Atmos. Chem. Phys., 10, 5283294 2010 iy —* -

www.atmos-chem-phys.net/10/5281/2010/ Atmospherlc
doi:10.5194/acp-10-5281-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

Measurements of volatile organic compounds over West Africa

J. G. Murphy 1", D. E. Oram?, and C. E. Reeves

1School of Environmental Sciences, University of East Anglia, Norwich, UK
“now at: Department of Chemistry, University of Toronto, Toronto, Canada

Received: 10 January 2010 — Published in Atmos. Chem. Phys. Discuss.: 10 February 2010
Revised: 26 May 2010 — Accepted: 27 May 2010 — Published: 16 June 2010

Abstract. In this paper we describe measurements of volatilel Introduction

organic compounds (VOC) made using a Proton Transfer Re-

action Mass Spectrometer (PTR-MS) aboard the UK Facility

for Atmospheric Airborne Measurements during the African Volatile organic compounds (VOC) is a term referring to a
Monsoon Multidisciplinary Analyses (AMMA) campaign. family of compounds that are emitted into the atmosphere
Observations were made during approximately 85 h of fly-from both natural and anthropogenic sources (primary) or
ing time between 17 July and 17 August 2006, above an arefroduced in the atmosphere from chemical reactions (sec-
between 4N and 18 N and 3 W and £ E, encompassing ©ndary). VOC play important roles in the production of two
ocean, mosaic forest, and the Sahel desert. High time resatmospheric pollutants, ozone and organic aerosol, that in-
olution observations of counts at mass to chameé)(ra- fluence air quality and climate forcing. The tropics are a
tios of 42, 59, 69, 71, and 79 were used to calculate mixing'e€gion with large potential for VOC emissions as a result
ratios of acetonitrile, acetone, isoprene, the sum of methyPf dense vegetation, significant biomass burning activities,
vinyl ketone and methacrolein, and benzene respectively usand rapid population growth, including several mega-cities.
ing |ab0rat0ry-derived humidity-dependent calibration fac- Recent modelling studies have indicated that biOgeniC emis-
tors. Strong spatial associations between vegetation and is@lons are a dominant factor determining the regional ozone
prene and its oxidation products were observed in the boundbudget (Aghedo et al., 2007; Pfister et al., 2008; Saunois
ary layer, consistent with biogenic emissions followed by €t al., 2009). The magnitude and distribution of biogenic
rapid atmospheric oxidation. Acetonitrile, benzene, and ace€missions have been found to exert strong controls on the
tone were all enhanced in airmasses which had been heavilgxidative capacity of the tropical troposphere (Williams et
influenced by biomass burning. Benzene and acetone weral., 2009). Observations of low mass loadings of organic
also elevated in airmasses with urban influence from cities@erosol during the same flights described in this paper indi-
such as Lagos, Cotonou, and Niamey‘ The observations prdlated that in this region, oxidation of biogenic VOC did not
vide evidence that both deep convection and mixing associProduce substantial amounts of secondary organic aerosol
ated with fair-weather cumulus were responsible for vertical(Capes et al., 2009). The composition of the tropical tro-
redistribution of VOC emitted from the surface. Profiles over Posphere is also significantly impacted by biomass burning

the ocean showed a depletion of acetone in the marine bound€.g. Crutzen and Andreae, 1990), and VOC such as acetoni-
ary |ayer' but no Signiﬁcant decrease for acetonitrile. trile can serve as tracers of biomass burning influence. This

is particularly useful in West Africa, where observations of
enhanced @and CO in the mid-troposphere during the wet

