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Abstract. Airborne measurements of trace gases and aerosdulfuric acid and ammonium nitrate, and their influence on
particles have been made in two aged biomass burning (BB)he activation potential of smoke particles. Our model simu-
plumes over the East Atlantic (Gulf of Guinea). The plumeslations reveal that, after 13 August, the lower plume traveled
originated from BB in the Southern-Hemisphere African sa-across the Atlantic and descended to 1300 m and hereafter
vanna belt. On the day of our measurements (13 Augustscended again. During the travel across the Atlantic, the
2006), the plumes had ages of about 10 days and were resoluble mass fraction of smoke particles and their mean di-
spectively located in the middle troposphere (MT) at 3900—ameter increased sufficiently to allow the processed smoke
5500 m altitude and in the upper troposphere (UT) at 10 800-particles to act as water vapor condensation nuclei already at
11200m. Probably, the MT plume was lifted by dry con- very low water vapor supersaturations of only about 0.04%.
vection and the UT plume was lifted by wet convection. Thereby, aged smoke particles had developed a potential to
In the more polluted MT-plume, numerous measured traceact as water vapor condensation nuclei in the formation of
species had markedly elevated abundances, particulagy SGmaritime clouds.

(up to 1400 pmol motl), HNOz (5000-8000 pmol moit)
and smoke particles with diameters larger than 270 nm (up to

2000 cnt3). Our MT-plume measurements indicate thabSO 1 |ntroduction

released by BB had not experienced significant loss by depo-

sition and cloud processes but rather had experienced OHBiomass burning (BB) is a global phenomenon, which has an
induced conversion to gas-phase sulfuric acid. By contrastimpact on the environment and climater(tzen et a].1979

a significant fraction of the released N@ad experienced Andreae 1983 Crutzen and Andrea&99Q Houghton et al.

loss, most likely as HN@by deposition. In the UT-plume, 2001). BB plumes contain elevated concentrations of pollu-
loss of NG, and SQ was more pronounced compared to the tants, including smoke particles and primary as well as sec-
MT-plume, probably due to cloud processes. Building onondary combustion gases. Savanna fires represent the single
our measurements and accompanying model simulations, wgost important BB-type worldwideQrutzen and Andreae
have investigated trace gas transformations in the ageing antigoq Andreae 1991, Koppmann et a).2005. Africa con-
diluting plumes and their role in smoke particle processingtains about two thirds of the world’s savanna regions and
and activation. Emphasis was placed upon the formation 080% of the African savanna fires are believed to be human
induced Koppmann et a).2005. Since BB plumes can be
transported over thousands of kilometers, their impact on
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Atlantic has been attributed to secondar/f@rmation in BB and HNGQ abundances sets an upper limit to the /NiKD3
plumes originating from Africa (see review bWgoppmann  abundance. It is also conceivable that primary and secondary
et al, 2005 Real et al.2010. organic acids may neutralize NHielding ammonium salts.
BB releases primary pyrogenic gasé®ppmann et al.  In addition, NH may also react with other pyrogenic gases,
2005 and primary smoke particles (Table see recent re- leading to amides and nitriles. Also, in the very early plume,
view by Reid et al, 2009, whose characteristics and rela- NH3 may undergo chemical conversion to N@creasing
tive emission rates depend on various factors including parwith BB fire temperatureHegg et al, 1988.
ticularly the type of bio material combusted and the burning However, smoke patrticles as well as the gases &INbi3
conditions (flaming, smoldering). and SQ, the precursor of bS50y, may experience substan-
Primary pyrogenic gases include, besides the major comtial loss by cloud processes and deposition. Therefore, their
bustion products 5O and CQ, numerous minor gases, par- concentrations in an aged BB plume and the effects on smoke
ticularly CO, hydrocarbons, NO, NHand SQ (Andreae  particle processing by ¥$0O, and HNG; are difficult to pre-
and Merlef 2001). Interaction of NO and organics leads to dict. Removal of S@ by cloud processes is only moderate
the formation of secondary ozone, which represents a greersince SQ dissolution in cloud droplets is only moderate. Im-
house gas, an important atmospheric oxidant, and a precurs@ortantly, ice clouds do not scavenge gas-phasg 8Qring
of OH radicals. droplet freezing dissolved SOnay even be released to the
Primary pyrogenic particles contain solid cores, mostly gas-phaseflegg and Abbat2001). However dissolved S©
soot (elemental carbon (EC)) and ash, and a semi-volatilenay undergo HO», mediated liquid-phase conversion to sul-
coating composed of low vapor pressure organics (organidate, which remains in the aerosol-phase after cloud water
carbon (OC)), which is formed by rapid OC-condensation.evaporation.
The resulting internally mixed smoke particles have initial By contrast to S@, the trace gases HNCand NH; are
median diameters of about 125 nm and a mass ratio OC/E@ighly soluble in cloud droplets and therefore may undergo
of about 5-10Reid et al, 2009. very substantial removal by cloud processes. But, after con-
As a BB burning plume ages and dilutes, chemical trans-vective ascent and cloud dissipation, additional HNfan
formations of primary pyrogenic gases take place leading tdhbe photochemically formed from NQ which is not sig-
secondary gases including particularly.Csome secondary nificantly removed by cloud processes. Efficient formation
gases undergo gas-to-particle conversion leading to chemicaf NH4NO3 requires transport of Niito the middle tropo-
processing and additional size growth of primary smoke parsphere where temperatures are sufficiently low to allow ther-
ticles. Of these secondary gases, sulfuric acigS®;) and mal stability of NHyNOs (see above). Therefore, efficient
nitric acid (HNG;) are particularly important. Sulfuric acid NH4NO3 formation in a middle troposphere air mass lifted
is formed by OH-induced conversion of the primary pyro- by convection probably requires “dry convection”.
genic gas S@(Reiner and Arnold1993 1994. Nitric acid Considering typical emission factors (Taldlpa biomass
is formed via OH-induced conversion of NOwhich results  burning event releases more N@an NH;. If one neglects
from rapid conversion of primary pyrogenic NO. Due to its removal by deposition and cloud processes, in an air mass
very low saturation vapor pressure, sulfuric acid condensesvhich has experienced dry convection to the middle tro-
on smoke patrticles and, due to its very large hygroscopicposphere, the following highly simplified picture evolves:
ity, tends to increase smoke particle hygroscopicity. Nitric Ultimately, more HNQ molecules may be formed than
acid has a much higher saturation vapor pressure than suNH3 molecules are present. Therefore, HNfay neu-
furic acid and would condense on smoke patrticles only intralize NHs, forming NH;NO3. Only the HNG and NH;
conditions of temperatures below about 200 K, which are oc-corresponding to the equilibrium partial vapor pressures of
casionally found only at the tropical tropopause and in theNH4NO3 will remain in the gas-phase. NJNOs will con-
polar lower stratosphere. However, Hjl@ay react with  dense on the pyrogenic primary particles. The formation
gases possessing large proton affinities. A key candidate isf gas-phase sulfuric acid from $@s much slower than
the primary pyrogenic trace gas ammonia @yHvhose BB HNOs formation and the Sexeleased from biomass burning
release is about ten times larger than that op 0t only is about ten times less than the bli¢leased. Therefore, gas-
about half of that of NQ. HNOgz reacts with NH yield- phase sulfuric acid formed in the ageing middle troposphere
ing ammonium nitrate (NENO3), which is thermally stable  plume will convert only some fraction of the particle-bound
at temperatures typical of the middle and upper troposphereNH4NO3 to (NH4)2SO4. Nevertheless, as mentioned above,
Therefore, after BB plume ascent to the middle tropospherdhe fraction of pyrogenic Nglreaching the middle and upper
NH3 may undergo conversion to NNOgz, which could then  troposphere is highly uncertain.
condense on smoke particles. Gas-phase sulfuric acid, which Sulfuric acid, due to its large hygroscopicity, may have
is more slowly formed than HNg§) may convert some frac- a particularly large effect on the ability of smoke particles
tion of the NHiNOg, leading to aerosol-phase ammonium to take up water molecules from the gas-phase in conditions
sulfate (NH4)2SOy). The HNG; not converted to NEINOs3, with relative humidity RH< 100%, and to act as water va-
would remain in the gas-phase. Hence, the difference gf NO por condensation nuclei (CCNcloud condensation nuclei)
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Table 1. Emission factors Ex, molar emission ratifg/ ECOy(adopted fromAndreae and Merle2001) and the measured excess molar
emission ratia/x/dCO,. The last column denoted with R gives the ratio betwéeld CO, and Ex/ECOs.

