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Abstract. A global chemistry-climate model LMDINCA anthropogenic emissions, they only make a small contribu-
is used to investigate the contribution of African and Asiantion to ozone compared to the other emission categories.
emissions to tropospheric ozone over Central and WesThe model results indicate that most ozone changes due to
Africa during the summer monsoon. The model results showAfrican emissions occur downwind, especially over the At-
that ozone in this region is most sensitive to lightning,NO lantic Ocean, far from the emission regions. The import of
and to Central African biomass burning emissions. HoweverAsian emissions also makes a considerable contribution to
other emission categories also contribute significantly to re-ozone concentrations above 150 hPa and has to be taken into
gional ozone. The maximum ozone changes due to lightningaccount in studies of the ozone budget over Africa. Using
NOx occur in the upper troposphere between 400 hPa andPCC AR5 (Intergovernmental Panel on Climate Change;
200 hPa over West Africa and downwind over the Atlantic Fifth Assessment Report) estimates of anthropogenic emis-
Ocean. Biomass burning emissions mainly influence ozonesions for 2030 over Africa and Asia, model calculations show
in the lower and middle troposphere over Central Africa, andlarger changes in ozone over Africa due to growth in Asian
downwind due to westward transport. Biogenic emissionsemissions compared to African emissions over the next 20 yr.
of volatile organic compounds, which can be uplifted from
the lower troposphere to higher altitudes by the deep convec-

tion that occurs over West Africa during the monsoon season] Introduction
lead to maximum ozone changes in the lower stratospher
region. Soil NQ emissions over the Sahel region make a
significant contribution to ozone in the lower troposphere. In

q“ropospheric ozone (§) plays an important role in the
global climate and chemical composition of the atmosphere.

. . . e Indeed, the greenhouse forcing of tropospheric ozone affects
addition, convective uplift of these emissions and subseque.n%e radiation budget of the atmosphere (Forster et al.. 2007).

ozone production are also an important source of ozone Iri/loreover ozone is an important source of hydroxyl (OH)
the upper troposphere over West Africa. Concerning African . ' ! Imp y y
radicals which determine to a large extent the removal and

atmospheric lifetime of many trace gases (Brasseur et al.,
1999; Jacob, 1999). Ozone production in the troposphere

Correspondence td: Bouarar is controlled by transport from the ich stratosphere
BY (idir.bouarar@latmos.ipsl.fr) (Olsen et al., 2002) and by photochemical oxidation of
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carbon monoxide (CO), methane (@tand other volatile or- During the summer monsoon, BB emissions occur mostly
ganic compounds (VOCs) in the presence of nitrogen oxidesouth of the Equator over Central Africa. Nevertheless,
(NOx=NO + NQO,) (Crutzen, 1974; Atkinson, 2000). Itis re- cross-hemispheric transport of these emissions into West
moved by photochemical loss and dry deposition. Africa has been shown to occur particularly during phases
Africa is an important source region forsorecursors  when the southern branch of the African Easterly Jet (AEJ) is
(Marufu et al., 2000; Jaeglet al., 2004, 2005; Sauvage et al., active (Mari et al., 2008). This allows transport of BB pollu-
2005, 2007a; Stewart et al., 2008). It emits a large amountants towards the southern coast of West Africa (Williams et
of biomass burning (BB) emissions (CO, NGO/OCs) asso- al., 2010b; Reeves et al., 2010) in the lower/mid troposphere.
ciated with savanna and forest fires, which take place durind3B pollution can also be transported northwards into active
dry (December to February, DJF) and monsoon (June to Aueonvective regions over Chad/Sudan where they can be up-
gust, JJA) periods over West and Central Africa respectivelylifted into the UT and transported westwards. Evidence for
as well as with agricultural waste and domestic biofuel com-this pathway was found in analysis of aircraft data collected
bustion (Crutzen and Andreae, 1990; Sauvage et al., 2005n the UT over West Africa (Real et al., 2010; Law et al.,
Jonqueres et al., 1998). Furthermore, vegetation and soils2010). Recent studies have suggested an important role for
are also considered to be important sources gfp@cur-  import of Asian emissions on the chemical composition of
sors over Africa (Aghedo et al., 2007; Jaeglt al., 2004). the African UT during boreal summer (Sudo and Akimodo,
Forests and savanna near African Equatorial regions releas#g007; Barret et al., 2008; Liu et al., 2009; Law et al., 2010).
large amounts of VOCs (Murphy et al., 2010; Ferreira et al.,As shown for example by Park et al. (2009), convection as-
2010), particularly isoprene, terpenes and methanol whiclsociated with the Indian monsoon leads to injection of Asian
are the dominant VOC emissions from vegetation. Impor-trace gases into the UT. The Tropical Easterly Jet (TEJ) at
tant amounts of nitric oxide (NO) are emitted by soils af- 200 hPa that extends into the Atlantic Ocean (Janicot et al.,
ter rainfall events over the Sahel region during the summei2008) allows rapid westward transport of Asian pollution to
monsoon (Stewart et al., 2008). Analysis of satellite JNO West Africa. Sudo and Akimodo (2007) and Liu et al. (2009)
data by Jaegl et al. (2005) showed enhancements inoNO analysed transport of tagged Asiag tbacers in their global
columns over this region during the monsoon season also atmodels. Both studies showed; @utflow in the UT from
tributed to rain-induced emissions of N@om soils. Using  Asia towards Africa. Analysis of pathways of intercontinen-
surface NQ data collected over Banizoumbou (Niger) be- tal transport in summer performed within the HTAP (Hemi-
tween 1998 and 2004, Galy-Lacaux et al. (2009) also showedpheric Transport of Air Pollution; sdstp://www.htap.ory
increased N@ concentrations during the monsoon season.project using passive CO tracers released over the northern
African cities along the southern coast and industrializedhemisphere continents also confirmed that Asian pollution
countries (e.g. Nigeria) release important amounts of anthroean reach the African UT (HTAP, 2010).
pogenic emissions (Hopkins et al., 2009), related to oil gas In this study, we examine the influence of different emis-
exploration, which can influences®@egionally (Minga etal.,  sions on the distribution of tropospheric ©ver West and
2010). Central Africa as well as downwind over the Central Atlantic
Dynamical processes strongly influence ozone and preOcean during the summer monsoon in 2006. For this pur-
cursor distributions in the African troposphere. During the pose, we use the three-dimensional global chemistry model
Northern Hemisphere summer monsoon season, West AfricaMDz _INCA. Previous global modeling studies attempted to
is marked by intense convective activity that occurs aroundnvestigate the sensitivity of African tropospherig @ dif-
the Inter Tropical Convergence Zone (ITCZ) around B0  ferent emission sources at different times of year. For exam-
The resulting mesoscale convective systems (MCSs) lead tple, Marufu et al. (2000) calculated an annual average contri-
vertical transport of air masses, more or less influenced by lobution of 16 % from global BB emissions to tropospherig O
cal emissions, into the upper troposphere (UT) where chemever Africa for the year 1993. In a more recent study, Aghedo
ical species have longer lifetimes and can be redistributecet al. (2007) examined the sensitivity of surfacgdnd tro-
globally by prevailing westward winds. Using aircraft mea- pospheric @ burden over Africa to different emissions. BB
surements performed in the framework of the African Mon- provided the largest impact on surfacg@ncentrations dur-
soon Multidisciplinary Analyses (AMMA) project, Law et ing the monsoon season in their study. They also concluded
al. (2010) showed clear signatures of convective uplift of COthat, in all seasons, African and global tropospherichOr-
and aerosols into the tropical tropopause layer (TTL). Re-dens are more sensitive to biogenic emissions than to BB,
sults from Bechara et al. (2010) also pointed to convectionlightning NO; (LINOx hereafter) and anthropogenic emis-
as an explanation for observed enhancements of VOCs isions. Williams et al. (2009) applied different biogenic emis-
the UT over West Africa. Moreover, Sauvage et al. (2007b,sion inventories in a global model to assess the impact of
c) and Barret et al. (2010) demonstrated that convectiorsuch emissions from Africa on tropical tropospheric ozone

leads to production of important amounts of Nfdom light- in 2006. They found that differences in the seasonality and
ning in the UT which subsequently leads t@ Production  temporal distribution of the biogenic emissions used induce
downwind. differences in the regional and global ozone simulated by
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their model. Recently, Barret et al. (2010) focused on theto Louis (1979). In this study, both the Tiedtke (1989) and
impact of LINOx emissions on ©in the UT over West Kerry Emanuel (1991, 1993) schemes were used for the pa-
Africa during the monsoon season. Based on results fronrameterization of deep convection. The Emanuel scheme was
several global chemical models, they showed the importanthosen for the baseline simulation and Tiedtke scheme was
impact of LINOx on QG (more than 10 ppbv production) oc- used in a sensitivity run (see Sect. 3.2). Hourdin et al. (2006)
curring over the tropical Atlantic in agreement with Sauvage provides a detailed description of the parameterizations in the
et al. (2007b). dynamical part of the model.