Correspondence tal. G. Murphy season have been attributed to long range transport from fires
BY (imurphy@chem.utoronto.ca) across the equator (Sauvage et al., 2005; Thouret et al., 2009)
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but back trajectories struggle to represent these transport patperation of the PTR-MS instrument. An overview of the ob-
terns (Mari et al., 2008). servations and their geophysical distributions are presented
During the African Monsoon Multidisciplinary Analysis in Sect. 3, while in Sect. 4 we focus on individual case stud-
(AMMA) campaign, a suite of VOC was measured in situ ies that serve as examples of some of the processes governing
using a Proton Transfer Reaction Mass Spectrometer (PTRthe vertical distribution of VOC in the troposphere over West
MS) from the UK Facility for Atmospheric Airborne Mea- Africa. A summary and conclusions are presented in Sect. 5.
surements (FAAM). In this paper, we discuss measurements
of the following group of VOC: acetone, acetonitrile, ben-
zene, isoprene, and the sum of methyl vinyl ketone and2 Experimental
methacrolein. A larger suite of VOC were quantified on the
same flights at lower time resolution using canister sampling2.1  African Monsoon Multidisciplinary Analyses
followed by post-flight analysis by GC-FID, as discussed in (AMMA)
Hopkins et al. (2003, 2009). Two French aircraft partic-
ipating in AMMA also collected VOC using multisorbent The African Monsoon Multidisciplinary Analysis (AMMA)
tubes with post-campaign analysis by GC-MS (Bechara eis an international project designed to improve our knowl-
al., 2008). VOC measurements were made at a ground-basestige and understanding of the West African monsoon
forested site in Benin in June of 2006 with a focus on the(WAM) and its variability with an emphasis on daily-to-
biogenic compounds isoprene and monoterpenes (Saxton @&iterannual timescales. The flights described took place dur-
al., 2007). ing a Special Observing Period (SOP2) designed to coincide
The species measured by PTR-MS during AMMA in- with the maximum in the West African Monsoon in the sum-
clude both primary and secondary VOC with a wide rangemer of 2006 (Reeves and al., 2010). The UK FAAM air-
of sources and lifetimes. In many cases, the main sink ofcraft was stationed in Niamey, Niger, and flew nearly 100
the VOC is oxidation by the hydroxyl radical; for the sake hours over Benin, Burkina Faso, Ghana, Mali, Niger, Nige-
of illustration we calculate a lifetime using the appropriate ria, and Togo. VOC observations are available for 85h be-
rate constant at 298K (Atkinson et al., 2006) and an av-tween 17 July and 17 August 2006, in an area betwéew 4
erage [OH] of &x10° moleccnt3. This estimate for aver- and 18 N and 3 W and 4° E, encompassing ocean, mosaic
age [OH] is consistent with the slightly higher range of day- forest, and the Sahel desert. In this region, meridional vari-
time [OH] measured during flights on FAAM (Commane et ability dominates the zonal variability in land surface type
al., 2010). Benzene is predominantly emitted during fos-and atmospheric composition, with sharp transitions between
sil fuel combustion and biomass burning and it has a life-ocean and forest and forest and desert occurring arcuNd 6
time of 10 days against oxidation by OH. It is believed that and 12 N, respectively (Janicot et al., 2008). The FAAM
biomass burning is the main source of acetonitrile to the atBAe-146 flew mainly in the boundary layer and lower free
mosphere (de Gouw et al., 2003c), while estimates of its attroposphere, and VOC observations are available between
mospheric lifetime range frony1 year against oxidation by 150 m above ground up to 9500 m.
OH, to months if ocean uptake is assumed to be significant
(de Gouw et al., 2003c; Sanhueza et al., 2004; Singh et al2.2 Proton Transfer Reaction Mass Spectrometry
2003). The global atmospheric budget of acetone, reviewed (PTR-MS)
in Jacob et al. (2002), includes primary sources from anthro-
pogenic and biogenic emissions and a photochemical oceakleasurements of a suite of volatile organic compounds were
source, in addition to secondary production from oxidationmade by proton transfer reaction mass spectrometry (PTR-
of anthropogenic and biogenic VOC. Photolysis, oxidation MS) with adaptations to the original instrument from lonicon
by OH, and dry deposition were all identified as important Analytik (Lindinger et al., 1998). A pressure-controlled inlet
sinks, resulting in an average lifetime on the order of two allowed us to maintain a constant pressure (between 2.2 and
weeks. In contrast to these relatively long-lived gases, iso2.4 mbar) in the drift tube while making measurements up
prene has a lifetime against oxidation of approximately twoto an altitude of 9500 m. The drift tube field strength (E/N)
hours. Its main source is emission from terrestrial vegetationused for the observations was 105 Td and the temperature
the rate of which depends on plant type and environmentaivas controlled at 313 K. Because of the quadrupole mass fil-
variables (Guenther et al., 2006). Methyl vinyl ketone andter, specific masses corresponding to protonated species of
methacrolein are oxygenated VOC that are produced frominterest were measured for one second every 10-20s. The
the oxidation of isoprene and can themselves be lost to OHPTR-MS drew air from a forward-facing starboard air sam-
on a timescale of several hours. As a result of the shortepling pipe shared by the 2and NQ, instruments. Zeros
lifetimes of the biogenic compounds, their geophysical dis-were carried out periodically in-flight by diverting the sam-
tributions tend to be linked more closely to emission sourcesple air stream for a period of 1-2 min through a custom-built
In Sect. 2 of this paper, we describe experimental de-stainless steel tube filled with a platinum-coated quartz wool
tails, including the context of the AMMA campaign and the catalyst (Shimadzu) continuously heated to 400For the
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species discussed in this paper, there was very little variabilnhoted in other environments, for example the dehydration
