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Abstract. Biomass burning (BB) in southern Africa is the changes in temporal resolution have the largest influence on
largest emission source of CO and @recursors within  the transport of trace gases near the source regions, EA, and
Africa during the West African Monsoon (WAM) between in the outflow towards the west of Central Africa. Using a set
June and August. The long range transport and chemicabf trajectory calculations we show that the performance of
processing of such emissions thus has the potential to exethe CTM is heavily constrained by the ECMWF meteorolog-

a dominant influence on the composition of the tropical tro-ical fields used to drive the CTM, which transport biomass
posphere over Equatorial Africa (EA) and the Tropical At- burning plumes from southern Africa into the lower tropo-
lantic Ocean (TAO). We have performed simulations using asphere of the TAO rather than up towards the middle tropo-
three-dimensional global chemistry-transport model (CTM) sphere at 650 hPa. Similar trajectory simulations repeated us-
to quantify the effect that continental transport of such BB ing an updated meteorological dataset, which assimilates ad-
plumes has on the EA region. BB emissions from southernditional measurement data taken around EA, show markedly
Africa were found to exert a significant influence over the different origins for pollution events and highlight the cur-
TAO and EA between 105—-20 N. The maximum concen- rent limitations in modelling this tropical region.

trations in CO and @occur between 0-°55 near the position
of the African Easterly Jet — South as placed by the European

Centre for Medium range Weather Forecasts (ECMWF) me~  |ntroduction

teorological analysis data. By comparing co-located model

output with in-situ measurements we show that the CTM failsThe emission of gaseous and particulate matter from both
to capture the tropospheric profile of CO in southern Africa human induced biomass burning (BB) and (natural) wildfires
near the main source region of the BB emissions, as welhas been identified as the most dominant source of CQ, NO
as the “extreme” concentrations of both CO angls@en be-  (=NO + NO,), Non-Methane Hydrocarbons (NMHCs), 50
tween 600-700 hPa over EA arourfdd For more northerly  and aerosol particles in sparsely populated tropical regions
locations the model exhibits high background concentrationgCrutzen and Andreae, 1990; Andreae and Merlet, 2001).
in both CO and @ related to BB emissions from southern The transport and chemical evolution of polluted plumes
Africa. By altering both the temporal resolution and the ver- from BB containing high concentrations of e.g. CO have
tical distribution of BB emissions in the model we show that been shown to affect the composition of the tropopshere at
both regional (e.g. Real et al., 2010) and global scales (e.qg.
de Laat et al, 2006), thus influencing local air quality, vis-
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dominant region where such fires occur is the African con-these enhancements have recently been found to be influ-
tinent (e.g. Jain, 2007), where the seasonality of the burninggenced by BB activity in southern Africa (Real et al., 2010),
practices results in two distinctive emission phases, one ocas well as other emission sources in the Guinea region (An-
curring in the Northern Hemisphere (NH), between CH90  cellet et al.,, 2009). However, the transport of such pol-
and one in the Southern Hemisphere (SH), betweenss20 luted air-masses towards EA is not continuous during the
These typically occur between December to March and Jun&\Vest African Monsoon (WAM), as demonstrated by Mari et
to September for the NH and SH, respectively. Moreover,al. (2008). They found that during a “break” phase of the
the intensity of fires and the total area burnt in the trop- African Easterly Jet — South (AEJ-S) between 3-8 August
ics exhibit a large degree of interannual variability linked to 2006, polluted air-masses were directed back over the con-
drought conditions imposed during the El Nino-Southern Os-tinent rather than westwards out over the tropical Atlantic
cillation. Observations from earth-orbiting satellites are now Ocean.
typically used when assessing the total regional emissions One objective of the AMMA project was to assess the
from BB and wildfires for any particular year (e.g. Duncan possible shortcomings of current state-of-the-art CTMs for
et al., 2003). Analysing a long term record thus allows suchthe African continent. A recent intercomparison study has
variability to be quantified. For example analysing the total shown that several independent large-scale global CTMs
burnt area time series from the Visible and Infrared Scannehave difficulties in capturing the correct distribution of tro-
(VIRS), the Along Track Scanning Radiometer (ATRS) and pospheric @Q over EA during the WAM as compared with
Moderate Resolution Imaging Spectroradiometer (MODIS)both ozonesonde profiles and a composite of aircraft mea-
sensors reveals an inter-annual variability~e8% for NH surements made during AMMA (Williams et al., 2010). The
Africa and~12% for SH Africa over the period 1997-2004 ability of the CTMs to capture the continental transport and
(van der Werf et al., 2006). Changes in land use and agrievolution of polluted air-masses is dependent on various
cultural practices also introduce a degree of variability, al-model components, such as the chemical mechanism, the
though on longer timescales (e.g. Kull and Laris, 2009). Asconvective parameterization, the quality of the meteorolog-
climate changes, wildfires are likely to increase in both inten-ical data used to drive the model, the accuracy of the BB
sity and frequency (e.g. Hoffmann et al., 2009; Flannigan etemission dataset in terms of the total emission flux intro-
al., 2009). Hence, the importance of these emission sourceduced per month and the temporal distribution of such emis-
for the tropics will potentially be enhanced in the coming sion datasets.
decades providing motivation to investigate whether large- The lofting of BB emissions due to the increased buoy-
scale atmospheric models can capture the variability in tropoancy of the hot air from the burning process can significantly
spheric composition which has been observed in the Africarincrease the “effective” injection heights (e.g. Kahn et al.,
region in recent years (e.g. Sauvage et al., 2007). 2007). The fraction of these emissions which are injected
For long-lived trace gases such as CO, convection intadirectly above the boundary layer (BL) has recently been
the free troposphere results in polluted air-masses travelassessed using satellite observations from both the Cloud-
ing long distances (e.g. Staudt et al., 2002; Edwards et al.Aerosol Lidar with Orthogonal Polarization (CALIOP) and
2006), where signatures of such events have previously beeklulti-angle Imaging SpetroRadiometer (MISR) instruments
observed in measurements made in the middle troposphetgy Labonne et al. (2007) and Kahn et al. (2008), respec-
(MT) over Africa (e.g. Muhle et al., 2002; Hobbs et al., tively. These studies concluded that direct emissions are
2003). Indeed Equatorial Africa (EA) exhibits unique me- rarely injected above the BL in the tropics (Labonne et al.,
teorological behaviour for June-July-August (JJA) (Nichol- 2007), whereas in boreal region®—18% reach the free tro-
son and Grist, 2003), which influences transport in and outposphere (Kahn et al., 2008), with injection heights ranging
of the region. Another important trace species linked to BBfrom a few hundred meters te4.5km above the ground.
is tropospheric ozone @), which is formed via the photo- A statistically robust analysis of MISR observations taken
chemical oxidation of N@ released during burning events. between 2004-2007 over North America (Val Martin et al.,
For instance, it has previously been shown that enhance@010) has found that plume height depends on land type, fire
concentrations of tropospherics@n the lower atmosphere intensity, season and local meteorological conditions, with
over EA between 10N-10° S during July can be attributed the range in injection heights being similar to that found in
directly to emissions from fires near the equator (Sauvage&kahn et al. (2008). Therefore, improving the description
et al., 2005; Sauvage et al., 2007). Moreover, recent airof BB emissions in globals CTMs requires the application
craft (Reeves et al., 2010; Areh-Herrandez et al., 2009) of a vertical profile with which to distribute such emissions
and ozonesonde measurements (Thouret et al., 2009) takehroughout the column.
as part of the African Monsoon Multidisciplinary Analy- Another factor associated with introducing BB into large-
sis (AMMA, www.amma-eu.orgRedelsperger et al., 2006) scale models is the update frequency of the BB emission in-
have also shown enhancements in both CO agidt@round  ventory. The duration of wildfires and BB events typically
4-5km, especially during August 2006 near the coast ofranges from between a single day to a few weeks, there-
Nigeria, Benin and Ghana. As part of the AMMA project, fore itis desirable that any BB emission inventory is updated
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throughout a month. Such inventories are now available t®2 Experimental set up
the atmospheric modelling community e.g. the 8-day Global
Fire Emission Database version 2 (GFEDv2) inventory (van2.1 Model description
der Werf et al., 2006). A number of recent modelling studies
performed with CTMs to investigate the effect of regional bo- The global CTM used in this study is the Tracer Model
real fire emissions on air quality in North America are some-version 4 (AMMA version) (TM4AMMA) model, which
what inconclusive concerning the importance of increasingadopts a horizontal resolution of82°, has 34 levels up
temporal resolution of the emissions and the injection height$o 0.1 hPa and is driven by 6-hourly European Centre for
for the distribution of such emissions. Some studies haveMedium range Weather Forecasts (ECMWF) meteorological
found injection heights to have a larger impact on CTM sim- analysis data. The main features and parameterizations used
ulations (e.g. Colarco et al., 2004; Leung et al., 2007; Tur-in the model are described in Williams et al. (2010), apart
quety et al., 2007), whereas others put more emphasis offom a small number of modifications, of which a brief sum-
the temporal resolution in the emission dataset (Chen et al.nary is given here. The heterogeneous uptake co-efficients to
2009). Therefore, both of these choices have the potentiaghccount for the scavenging of soluble trace gases into cloud
to be important when simulating atmospheric compositiondroplets have been updated, where wet deposition is now also
over Africa, where the emission of trace pollutants is typi- included for both methylglyoxal and the lumped aldehyde
cally larger (Jain, 2007). tracer that is included in the modified CBM4 mechanism
This study investigates the influence of BB activity in to account for higher aldehydes (C2 and above, Houweling
southern and Central Africa during JJA on the compositionet al., 1998). The parameterization of Heymsfield and Mc-
of the troposphere over EA for the WAM in 2006. Here Farquar (1996) has been included for the description of the
we differentiate the effect that various modelling parametersmicrophysical properties of cirrus particles and provides the
(temporal resolution, injection heights, model resolution andavailable cross sectional area of the ice particle field where
emission fluxes) used to describe BB in large-scale CTMsthe resident ice water content is above I®kgm3. This
have on capturing both latitudinal and vertical variability for cross sectional area is subsequently converted into a surface
this tropical region. Moreover, by performing a set of trajec- area density (cficm®) using a scaling ratio of 10, which
tory studies around EA, we also differentiate the constraintshas recently been estimated for non-homogeneous randomly
placed on a global CTM by the quality of the meteorological shaped particles (Schmitt and Heymsfield, 2005). The ef-
dataset used to drive the model for the African region. Fi-fective radius of the ice particles is calculated by using the
nally we show the effect of assimilating a more statistically cross sectional area in the parameterization of Fu (1996),
robust set of measurements into the meteorological datasethich has been validated against data from a number of dif-
for August 2006 on the origin of specific air-masses in EA ferent measurement campaigns both in the tropics and mid-
for periods where enhancements of MT CO andi@re ob-  latitudes (Heymsfield, 2003). These parameterizations re-
served. place the fixed ice particle size of 50 um previously included
This structure of the paper is as follows: in Sect. 2 wein TM4_AMMA. The corresponding surface area density
describe the model configuration used, the sensitivity stud-available from cloud droplets has also been modified using
ies that have been performed for this investigation, the ob-a fixed cloud droplet radius of 8 um. These micro-physical
servational datasets against which model output is comparegroperties are then used for calculating the conversion of
and give a brief overview of the trajectory model. In Sect. 3 N20s into HNO;z on both types of surface according to the
we highlight the differences in the seasonal variability in the approach outlined in Jacob (2000). This modification in the
mixing ratios of CO and @ over the Gulf of Guinea that description of the surface area density and an update of the
occur between the various sensitivity studies, and examingelevant uptake parameters has been shown to reduce the het-
the effects of altering model parameters associated with inerogeneous conversion 05 compared to the fixed values
troducing BB emissions into the CTM. In Sect. 4 we com- adopted previously, leading to increases in annual means of
pare co-located model output against a variety of differentmid to upper tropospheric £of between~3-5% and NQ
in-situ measurement data relevant for the lower to mid tropo-of between~25-50% (Williams et al., 2009b).
sphere to assess the performance of the model and examineFor the anthropogenic and biomass burning emissions we
which model parameters have the largest influence on troporetain the inventories from the EU project entitled “Reanaly-
spheric composition. In Sect. 5 we present trajectory analysis of the TROpospheric chemical composition over the past
ses to determine the origin of air entering the AMMA mea- 40 years” (RETROhttp://retro.enes.oryand GFEDv2 (van
surement region during the WAM, in Sect. 6 we discuss theder Werf et al., 2006) as used in Williams et al. (2009a). Thus
implications for modelling the tropical regions, and, finally, the anthropogenic emissions applied are estimated for the
in Sect. 7, we present our conclusions. year 2000 and the biomass burning emissions are for 2006,
where any increase in anthropogenic emissions in Africa is
assumed to have a minimal effect on the results presented
here. Due to the Nklemissions being currently unavailable
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Table 1. Overview of the various sensitivity studies used in the study.

