 0-700 m in ppbv
and ppbv T between 4N and 19 N for the BASE run.

Latitude

Fig. 11. Mean NO loss rates for its reaction with the peroxy rad-
icals: HOy, BIOP, CARBOP, ALKAP, ALKEP and MO2 on the

o ] 26th day of simulation at 12:00 UTC below 700 m betweé&riN4
meridional profiles of the trace gases below 700 m for theand 19 N for the BASE run in ppbv .

BASE run were presented, also shows these profiles for the
sensitivity tests. Tablé presents the concentrations of ozone

obtained at its minimum and maximum as well as the 0zong;creases CO mixing ratios by 30-35% and leads to a bet-
gradient for each simulation. These values are derived fromer representation of the CO concentrations, but as discussed
the profiles shown in FigB. previously, even with these emissions the model underesti-
mates the observed CO concentrations. xN@xing ratios
increase essentially south of 21N with up to 50% differ-
ence. The change in ozone is mostly seen south ®N12

Ir_1c_:|uding NO from lightning (the_reaﬁe_r L.NQ has no sig- (with a difference of up to 10%). A slight increase of 3%
nificant influence on the NOmixing ratio in the boundary . . ;
is simulated at 17N which corresponds to an increase of

layer as the production only takes place in the updrafts of the _3ppbv. These results are similar to those found with the

convection scheme. Howgver an ozone increase in the U Hlobal model ECHAMS-MOZ Aghedo et al,2007) in which
due to LNQ leads to an @increase in the LT via the trans- . . o
the impact of anthropogenic emissions on surface ozone

ort of ozone by the downdrafts in the convective systems . .
?Fig. 10). Thus izcluding LNQ increases the ozone m)i/xing ranges from 2 to 5 ppbv over West Africa during the boreal

ratio by ~2 ppbv in the boundary layer (not shown). How- summer season (Nigeria exgluded). Adding gnthropqgenlc
L . ; . . . emissions leads to a change in the atmospheric oxidation ca-
ever this increase is uniform in latitude so it does not con-

i ing the ob d di This sliah acity over West Africa and BIO concentrations decrease by
it;Ic:Jetzst: gfrgig?]g f/vr?ecr: ii(ca::\lﬁingzlic;]ﬁn?r:g &e@nrto' duc;isori '9 {2)0% (Fig.8a). The shape of the meridional profile of surface
leads to higher OH concentrations, but changes in BIO or cQ ZoN€ over vegetation is significantly modified by anthro-

through oxidation are not significant (50 ppt and 2—3 ppbyv, pogenic emissions: the lower va!ues are not as well-marked
. . as those observed and the gradient between ocean and land
i.e. 3% and 1.5%, respectively).

is not well reproduced when including anthropogenic emis-

6.2 Influence of anthropogenic emissions (NOANT run) sions. The idealized two step distribution considered for an-
thropogenic emissions does not allow the model to reproduce

The results from the NOANT run are represented with thethe local pollution sampled over Cotonou (8-) and Ni-

red line in Fig.8. As explained in the model description sec- @mey (12-13N) well. However these results indicate no

tion, the BAe-146 flew mostly over low population density S|gn_|f|cant contribution of anthropogenlc emissions to the es-

areas except near Niamey and the Guinea Coast. The ay@blishment of the ozone gradient (Tab)e

eraged RETRO emissions betweehvd and 5 E showed

that most pollutants are emitted near the Guinea Coast thu8.3 Influence of NQ, from wetted soils to the north

higher emission rates were prescribed betweev &nd 8 N (IDSOL run)

than between 8N and 14 N. As a consequence the great-

est changes in CO and especially in N&re simulated be- In the BASE run, higher NQemissions from soils are as-

low 12° N (Fig. 8d, f). Including anthropogenic emissions sumed north of 13N as a consequence of the response

6.1 Influence of lightning

www.atmos-chem-phys.net/9/6135/2009/ Atmos. Chem. Phys., 9, 6185-2009
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Table 6. Minimum (~11° N) and maximum £16° N) ozone concentrations and the ozone gradient in ppbv for each run. The values are
derived from the meridional profiles shown in F&.Numbers in brackets indicate the changes relatively to the BASE run.

RUN Name Q@ min (ppbv)~11°N Oz max (ppbv)~16°N Os gradient (ppbv)

BASE run 23 40 17
NOANT 21 (-2) 38 (-2) 17 (2)
NOISO 24 (+1) 36 {4) 12 (-5)
IDSOL 23 (=) 33¢7) 10 (-7)
NOCH4 20 (-3) 31 ¢9) 11 (-6)
NNVOC 23 (2) 40 (=) 17 (2)
NSVOC 23 (=) 35 ¢5) 12 (-5)
NODEP 34 (+11) 46 (+6) 1245)