ity between zeros through time or as a function of altitude. product of methyl butenol, excellent agreement was observed
The response of the PTR-MS was calibrated pre- and postbetween PTR-MS observations and whole air samples ana-
campaign using a multi-component standard (Apel-Riemer)yzed post-flight by GC-MS R?=0.84, slope = 0.950.05,
with individual compounds certified to have an accuracy ofintercept =—10+32 ppt), indicating that isoprene was the
5%. Due to the high absolute humidity encountered duringdominant compound ah/z=69 (Murphy et al., 2006). Both
the flights, the protonation of VOC by bothsB*™ and the  methyl vinyl ketone (MVK) and methacrolein (MACR) con-
water cluster, HOTH,0, was taken into account, following tribute to the signal at m71, thus only the sum of their mix-
the convention of de Gouw et al. (2003b). In this formula- ing ratios can be reported. Individual permeation tubes (Eco-
tion, the ion signal for each VOC is normalized to the two scientific) were used to measure their independent responses,
dominant reagent ions: which showed them to be within 20% of each other, and the
Normalized ion signal ) average was used.in the analysis. A conservative estimate
) n of the total uncertainty of the reported sum (MVK+MACR)
= {VOC — H™] is £27%, for the unlikely scenario in which only one of the
i[H3OF] + Xr x i[H30"H20] compounds contributes at this mass. Assuming the identified
wherei[VOC-HT], i[H307], andi[H3O"TH,O] are the ion  compounds are solely responsible for the signals atrtte
signals of the product and reagent ions, ahds compound  selected, the accuracy for acetonitrile, acetone, isoprene and
specific and was determined empirically by performing vari- benzene, are estimated to #45%, accounting for uncer-
able humidity calibrations in the laboratory. During AMMA tainties in flows and humidity-dependent calibration factors.
the average value ofH301] was 6x10P counts per sec- Because the background signals varied between flights, and
ond, andi[H3O"H,0] varied strongly as a function of ab- the reagent ion abundance varied during each flight, the de-
solute humidity ranging from 210° and 3x10°cps. The tection limits for each species are not constant. The range
laboratory humidity calibrations covered the same range ofof detection limits calculated for 1s measurements of each
i[H3O"TH,O] that was encountered during the flights. For species for each flight are shown as grey bars below the x-
the compounds discussed in this paper, Xhevalues were  axis in Fig. 1.
0.71 for acetonitrile, 0.09 for benzene, 0.68 for acetone, Other studies have used observationa&t33, 45, and 93
0.85 for isoprene, and 0.79 for MVK+MACR. to calculate the mixing ratios of methanol, acetaldehyde, and
Acetonitrile is assumed to be the dominant species contoluene respectively. While we monitored these signals dur-
tributing to the signal atn/z=42. The possible contribution ing the flights, we are not able to provide quantitative data
from O;r + alkane reactions, is expected to be negligible es-for the mixing ratios of these compounds. In the case of
pecially as a result of the high humidity conditions, which methanol, the sampling and zeros had a strong altitude de-
suppressed p in the drift reactor. In many studies, ben- pendence, which could not be corrected for, even after ac-
zene has been shown to be the only molecule contributingounting for the strong humidity dependence (because wa-
to the signal am/z=79 (e.g. Warneke et al., 2003), and pos- ter depletes @, and’00 has an isobaric interference at
sible contributions from ethyl benzene should be negligiblem/z=33). It is possible that additional humidity-dependent
at the relatively low electric field strength used in our sys- corrections are required that could not be accounted for in
tem (de Gouw et al., 2003a). Acetone is considered to beour post-processing data treatment. The behavion/sf45
the dominant contributor an/z59. While propanal can appeared reasonable during ambient sampling, but the sig-
also contribute at thim/z its contribution relative to acetone nal when the air was diverted through the heated catalyst
in urban air is minimal (Warneke et al., 2003), and is ex- was often higher than ambient air. This suggests that either
pected to diminish further downwind from sources (de Gouwacetaldehyde, or something elsenatz=45, was generated
et al., 2003b). Glyoxal is a short-lived dicarbonyl compoundin our heated catalyst, and may also indicate interferences
formed largely from oxidation of parent VOC that could also during normal sampling, which have been noted in the past
interfere atm/z=59. Recent satellite observations indicate (Northway et al., 2004). The system had a high background
that the column density in this region and season is approxiat m/z93, and ambient mixing ratios of toluene rarely ex-
mately 5< 10 molec cnm2 (Stavrakou et al., 2009). To give ceeded the detection limit of 200 ppt.
an upper estimate for a mixing ratio, if one assumes this re- Monoterpenes have been detected using the parent mass at
sides entirely in a 1 km deep mixed layer at the surface, thian/z=137 or a fragment an/z=81 (Lee et al., 2005), but nei-
results in a mixing ratio of~200 ppt, in the same range as ther approach was successful here. Extremely high signals
in situ measurements compiled in Vrekoussis et al. (2009)were noted during zeros that occurred in the boundary layer
While we cannot rule out the possibility that this compound at m/z=81, but not am/z=137. Post-flight calibrations using
makes a contribution ah/z=59, it is likely minor compared «-pinene indicated a low sensitivity to monoterpenes in our
to the significant amounts of acetone. system am/z=137, and the most quantitative information we
Isoprene is assumed to be the major contribution to thecan provide is that monoterpenes rarely exceeded the detec-
signal atm/z=69. While isobaric interferences have been tion limit at this mass, which was in the range of 500 ppt.
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10° e P of a single cycle of measurements on the PTR-MS, which
L[ | TeeomE ranged from 10-20s for different flights, depending on the
Rt 1 | [, number of compounds measured. The exception is the first

