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Abstract. We investigate the influence of African biomass 1 Introduction
burning, biogenic, lightning and anthropogenic emissions on
the tropospheric ozone over Africa and globally using a cou-Air pollution emitted in Africa comes from four sources,
pled global chemistry climate model. Our model studies in-mainly biomass burning, natural emission from vegetation
dicate that surface ozone concentration may rise by up tand soil, lightning NQ emissions, and other anthropogenic
50 ppbv in the burning region during the biomass burningsources — such as emissions related to the combustion of
seasons. Biogenic emissions yield between 5-30 ppbv infossil-fuel for energy, industrial, transport and domestic uses.
crease in the near surface ozone concentration over tropicalfrica contributes a significant amount to the global emis-
Africa. The impact of lightning on surface ozone is negli- sions from the first three categories, while emissions from
gible, while anthropogenic emissions yield a maximum of fossil fuel combustion are important only on the regional
7 ppbv increase in the annual-mean surface ozone concentrgeale. Emissions of trace species (e.g. COxN®latile or-
tion over Nigeria, South Africa and Egypt. Our results show ganic compounds (VOCs)) significantly affect tropospheric
that biogenic emissions are the most important African emischemistry and lead to the formation of tropospheric ozone,
sion source affecting total tropospheric ozone. The influenceavhich influences the radiative forcing (eNaik et al, 2005
of each of the African emissions on the global troposphericDentener et a]2005.
ozone burden (TOB) of 384 Tg yields about 9.5Tg, 19.6 TG,  African biomass burning activities, generally categorised
9.0Tg and 4.7Tg for biomass burning, biogenic, lightning a5 savanna, forest and agricultural waste burning, are driven
and anthropogenic emissions emitted in Africa respectively.by the “slash and burn” agricultural practices that take place
The impact of each of these emission categories on Africaruuring the dry seasons — late November to early March
TOB 0f 33Tg is 2.5Tg, 4.1Tg, 1.75Tg and 0.89 Tg respec-in the northern hemisphere (NH), and July to October in
tively, which together represents about 28% of the total TOBihe southern hemispheric (SH) part of Africsldrenco et
calculated over Africa. Our model calculations also sug-g| 1990. African biomass burning contributes about 40%
gest that more than 70% of the tropospheric ozone producegh trace species emitted by global biomass burning activi-
by each of the African emissions is found outside the con-jjeg (Crutzen et a].1979 Andreae 1991 Helas et al.1995
tinent, thus exerting a noticeable influence on a large parigchyliz et al., 200%, and exerts a large influence on tro-
of the tropical troposphere. Apart from the Atlantic and In- hogpheric chemistryGrutzen and Andread 999 Andreae
dian Ocean, Latin America experiences the largest impact 0 993 Helas et al. 1992 1995 Marufu et al, 2000. Marufu
African emissions, followed by Oceania, the Middle East, et a1.(2000) used a global chemistry transport model to test
Southeast and south-central Asia, northern North Americane sensitivity of tropospheric 0zone over Africa to emissions
(i.e. the United States and Canada), Europe and north-centrglom biomass burning from all over the world and found that
Asia, for all the emission categories. about 16% of the 26 Tg tropospheric ozone burden (TOB)
over Africa is due to these global biomass burning emissions.
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Lightning produces NQ mostly in the middle to up- concentrations. In particular, we focus on tropospheric ozone
per troposphereRidley et al, 1996 Pickering et al. 1996 produced from the photochemical reactions involving precur-
Lamarque et al.1996 Pickering et al. 1998 DeCaria et  sors emitted in Africa. Tropospheric ozone is a greenhouse
al., 2000, where it has a longer lifetime and greater ozone gas {Vang et al. 1980 Hansen et al2002), high ozone con-
production potential than in the lower troposphekéu (et centrations in the air affect human health (€2gden200Z%;
al., 1987 Pickering et al.1990. For exampleDeCaria et  Desqueyroux et §l2002 Mortimer et al, 2002 and damage
al. (2005 calculated a photochemical ozone enhancementegetation, including agricultural crops (eldauzerall and
of about 10ppbv 24h after a storm observed during theWang 2001, Oksanen and HolopaingR001).
Stratosphere-Troposphere Experiment: Radiation, Aerosols A brief description of our model and the setup of the sim-
and Ozone (STERAO-A) using a 3-D cloud-scale chem-ulation experiments are given in Secsand3 respectively.
istry transport model (CTM). Lightning activity is maxi- An evaluation of ECHAMS5-MOZ is presented in Sedt.
mum in the tropics. However, tropical thunderstorms are theThe results of the sensitivity experiments are discussed in
least well characterized, therefore, the uncertainty of trop-Sect.5. Conclusions and a summary are given in S@ct.
ical lightning NG is particularly large. Generally, the to-
tal contribution of lightning to the global NObudget is
highly uncertain. Estimates range from 2-20(Ng per 2 The global chemistry climate model ECHAM5-MOZ
year (awrence et a).1995 Price et al. 1997 Huntrieser
et al, 2002 Labrador et a.2003. However, several stud- The full description of ECHAM5-MOZ and its sensitivity
ies published after 2000 have suggested an estimate Closgs the use of different emission inventories can be found
to the lower limit. Huntrieser et al(2002 estimated about iy Rast et al. (2007) The 3-D global chemistry climate
3Tg(N)yr—* from lightning N, based on detailed anal- model ECHAMS5-MOZ is part of the Max Planck Insti-
ysis of airborne NG measurements of European thunder- tte, Hamburg Earth System Model (ESM) and consists of
storms. Tie et al.(200]) andMartin et al.(2002 found that  tne 3-D global general circulation model (GCM) ECHAMS
using a global lightning emission value of 7Mg) yr—*and  (Roeckner et 2003 and the 3-D global CTM, MOZART?2
6 Tg(N) yr—* respectively, their model simulations show rea- (Horowitz et al, 2003, with modified parameterizations of
sonable agreement with airborne observations of reactive nigry and wet deposition, surface ultraviolet (UV) albedo, and
trogen species. lightning NO, production. The ECHAM5-MOZ model em-

Vegetation emits a wide range of VOQsesselmeier and  pioys a consistent link of the chemistry calculation with

Staudf 1999. Among these biogenic VOCs, isoprene is one the parameterisation of the dynamics and the physics of the
of the most important (e.grehsenfeld et 811992 Guenther  EcHAMS5 model.

et al, 1995, followed by terpenes and methanol (gbH).
Estimates of global isoprene emissions vary between 200 Tg ¢ Atmospheric dynamics
and 600 Tg Kesselmeier and Staydt999 Guenther et al.

