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Abstract. Isoprene is a potentially highly significant but 1 Introduction

currently poorly quantified source of secondary organic

aerosols (SOA). This is especially important in the trop- The processes controlling secondary organic aerosols (SOA)
ics, where large rainforests act as significant sources of isot€émain a continuing source of uncertainty in our predic-
prene. Methylfuran, produced through thermal decompositive capability of atmospheric composition (Hallquist et al.,
tion during analysis, has recently been suggested as a markéP09). These are formed from both natural and anthro-
for isoprene SOA formation through the isoprene epoxydiolPogenic precursors and are subject to many complex and
(IEPOX) route, which mostly occurs under low N©ondi- often poorly understood processes that control the forma-
tions. This is manifested as a peakstz = 82 in Aerodyne  tion. Of specific interest in recent years is the formation of
Aerosol Mass Spectrometer (AMS) data. Here we present #OA from isoprene (Claeys et al., 2004; Carlton et al., 2009;
study of this marker measured during five flights over theClaeys et al., 2010). Because of isoprene’s abundance in the
Amazon rainforest on board the UK Facility for Airborne atmosphere, this could represent a significant portion of the
Atmospheric Measurement (FAAM) BAe-146 research air- SOA budget in certain regions, even if its mass yield is low
craft during the South American Biomass Burning Analysis relative to other natural VOCs such as monoterpenes and
(SAMBBA) campaign. Cases where this marker is and is notsesquiterpenes. While evidence for isoprene SOA formation
present are contrasted and linked to the presence of acidi@as existed for some time, laboratory studies have shown that
seed particles, lower NQconcentrations and higher humidi-  Yields are highly variable and dependent on parameters such
ties. There are also data to suggest a role of organic nitrogefs NQ concentrations and the composition of the seed parti-
in the particulate composition. Furthermore, an inspection ofcles (Czoschke et al., 2003). One particular mechanism that
the vertical trends of the marker indicates that concentration§as received much attention is through the formation of iso-
are highest at the top of the boundary layer (possibly duePrene expoxydiols (IEPOX) under low-N@onditions and

to semivolatile repartitioning) and that upwards through thereactive uptake to the particle phase, which produces mark-
free troposphere, the mass spectral profile evolves toward€rs that have been observed in the atmosphere such as 2-
that of low volatility oxygenated aerosol. These observationsmethyltetrols (Paulot et al., 2009; Chan et al., 2010; Surratt et
offer insights into the behaviour of IEPOX-derived SOA for- al., 2010; Surratt et al., 2006; Kroll et al., 2006). The work of

mation above the Amazon rainforest and the suitability of Pye etal. (2013) indicates that model representation of these
methylfuran as a marker for this process. processes can produce the marker compounds in quantities
comparable to observations.
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Another proposed marker is methylfuran, which has been (a) (b)
detected using the Aerodyne Aerosol Mass Spectrome- H,C H,C
ter (AMS) and two-dimensional gas-chromatography mass- >_\\ Ho\)W/\OH
spectrometry analysis of filter samples, first identified by H.C CH
Robinson et al. (2011) in Borneo as part of the Oxidant 2 2
and Particle Photochemical Processes above a Southeast (c) (d
Asian tropical rain forest (OP3) campaign (Hewitt et al.,

)
2010). This is not in itself present in the particles (be- H;C OH HO CH; —OH
ing too volatile), but is thought to be produced through
the decomposition of IEPOX SOA species such as 3- o OH HO OH
e) ®)

methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols) dur-
ing the thermal desorption used in both techniques (Lin et al., (
2012). Methylfuran is a particularly useful marker because it H,C
produces a distinctive signal in the AMS mass spectrum at

mlz = 82. While the majority of the mass is contained within o) 0

other peaks, these are common to many other forms of SOA

and are therefore unsuitable for marker-based analysis. NolFigure 1. Organic species referred to in this pap¢a) Iso-
mally, this peak constitutes no more than 4 %o of the organicprene, (b) B-IEPOX, (c) §-IEPOX, (d) 2-methyltetrol, (e) 3-
signal, so a higher fraction can be seen as evidence of thaethyltetrahydrofuran-3,4-diol ar{® 3-methylfuran.

marker being present. While the majority of the mass is con-

tained within other peaks (Robinson et al., 2011; Kiendler- )

Scharr et al., 2012), these are common to many other form§ EXperiment

of SOA and are therefore unsuitable for marker-based analy: . .
sis. Furthermore, this marker can also form the basis of a fac-2‘1 Flight details
tor obtained using Positive Matrix Factorisation (PMF) (Ul-
brich et al., 2009), which allows the total amount of organic

OH oH H,C

While the primary focus of the SAMBBA campaign was
: ith th K b ifiod. Thi the study of biomass burning, a number of flights were con-
matter covariant with this marker to be quantified. This cany,eq gver areas of unperturbed rainforest to study biogenic

then be usgq asan e_s'umate of ISoprene S.OA formed ur'd(?irroces:ses. The flights occurred after the onset of the transi-
these conditions, not just that which gives rise to the methyl-

f ker. This will al I h vsis of data f tion to the wet season, where the weather within Brazil be-
uran marker. This will 2lso apply to the analysis of data from .. e ore unsettled. Due to wet deposition and a change in
the Aerosol Chemical Speciation Monitor (ACSM), an in-

nilar in f . he AMS b imised synoptic transport, this resulted in generally lower concentra-
strument similar n uhctlon to the ut more optimised i, of anthropogenic emissions compared to the later stages
for long-term monitoring (Ng et al., 2011).