Most previous modeling studies on the influence of The chemistry module INCA simulates tropospheric
African emissions were conducted either by focusing on achemistry, wet scavenging and dry deposition of a num-
specific emission category or by switching off emissions oneber of chemical species (Folberth et al.,, 2006). It in-
at a time. However, when turning off an emission source it iscludes a comprehensive chemistry scheme including more
difficult to estimate its contribution to $due to non-linear than 80 species and 250 chemical reactions. When cou-
effects (Wu et al., 2009; Grewe et al., 2010). In order to takepled to LMDz, the model can be used to calculate the
into account such effects, our approach is based on the eglistribution of tropospheric ozone and precursors consider-
timation of the influence of percentage reductions (20 %) ining emissions, transport, photochemical reactions, deposi-
different African emissions on ©within Equatorial Africa.  tion and scavenging. The standard INCA chemical scheme
In this study we also examine the impact of Asian emissionsis based on the CHNO4-CO-Os3 photochemistry repre-
(20 % reduction) on @over Africa which has largely been sentative of the background chemistry of the troposphere
ignored in previous studies. Using emission estimates for(Hauglustaine et al., 2004). For the present study we have
2030, we also estimates@hanges due to growth in African used the INCANMHC version (Folberth et al. 2006) which
and Asian anthropogenic emissions in the future. Resultalso includes an oxidation scheme for volatile organic com-
presented here are also compared to previous studies, whepwunds (VOCs) (e.g. ethane, propane, isoprene, terpenes)
appropriate. and their products. Dry deposition of chemical species (e.g.

A brief description of the LMDZINCA model is given Oz, HNO3, HNO4, CO, HCHO) at the surface is based on
in Sect. 2. Section 3 presents the model experiments anthe resistance-in-series approach (Wesely, 1989; Walmsley
data used in this study. An evaluation of model performanceand Wesely, 1996; Wesely and Hicks, 2000). Wet scaveng-
against in-situ data from the AMMA and MOZAIC (Mea- ing of soluble species (e.g. HNOH20,, HCHO and HNQ)
surement of OZone and water vapour by Airbus In-serviceis parameterized with a first-order loss process as originally
aircraft) programs as well as satellite measurements is preproposed by Giorgi and Chameides (1985). Folberth et al.
sented in Sect. 4 with the aim of assessing the model’s abil{2006) provide a more detailed description of dry deposition
ity to model general features seen in the observations duringnd wet scavenging parameterizations in LMIDCA.
the monsoon season. The results of the sensitivity studies to Concerning surface emissions, the RETRO anthropogenic
different emission reductions ons@ver Equatorial Africa  emissions of CO, N@and VOCs for the year 2000 were
are discussed in Sect. 5. In Sect. 6, we examine the possiblased with emissions provided for different source sectors
impact of future emissions on West African chemical com- (e.g. residential and industrial combustion, road transport,
position using anthropogenic emissions estimates for 203®olvent use and agriculture and land use change). Details
over Africa and Asia. Conclusions are given in Sect. 7. about the chemical compounds emitted as well as catego-
rization of source sectors can be found on the RETRO web-
site (ttp://retro.enes.ojgMonthly average biomass burning
emissions for 2006 were taken from the GFEDv2 (Global
The global chemistry-climate model LMDANCA cou- Fire Emissions Database, version 2) inventory (Van der Werf
ples the general circulation model LMDz (Laboratoire de et al., 2006). In addition, recent biomass burning and anthro-
Méteorologie Dynamique, zoom) version 4 and version 3pogenic emissions estimates developed in the framework of
of the INCA (Interactive Chemistry and Aerosols) chem- the AMMA project (Liousse et al., 2008, 2010), were also
istry module (Hauglustaine et al., 2004; Folberth et al., 2006;used over Africa (hereafter referred to as L3JRC inventory).
Szopa et al., 2007). The model simulations were performediable 3 shows integrated biomass burning emissions totals
with horizontal resolution of 3.75in longitude and 2.5 for CO and NQ over Africa in the L3JRC and GFEDV2 in-
in latitude (96x 72 grid cells) and 19 hybrido{(, p) verti- ventories. These emissions are higher in the L3JRC inven-
cal levels extending from the surface to 3hPa. The verticaltory by around 47 % and 61 % respectively in 2006 (and 70 %
resolution is 300-500 m in the boundary layer and aroundand 75 % respectively during the summer (JJA) period) com-
2km at the tropopause with 7-9 levels located in the stratopared to GFEDv2. Biomass burning emissions were emitted
sphere and 2—3 levels in the TTL. In LMDz, large-scale ad-at the surface in the model simulations presented in this study
vection of tracers is described according to a second ordefsee Table 1).
finite volume scheme (Van Leer, 1977; Hourdin and Armen-
gaud, 1999). The surface boundary layer is treated according

2 Model description
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NO emissions from lightning, fixed to a total global and method are given in Rodgers and Connor (2003) and
amount of 5TgNyr! are calculated interactively in Deeter etal. (2004).
LMDz _INCA on the basis of the occurrence of convection
and cloud top heights (Jourdain and Hauglustaine, 2001)3'1'2 AMMA measurements
Biogenic emissions of isoprene, terpenes, methanol, acefhe in-situ measurements performed during AMMA and
tone and NO were prepared using the inventory derived fronmconsidered in this study were made aboard five research air-
the dynamical vegetation model ORCHIDEE (L&tf& et  craft: the M55 Geophysica and DLR Falcon (DF20) were
al., 2006). Other biogenic emissions (e.g. oceanic emishased in Ouagadougou (Burkina Faso); the French Falcon
sions) and other VOC emissions were taken from the GEIA(FF20), ATR42, and United Kingdom FAAM (Facility for
(Global Emissions Inventory Activity) databasetp://www.  Airborne Atmospheric Measurements) BAe-146 were based
geiacenter.org in Niamey (Niger). The measurements presented here were
made during the special observation period in July and Au-
gust 2006. Chemical measurements of ozone and precur-
3 Evaluation data and model simulations sors (e.g. CO, NQ HCHO, isoprene etc.) and also aerosols
were made over West Africa in the boundary layer and up
In this section, we present the data used to evaluate modeb the lower stratosphere allowing a comprehensive charac-
performance (Sect. 4) and a description of the model simuterization of the chemical composition of the troposphere
lations and sensitivity studies. Data from the satellite instru-during the monsoon season. A detailed description of the
ments MOPITT (Measurement Of Pollution In The Tropo- field campaign and aircraft payloads is given in Reeves et
sphere) and SCIAMACHY (Scanning Imaging Absorption al. (2010). In order to compare LMDINCA simulations
spectrometer for Atmospheric CHartographY), and aircraftto the AMMA measurements, the model results were inter-
measurements from the AMMA and MOZAIC programs are polated along flight tracks and compared to 1 min averaged
presented in the first section. Model simulations and sensiobservations.

tivity studies are presented in Sect. 3.2. .
3.1.3 MOZAIC observations

3.1 Satellite and in-situ data Daily in-situ measurements of CO and; @ere collected
in the framework of MOZAIC (Marenco et al., 1998) us-
ing commercial aircraft in August 2006. Figure 1 shows

The MOPITT i is flvi he NASA T aircraft flight routes between Windhoek (22%, 17.5 E,
e MO instrument is flying on board the NASA Terra Namibia) and Frankfurt (50N, 8.6° E, Germany) and Lon-

satellite and has been operational since March 2000 (Drum -
mond and Mand, 1996; Beeter et al., 2004). It measu(res up(-jon (51.18 N—Q.lg’ W, UK?' In order to have sufficient
welling radiation in the thermal infrared spectral range usingdata. for stgtlstlcal comparisons we seIecFed dqta recorded
gas-filter correlation radiometry. At nadir view, MOPITT of- at flight altitudes apove 25'0hF.>a. At cruise altitudes, the
fers a horizontal resolution of 22 22 kn? and allows global MOZAIC data are mterestlng_ msofa_r as they were mea-
coverage in two to three days. MOPITT data used in thissured over the biomass burning regions of Central Africa

study corresponds to the daytime CO total columns observeéfilnd over West Africa. These data provide complementary

during August 2006, and the Level 2 Version 3 product (Em_lnformatlon about the d|str|put|on of QO ands @ the up-
mons et al., 2007, 2009). per troposphere. The same interpolation method used for the

SCIAMACHY was launched in March 2002 on board the LMDz _INCA versus AMMA data comparison (interpolation

. to a 1 minute averaged observation times and locations) was
ENVISAT satellite and allows global measurements of a g )

. also performed.
number of trace gases in the troposphere and stratosphere P

with 30 x 60 kn? resolution (Bovensmann et al., 1999). We 35  Model simulations
use the NQ tropospheric columns for August 2006 based
on the DOAS (Differential Optical Absorption Spectroscopy) LMDz _INCA was used to perform different simulations for
retrieval algorithm (Richter et al, 2005). 2006 in order to investigate the impact of emissions on tro-
In order to compare LMDZANCA results to MOPITT  pospheric @ over Equatorial Africa. The simulations (see
and SCIAMACHY observations, the modelled CO and/NO Table 1) consisted of a control simulation (KEVIMA) and
columns in each grid cell were calculated at the local over-a set of sensitivity experiments. For a better comparison with
pass time of each instrument (10 h:30 min and 10 h respecsatellite and in-situ data, the model was nudged with wind
tively). This calculation is essential knowing the impor- fields from the ECMWF (European Centre for Medium-
tant diurnal variation of N@ concentrations in the tropo- Range Weather Forecasts) analyses for 2006. The control run
sphere. Moreover, for a proper comparison with MOPITT, KE_AMMA was performed using the Kerry Emanuel (KE)
the model CO total columns were calculated by applying theconvection scheme. A one year spin-up was conducted from
MOPITT Averaging Kernels. Details about the calculation January to December 2005 before the 2006 run.