Name of Run GFEDv2 inventory  Details

FULL Monthly All biomass burning emissions active
NOGUIN Monthly Biomass burning emissions removed between
0-1C N, 200 W-40C E
NOSAFR Monthly Biomass burning emissions removed between
0-40 S, 20 W40 E
FULL _8day 8-day All biomass burning emissions active
HIGH_IH Monthly All biomass burning emissions active. Injection height increased

to between 0-3 km above surface, with 25% below 1 km, 50%
between 1-2 km and 25% placed above 2 km.

HIGH_CO 8-day As for FULL8day except the biomass burning emission flux of
CO between 0-40S, 20 W-4( E is increased by 50%

from the GFEDv2 dataset we adopt the 5-year average fomventory for these two regions is similar to that shown in
the period 1998-2002 from the GFEDv1 dataset as usedian et al. (2007) (i.e. peaks in the BB emissions occur in
in recent intercomparison studies (Stevenson et al., 2006)-ebruary and September for the NH and SH, respectively).
Each emission inventory is supplied on a resolution®of 1° For the Sahel (1ON-2C° N) and the Sahara (20N—40° N)

and subsequently coarsened to<2°. For this study, we regions, the annual BB emission fluxes are low, therefore
modified the application of the BB emissions in the tropics their influence is assumed to be negligible during the WAM.
between 20N-20° S by increasing the maximum injection The trace gases whose emission fluxes are reduced when
height to 2km as suggested by recent satellite observationtirning BB emissions off are CO, NONMHCs, SGQ and

of BB plumes (Labonne et al., 2007). This results\60% NHs. Figure 1 gives an overview of the African continent,
of the emissions being injected between 0-1km a8@%  where the regions in which the emissions are turned off in
being injected between 1-2km. Moreover, the tropical BB both the NOSAFR and NOGUIN simulations are indicated.
emissions are given a daily cycle to mimic the increased To investigate the sensitivity of in-situgdormation and
burning in the afternoon, which has been observed from dong-range transport of CO on the injection height of the BB
combination of different satellite instruments that have stag-emissions, we define a simulation where the vertical profile
gered overpass times (e.g. Boersma et al., 2008) and geds changed between 36-30 N compared to the FULL sim-
stationary platforms (e.g. Giglio, 2007; Roberts et al., 2009).ulation (hereafter referred to as HIGH). Here we base our
Placing such a constraint on the daily emissions has beeprofile on the vertical distributions derived in Van Martin et
found to be important with respect to capturing e.g. the cor-al. (2010) from MISR observations for non-boreal land types.
rect distribution of CO in the lower troposphere (LT) (see This results in no emissions in the first 10025% of the

Chen et al., 2009). emissions between 100-1000#50% of the emissions be-
tween 1-2 km, and-25% between 2-3km. This is higher
2.2 Definition of the sensitivity studies than for the other sensitivity studies which use the temperate

distribution given in Lavoue et al. (2000). Moreover, these

Here we define a number of sensitivity studies for the pur_heights are all typically still within the boundary layer over
pose of quantifying the importance that regional BB emis-tropical BB regions as suggested by Labonne et al. (2007)
sions from Africa, and their description in large-scale CTMs, for southern Africa, where the application of the daily cycle
have on the composition of the LT and MT over (near) the €nsures that the boundary layer is well developed when the
Gulf of Guinea during the WAM. An overview of the com- majority of the emissions are injected (in the afternoon).

plete set of simulations performed in the study is given in TO explore the effect of temporal resolution of the
Table 1. BB emission fluxes, a simulation is performed using the

GFEDv2 8-day emission inventory (van der Werf et al.,
2006) (hereafter referred to as FUl8day), where the flux
rghstimates are updated every 8 days resulting in changes to

der Werf, 2006). Two further simulations are defined where!he BB emission quxe; 374 times every month. Morepver,
we turn off all BB emissions from Guinea (0~1K, 20° W— the total integrated emission flux for species that are intro-

40° E) and southern Africa (4650 N, 20° W—40 E) (here- duced into the model for JJA between the monthly and 8-day

after referred to as NOGUIN and NOSAFR, respectively), GFEDvV2 inventories may be slightly different as a result of

where the seasonality exhibited in the GFEDv2 BB emissionthe coarsening step.