Thi Ker h b 4 ber of of the dry season, when biomass burning was at its peak.
IS marker has now been reported in a number of en- total, five biogenic flights took place, which are sum-

vironments using ground-based AMS and ACSM MeaSUre iy arised in Fig. 2 and Table 1. The first flight, B735, partly

ments, for example in Canada (Slowik et al., 2011) ‘?‘ndcollected high-altitude data between Porto Velho and Man-

downtp\r/]vnhAt:canta, C_;A (qudisulistiognoiAet sl" 20hl3r)], C|()En§g§< aus. However, periods of flying over the rainforest also took
tentwith the formation of isoprene through the place. The remaining four flights took place out of Porto

route, although not enough data currently exist to form A\Velho and followed a similar format to that used during OP3,

universal picture' of its behaviour. Tropical anironmepts where one flight took place around midday (local time), with
are of particular interest because of the dominance of IS0< second flight in the afternoon after refuelling. This was
prene in the biogenic VOC budgets (Guenther et al.,

2006)olesigned such that the chemistry could be contrasted, with

land tr:\? often Iower_anthr_:_)pggenich;wfliegge, risulgng inthe expectation that the midday flight would occur when the
ower NGy concentrations. To date, the'z = 82 marker has biogenic VOCs would be at their peak and the afternoon

been reported from ground- and aircraft-based measuremen ﬁght when the oxidation products would be more signifi-

in Borneo and ground-based measurements in the AMazop, s g744 and B745 took place over the Pacaas Novos na-

(_Chen _et al., 2009, 2014). Here we present, for the firSttional park to the south of Porto Velho in Ronddnia and B749
time, airborne measurements of this marker above the Ama; nd B750 flew over the rainforest in Amazonas to the north

zon. The measurements were performed as part of the Sou Porto Velho.
AMerican Biomass Burning Analysis (SAMBBA) campaign

in 2012, using the Facility for Airborne Atmospheric Mea-

surements (FAAM) BAe-146 research aircraft, with a similar

instrument payload as used in Robinson et al. (2011).
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Table 1. Composition statistics for the data taken below 2 km for the five flights, with standard deviations, shown to 3 significant digits.
Time periods refer to AMS data coverage. All mass concentrations are reported at standard temperature and pressure (273.15K, 1013 hPa

Quantities denoted by * were impacted by an inlet blockage and failed quantification quality checks.

Flight B735 B744 B745 B749 B750
Date and time 19 Sep 2012 28 Sep 2012 28 Sep 2012 03 Oct 2012 03 Oct 2012
(uTc-4) 07:59-11:48 08:50-12:44 13:58-17:07 09:33-13:30 14:57-17:35
Region Amazon Pacaas Pacaas Amazon Amazon
(Manaus) Novos Novos (Porto Velho) (Porto Velho)
Orgrotal (g M3) 0.614*+0.275 5.46+ 1.94 5.53t1.74 3.36:1.16 2.41+1.03
Orggy (ng m—3) 5.49*+ 3.29 22.14+-8.0 22.2+6.4 28.5+10.2 22.4+-9.3
sofl— (ngm3) 137*+55 484+ 163 451+ 65 425+ 139 327+ 104
NO3 (ng m—3) 29.8*+31.6 261+ 167 232+ 241 137+ 69 97.7+£72.7
Nijr (ng m—3) 12.3*+59.4 242+ 154 212+ 135 110+ 96 41.8+-84.7
rBC (ng n3) 582+ 258 4344144 463+ 148 371+61 259+ 67
Isoprene (ppbv) 3.582.32 0.62+1.02 1.44+151 4.7H1.98 1.81+1.49
NO (pptv) 11.9+7.8 28.9+-12.0 35.74+51.1 19.0+8.9 8.844+8.07
NO> (pptv) 64.3£31.1 174+ 44 256+ 194 47.5+24.8 119437

Table 2. Diagnostic ratios for the five flights. All ratios are slopes from linear regressions (with intercepts fixed at 0) with associated
uncertainties, except Ogg/ Orgrota, Which is a ratio of means with associated standard error, for the sake of comparability with Robinson
et al. (2011), although due to the high degree of correlation, slopes from linear regressions were numerically very simil&gpMila,

Mg was treated as the dependent variable due to its lower signal-to-noise.

Flight B735 B744 B745 B749 B750
r81g.82 0.2129 0.867 0.856 0.795 0.831
Orggy/ Orgrotal (%)  8.94£0.23  4.05£0.03  4.0:£0.02  8.48:0.07  9.30:0.08
M3o/Mag 7.74£125  1.83:0.02 227002 407011  5.75:0.15
NHZ /NHZ \out 0.277+0.040 105+0.019 Q913+£0015 Q601+0.016 Q321+0.022
NH; /NH} g0, 0.316+0.048 156+003 142+0.03  0783+0.022 Q404+0.029
rérgrBC 0.490 0.754 0.386 0.329 0.561