2006 and references therein), of which Africa contributes e dynamical core of ECHAMS5 solves prognostic equa-
about a fifth. Biogenic VOCs can have a significant impacttjons for vorticity, divergence, logarithm of surface pres-
on tropospheric chemistry as soon as they are released intgre and temperature expressed in spectral coefficients. The
the air, because of their high reactivity. They lead to the pro-yertical axis uses a hybrid terrain-following sigma-pressure
duction (or destruction) of ozone in high (or low) N@on-  coordinate systemSjmmons and Burridge1981). The
ditions. Wang and Shallcros200Q found an increase in  model uses a semi-implicit leapfrog time integration scheme
surface ozone concentration of about 4 ppbv over the oceafRobert et al.1972 Robert 1981, 1982 with a special time

and about 8-12 ppbv over the mid-latitude land areas whefjiter (Asselin 1972. Details of the physical parameteri-
isoprene emissions were included in their 3-D model simula-gations including radiation, surface processes, gravity wave

tions. Using biogenic CkDH emissions of 117 T¢C) yr—_l’ drag, convection, stratiform cloud formation, orbit varia-
Tie et al.(2003 calculated an increase of about 3—4% in the tjons, and subgrid scale orography can be foun&aeck-
tropical ozone at 300 hPa. ner et al.(2003. ECHAMS (and thus ECHAM5-MOZ)

In this study we performed multi-year sensitivity calcula- can pe run in various horizontal resolutions such as T42
tions with a newly developed global chemistry climate model(Nz_Soxz_go), T63 (~1.9°x1.%) and T106 £1°x1°) us-
using the biomass burning, biogenic and anthropogenic emisyg 19 or 310-hybrid vertical levels. It can also be run
sions employed in the recent IPCC-ACCENT simulations g 5 coupled ocean-atmosphere model or in an atmosphere-

in preparation for the fourth assessment report (e.g. se@ply mode. In this study, we have constrained sea surface
Stevenson et gl2006 Shindell et al. 200§. The light-

ning NG, emissions are calculated interactively within our 2Rast, S., Schultz, M. G., Aghedo, A. M., Diehl, T., Rhodin, A.,
model. These sensi_tivity studies are used to inV_GStigate_thgchmidt, H., Stier, P., Ganzeveld, L. and Walters, S.: Sensitivity of
regional and global influence of each of the African emis- a chemistry climate model to changes in emissions and the driving
sions on primary and secondary tropospheric trace specieseteorology, in preparation, 2007.
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temperatures (SST) and sea ice (SIC) by output from cou{2001). The lightning frequency is calculated as a function
pled ocean-atmosphere model simulations performed in thef the mean updraught velocity in a convective column. The
framework of the fourth IPCC assessment rep&bdck- mean updraught velocity is resolution dependent, because it
ner et al, 2006 in an Atmospheric Model Intercomparison depends on the size of the grid boxes. Therefore, the param-
Project 2 (AMIP2,Gates et a).1999 set-up. The effect of eterisation contains one freely adjustable global factor that
varying model resolutions on the simulated climate is de-accounts for this grid-box dependency. The \€issions

scribed inRoeckner et ali2009. are proportional to the calculated flash frequency and are dis-
tributed vertically in the atmosphere using C-shaped profiles
2.2 Tracer transport and deposition for tropical and extratropical continental and marine clouds

as described iPickering et al(1998. This parameterisa-
Tracers in ECHAM5-MOZ undergo advective and convec- tign yields global lightning emissions of about 2.7\ /yr
tive transport, vertical diffusion, dry and wet deposition, and j, ECHAM5-MOZ. Over Africa, total lightning emissions
chemical reactions in the atmosphere. The advection of tracgre about 0.7 TGN)/yr. A visual comparison of the spa-
ers is based on a mass conserving flux-form semi Lagrangiafal and seasonal distribution of our lightning flashes with
transport schemd_{n and Rood 1996 on a Gaussian grid  that of Lightning Imaging Sensor (LIS) dat@lfristian et al.
(Arakawa C-grid Mesinger and Arakawgl976). Convec- 1989 1992 available athttp:/thunder.msfc.nasa.gov/data/

tive transport is parameterized according to the mass-flux algyery/distributions. htn)ishows good agreement.
gorithm of Tiedtke (1989 with modifications proposed by

Nordeng(199£9. ECHAMS5-MOZ extends the vertical diffu- 25 Biogenic emissions
sion equations of ECHAMS to include the net flux of trac-

ers at the earth’s surface (e.g. emission and dry deposition)n this study, we use the prescribed biogenic emissions from
The dry deposition is formulated according to the schemethe recent IPCC-ACCENT Photocomp 2030 intercompari-
of Ganzeveld(200]). The wet deposition is based on the son experiment§tevenson et al2006. The biogenic emis-
scheme ofStier et al.(2009, with modifications for below-  sjons are 756 T¢C) yr—1, 68 Tg(C) yr—1, and 8 TgN) yr—1
cloud scavenging for HN®(Seinfeld and Pandisl998 ,  for non-methane VOCs (NMVOC), CO and NQespec-
page 1003). This dynamical wet deposition scheme takesively. Isoprene, terpenes and methanol account for about
into consideration the solubility of the tracers and the pos-68%, 17% and 11% of the biogenic NMVOC respectively.
sibility of the release of trace gases into the atmosphere byzs an alternative to prescribed globally-gridded biogenic
re-evaporation of precipitation. The sensitivity of transport NMVOC emissions, ECHAM5-MOZ offers the option of an
of tracers in ECHAMS to model resolution, forcing meteo- online calculation of biogenic NMVOC emissions according
rology and their chemical lifetime is discussed in Aghedo ettg the Model of Emissions of Gases and Aerosols from Na-
al. (20075. ture (MEGAN) Guenther et al2008.