The baseline simulation (hereafter referred to as FULL)
applies BB emissions for all regions using monthly aver-
aged emission inventories from the GFEDv2 database (va
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THE AFRICAN CONTINENT 0.5°x0.5 resolution. This trajectory model uses the iterative
T "N - L 40 scheme of Petterssen (1940) and has been shown to com-
- ‘ : : pare favorably with other trajectory models used by the at-
o 3 : : mospheric sciences community (Stohl et al., 2001). Neither
diffusion nor convection are accounted for in the model. We
use TRAJKS in this study to perform both 10-day backward
and forward trajectory calculations on selected air-masses at

various altitudes in order to derive their origin, which we are
d ° unable to do using a Eulerian CTM such as TIMMMA.

0 2.4 Observations

L : : To assess the potential improvements in model performance
! 3 3 between the various sensitivity studies we exploit a variety of
e 3 3 » measurement datasets, of which we give a brief description
S e | ) below.
; ; The Measurement of OZone, water vapour, carbon
monoxide and nitrogen oxides by airbus in-service AlrCraft
(MOZAIC) measurement programme makes in-situ mea-
‘ : : : : : R surements of both CO ands@sing instruments housed on
20 -0 0 10 20 30 40 passenger aircraft at a precisioneb ppbv and~1 ppbv, re-
Longitude spectively (Necelec et al., 2003; Thouret et al., 1998). This
provides both vertical profiles during take-off and landing
Fig. 1. An overview of the African Continent and the location of and in-flight data in the Upper Troposphere — Lower Strato-
both the different biomass burning regions and the measuremengéphere (UTLS). During 2006 atmospheric profiles of both
sites used in this study. For the NOGUIN simulation the BB emis- trace gas species were taken at Windhoek, Namibia{&2.5
sions are removed within the dark blue box and for the NOSAFR 17 & E), where the location of the airport is shown in Fig. 1.

simulation the BB emissions are removed within the red box. Theyjaasurements were made during both day and night thus
2-D transect is shown as the green dashed line. The location og : . o
the Cotonou (Benin) and Nairobi (Kenya) ozonesonde stations ar partly) capturing the effects of the daily cycle of BB activity

shown, along with the location of the MOZAIC airport at Wind- and the diurnal Varmtmn? In phOtOCher_n!Cal activity.
hoek (Namibia). The black box shows the region in which the 1he Southern Hemisphere ADditional OZonesonde
flights from the AMMA campaign took place during July and Au- (SHADOZ) network provides a time series of ozonesonde
gust, 2006. The location of the BAe-146 flights on the 13 August measurements made throughout the tropics (Thompson et al.,
(black) and 14 August (blue) of August are shown as the two dotted2003). We use the measurements from this dataset taken in
lines. EA at Cotonou (6.2N, 2.2 E) and Nairobi (1.3S, 36.8 E)
during JJA 2006, where an overview of the Cotonou mea-
surements is given in Thouret et al. (2009). It has been shown
Finally, since the estimation of CO emissions from BB that measurements of this type have an accuraeysf10%
depends on the methodology (type of instrument, samplinge.g. Deshler et al., 2008). Both stations are situated near
frequency, etc.) and type of data used, significant uncertaintarge urban conurbations, although Cotonou is near the coast
ties exist between different inventories (e.g. Ito and Pennerand therefore subject to more varying types of circulation
2005; Monks et al., 2009; Stroppiana et al., 2010). We therewhereas Nairobi is situated much further east (see Fig. 1)
fore define another sensitivity test where the emission of CQand not affected by the same dynamics. The two other sta-
from BB is increased by 50% in southern Africa during JJA tions situated at Malindi (3%08, 40.2 E) and Irene (259S,
in order to increase its atmospheric burden during the WAM28.2> E) had limited or missing data for our chosen period
(hereafter referred to as HIGBO). This results in an in-  gnd therefore were not used.

N -30

crease of 21.6 Tg CO over JJA for 2006. A dedicated airborne measurement campaign was per-
formed around EA during the WAM 2006 as part of the
2.3 Trajectory calculations AMMA project (Reeves et al., 2010). Here we utilise the

measurements of CO taken in the LT and MT by the French
In order to provide further information regarding the origin Falcon (F-F20), German Falcon (D-F20), ATR-42 and BAe-
of air-masses for specific days in EA we perform additional 146, where the precision for CO measured on e.g. the BAe-
calculations with the TRAJKS trajectory model (Scheele et146 is typically~5%. We also use selecteds @neasure-
al., 1996). Here we use the same 6-hourly ECMWF opera-ments from the BAe-146, where the precision for this species
tional datatset as that is used to drive TMMMA, but at a is typically ~3% (www.faam.ac.uk An intercomparison
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was made between participating aircraft in the airborne CO for JUN %iff CO NOGUIN JUN %diff CO NOSAFR JUN
campaign to provide confidence regarding potential biases o 200F 9

(Reeves et al.,, 2010). The data used here has been cor-

rected for such biases according to the scaling factors given ¢
in Reeves et al. (2010). Flights were made between2N21 & &

and 10 W=7° E. Measurements taken in EA from these air- q ﬂ y
craft have also been used in previous studies concerned with et 5 05 25 s 955 0 200 0 10205

Latitude

EA (eg Real et al., 2010; Williams et al., 2010)' CO for JUL %l CO NOGUIN JUL %cif CO NOSAFR JUL
7k e ——

N
3
3

Pressure [hPa]
@
3
3

Pressure [hPa]

@
3
3

200

400

3 The simulated influence of biomass burning from dif-
ferent regions and approaches used for BB activity on 0 )
tropical tropospheric composition < g 7 g \7

20 10 0 10 20 30 40 20 10 0 10 20 30 40 20 -10 0 10 20 30 40
Latitude Latitud

In this study we use the same 2-D cross section defined for ol /e it O NG AUS K2 N63are v
the AMMA Model Intercomparison Project (AMMA-MIP, a0 200
Williams et al., 2010), which contains averages of tracer con-

centrations betweer? 3V—6° E for a latitude range of 26—

40° N. Figure 1 shows the location of the transect with re-
spect to the African continent. This 2-D cross section passes

600

Pressure [hPa]
Pressure [hPa]
Pressure [hPa]

400

600

Pressure [hPa]
Pressure [hPa]
Pressure [hPa]

800

over the Cotonou measurement site {&N2 2.2° E), where 2000 1020 % s 00 W W 2010 0 10 20 B w0
ozonesonde observations were made during 2005 and 2006 T |
(Thouret et al., 2009), and also the location where instru- 20 40 50 60 70 80 60 100 125 150 175 200
mented aircraft flights were conducted during the AMMA . -
measurement campaign (e.g. Reeves et al., 2010). For anal- 70 60 50 -40 30 20 10 5 -2 1 0 1 2 5§
ysis of the model performance selected tracer fields are writ- % difference

ten out every three hours, which are then averaged to pro-

duce both monthly and daily values. In order to differentiate Fig. 2. The influence of regional BB emissions on monthly mean
between air that originates from southern Africa, local con-mixing ratio of CO given in ppbv along the 2-D cross section taken
vection or the background we also included two chemicallybetween 3W-6>E during June, July and August in 2006. The
passive tracers. These “region” tracers for Guinea and southdistribution of tropospheric CQ is shown for the FULL simu_lation
em Afic s givn a fed aimosphercfeime of 20 ays, LT R0 e e e OSUL S
where concentrations are flxet_j at 100 pptv below 850 hP SENS-FULL)/FSLLXlOO.

(over land) for both of the regions used in the study. For

grid cells which contain both land and ocean a scaling is ap-

plied, where the fixed concentration is weighted with the land africa dominates the composition of the 2-D transect, where
fraction. By showing the daily variability in CO ands@ith  {here are~40-50% reductions in both trace species below
the respective passive tracers we examine the fluctuations iggg hpa betweerfS—5 N for NOSAFR. Moreover, the dif-
transport into the region using 6-hourly updates of the metefgrences in the NOSAFR simulation extend far inland over
orological fields. West Africa reaching~10-20 N. Analysing the emission

) totals during JJA for the tropics and subtropics shows that
3.1 Monthly comparisons the NOGUIN (NOSAFR) simulation exhibits reductions of

. o ) ~0.1Tg (~44.9Tg) in CO,~0.01Tg ¢-0.76 Tg) in NQ,

Flgureslz and 3 show the dllstrlbut|on of tropo;pheng CO 003 Tg 1.3Tg) in C (from VOC'’s excluding isoprene)
and G in the 2-D cross section for the FULL simulation, and very small differences in both $@nd NH. This causes

respectively. Examining the tropospheric distribution for yoqyctions in the tropical tropospheric burdens of CO agd O
both species reveals that the maximum values typically 0Cyg|ow 500 hPa 0f-2.0% (~17.1%) and~0.6% (~7.5%), re-
cur around 0-5S between 700-850 hPa. This maximum hasspectively, when integrated betweer? 34-34 S over lon-

been shown to occur at similar Iocation; for a range of dif’gitudes 20W-40° E. Thus, BB emissions from southern
ferent CTMs (Williams et al., 2010) using the AMMABB  Afica have a strong influence on the oxidative capacity of

emission inventory (Liousse et al., 2010). The location i, troposphere over EA (where the resident OH is typi-

of this maximum porresponds to the mean position of thecally governed by the resideng especially for the LT (see
AEJ-S as shown in Mari et al. (2008). Looking at the as- gg¢t. 4).