three flights, when the system had not yet been optimized
and data were averaged to one minute to improve the signal

Number of Observations
Number of Observations
arv
1

i 1 to noise.
10° — g i
0 1000 . 2000 3000 0 200 4(:)0p( 600 800 1000 3 Observatlons
10 7 1077 . .
e = p— In Fig. 1 we present histograms of the VOC successfully

n = 16837
10" LOD= 100 ppt|

s it measured by PTR-MS from FAAM during AMMA. A grey
bar below the x-axis is used to denote the range of mix-
: ing ratios within the 30 detection limit calculated for 1s
measurements of each VOC. For benzene, isoprene, and
the sum of methyl vinyl ketone and methacrolein, at least

Number of Observations
=

Number of Observations
=
1

10 1 0 il 1 half of the observations were below the detection limits for
. S L e I these compounds during the campaign. On the other hand,
. measurements of acetonitrile and acetone nearly always ex-
° WVKTMACR ceeded the detection limits. In 85h of flying time, we sam-
@ 00 = 100 ppt pled air throughout the troposphere including the boundary

layer over the ocean, the mosaic forest and the Sahel desert.
Though the flights often targeted certain areas and phenom-
ena, the data offer representative constraints on the range of
concentrations encountered in the region as a whole during
AT - the monsoon season.
¥oAme S More information about the processes governing the abun-
dance of these compounds can be obtained from Fig. 2,
Fig. 1. Histograms of the distribution of observations of acetone, Which depicts the geophysical distribution of the compounds.
acetonitrile, isoprene, benzene, and the sum of methy! vinyl ketoneSources of acetone include primary emissions and secondary
and methacrolein. The total number of points in each histogramproduction from the oxidation of other VOC. As a result,
is given in the legend, along with a conservative estimate of theits geophysical distribution can be difficult to interpret. The
3o limit of detection for 1 s measurements, which is also indicated highest mixing ratios were observed in airmasses with ur-
visually using a grey bar along the x-axis. ban or biomass burning impact, while the lowest were ob-
served in low level runs in the marine boundary layer over

. . ) the Gulf of Guinea. In general, acetone decreased at alti-
While ground-based measurements in the region showed ey qes ahove 4000 m, except when the aircraft sampled air

idence of large emissions of monoterpenes from some plang, 4t had been recently lofted from the surface by strong con-

species (Saxton et al., 2007), samples collected on the aiGe e systems. Acetonitrile mixing ratios were relatively
craft and subsequently analyzed by gas chromatography Coysynstant, in the range of 100-150 ppt, with the exception of
pled to time-of-flight mass spectrometry (GC-TOFMS) €ON- grong enhancements in biomass burning outflow. Benzene
tained low amounFs of fou.r individual monoterpenes (Capesyas also enhanced in biomass burning plumes, but the high-
etal., 2009), consistent with PTR-MS results. est concentrations were seen in urban-influenced air. In gen-
eral, mixing ratios of benzene were below the detection limit
above 4000 m. Isoprene mixing ratios were below the de-
tection limit, except in lowest-1500 m over the forest sur-
face between 6 and 1®, where they showed a strong corre-
spondence to surface vegetation (Ferreira et al., 2010). The
sum of isoprene oxidation products, methyl vinyl ketone and

. methacrolein (MVK+MACR) were high in the same region
the Aerola;er AL.5002 for CO.’ which ‘.”l" used a common isoprene but also slightly further north (downwind in the
ar samplg inlet pipe. The altitude, latitude, _and Iong'IUdemonsoon flow). Their mixing ratios were also enhanced up
reported |n.t'he paper were al measurgd using the Navsta[ro 4000 m above the vegetated surface, consistent with the
Global Positioning System at 1 Hz. Liquid water content

was measured using a Johnson Williams Liquid Water Con-IIfetImeS being significantly longer than isoprene.

tent probe at 4Hz. All data were averaged to the duration

Number of Observations
=

2.3 Supporting measurements

Other observations from FAAM used in this analysis include
mixing ratios of @, NOy, CO, from the core chemistry rack.
The instruments used are TECO 49 UV photometer fgr O
the TECO 42 chemiluminescence instrument for,Né@nd
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Fig. 2. Geophysical distributions of VOC in West Africa, with individual observations plotted according to altitude on the y-axis, latitude
on the x-axis and coloured by mixing ratio. Transitions occur at the coast of the Gulf of Guihd #6d between the forest and Sahel
(12°-132 N). Airports in Cotonou, Lagos, and Niamey are at%.8.6°, and 13.8 N, respectively.