2.3 Chemistry scheme 2.6 Other emissions

The ECHAMS5-MOZ model uses the MOZART2 tropo- The ECHAMS5-MOZ model needs gridded emission data for
spheric chemistry scheme, consisting of 63 transporte¢yyissions that are not calculated interactively. Emissions
species and 168 chemical reactions. The details of the cherrguch as biomass burning (all open fires including savanna,

ical species, reactions, kinetic equations and the chemistryg st and agricultural burning), aircraft, ocean and anthro-

solver are described Horowitz et al.(2003. Asiqthe origi_— pogenic emissions (such as fossil-fuel combustion by the
nal MOZART model, the ECHAMS-MOZ chemical reaction jomestic, transport and industrial sectors) are prescribed to

scheme is flexible due to the MOZART?2 preprocessor whichthe ECHAMS5-MOZ model as monthly-mean globally grid-

produces machine dependent optimized (e.g. vectorized ande files, They are injected into the model at various model
parallelized) code for a specific set of user-defined reactmnsheights_

An implicit Euler method is applied for the integration of

L i ) ) s With the exception of the lightning emissions, which are
the kinetic nonlinear differential equations for most of the 5 d J

. calculated from the interactive lightning parameterisation
SPecies. in ECHAM5-MOZ as discussed in Se@.4, all emissions
used for this study are identical to those used in the IPCC-
ACCENT experiment $tevenson et gl200§. These data

ECHAMS5-MOZ includes interactive lightning NOemis- sets are a combination of emission inventories of the Insti-
sions according to the parameterisation @rewe et al. “%‘e for Applied Sys'te'm Analysis (IIASA), the'GIoba.I Erms-
sions Inventory Activity (GEIA), the Global Fire Emissions
3Aghedo, A. M., Schultz, M. G., and Rast, S.: Sensitivity of Database (GFED) version Rénderson et 42009 and
tracer transport to model resolution and forcing data in the generathe Emission Database for Global Atmospheric Research
circulation model ECHAMS, in preparation, 2007. (EDGAR) version 3.20Qlivier et al, 1999.

2.4 Lightning emissions
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Table 1. Global trace gas emissions by source used in this studfoumed ocean-atmosphere simulations performed at the Max

and contribution from the African continent to the respective global P1anck Institute for Meteorology, Hamburg. Present-day
total in parenthesis. constant concentrations of 1760 ppbv, 367 ppm and 316 ppbv

were maintained for Clj CO, and NO respectively.
ECHAMS5 model climate simulations give better results at

Cco NMVOC NO higher spatial resolutiondRpeckner et al.2006. Specifi-

Source (TgCy/yr)  (Tg(©)/yr)  (Tg(N)/yr) cally, T42L19 and T63L31 have a particularly good balance
Industrial 201 (16%) 66 (14%) 28.0 (5%) between computational costs and quality of the results. How-
Biomass burning 217 (43%) 19 (42%)  10.0 (46%) €Ver, Aghedo etal. (200¥show that the simulated transport
Biogenic 69 (20%) 756 (25%) 8.0 (30%) Of tracers in T42L31 is significantly different from that in
Lightning - - 2.7 (26%) T42L19, but comparable to that in the computationally more
Aircraft - - 0.7 (4%) expensive T63L31 resolution. Each experiment in this study
Ocean 9(-) 4(-) - was therefore performed in the T42L31 resolution for 5 years
All sources 496 (28%)  845(24%)  49.4(18%) (1997-2001) after a spin-up of 6 months.

We performed one reference experiment and 4 sensitiv-
ity experiments. The reference experiment includes all the
emissions, while in each of the sensitivity experiments, we
switch off one of the following emission categories over the
African continent: biomass burning, biogenic, lightning, or

Anthropogenic CO, NQ and NMVOC emissions such  anthropogenic emissions, respectively. The differences be-
as domestic, industrial, road transport, off-road and powertween the reference and the sensitivity experiments therefore
plants fossil-fuel combustion and gas flaring are as calculatedhow the impact of each of the African emissions.
by the IIASA global version of the Regional Air Pollution  \we are aware that setting an emission source to zero af-
Information and Simulation (RAINS) modeAmann et al.  fects the lifetime of other trace species in the troposphere.
1999 for the year 2000. The international shipping CO,,NO  Nevertheless, this approach provides a relatively uncom-
and NMHC emissions are based on the EDGARS.2 globalyjicated method in assessing the potential impact of these
emission inventoryQlivier et al, 1999, while aircraft NQ different emission types. Also, the method has the ad-
emissions are specified according to the IPCC special repoiantage that the combined effect of different species (e.g.
on Aviation and the Global Atmospher®CC, 1999. CO, NQ, and NMVOC) from the same emission category

The biomass burning emissions, which include Savanna(e.g_ biomass burning) on the overall tropospheric chem-
forest and deforestation fires, and agricultural waste burnistry can be assessed. The methane lifetime (average of 7.1
ing are from the GFED version Randerson et al2009  years based on 150 ppbv ozone-threshold tropopause) shows
database available &ttp://daac.ornl.gov/ For the simula- a small increase of about 13, 35 and 50 days in the experi_
tions described in this paper, we use the 1997-2002 averag@ent without anthropogenic, biomass burning and lightning
data. Ocean CO and soil CO2Hind NQ emissions are  emjssions respectively, when compared to the reference ex-

from the GEIA database (séd¢orowitz et al, 2003. The  periment, while in the experiment where biogenic emissions
biogenic VOC emissions from vegetation are based on theyre switched off, it decreases by only 32 days.

global model of natural VOC contributed to the GEIA activ-
ity by Guenther et al(1995.
Tablel lists the global CO, NQand NMVOC emissions 4 Model Evaluation

by source used in this study, and the amount contributed

by African emissions are included as the percentages of thén extensive evaluation of the ECHAM5-MOZ model is de-

global emissions. It also contain the comparison of our emis-scribed in Rast et al. (200%) In the ACCENT-IPCC sce-

sions to those oMarufu et al.(2000. Our biogenic emis- nario studies, ECHAM5-MOZ showed a high bias of about

sions are about twice as high as thos#afufu et al.(2000, 20% in the global tropospheric ozone production and loss

while others are comparable. compared to the mean of all participating modee{en-
son et al.2006. In terms of global dry deposition, it has a
low bias of about 5%. Methane and @EICI3 tropospheric

3 Model simulations lifetimes are at the lower end of the currently accepted esti-
mations Prinn et al, 1995 Ehhalt et al.2001). The surface

The model experiments follow the general setup for theozone concentration is known to have a high bias in heav-

IPCC-ACCENT intercomparison studySievenson et al. ily polluted areas, such as industrial centres and large city

2006. The experiments were run for present-day climate andagglomerations but also in the Mediterranean basin.

emissions. The climate conditions (sea surface temperatures In this section we evaluate the ECHAM5-MOZ model

and sea ice fields) were taken from six consecutive years obver Africa and its surroundings, by comparing model-

Marufu et al.(2000 482 (23%) 534 (23%) 40.0 (18 %)

Atmos. Chem. Phys., 7, 1198212 2007 www.atmos-chem-phys.net/7/1193/2007/
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Fig. 1. The comparison of 5-year averaged model simulated (open circles with line) and 1997-2002 mean MOZAIC (filled-squares) ozone
vertical profiles for Cairo (Egypt), Abidjan (Cote d’lvoire), Lagos (Nigeria), Brazzaville (Congo), Windhoek (Namibia) and Johannesburg
(South Africa) in December — February (DJF). The horizontal lines indigdie standard deviation. The figures also show the ozone
enhancement due to each of the African biomass burning (red lines), biogenic (green lines), lightning (blue lines) and anthropogenic (dashed-

black lines) emissions. The red, green, blue and dashed-black lines represents the difference of ozone between the reference and th
sensitivitivy experiments.

calculated trace species {@nd CO) concentrations of our 1998h 2003. Each of these comparisons is discussed be-

reference experiment to measurements. Specifically this intow.

cludes: (1) a detailed comparison of ECHAM5-MOZ ver-

tical ozone profiles with in-situ aircraft data of the Mea- 4.1 ECHAM5-MOZ comparison with MOZAIC ozone

surement of OZone and water vapour by Airbus In-service data

airCraft (MOZAIC) (Marenco et al.1998 Thouret et al.