2.2 Instrumentation perse ammonium nitrate and ammonium sulfate to generate

ionisation efficiency data for nitrate and relative ionisation
All of the onboard aerosol instruments used Rosemount inefficiencies for ammonium and sulfate. Equivalent volume
lets (Foltescu et al., 1995). While these are known to incurconcentrations incorporating black carbon data (see below)
sampling artefacts for larger particles, they are deemed adand using the densities recommended by Cross et al. (2007)
equate for the submicron particles of interest here (Tremiwere compared against those from a Scanning Mobility Par-
bath et al., 2012). Naphion driers were used upstream of théicle Sizer (SMPS) and the comparison was good (85—90 %
aerosol instruments to prevent condensation of water in thef SMPS volume) if a collection efficiency (CE) of 1 was
inlet lines (but not to specifically sample the aerosol “dry”), used for most flights during the campaign. Certain flights
meaning aerosols were typically sampled at an RH of aroundin particular B749 and B750) had less favourable volume
50-60 %. comparisons (around 50 %), however these took place dur-
An Aerodyne Research (Billerica, MA, USA) AMS was ing higher humidity conditions (see below) and given that
used to make measurements of nonrefractory aerosol compshe SMPS employed no sheath air drying, its data are seen as
sition. This was a Compact Time of Flight (CTOF) type AMS an unreliable reflection of the “dry” volume measured by the
(Canagaratna et al., 2007; Drewnick et al., 2005), as usedMS under these conditions, so a CE of 1 is assumed for all
in OP3 and other previous FAAM publications (Robinson et flights for the sake of internal consistency. This is inconsis-
al., 2011; Morgan et al., 2010b). Detection limits are aroundtent with the parameterisation of Middlebrook et al. (2012),
40 ng n 3 for organics and ammonium and 5 ng#rfor ni- where a lower CE would be expected (based on the inorganic
trate and sulfate (Drewnick et al., 2009), with an estimatedcomposition not being dominated by either ammonium ni-
accuracy (neglecting uncertainty in collection efficiency) of trate or sulfuric acid and the sampling humidity being less
around 10 %. Calibrations were performed using monodisthan 80 %), but is the same as previous observations in the

www.atmos-chem-phys.net/14/11393/2014/ Atmos. Chem. Phys., 14, 1139207 2014
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| L | L [ initions recommended by Petzold et al. (2013). Note that the
. 3 SP2 employs active drying on its sheath air system, so parti-
cles are sampled at a low RH. Overall accuracy is estimated

2 — at around 20 % with 90 nm sphere equivalent rBC volume
W, necessary for particle detection (Laborde et al., 2012b).
] / g Measurements of isoprene were made using an onboard
ad T / B proton transfer reaction mass spectrometer (PTR-MS, lon-

icon, Innsbruck, Austria) containing a quadrupole detector.

| — B735 Manaus i The instrument measured a range of hydrocarbons and oxy-
2 —— B744 & B745 genated hydrocarbons with a typical cycle time of around 3—
° g — B749&B750 | 5s. Isoprene was calibrated against gas standards provided
§ AMAZONAS by Apel-Reimer Environmental (Broomfield, CO, USA). The
< i instrument was the same as used during OP3 and full in-

strumental, operational and calibration details are described
in Murphy et al. (2010). Accuracy for isoprene is estimated
at+15% and data were validated against offline gas chro-
matography analysis of samples taken using the aircraft's
Whole Air Sampling (WAS) system, using the methods de-
scribed by Hopkins et al. (2011).
Measurements of NO were made using a custom-built
f : chemiluminescence instrument (Air Quality Design Inc,
T — T T r Wheat Ridge, CO, USA), with NPmeasured on a second
64 62 60 channel after photolytic conversion to NO. The instrument
Longitude (°W) was the same as used during OP3 (Pike et al., 2010) and
the use of photolytic (as opposed to catalytic) conversion
Figure 2. Tracks of the flights presented in this paper. The portions gliminates possible interference from N@n the NQ chan-
of the flights used in gengrating the statist_ics in Tables 1 and 2 (alti,o| Detection limits are of the order of 10 pptv for NO and
tude below 2_km_, exclu_dlng takeoffs, Iand!ngs and approaches) arg g pptv for NG for 10's averaged data, with estimated ac-
shown as solid lines, with the rest of the flights as dotted. curacies of 15% for NO at 0.1 ppbv and 20 % for N
0.1 ppbv.
Navigational data were provided by an Applanix (Rich-
Amazon presented by Chen et al. (2009), who ascribed thenond Hill, ON, Canada) POS AV 510 GPS-aided inertial
higher CE to the organically dominated particles adoptingnavigational unit and altitudes are quoted as above mean sea
a liquid phase. An exception to these was B735, where thdevel. Temperature and pressure were provided by flight in-
AMS reported an equivalent volume concentration of aroundstrumentation and humidity was measured (as a dew point
an order of magnitude less than that of the SMPS. At theaccurate tat 0.2°C) using two chilled mirror hygrometers;
time, the inlet flow was reduced, indicating a partial block- a General Eastern 1011B (GE Measurement & Control) and a
age of the inlet pinhole. The pinhole was cleaned afterward8Buck Research Instruments (Boulder, CO, USA) model CR2.
and subsequent data had more favourable comparisons withhe data presented here are derived from the General East-
the SMPS and other instruments, implying that the blockageern instrument, although the two instruments were in good
was causing a large fraction of the particles to be lost at theagreement.
inlet. However, the data are still included here because the
data on mass ratios should still be representative of the am-
bient. This is assuming that the losses apply to all chemicaB Results
constituents equally; while the losses may be size dependent,
the composition is likely to be equal for all sizes ifitis dom- 3.1 General results
inated by secondary material.