Table 1 provides the average and standard deviations afhe West African Monsoon, whereas the surface flow became
the mixing ratios of each of the VOC, and additionally CO westerly to northwesterly at higher latitudes. Acetone mix-
and @, in surface air over different surface types. For this ing ratios were similar over the Sahel desert and mosaic for-
analysis, we have considered surface air to be anything belowest, but were much lower over the ocean (described further
a GPS altitude of 700 m. The data are broken up into threen Sect. 4.4). There are enhancements near the urban areas,
regional types: Sahel desert, mosaic forest, and ocean; anespecially considering that the source air for Lagos is likely
also into two urban areas: Lagos and Niamey. The conurbafrom the marine boundary layer, thus initial levels would be
tion of Lagos was estimated to have approximately 17 mil-quite low. There were no statistically significant differences
lion residents in 2006, whereas the population of Niameybetween acetonitrile mixing ratios in any of the source re-
at that time was slightly under 1 million. South of°19, gions in Table 1. Benzene is lowest over the Sahel, then the
the surface flow tended to be southwesterly, characteristic obcean, with higher values over the mosaic forest. It is likely
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Table 1. Average mixing ratios# one standard deviation) measured below GPS altitude of 700 m over different surface types. The Sahel
region encompasses measurements north of N8.the mosaic forest between 718 and 13.2 N, and the ocean south of 6.H. Lagos air

is selected from a single flight (B229), specifically when the aircraft was downwind of the urban area. Air considered to be influenced by
Niamey was encountered shortly after takeoff and before landing on several flights, in the region between 13.2 dhdntBietween 1.9

and 2.2 E.

Compound Sahel Desert Mosaic Forest Ocean Lagos Niamey
Acetone (ppt) 105%129 1001233 485:178 1128564 1183259
Acetonitrile (ppt) 14437 144+42 133t38 16GE50 146£45
Benzene (ppt) 2535 98+60 46+50 264244 95+105
Isoprene (ppt) —9447 604:546  —3+45  418t273 67t114
MVK+MACR (ppt) 8+32 388245 2t47 433+280 133t167
CO (ppb) 9210 143t20  119+13 181458 13130
O3 (ppb) 42+4 2246 2745 26+9 3111

areas. Northwesterly flow appeared to deliver air with low
CO and high @, whereas the monsoon flow brought air with
higher CO and lower @ the latter of which was further de-
pleted by deposition to the forest. The urban areas had en-
hanced levels of CO, but very little change in the. G-ur-

ther descriptions of the geophysical distributions of the trace
gases and aerosol can be found in Reeves et al. (2010).

4 Case studies

In this section, we focus on four major factors determining
the vertical distributions of these VOC in the West African

region: (1) deep convective outflow, (2) shallow fair-weather
convection, (3) biomass burning outflow, and (4) ocean up-
take.

4.1 Flight in deep convective outflow

Flight B233 was designed to characterize the outflow of a
mesoscale convective system (MCS) over Northern Ghana.
Figure 3 shows the Meteosat Second Generation (MSG) im-
ages with IR brightness temperature indicating the position
and cloudtop altitude of a large mesoscale convective sys-
tem on (top) 20:00 UTC on 14 Augst 2006 and (bottom)
06:00UTC on 15 August 2006. The aircraft took off at
04:30UTC on 15 August to sample air after the passage
of the MCS on the previous evening (flight track shown in
Fig. 3. The MSG satellite image below shows IR brightness temper-red on bottom panel of Fig. 3). Between 7000 and 9000 m,
ature (top) when the southern edge of an MCS line associated withhere was evidence of convective detrainment layers with thin
the ;A‘f:]ica'r Ezsée”i :Ne}l\_/e cutr)e:;t_ p(?sse? °V‘tarr] Nmer‘_a”a and (bot|o,d decks, enhanced CO and lowey. @fter three hours
tom) the clou eckK tralling benina system the toliowing morning, : .
sampled by FAAM (B233 flight track in red). sgmpllng the troposphere at various levels above 5000 m, the
aircraft returned to northern Benin and performed a run at
minimum altitude to characterize the boundary layer compo-
that benzene emissions from the coastal cities are advectegition. Because this low level run was carried out early in
over the forested region contributing to higher values therethe morning (08:00-08:40), the chemical composition likely
The biogenic VOC, isoprene and MVK+MACR, are approx- reflects that of the residual layer from the previous day’s
imately zero over the Sahel and the ocean, with the highesboundary layer. In the hours since the passage of the MCS,
values over the forest and also enhancements over the urbdhis layer would not have been subject to photochemistry

-20 -15 -10 -5 0 5 10
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Fig. 4. Normalized altitude profiles of  CO, acetone, benzene, panel.

isoprene, and the sum of methyl vinyl ketone and methacrolein from
Flight B233. The symbols represent the mean mixing ratio in an al-
titude bin with a width of 1500 m, normalized to the average mixing
ratio in the lowest 1500 m. The error bars represent the standard d
viation of the normalized amount.