1998ab, 2006 Zbinden et al. 2008; (2) a comparison of The aircrafts of the MOZAIC programme sample vertical

ECHAMS5-MOZ ozone concentration time series over As- Profiles of ozone concentration upon departure and arrival.

cension |S|and’ Irene, Reunion and Nairobi with South- These prOfiIeS have been used to evaluate ECHAM5-MOZ at

ern Hemisphere ADditional OZonesondes data (SHADOZ)Six African airports: Cairo (Egypt), Abidjan (Cote d'Ivoire),

(Thompson et al2003ab), available ahttp://croc.gsfc.nasa. Lagos (Nigeria), Brazzaville (Congo), Windhoek (Namibia)

gov/shadoz/and (3) a comparison of CO surface concen-and Johannesburg (South Africa). MOZAIC data provides

tration calculated in ECHAM5-MOZ with the NOAA Earth the first ozone climatology data covering major African

Systems Research Laboratory Global Monitoring Division Cities, and these data were analysedayvage et a(2009.

(NOAA/ESRL-GMD) CO data ovelli et al, 1992 1994 Figures1 and 2 show the comparison of our reference
simulation (open circles) to MOZAIC (filled squares) ozone

www.atmos-chem-phys.net/7/1193/2007/ Atmos. Chem. Phys., 7, 1293-2007
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Fig. 2. Same as Figl but for June—August (JJA).

vertical profiles for these six stations in December—Februanytivities in the vicinity of these stations (see Figsand 2).
(DJF), and June—August (JJA) respectively. MOZAIC dataThe reason why the ozone enhancement is limited to below-
were averaged over the years 1997-2002. The ECHAM5650 hPa is due to the high stability created by a combination
MOZ results do not reflect specific years but can be regardedf the Harmattan and the Saharan anticyclone, which pre-
as a 5-year climatology over the late 1990s. There are nwents effective vertical mixingSauvage et g312005.
measurements at Brazzaville airport in November and De- ] .
cember of years 1997-20084uvage et gl2005. These However, Wh'le the dry season maximum ozone
figures also show the ozone enhancement due to biomagdihancement in the MOZAIC data occurs at 850-650 hPa,
burning (red lines), biogenic (green), lightning (blue) and an-'t 1S confined Wlthln the surface 800 hPa in the ECHAM5-
thropogenic (dashed-black lines) emissions. MOZ _model. This causes ECHAMS—MOZ- lower tropg-
spheric (surface—800 hPa) ozone concentrations to be highly
The ECHAM5-MOZ model shows a reasonable level of biased during the dry season. For example, the surface ozone
agreement with the measurements in the free troposphereoncentration is overestimated in ECHAM5-MOZ by about
(750 hPa—350 hPa) at these six stations. The model bias i85-50 ppbv and 50-100 ppbv over Lagos and Abidjan re-
about 20 ppbv, except over Cairo, Windhoek and Johannesspectively in DJF, with the maximum bias occurring in De-
burg in JJA, where the bias is up to 30 ppbv. During the drycember at both stations. Over Brazzaville, the bias in sur-
season, i.e. DJF in Lagos and Abidjan, and JJA in Brazzavface ozone varies between 35-60 ppbv in JJA, with a max-
ille, both model and measurements exhibit high ozone enimum overestimation in July. We identified three potential
hancement below-650 hPa over Lagos, Abidjan and Brazzavreasons for this dry season bias: (a) ECHAM5-MOZ under-
ille. This is connected with an increase in local emissions ofestimates dry deposition during the dry seasons. As already
ozone precursors due to an increase in biomass burning astated above, the global dry deposition in ECHAM5-MOZ

Atmos. Chem. Phys., 7, 1198212 2007 www.atmos-chem-phys.net/7/1193/2007/
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Table 2. African emissions influence on the tropospheric ozone burden gy @various geographical land regions. The results are the
difference of the 5-year averages from the base run and the sensitivity runs where each of the emission sources were switched off one at :
time.

Biomass Biogenic Lightning Anthropogenic  Tropospheric

Region burning @ burden
Africa 2.50 4.07 1.75 0.89 33.14
East Asi& 0.12 0.31 0.15 0.09 11.33
Europe 0.09 0.24 0.09 0.09 14.25
Latin Americd 0.43 1.00 0.48 0.20 23.95
Middle East 0.20 0.53 0.24 0.18 11.89
North-central Asid 0.08 0.20 0.08 0.08 14.52
Oceanié& 0.26 0.57 0.30 0.14 9.99
South-central Asfa 0.14 0.33 0.18 0.08 7.25
Southeast Asfh 0.18 0.43 0.25 0.08 9.78
United States and Canada 0.14 0.34 0.14 0.10 20.57
Global 9.52 19.59 8.06 4.67 384.32

& China, Hong Kong, Japan, Democratic peoples Republic of Korea, Republic of Korea, Macau and Taiwan.

b South America, Mexico and the Caribbean Islands.

¢ Middle East countries include the western part of Afghanistan, Bahrain, Cyprus, Gaza strip, Iran, Iraq, Israel, Jordan, Kazakhstan,
Kuwait, Kyrgyzstan, Lebanon, Oman, Pakistan, Qatar, Saudi Arabia, Syrian Arab republic, Turkey, Turkmenistan, United Arab Emirates,
Uzbekistan, West Bank and Yemen.

d Russia Federation and Mongolia.

€ Australia, New Zealand, Fijis, French Polynesia, Guam, New Caledonia, Niue, Samoa and Vanuatu.

f South-central Asia consist of India, Pakistan, Bangladesh, Sri-Lanka, Nepal, Maldives, Kashmir, Bhutan and the eastern Afghanistan.