sociated differences between the NOGUIN and NOSAFR
simulations shows that the influence of BB in southern
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Yocitf O3 NOGUIN JUN Yociff O3 NOSAFR JUN 3.2 Variation in the daily mean between 20N and 20° S

Figure 4a shows Hoviiller diagrams of the daily mean mix-
ing ratios of CO and @along the 2-D north-south transect
for the FULL simulation during JJA at650 hPa. This cor-

Pressure [hPa]
Pressure [hPa]
Pressure [hPal]

0 , : -
responds with the altitude to where the largest variability
occurs in the CO and $observations (see Sect. 4). Each
20 -10 0 10 20 30 40 20 10 0 10 20 30 40 20 <10 0 10 20 30 4 . . . .
Jie T ohdift O3 SRR JUL daily mean is an average taken betweé&W\36° E. This il-

03 for JUL %diff O3 NOGUIN JUL

lustrates the intermittent character of CO angladound EA

- - in the 2-D transect during the WAM in 2006. Figure 4b
shows the corresponding percentage differences for CO (top)

Pressure [hPa)
Pressure [hPa]
Pressure [hPa

! and G (bottom) for the NOGUIN, NOSAFR, FULI8day

| and HIGH.IH as compared with the FULL run. Again the
i AL NOSAFR run shows the largest decreases and demonstrates
6t 03 NOGUIN AUG %cif 03 NOSAFR AUG unambiguously that BB emissions from southern Africa are
principally responsible for the large daily fluctations seen in
Fig. 4a between XIN-1C° S. This is in agreement with pre-
vious findings in the literature regarding the seasonal effects
of BB on this region (e.g. Sauvage et al., 2006). Moreover,
the influence of southern African BB above EA becomes

Pressure [hPa]
Pressure [hPa]
Pressure [hPa]

e I more marked as the season progresses, where the northern
Latitude Latitude Latitude . .
- edge of the burning region moves towards the Equator.
20 30 40 50 60 70 80 90 100 1%)5 150 175 200 300 400 500 600 For the simulation which adopts the GFEDv2 8-day in-
O3 ppbv H
ventory (FULL 8day) the magnitude of the effect changes
D __ s

throughout the season. For instance, decreasesl16f
20% occur between 4-14 June (JD 155-165) around the
Equator and~5-10% between 29 July-3 August (JD 210-
Fig. 3. As for Fig. 2 but for the mean mixing ratio of {given 215) around 10-205, whereas increases ©5-10% occur

in ppbv. between 9-28 July (JD 190-209) around (*&0For the
HIGH_IH run there are generally variations throughout the 2-
D transect of a few percent. Thus, the results presented here
) o agree with the conclusions of Chen et al. (2009) in that in-
in the emission of CO and NObetween 33N-34S of creasing the temporal resolution of emissions from monthly

~10 Tg_and~_0.1Tg ! _respect?vely, when compared to the to 8-day averages exerts a larger regional influence than al-
FULL simulation and integrating over all longitudes. Ap- tering the vertical distribution

proximately half of this difference is associated with the
African Continent. Even though the annual emission totals

-70 60 50 -40 -30 -20 -10 5 -2 -1 O 1 2 5

% difference

For the FULL8day simulation there is a net decrease

A composite of CO in the 2-D transect assembled from the
Measurements Of Pollution In The Troposphere (MOPITT)

i a fixed : it in diff It of th IWstrument is shown in Fig. 6 in Reeves et al. (2010). Here an
In a fixed region can resutt In diterences as a result o eaverage compiled between 20 July—21 August (JD 201-233)
more rapid variability in the 8-day inventory. Moreover, due

o the 8-day inventory being applied globally these differ- is used to provide enough data coverage for the region be-

inth ission totals also include th iability i BBtween 2-22N and @ W—7° E. The observations show that
ences n the emission totals aiso Inciude e varlabiiity In BBy, q 0 g 5 decreasing gradient in CO when moving north-
in South America, parts of India and Indonesia. Compar

. . - . “wards away from the Equator, froml50—175 ppbv between
ing the corresponding monthly mean mixing ratios betweenz_b,) N to ~50—100 ppbv between 12-28 across the entire

the FUITL simulation and both the FULSday and HIGHIH_ range of longitudes. When comparing the 2006 MOPITT
simulations (not shown) reveals that differences are typlcallyvalues against a multi-year average of MOPITT data for the
limited to a few percent for both trace species and chang

S W . (?'egion, the CO mixing ratios are60 ppbv higher towards
fztﬁgmf;;m; gide fﬁg&lgnv&i;%;]/e iEcrea?e/sSI(;?:lcj:;Jr the equator and-10 ppbv higher around 20N (Reeves et
0 .
between 5S-5 N in the LT and MT. Thus altering the tem- al., 2010). There are very few MOPITT observations be

| luti f the BB emission i ¢ " tween 6-12N and, thus, no values directly above Cotonou
poral resoiution of the EmISsion INVentory Exerts a More, 4 4t of the AMMA measurement region. Comparing the
significant effect. For brevity we refer the reader to the next

: . X distribution of CO shown for the FULL simulation in Fig. 4a
s_ect|on'where we show direct comparisons between the WQyith the MOPITT composite in Reeves et al. (2010) reveals
s!mulatlons and to Sect. 4, where further analyses are PrOfat between 2-6N the model generally underpredicts CO
vided. by ~50 ppbv. This provides evidence that northerly transport
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Fig. 4a. Hovmbller diagrams of the daily mean mixing ratios for 80 70 60 50 40 30 20 10 5 -1 0 1 5 10 20 30 40
CO (top) and @ (bottom) in the FULL simulation along the 2-D % difference at 650hPa
transect averaged betweehW®-6° E. The level shown corresponds
to ~650 hPa. Fig. 4b. The percentage differences in the daily mean mixing raios

of (top row) CO and (bottom row) §as compared with the FULL
. . run. The differences are calculated as (SENS-FULL)/FU100.
of CO across the equator from BB in southern Africa is N0t The jevel shown corresponds 4650 hPa.

adequate in TMAAMMA in the MT. One contributing factor
is that the ECMWF operational analysis places the AEJ-S too
far south as shown in Agusti-Panareda et al. (2010). For theffect occurs due to variations in the transport of air from
FULL_8day and HIGHIH simulations, the percentage dif- southern Africa. Moreover, the “break” period identified by
ferences shown in Fig. 4b equate to differences of betweemari et al. (2008) can also be clearly seen in the mixing ra-
5-10 ppbv CO between 228l compared to the FULL simu-  tios for CO and SAfr between 3-8 August (JD 215-220),
lation. Therefore, the discrepancy between the modelled and/here the westerly transport from southern Africa stops pe-
measured values is not accounted for by altering either theiodically. Interestingly other periods where westerly trans-
temporal resolution or the injection height of BB emissions. port diminishes in the lower troposphere can also be seen
Figures 5 and 6 show the variability in the daily mean e.g. during July (JD 183-191). Moreover, Fig. 5 shows that
mixing ratio between the various sensitivity simulations for for Oz increases in the daily mean values-ef0 ppbv occur
these two trace gas species and the passive tracers. Twaetween 4-8S as the season progresses. For the northerly
locations are chosen: 426 and 6-8N at ~860hPa and cell the opposite occurs. Comparing the FULL simulation
~655 hPa, respectively. The latitudinal position of these twowith the FULL 8day shows that for both trace species higher
cells in the 2-D transect is indicated as filled red sections(lower) concentrations are seen in the FULL run for June
in Fig. 1. The southerly cell was selected to correspond to{August) at 4-6S, the latitude band which is influenced
where the maximal concentrations for both CO and€cur  more by the BB emissions. Finally, for the HIGEO sim-
(as shown in Figs. 2 and 3) i.e. £, and so as to be directly ulation it can be seen that a significant increase in the mix-
over the Cotonou measurement site from which ozonesondeing ratio of CO occurs at both locations during July and Au-
were launched (cf. Fig. 1). The northerly cell correspondsgust. This increase extends into West Africa (BN§, where
to the position where selected flights took place during thean increase in the background concentration occurs in the
AMMA measurement campaign (i.e. 64). The two alti- LT (see Sect. 4.2). Although increasing the CO emission
tudes which are chosen are representative of the LT and th'om southern BB does reduce the relative differences be-
MT, where low and “extreme” @episodes were observed, tween TMAAMMA and the MOPITT measurements shown
respectively (Thouret et al., 2009). in Reeves et al. (2010), it fails to capture the correct gradient
A high correlation is seen between the variability in the across the equator.
southern Africa passive tracer (SAfr) and CO for both loca-
tions between Julian Days (JD) 191-240, where a “pulsing”
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Fig. 5. Daily mean values of mixing ratios of CO (top)g@middle) ~ Fi9- 6- Same as Fig. 5, but at670 hPa {-3.3km height).
and the Guinea and SAfr passive tracers (bottom) averaged between
3° W-6° E for season JJA between £-8 (left) and 6-8 N (right)

at~860 hPa {-1.5km height). For the trace gases the colour key is ;¢ for June, July and August, where all simulations shown

thus; FULL (red), NOSAFR (yellow), FULLBday (dark green) and use the GFEDv2 monthly inventory. Comparing the stan-

HIGH_CO (black) , given inppbv. For the passive tracers Guinea o ) .