3.1.1 MOPITT and SCIAMACHY observations

Atmos. Chem. Phys., 11, 133963419 2011 www.atmos-chem-phys.net/11/13395/2011/
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Table 1. Description of the LMDzINCA simulations and sensitivity experiments used in this study. The 20% perturbations to African
emissions were performed betweer?t $5-20 N and 20 W-4(Q E (see Fig. 1). Changes in emission totals over this region and Asia are also
provided.

Model simulation  Description Emission changes in
sensitivity studies (Tg)

KE_.AMMA Control run based on the Emanuel (1993) convection scheme

LiINOx_red Lightning emissions reduced by 20 % —0.23TgN

BB_red Biomass burning emissions reduced by 20 % —0.62TgN;-16.17TgC

BIO_red Biogenic VOCs reduced by 20 % —5.88TgC

SNOxred Soil NG emissions reduced by 20 % —0.16 TgN

ANTH_red Anthropogenic emissions reduced by 20 % —0.06 TgN;—-1.36TgC

ASIA red Asian emissions (PE-120 E, 10 S—4C N) reduced by 20 % —0.4TgN;-10.4TgC

XLiNOx Lightning emissions increased by 50 % +0.58 TgN

Conv.off Convective transport and lightning NGwitched off over Africa

TI_ AMMA Simulation using the Tiedtke (1989) convection scheme

INCA_2030 Simulation using anthropogenic emissions See Table 2

over Africa and Asia from the IPCC RCP45
scenario for 2030

periments, respectively, the lightning NOsoil NOy, bio-
genic VOCs, anthropogenic and biomass burning emissions
were reduced by 20 % over Africa betweer? 35and 20N

(Fig. 1). The “20 %" perturbation is designed to account for
nonlinear @ chemistry. In fact, setting an emission source
to zero may affect the lifetime of other species in the tro-
posphere. For example, Wu et al. (2009) showed that the
perturbation from 100 % NQemission reduction results in
O3 responses greater than 5 times 20 % reductions. In the
ASIA red test, the “20 %" perturbation included all the emis-
sion categories over Asia (7€-120 E, 10 S—40 N). The
results of these sensitivity tests are discussed in Sect. 5. In or-
der to evaluate the sensitivity of model results to convection,
the Tiedtke (1989) scheme was also used in ruAMIMA

and convective transport of trace species was completely
switched off in run Conwoff. Note that in Conwoff experi-
ment, LINOx emissions were also switched off since they are
coupled to convection in the model.

Fig. 1. MOZAIC aircraft flight tracks (in red) between Wind-
hoek (22.8S-17.8E, Namibia) and Frankfurt (50N-8.6°E, 4 Model performance
Germany) and London (51.151-0.19 W, UK) in August 2006. P

The blue square indicates the region where emissions were reduced ) .
by 20 % in the sensitivity studies (see text and Table 1 for details). ThiS section presents an evaluation of LMINCA perfor-
mance during summer 2006 through comparison with in-situ

data from the AMMA and MOZAIC aircraft measurements
and satellite observations from MOPITT and SCIAMACHY.
The sensitivity experiments were carried out from May Results from the KEAMMA control run and relevant sensi-
to September 2006 using restart files from the. KEMA tivity simulations are discussed. This section aims to evalu-
simulation and were compared with this simulation in or- ate model performance in terms of broad signatures seen in
der to examine the sensitivity of tropospherig @er Equa-  the data particularly related to the impact of convection on
torial Africa to reductions in different emissions. In the chemical composition in the free troposphere and the redis-
LiINOx_red, SNOxred, BlOred, ANTH.red and BBred ex- tribution of emission sources both vertically and horizontally.

www.atmos-chem-phys.net/11/13395/2011/ Atmos. Chem. Phys., 11, 133983-2011
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Fig. 2. Comparison of interpolated model output from KBMMA (b) and BBred(c) simulations against CO observatigia$ color coded
in terms of CO in ppbv along the north-south flights during the AMMA campaign in July and August 2006.

A first evaluation of LMDzINCA over West Africa was et al. 2010). Andes-Herandez et al. (2009) showed that
performed by Williams et al. (2010a) and Barret et al. (2010)air masses sampled over Gulf of Guinea in the MT are aged
as part of an AMMA multi-model comparison exercise. In and, therefore, could be transported from other regions such
those studies, results from the KEMMA simulation were  as West or Central Africa. Moreover, using back trajecto-
compared to results from the chemistry transport modelgies of air masses sampled over Cotonou below 4 km, Ancel-
MOCAGE (Teysgdre et al., 2007), TM4 (Dentener et al., let et al. (2009) showed such layers originating from Central
2003) and p-TOMCAT (Yang et al., 2005). Using passive Africa in data collected by the FF20.

COtracers, Williams et al. (2010a) showed that differencesin - Enphanced CO concentrationsZ00 ppbv) were also mea-
model transport parameterizations resulted in different distri-gred in the UT (200-300 hPa) over West Africa and Gulf
butions of tracers over Africa. Moreover, Barret et al. (2010) of Guinea by AMMA aircraft. Based on analysis of DLR
showed important differences between the models concermmeasurements, Huntrieser et al. (2011) showed that convec-
ing the distribution of CO, @and NG in the UT which  tive uplift of local emissions over West Africa can have a
were explained by differences in convective parameterizasignificant impact on UT chemical composition thereby con-
tions. These results are discussed further later in this SECtiOQributing to observed CO enhancements. As demonstrated
by several studies (Stohl et al., 2002; Lawrence et al., 2003;
Barret et al., 2008), westward transport of Asian pollution by
the TEJ may also impact the composition of the African UT.
Another contribution to enhanced CO may come from BB

Figure 2 shows a comparison of model results interpolateceMissions over Central Africa which can be redistributed to
along flight tracks against CO measurements during théhe UT. In fact, occasional plumes were measured over Gulf
AMMA campaign. This figure gives an indication about Of Guinea at 100-150hPa and attributed to uplift of Central
the latitudinal distribution of CO over West Africa during African BB emissions into the UT (Real et al., 2010). Inthe
July and August 2006. Maximum CO concentrations (up tonext section we show that indeed the chemical composition
480 ppbv) were measured in the middle troposphere (MT)Of the UT over West Africa is not only influenced by convec-
at 500-750 hPa near the Gulf of Guined $48 N) as dis-  tive transport of local emissions but also by Asian emissions
cussed by Reeves et al. (2010). Enhancgd@centrations and Central African BB emissions as discussed in a recent
(up to 135 ppbv) were also measured in this region and at th@nalysis of M55 data collected in the TTL (Law et al., 2010).
same altitudes as shown in Williams et al. (2010a). Sim- Figure 2 also shows results from the KEBMMA simu-

ilar O3 increases in the MT were found ing&Goundings lation. The CO increases seen in the UT around 200 hPa
performed over Cotonou, Benin (8.8, 2.2 E) during the  are reasonably well captured but slightly overestimated over
AMMA campaign (Thouret et al., 2009) and, previously, in the Gulf of Guinea. Comparison with MOZAIC data (see
MOZAIC measurements over Lagos (6M, 3.3 E) as dis-  Sect. 4.2) also shows that the modelled CO in the UT is
cussed in Sauvage et al. (2005). These enhanced conceslightly overestimated over this region. The run with reduced
trations of CO and @ have been attributed to direct trans- BB emissions (BBred) (Fig. 2¢) shows reduced CO concen-
port of BB plumes in the MT from Central Africa (e.g. Real trations in the UT as well as in the MT and LT compared

4.1 Comparison with AMMA data

Atmos. Chem. Phys., 11, 133963419 2011 www.atmos-chem-phys.net/11/13395/2011/



|. Bouarar et al.: Emission sources contributing to tropospheric ozone 13401

to KELAMMA. This indicates that, in the model, Central 3—-4 days compared to more aged air masses, and secondly, to
African BB emissions influence not only the MT but also asses the performance of LMDECA over a region strongly
the LT and UT over the Gulf of Guinea in agreement with influenced by deep convection on a daily basis. The aim is
findings in Real et al. (2010). not to quantify the impact of individual MCS, which cannot