9 Southeast Asia consist of Brunei, Cambodia, East timor, Laos, Vietnam, French Indo-China, Indonesia, Malaysia, Myanmar, Papua New
Guinea, Philippines, Singapore, Thailand.

is about 5% lower than the multi-model-average dry deposipospheric 0zone concentrations over Johannesburg are most
tion (Stevenson et gl2006. (b) The lack of aerosols (espe- sensitive to biogenic and anthropogenic emissions. At all
cially mineral dust) in ECHAM5-MOZ may also contribute stations except Cairo, we see a significant influence of bio-
to this bias. (c) The particular choice of the reaction con-genic and lightning emissions on upper tropospheric ozone
stants and their temperature dependence in ECHAM5-MOZconcentration, especially during the wet seasons.
is known to favour high ozone concentrations in the tropo-
sphere (G. A. Folberth, personal communication, 2006). We4.2 ECHAM5-MOZ  comparison  with  SHADOZ
have to point out that to fully unravel the extent of these rea- ozonesonde data
sons would be beyond the scope of this paper. The dry season
bias in the lower trOpOSphere will Weakly influence the re- We compare the month|y-mean time series of ozone oncen-
sults presented in this study since we are interested in differtration calculated in ECHAMS5-MOZ with SHADOZ data.
ences of concentrations between two simulations, however ifigure 3 shows this comparison over Ascension Island,
will influence the absolute values of total tropospheric 0zonejrene, Reunion and Nairobi at 300 hPa, 500 hPa and 800 hPa.
burden calculated over the world regions in our reference exQzonesonde data have been collected at these four stations
periment (see column 6 of Tabi. since 1998 till present (i.e. 2006). The SHADOZ data rep-
The red lines in Figl show that the biomass-burning pre- resent a 1998-2004 monthly average, and for the model, the
cursors emitted over western Africa lead to an ozone en-ozone concentrations are the 5-year monthly average of the
hancement over central Africa in DJF, as shown by the ozoneeference simulations.
profile over Brazzaville. Figur@ also shows the reverse in- The agreement with the SHADOZ measurements is gen-
fluence of central-African biomass burning on west-African erally good at all stations and vertical levels. The simulated
ozone in JJA, but at a lesser amount (Abidjan and Lagos)values show a smaller variability (i.e. standard deviation)
This feature has previously been found by backward trajecover the 5-year period than the measurements which repre-
tories calculated isauvage et a(2009. sent mean values over 7 years. The seasonal cycle is well
Figuresl and2 show that African emissions have insignif- captured at most stations and vertical levels, both in ampli-
icant influence over Cairo. In November—April, lower tro- tude and phase. Nevertheless, there are some deviations of
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Fig. 3. The comparison of 5-year mean ECHAM5-MOZ model (open-circles) and 1998—2004 mean SHADOZ data (filled-squares) of ozone
concentration (in ppbv) over Ascension, Irene, Reunion and Nairobi at 300 hPa (top), 500 hPa (middle), and 800 hPa (bottom).

the model from the measurements in the lower tropospherel999 Holloway et al, 2000, and were also used to validate
At 800 hPa (Fig3, bottom panel), the model shows an over- measurements of CO made from spadeelli et al, 1998a
estimation of the ozone concentration of about 15 ppbv atReichle et al.1999.

Reunion in June and July. At Irene and Nairobi, this overes- . .
S ; We compare CO surface concentrations calculated in
timation reaches 20 ppbv in some months. On the other handE

the model underestimates the ozone concentration over ASGCM%ACI\:AOS'&%Z Tvﬁ'égegsg?gr?g.sngog]e tlhgor’:ltaé':gi?rian
cension throughout the year. ' ’ inciu : '

i, 4. show n scasonl GFW, A, 355, OND) Sl (Aesekce. Lmartie At sian (e s
bias of the ECHAM5-MOZ model when compared with

SHADOZ data at Ascension Island, Irene, Reunion and"2mes and coordinates).

Nairobi. The bias is generally lower than 20 ppbv, except Figure5 shows that the model captured the seasonal varia-
at Irene in AMJ and JAS and Nairobi in JAS. Interestingly, tion of surface CO concentration at most of the stations, and
these months represent the dry seasons at Irene and Nairoli, particular in the southern hemisphere (i.e. Ascension Is-
thereby confirming that the ECHAM5-MOZ model has a bias land, Mahe Island, Crozet Island and Syowa). At the sta-
higher than 20 ppbv during the dry season, which may betions north of the equator (i.e. Ragged Point, Terceira Is-
linked to the reasons stated earlier. land, Tenerife, Assekrem and Sede Boker), ECHAM5-MOZ

) ) underestimates the surface CO concentration, especially in
4.3 ECHAMS5-MOZ comparison with NOAA/ESRL-GMD January—May.

surface CO concentrations data
The inter-annual variability of the simulated surface CO

NOAA/ESRL-GMD has collected CO data since the 1990sconcentration (error bars in Fi) is generally lower than
(Novelli et al, 1992 1994 1998h 2003. These data have that of the measurements. This may be related to inter-annual
been used to provide a better understanding of the CO globalariations in emissions, which are not included in the model
distribution (Novelli et al, 1992 19981, the CO budget and since the same monthly-mean emissions are prescribed in
trends Novelli et al, 1994 199832003 Granier et al.1996 each of the simulation years.

Atmos. Chem. Phys., 7, 1198212 2007 www.atmos-chem-phys.net/7/1193/2007/



A. M. Aghedo et al.: African air pollution influence on tropospheric ozone

Pressure [hPa]

Ascension

200
300
400
500
600
700

Pressure [hPa]

800

900

1000 ;
-20 -10 0 10 20 30

O3 bias [ppbv]

200
300
400
500
600
700
800
900

1000

Irene

A . . .
-20 -10 0 10 20 30
O3 bias [ppbv]

Pressure [hPa]

Reunion

200
300
400
500
600
700
800
900

1000

-20 -10 O

10 20
O3 bias [ppbv]

200
300
400
500
600
700

Pressure [hPa]

800
900
1000

30

.
-20 -10 0 10 20 30
O3 bias [ppbv]

1201

Fig. 4. The vertical profile of the seasonal mean model bias (i.e. the difference of ECHAM5-MOZ and SHADOZ) over Ascension Island,
Irene, Reunion and Nairobi.
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Fig. 5. Monthly mean surface CO concentrations in ECHAM5-MOZ (open circles) compared to NOAA/ESRL-GMD CO (filled squares) at

Terceira Island (Azores), Sede Boker (Negev desert, Israel), Tenerife (Canary Island), Assekrem (Algeria), Ragged Point (Barbados), Mahe
Island (Seychelles), Ascension Island, Crozet Islands and Syowa (Antarctica). Error bars denote the inter-annual variations in both model
and measurements.
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Fig. 6. The influence of African biomass burning on 5-year DJF and JJA average of the surface ozone concentrations. The figures show the
difference between the reference experiment and the experiment where biomass burning emissions are excluded.
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Fig. 7. The influence of African biogenic emissions on 5-year DJF and JJA average of the surface ozone concentrations. The figures show
the difference between the reference experiment and the experiment where biogenic emissions are excluded.