Clc) ansounem A Gelon e g LI O 1 et (e e o et
increases as the regional BB activity increases through the

4 A comparison between model results and season. The comparison to model_ rgsults shows that _there is

observations generally a significant under prediction of tropospheric CO

at Windhoek by TM4AMMA.. Examining the NOSAFR run

Here we compare co-located model output against a variet;?hows that emissiong from regionql BB sources apcount for
of different in-situ measurements taken in the troposphere ir-40-50% of the CO in the LT at Windhoek, meaning0—

EA and southern Africa during the period of interest. The 80% occurs as a result of either other emission sources (e.g.
aim is to assess possible short-comings in the model perfof?€arby urban centers), in-situ chemical formation (e.g. pho-
mance for Africa near source regions and for locations in-{0lysis of formaldehyde) and long-range transport (e.g. from
fluenced by long-rang transport of BB plumes, as well as to>°Uth America).

investigate whether the daily and monthly variability can be Figure 8 shows comparisons of the weekly variability in
captured with a large-scale global CTM. Moreover, we alsothe mixing ratios of tropospheric CO at 500, 650, 750 and
assess whether the modifications to the model with respect t850 hPa, respectively, between the measurements and the
BB emissions improve the agreement with the chosen meaFULL, FULL 8day, HIGHIH and HIGH.CO simulations.

surement data. It can be seen that there is generally-20% variability in
CO between consequetive weeks throughout JJA at all al-
4.1 Regional comparisons in southern Africa titudes. Comparing simulations shows that increasing the

temporal resolution of the BB emissions in TMWIMA re-
Figure 7 shows monthly mean comparisons of the mixingsults in larger differences than those introduced by modify-
ratios of tropospheric CO from the surface t800hPa ing the vertical distribution of the emissions, as seen when
between the MOZAIC measurements taken at Windhoekcomparing the various simulations for the outflow region
Namibia, and the FULL, NOGUIN and NOSAFR simula- (cf. Fig. 4b). Comparing the FULL and FULBday values
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Fig. 7. Comparisons of monthly mean tropospheric profiles for Fig. 8. Comparisons of weekly mean tropospheric CO values mea-
CO taken at Windhoek in Namibia (22.5, 17.8 E) against co-  sured at 500 hPa, 650 hPa 750 hPa and 850 hPa above Windhoek in

located model output from TMAMMA for JJA during 2006. The ~ Namibia (22.8 S, 17.5 E) against co-located model output from

mean values from the measurements, and their standard deviationsM4_-AMMA for JJA during 2006. The mean values from the
are shown in green. The results of six different simulations aremeasurements, and their standard deviations, are shown in green.

shown. The colour scheme is thus: FULL (blue), NOGUIN (red) The results of four different simulations are shown. The colour

and NOSAFR (black) simulations. scheme is thus: FULL (blue), FULBday (black), HIGHIH (red)
and HIGH.CO (yellow) simulations. The vertical bars represent the
standard deviation of the mean.

shows that for August there is a degradation in the quality of

the simulations when using the GFEDv2 8-day BB inventory o o 2009a). For all months during JJA, the NOSAFR
resulting in less CO for some weeks. Moreover, the degray,, nderpredicts tropospherics @nixing ratios in the LT
dation seen for the FULI8day simulation in the_LT_ during by ~5 ppbv (~15% of that which is measured), whereas the
July does not affect the MT, whereas the opposite is true durgyy | simulation tends to over predict for July and August
ing August. This sgggests that the_degredatlon in August '%y 5-10 ppbv, although the profile shape is captured quite
due to less CO being transported into the MT rather than g q||  comparing the FULL8day simulation shows that there
local BB event. The HIGHH simulation shows that alter- g o1 a marginally better agreement with the observations.
ing the injection height has little effect near the source. ForAIthough the agreement for {is also dependent on the
the _HIGHCO _S|mulat|on, Wh'ch adopts the_ GFEDv2 8-d_ay chemical mechanism employed, this suggests that fof NO
BB inventory, increases occur in the LT which generally im- the BB emission estimates provided in the GFEDv2 inven-

prove the comparisons. To investigate the effect of horizontal, . are rather good for 2006. For the other sensitivity studies

resolution and the update frequency of the ECMWF metero+,, significant differences occur compared to the FLaday

logical fields an additional comparison was performed usingrun’ apart from slight increases between 600-700 hPa in the
the output from the TM5 model (Huijnen et al., 2010) ran in | ,GH |H.

zoomed mode (1x1°) over Africa using 3 hourly ECMWF The paucity of measurements in southern Africa signifi-
meteorological data and the 8-day inventory (not shown). Nog4 1y hampers the ability of assessing model performance.
significant improvement in the quality of the comparison 0C- pjthough there are a host of satellite measurements available
curred for these months (V. Huijnen, personal communicax, geicted periods their low sensitivity to the LT and lim-
tion, 2009)_. Thus, coarsening of the BB emission inventory;. q sampling frequency typically mask short term variabil-
and choosing a 6-hourly update frequency of ECMWF me-y iy qrface concentrations. This emphasises the need for
terology are not dominant factors towards the disagreement, oy nansion of the network of ozonesoundings, initiation of
shown in Fig. 8. In summary, the improvements shown in theg o n4-pased measurements for e.g. CO or continuation (ex-
comparisons of the t'roposphenc profllgs for the HL,@I@ pansion) of the MOZAIC flight network within the tropics.
run provide strong evidence that the emission of CO in souths .y measurements can be used to constrain the inter-annual
em Alrica is too low during 2006 in the GFEDv2 emission variability in BB emissions from southern Africa, investigate
inventory. seasonal trends in tropospherig @nd aid e.g. the retrieval

When performing similar comparisons against the cor-qf total tropical ozone columns (e.g. de Laat et al., 2009).
responding tropospheric Oprofiles from the MOZAIC

database the agreement is much better (cf. Fig. 8 in Williams
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Fig. 9. Comparisons of monthly mean tropospheric radio sonde profiles 4ajgt@en lines) taken at Cotonou, Nigeria (6N, 2.2° E)

and Nairobi, Kenya (13S, 36.8 E) against co-located model output from TMMMA for June, July and August 2006. The number of
measurements used for calculating each monthly mean are given within each panel. The results of three different simulations are shown:
FULL (blue), NOGUIN (red) and NOSAFR (black). The horizontal bars represent the standard deviation of the mean.