Measurements of black carbon were made using a DropleBecause the chemical processes are known to principally
Measurement Technologies (Boulder, CO, USA) Single Partake place in the boundary layer, the primary statistics have
ticle Soot Photometer (SP2). This is the same instrument thalbeen calculated for those periods of the flights where the air-
was used in previous FAAM publications (McMeeking et craft was below an altitude of 2 km. Takeoffs, landings and
al., 2010). It was calibrated using monodisperse AquaDAGapproaches were excluded from the analysis to eliminate the
(Acheson Industries), with a correction of 0.75 applied ac-influences of the airports and associated cities.
cording to Laborde et al. (2012a). The instrument measures In addition to the total organic matter (Gegh), the or-
refractory black carbon, denoted as rBC according to the defganic contribution fromm/z = 82 is also shown (Ogg), with

Atmos. Chem. Phys., 14, 113931407 2014 www.atmos-chem-phys.net/14/11393/2014/
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the same relative ionisation efficiency (RIE) applied (1.4). As ganics. While this generally tends to be a very minor organic
can be seen, none of the flights were completely free of infragment under most ambient conditions, the dominance of
fluence from combustion (assumed anthropogenic) sourcegrganics over inorganics in this instance means that it cannot
as evidenced by the presence of rBC. The concentrations dfe ruled out. However, this being the case, this would not de-
anthropogenic emissions were highest in B744 and B745tract from the argument that it is not as a result of inorganic
which also featured the highest organic mass concentranitrate.
tions. This may be due to agricultural activities elsewhere in  On the assumption that the nitrate reported was not am-
Rondénia. However, the concentrations in general would stillmonium nitrate, the ammonium balance calculation was re-
be considered lower than the regional polluted hazes (Darpeated for sulfate in isolation ('\WNHISQ)- According to
byshire et al., in preparation for this special issue), so we posthis, B735, B749 and B750 were still judged acidic, whereas
tulate that pollution levels have been reduced through mixingB744 and B745 apparently had an excess of ammonium. This
with cleaner air or wet deposition. Nitrate was also reportedis again not deemed physically possible, as under alkaline
in all of the flights, using the standard AMS fragmentation conditions, ammonium partitions into the gas phase as am-
tables (Allan et al., 2004), although as will be shown below, monia. This, along with the lowe¥3o/ M6 value, leads us
there is reason to suspect that this may not entirely be due tto conclude that the reported nitrate was mostly ammonium
ammonium nitrate. Isoprene was present in all the flights, in-nitrate and the aerosol was neutral for these two flights, al-
dicating that strong biogenic emissions and associated chenthough there is still evidence for there being at least some
ical processes were taking place. organic nitrogen present. While reassigning a portion of the
Further information regarding the composition of the inorganic nitrate would similarly imply an excess of ammo-
aerosol and possible chemical processes can be obtained loyjum, a small charge imbalance could be offset by organic
inspecting correlations and ratios between the various meaacids, which are not included in the calculation.
sured quantities. These are shown in Table 2. With the excep- Because rBC was present in all flights, the possibility
tion of B735 (whose data had a low signal-to-noise ratio), thethat biomass burning (or other combustion sources) was re-
correlations between Oggand Orgota Were generally bet-  sponsible for all the organic matter observed must be dis-
ter than those reported by Robinson et al. (2011), which is alcounted. The correlation between rBC and faggwas gen-
most certainly due to the lack of ground-based anthropogenierally weak but not non-existent. There was not an appre-
sources; OP3 was heavily impacted by emissions associatetlable signal ain/z = 60, which is often taken as a marker
with palm oil agriculture and processing, which provided a for biomass burning (e.g. Allan et al., 2010; DeCarlo et al.,
large source of variability in organic composition. In con- 2010; Alfarra et al., 2007), although it should be noted that
trast, the composition of the organic aerosol was more homothis is known to be diminished in aged plumes (Capes et al.,
geneous here. The Qygf Orgrota ratios for B744 and B745  2008; Cubison et al., 2011). Attempts at using PMF did not
were consistent with the lower end of the scale presented byesolve any meaningful organic factors that correlated with
Robinson et al. (2011), whereas B735, B749 and B750 wergBC. While these inferences do not rule out a contribution
very high in comparison, implying the methylfuran marker from combustion, they similarly do not rule out a contribu-
was not present in B744 and B745, but present in the otherstion from isoprene SOA. This issue is discussed further in the
Using the default data products, all flights would appearfollowing section.
to have significant ammonium nitrate concentrations, which
would imply that the aerosol was pH neutral, as nitrate would3.2 Vertical structure
partition into the gas phase as nitric acid in the presence of
acidic sulfate particles. However, this is at odds with the com-One of the runs during B749 was performed using a “saw-
parison between the measured ammonium and the calculatddoth” manoeuvre, with a sequence of three profile ascents
amounts of ammonium that would be required to neutraliseand descents designed to probe the structure of the boundary
the sulfate and nitrate measured @MHINeut), which im- layer and lower troposphere. The results of this are shown in
plies that B735, B749 and B750 had acidic aerosols. Organid-ig. 3. Figure 3a shows the organic mass concentration was
nitrogen species can also contribute to the apparent nitrathighest at an altitude of approximately 1.5 km. The mass con-
signal, a phenomenon that has been reported in other forestembntrations decreased uniformly with lower and higher alti-
environments (Allan et al., 2006). A key diagnostic is the tudes, with the exception of a layer of reduced concentrations
comparison of the signals at/z 30 and 46 {430 and M), at around 2 km during the final ascent and descent.
as organic nitrates and amines will give stronger signals at Figure 3b shows the temperature and humidity data for the
30 (as NO and CNI—[1F respectively) over 46 (Np), com- profiles. The potential temperatur®) (s flat up to 1 km, in-
pared to ammonium nitrate. As can be seen in Table 2, aldicating that a well-mixed boundary layer exists up to this
flights reported higher values than the ammonium nitrate raaltitude. Above 1km, a positive gradient ¢hbut a nega-
tio of 1.54 measured during calibrations, implying that or- tive gradient in equivalent potential temperatugg) (s ob-
ganic nitrogen was present. It should be noted that a signaserved, showing that the lower free troposphere is condition-
at 30 can also arise from GB™ ions from oxygenated or- ally unstable. A similar structure was noted in Borneo, and