of bare soils to precipitation. The NQOemission fluxes prene on species containing carbon (such as CO and HCHO)
considered in the BASE run and which are adapted fromand also to assess the impact of non-linearity. However, the
the POET /GEIA inventory andlaegé et al. (2005 use of atagging scheme is limited and can not resolve species
(2x10'0 and 4.5¢10"°moleculescm?s-1, respectively) such as OH, @or NOy. To discuss the impact on ozone in
are in the range of the flux calculated as part of AMMA this study we use a run called NOISO in which the source of
by Stewart et al.(2009 (5.1-11.2ngNm?s 1 i.e. 2.2—  the lumped BIO species is switched off (green line M.
4.8x 1019 molecules cm?s~1) and Delon et al.(2008 (2— It is worth noting that other biogenic hydrocarbons such as
35ngNnm2slie. 1-15¢10'9 molecules cm?s1). Vary- alkanes, acetone or alcohols are also directly emitted by veg-
ing the NG flux in the 2-D model will change the ozone etation (see Tabl8).
level. However, the chosen values for the BASE run seem When isoprene and terpene emissions are switched off, the
to be appropriate to reproduce the average ozone and NOCARBO species, which mainly results from the BIO oxida-
levels observed below 700 m. tion, is clearly not produced by the chemical scheme. KET,
In the IDSOIL run (Fig.8, blue line), the N@ emission = HCHO and CO mixing ratios decrease by 60-75% (0.5—
fluxes are equal to 0.2710*° moleculescm?s 1 northand 1.5 ppbv), 40-45%(0.2—0.6 ppbv), 10-15%(10—15 ppbv) re-
south of 12 N. The NQ, mixing ratios drop to 300 ppt at spectively when excluding isoprene and terper@ranier
15° N. However a maximum of NQis still simulated over et al. (2000 using a colouring technique have found that
bare soils probably due to the combination of transport byisoprene (terpenes) contribute 15-20 (3—4) ppbv of surface
the monsoon flux and conversion from the PAN reservoir.CO over West Africa. In théfister et al.(2008 tagging
Changing this N@ source changes thes@istribution in the  study, the contribution of isoprene to the CO (HCHO) col-
middle troposphere as well as the surface ozone mixing ratiosimn ranges around 13-15% (40-50%) in West Africa and
south of 12 N by very little (less than 1 ppbv for the mean the authors stated that they found similar contributions to the
daytime values). In contrast, the surface@ixing ratio de-  surface mixing ratios. The non-linearity effect will lead to
creases by up to 7 ppbv near the @aximum (Tables). An slightly larger (smaller) changes in CO (HCHO) as explained
ozone gradient of about 10 ppbv is still simulated in the ID- by Pfister et al(2008. Also different isoprene inventories
SOIL run. However itis not as sharp as that in the BASE run.can change CO surface mixing ratios by ab&20% (Pfis-
There is almost no change in the distribution of the hydrocar-ter et al, 2008. Our results are thus in the range of the values
bons: a 2-4% increase is simulated due to a slight decrease fnom previous studies.

OH. Assuming higher emissions of N@om the bare soils Surprisingly ozone appears to be less influenced by the

leads to an increase inzOnixing ratio of 7 ppbv and better BIO chemistry over vegetation than it is north of the vege-

agreement with observations. tated area where £ochanges by up to 5ppbv. This ozone
change is similar to that found in global studié&¥ang and

6.4 Influence of isoprene and terpenes (NOISO run) Eltahir (2000 assessed the ozone changes when they in-

o _ ) cluded isoprene emissions in their chemistry transport model
A sensitivity study has been performed to investigate the rolgcTM) and found an increase of up to 8 ppbv in the sur-
of isoprene and terpenes on the ozone chemistry in the BLtace 0zone mixing ratio over West Africa. Small changes
severly affects both the amount of VOCs in the tropospherg200g. However, they stated that regional differences in sur-
and the oxidative capacity of the atmosphere. Due to nonface ozone were large (up to 5 ppbv) and that the largest abso-

isoprene to tropospheric chemistBfister et al(2008 have  Africa.

used a tagging chemical scheme to quantify the impact of iso-
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We found that the ozone chemical tendency decreasemechanism that plays a substantial role in the establishment
slightly over vegetation when including isoprene. In fact, of the ozone gradient.
including BIO emissions leads to a slight decrease of NO
mixing ratio because of PAN formation. During daytime, 6.6 Influence of background CH, (NOCH4 run)
the mean simulated values for PAN range from 0.01-0.05 ppt ) ) )
(0.1-0.3 ppt) with (without) BIO emissions in agreement In 'thIS' section t'he influence of thg background' methaqe
with the global study ofVang and Eltahi(2000. The ther- which is constrained at 1800 ppb_v in the model, is investi-
mal decomposition of PAN at 300 K leads to an approximate9at€d. In the NOCH4 run (grey line), the methane concen-
lifetime of 30 min for PAN. Despite the importance of the trations are set to zero. Omitting GHecreases the MO2
PAN decompostion, enough carbonyl radicals (called CAR__radlcaI concentrations by a half to two thirds of the levels
BOP) are available in the middle of the day to balance the lowin the base run, and HCby ~13% at 13N (not shown).
values of NQ and lead to PAN formation. This chemical be- CHa is the major contributor to MO2 formation, especially
haviour has been reported in previous studiesSimgh etal. N the north where MO2 reaches its maximum<(R. With-
(1990 andJacob and Wofsy1990 during the wet season out CH,, ozone concentrations decrease poth no_rth and south
experiment in Amazonia ABLE2B aridloskey et al(2004 ~ ©f 12° N by ~9 ppbv anc~3 ppbv, respectively (Fig, grey
over grassland in lllinois. As a consequence of the converlin€)- CHsincreases the ozone gradientb§ ppbv (Table)
sion of NQ, to PAN over vegetation and northward transport similar to the relative influence of the BIO species or the
by the monsoon flux, the additional "fuel” provided by Blo VOCs from the south of TN,
emissions leads to decreased Né@dncentrations over trees
while increasing them north of 2. As the ozone regime
is NOy-limited, including BIO may thus decrease the ozone