Substance x Ex (gkg™1) EX/ECO, (molmol1)  dx/dCO, (molmol~1) R

co 65+ 20 6.3x102 +2.2x10°2 4.3x10°2 6.8x10°1
TPM 8.3 5.1x103gg?! >25x103gg?! >4.9x1071
NOy 3.9+22 3.5¢1073+£2.2x1073  6x1074 1.7x1071
NOx - - 3.8x<10°° -

PAN - - 9.%10°° -

HNO3 - - 3.8-6.%10°4 -

NH3 0.6-1.5 1.0-2.410°3 <1x1074 <1x1071
SO, 0.35+ 16 15¢10°4 +£0.7x10°4  1x10°% 6.7x10°1
HCHO 0.26-0.44 2.3-4:010~4 7.7x107° 3.3-1.%10°1
COoy 1613 - dC0y=1.3x10"> -

in cloud formation in conditions with RH 100%. Smoke decrease OH, increased acetone tends to increase OH. Pre-
particle processing by 8O, and NH;NOj3 is particularly  vious measurements of OH in an aged BB plume at 9000—
important for atmospheric conditions with only small wa- 10000 m altitude have indicated OH concentrations of about
ter vapor supersaturations WSS of only about 0.05%, which0.1 pmol mot-? (Folkins et al, 1997). These, were not much
are typical for the maritime boundary layer and for mar- different from ambient OH concentrations outside the BB
itime stratiform cloud formationSeinfeld and Pandi4998. plume. This led to the conclusion that the additional NO
The larger the HSO4 mass fraction of a smoke particle, the induced OH loss was approximately offset by an additional
smaller will be the activation water vapor supersaturationacetone-induced OH formation.
(WSSa) required for activation. The,BO4 formed in the The present paper reports on airborne measurements of
ageing plume increases with time until precurson $0ex- SO, and HNQG; along with other gases and smoke particles
hausted. Therefore, also the$0, mass fraction of smoke in two aged savanna fire plumes over the East Atlantic, off
particles increases with time. As a consequence, the abilthe west coast of equatorial Africa (Gulf of Guinea). At the
ity of a smoke particle of a given size to act as CCN (attime of our measurements one plume was located in the mid-
a given water vapor supersaturation) increases with time agle troposphere (MT) and one in the upper troposphere (UT).
the bSO4 mass fraction increases due te$0, uptake (sSee  From the trace gas data we infer the formation oS8y,
also model simulations below). In addition, coagulation con-HNO3; and NH;NOg in the plumes and discuss implications
tributes to increase the smoke particle diameter, which alsavith regard to their influence on the smoke particle activation
contributes to decrease the water vapor supersaturation rgpotential.
quired for activation. However, as the plume ages, the num-
ber concentration of smoke particles decreases strongly, due
to coagulation and plume dilution. Therefore, the number2 Experiment
concentration of smoke particles which can be activated, at
a given WSS, is expected to have a maximum at a certairDur airborne BB plume measurements were part of the
plume age. The larger the rate of S€onversion to HSQy, AMMA (African Monsoon Multidisciplinary Analyses)
the smaller will be the plume age at which this maximum campaign and took place on 13 August 2006, off the western
occurs and the larger will be the maximum concentration ofcoast of Tropical Africa (Ghana). The measurements were
smoke particles which can be activated. made by various instruments on board the DLR (Deutsches
Therefore, the rate of S{Zonversion to gas-phase &0, Zentrum fir Luft- und Raumfahrt, German aerospace cen-
in the ageing and diluting plume is crucial in determining the ter, Oberpfaffenhofen) research aircraft Falcon, when it dived
H,SOy mass fraction of smoke particles, and thereby the evodinto and cruised in two plumes at altitudes between about
lution of their activation potential. This rate is determined by 3900 and 5500 m and between 10800 and 11 200 m.
the OH concentration and its time variation in the plume. Ina The AMMA project aims at a better understanding of
BB plume, the OH concentration is thought to be controlledthe West African Monsoon, its influence on the processing
mostly by OH-loss via the reaction of OH with N@eading  of chemical emissions and its associated regional-scale and
to HNGOz and by OH-formation via processes involving or- vertical transports. For this purpose an airborne campaign
ganic plume gases (preferably acetone-photolysis leading tavas conducted in July/August 2006 with special interest on
about 3.2 HQ radicals per acetone molecul&iigh et al. biomass burning emissions. Further objectives were the char-
1994 Folkins et al, 1997. While elevated NQ tends to  acterization of the impact of mesoscale convective systems
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on the ozone budget in the upper troposphere and the evolland £15%, respectively. The time resolution is 1s and
tion of the chemical composition of these convective plumesthe detection limit 5pmolmott and 15 pmol mot?!, re-

as they move westward toward the Atlantic Ocean. Anotherspectively. The nitrogen-bearing trace gas bl not de-
objective was to discriminate the impact of remote sourcegected by the N@-instrument. Also ammonium nitrate is not
of pollution over West Africa, including transport from the measured, but the N@nstrument measures HNQeleased
middle East, Europe, Asia and from southern hemispheridrom NH4NO3 by thermal decomposition, when atmospheric
BB fires. air is passed through the flow tube section containing the hot