4.2 Regional comparisons in Equatorial Africa tion, 2009). This suggests that the deficiency in transport
in TM4_AMMA is not due to abrupt changes in circulation

] . which are missed as a result of using 6 hourly meteorological
Figure 9 shows comparisons of the monthly mean pro-fg|gs.

files of tropospheric @from radio sonde measurements at
both Cotonou (6.2N, 2.2’ E) and Nairobi (1.3S, 36.8E)  (ripution of Oz in the LT and MT in EA at a location nearer

against co-located model output for the FULL, NOGUIN e active BB regions we also show comparisons for Nairobi.
and NOSAFR simulations. The comparisons for Cotonougqy this |ocation the monthly mean model profiles exhibit a
show that, whilst overestimating the surface concentrationspetier agreement with the measurements, especially for July
TM4_AMMA has difficulty in simulating the observed in-  5n4 August in the LT to MT, where the sampling frequency
crease in @ with altitude, leading to underpredictions of 4 Naijrobi is lower than at Cotonou for this season. How-
~30-40% at between 600hPa and the tropopause. Figayer, the variability in the ozonesonde measurements in the
ure 9 also shows that the increase in the MT observed by T and MT is also much lower than at Cotonou as shown
the sondes is not captured well by TMMMA. Compar-  py comparing the magnitude of the standard deviation asso-
ing the NOGUIN profile at Cotonou with the observations ciated with the monthly means for both sites. This has also
shows that the effect of regional BB activity between 0- peen gbserved in the MOZAIC climatology when comparing

10°N on the tropospheric ©profile is insignificant during  the monthly means taken from Lagos and Nairobi (Sauvage
the WAM, whereas comparing the corresponding NOSAFR ¢ al., 2005). Interestingly, the largest increase gdDr-

profile shows a re.du_ctio.n in tropospherig Gelow 800 th ing August occurs much higher up in the troposphere, be-
of ~30-40%. This indicates that the .transport determmgdtween 300-400 hPa, suggesting an intrusion of air richgn O
by the ECMWF meteorology does not introduce polluted air ¢ the subtropical jet stream (e.g. Zachariasse et al., 2000).
from southern Africa directly into the MT at this latitude Thereis also a separate peak in the LT around 700 hPa. Com-
but rather into the LT, as shown in Figs. 5 and 6. Finally, haring the NOSAFR profile reveals that the effect of regional
an additional comparison was again performed against outgg ¢jose to the launch site is limited to a few ppbv-

put from the TMS model in zoomed mode°(41°) using  1004) when adopting the GFEDv2 monthly emission inven-
3 hourly ECMWF meteorological data and the GFEDV2 8- o1y The quality of the comparison at Nairobi provides some

day inventory. As for the regional MOZAIC comparisons, confidence that TMAMMA does not exhibit an underesti-
no significant improvement in model performance occurredy,ation in MT O in east Africa as shown for West Africa.
at Cotonou in the MT (V. Huijnen, personal communica-

To assess whether the model can capture the vertical dis-
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Table 2. Pearson’s correlation co-efficients between modeled andTable 3. Pearson’s correlation co-efficients between modeled and
measured values of CO over Equatorial Africa in the lower tropo- measured values of CO over Equatorial Africa in the middle tropo-

sphere below 800 hPa during July and August 2006. sphere between 500-800 hPa during July and August 2006.
Name of Run 4-8N 6-8N 8-1CN 10-1%N 15-2CN Nameof Run 4-8N 6-8N 8-1°N 10-1%N 15-20N
FULL 0.622 0.021 —-0.054 —0.072 —0.335 FULL 0.381 0.470 0.825 0.168 0.123
FULL _8day 0.622 0.021 -0.069 —-0.065 —0.334 FULL _8day 0.383  0.439 0.838 0.150 0.125
HIGH_IH 0.622 0021 -0.063 —-0.075 —0.338 HIGH_IH 0.357  0.470 0.822 0.279 0.121
NOSAFR 0.827  0.084 —0.085 0.027 —0.454 NOSAFR 0.482 0571 0.653 0.228 0.045

Comparing the FULL8day, HIGHIH and HIGHCO becomes worse for all the chosen simulations. Between 6—
simulations at both measurement sites reveals no signifid5° N there is little correlation between the model and the
cant improvement in model performance (not shown), evenmeasurements for all sensitivity studies. Between 15N20
though the location of the Nairobi sounding is within the SH, the model generally exhibits a weak anti-correlation with the
similar to the MOZAIC comparisons. For Cotonou this is measurements, where the presence of CO from BB in south-
due to the differences of only a few percent between simulaern Africa does reduce the anti-correlation somewhat. No
tions not having any appreciable effect as far north as thesignificant improvement in the correlation co-efficient occurs
measurement site. For Nairobi this is due to the regionalfor either the FULL8day and HIGHIH simulations.

BB activity being rather low and that BB plumes from Cen-  Table 3 shows the corresponding Pearson’s correlation co-
tral Africa are typically transported westwards away from the efficients for the MT between 500-800 hPa. Here the model
measurement site. tends to correlate better with the measurements than in the

Figure 10 shows a comparison of co-located CO outputLT for all of the chosen sensitivity studies, where the correla-
from the FULL and NOSAFR simulations against a com- tion increases when travelling northwards from 6=10The
posite of in-situ Aircraft measurements made during the in-correlation then drops markedly between 10-80partially
tensive AMMA measurement campaign in July and Augustdue to large amounts of CO being transported from southern
2006 around EA. It can be seen that, apart from a few in-Africa into the region. The influence of altering the approach
stances, the mixing ratios for CO typically range betweenused for introducing BB into TMAMMA shows that, in
90-150 ppbv in both the LT and MT. The highest mixing ra- general, the FULL3day run results in the best correlation in
tios (=270 ppbv) occur in the MT around 42, which are  the MT across all simulations in 50% of the latitude regions.
attributed to BB plumes (Reeves et al., 2010). There are also To provide further insight as to why TMAMMA has dif-

a few flights which measure high CO mixing ratios in the ficulty in capturing the high CO measured in the MT around
boundary layer. Analysing the FULL simulation shows that 4—7 N we present comparisons along a flight track where
TM4_AMMA fails to capture these high values in the MT these values occurred. The top panels of Figure. 11 show
around 4-7 N, whilst overestimating CO in the LT and MT comparisons of tropospheric CO angd @easured in-situ on

by 50-60 ppbv around 10-18l. The instances of high CO board of the BAe-146 aircraft during a flight on 13 August
between 150-300 hPa are also not captured in the model su@006 with co-located model output and the altitude at which
gesting that either the convective uplift from southern Africa the measurements were made. The bottom panels show the
is too weak (Williams et al., 2009a) or there is a missing corresponding flight track of the aircraft, where the colour
component introduced by long range transport in the uppescale shows the magnitude of the mixing ratios to indicate
troposphere from e.g. India. The corresponding plot for thethe location where the extreme events for both trace gases
NOSAFR simulation shows that the overestimation in the LT occur. It can be seen that during this day the aircraft encoun-
and MT is predominantly due to BB from southern Africa, tered an air mass with very high mixing ratios of CO ang O
which causes high background values. Thus in TMMMA near the coast{200 ppbv and>100 ppbv, respectively) at

BB plumes originating from e.g. 25-3& are transported di- about 08:50 h on the southward flight segment~at5 km)
rectly into Guinea in the LT. We expand on this further in and at about 10:00 h on the return northward flight segment
Sect. 5. (at~2.5km). These plumes were encountered at similar al-

Table 2 provides Pearson’s correlation co-efficients be-titudes to where the maximums@oncentrations were seen
tween the CO observations from the AMMA composite in the sondes (cf. Fig. 9), and thus suggests the same ori-
and the corresponding output from the FULL, FUBday,  gin. The large concentrations in both species suggest an aged
HIGH_IH and NOSAFR simulations for the LT below BB plume, where the photochemical processing of the pol-
800 hPa. It can be seen that moving from 4-Rthe cor-  luted air has formed ©during the previous days (Jost et al.,
relation between the model and the measurements generalB003). Moreover, corresponding acetonitrile measurements,
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Fig. 10. Comparisons of tropospheric CO measured during the AMMA measurement campaign on the F-20 falcon, German Falcon (D-20),
ATR and BAe-146 against TMAMMA output for July and August 2006. The three composites correspond with measurements (left), the
FULL simulation (middle), and the NOSAFR simulation (right).

which act as a “marker” for BB, also show associated in- Next we focus on a flight more representative of the back-
creases (Reeves et al., 2010). All of the sensitivity runs failground over EA. Figure 12 shows a corresponding compar-
to capture this enhancement except the NOSAFR run, whoseson for the measurements taken on the 14 August. Com-
relative increases are of the order 90-20% compared paring the location of the flight tracks it can be seen that the
to the ~200-300% increases observed. For the majority offlight path is quite similar to that of the 13 August, apart
sensitivity studies there appears to be an anti-correlation fofrom the latitudinal range covered, which is much smaller.
both CO and @ between the model and measurements dur-Moreover, the background mixing ratios of CO and &e
ing these particular events. Examining the NOSAFR run atalso similar to the previous day, where an anti-correlation be-
08:50 h shows that at high altitudes there is an additionatween CO and @in the measurements is again quite evident.
source of @ compared to CO. This is most probably from The agreement for each of the trace species in most simula-
long range transport of £by the AEJ-N in the MT as dis- tions is consistent with that shown for similar locations in
cussed in Sauvage et al. (2007) for JJA. Fig. 11, in that the @ in the model is higher by~100%,