www.atmos-chem-phys.net/14/11393/2014/ Atmos. Chem. Phys., 14, 1139207 2014
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-3 small amount of profile data collected over the forest. Simi-
(@ F [ q OrGrota (g M ) larly, B750 was also excluded because this flight was subject
6 to significant precipitation, which caused a loss of particulate
though wet deposition and inconsistent concentrations along
the flight tracks. B744 and B745 are compared against B749,
as the low Orgy/ Orgrotal Case versus the contrasting high
case.
In both cases, the concentrations decrease with altitude
above 1.5km. In the B744-5 case, the ratios Qf®rgrotal
and Orgyota/rBC show no trend with altitude, suggesting that
the aerosol is relatively uniform in composition if not con-
centration. In contrast, in B749, both metrics show signifi-
cant vertical structure. The positive gradient in @¢g/rBC
OS5—TAmle S8 =B - is particularly significant, as this indicates that during this
flight, the organics do not originate from the same source as
O the black carbon. If they had a common source, one would
) ) ) ) expect a uniform profile of Orgta/rBC within the well-
15:45 1%‘21% (UT1C6).15 16:30 mixed bqundary layer, as was seen in 3744—5 and the pol-
luted regional hazes studied by Darbyshire et al. (in prepara-
(b) tion). The organics peak at around 1 km, consistent with the
formation of SOA at the top of the boundary layer, superim-

Altitude (km)

30 posed on a background of rBC (and potentially some organ-
25— ics). The absolute values of Gtgy/rBC are not high com-
pared to the values of approximately 10 noted in the polluted
T 20 regional hazes, but it should be noted that if a polluted air
< mass had been subjected to wet deposition (which, given the
L 15— synoptic conditions, is likely to have been the case), non-rBC
2 particles would be preferentially removed, being larger and
< 10+ more soluble and therefore more subject to in-cloud scaveng-
| | | | | ing. As such, this could result in a background €g/rBC
05" » N JdEes being lower, which is increased back to around 10 through
| P | - the formation of SOA.
0.0 — T The fractional contribution from Ogg peaks at around
308 312 350 370 60 80 0.5-1 km in B749, which shows this marker is most signifi-
6 (K) 0, (K) RH (%) cant at the top of the boundary layer. It decreases with alti-

tude, but it is worth noting that it does not fully decrease to
Figure 3. Profile data of potential temperatur®)( equivalent po-  the 4 %o value of B744-5, which is also the general minimum
tential temperaturedg) and relative humidity (RH) from the B749 reported by Robinson et al. (2011). Potential reasons for this
“sawtooth” manoeuvre, coloured according to organic mass condecrease are covered in the discussion section.
centration. Highlighted are the (i) peak in organic concentration, The inorganic profiles are shown in Fig. 5. In both cases,
(i) layer of low mass concentration and humidity and (iii) top of the general loadings show an initial increase in concentration
the well-mixed boundary layer, as evidenceddby with altitude within the boundary layer, although unlike the

organic trend in B749, the concentration of sulfate in particu-

lar continues to increase beyond 1 km, up to 1.5 km. If sulfate
under these conditions, upward transport of material from theés compared with rBC (as a proxy for regional haze), a pos-
boundary layer can occur through nonprecipitating cumulustive trend is noted that continues to high altitudes, which is
(Robinson et al., 2012). The low concentrations recorded atonsistent with sulfate originating from sources outside of
2 km and discussed above correspond to an anomalously lothe Amazon Basin and being transported downwards from
0. and corresponding relative humidity, indicating that this the free troposphere, as described by Chen et al. (2009).
layer of low mass concentrations was a result of clean, dryThe behaviour of nitrate is interesting, with tiéso/Mye
air being mixed downwards from the free troposphere rathediagnostic higher within the boundary layer in both cases,
than being transported upwards from the boundary layer. which would be consistent with the formation of organic ni-

To investigate the behaviour of the organic and rBC frac-trogen. However, when comparing organic mass concentra-

tions further, profiles from the various flights are comparedtion with M3g (as a proxy for organic nitrogen), the two cases
in Fig. 4. Flight B735 was omitted because of the relatively show very different behaviour, with the ratio for B749 being
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Figure 4. Comparison of mean vertical profiles of B744 and B745 with B749 for the carbonaceous species. The ratios are taken of the
average values and the error bars correspond to standard errors. Ratios for higher altitudes showed high degree of variability (and associate
errors) and have been omitted for clarity.