Sulfur dioxide (SQ) was measured by a chemical ioniza- NOy-converter of the N@+instrument.
tion mass spectrometry (CIMS) method with continuous in-  Ozone (Q) was measured using an UV absorption pho-
flight calibration using isotopically labeled $OThe CIMS-  tometer Gchlager et a.1997 Schulte et al.1997). The ac-
instrument, which has been developed by MPI-K (Max- curacy of the ozone detection #85%, the detection limit
Planck-Institute for Nuclear Physics, Heidelberg) in collabo-is 1 nmolmof* and the time resolution 4s. Formaldehyde
ration with DLR, is equipped with a powerful ion trap mass H2CO has been measured using a Hantzsch reaction instru-
spectrometer. A comprehensive description of the measurénent Kormann et al.2003. The detection limit of this in-
ment system can be found8peidel et al(2007 andFiedler ~ strument is 84 pmol mof, the time resolution is 180s and
et al. (2009ab). The method is based on gas-phase ionthe uncertainty:30% at a mixing ratio of 300 pmol mot.
molecule reactions in a flow reactor. These reactions involve Table 2 compiles the measured atmospheric substances,
reagent ions CQ which react with atmospheric SQulti- measurement techniques, specifications of the techniques
mately leading to SQ product ions. By measuring the abun- and corresponding references.
dance ratio of product and reagent ions with the ion trap mass Number concentrations and size distribution of aerosol
spectrometer, the SOnole fraction can be determined. The particles in the size range between 4nm and 20 pm were
SO, measurements have a time resolution of 1 second and Bneasured with a combination of condensation particle coun-
detection limit (2 sigma level) of about 20 pmol mél The  ters and a differential mobility particle sizer mounted in the
relative error is about plus or minus 12% for SM@ole frac-  cabin, as well as two wing-mounted optical aerosol spec-
tions larger than 100 pmol mot and increases close to the trometer probes in a similar setup describedWginzierl
detection limit to plus or minus 409Gpeidel et al.2007). et al. (2009. The instruments deployed on the DLR Falcon

Nitric acid (HNOz) measurements have been carried outduring AMMA are listed in more detail in the supplement

with the same CIMS instrument. HNCcan be detected of Reeves et al(2010. The cabin instruments sampled air
using the gas-phase ion molecule reaction of;C®ith through the forward facing DLR Falcon aerosol inlet, which

HNOs. This reaction leads to (GBINOs)~ cluster ions, IS Operated close to isokinetic sampling conditions and has

which again are detected by the mass spectrometer. The timf Significant sampling losses for particles up to 1.5 um par-

resolution of the measurements is 1, the detection limit idicle diameter. The size range of particles in the accumula-
0.1 nmol mot® in our case, the estimated relative error plus tion and coarse mode above approximately 0.15 um particle
or minus 50%, as we did not use a special HN@libration, ~ SIZ€ IS covered by measurements of the PCASP-100X and

but applied the S@calibration instead. A detailed descrip- the FSSP-300 wing probes, two instruments which in princi-

tion of the further developed HNOmeasurement method ple detect the amount of light scattered by single particles. In
with HNO; calibration can be found idurkat et al(2010. order to infer the patrticle size distribution, knowledge on the

Simultaneous measurements of other trace gase3,(Cocomplex refractive index of the aerosol particles is required

. Schumann et g12010. In this study, we used for simplic-
CO, NO, NG, H2CO, G3) were carried out on the Falcon ( o : i
by DLR (see Table). ity an refractive index of 1.54 + 0.0i, commonly used to rep

, i resent an aged ammonium sulfate type aerosol, for all size
Carbon monoxide (CO) was detected using vacuum resog;syripytion data discussed. In particular for particles falling
nance fluorescence in the fourth positive band of G@r¢ _ into the PCASP-100X size range (0.15-1.0 um) the possible
big et al, 1999. The accuracy of the CO measurements is o ror introduced by this simplification is estimated to be be-
+10% for a tm;e resolution of 5s and with a detection limit |\, natyral variability due to the instrument being relatively
of 3nmolmol™=. Carbon dioxide (C@) was measured with  jsensitive to variations in the actual refractive index. Parti-

a differential nondispersive infrared instrument (NDIR), the e concentrations in this manuscript are reported as ambient
detection limit was 0.1 pmol mof, the sampling rate 1 s and concentrations.

the accuracyt0.1% Schulte et al.1997).

Nitric oxide (NO) and the sum of reactive nitrogen com-
pounds (NQ) were measured using a chemiluminescence3 Plume localization and trajectories
technique $chlager et al.1997 Ziereis et al. 2000. The
NOy compounds are catalytically reduced to NO on theFigure 1 depicts a MODIS (Moderate Resolution Imag-
surface of a heated gold converter with addition of CO.ing Spectroradiometer) image of fires in Africa for the pe-
The accuracy of the NO and NOmeasurements i3-:8% riod 1-10 August 2006. MODIS is an instrument on the
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Table 2. Compilation of gas phase instruments deployed on the Falcon during AMMA. Also compiled are detection limits and uncertainties.

Substance  Method Det. Limit§d Time resolution Accuracy Reference

[nmol mol~1] [s] [%]
SO, IT-CIMS 0.02 1 12 Speidel et al(2007)
HNO3 IT-CIMS 0.1 1 50 Jurkat et al(2010
NO Chemiluminescence 0.005 1 8  Schlager et a1997)
NOy Chemiluminescence 0.015 1 15 Ziereis et al(2000
CcO Fluorescence 3 5 10  Gerbig et al(1999
CO, NDIR 100 1 0.1 Schulte et al(1997)
H>CO Hantzsch reaction 0.084 180 30 Kormann et al(2003
O3 UV absorption 1 4 5 Schlager et al(1997)
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Fig. 1. Fires in Central Africa detected by MODIS (see text) for Northern Africa between the 1st and the 10th of August 2006. Also shown
is the flightpath of the DLR research aircraft Falcon, color coded with flight altitude.

satellites TERRA and AQUA Justice et a).2002 Giglio Fig. 1 is the Falcon flight path with the flight altitude color

et al, 2003 NASA/GSFQ and detects hotspots/fires as a coded. To probe the plume, the Falcon took off on 13 August
thermal anomaly using data from the middle infrared and2006 at Ouagadougou (Burkina Faso, 1285—1.51° W)
thermal infrared bands. In most cases, this thermal anomalyand flew at 9000—11 000 m altitude in southern direction to
is a fire, but sometimes it is a volcanic eruption or the flarethe equatorial Atlantic region off the coast of Ghana (west-
from a gas well. The minimum detectable fire size is a func-ern branch of the flight path in Fid). Here it dived into

tion of many different variables (scan angle, sun position,the plume to a lowest height of 3900 m where it cruised for
land surface temperature, cloud cover, amount of smoke andbout 5 min. Hereafter it climbed out of the plume again and
wind direction etc.), so the precise value slightly varies with flew back to Ouagadougou (right branch of the flight path
these conditions. Results of validation measurements indiin Fig. 1). During that dive, the polluted air mass was even
cate that the minimum flaming fire size typically detectable visible as a thick brownish layer. When looking downward,
at 50% probability with MODIS is on the order of 106m  surface details were not visible.