Williams et al. (2010b) also demonstrated, using the TM4be reproduced by a global model run at coarse resolution, but
model, that the influence of BB emissions from Central to examine whether such a model run with current convective
Africa extends into West Africa and that the largest impact parameterizations is capable of capturing broad features ob-
occurs over the southern coast of West Africa and the Gulfserved in air masses influenced by deep convection.
of Guinea below 500 hPa. In the LT, the KEMMA results The FF20 data were separated according to flight type
give high CO concentrations south of°1 but observed based on the analysis of Ancellet et al. (2009) who examined
concentrations over the Gulf of Guinea are overestimatedeach flight in terms of proximity to MCS. The approach used
The CO enhancements seen in the MT arouhd &re how-  to distinguish the two categories for the M55 data was based
ever underestimated by the model. Williams et al. (2010a)on analysis of ECMWF back-trajectories from the flights
showed that LMDZINCA, as well as other global models, and METEOSAT cloud images (see Law et al., 2010 for de-
simulate a maximum in CO ands0n the MT around O— tails). Coincidences between back-trajectories and convec-
5° S, further south over Gulf of Guinea compared to the ob-tive cloud tops (identified when cloud top radiance temper-
servations. Using an inert tracer defined over Central Africa,atures were below 200 K) were used to identify whether the
they demonstrated that transport in the models was too zonaampled air masses were recently in contact with an MCS
extending into the Atlantic Ocean in the MT and not extend-or region of convective uplift over the previous few days.
ing far enough northward over the Equator. In the case ofLaw et al. (2010) estimated the percentage of air masses en-
LMDz _INCA, the simulated horizontal wind fields in the MT countering an MCS and showed that at 200 hPa large regions
over the Gulf of Guinea are much more zonal compared toover Africa were constantly influenced by recent local con-
ECMWEF analyses. Moreover, Williams et al. (2010b) also vection during the campaign period in August 2006. The ap-
showed no direct transport of air in the MT from Central proach used for the DLR data was also based on analysis of
Africa to the Gulf of Guinea when ECMWF meteorological METEOSAT cloud images and Lagrangian backward trajec-
analyses were used to drive the TM4 model. They showedories calculated using the LAGRANTO model (Wernli and
that using ECMWF analyses with additional assimilated ra-Davies, 1997) during transport up to 10 h before each flight.
diosonde data taken during the AMMA campaign improved For air mass ages of less than 10 h, satellite imagery was used
this direct transport of air to West Africa in the MT. There- to examine the time since passage of recent MCS relative to
fore, the weak northward transport of Central African air in the DLR position to identify air masses of the CONV cat-
the ECMWF meteorological analyses can partly explain theegory. These approaches serve to give an indication about
discrepancy between LMDINCA and the observations in  which flights were more or less influenced by convection.
the MT. Model results are also sensitive to treatments of in-Further detailed analysis based, for example on mesoscale
jection of BB emissions (e.g. Labonne et al., 2007; Williams model results can provide more detailed information. In the
et al., 2010b). In fact, CO increases of up to 30 ppbv werecase of the M55 flights, Fierli et al. (2011) followed such an
calculated in the MT over the Atlantic Ocean when African approach. Whilst they showed larger convective impact in
BB emissions were injected up to 3km in LMDXCA. terms of percentage contributions, their results were broadly
Williams et al. (2010b) also showed increases in CO con-consistent with the analysis of Law et al. (2010) using the
centrations over the Atlantic Ocean when BB emissions aremethodology outlined above.
injected from the surface to 4 km in TM4. This indicates an  Figure 3 shows the observed and modelled COy ldd
increase in westward export of such emissions out of CenO3 for convective and non-convective profiles. The observed
tral Africa when emissions injection is included. Therefore, CO exhibits more variability in the UT between 200-300 hPa
model performance could be improved through inclusion ofin the CONV case with maximum values &f200 ppbv,
more realistic schemes for BB emissions (e.g. Freitas et al.while the maximum is~150 ppbv in the NOCONV case.
2007; Rio et al., 2010) and using the ECMWF analyses asinterestingly, the CONV profiles also show minimum CO
similating the AMMA soundings. concentrations measured in the UT with values-8D ppbv

In order to evaluate the influence of convection on thearound 200 hPa. As shown in Fig. 2, CO data exhibit a latitu-
chemical composition of the troposphere over West Africa,dinal gradient in the LT with high values measured over the
aircraft CO, Q and NO data from the DLR, FF20 and M55 southern forests and anthropogenic emissions along the Gulf
observations were separated into air masses recently imef Guinea coast (see also Saunois et al., 2009). The convec-
pacted by convection (CONV) and those less impacted by retive uplift of such CO-rich air masses can influence higher
centlocal convection (NOCONV). The purpose of this analy- altitudes as discussed previously. On the other hand, uplift
sis is, firstly, to examine the observations in terms of convec-of CO-poor air can decrease CO in detrainment regions, par-
tive influence to see whether there are signatures in the chemicularly in the northern part of the region. This may ex-
ical data of convective influence in air uplifted over the last plain lower CO concentrations measured in the UT in the
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Fig. 3. Vertical CO(a, b), NO (c, d) and G; (e, f) profiles observed (red dots) during the AMMA campaign in August 2006 and simulated by
KE_AMMA, TI _/AMMA and XLiNOx. Observations and model results were divided into flights recently impacted by convection (left) and
not impacted by recent deep convection (right). See text for details. The horizontal lines indicate the standard deviation in the model results.

CONYV case. Furthermore, Huntrieser et al. (2011) showectases in the model. The model simulates convection every
higher CO, measured by the DLR aircraft, in outflow of MCS day over large parts of the region and, moreover, due to its
observed over southern forests than over the Sahel region. low horizontal resolution, the model is not able to represent

. i single convective events of the dimension of an MCS. The
The corresponding modelled CO profiles show that the|atirde of convection in the model is also less varied than

model is able to capture the general shape of the CO profiley;55 ghserved with convective uplift occurring, in general be-
However, the model does not capture the enhanced variabikyeen 0 and 15N. It has also been shown more recently in a

ity in the CONV case seen in the data with mean profilesgy,qy sing the dynamical part of the model that convection
showing little difference between the CONV and NOCONV
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was occurring at midday rather than in the late afternoon seethe flash activity over Central Africa in comparison to satel-
in the observations (Grandpeix et al., 2010) and this maplite lightning observations. Tost et al. (2007), using differ-
also help to explain the lack of variability in the CONV air ent convection schemes and lightning parameterizations in
masses. their model, also showed that when using certain convective
Differences between the KEMMA and TI_AMMA sim- schemes (e.g. Tiedtke, 1989), the parameterization of Price
ulations provide an indication of model sensitivity to dif- and Rind (1992) fails to reproduce the maximum of lightning
ferent convection schemes. KEMMA is in better agree-  activity that occurs over West Africa due to the low number
ment with the observations in the UT and exhibits higher COof simulated convective events over this region. They con-
concentrations than TAMMA although TILAMMA does cluded that large uncertainties still remain in the present-day
show larger differences between the CONV and NOCONV parameterizations of lightning NCproduction and even if
cases. On the other hand, AMMA shows higher CO val-  a scaling factor is used in most parameterizations to repro-
ues in the MT and LT. The Emanuel scheme transports moreluce the globally observed flash frequency, additional tun-
CO to the UT indicating deeper convection. However, thising of the parameters in convective and lightning schemes is
scheme leads to lower CO in the MT due to higher down-needed. Based on analysis of LINOx observations from dif-
drafts of CO-poor air masses from the UT. Using inert CO- ferent campaigns including AMMA, Huntrieser et al. (2011)
like tracer simulations defined over West Africa, Williams et provided different recommendations in order to improve cur-
al. (2010a) showed higher tracer concentrations simulated iment LINOx schemes and discussed some of the parameters
the UT in KEEAMMA than in models based on Tiedtke (e.g. that are crucial for LINOx estimates and should be con-
TM4). In agreement with these results, Hourdin et al. (2010)sidered in LINOx parameterizations. Weak lightning NO
demonstrated, using an idealized tracer defined over Africgproduction over Africa in LMDzINCA contributes there-
in LMDz, that the tracer is injected higher by the Emanuel fore to the discrepancy with the observations. In order to
scheme than by Tiedtke. Furthermore, Barret et al. (2010jmprove model results, lightning NOproduction was in-
also showed that convective uplift into the UT is weaker in creased by 50 % (+0.58 Tg N) over Africa in sensitivity test
models based on the Tiedtke scheme. XLiNOXx (see Table 1). This simulation gives better results
The NO measurements (see Fig. 3c and d) show increaseaid shows up to 70 pptv NO increases in the UT in com-
values (up to 1700 pptv) in the CONV profiles around 200-parison to KEAMMA. Whilst peak concentrations are still
350 hPa, while lowest values: (800 pptv) are observed inthe lower than mean observed values, these results demonstrate
NOCONYV case. Law et al. (2010) and Barret et al. (2010),the considerable sensitivity of global model results to LINOx
in an analysis of M55 and DLR NO data, respectively, alsotreatments.
showed clear signatures of NO increases in the UT in con- Concerning @, there are only small differences between
vectively influenced air masses attributed to production of CONV and NOCONV compared to observed NO and to a
NO from lightning and uplift of air masses impacted by lesser extent observed CO. This shows that constant persis-
NOy emissions from the LT. Stewart et al. (2008) and Delontent convection over this region is perturbing on a regional
et al. (2008) showed NQconcentrations exceeding 1 ppbv scale over West Africa making it difficult to distinguish
measured by the BA&46 in the LT around 15N. Such en-  CONV air masses in terms of theirs@oncentrations. Also,
hancements were attributed to N@missions from recently as shown in the next section,z@erturbations are higher
wetted soils. Uplift of such emissions may also contribute downwind over the Atlantic Ocean than over West Africa.
to the observed NO increases in the CONV case. Furtherin both CONV and NOCONYV cases, observed @ofiles
more, Huntrieser et al. (2011) showed that,N@easured show increasing concentrations from the LT to around 300—
by the DLR in MCS outflow is a mixture of LINOx and 400 hPa where a maximum reaching 80 ppbv was observed.
NOy transported upward from the LT. The modelled pro- These increases may be a result of either subsidencg-of O
files underestimate the maximum of NO in the UT, partic- rich air masses from the UT to the lowest levels due to con-
ularly in the CONV case, although KEMMA has higher  vective downdrafts, lightning production of N@r uplift of
NO (150-200 pptv) compared to AMMA (50-100 pptv). NOy emissions from the LT leading to ozone production.
This difference between the two simulations is due to higherLower concentrations (30—60 ppbv) were measured in the
cloud top heights in the Emanuel scheme leading to higheregion of convective outflow~200 hPa) as a combined ef-
lightning NO, production in KEAMMA. It could also be  fect of deep convection uplift of §$poor air masses from
due to more intense uplift of NOemissions from the LT the forested regions near the Gulf of Guinea (Saunois et al.,
in this simulation. Barret et al. (2010) showed that all the 2009; Huntrieser et al., 2011), latitudinal redistribution of
global models participating in their study underestimatedOs precursors by the UT branches of the Hadley cells (see
NO in the UT but LMDzINCA and pTOMCAT were most  next section) and import of air masses from the upwind re-
able to reproduce elevated NO concentrations. They als@ions such as Asia (Law et al., 2010). The model profiles
showed that the lightning Nparameterization of Price and agree reasonably well with the observed vertical distribution
Rind (1992), based on convective cloud top height, used inwith only small differences between CONV and NOCONV
most models including LMDZNCA, tends to underestimate as also observed. Results from K¥MMA show higher G
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Fig. 4. CO (a) and Q; (b) concentrations (ppbv) observed as a function of latitude by MOZAIC aircraft in August 2006 and corresponding
model output for the simulations KEMMA, BB _red, Convoff and XLINOx. See text for details. The vertical lines indicate the standard
deviation in the model results.