For locations further inland, e.g. before 08:15 h and aftereSPecially in the LT. Again the NOSAFR simulation seems
10:15h, there is an anti-correlation between CO agdr0  {© reproduce much of the variability ingQvith altitude, al-

the observations. The corresponding acetonitrile signature j§€it With a smaller amplitude, i.e. the broad peaks at 05:00h,
low (not shown) indicating air-masses which are more rep_07:30h and 08:40h, which correspond with measurements

resentative of the background. The agreement of all simu/Made between 2-3km. For lower altitudes the NOSAFR run
lations with the observations improves, especially for CO,0verestimates and underestimates CO when compared to
but there tends to be an overestimation foy @ low alii-  (he BAe-146 measurements (see discussion above). &or O
tudes. Possible reasons include an underestimation in drflis tends to agree with the comparisons made for Cotonou
deposition over vegetated areas, and/or the use of climatd?Uring August (cf. Fig. 9). o o

logical soil NG, emissions (Williams et al., 2009a). Again, When comparing the other sensitivity studies it can be seen
the exception is the NOSAFR simulation, which shows thatthat for the FULL8day and NOGUIN runs there is no sig-
BB from southern Africa has a large influence on the tropo-Nificant improvement, as seen for the MOZAIC comparisons
spheric background between 8230 and introduces a sig- shown in F_|gs. 7 and 8, and the ozonesonde comparisons
nificant fraction for CO via long range transport (cf. Fig. 10). Shown in Fig. 9. For the HIGECO run (not shown) there
Considering that additional biogenic production of CO from S @ significant degradation in the quality of the comparisons
e.g. the oxidation of methanol is not included in the model With respect to CO, as a result of the efficient transport of
implies that there is generally an overestimation of the back-CO into the region, which increases the background CO by
ground (see below). For £the contribution from BB in  ~20ppbv.

southern Africa is typically~20-30%. In part this is due to

less in-situ @ formation due to lower concentrations 0§ O

pre-cursors such as PAN being transported into the region

(not shown).
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Fig. 11. Top panel: Comparisons of tropospheric CO (left) and Fig. 12. Comparisons of tropospheric CO (left) ang @ight) mea-

Og (right) measured on the BAe-146 against TMBIMA output sured on the BAe-146 against TMMMMA output on the 14 Au-

on the 13 August 2006. The measurements are indicated by blacgust 2006. The colour key is identical to that described for Fig. 11.
lines, with results of four different simulations being shown: FULL The bottom panels show the corresponding location of the aircraft
(green), FULL8day (cyan), NOGUIN (blue) and NOSAFR (pink). for which these measurements occurred.

The bottom panels show the flight track of the aircraft with colour

coding for the CO (left) and @measurements (right) in ppbv, re-

spectively. The altitude of the aircraft (in m) is shown as the red ward trajectories to trace the fate of pollutants being trans-
line in the top panel and the start/end of the flight is indicated by theported westward out of southern Africa and for (b) and (c)
black dot in the lower panel. we perform backward trajectories.

Figure 13 shows 10-day forward trajectory calculations
initiated on the 4 August at800 hPa and finishing on the
14 August. The end date corresponds with the date on which
the “extreme” event was observed at Cotonou. The bulk
The “extreme” event observed on the 13 August in both thetrajectories are placed in the latitude range of 10-9.be-
sonde and aircraft measurements near the southern coast nfeen 15-20E and 25-30E, respectively, with both being
West Africa suggests an air mass that has been in recent comitiated 1.5 km above the ground to account for rapid con-
tact with BB emissions (Reeves et al., 2010). However, wevective uplift of e.g. CO due to increased buoyancy of the
have shown that the northward transport of polluted air fromburning plume. From the top panel of Fig. 13 it can be seen
southern Africa is constrained to betwee@—4° N and be-  that, once the air-masses travel westwards, they lose altitude
tween~10-15 N for the MT in TM4AAMMA (cf. Figs. 4a  and travel through the LT towards the north-west. Although
and 10, respectively). One governing factor related to thesome do reach the southern coast of West Africa they are at
long-range transport of polluted plumes in a CTM is the me-a much lower altitude than the “peak” which is observed at
teorological analysis data which are used to drive the model~650 hPa (cf. Figs. 9 and 10). This explains the NOSAFR
Here we present a number of 10-day trajectory calculationgrofile shown in Figs. 5 and 6, where the effect of BB from
using the ECMWF meteorological fields which are initiated southern Africa on @is largest in the LT. The bottom panel
(a) in the region where the most intense BB activity occursof Fig. 13 shows that the BB which occurs in Central Africa
during August, (b) around the location at which the ozone-is transported northwards and lifted by convective mixing to-
soundings were launched or (c) along the aircraft flight pathsavards the equator as found in Barret et al. (2008). Addi-
shown in the preceding sections. For (a) we calculate fortional trajectories initiated for various days during August

5 Trajectory calculations
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Fig. 13. Ten day forward trajectories starting from two regions

in southern Africa exhibiting intense BB activity in the GFEDv2

monthly emission inventory. Separate trajectories were initiated at

a distance of 1 between 10-15S and (top) 15-20E and (bot- -

tom) 25-30 E on the 4 August 2006. The pressure levels through

which each trajectory passes are indicated the850 hPa (blue), Fig. 14. Ten day back trajectories ending at the Cotonou launch

700-750 hPa (green), 650-700 hPa (cyan), 600-650 hPa (yellowgite (6.2 N, 2.2° E) on the 3 (top) and 14 August (bottom), 2006.

and <600 hPa The black arrows indicate one-day time intervals along the back
trajectory. The pressure levels through which each trajectory travels
are shown using the same colour key as Fig. 13.

below 750

s—= =24 hrs.

between 0-5S and 10-20DE (not shown) all follow a north-
easterly direction and do not flow directly above West Africa.
Therefore, the ECMWF meteorology predicts that air-masseg\frica (Reeves et al., 2010), an event which is not captured
which originate near regions exhibiting high BB activity do well in the model (cf. the top panel of Fig. 4).
not travel directly into the MT arouncP®\. Figure 15 shows the corresponding 10-day back trajec-
Figure 14 shows 10-day back trajectory calculations starttories initiated on the 13 of August along the flight path
ing on the 3 and 14 August at600 hPa from the Cotonou of the BAe-146 aircraft at the 09:00h and 10:00 h, respec-
measurement site. These dates correspond to ozonesontieely (cf. Fig. 11), where peaks in both CO and ©Oc-
measurements that give profiles both with (14 August) andcur. Again, it can be clearly seen that the air circles the re-
without (3 August) an enhancement in MTz Mari et al., gion anti-cyclonically for a few days preceding the day on
2008; Thouret et al., 2009). It can be seen that there are diswhich the measurement was taken. Again, when consider-
tinct differences between the air-mass histories on these twing the high CO concentrations observed in the MOPITT
days. For the 3 August the air at this altitude originates fromcomposite (Reeves et al., 2010), the yellow pressure contours
either the LT in the Gulf of Guinea or from the Saharan re- show that the height at which the air-masses reside coincides
gion to the north. For the 14 August the airé00 hPa orig-  with polluted air-masses a few days before the measurement.
inates to the west of the measurement site, where it passeSimilar back trajectory calculations performed by Asas-
over eastern Nigeria a few days prior to reaching CotonouHerréndez et al. (2009) have shown that polluted air sam-
The enhanced MT @observed in the sondes is due to the pled by the German Falcon (D-20) possibly originate from
northerly transport of BB polluted plumes from southern the MT (~500 hPa) to the west over Cameroon, although

www.atmos-chem-phys.net/10/9797/2010/ Atmos. Chem. Phys., 10, 98972010
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wa ww wew ww  ew  ew e oz vE  wE e interesting differences. Figure 16 shows the corresponding
/.-ﬂJ ! . backward trajectories as those shown in the bottom panel of
//" i— 1 "”— - Fig. 14 (from Cotonou on the 14 August) and the top panel
/ T___.] Ry en of Fig. 15 (from the BAe-146 flight path at 09:00h on 13
// B 2 _ August) using the updated meteorological fields. For the
o P J g + o Cotonou sounding the origin of the air-mass is either directly
o [ PIEEUE Pe) ‘e o from southern Africa or the LT of the Atlantic Ocean. For
, e el | the BAe-146 flight, the air circulates in the same direction
o i ! as that shown .in the top. panel of Fig. 13 and passes nearer
i : . s Cameroon, which as region where BB occurs. Moreover, the
forward trajectory calculations corresponding to Fig. 13 (not

W Etw oW Btw W aw W o =E +E &'E a'E

shown) indicate that a few more trajectories impinge on the
coast (albeit in the LT) and more trajectories from Central

°|' | | e Africa passing between°S—2 N around 500-600 hPa as a

= result of a northward shift of the AEJ-S (Agusti-Panareda et
2 Wy al., 2010). This implies that the quality of the CTM sim-
| iy - ulations would improve if adopting the new meteorological

> dataset due to increases in CO angr@nsported in the AEJ-

g S, although the location of BB sources could still be inflen-

| tual.
pressun (hPa )
ok

4

ol 6 Further discussion

]