Under ideal conditions performance is somewhat better and Figure2 shows an image of light absorbing aerosol parti-
the smallest detectable fire size is approximately 50 As cles measured on 13 August (day of our airborne measure-
can be seen from the figure, fires had been active in a 'arg?nents) by OMI (ozone monitoring instrument) aboard the
region covering the southern hemispheric African continentayra satellite Levelt et al, 2006ab). Plotted is the aerosol
mostly south of the tropical rainforest belt, which suggestsingex Al, a product determined from the difference between
that most of the fires were savanna fires. The core of the BBe packscattered UV wavelength in a polluted atmosphere
region with the largest density of fire spots was Iocateq bé-4nd a pure atmosphere (a positive Al values means absorb-
tween about 20-30East and 5-15South. Also shown in  jng gerosols). The OMI instrument can distinguish between

www.atmos-chem-phys.net/11/3211/2011/ Atmos. Chem. Phys., 11,3223-2011
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1o 14 18 22 26 30 34 38 42 48 50 Fig. 3. Combination of the LAGRANTO 10-day back-trajectory

starting at 13 August 2006 12:00 UTC with the LAGRANTO 10-
Fig. 2. Aerosol Index Al of light absorbing aerosols measured by day forward-trajectory starting at 13 August 2006 12:00 UTC. The
OMI on Satellite AURA on the 13 August 2006. color bar gives the air trajectory pressure. The red dots mark the
northern edge of the fire region as shown in Hignd the blue area
marks the so-called African copper belt.
aerosol types, such as smoke, dust and sulfates, and mea-
sures cloud pressure and coverage, which provide data to
derive tropospheric ozone. The instrument emp'oys hyperSO'Ca”ed African COpper belt is the region in Zaire and Zam-
spectral imaging to observe solar backscatter radiation irfPia, where major copper smelters are located, which repre-
the visible and ultraviolet. The instrument is a contribu- S€Nt major S@sources.
tion of the Netherlands’s Agency for Aerospace Programs ©On 4 August, 10 days prior to our measurements, the air
(NIVR) in collaboration with the Finnish Meteorological In- Parcel, which was intercepted by the Falcon at 3900 m on 13
stitute (FMI) to the Earth Observing System (EOS) Aura August, passed at about 1200 m altitude over the core of the
mission. The Al image (Fig2) reveals the presence of an fire region, about 500 km west of the copper-smelters. Here-
extended pollution plume rich in light absorbing aerosol par-after, during 7-10 August, the air parcel traveled at about
tic]eS, mosﬂy soot partides_ The p|ume of ||ght absorbing 4000 m altitude over the north western region of the fire belt.
particles is present mainly over the Tropical East Atlantic Hence, it seems that the air parcel took up pyrogenic gases
and also over Tropical Africa and covers an area of at leasthainly on 4 August when it passed at low altitudes over the
4 millionkm?2. Unfortunately, the height of the soot plume core of the fire belt. This would imply a time span of 10 days
cannot be obtained from the satellite image. The plume exfor transit from the core of the BB region to the measure-
hibits a horizontally inhomogeneous distribution and the divement region. On 5 August, while leaving the core of the BB

of the Falcon into the plume took place in one of the denserr€gion, the air parcel ascended from about 1200 m to about
p|ume regions (dive region is marked by acrossin E)g 3000m and on 8 AUgUSt it reached about 4000 m altitude.

CALIPSO (Cloud Aerosol Lidar and Infrared We also investigated air mass trajectories starting from the
Pathfinder Satellite Observations, see alsohttp: copper-smeltgr region dgring t_he days_ of interest. We found
/www.nasa.gov/calipgdidar data also confirm the presence OUb that all air mass trajectories starting in the copper belt
of the middle troposphere plume (hereafter MT-plume) overled to the N_orth or even to the East. So an uptake of copper
the Gulf of Guinea, on 13 August. For the region of the SMelter SQ@is not likely.

Falcon dive into the MT-plume, they indicate a top altitude 10 investigate the fate of the MT-plume, after 13 August,

of about 5000 m and a bottom altitude of about 3000Red] W€ have also made LAGRANTO forward-trajectory model
etal, 2010. simulations. Therefore, Fi@ shows additionally to the 10-

To investigate the origin of the MT-plume, we have made _day back-trajectory a 10-day forward simulation of the tra-

back-trajectory simulations using the LAGRANTO model jectory, starting on 13 August at 3900 m altitude at 12:00
(Wemnli and Davies1997. Figure3 shows a typical 10- UTC. This simulation indicates that, after our measurements,

day back-trajectory of the lower plume superimposed on ghe plume parcel traveled westwa_rd over the Atlantic and
map. The altitude of the trajectory is indicated by the color reached the coast of northern Brazil on 20 August. Hereafter

code. The time span between tick-marks (filled circles) isit traveled northwards again. While reaching the Brazilian

24 h. Also shown on the map are the northern edge of the fir&02St, the plume parcel descended to a lowest height of about
region as detected by MODIS between 1 and 10 August 2006-300 m altitude.
(red dots) and the African copper belt region (blue area). The
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Figure4 shows in its left panel the altitude profiles of 5O 31000 Fuisii : 270 3
and temperature (both descents in red, ascents in blue). The £ s ] 260
. . . . . o ]
altitude profile of the S@mole fraction indicates the pres- o -f 250
ence of a S@rich plume in the mid troposphere (hereafter A AP A AR
termed MT plume) with a sharp top at about 5200 m (de- 060813 UTC /[h]

scent) to 5000 m (ascent) and two altitude regimes with dif- _ _

ferent degrees of SOpollution, including an upper plume F|g._5. Time sequences of measured atmos_pherlc trace gases and
regime and a main plume regime (below about 4200 m). Thél'ilart'dgséga”eélgl\?o' Cz?”}d C? m°|e;ra°t'|°;s' Pa”ell 2f: NO,
Falcon has spent about 11 min inside the MT- plume, be- Oy, HaCO an Q mole fractions. Panel 3: SOmole frac-

low 5200 m ding to a horizontal dist fab tion and flight altitude. Panel 4: Number concentration of aerosol
0 » corresponaing to a horizontal distance of a OuE)articles possessing diameters from 160 to 270nm and from 270

150km. On that horizontal length scale the top altitude ofy, 1000 nm. Also given is the outside air temperature T. Between

the MT plume was quite similar, differing only by 200m. As 11:57 and 12:08 UTC the pollution plume is detected in all trace
the Falcon ascended further, a pronounced local B@x- gases and in the particles.

imum of about 90 pmol moi was observed at 12:24 UTC.