during the same AMMA Special Observing Period show
eriigher values of HQin convective layers when NQs also
enhanced (Andres-Hernandez et al., 2009), however ozone
in the convective outflow is low. On flight B233, there was
and would have been dynamically isolated from subsequenno sign of higher nitrogen oxides in the convective outflow
emission from and deposition to the surface. Hence wesampled. Aircraft sampling of a convective event over North-
assume that it should be chemically similar to the bound-ern France also showed enhancements of acetone, benzene,
ary layer air lofted during the storm passage the previougsoprene, and MVK+MACR, at 11 km compared to the mid-
evening, and we use it to characterize the initial chemicaltroposphere (Colomb et al., 2006), which were calculated to
composition of the lofted airmass. impact the HQ budget dramatically and increase ozone pro-

To illustrate the role of deep convection in redistribut- duction. Because our observations occur just prior to sun-
ing chemical species from the boundary layer, Fig. 4 showgise, and the air may have been lofted after sunset, it is diffi-
the normalized altitude profiles of CO,3Dacetone, ben- cult to use the photochemical lifetimes of the biogenic VOC
zene, isoprene, and the sum of methyl vinyl ketone andio constrain the rate of lifting. It is not clear whether the
methacrolein from Flight B233. The symbols represent thebiogenic VOC at this altitude will contribute significantly to
mean mixing ratio in an altitude bin with a width of 1500 m, ozone production in the upper troposphere. The chemical
normalized to the average mixing ratio in the lowest 1500 m.tendency of ozone in these VOC-enriched airmasses will de-
CO and acetone fall off with altitude from the surface, but at pend strongly on the abundance of jN@hich may be influ-
layers influenced by convective detrainment, their mixing ra-enced by convective lifting of surface emissions or by light-
tios are close to those observed in the boundary layer. Highening associated with the MCS. In the case of this flight, no
values near 4000 m may be a result of aged biomass burningnhancement of NPwas observed in the detrainment layers
plumes, as described in Sect. 4.3. Benzene, isoprene, arahd thus enhancements in photochemical ozone production
MVK+MACR all have much lower background mixing ra- are not expected. In fact, ozone in these detrainment layers is
tios in the mid-troposphere compared with boundary layersignificantly lower than most upper tropospheric ozone val-
values. In the two highest altitude bins, their mixing ratios ues, due to strong deposition to the forest surface with which
increase, confirming that boundary layer air has been loftedt was recently in contact.
up to this altitude.

Observations from the French aircraft ATR-42 and Fal-4.2 Flight through cumulus congestus
con 20 on 19 August show similar C-shaped vertical pro-
files for VOC, with lowest mixing ratios from 2-6km, and Several of the flights focused on characterizing the chem-
high values from 6—-10 km (Bechara et al., 2008). The transdical composition and dynamics of the boundary layer be-
port of VOC by deep convection is expected to have impactdween 9 and 12N, in a region of Benin covered by tropical
on the HQ and ozone chemistry of the upper troposphereforest with some agricultural activity. Fair weather cumu-
(Collins et al., 1999). Observations from the DLR-Falcon lus congestus cloud was frequently present in the afternoon,
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Fig. 6. Time series of flights during which biomass burning outflow was encountéag&lights B228 and B229, both on 8 August 2006.
The observations made while the aircraft are sampling air influenced by Lagos (often going off-scale) are outlined in the dotted box.
(b) Flight B231 on 13 August 2006.

and runs at the altitude of the cloud layer indicated amay be important to consider this phenomenon, which serves
strong spatial correspondence between liquid water contertb concentrate isoprene in cloud layers at mixing ratios much
and biogenic VOC. This was most dramatic in enhancedhigher than their average abundance at that altitude would in-
isoprene concentrations, but was also apparent in highedicate. There was no indication of enhanced organic aerosol
MVK+MACR and lower ozone. Flight B235 from 17 Au- during interception of cloud layers.
gust 2006 provides the most striking example of these ob-
servations. An analysis of data from the same flight in-4.3 Flights in biomass burning outflow
dicated that surface vegetation heterogeneities led to atmo-
spheric temperature gradients, which controlled the patterng combination of modelling, in situ and remote sensing
of cumulus congestus cloud formation (Garcia-Carreras eppservations indicates that enhancements oBad CO in
al., 2009). the troposphere over Africa can result from the transport of
Figure 5 shows data from three stacked runs duringbiomass burning emissions from fires situated in the oppo-
Flight B235 performed at midday over the same vegetated resite dry-season hemisphere add (Barret et al., 2008; Mari et
gion in Northern Benin. The lower panel illustrates a bound-al., 2008; Sauvage et al., 2005; Thouret et al., 2009; Real
ary layer run with high mixing ratios of isoprene and no et al., 2010). High acetonitrile observations provided clear
cloud. The run at the intermediate level shows simultane-evidence of biomass burning outflow during three flights on
ous enhancements of liquid water content and isoprene sugwvhich the PTR-MS was operated. Figure 6 shows time se-
gesting that the rapid uplift leading to cumulus congestusries of altitude, @, CO, NG, acetonitrile, and benzene from
also contribute to vertical transport of short-lived biogenic three flights: (a) B228 and B229 on 8 August 2006, and
species. In the higher run above 2450 m, no isoprene igb) flight B231 on 13 August. On 8 August 2006, a high
present in air with cloud, nor are the products MVK+MACR. level flight from Niamey to Cotonou encountered biomass
Ozone shows a strong anti-correlation with isoprene in theburning outflow during stacked runs descending from 6000 m
boundary layer run and is depleted by several ppb in cloudg¢o 1500 m. After refuelling at Cotonou, the plane passed
at the intermediate level. Deposition to vegetation is one ofthrough these layers again while ascending to 1500 m, then
the strong ozone sinks in the region (Saunois et al., 2009)descended to perform a circuit around Lagos (approximately
thus high isoprene and low ozone are both indicators that ai5:40-16:30) leading to high NCand benzene concentra-
airmass was in recent contact with the surface. If cloud protions. During the ascent back through 6000 m, elevated lev-
cessing of isoprene oxidation products is a significant sourceels of acetonitrile, @, and CO, were again observed. In
of biogenic secondary organic aerosol (Lim et al., 2005), itflight B231, the clearest evidence of biomass outflow is seen
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south of 8 N, between 3000 and 5000 m, though there is ev- (@)