5 The influence of African emissions types were excluded. Lightning has a small impact on sur-

face ozone concentration, and only accounts for a maximum
In Sects5.1and5.2, we discuss the impact of African emis- of 1 ppbv over a small area in Africa, and is therefore not
sions on the photochemical ozone production over Africa andoresented.

globally. The analysis focuses on the impact of emissions

. . The enhancement of the surface ozone concentrations dur-
on surface ozone concentrations and tropospheric ozone bulrr—] the biomass burning seasons (DJF and JJA) generall
den (TOB). The seasonality and inter-annual variability of 9 9 9 y

the ozone burden is described in Seét8 and5.4 respec- lies between 10_5(.) Ppbv at the burning region (IBi);.bu_t
. . N can reach 60 ppbv in JJA over large parts of Democratic Re-
tively. We present some estimates of the uncertainty in our_ ", . . S

. public of Congo and Angola. In DJF, there is a significant
results in Sects.5. .

enhancement of the surface ozone concentrations over the

equatorial Atlantic, reaching farther to the northeastern part
of Brazil. About 1-2ppbv surface ozone increase due to
African biomass burning emissions in JJA as well as Septem-
ber to November (SON), can be found over the southern At-

lantic, Indian and Pacific oceans.

5.1 The effect of African emissions on surface ozone

The effect of African biomass burning, biogenic and anthro-
pogenic emissions on surface ozone is shown in Bigsand

8 respectively. The figures show the difference in the sim-
ulated surface ozone concentrations between the reference The influence of biogenic emissions on surface ozone con-
experiment and the experiment where each of the emissiogentration over Africa is lower than that of biomass burning

Atmos. Chem. Phys., 7, 1198212 2007 www.atmos-chem-phys.net/7/1193/2007/
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Anthropogenic-O3[ppbv]-1000hPa-DJF Anthropogenic-O3[ppbv]-1000hPa-JJA

QN e L L e e

O =~ N WD N D © 5
=}
1

O = N WO N 0O S

308

60S

L e o e e o TN o e o e e B e B A B mm
T T T T T T T T T T T
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W O 30E 60E 9Q0E 120E 150E 180

Fig. 8. The influence of African anthropogenic emissions on 5-year DJF and JJA average of surface ozone concentrations. The figures show
the difference between the reference experiment and the experiment where anthropogenic emissions are excluded. Note that the scale |
reduced from those of Figé.and7.

emissions in DJF and JJA (Fig) in the burning regions. AP0 absolute values of the difference between the

The highest enhancement during these 2 seasons is about pressure at the upper and lower boundary
30 ppbv. However, while biomass burning surface ozone en- of the grid box;

hancement is confined to SH Africa in JJA, the influence of ~ A(/) : areaof grid boxj

biogenic emissions covers both hemispheres. African bio- g: earth acceleration S

genic emissions enhance the SH ocean surface ozone con- ¥s(j): Mass mixing ratio of speciesin grid box j
centration by about 1-2 ppbv in all season. xp(j) : characteristics function of subdomdin It is

The surface ozone produced by African anthropogenic 1ifthe grid box; lies inD, otherwise itis 0.

emissions (Fig.8) shows that Nigeria, South-Africa and For the purpose of this study, the tropopause is defined as the
Egypt are the countries mainly affected by anthropogenicpressure level at which the ozone concentrations are greater
emissions (up to 10 ppbv). These three countries togethethan or equal to 150 ppbv. The TOB discussed in this section
account for about 35%, 53% and 37% of the total African and in subsequent sections are calculated usinglq. (
anthropogenic CO, NPand NMHC emissions respectively. ~ The TOB calculated from the reference experiment for
This effect therefore corresponds to the relatively high con-various world regions are shown in the last column of Ta-
tribution of these countries to the anthropogenic emissions. ple 2. Our estimate of 33 Tg TOB over Africa is higher
The relative importance of each of the African emis- than the 26 Tg reported byarufu et al.(2000 using the
sion categories to surface ozone concentration over AfricaTracer Model version 3 (TM3), mostly due to the dry season
thus depends on the season and the location. For exampleyerestimation of lower tropospheric 0zone concentration in
biomass burning emissions have the largest influence in th€ CHAM5-MOZ.
burning regions during the dry season. Whereas, over most The net influence of each of the African emissions on the
of the Saharan desert (i.e. north of Sahel), the surface ozonggional and global TOB is shown in columns 2 through
concentration is enhanced mainly by anthropogenic and bio5 of Table 2. African biomass burning, biogenic, light-
genic emissions. ning and anthropogenic emissions account for about 9.5 Tg,
19.6Tg, 8.0Tg and 4.7 Tg of the global TOB respectively.
5.2 The influence of African emissions on the troposphericOver Africa itself, the net influence of each of these emis-
ozone burden sion types is only 2.5Tg, 4.1Tg, 1.75Tg and 0.9Tg re-
spectively. This indicates that more than 70% of the tro-
We calculate the burdem of a speciess in any three-  pospheric ozone produced by photochemical reactions in-
dimensional subdomaii of the atmosphere describing a volving African emissions is found outside the continent due
particular region, e.g. troposphere over Africa, as: to the transport of precursor species and ozone itself. The

o largest ozone enhancement is confined to the south Atlantic
Z AP(j)AG)

m = vs(7) xp () (1)  and Indian oceans. Our calculated value of 9.5Tg of ozone
7 due to African biomass burning emissions is in good agree-
ment with the 10 Tg suggested in a marked tracer experiment

where described irMarufu et al.(2000.
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Fig. 9. 5-year zonal average of the ozone concentration (ppbv) produced by African biomass burning (left column), biogenic (middle
column) and lightning (right column) emissions. The seasons with highest ozone enhancement are shown. These are DJF and JJA fol
Biomass burning; and MAM and SON for biogenic and lightning emissions.