concentrations~+5 ppbv) in the MT and UT, in particular Hadley cell play a key role in the UT CO distribution and can
in the CONV case, compared to AIMMA. This is due to  explain the observed enhancements.
higher LINOx and higher downdrafts ofs@ich air masses Switching off the convective transport in the Cooff sim-
from the UT in KEAMMA. Increased lightning N pro- ulation leads to a significant decrease of CO in the UT con-
duction in XLiNOx leads to increasedsz(d~2 ppbv) in the  firming that the modelled CO distribution in the African UT
MT and UT. is sensitive to convective uplift. BB emissions are an impor-
Overall, this comparison shows that LMDKICA is able  tantsource of CO in this region although they are not directly
to reproduce broad features of the vertical profiles observed/Plifted by convection over Central Africa but are trans-
over West Africa during the summer monsoon although it isPorted in the LT northward to the convective region over Su-
unable to capture the higher variability seen in CO data in airdan/Chad before being uplifted into the UT and redistributed
masses recently influenced by convection and the high NcFouthwards over Central Africa by the large-scale Hadley cir-

the UT compared to the observations appears to be due to

4.2 Comparison with MOZAIC data the location of convection in the model. Analysis of merid-
ional wind speed and vertical velocities from ECMWF and
A preliminary evaluation of LMDZINCA against MOZAIC ~ KE_AMMA in the UT (not shown) showed strongest ascend-
data was performed by Barret et al. (2010) where resultdng winds in the model over West Africa and north 6f%
from the KEAMMA simulation were discussed. Barret over Central Africa. Moreover, Barret et al. (2010) showed
et al. (2010) concluded that model performance is sensithat detrainment occurs over a larger meridional region in
tive to biomass burning emission inventories and differ- KE_AMMA simulation compared to other models. Compar-
ences in convection and chemical schemes may explain difisons with results from TAMMA are in better agreement
ferences between the models. This section further evaluwith MOZAIC compared to KEAMMA, due to weaker up-
ates LMDzINCA against MOZAIC data. Figure 4 shows lift into the UT, although simulated values are still higher
CO and Q@ measurements from MOZAIC over Africa at compared to MOZAIC. The overestimation of UT CO in
250 hPa during August 2006 compared to model output forKE_AMMA could therefore be due to strong convective up-
the control simulation (KEAMMA) and various sensitivity — drafts and detrainment in the Emanuel scheme leading to
experiments (discussed below). Enhanced CO concentraapid uplift of CO from the LT and redistribution over a
tions were observed south of the Equator with a maximumbroad region. However, as shown by Barret et al. (2010),
of ~160 ppbv observed at&. KEAMMA captures the lat-  other global models based on the Tiedtke scheme (TM4
itudinal gradient of CO but, in common with other models and pTOMCAT) also tend to overestimate CO compared
used in Barret et al. (2010), overestimates the measured mate MOZAIC. Another possibility is that biomass emissions
imum. The simulated maximum is higher by about 50 ppbvare too high in the L3JRC dataset. Reducing the African
and is reproduced further north arourfdS3compared to the BB emissions by 20% (i.e-31Tg CO in BBred) during
observations. As shown by Barret et al. (2010), deep convecthe JJA period leads to better agreement with MOZAIC CO
tion and meridional transport within the upper branch of thedata. Therefore, the overestimation of UT CO could be due
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to an overestimation of BB emissions. Convective uplift may may explain the underestimation of MOZAIGCEnhanced
also be too strong over Central Africa since it has only beenwashout of NQ reservoir species, linked to strong convec-
possible to validate vertical profiles further north over Westtion, may also impact the amount of N@vailable for Q
Africa where convective uplift of CO seems to be reasonablyproduction over downwind regions over Central Africa in the
well simulated. model.

Low O3 concentrations (less than 50 ppbv) were observed
by MOZAIC over the convective region between 0 and 4.3 Comparison with satellite data
15° N. The highest values occur north and south of this re-
gion as a result of @formation in the upper level branches of To evaluate the spatial distribution ofs@recursors, Fig-
the Hadley circulation as already reported in previous studiesire 5 shows average total columns of CO and tropospheric
(Sauvage et al., 2007c; Barret et al., 2010). The latitudinalcolumns of NQ observed during August 2006 compared to
distribution of QG observed by MOZAIC is fairly well re- model results from the KBMMA and BB_red simulations.
produced by the model simulations although the shapezof O Strong CO enhancements are observed over the BB region in
transect south of AN is not reproduced correctly. However, Central Africa and over the outflow regions in the Atlantic
KE_AMMA underestimates @ by up to 20 ppbv south of Ocean and Gulf of Guinea. Whilst spatial distribution is
the Equator at around 1&. Barret et al. (2010) showed that reasonably well reproduced, total CO columns are overesti-
other models (except MOCAGE) also fail to capture the ob-mated over Central Africa and downwind as far as the Brazil-
served maximum and that KEMMA also underestimates ian coast in KEAMMA (+50%). CO columns in BBred
O3 relative to MLS observations at around°® As noted  show lower values+{—15 %) over Central Africa compared
in the comparisons with MOZAIC CO, these discrepanciesto KE_.AMMA. Therefore, the discrepancy in KEMMA
may be due to a combination of factors linked to convectiveappears to be due to an overestimation of CO from African
uplift and emission sources. Modelled; @ the UT over BB emissions in the L3JRC inventory as already discussed
Central Africa is rather insensitive to surface BB emissionsin the previous section. In another model simulation based
with results from the BBred run showing only small changes on the GFEDv2 inventory (not shown) total CO was too low
in UT Og relative to KEAMMA (1 ppbv decreases south of confirming that Central African BB emissions are underes-
the Equator). Results from emission sensitivity runs (seetimated in this inventory. Therefore, the CO BB emissions
Sect. 5.4 and Fig. 9) confirm this low model sensitivity to over Africa during the monsoon season probably lie between
Central African BB emissions, despite significant convectivethe GFEDv2 and L3JRC inventories, as already suggested by
uplift of these emissions. UT £Js also sensitive to available Barret et al. (2010). Another possible reason for the discrep-
NOy and so, it is possible that there is insufficient modelledancy in KEAMMA is the uncertainty in MOPITT retrievals
photochemical production in BB air masses or too much pro-which are less sensitive to CO concentrations at the lowest
duction of HNQ;, which is then washed out during convec- altitudes (Emmons et al., 2007, 2009). Emmons et al. (2009)
tion leading to too little @in the UT. Modelled UT Qisalso  found that CO columns larger thanx410'8 molcm 2 are
rather insensitive to other surface emissions (biogenic VOCspot considered in the MOPITT V3 product used in this study.
soil NOy and anthropogenic sourcesl ppbv G changes).  This may lead therefore to a negative bias in MOPITT mea-
On the other hand, model results are most sensitive to lightsurements over regions such as Central Africa. The mod-
ning NG, emissions (see Sect. 5) which, following the anal- elled NG, tropospheric columns agree reasonably well with
ysis presented in the previous section, are underestimateCIAMACHY measurements although the simulated max-
This direct injection of NQ leading to photochemical £ imum over Central Africa is overestimated. This discrep-
production downwind is a significant source of i@ the UT. ancy may be attributed to an overestimation of BB emis-
Increasing lightning NQ@ production by 50 % over Africain sions in L3JRC or to the uncertainties in satellite measure-
the XLiNOx simulation during JJA leads to higheg ©on- ments of NG (van Noije et al., 2006). The model captures
centrations (up to 6 ppbv) south of the Equator. The influencghe enhanced N®observed over the anthropogenic emis-
of lightning NOy, which is mainly produced over West Africa sions sources of South Africa but underestimates the ob-
during the monsoon season, extends up to Central Africa duserved maximum. Westward export from Central Africa is
to southward redistribution of such emissions in the UT by more northerly in both N@and CO measurements than in
the Hadley circulation (see Sect. 5.1 and Fig. 6). This is alsdhe model. This could explain therefore the low N@lues
confirmed by the Conwff experiment, where both lightning simulated over the Gulf of Guinea.
NOy emissions and convection were switched off. In this Another possible explanation for the discrepancy between
run, the underestimation of UT40n LMDz _INCA is more KE_AMMA and satellite column data is the fact that both
pronounced compared to KEMMA. MOPITT and SCIAMACHY retrievals are biased to clear