idence for it earlier and later in the flight, whenever the plane 8%

ascended or descended around 4000 m. These interceptior 0 100 200 300 400 500 .
occurred over the region betweehM-11° N suggesting the Benzene (ppt) s

impact of the biomass burning was extensive.

Figure 7a shows a scatter plot of acetonitrile against CO §
coloured by the benzene observations for the time periods%
shown in Fig. 6, but with the observations around Lagos re-
moved. A separate analysis of these flights using whole air § 400~
samples of VOC found significant emissions of benzene and§
other aromatics from Lagos (Hopkins et al., 2009). By re-
moving the data with obvious urban influence, we can ex-
amine the relative enhancement of acetonitrile compared to
CO in the biomass burning outflow. The line of best fit is A &
overlaid on Fig. 7a and has a slope of H&203 ppt/ppb, ¥ua s

600  [Slope = 1.69 + 0.03 ppt/ppb|

200 H

within a factor of two with measurements of emission ra- ' ' ' ' ' ' ' '
. : . - 100 150 200 250 300 350 400 450
tios from controlled burning experiments (Christian et al., CO (ppb)

2003; Holzinger et al., 1999) and other aircraft observations (b)

of biomass burning plumes (Andreae et al., 2001; de Gouw 8907
et al., 2003c; Yokelson et al., 2008), though much lower than

0 100 200 300 400 500

recent observations in the Yucatan (Yokelson et al., 2009). Benzene (ppt)
Figure 7b shows a scatterplot of acetonitrile against CO for o o
the Lagos data on Flight B229, and from the data collected = -- slo%e=0.31 +0.08 ppt/ppb

on several flights in the lowest 700 m in the vicinity of Ni-

amey. The slopes for these ratios are much smaller in ur-’

ban air compared to biomass burning, and the levels of ben-

zene tend to be higher. While no measurements of acetoni-

trile emissions from urban biofuel burning have been carried

out, the low HCN/CO emission ratios observed from these

fires (~0.5 ppt/ppb) (Christian et al., 2010) suggest that ace- 2907

tonitrile emissions are likely small. The slopes in Fig. 7b ;;;..u =

(0.314-0.08 ppt/ppb for Lagos and GED.1 ppt/ppb for Ni- i AR

amey) are higher than the value of 0.1 ppt/ppb observed by | | | | | | | 1

de Gouw et al. (2003c) in Los Angeles, but because of the 100 150 200 ngo(ppbioo 350 400 450

pervasive nature of the biomass burning outflow in the West

African region, it is possible that these slopes may not ex-rig. 7. Scatter plots of acetonitrile against CO coloured by benzene

clusively represent emission ratios for biofuel or other urbanfor (a) all the data from Flight B228s, B229 @) and B231 4)

combustion. except the Lagos measurements from B229,(ahtdagos measure-

Acetone was positively correlated with CO (slope of ments from B229 and Niamey measurements from several flights.