This indicates the presence of a second much less polluted

plume in the UT at about 10800-11200m altitude (here-crease, whereas the other measured trace gases remain al-

after termed UT-plume, Figl). Its height extension was only most constant.

about 400 m which is much less than that of the MT-plume  Figure 5, third panel, shows the time series of flight al-

(about 2000 m). titude and the S@mole fraction measured by the CIMS-
In the right panel of Fig4 water vapor concentration instrument. As the Falcon dived from 9000 to 5500 m>SO

(H20) and relative humidity (RH) are shown. In the MT- increases slightly from about 30-40 pmolmhl After a

plume, HO and RH are elevated. The absolute water va-short cruise just above the top of the visible plume at 5500 m,

por mole fraction reaches up to 7200 umol miglin the up-  the Falcon dived further to 3900m. During that dive, be-

per part of the MT-plume in a layer between about 4400 andween 5500 m to about 5000 m, $@creases abruptly by a

5100 m. This indicates upward transport of humid air. Tem-factor of about 10 to about 400 pmol md| and below about

perature reaches up to 292 K at about 4000 m and RH reach&250 m, SQ further increases abruptly to 1400 pmol mal

up to 64%, in the upper part of the MT-plume, at 5000 m.  During the following short cruise at 3900 m, $@aries be-
Figure5, first and second panel, show the time series oftween 1400 and 1250 pmolmdi. After that 5min cruise

measured trace gases (plotted are COp@6d G, NOy, at 3900 m, as the Falcon ascended, $@creases abruptly

NO, HNO;3, and HCO). CG, which is widely used as to 430 pmol mot?, and above 4700 m, SQlecreases fur-

biomass burning marker, is strongly enhanced inside the MTther to the previous atmospheric background value of 30-

plume. All trace gases are also markedly increased in thét0 pmolmorf %, reached at 5700 m.

MT-plume. Within the MT-plume, at constant altitude of the  Aerosol particle time series data are shown in the forth

Falcon of 3900 m, the trace gases HN®IO and CO in-  panel of Fig.5. Plotted are ambient number concentrations
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of aerosol particles possessing diameters between 16felatively low RH («27%) in the MT-plume at 3900 m alti-
and 270nm Kig0-270) and between 270 and 1000nm tude (see Figd).
(N270-1000). Also given is the outside air temperature dur-  Summarizing the results of the altitude profiles, for,SO
ing the measurements. As the Falcon dived in the MT-plumeNOy, H>O, O3, HCO and aerosol particles in the MT-plume,
both aerosol particle concentrations increase very steeply anthere were no notable differences between the ascent and de-
are correlated with SPand the other trace gases. Pro- scent data. In contrast, for CO, HN@nd NO, descent and
nounced maxima of particle concentrations were observed ascent profiles are markedly different, ascent data (after the
4-5 km altitude, just shortly before the Falcon had dived topenetration of the plume) are larger. This increase of BNO
the lowest altitude of 3900 m. NO and CO during the cruise at the constant flight-level of
Figure6 shows the corresponding altitude profiles of mea-about 3900 m altitude in the plume is puzzling. It contrasts
sured trace gases and particles. The shape of the altitudiéie almost constant behavior of 3Oy, Oz and CQ. The
profile of NQ, is similar to S@, clearly showing an in- increase of the abundance ratio of excess CO and excegss CO
crease in the MT-plume. At 3900m, NQeaches up to (dCOlCO,) could indicate a decrease of BB fuel carbon ox-
about 8 nmol mot! and the mole fraction rati@dNOy/dCO, idation during combustion. Regarding HN(yrogenic am-
is about 6<10~* (see Tablel). In the MT-plume at 3900m, monia (NH) may have reacted with HN§yielding ammo-
NO/NOy is only 0.13 whereas the measured HMQO, nium nitrate (NFNO3), which condenses on primary par-
ranges between about 0.63 and 1.1. The trace gases C@cles. NH;NO3 formation may have occurred during adia-
H>CO and Q are markedly increased in the MT-plume. The batic cooling of the ascending air mass and/or after ascent.
trace gas HICO can be a primary pyrogenic gas and a sec-Thermal decomposition of NHNOs in the sampling line of
ondary gas formed in the plume from primary gases. The gashe CIMS instrument represents a potential source of gas-
O3 represents a secondary gas formed in the plume via NOphase HNQ. By contrast to HN@, NOy (a major fraction
oxidation by organics. For example, reaction of NO with the of which is HNG;) may not be affected by severe sampling
PA-radical (peroxyacetyl radical) leads to MOPhotolysis  line losses since in the NOnstrument HNQ is rapidly con-
of NO liberates a single O-atom, which combines with O verted to NO, which is much less sticky than HANOFur-
to form Q3. The mole fraction rati@? COldCO,, measured thermore, the transfer line of the N@hstrument is heated to
in the MT-plume at 3900 m is 0.043. The mole fraction ra- a much higher temperature compared to the CIMS sampling
tio dH2CO/ldCO, measured in the MT-plume at 3900 m is line, which reduces wall losses.
7.7x107°, Figure7 shows two aerosol particle size distributions mea-
Aerosol particle number concentration altitude profiles aresured above the MT-plume in background conditions of the
included in Fig.6. Plotted are concentrations of particles free troposphere at 4500 m (528 hPa) and in the MT-plume at
possessing diameters of 4-1500 i), 160-270 nm, 270— 3900 m (645 hPa). The two size distributions are very differ-
1000 nm, 500-1000 nm and 1000-5000 nm. In addition parent with the Aitken mode dominating in the background case
ticles with diameters larger than 10 nm, which have beenand the accumulation mode inside the plume. Above the MT-
heated to 250C during passage of the thermo-denuder, areplume the distribution is peaking at 40 nm. In the densest of
plotted and denotet¥1¢ non-volatile. Hereafter, these parti- the MT-plume at 3900 m, the size distribution is peaking at
cles will be termed “non-volatile (nv) particles”. They most about 250 nm. This resembles the presence of fewer small
likely contain black carbon and ash and perhaps also certaiparticles and many more larger particles. The large particles
organic carbon species with very low vapor pressures. are most likely aged smoke particles, which are substantially
The Ng-altitude profile increases in the MT-plume with de- larger than typical primary smoke particles (median diame-
creasing altitude, similar to SO Above the MT-plumeN, ter: about 125 nnRReid et al, 2005. The relatively low parti-
increases with increasing altitude and reaches maximum valele concentrations below 100 nm particle diameter inside the
ues of about 1300 cn¥. In the MT-plume N1o(nv) is nearly  plume indicate that entrained background aerosol particles
identical to the totalv,. This indicates that in the plume must have experienced removal via coagulation with smoke
almost all particles contain non-volatile cores. Above theparticles, since coagulation with smoke particles becomes
MT-plume, most particles do not contain non-volatile cores. more efficient for smaller particles. It also implies that new
The N270-1000 are also very substantially increased in the particle formation is suppressed probably due to scavenging
MT-plume and during dive are as large as ffig This in- of gaseous sulfuric acid by aged primary smoke patrticles.
dicates that most particles had diameters larger than 270 nnT he volume and mass concentrations of smoke particles can
Of all measured trace substancl¥is;g exhibits the largestin-  be inferred from the measured size distribution. Consider-
crease in the MT-plume at 3900 m (almost a factor of 1000).ing particles with diameters of up to 800 nm and assuming a
The Nsoo—1000 profile also increases in the MT-plume (by specific weight of smoke particles of 1 g c#) one obtains a
a factor of about 100). The rati®so0-1000/ N270-1000 IS smoke particle mass concentration of &850 11gcn2 (at
about 0.01 at 3900 m altitude. 3900m, 13 August, 12:04 UTC). These findings also com-
N1000-5000 iS very small (0.1 cm3) at 3900m. This in- pare very well to the results e Reus et al2007).
dicates that clouds were absent, which is consistent with the
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Fig. 6. Altitude profiles of S@, HNO3, NO, NG, O3, CO, CGQ, HCHO, and aerosol particle number concentratidpsvhere the index