Thus, while overestimation of convective uplift and BB sky scenes. Indeed, this reduces the number of observa-
emissions may explain the overestimation of MOZAIC CO tions available for comparison and thereby increases the un-
data, a combination of weak lightning N@missions and certainty in the observations. Furthermore, the satellite data
weak photochemical production in uplifted (BB) air masses may underestimate CO and N@om fires if there is a lot of
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aerosol or clouds obscuring the fire regions. However, thiss Influence of African and Asian emissions
is difficult to account for since there is no readily available
information on the presence of aerosols, their distributionIn this section, we investigate the contribution of African
and type. Furthermore, the BB emissions occur over Centragmissions to @ distributions over Equatorial Africa dur-
Africa far from the cloudy convective regions associated withing the monsoon season. The impact of downwind trans-
the summer monsoon. However, some data may be missegort of different emissions on s also discussed. Model
if aerosol or smoke is mistaken as cloud but this depends oiuns starting in May 2006 were performed with a small per-
fire type and phase during the satellite overpass. turbation (20 %) to the following emission categories over
In summary, this comparison against observations shows\frica (see Fig. 1): lightning N¢), soil NG, biogenic VOCs,
that the model performs reasonably well over West Africa in biomass burning, or anthropogenic emissions (see Table 1).
terms of ability to model the spatial and vertical distribution In the case of LINOx, we also comment on the results ob-
of Oz and its precursors. However, model results are im-tained from the XLiNOx run when LiNOx emissions were
proved in runs with higher lightning NQand lower BB  increased by 50% in the model since these results agree
emissions. This point is taken into account in the follow- better with the observations. In the following sections, the
ing analysis of the emissions contributing tg @stributions  difference AQOs) in the simulated @ concentrations dur-
over West Africa and downwind. ing JJA between the control experiment and sensitivity tests
when various emissions were reduced are examined. This
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analysis allows identification of regions wherg @3 influ- wind over the Gulf of Guinea (more than 1 ppbv) as well as
enced by different emissions. In order to quantify the sensi<further downwind over the Atlantic Ocean and reaching into
tivity of reducing different emissions ongDthe calculated North Africa. The significant influence of soil NQemis-
AOg3 were also normalized by dividing by the unit change in sions on @ in the UT is due both to upward transport of
NOx (A Tg N) and carbonA Tg C) emissions (see Sect. 5.7). NOy-rich air masses followed by photochemical production
as well as photochemical production from soil N® the
5.1 Influence of lightning NO LT followed by deep convection uplift. A lower impact on
O3 (less than 1 ppbv) occurs north of 16N, where pre-
Figure 6 depicts the impact of reducing LINOx by 20% cipitation is less abundant and soil emissions are lower, and
over Africa (LINOxred) on Q concentrations. The main also over the Guinean coast where the vegetation suppresses
influence on @ can be seen in the MT and UT wherg O soil NOx emissions. Lower @changes (less than 1 ppbv)
concentrations change by 1 to 2 ppbv and 2 to 3 ppbv, reare also found in the MT over the Gulf of Guinea and the At-
spectively. @ changes occur principally over the convective lantic Ocean in air masses advected from the continent by the
regions of West Africa and downwind over the tropical At- AEJ. According to these results, we estimate that soikNO
lantic and Central Africa. Results from other models, dis- emissions in LMDzINCA have a maximum contribution of
cussed in Barret et al. (2010), showed similar regions im-6 to 8 ppbv to surface §over the Sahel region, if we assume
pacted by LINOx during August 2006. In an analysis of that G; changes due to excluding all the soil N@&missions
modelled total @ columns, Sauvage et al. (2007b) showed can be considered equal to 5 times theadbanges calculated
a large influence of LINOx on @over the Central Atlantic from the 20 % test. Saunois et al. (2009) calculated a max-
during JJA 2000 in their model. Differences exist however inimum contribution in the same range (7 ppbv) to surfage O
the maximum influence which occurred betweert 3Gand  from soil NG, emissions near PN in their latitude-altitude
10° N in Sauvage et al. (2007b), but is found north of N0 model run over West Africa. Since their model represented
in LMDz _INCA. This was also the case in p-TOMCAT, as a longitudinal average over the region, they did not consider
shown in Barret et al. (2010), although other models partic-transport of Q precursors downwind and subsequep{tb-
ipating in that study showed lowerzGnhancements over duction which we find to be important.
this region and maximum changes between 0 and\l@.g.
in TM4). This large spatial influence of LINOx ong&an 5.3 Influence of biogenic VOC emissions
be explained by the advection of N@ich air masses from
Africa downwind to other regions by the AEJ in the MT, and Figure 8 shows results from the Blf@d simulation in which
the TEJ in the UT followed by photochemicag Production.  biogenic VOC emissions were reduced by 20 % over Africa.
The large-scale Hadley circulation also redistributes UT airlt can be seen that the highest impact og @curs in
masses north and south (as discussed in Sect. 4.2). Analyhe UT between 300 hPa and 100 hPa where changes of 2
sis of the XLiNOXx results showed that increasing by 50%to 3 ppbv are simulated over West Africa and the Atlantic
the LINOXx in the model leads to4xhanges up to 6 ppbvin Ocean. Aghedo et al. (2007) also reported a large contri-
the UT compared to KAMMA. Excluding all the LINOx  bution from African biogenic VOC emissions tog@bove
emissions over Africa in LMDZANCA leads to Q changes  300hPa in the ECHAM5-MOZ model. The impact of the
of up to 20 ppbv in the UT (as discussed in Barret et al.,BIO_red run on UT @ also extends into Central and North-
2010). Maximum @ changes in other models (MOCAGE ern Africa (up to 1 ppbv @ changes) due to redistribution
and TM4) were lower (10 ppbv and 15 ppbv respectively) in- of air masses within the UT branches of the Hadley cir-
dicating a higher influence of LINOx on{dn LMDz _INCA. culation. Running the model with convection switched off
Overall, these results show thag ©@hanges due to 100% (Conwv.off run) leads to an important decrease in isoprene
LiINOx perturbation are higher than 2 times the changes dueoncentrations above 400 hPa suggesting that biogenics can
to a 50% perturbation (XLINOx) and even higher than 5 be transported into the UT. This is supported by Bechara et
times the changes due to a 20 % perturbation (LiNE). al. (2010) who found elevated VOC concentrations (up to
This suggests that the response gfdBanges to LINOx per- 3 times higher) in the UT during convective events in their

turbations in LMDzINCA shows a strong nonlinearity. analysis of aircraft data. This suggests that convective uplift
of VOC emissions into the UT provides an important source
5.2 Influence of soil NG of peroxy radicals which, in the presence of N@ither from

lightning or uplifted from soil emission regions, lead to en-
The following section shows results from the SN@«d run  hanced photochemicals®roduction. Lower but significant
(Fig. 7) where soil N@ emissions were reduced by 20% O3 changes (1 to 2 ppbv) are also found over the Sahel and
over Africa. In this case, significantz0changes occur in  Gulf of Guinea in the LT and MT. We estimate that switch-
the LT over the high emissions region of the Sahel (up toing off biogenic VOC emissions in LMDINCA would lead
1.5 ppbv). @ sensitivity to soil NQ emissions is also found to maximum Q changes of nearly 8 ppbv in the LT and MT
in the UT where changes occur over West Africa and down-and 13 ppbv in the UT during the JJA season. Saunois et
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al. (2009) calculated maximums@hanges of 5 ppbv in the pathways of BB emissions. As shown by Mari et al. (2008),
LT around 18 N and found no significant impact between the export of BB plumes out of Central Africa can change
6° N and 13 N while in LMDz_INCA O3 changes can reach markedly on daily basis and is controlled by the variability of
4 ppbv over the same region. This difference may be duehe southerly branch of the AEJ. In the MT and UT we can
to differences in VOC and NPemissions, and to the fact expect to see ©changes of 20 to 40 ppbv and up to 4 ppbv,
that only isoprene and terpenes emissions were switched offespectively, over the Atlantic Ocean. Williams et al. (2010b)
in Saunois et al. (2009), while other VOCs (e.g. methanol)calculated similar @ changes (up to 30 ppbv in MT and up
were also switched off in BlI@ed. Aghedo et al. (2007) cal- to 5ppbv in UT) over the Atlantic Ocean (betweehVg-
culated Q changes of 10 to 30 ppbv in the LT when both 6° E) during JJA 2006 when south African BB emissions
biogenic VOCs and soil NPemissions were excluded from were switched off in TM4, although they used the GFEDv2
their model. Since ozone changes of up to 8 ppbv were foundB inventory which has lower CO and N@missions com-

in the BIO.red and SNOxed tests in LMDzINCA, we can  pared to the L3JRC inventory used in our study. This could
expect to see @changes of more than 8 ppbv if both VOC be due to differences in the photochemical @roduction

and soil NG emissions are switched off in the model. efficiency which appears to be higher in their model com-
pared to LMDzINCA (Williams et al., 2010a). The insuf-
5.4 Influence of biomass burning emissions ficient photochemical @ production in BB air masses in