3.34+0.08 ppt/ppb) in the plumes with elevated acetonitrile,

in contrast to most of the free troposphere where they were

anti-correlated. In some aged biomass burning plumes, thd.4 Profiles over the ocean

ratio of acetone/CO is much larger than the emission ratio

as a result of photochemical production of acetone withinFlights B228 and B231 also included profiles over the Gulf

the plume (e.g. Holzinger et al., 2005; Jost et al., 2003b).of Guinea, between 4 and 6.R. Based on the warm temper-

However based on the forest fire plumes sampled over Nortlatures encountered in the marine boundary layerZ92 K),

America, de Gouw et al. (2006) did not find clear evidence ofthis region does not appear to be an area of significant up-

secondary production of acetone. The ratios of acetone/CQvelling. Figure 8 shows altitude profiles of acetone and

observed in the AMMA flights are consistent with emis- acetonitrile over the whole campaign with the portions of

sion ratios for tropical vegetation measured by Holzinger etFlights B228 and B231 south of 6.8 highlighted with

al. (1999), Christian et al. (2003), and Jost et al. (2003b), thudblack symbols. The predominant flow in the boundary layer

it is not clear whether secondary production of acetone hast the surface at this time of year is southerly, thus airmasses

occurred during plume transit. sampled near the coast may have been over the ocean for
days to weeks. It is not clear whether lower acetone values
over the Gulf of Guinea indicate an ocean sink, or simply that

+ Niamey
— slope = 0.7 + 0.1 ppt/ppb

400 —

Acetonitrile (pp
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Fig. 8. Vertical profiles of(a) acetone angb) acetonitrile for all campaign data in coloured symbols and specifically for the data over the
Gulf of Guinea, south of 63N on Flight B228 ) and Flight B231 4).

terrestrial sources of acetone have not been encountered onLoss to the ocean is thought to be one of the main sinks
a timescale comparable to the lifetime. Shipboard measureef acetonitrile (Hamm et al., 1984), consistent with lower
ments of acetone in the marine boundary layer made slightlyobservations in the marine boundary layer than the free tro-
further west of this region are similar in magnitude (200- posphere (de Gouw et al., 2003c; Singh et al., 2003; Karl
500 ppt) and in conjunction with surface water concentra-et al., 2003; Warneke and de Gouw, 2001). While acetoni-
tions implied highly variable acetone air-sea fluxes (Williams trile may appear depleted compared to higher altitude ob-
etal., 2004). servations on flights B228 and B231, this is largely because

The global acetone budget indicates that the ocean can bef the strong enhancements from biomass burning influenc-
both a source and a sink of acetone (Jacob et al., 2002)jng the mid-troposphere. Compared to the overall campaign
though a more recent evaluation suggests it is a strong nedata, acetonitrile in the marine boundary layer over the Gulf
sink globally (Marandino et al., 2005, 2006). Observationsof Guinea does not appear depleted compared to air in the
demonstrate that the direction of exchange can even chandsoundary layer or free troposphere over the continent (Ta-
with time of day and other variables at a given location ble 1). This is in contrast to observations of mixing ratios
(Sinha et al., 2007) and with biological activity (Taddei et of less than 30 ppt in the marine boundary layer off the coast
al., 2009). De Reus et al. (2003) compiled acetone meaef Angola and Namibia in September of 2000 (Jost et al.,
surements from around the world and noted that the slop@003a). It is possible that a biological sink for acetonitrile,
of acetone vs. CO was lower in the marine boundary layermwhich is not present in the Gulf of Guinea, is required to drive
(~14 ppt/ppb) than in the free troposphere?@ ppt/ppb) and  ocean uptake (Bange and Williams, 2000). Along with the
attributed this difference to ocean uptake in polluted areasmeasurements of Sanhueza et al. (2004) over the Caribbean
and release in pristine environments. On flight B231, theSea, from which they inferred net release of acetonitrile from
slope of acetone to CO measured from FAAM in the low- the ocean, the observations presented in this paper indicate
est 1 km over the ocean was=B3 ppt/ppb, and there was a that the ocean cannot always be considered a sink for ace-
clear decreasing concentration gradient in acetone when agenitrile.

proaching the ocean. This suggests that the ocean in this Isoprene and the sum of MVK+MACR were both zero

region may be a sink for acetone, despite relatively low am-inin measurement uncertainty in the marine boundary

t)lelné rT,'fX'ng ratios. Ahcetonte Eeflsuremﬁntstﬁt a §|te in Cen[ayer suggesting there are minimal marine biogenic sources
rai L-alifornia were shown to be lower when he airmass was, isoprene in the vicinity, consistent with regional estimates

recently over the Pacific, based on back trajectory analysi@

Schad d Goldstein. 2006 . ith >“provided in Arnold et al. (2009). In mesocosm experiments,
(Schade and Goldstein, ), consistent with an ocean sin inha et al. (2007) found that acetone emissions correlated

also supported by air-sea flux measurements in the PaCIf'gtrongly with isoprene emissions, thus low isoprene mixing

(Ma'ranldpl\nlo e.t acl; 2002’ 2.0062]' Z(X;;?:Eﬁmmes over }he ratios may indicate the biological sources contributing to ace-
tropical Atlantic Ocean during the campaign also 4ne emissions are absent in the region. Benzene in the ma-

Sho‘l’v decréas(ijn?( acetonei mzl)élgg ratios in the marine boundFine boundary layer has no clear vertical gradient and the av-
ary layer (Eerdekens etal., )- erage mixing ratio was 4650 ppt, higher than the average
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