Figure 9 shows the vertical profiles of the zonal average also shows a relatively higher CO concentration enhance-
ozone concentrations produced by African biomass burningment in the middle to upper troposphere from biogenic emis-
biogenic and lightning emissions as the difference betweersions than biomass burning emissions.
our reference run and the respective sensitivity simulation. In order to estimate the direct effect of African biogenic
The two seasons shown for each emission source are thogeH3OH, isoprene and terpene emissions on these concen-
with the maximum impact of each of the emission types.tration enhancements, we performed 3 additional sensitivity
These are DJF and JJA for biomass burning, and MAM andexperiments for 1 year after a spin-up period of 6 months.
SON for biogenic and lightning emissions. The plots showIn each of these experiments, we exclude only one of these
5-year averages. The impact of African lightning emissionemissions, respectively. Together, these emissions account
on ozone production is highest at the middle to the upper trofor 96% of the biogenic NMVOC used for this study. The
posphere (as shown in the right column of Fy. results show that a maximum of 65% and 15% of the upper

A striking feature in Fig.9 (middle column) is that al- troposphere (UT) ozone enhancement are due to African iso-
though biogenic emissions are released into the troposphergrene and biogenic G#OH emissions, whereas the influence
at the top of the vegetation canopy (as in the case of bio-of terpenes is negligible. Therefore, the combined effect of
genic NMVOC) and at the surface (as in the case of soilthe convective transport of biogenic methanol and isoprene,
emissions), relatively large ozone increases are seen in thend their reaction products increases the UT ozdreed al,
upper troposphere (between 300 hPa and 100 hPa). This ma3003 Doherty et al.2005.
be due to the combined effect of strong convective activity Globally and over the continental regions outside Africa,
in the main source region of the emissioi®ollins et al, the influence of African biogenic emissions on the tropo-
1999 Lawrence et a).2003 von Kuhlmann et a).2004), the spheric ozone burden is about two times that of biomass
transport of biogenic NMVOC with relatively long chemical burning (as shown in Tablg), making them the most im-
lifetime, such as methanoTlig et al, 2003, and the effec- portant African emissions category. This is due to the bio-
tive storage of N@ as peroxy acetyl nitrate (PAN) (Fi@0). genic emissions enhancement of the ozone concentration in
Upon sinking of air masses containing these compoundsthe middle to the upper troposphere (F8&), where ozone
PAN is thermally decomposed and it releasesyN@d per-  and ozone precursors are easily transported over large dis-
oxy radicals, which contribute to ozone formation. Figlife  tances. The largest influence of each of the African emission
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Fig. 11. The influence of African emissions ¢a) African and(b) global tropospheric ozone burden (Tg)OFigure shows 5-year average.
Note the difference in the scales.

categories on TOB of other continental regions occurs in5.3 Seasonality of the influence of African emissions on the

Latin America, followed by Oceania, the Middle East, South- regional and global tropospheric ozone burden
east and South-central Asia, the United States and Canada,
Europe and North-central Asia (Taltg In Fig. 11a, we show the seasonal variation of the impact

of African emissions on the TOB over Africa. The sea-
sonal variation of the tropospheric ozone burden produced
by African biomass burning emissions (red line) shows two
peaks. The first peak occurs between December and Febru-
ary, while the second peak occurs in July, with a spread from
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Fig. 12. The 5-year average tropospheric ozone column (DU) produced by Africa lightniggeN@sions in DJF, MAM, JJA and SON;

overlaid with streamlines at 250 hPa during the same seasons. The streamlines is generatedalyl thevind vectors of the reference
simulations. The tropospheric ozone column is the difference of the ozone column between the reference simulation and the simulation
without African lightning emissions.

June to September. This seasonality shows a high correlaaccur in May and October. The seasonal variation of the
tion with biomass burning emissions (r=0.85, 0.88 and 0.93global TOB produced by African biomass burning (red line
for biomass burning NMHC, CO and NQespectively), re- in Fig. 11b) shows two peaks in December through February
flecting the DJF and JJA burning seasons in the NH and SHand in September. The maximum values are about 11.5Tg
parts of Africa, respectively. During these peaks, the influ-and 12 Tg, in February and September respectively. African
ence of African biomass burning emissions on African TOB lightning emissions yield their maximum influence on global
is about 3.4 Tg in January and 3.0 Tg in July. The seasonal OB in April and October. During these months, their im-
variation in African TOB due to African biogenic emissions pact can be up to 10 Tg and 11 Tg, respectively. As shown
also shows a peak in May (green line in Fidla) reach- by the black lines in Figll, the TOB produced by African
ing 4.8 Tg. Lightning emissions over Africa yield the max- anthropogenic emissions show a small seasonal variation.
imum influence on the tropospheric ozone production over Th litv of the infl £ Afri .
the continent in two major seasons: March through May, and € seasonailly ot In€ Infuence ot Alrican emissions on
) : each of the world regions shown in Tal®ereveal that the
September through October; accounting for about 2.1 Tgre- . : . ) S
spectively (blue line in Figl 1) maximum influence of biomass burnlng_ emissions occurs
in December—March except over Oceania, where the max-
As shown in Figl1, African and global TOB is most sen- imum influence occurs in September—October. It turns out
sitive to biogenic emissions in all seasons. The two monthghat burning in both hemispheres of Africa influences Latin
of maximum influence of biogenic emissions on global TOB America TOB. The maximum influence of biogenic, light-
are May and November, when they account for a net TOBning and anthropogenic emissions on TOB over Oceania,
of 21 Tg. The highest isoprene emissions over Africa oc-the Middle East, Southeast and South Central Asia, and
cur in April and October, while those of biogenic gBH East Asia occurs generally in March—June and September—
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Table 3. Inter-annual variability of the tropospheric ozone burden produced by each of the African emission categories. The entries show
the mean absolute bias in percent for various geographical land regions.

Region Biomass burning  Biogenic  Lightning  Anthropogenic
Africa 2.4 2.3 4.9 2.1
East Asia 6.9 3.4 6.4 3.7
Europe 5.6 3.0 5.5 6.4
Latin America 4.2 3.9 6.8 35
Middle East 6.6 4.8 4.9 0.4
North-central Asia 7.5 3.9 55 4.9
Oceania 3.9 2.9 6.4 1.9
South-Central Asia 6.1 2.8 4.5 1.3
Southeast Asia 16.2 12.5 18.8 11.2
United States and Canada 7.2 35 5.6 4.3
Global 3.0 2.0 5.9 2.0