LMDz _INCA is probably linked to a low sensitivity of mod-

Results from the-20% BB emissions test are shown in elled G; to available CO, as discussed in Sect. 4.2. Indeed,
Fig. 9. The largest influence org@ccurs in the LT and MT  despite higher CO emissions in L3JRC, which seem to be
in the model. Changes up to 3 ppbv and 11 ppbv are simueverestimated, modelleds0ds more sensitive to available
lated over the Gulf of Guinea and over the regions of intenseNO,. Therefore, the contribution of BB emissions tg
BB activity in Central Africa, respectively. Changes up to the MT (and the UT) could be higher than estimated using
4 ppbv are also simulated north of the BB emissions regionthe LMDzINCA model. Overall, our results show that BB
as a result of northward transport of these emissions in themissions over Central Africa are a major source of ozone
LT. Westward advection of BB plumes in the MT extends the over Equatorial Africa during the summer monsoon.
impact of BB emissions as far as?2 where Q changes of
2 to 8 ppbv are estimated over the Atlantic. The lowest im-
pact occurs in the UT where maximum €hanges of 2 ppbv  Figure 10 shows results from the ANTied where African
and 1ppbv are found over Central Africa and the Atlantic anthropogenic emissions were reduced by 20 %. They make
Ocean, respectively. Williams et al. (2010b), using variousonly a small contribution to @ over Equatorial Africa in
TM4 simulations, also showed that the most significant ef-comparison to other emissions. This agrees with Williams
fect of Central African BB emissions occurs in the LT and et al. (2010b) who found only a few percent change in O
MT. However, as already discussed in section 4.1, the evalueccurring in the LT when anthropogenic emissions were in-
ation of the LMDzINCA against AMMA aircraft data sug- creased by 8.4 % over Africa in TM4. Thes@hanges in
gested that the model fails to reproduce the enhancements ithe ANTH.red run are mostly less than 1 ppbv and occur
O3 observed over the Gulf of Guinea due to weak northwardin the LT over the anthropogenic emission regions near the
transport of BB emissions in the MT. Furthermore, compari- Guinean coast and Central Southern Africa. Changes of less
son with MOZAIC data (see Sect. 4.2) showed that the modethan 1 ppbv also occur at and above 240 hPa extending into
tends to underestimatesOn the UT south of the Equator. the Atlantic Ocean and Gulf of Guinea. In another sim-
Therefore, the contribution of BB emissions tg i@ the UT ulation where only CO and NQanthropogenic emissions
and over the Gulf of Guinea could be higher than estimatedvere reduced by 20% and not VOCs (not shown), lower
from these model calculations. O3 changes (35% less than changes in ANfdd) were

Turning off all African BB emissions in LMDANCA dur- simulated above 240 hPa. This suggests that convective up-
ing JJA leads to @changes in the LT of up to 55 ppbv over lift of anthropogenic VOCs may make a small contribution
Central Africa and up to 15 ppbv over the Gulf of Guinea. to O3 formation in the upper troposphere — lower strato-
Similar changes were calculated by Aghedo et al. (2007) ovesphere (UTLS). According to these results, we estimate that
the same regions (up to 60 ppbv and 15 ppbv, respectivelyywitching off the anthropogenic emissions in LMIM¥CA
when BB emissions were excluded from their model. How- leads to @ changes of up to 3 ppbv in the LT over Nige-
ever, they showed an influence o &xtending far inland ria and South Africa and 3 to 6 ppbv over Angola and the
reaching 13N especially over East Africa where they calcu- Central African Republic. These results are similar to the
lated 5 to 10 ppbv @changes. In LMDZNCA (see Fig. 9)  changes calculated by Saunois et al. (2009) over West Africa.
this influence extends only t¢ 6l. This difference is proba- Aghedo et al. (2007) calculated higher changes (up to 6 ppbv)
bly due to differences in meteorological forcing (Aghedo et over Nigeria but lower changes (1 to 2 ppbv) over Central
al. (2007) used ECMWF data for the 1997-2001 period whileAfrica. This difference is probably due to differences in an-
we used the 2006 winds) leading to differences in transporthropogenic emissions (based on the EDGARV2 inventory in

5.5 Influence of anthropogenic emissions

www.atmos-chem-phys.net/11/13395/2011/ Atmos. Chem. Phys., 11, 133983-2011
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Table 2. Percentage and absolute differences in African ando,f NOyx emissions (Tg N) reduced by the 20% p.erturba-
Asian anthropogenic emissions of CO, Nend VOCs between the 10N (AO3/ATgN). Figure 13 shows these normalized re-

AMMA and IPCC RCP45 emission scenario for 2030. sults as a function of altitude and longitude calculated for
each sensitivity test (except Bl@d) and averaged over
Species Difference over Africa Difference over Asia  JJA and between 26 and 20N. It can be seen that the
co +150% (85 Tg(CO)yrl)  +70% (145 Tg(CO)yrd) LiNOx_red and BBred simulations show the highest frac-

tion of Oz change (up to 9 ppbv Tg N and 8 ppbv TgiN
respectively) while lower changes (up to 5 ppbvtiN) are
calculated in SNOxed, ASIAred and ANTHred. The
results suggest a larger sensitivity of @oncentrations to
changes in NQ emissions from lightning and BB compared
to other emissions in the model. One explanation for this
6cdifferent response is that lightning and BB N@®missions
are concentrated in the UT and LT, respectively. In con-
trast, anthropogenic and soil N@missions, which occur

in convective regions during the monsoon, are redistributed
throughout the troposphere by deep convection over West
Africa. Convective mixing with air masses containing higher
water vapour during convective uplift may also lead tg¢ O

In the ASIAred run, all anthropogenic, biogenic and BB destruction. This could explain the higheg @roduction
emissions were reduced by 20 % over South-East ASiS{5 potential from lightning and BB N@emissions. Import of
32.5 N, 67.5 E-123 E). Figure 11 shows the influence of emissions from Asia also makes a significant contribution to
Asian emissions on CO concentrations in the UTLS which,OS over West Africa in the UT. The normalized results show
due to its lifetime of 1-2 months, can be used as a trace® Negative gradient from east to west in theseaBanges

of polluted air masses. Changes in CO mixing ratios of upwith higher changes over Asia and lower changes over West
to 12 ppbv and 8 ppbv are calculated, respectively, over thefrica. This westward decrease irg@erturbation will also
convective regions of South-East Asia and over the Middle-Pe influenced by mixing of Asian air masses with less pol-
East and East Africa. The impact extends into the easterfted air gplifted over marine regions or forested regions over
part of West Africa where CO changes of 2 to 4 ppbv are cal-West Africa. _ _

culated above 180 hPa. This extension of the Asian pollution |n order to make a relative comparison between the
influence is due to the TEJ which is stronger at and above3!O-red simulation, where only VOC emissions were re-
180 hPa and which leads to westward transport of air masseduced, and the other tests which also included VOC
from Asia. Barret et al. (2008) and Law et al. (2010) also ©F CO reductions, Fig. 14 showssCchanges normal-
established that westward transport of such air masses by tiéed by changes in carbon emissions due to the 20%
TEJ contributes to CO in the TTL over West Africa. Us- Perturbations 403/ATgC). As expected, normalizedsO
ing a CO-like tracer defined over Asia, Stohl et al. (2002) changes in BlQred occur mainly in the LT but also
and Lawrence et al. (2003) demonstrated that at 200 hpgbove 200hPa and downwind where maximum changes
the TEJ transports tracer from southern Asia westward td®f Up to 0.26ppbvTg'C are calculated. This is com-
the Atlantic Ocean during the summer period in Asia. TheParable to BBred (0.3ppbvTg'C) in the LT but is
ASIA _red results show that the highest contribution of Asianhigher than ASlAred results over West Africa (around
polluted air masses tof®ver West Africa occurs inthe TTL  0-2ppbv Tg'* C). The maximum ozone changes in Bted
(Fig. 12) where maximum changes of 2 to 4 ppbv are calcu-9ccur over a larger region (20V to 20° E) than ANTH.red.
lated at 100 hPa. At this altitude, the influence aneRtends ~ Therefore, even if they occur at different altitudes, the O
into Central Africa and further downwind over the Atlantic changes due to biogenic VOC emissions are as important as

NOx +18% (0.5 Tg(N) yr 1) +65% (3.8 Tg(N) yr 1)
VOCs —0.1Tg(C)yrl +73% (19.5Tg(C)yrL)

Aghedo et al., 2007) and their spatial distribution. Whilst,
present-day anthropogenic emissions appear to have a sm
influence on @, they may increase in the near future, in par-
ticular over Africa and Asia, according to IPCC AR5 emis-
sions scenarios. This is examined further in Sect. 6.