roughly constant up to 1.5km and showing a marked neg-heeded to form IEPOX through the ISOPOOH route (Surratt
ative gradient for B744-5, which crosses the value of 25 foret al., 2010). While model and laboratory systems are fre-
B749. While theM3p may be due to nitro-aromatics that have quently referred to as “high NO and “low NOy”, it is diffi-
been associated with biomass burning (Mohr et al., 2013), theult to define a discrete cutoff point between the two chemi-
vertical trends presented here do not match with the rBC, saal regimes due to the inherent complexities associated with
it is not thought to be the case here. The structure in B744-%ther aspects of how NQOand VOCs interact (Wennberg,
is probably due to the ammonium nitrate present during thes013). Furthermore, recent work by Jacobs et al. (2014) in-
flights, which will peak in concentration at the top of the dicates that it is also possible to form IEPOX from isoprene
boundary layer (Morgan et al., 2010a; Morgan et al., 2009)hydroxynitrates in the “high NgJ regime. While all aver-
and suppress the ratio through an inorganic™Néntribu- age NO concentrations were below the approximate figure of
tion to M3p. 100 pptv often given for when NO—peroxy reactions become
important (pp 330-331, Faraday Discussions, 2013), with-
out the use of a detailed chemical model (which would be

4 Discussion difficult to constrain with the data here), it is difficult to say
_ _ definitively here whether or not NOconcentrations were a
4.1 Factors affecting formation significant factor in determining SOA formation. However, it

o is worth noting that Claeys et al. (2010) found that the iso-
The presence of the Qggmarker in flights B735, B749 and  :ane SOA markers in Rondénia were highest during the dry

B750 and its absence in B744 and B745 is consistent with itge550n corresponding to the highestNOncentrations, so
being due to methylfuran from isoprene SOA via the IEPOX i this context. it would seem unlikely.
route, being formed in an abundance of isoprene, with the  The role of aerosol acidity has long been seen as necessary
cases where it is present being those with the lowek NO o ptake (Surratt et al., 2007b; Eddingsaas et al., 2010) and
concentrations and acidic seed aerosols. It is unfortunate thakis conclusion was supported by observational data from
the wet dep_osition_that took pla_lce in B750 prevented a di-ipg region presented by Claeys et al. (2010), although re-
rect comparison with B749, which would have allowed the ¢ent japoratory results from Nguyen et al. (2014) show that
changes in chemistry with time of day to be probed in thej; js hossible to form SOA with thei/z = 82 marker from
same manner as by Robinson etal. (2011). IEPOX on a neutral ammonium sulfate seed, providing it is

' Unfortunately,'based on opser\{atlons alone, it is Not POSyqueous, as opposed to solid. This occurs through ammo-
sible to conclusively say which, if any, factor was singu- nium ions (NH) acting to catalyse the uptake in the ab-
larly responsible for the difference in observations. The pressance of a proton donor. The conditions during B744 and

ence of NO affects the chemical processes through reactiongz45 were drier than B749 and B750, with the respective
with peroxy radicals, inhibiting the peroxy—peroxy reactions
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Figure 5. Inorganic vertical profiles for B744-5 and B749. Data above 3.5 km are omitted for clarity.

measured relative humidities in the boundary layer rangingd.2 Boundary layer profile
from approximately 45 to 70 % instead of 60 to 80 %. The
former humidity range is within the metastable regime for
pure ammonium sulfate and according to the work of Song
et aI_. (2013), internally mixed ammonium S“'_ff'“e and organiCr, o positive gradient through the boundary layer (featuring
particles could effloresce under these conditions. As such, |5 doubling of Orgs from 20 to 40ng m3) could be as a

Is possible that the inorganic matter during B749 and B750result of the repartitioning of semivolatile material into the

existed as a solid or as a non-aqueous organic liquid, Wh'CI?aqueous phase due to the reduced temperature and increased

Wfoll\l“'ld |nh|b|ttth|e 1‘200r;n4atloNn tthrtcr)]u??hthe r?g.utral mhechanlsm particulate water content (Morgan et al., 2010a). This would
of Nguyen et al. ( )- Note that the acidic mechanism ®Xhe consistent with the observations of Fu et al. (2010), who

gl(;)g/e (Ijmti'y Su_rratt elg%" (_2(f)07b()jv¥]as Ehgwr? to be effle_ct:;/;a Ajfound an increase in isoprene SOA tracers at night-time at
0 RH, so it could be Inferred that had the aerosol in an elevated site in China, and the modelling work of Henze

and B745 been acidic, formation would have taken place, re- ; . o
A N ) ' “~“and Seinfeld (2006), who predict enhanced partitioning to the
gardless of humidity. Likewise, it could also be inferred that ! ( ), who predi partiioning

> ) . article phase at higher altitudes. To explore the feasibility
i '.3749 and B750 had been less hum,|d, fo_r mation could havegf this hypothesis, estimates of particulate mass concentra-
still taken place, due to the aerosols’ acidity.

. : : . . . tions were made using the PartProp component of the UMan-
While there is considerable interest in the literature con- g P P

. . ! ; SysProp toolsHttp://lumansysprop.seaes.manchester.ac.uk
cerning the role of sulfur and nitrogen in the formation mech- y P ftp ySprop B

. which predicts equilibrium concentrations according to a
anisms (Nguyen et al., 2014; Gomez-Gonzalez et al., 2008; P g g