denotes the size range referred to in " (1500 N10-1500 (NON-volatile particles)N1g0-270, N270-1000 N500-1000and N1000-5000-

For HNO3, NO, and CO reascent data are markedly larger than descent data. For aerosol particles averaged profiles combining descenc
and ascend data using the median concentration of data in 100 m altitude bins are presented (no significant differences between descend at
ascend observed).

5 Comparison with BB emission ratios Concerning CO, the measuredCOKCO, is almost
equal to the molar emission ratio. The most impor-
5.1 MT-plume tant CO-loss is due to reaction with OH (rate coefficient:

_ about 2x10-¥cm3s! at p =500hPa). Using the above
In the following, measuredX/dCO, and expectedx/dCO, OHett = 3.0x10° cm™3 inferred from SO, one obtains a

(expected from savanna biomass burning) will be comparedmean co-lifetime (against OH-reaction) of about 193 d. This
The comparison will focus on the core of the MT—blomass",np"es that, after 10 days, about 95% of the initial CO
burning plume penetrated by the Falcon at 3900 m aroundy,qid still be present, which is consistent with the obser-

12:06 UTC-_ vation, when uncertainties of the measut2O anddCO;,
Molar ratiosd X/dCO, of excess trace substance X and ex- and the emission factors are considered.

cess CQ (excess means measured value minus atmospheric

background value), measured at 3900 m the MT-plume, an—i*0 the measured N This implies that PAN and NKNO3

given in Tablel. Also given is the mass ratiéTPM/dCO, C
(here TPM denotes total particle matter). Furthermore, for/ere not very abundant. The measut y/4COZ repre-
ents about 46% of the molar emission ratio. The missing

comparison, the corresponding published emission ratios fo . .
sava[:ma fires are also g?iven gp Oy may have experienced loss by deposition. Probably,

Concerning S©@, the measuredSO,/dCO, represents NGy losses occurred mainly via HNO
about 68% (average) of the molar emission ratio. The For the TPM concentration at 3900 m altitude, our in-
missing SQ must have been removed by reaction with ferred value of 6.510 *'gecm (see above) implies a
OH and perhaps also by cloud processes. ConsiderMass ratialTPM/dCO, =4.2x10-3gg . The ratio of the
ing only loss by OH-reaction (reaction rate coefficient €mission factors for primary smoke particles and>0®
of 1.5x10712cm3s™1), one calculates tpx OHef = 5.1x103ggl. Hence it seems that the measured TPM
2.6x 10 scnt3 (range: 0-5.3 10 s cnm3). Considering concentration represents about 74% of the expected primary
tp=10 days, one obtains Q= 3.0x10° cm3 (range: O— TPM concentration. Therefore, it seems that some loss of
6.2 x10° cm3). This mean Oldy is somewhat smaller than smoke particles by deposition and cloud processes may have
the expected 5.8 10° cm~3 (see above). This suggests that occurred.
no substantial S@removal occurred by processes other than The observed HCO must be of secondary origin since, in
OH reaction. clear sky conditions, pCO is rapidly lost by photolysis. This

The HNO; measured in the plume peak is almost equal
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3220 V. Fiedler et al.: African biomass burning plumes over the Atlantic

€) smaller compared to the MT-plume. This may indicate that a
1w substantial fraction of the released S€&xperienced loss by

Flight 0608132

(4578;;:'10055) cloud processes.
= o (i The observed HN®represents only about 3.4% of the ex-
pected NQ. However, at the much lower temperature of the
UT-plume, PAN is thermally stable and may contribute about
half of the NG, while HNO3 may contribute the other half.
If so, about 6.8% of the expected HN@vould have been
present. Compared to the lower plume, this fraction of re-
siding NG is still markedly smaller. This suggests more ef-
ficient HNOs; removal by wet cloud processes. This is, at
least qualitatively, consistent with the above mentioned wet
convection induced uplift of the UT-plume.
Regarding aerosol particles¢Ns is about 2 times
(b) dN1o(nv), which indicates that half of the enhanced parti-
10 cles contain non-volatile smoke particle cores and are not
RO Dot e new particles formed in the UT by nucleation. This is at
10° 5 * u" b e, least qualitatively consistent with the relatively low total-50
= fewath (80 pmol mot1), which hardly allows sufficient pBOy for-
mation required for HSOy-H>0 nucleation (see for example
Fiedler et al.20093.
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6 Aerosol model simulations

3 To investigate the evolution between 4 and 24 August, of

the smoke patrticle size, number concentratiopS&;-mass

onm 01 1 10 fraction, and the critical (minimum) water vapor super sat-
panile dameter D, ) uration required for smoke particle activation (WSSa), we

have made model simulations (AEROFOR modgitjola,

1999 Pirjola and Kulmala200Z%; Pirjola et al, 2003. The

Fig. 7. Aerosol particle size distributions measur@j above the . - L . .
MT-plume at 4500 m (528 hPa), afi) in the MT-plume at 3900 m model assumes smoke particles with an initial uniform di