chemical productpn over vegetation. ~ Ozone deposition is the major sink for ozone over vegetation.
~The ozone maximum decrease by 5 ppbv when BIO emis-The sensitivity test called NODEP (dashed grey line) was
sions are switched-off. The ozone chemical productionperformed to assess the contribution of dry deposition to the
seems sensitive to the amount of VOCs available in spitqower ozone mixing ratios betweer? B and 12 N. In the
of the NQ-limited regime for ozone. Without BIO emis- NODEP run, Q dry deposition was omitted from the whole
sions, VOC amounts available north of the vegetated area iggmain.
clearly diminish. This shows that the secondary hydrocar- \when we compare the BASE and the NODEP runs, we
bons and longer-lived products (CO, HCHO) are transportectan see that ©dry deposition leads to a loss of about 3—4,
by the monsoon flux north of the vegetated area where they,_10 and 5 ppbv of surfacesver ocean, vegetation and
are oxidized and contribute to the 0zone maximum. bare soils/desert, respectively (Figrey dashed line). The
largest influence is seen over vegetation where the dry depo-
6.5 Influence of the VOCs (NNVOC and NSVOC runs)  sition velocity of ozone was assumed to be higher. Deposi-
tion decreases the oxidation capacity of the atmosphere by
Whereas the IDSOL, NOANT and NOISO runs assessed thd®Wering the Q and subsequently OH levels, so that CO and
BIO are oxidized less (2—-3 ppbv and 300 ppt, respectively).

influence of sources by category (anthropogenic and bio- ) = X
genic), this section aims to assess whether the VOCs thdhcluding G; deposition allows the low ozone concentrations

are directly emitted north of 2N (anthropogenic only) have observed over the vegetation and a significant grqdient to the
more impact on the ozone maximum than the VOCs emitted©"th to be simulated. Moreover, the; Goncentrations ob-
south of 12 N (both biogenic and anthropogenic). Two runs tained over vegetation without deposition are clearly higher

are used to answer that: the run NNVOC (red dashed "ne}han those from the others simulation (TabB)e This shows

in which the VOC emissions north of 1& are switched off  that deposition is the main factor that controls the low con-
and the run NSVOC (green dashed line) in which the vOc centrations of ozone over vegetation.

emissions south of 2N are switched off.

The VOCs emitted north of 2N (NNVOC) have no sig- 7 Conclusions
nificant impact on the ozone levels of gradient, but shifts the
ozone maximum slightly to the north. Switching-off VOC Well marked meridional gradients in trace gas concentra-
emissions south of 2N (NSVOC) has a similar effect to tions have been observed during the wet season in the lower
switching-off isoprene emissions (which is the majority of troposphere of West Africa during the AMMA 2006 cam-
the VOC emissions): only ozone levels north of the vege-paign. These horizontal variations are related to the lati-
tated areas are impacted. The ozone maximum decreases hydinal variations of the land cover in West Africa which
5 ppbv and is slighly shifted to the north. Similar to the re- leads to emission and deposition changes with latitude. A
sults of the NOISO run, the northward advection of materi- two dimensional model (latitude vs. altitude) has been used
als (such as secondary products and longer lived species) ista determine which processes are involved in creating these

6.7 Influence of ozone dry deposition over trees
(NODEP run)
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gradients. Idealized latitudinal distributions of emission from the oxidation of biogenic species contributb ppbv to
fluxes have been adapted from various emission inventoriethe establishment of the ozone gradient. The other sources
to account for both natural and anthropogenic emissions. (lightning and anthropogenic) modify the ozone levels to
The model reproduces the observed lower tropospheric latsome extent but do not contribute to the ozone gradient.
itudinal variation in ozone extremely well along with the A case study based on the observations made during the
spatial distribution and magnitude of biogenic compoundsB219A and B219B flights, should help to further analyse the
and nitrogen oxides. Higher concentrations of isoprene andsoprene chemistry over West African forests and savannas
CO are both observed and simulated over the vegetated aremd to confirm the contribution of the northward advection
(5° N-12 N) compared to the region north of 1R. North of biogenic species to the ozone formation further north of
of 12° N, pulses of NO emissions from recently wetted soils the area of their emissions.
have been observed during the AMMA campaiisevart NAcknowIedgementsBased on an French initiative, AMMA was
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