) » =7 Gibbs free energy minimisation, allowing for the organic and
Surratt ?t al., 2007a), it should be noted 'ghat only very IIm'tedwater contents to be calculated in tandem (e.g. Topping et al.,
conclusions can be drawn here. In addition to AtigyMae

dat iblv indicati le of i nit h 2013). The methods of organic vapour pressure and boiling
alfatpot55| Bém t|_ca IQg some ro_te_ ° orgde_lmc; m'trr?geltr']t' d epoint estimation according to Nannoolal et al. (2008, 2004)
suliate lo rbt ralio shows a positive gradient with altitude non-ideality (including solute—solute interactions) ac-

within the boundary layer in B749 (albeit a weaker gradient ., ;. 15 AJOMFAC (Zuend et al., 2011; Zuend etal., 2008)
than the equivalent organic ratio). This may point to the mea-,

S were used. A nominal 0.005nmolTh ammonium sulfate
surement being influenced by organosulfates, although thgeed was assumed (currently, UManSysProp does not allow

fact that the sulfcfate ratio cont|_nues_ to increase at a similar rgt%r inorganic charge imbalance) and particulate organic mass
above 1 km (unlike the organic ratio) would detract from this

. ; . .~ " concentrations were compared between conditions typical of
argument_. UItlmate_Iyz Wh.'le t_hesg d"?‘t"’? give some mtngt_ungthe top of the boundary layer (295K, 80 % RH) and the low-
results, given the d|ff|cglt|es n dlscrlmlngt|ng and quqntlfy- est altitude sampled (302 K, 60 % RH). While it will never be
ing organic sulfur and nitrogen species with the AMS (in par- possible to fully constrain this model with the data available,

t'CUI‘T V\."th the Ck')T%F)’ It 'ﬁ dlffu'::ultttho see th"t’l_t a?_y str(_)lrg it should give an indication of how realistic these hypothe-
conclusions can be drawn here. Further investigation Wil 1€-go5 516 Note for the purposes of this model, all gas phase

quire the use of additional measurement techniques. concentrations are given in molecules pefcm

If one assumes that the dominant component of the par-
ticle phase giving rise to the methylfuran marker are the

B749 provides the best case study when the marker is present
and its vertical structure provides many features of interest.
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3-MeTHF-3,4-diols, it is found that an unrealistically large to 282 ppm with respect to water). Given this, it would not
concentration of 1 cm~2 (corresponding to hundreds of seem that an increase in concentration due to equilibrium
ppb) is needed to predict a mass concentration of 45mym partitioning could be responsible for an increased produc-
at the top of the boundary layer, implying that this is not tion rate. Another possible reason for an enhanced produc-
the specific form that is physically present in the particle tion rate could be if the process is kinetically limited by the
phase. Given that Lin et al. (2012) reported it as presenparticulate surface area, which will increase in line with the
in ambient particulates (through offline analysis by GC-MS water content of the particles. However, given the high pro-
after methanol extraction and trimethylsilation), it is possi- portion of organic to inorganic material in the particles (see
ble that this exists in the particle phase through a chemi-Table 1), the amount of geometric growth between 60 and
cal uptake process that is reversed during the analytical pro80 % is likely to be small (Gysel et al., 2004); using the Hy-
cess. If a dimer of this molecule is considered, it is found groProp tool on the 3-MeTHF-3,4-diol dimer case and in-
that a concentration of #8cm3 gives a mass concentra- voking the density estimation method of Girolami (1994), an
tion of between 35 and 102 ngthat the top of the bound- increase of only 5.6 % in particle surface area between the
ary layer, depending on the isomer (higher mass concentrawo altitudes is predicted, so this again does not seem likely.
tions are favoured when both methyl groups are adjacent to Another hypothesis could be that the particles are under-
the ether group). When these concentrations are comparegbing phase changes with altitude, which could affect both
with the conditions at the bottom of the boundary layer, con-the partitioning and the production rate of the SOA. As well
centrations between 22 and 55 ngtrare predicted, which  as the phase effect on inorganic ion chemistry described by
correspond to a reduction in mass of 37 to 46 %. RepeatNguyen et al. (2014), the organic fraction is known to poten-
ing the calculation for 2-methyltetrol, the concentration at tially exhibit exotic behaviours such as forming amorphous
the top of the boundary layer is predicted as 2.08[1gm states and separations from the aqueous phase (Virtanen et
compared to 1.27 pg i at the bottom, a reduction of 39 %. al., 2010; Song et al., 2013), which may affect how the par-
While this model carries an inherent uncertainty and the acticles interact with the gas phase. This is a difficult concept
tual particulates are likely to be formed of a complex mix- to test with the data available, as there are no measurement
ture of many species, these estimates show that repartitionindata on the hygroscopicity of the particles or the exact phase
could conceivably be responsible for the observed change inf the organic fraction. However, the humidity during B749
mass with altitude, although it is recognised that if higher or-is significantly higher than the B744-5 case and given that
der oligomers are the dominant form of SOA mass, these ar¢he boundary layer is well mixed (providing a means for
likely to be less volatile and therefore less likely to exhibit metastable particles to encounter higher humidities), it would
this behaviour. For example, when the calculation is repeatedeem reasonable to expect all the particles to be aqueous dur-
for 101%cm3 of a 2-methyltetrol dimer, a concentration of ing B749. Phase is also known to affect the CE of the AMS
4.22 ug m2 is predicted for both altitudes. (Matthew et al., 2008), so it is conceptually possible that
An alternative hypothesis is that the peak at the top of therather than altering ambient composition, phase changes are
boundary layer reflects faster production rate of SOA at thiscreating an artefact within the AMS. Because the SMPS data
altitude. The aerosol concentrations were not sufficient toare regarded as unreliable during profiles (due to the contin-
affect actinic flux within the boundary layer (as evidenced uous pressure change affecting flows), a comparison of the
by the aircraft's pyranometer measurements during the proAMS-derived volume concentration was compared against
files), so it is assumed that gas-phase photochemistry waan equivalent derived from the SP2 scattering data (calibrated
not promoted significantly at the top of the boundary layer. using polystyrene latex spheres). While this method has un-
It should be noted that Karl et al. (2007) found evidence certainties associated with ambiguities in the optical prop-
of enhanced isoprene photochemistry above the Amazon arties of ambient particles, the comparison showed no trend
cloud level that was attributed to scattered light from cumu-with altitude, implying that there was no change in CE.
lous clouds. While this may be possible here, a similar anal- A final, somewhat speculative, hypothesis is that the gra-
ysis of MVK + MACR relative to isoprene did not show the dient exists because of a loss mechanism at the bottom of
pronounced enhancement at cloud level noted in that papethe boundary layer, in turn causing a gradient to exist within
Hypothetically, it is possible that the reduced temperature athe well-mixed layer. If one assumes that sulfate is all from
altitude may also be affecting the chemical reactions, but thisout-of-basin sources, this would seem a reasonable explana-
is difficult to test here without detailed modelling that is dif- tion because this too exhibits a positive gradient with altitude
ficult to constrain. within the boundary layer during B749. While it is generally
Instead, it could be that production is promoted by an in-assumed that dry deposition is not significant for involatile
creased rate of IEPOX uptake. Using the same model condisubmicron particles, it is possible that during interactions
tions described above for the 3-MeTHF-3,4-diol dimer case,with the forest canopy (Whitehead et al., 2010), the aerosols
but with 10:°cm~3 of 8-IEPOX also included, it is predicted are exposed to much higher humidities and undergo growth
that the equilibrium aqueous concentrations of IEPOX will or even activation, followed by loss by impaction. This would
increase by only 3.6 % at the top of the boundary layer (272not be inconsistent with the lack of a vertical trend in rBC, as
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these are smaller and less hygroscopic and therefore woulc (a)