(645 hPa) altitude. Different symbols represent data points of dif-ameteg,sOf 1_235 nrﬂ_ and an initial numb?r Concentrlatl(ljn of
ferent instruments (see legend). The line as well as the lower an@'zxj' cm°. This number concentration was calculated

upper end of the grey shaded area represent log-normal fits to théonsidering an eﬁgect&ngM/dcoz =5.1x103g 9_1_. a
data (averaged, minimum, maximum concentrations within the in-d TPM=6.5x10"">gcm > measured on 13 August in the
tegration time period). MT-plume at 3900 m, and an initi@TPM calculated from

the measured/TPM , a specific weight of 1gcn?, and
taking an 1/e-time of 6.4 days for plume dilution. This di-
seems to be consistent with dry convection. The 1/e-lifetimelution time was taken fronReal et al.(2010. The plume
is only about 3 h, which is much smaller than the plume age parcel trajectory and meteorological data were taken from
For example, HCO can be formed by freaction of the PA-  the LAGRANTO model. The trajectory is composed of two

radical. segments, a back-trajectory segment (4-13 August) and a
forward-trajectory segment (13—24 August).
5.2 UT-plume The model treats the following processes: mutual smoke

particle coagulation (coagulation with entrained background

The upper tropospheric plume (UT-plume) was probably up-particles is neglected); OH-induced SConversion to
lifted by wet convection in the north-western Republic of H,SQy; uptake of HSO, (plus associated #D) by smoke
Congo and the Central African Republic about 10 days priorparticles. The model is tuned to reproduce the $@ncen-
to our measurements. This contrasts the transport of the MTration (1.4 nmol mot!) measured on 13 August at 3900 m.
plume, which was uplifted south of the equator between 10Uptake of SO, and sulfate entrained into the plume from
and 23 degrees south, where wet convection is much lesthe background atmosphere is neglected. For the period 4—
probable and much less intense (&=l et al, 2010. 13 August, the Ol =6.2x10°cm~23, inferred from the

Regarding S@ 14-38% of the expected SMave been observation on 13 August (at 3900 m), of 45% of the ex-
observed (expected from the emission ratios), which ispected maximum S©(see above) was considered. The
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tracer having the same initial concentration as; S@oth,
OH and gas-phased30, exhibit a pronounced diurnal vari-
ation. The SG concentration curve exhibits a weak diurnal
variation and decreases with time much more steeply than the
plume dilution tracer. This indicates that $@epletion was
preferably due to OH-induced $€@onversion to gas-phase
HoSOy.

Figure 10 shows a time sequence of number concentra-
tions of smoke particlesNsp) in the plume parcel (left axis
of Fig. 10). Ngp decreases with increasing plume age tp, due
to coagulation and plume dilution. Initially coagulation dom-
inates and later, a¥sp has decreased sufficienly, coagulation
becomes slow and plume dilution dominates. Foet0
days (13 August), the modeVsp is 1000 cnT3, which is
smaller than measurelds, (2000 cn3). After 20 daysNsp
has decreased to about 200¢n

FigurelOadditionally shows atime sequence of the smoke
particle wet diameteDs, for two cases: without and with
binary HhSOs-H>O condensation (right axis of FidlO).
Without binary BSOs-H>0O condensation)sp increases to
450 nm (tp=10d) and 470nm (20d), due to mutual smoke
particle coagulation. With binary ¥$0O4-H2O condensa-
tion, as tp increasesDgp increases to 490nm (§10d)
and 545 nm (20 d), due to mutual smoke particle coagulation
plus binary HSOs-condensation. For tg 10d (13 August),
the modeledsp= 450 nm (without binary HSOs-H>0 con-
densation) is close to the peak dby, (about 400 nm) of the
experimental aerosol volume size distribution.

Figure1l shows a time sequence of the mass concentra-

Fig. 8. (a)Time sequences of the atmospheric pressure and pressuiéons of the primary smoke particle components (EC + OC),
altitude of the air parcel intercepted by the Falcon on 13 August atand the secondary components3@,, and HO (left axis of

3900 m for the entire simulation period of 20 days (4-24 August).

(b) Time sequences of temperature and relative humidity.

corresponding noon-time OH is about %@0°cm~2. For
the period tp=0-24d (13—-24 August), OH was taken from
Logan et al(1981). The model does not consider YNO3.

Figure 8a shows, for the entire simulation period of 20

days (4—24 August), time sequences of the atmospheric press
sure and pressure altitude of the air parcel intercepted by thg

Falcon on 13 August at 3900 m.

Figure8b shows for the same case as Fg.the outside
air temperaturd’ and RH.T varies between about 275 and

297 K. T measured aboard the Falcon (290 K) markedly ex-

Fig. 11). The EC +OC curve decreases by a factor of about
20, due to plume dilution. On day 1, thee&O, curve in-
creases steeply and on days 3—6 reaches a maximum of about
6000 ng nT3. Hereafter until tp= 13 d the SOy curve de-
creases only moderately, and ultimately it decreases more
steeply. The HO mass fraction of smoke particles varies,
mostly in response to the variability of RH.

Figure 11 additionally shows a time sequence of the

2SOy-mass fraction of smoke particles (right axis of
ig. 11). It exhibits a slight diurnal variation but generally
increases throughout the simulation period. AtthOd (13
August) itis about 9% and at 24 d (24 August) it is about
14%.

ceeds the modeled value (280 K). This discrepancy may be
due to additional heating via light absorption by soot con-7  smoke particle activation

taining smoke particles.
50%.
during the initial ascend at tp 2 d and during the final as-
cend at tp= 20 d. Water vapor supersaturation (RH.00%),
according to the model, was never reached.

RH varies between about 8 and
The largest local maxima of about 50% are reachedviodeled WSSa as function of modeled diameters and

H>SOy-mass fractions of smoke particles, for six time steps
tp (1, 2, 4, 6, 10, 24 days) are given in Fi@. Here it is as-
sumed that SO, would have the same effect on WSSa as

Figure9 shows time sequences of the modeled moleculaNH4NOs (for which the figure was originally plotted, s8e-

number concentrations of OH, $Qand gas-phase4$0y.

infeld and Pandis1999. Hence, if the only soluble material

Also given is a curve representing an inert plume dilution contained in the smoke particles was3®,, WSSa would

www.atmos-chem-phys.net/11/3211/2011/
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Fig. 9. Time sequences of the modeled molecular number concen-
trations of OH, S@ and gas-phase4$0,. Also given is a curve
representing an inert plume dilution tracer having the same initial
concentration as SK(SO;, only dilution).
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decrease with tp from about 0.3% &l d) to about 0.033%
(tp=24d), red crosses. Also included are values for the sum
mass fraction of SOy and NH;NO3 as blue crosses. In this
case WSSa decreases to about 0.025% @g d).