December, except over Latin America, where it occured ingether account for about 77% of the TOB related to African
June—-September. These seasonalities reveal the combinamissions over Southeast Asia. The high interannual vari-
tion of seasonal variation in emissions and a seasonal shift iability recorded over southeast Asia is driven by the partic-
transport pathways out of the emission source regions. Thisilarly low and high transport from Africa to Southeast Asia
is demonstrated in the example of Fi2, where the spa- in the third year and the fifth year of our simulation period,
tial distribution of the total tropospheric ozone column in- which causes the TOB over Southeast Asia to be about 18—
crease due to African lightning emissions corresponds to th&4% lower and 25-40% higher than the 5-year mean TOB,
tranport pathways at 250 hPa in all seasons, as shown by thespectively. This decrease and increase in transport is con-
streamlines. The altitude of 250 hPa for the streamlines wasiected with the cold and warm anomaly in the sea surface
chosen, because this is near the region of maximur ON® temperature in these years, respectively (see By. This

flow in thunderstorms. warm (or cold) anomaly has been shown to induce a weak-
ening (or strengthening) of the tropical easterly flfner et
5.4 Inter-annual variability al., 1992 Janicot et a].2001). The analysis of the streamline

. _ . o anomaly (figures not shown) at 100 to 500 hPa reveals that
Previous studies on the effect of African emissions on tro-the transport from Africa to Southeast Asia is enhanced (or

pospheric ozone have always focused on one specific mereduced) when a warm (or cold) SST anomaly occurs.
teorological year. The authors are not aware of any study

conducted over several years. Here we investigate the im5.5 Uncertainties
pact of changes in meteorology by analysing the inter-annual
variability in our 5-years simulations. All emissions were Simulations of the global tropospheric ozone budget are still
held constant over the 5-years, but lightning emissions varyrather uncertain; nevertheless, most models show rather good
according to changes in convective activity. consistency in simulating the response to emission changes
We give the inter-annual variability calculated as the av- (Stevenson et gl200§. There are large uncertainties in
erage deviation relative to the mean results in T&l€en-  emission estimates, and these uncertainties will influence our
erally, the highest inter-annual variability (more than 11%) results both in terms of absolute values and with respect to
is calculated over southeast Asia, while the smallest interthe relative importance of emission source types. While we
annual variability (less than 5%) is recorded over Africa for cannot give a thorough discussion of the uncertainties here,
all the emission categories, for all other region, the inter-we will at least discuss the potential impact of emission un-
annual variability of the transport from Africa is less than certainties on our ozone budget calculations assuming a lin-
10%. Globally, the variability is about 3.0%, 2.0%, 5.9% ear response for simplicity.
and 2.0% for global tropospheric ozone burden generated African biomass burning emissions are uncertain by about
by African biomass burning, biogenic, lightning and anthro- a factor of 2 (Schultz et al., 2006)Some of this uncertainty
pogenic emissions respectively. may be related to inter-annual variability of these emissions
African emissions influence tropospheric ozone over(e.g. seeBarbosa et al.1999, but since we do not take this
Southeast Asia throughout the year, with maximum impactvariability into account in our model simulations, we can re-
in March—April and October—December. This influence is gard it as the uncertainty of the mean value here. Thus the in-
dominated by biogenic and lightning emissions, which to- fluence of African biomass burning emissions on the global
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Fig. 13. The sea surface temperature (SST) anomaly in the third and the fifth year of the simulation period, with respect to the 5-year average
SST.

tropospheric ozone burden could range from 4.50¢) to chemistry model, ECHAM5-MOZ. We gave an overall de-
19Tg(0O3). scription of the model and presented a model evaluation
The uncertainty of global isoprene emissions reported byfor the region around Africa by comparing the ozone and
Guenther et al(2006 is about a factor of 3, and about the CO concentration calculated by ECHAM5-MOZ to mea-
same uncertainty factor is noted for global methanol emis-surements at various stations. Generally ECHAM5-MOZ
sions inTie et al.(2003. However, the uncertainty of the bio- captures the vertical and seasonal variation of the tropo-
genic emissions e.g. isoprene, for a specific location and timspheric ozone over Africa, except that it has some high bi-
in Africa could be up to a factor of 83uenther et a]1999. ases and overestimates the dry seasons lower tropospheric
Hence the influence of African biogenic emissions on globalozone concentration by more than 30 ppbv. In all other
tropospheric ozone burden could range from 6.50¢ to months and at all locations, the ECHAM5-MOZ ozone bias
59Tg(O3). is less than 30 ppbv everywhere in the troposphere up to
The uncertainty of global lightning emissions has been300 hPa. Interestingly, the ECHAM5-MOZ model confirms
briefly discussed in Sect. While there is a growing consen- that biomass burning emissions occuring in West Africa in
sus that the upper limit estimate of 20{g) yr—1 is likely DJF cause lower tropospheric ozone enhancement in central
too high Lawrence et a).1995 Labrador et a].2005 , there  Africa, with a reverse effect on western Africa during the
still remains at least an uncertainty of a factor of 3. Our esti-central African burning season in JJ8guvage et g12009.
mate of 2.7 TgN) yr—L is closer to the lower limit. We there- ECHAMS5-MOZ is also able to simulate the seasonal varia-
fore estimate the global tropospheric ozone burden related t§on and magnitude of the surface CO concentration at all the
African lightning NQ; source as 6 T¢O3)—30Tg(Os) for stations discussed.
global lightning NQ emissions ranging from 2 TgN) yr—1—
10 Tg(N) yr 1. We have shown that African biomass burning emissions
Anthropogenic emissions are also uncertain by at leas@re responsible for regional surface ozone enhancement of
30%, but regional uncertainties may be much larger, in par2bout 10-50 ppbv close to the burning regions. This sur-
ticular for domestic burning. We estimate that the impact offace ozone enhancement can even be more than 50 ppbv
African anthropogenic emissions on the global TOB may beover parts of central Africa (Democratic republic of Congo,
between 3 and 6 T@s3) yr—L. All together, the influence of Congo and Angola) during the JJA biomass burning season.
African emissions on the global TOB may range from 20 andBiogenic emissions increase the surface ozone concentration

114 Tg(N) /yr (representing 5-30% of the global TOB). over Africa by about 5-30 ppbv. Lightning is shown to have
an insignificant impact on surface ozone, but leads to the sec-

ond largest impact on the middle to the upper tropospheric
6 Summary and conclusions 0zone concentration, next to biogenic emissions. The rela-

tive importance of biomass burning and biogenic emissions
We have discussed the effect of African emissions, namelyon the surface ozone concentration over Africa is highly de-
biomass burning, biogenic, lightning and anthropogenicpendent on the season and the location. Biomass burning
emissions on the tropospheric ozone over Africa and in otheprovides the largest impact on surface ozone concentration
regions of the world, using the new 3-D global atmosphericonly during the burning seasons in the vicinity of the burning
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region. The Sahara desert surface ozone concentration &dited by: P. Monks
mainly influenced by anthropogenic and biogenic emissions.
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