be less affected by this process. Given that there are no in- 64 | [Tm;’Z]fl; km ;[ff“’zl]zl'?k”;‘ |
canopy data available here, this hypothesis is impossible ta A
test. 4—
4.3 Free tropospheric profile 24
0 [ !
The behaviour above the boundary layer is also of interest. S 0 —||§-| et
The overall concentrations decrease with altitude as material > LI
from the boundary layer is mixed with cleaner and drier free Bl I
tropospheric air. There is also a shift in composition in terms 4 -]
of Orggz/ Orgrota With altitude. This could be due to mixing o
with a background of organic matter from a different source 66—
(natural or anthropogenic), but if it can be assumed that the ~
material at higher altitudes originally resembled that within "
the boundary layer, this would offer an insight into the fate I
of these aerosols. '25—;i;i;iiiiiiiiiiiiiiii

Figure 6a shows the numerical difference in the nor-
malised mass spectra of organic mass between the boundar 10 20 30 40 50 60 70 80 90100110
layer and the lower free troposphere. The comparison shows m/z
a general transition between mass spectra that resemble (D)
the evolution from semivolatile (SV) to low volatility (LV)
oxygenated organic aerosol (OOA) described by Jimenez et
al. (2009), albeit with the presence of the methylfuran marker
in the SV-O0A equivalent spectrum. Note that this is not to
say that the boundary layer state is necessarily semivolatile. ~
but that it may represent a less chemically aged version ofé
that which is transported higher into the troposphere. This o 2
general trend is further reinforced by Fig. 6b, which shows ©
that the Orgy/Orgrotal (often referred to asfs4” elsewhere
in the literature) during B749 reaches a minimum at approx-
imately 1km (the peak in Ogg/Orgrota)), With a value of 1+
0.12, before increasing steadily through to a value of 0.16 at
3km. Conversely, B744-5 shows a general increase through: -
out the altitude range.

As it is transported upwards, the organic matter will be 0—_ | | |
subject to oxidation processes (that may include agueous pro | | | |
cessing during wet convection), which will add oxygenated 0.12 0.14 0.16 0.18

functionality (McFiggans et al., 2005; Kroll et al., 2011). ) ) _ _
igure 6. (a) Difference in normalised organic mass spectra be-

As the chemical ageing progresses, the mass spectral prg- .
file begins to resemble that of LV-OOA, which is domi- tween the altitude ranges of less than 1 km and between 2 and 3 km.

nated by Cq from the thermal decomposition of multifunc- g;)sg;er;ﬁténsgagégzrg?ggwuth altitude for the two contrasting
tional species. While this change in profile could be the re- ’ '

sult of the addition of new, more oxidised SOA on top of

the existing material, this is not deemed likely because the5 Conclusions

Orgrotal/rBCratio, if anything, decreases with altitude above

the boundary layer, according to Fig. 4. All this being the pregented here are AMS observations of organic matter mea-
case, this has important implications for the usage of methyl ;a4 ahove the Amazon rainforest, taken over five flights as
furan as an isoprene SOA marker, as it indicates that it is nobart of the SAMBBA campaign on the FAAM BAe-146 re-
conserved within the atmosphere and is therefore only usefuearch ajrcraft. Through the investigation of the previously
as amarker in the near field. identified marker ain/z = 82 (corresponding to methylfu-
ran), itis suggested that isoprene SOA is being formed within
the boundary layer under certain conditions. A comparison
between flights where the marker is found with those where it
was not indicate behaviour consistent with formation through

e

Altitu
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