In comparison, WSS involved in maritime cloud formation
are about 0.3-0.8% (cumulus clouds) and about 0.05% (mar-
itime stratiform clouds). Hence, 4$Os-processed smoke Time ! [days]

articles contained in the plume parcel under consideration.. i .
P b P I’hg. 11. Time sequence of the modeled mass concentrations of the

havg deveflopedda potelzjtl?l for m.a.r|t|me cu.rfnulus |C|OL(def for'primary smoke particle components (EC+OC), and the secondary
mation (after 1 day) and for maritime stratiform cloud for- components BSO; and HO (left axis). Time sequence of the

mation (after 10 days). modeled BSO, wet and dry mass fraction of smoke particles (right
However, the modeled RH (Figb never exceeded 100% axis).
in the plume parcel under consideration. Itis conceivable that
small fluctuations, which are not considered by the model,
may have resulted in small WSS, particularly at tp when theable and is difficult to predict, particularly for the MT-plume
modeled RH was large. where attenuation of solar UV-radiation and complex organic
The critical (minimum) WSS required for smoke particle chemistry complicate modeling of OH. If particles and ;SO
activation (WSSa) decreases with increasing smoke partivwould not be removed at different rates, the ratio of the sulfur
cle diameter and increasing mass fraction of soluble matemass concentration and primary particle mass concentration
rial contained in the smoke patrticle (see Fig). Conceiv-  would remain equal to the ratio of the corresponding mass
able smoke particle components, which are particularly ef-emission factors (mean value: 0.175/88.021) g S/g PSP;
ficient in this regard, are the secondary specieS® and PSP denotes primary smoke patrticles). If the released SO
NH4NOs. The hygroscopicity of the semi-volatile organic would ultimately be completely converted te &0y, the ra-
coating of primary smoke particles is not well known. This tio of the HbSO4-mass concentration and primary smoke par-
organic coating may contain water soluble species as for exticle mass concentration would be about 0.065 £5€4/g
ample salts of organic acids. Organic acids may have experiPSP. Considering the ranges of expected emission factors for
enced conversion to salts by reaction with primary pyrogenicSO, and TPM, one obtains an ultimate ratio ranging from
NH3. However, it is also conceivable that much of the or- 0.025 to 0.153 g HSOy/g PSP.
ganic coating is hydrophobic. Nitric acid is formed in the plume by OH-induced conver-
Sulfuric acid is formed in the plume via OH-induced con- sion of NG.. The NOQ-lifetime against OH-reaction is about
version of SQ (see above). The 1/e-lifetime of $S@ de- 4 days when the above inferred @Hof 3.0x10°cm3is
termined by the OH-concentration which can be quite vari-considered. However, NQOs present not only as NQObut
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Considering the above estimated N#D3 mole frac-
tion, the mass fractions of dry smoke particle components
would become 7.07% (3$0y), 8.3% (NHNO3), and 15.4%
(H2SOy4 + NH4NO3). If this soluble material (NEHNO3 plus
H>SOy) would have the same decreasing effect on WSSa as
NH4NO3, WSSa would be lowered to about 0.05%, for a
smoke particle with a diameter of 480 nm initially not con-
taining soluble material (see Fig2).

However, as suggested by the trajectory model, after 13
August, the plume descended again &hand RH increased
somewhat, which tends to lower the BNOs3 associated
with smoke particles. On the other hand, ongoing,SO
conversion to GSA (Fig®) tends to increase the;804-H,0
mass associated with smoke particles.

Hence, it seems that in the MT-plume, smoke particle pro-
cessing by HSO; and NHyNO3 may have had a marked ef-
fect on the smoke particle activation potential. It also seems
that, in the aged MT-plume on 19 August;$0O, was more
important than NEHNOs in increasing the activation poten-
tial of smoke particles.

and Pandis1998. The crosses denote modeled WSSa as function

of modeled diameters and,80,-mass fractions of smoke parti-

cles, for six time steps tp (1, 2, 4, 6, 10, 24 days) for the plume

parcel intercepted on 13 August 2006 at 3900 m altitudeS®y
only: red cross; HSO4+NH4NO3: blue cross.

also as NO. Therefore the Nélifetime against conversion to
HNOs is larger, depending on the abundance ratioNNDy.
For example, for an assumed HNAOy = 0.5, one obtains
an NQ-lifetime of about 8 days, which is much smaller
than the S@-lifetime. This would imply that after 10 days
dNOx/dCO, decreased to only about 29% of its initial value.
Hence, HNQ was formed first and may have converted
NH3 and ammonium salts to NflO3. However, NHNO3
may become thermally stable only after sufficient cooling

of the plume, after it had ascended to about 3900m, on 8

August. For example, in the plume at 3900 rfi,=£ 290 K,
and relative humidity RHE= 25%), NHsNOs should be solid
and the NHNOj3 dissociation equilibrium constant is about
4.9 nmolmot? x nmol mol?! (for an atmospheric pressure
of 630 hPa at 3900 m). This implies that the equilibrium mole
fractions for each HN@and NH; are about 2.4 nmol mot.

In comparison, the measured Hi@ole fraction is about
8nmolmol?. The upper limit NH mole fraction ex-
pected from the Nkl emission ratio (see Table 1) is about
4 nmolmol?, if removal of (NHs + NH4) would have been
the same as N@removal. This implies that the expected
NH3 exceeds the equilibrium Ngby about 2 nmol mot?.
Therefore, about 2 nmol mot of solid NHsNOs may have
been present, containing about 25% of the total, N®his

is not in conflict with our observations when uncertainties of
experimental data and BB emission factors are considered.

www.atmos-chem-phys.net/11/3211/2011/

8 Summary and conclusions

The main findings of the reported airborne BB plume mea-
surements are:

a. An about 10 days old BB plume, located at about 3900—
5500 m altitude, has been probed above the eastern At-
lantic (Gulf of Guinea).

b. The plume originated from BB fires in the Southern-
Hemisphere African savanna belt.

. The plume was lifted by dry convection and had greatly
elevated abundances of gas-phase and particle-phase
pollutants.

o

. The gases Sg)(precursor of HSO,) and HNG;, which
have a potential to mediate smoke particle activa-
tion had measured mole fractions of up to 1400 and
9000 pmol mot .

e. Our data indicate that a large part of N@xperienced
loss probably via HN@by deposition.

SO, did not experience a marked loss.

. As the plume was ageing and diluting, S€xperienced
OH-induced conversion to4$0s, which induced rapid
binary (HbSOy4-H20)-condensation on smoke particles.

h. HoSO condensation, besides coagulation size growth,
increased the activation potential of smoke particles.
Also NH4NO3 formation may have contributed some-
what to increase the activation potential.

Atmos. Chem. Phys., 11,3223-2011
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traveled over the Atlantic while descending to 1300m  northern Indian Ocean, J. Geophys. Res., 106, 28629-28641,
altitude after 8 days. On 19 August it reached the west d0i:10.1029/2001JD900012001.
coast of south America (French Guyana) and hereaftefiedler, V., Arnold, F., Schlager, H.,@nbrack, A., Pirjola, L., and

traveled northward over the Atlantic. Stohl, A.: East Asian S@pollution plume over Europe - Part 2:
Evolution and potential impact, Atmos. Chem. Phys., 9, 4729—

j- On 19 August, smoke particles had a potential to be- .4745,d0i:10.5194/an-9-4729-2009009a.
come activated already at a very small WSS of only Fiedler, V., Nau, R., Ludmann, S., Amold, F., Schlager, H., and
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itime stratiform cloud formation 1: Airborne trace gas measurements and source identification by
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