5.6 Influence of Asian emissions

Ocean. the changes due to BB emissions. They also make a more
significant contribution compared to Asian or anthropogenic
5.7 Ozone changes normalized per unit emission emissions (based on normalizing against VOC totals).

This analysis allows us to conclude that the influence of
Further analysis of the £sensitivity experiments is pre- emissions on @is found both over the continent and down-
sented in this section since the 20 % perturbations lead to difwind over the Atlantic Ocean. The emissions primarily in-
ferent reductions in emissions in terms of absolute amountsluencing @ over Equatorial Africa are lightning NOand
(in Teragrams) between the different runs (for examplg NO BB. However, the results vary with altitude. In the LT, BB
emissions from lightning and soils or CO from BB and an- emissions make the largest contribution over Central Africa
thropogenic emissions). Here, we normalize the resulting avwhile soil NO, and biogenic emissions dominate over West
erage global @ change AO3) with respect to the amount Africa. Anthropogenic emissions also contribute, albeit to

www.atmos-chem-phys.net/11/13395/2011/ Atmos. Chem. Phys., 11, 133983-2011
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a lesser extent, to in the LT over the high emission re- Table 3. Integrated CO and NPbiomass burning emission totals

gions (e.g. Nigeria). In the MT, BB emissions also make gyer africa in the L3JRC and GFEDV2 inventories per year and
the largest contribution to£particularly over Central Africa  during the JJA period. See text for details.

and the Atlantic Ocean at altitudes lower than 600 hPa. Be-

tween 600 hPa and 400 hPg ® mainly influenced by light- Species L3JRC GEEDV2
ning and soil NQ over West Africa. Lightning N@ domi-

nates @ changes in the UT and has an impact over a large re- co 282.6 Tg(CO)yr'  150.3Tg(CO)yr*
gion extending from West Africa as far as the Brazilian coast. 154.9 Tg(CO)JJA  46.4Tg(CO)IJIA
Significant but lower contributions are also found from soil NOy 6.2 Tg(N)yrt 2.4Tg(N)yrt
NOy and anthropogenic emissions. Biogenic VOC and Asian 3.2Tg(N)/JJA 0.77 Tg(N)/JJA

emissions have their largest impact og i® the UTLS over
the African continent with only a small impact downwind
over the Atlantic Ocean in the case of Asian emissions. In the
model, BB emissions are not being transported far enough t@  Tropospheric ozone over Africa in 2030
the north to convective regions (as discussed in Sect. 4.2)
leading to a lower UT contribution from this source. This |n this section we investigate the possible changes 4n O
could also be explained by the underestimation efpg@-  in 2030 due to future growth in African and Asian anthro-
duction from the Central African BB emissions in the model. pogenic emissions using estimates developed for the IPCC
ARS report. The anthropogenic emissions in the INC@30
run (see Table 1) were based on the representative concentra-
tion pathway (RCP) RCP45 scenario (Clarke et al., 2007)
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designed to limit global warming to 4.5WrA. We used tivities and results will depend not only on deep convection
2006 meteorology to ensure that possible changes are onlgver Africa but also on convective uplift of {Qprecursors
due to changes in emissions. The most important emissiolver Asia related to the Asian summer monsoon.
changes (Table 2) occur over Asia where increases of 70 %,
65 % and 73 % in emissions of CO, N@nd VOCs, respec-
tively, are calculated. Over Africa, CO and N@®@missions
increase significantly by 150 % and 18 %, respectively, whilejn  this study, the global chemistry-climate model
there are no significant changes in VOC emissions, accordingMDz_INCA was used to investigate the contribution
to this scenario. of African and Asian emissions to tropospheric ozone over
Figure 15 shows absolute and percentage differences ifcquatorial Africa during the monsoon season. In order to
CO and Q between present day (KEMMA) and future  evaluate model performance, simulations were compared
(INCA_2030) runs. CO increases of up to 24 ppbv andto in-situ measurements from the AMMA and MOZAIC
15 ppbv are calculated over Africa in the LT and UT, respec-programs as well as to satellite data from MOPITT and
tively. Percentage differences show that the most importanSCIAMACHY. The model is able to reproduce the main
CO changes (10 to 20 %) occur in the UT above 400 hPa witHeatures of the chemical composition of the African tro-
maxima over East Africa above 200 hPa. Interestingly, theposphere. However, due to a low northward transport of
largest Q changes (3 to 5 ppbv) also occur in UT over East Central African biomass burning emissions in the model, the
Africa while lower changes (2 to 3 ppbv) occur over West maximum concentrations of CO ancg®een in the middle
Africa. Lower Qs increases (less than 1 ppbv) are predictedtroposphere over the Gulf of Guinea are reproduced further
in the LT. The east-west negative gradient in CO apdr®  south around 0-5S. Model transport of BB emissions
creases in the UTLS calculated in INC2030 shows that fu- from Central to West Africa may be improved using more
ture Q; over West Africa may be highly sensitive to increas- recent meteorological analyses including additional AMMA
ing Asian emissions. Therefore, according to LMID¥CA observations. Improved treatment of injection heights of
results, Q over tropical Africa will be more sensitive to the BB emissions could also improve model results in the
growth of anthropogenic emissions in Asia than in Africa, middle troposphere over the Gulf of Guinea and increase the
at least up to 2030. Since the largest changes occur in thevestward export of these emissions out of Central Africa.
UT this has implications for radiative forcing estimates from  Uplift of air masses from the lower troposphere by
tropospheric ozone. Other models may show different sensideep convection and production of NGrom lightning

7 Conclusions
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averaged between June and August and over th&220 N latitudinal band.

significantly impact the chemical composition of the upper Different emission sensitivity studies were performed to
troposphere over Africa. Observed concentrations of CO andssess their impact ong@ver Equatorial Africa. While the
NOy in the upper troposphere show higher variability in air main O3 changes in the lower troposphere due to African
masses influenced by convection, as well as high NO due t@missions occur over the continent, the highest changes in
lightning emissions or uplift of soil NQemissions, while  the middle and upper troposphere are found downwind over
uplift of O3 poor air from forested regions in southern-west the Atlantic Ocean as a result of westward transport of conti-
Africa reduces @ in the upper troposphere. Observed NO nental air by the AEJ and TEJ, respectively. The results show
profiles are underestimated by the model in the upper tropothat biomass burning and lightning N@missions are the
sphere, especially in air masses influenced by convection. Inmain sources contributing to ozone over Equatorial Africa
creasing lightning N@production in the model by 50 % over during the monsoon season. Lightning Nias largest im-
Africa improves the agreement. Convective uplift of Central pact in the upper troposphere while biomass burning emis-
African biomass burning emissions also contributes signifi-sions mainly influence the middle and the lower troposphere.
cantly to the chemical composition of the upper troposphereHowever, other emissions also have a significant contribu-
The model overestimates CO in the upper troposphere due tion at certain altitudes. While biomass burning emissions
either strong intensity of convective updrafts and detrainmenhave the highest impact over Central Africa, biogenic VOCs
in the Emanuel scheme or to overestimation of BB emissionsand soil NQ are the main emissions contributing t@ Qver
in the L3JRC inventory. Comparisons against MOZAIg O West Africa in the lower troposphere. Soil N@missions
measurements show that the model is in fairly good agreealso contribute significantly to £in the upper troposphere.
ment with the observations in the upper troposphere north ofMe have also shown that Asian emissions as well as African
5°N, while concentrations are underestimated south of thebiogenic VOCs are the main sources contributing $arGhe
equator. This discrepancy could be due to a combination ofipper troposphere — lower stratosphere. Compared to other
weak lightning NQ emissions and weak photochemical O categories, anthropogenic emissions have the lowest impact
production in uplifted BB emissions in the model. Increasing on Os. By using anthropogenic emission estimates for 2030
the lightning NQ production by 50 % over Africa improves we have shown that, according to model simulations, O
the agreement with MOZAIC data south of the equator. over Equatorial Africa in the future may be more affected
by the growth in Asian than in African emissions. Further
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assessment of future emission changes is required to confirm P.: Transport pathways of CO in the African upper troposphere
these results which are also sensitive to models treatments during the monsoon season: a study based upon the assimilation

of chemistry and transport, particularly deep convection over of spaceborne observations, Atmos. Chem. Phys., 8, 3231-3246,
monsoon regions. doi:10.5194/acp-8-3231-2008008.
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