The CTM simulations presented in this paper exemplify the
difficulty that large scale 3D atmospheric models have in be-

Fig. 15. Ten day back trajectories ending at the location of the BAe- N9 able to capture both the horizontal and vertlc_al distribu-
146 aircraft on 13 August at (top) 9a.m. and (bottom) 10 am Ioc:altlon ofCOand @ a_s Obse_rved thrO,UQhOUt the tropical tropo-
time. The black arrows indicate one-day time intervals along theSPhere around Africa. This behaviour has been seen across a
back trajectories. The numbers indicate the pressures at which thiange of different large scale CTMs (Williams et al., 2010).
air starts and ends (in paranthesis). The colour coding also indicate§uch deficiencies are an integrated effect of inadequacies in
pressure. The pressure levels through which each trajectory travel®10del parameterizations e.g. convective transport, missing
are shown using the same colour key as Fig. 13. chemical processes e.g. aerosol formation and uncertainties
associated with both the meteorological data fields used to
drive the model and global inventories used to define the
such trajectory calculations may have large uncertainity inemission of chemical species from the surface due to vari-
the region (see below). Back trajectories performed for theous physical processes and anthropogenic activities. These
flight shown in Fig. 12 (not shown) reveal that the air pre- factors subsequently place significant constraints on the de-
dominantly originates from the LT in North Africa, gradually gree of accuracy which can be achieved by any atmospheric
rises as it travels south-west passing over the Sahel and Saharodel used for modeling tropical regions such as EA.
ran regions resulting in CO andz@nixing ratios which are Bian et al. (2007) have examined the variability between
more representative of the background. This air then mixeslifferent BB emission inventories for both northern and
with that containing high CO signatures from BB in southern southern Africa and concluded that there are substantial dif-
Africa explaining the high background CO in TMYMMA ferences in both the seasonality and the total emission flux
(cf. Fig. 10). for CO. For instance, in the GFEDv2 emission inventory
Finally, we also recalculated the trajectories shown inBB emissions peak in August whereas other alternative in-
Figs. 13-15 using the meteorological dataset available foventories peak in September (Duncan et al., 2003; Arellano
August 2006 which have assimilated the AMMA radio et al., 2004), where none of the emission inventories repre-
soundings (Agusti-Panareda et al., 2010). There is a strongent the burning season well. Moreover, Bian et al. (2007)
impact of including the new measurements on the locationstate that the emissions estimates in the GFEDv2 inventory
of the AEJ-S in the ECMWEF analysis. The trajectories pre-are too high when compared to MOPITT, although we did
sented here show that the inclusion of the additional meanot find this when comparing to the vertical profiles mea-
surements leads to significant differences in the origin of thesured by MOZAIC in Sect. 4. More recently, the new
trajectories. For brevity we do not show all the correspond-AMMABB inventory developed by Liousse et al. (2010) in-
ing trajectories here but only those which exhibit the mostcreases the emission of trace gases substantially in Africa

2w o E e EE
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lations discussed in Sect. 5 show that over a typical month
the large scale circulation can change dramatically influenc-
ing transport both into and out of EA. Such under sampling
introduces problems with respect to the description of trans-
port in large scale atmospheric models which use these me-
teorological data fields to calculate the long range transport
of pollutants between regions. The large temperature and
moisture gradients in the lower troposphere are particularly
important in determining the correct atmospheric dynam-
ics in the Sahel region betweerl2—-20 N, which encom-
passes the Guinea region defined in this study. This could
go some way towards explaining the too efficient transport
of BB plumes from southern Africa over the region in which
the AMMA aircraft campaign took place (cf. Fig. 10). Given
that 2006 was a unique year, where many additional meteoro-
logical measurements were available as part of the dedicated
AMMA measurement campaign, means that typically there
remains a large degree of uncertainty associated with model-
ing the region during the WAM. Although the re-analysis of
meteorological data is ongoing there is still a limit to which
such datasets can be improved due to the existing sampling
frequency of past measurements.

7 Conclusions
In this study we have investigated the influence that re-

gional biomass burning emissions from southern and north-
ern Africa have on the composition of the lower and middle

Fig. 16. Ten day back trajectories using the new ECMWF meteo- troposphere over Equatorial Africa during the West African
rological dataset which assimilates additional sounding informationnjonsoon in 2006. By performing a set of sensitivity studies

taken during AMMA (Agusti-Panareda et al., 2010). The trajecto-
ries shown are (top) for the Cotonou measurement site starting o
the 14 August (corresponding with the bottom panel in Fig. 11) an
(bottom) for the BAe-146 flight on the 13 August at 9a.m. local
time (corresponding with the top panel in Fig. 12). The pressure

d.

we have shown that emissions from southern Africa between
0-40 S dominate tropospheric composition over Equato-
rial Atlantic for this season, and influence a large area in
the Northern Hemisphere betweerll0-20 N. When us-

levels through which each trajectory travels are shown using thdNd the GFEDv2 monthly biomass burning emission inven-

same colour key as Fig. 13.

tory and 6-hourly ECMWF meteorological fields, the max-
imum concentrations of CO andsccur between 0-°5
during August, which is more southerly than the distribution

when compared to GFEDv2 using a similar seasonalityobserved in MOPITT satellite observations (Reeves et al.,

(Stroppiana et al., 2010).

However, we have shown tha2010). This finding agrees with that previously seen when

increasing the emission flux of CO for JJA by 50% in the adopting the alternative AMMABB emission inventory by
GFEDv2 8-day inventory only makes a marginal improve- Liousse et al. (2010) in a number of independent chemistry
ment for the burning region, whilst significantly overestimat- transport models (Williams et al., 2010). This is due to the
ing the background concentrations as a result of transporffrican Easterly Jet — South being too far south as defined in
towards Northern Africa. Differences will also exist in the the ECMWF meteorological analysis used to drive the model
temporal distribution of such inventories, where some quan{Agusti-Panareda et al., 2010).

tification of the scale of these anomalies would be helpful for
the global and regional modelling communities.

For tropospheric CO, comparisons made against in-situ
measurements taken from the MOZAIC programme reveal

When comparing the large scale and seasonal variability ithat TM4AAMMA generally underpredicts CO in the lower
the meteorology which affects EA throughout the year (Gristto middle troposphere near the source regions, indicating that
and Nicholson, 2003) one major problem concerns capturinghe emission flux for CO is either too low in the GFEDv2
an accurate description of the dominant events due to inadebiomass burning inventory or the temporal distribution of
quecies in the sampling frequency of meteorological param-burning events is not accurate. Comparisons made against a
eters in the region. The various backward trajectory simu-MOPITT composite for July and August (Reeves et al., 2010)

www.atmos-chem-phys.net/10/9797/2010/
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show that the transport across the equator in the model is toafrica. It has been the beneficiary of a major financial contribu-
weak over the gulf of Guinea between O-My again partly  tion from the European Community Sixth Framework Research
due to the position of the African Easterly Jet — South. Di- Programme.  Detailed information on scientific co-ordination
rectly above Equatorial Africa (6—20N) comparisons made and funding is available on the AMMA International Web site
against a composite of the measurements taken during th@ Www-.amma-international.org JEW also acknowledges  the
intensive AMMA aircraft campaign show that TMAMMA E_U |ntegrate_d project SCOUT-O3 (Stratospheric-Climate links
generally exhibits too high CO in the lower and middle tro- with emphasis On the Upper Troposphere and lower stratosphere,

- . contract 505390-GOCE-CT-2004) for partial funding of this
posphere as a result of the over efficient transport of biomasg,, 4 we also achknowledge the strong support of the European

burning plumes from southern Africa (0-48) into the  comission, Airbus, Lufthansa, Austrian Airlines and Air France,
region, where an anti-correlation is observed between theyho carry the MOZAIC instrumentation free of charge and have
model and the measurements in the lower troposphere begerformed maintenance sinde 1994. MOZAIC is currently funded
tween 8—-20N. by INSU-CNRS (France) , Meteo-France and Forschungzentrum

For tropospheric @ comparisons made against Julich, Germany. The MOZAIC data base is supported by ETHER
ozonesonde measurements reveal that the vertical digCNES and INSU-CNRS). Additionally we acknowledge the
tribution is generally good near the source regions, whilstRETRO (EVK2-CT-2002-00170) EU project for providing the
being too high (low) in the lower (middle) troposphere in anthropogenic emission inventories used in this stuc_iy. Wg thank
Western Africa. Using a set of trajectory studies we show"™ 1€ Sager for helpful tips regarding IDL programming. Finally

- . we thank the anonymous referees for their critical comments on the

that the transport of biomass burning plumes from southernmanuscript_
Africa influences the lower troposphere over the region
rather than the middle troposphere, thus constraining the-gjted ny: p. Formenti
performance of the model.
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