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Abstract. Atmospheric composition affects the radiative cloud condensation nuclei measured in air masses of marine
balance of the Earth through the creation of greenhouse gasesigin. The prevailing sector during the majority of mea-
and the formation of aerosols. The latter interact with in- surements was south-easterly, which is from the direction
coming solar radiation, both directly and indirectly through of the coast closest to the site, with a significant influence
their effects on cloud formation and lifetime. The tropics inland from the south-west. This analysis shows that ma-
have a major influence on incoming sunlight however therine and terrestrial air masses have different dominant chem-
tropical atmosphere is poorly characterised, especially outical sources. Comparison with the AMAZE-08 project in
side Amazonia. The origins of air masses influencing a meathe Amazon basin shows Bornean composition to arise from
surement site in a protected rainforest in Borneo, South Easa different, more complex mixture of sources. In particular
Asia, were assessed and the likely sources of a range dulphate loadings are much greater than in Amazonia which
trace gases and particles were determined. This was conis likely to mainly be the result of the marine influence on the
ducted by interpreting in situ measurements made at the siteite. This suggests that the significant region of the tropics
in the context of ECMWF backwards air mass trajectories.made up of island networks is not well represented by extrap-
Two different but complementary methods were employedolation from measurements made in the Amazon. In addi-
to interpret the data: comparison of periods classified bytion, itis likely that there were no periods where the site was
cluster analysis of trajectories, and inspection of the depeninfluenced only by the rainforest, with even the most pris-
dence of mean measured values on geographical history dfne inland periods showing some evidence of non-rainforest
trajectories. Sources of aerosol particles, carbon monoxidaerosol. This is in contrast to Amazonia which experienced
and halocarbons were assessed. The likely source influencgeriods dominated by rainforest emissions.

include: terrestrial organic biogenic emissions; long range
transport of anthropogenic emissions; biomass burning; sul-
phurous emissions from marine phytoplankton, with a pos-4
sible contribution from volcanoes; marine production of in-

organic mineral aerosol; and marine production of halocar order to assess and predict the anthropogenic influence on
bons. Aerosol sub- and super-saturated water affinity wagjimate, it is also important to understand the natural role of
found to be dependent on source (and therefore composine piosphere. One way the biosphere can affect climate is
tion), with more hygroscopic aerosol and higher numbers ofy,rqygh its role in aerosol production. This aerosol can then
interact with solar radiation directly, acting to scatter short-
wave radiation to space, and indirectly through its role as

Correspondence tad. Coe cloud condensation nuclei (CCN) acting to influence cloud
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The tropics have a large influence on global climate due toregions around the coast, so there is potential for influence
the high surface flux of solar radiation, however to date theof anthropogenic pollution in the form of combustion related
comprehensive data needed to fully characterise the gas aremissions from transport, power stations or biomass burning.
aerosol composition in these environments has been scarc&here is an abundance of volcanoes near Borneo which are a
The tropics contain about half the World's foredt®¢d and  known source of sulphurous gases that are processed in the
Agriculture Organisation2010, playing a major role in the atmosphere to form aerosd&gndis et a).1995 Allen et al,
global biosphere. This natural background is being affected2002, which may contrast to other tropical studies that have
by anthropogenic activity such as deforestation and land usaot reported a volcanic influenc€ljen et al.2009 Capes
changes. It is important to assess the extent to which anet al, 2008.
thropogenic activities are affecting tropical aerosol, and their Measurements were made as part of the Oxidant and Par-
subsequent effects on climate. ticulate Photochemical Processes Above a South East Asian

Intensive field studies have been performed in AmazoniaRainforest (OP3) project in protected rainforest in Sabah,
(ACP special issue OP3/ACES: Oxidant and particle pho-Borneo Hewitt et al, 2010Q. This region extends from
tochemical processes above a south-east Asian tropical raiaround 4 N to the north coast of the island. Investigating
forest), Martin et al, 201Q JGR special issue 10Avissar  the relationship between composition and synoptic flow can
et al, 2002 and West Africa (ACPD special issue AMMA provide insight into significant regional sources. Two differ-
Tropospheric Chemistry and Aerosolsebel et al, 2010 ent but complementary methods employing back trajectories
but until now data from South East Asia has been limited.are used to attribute geographical sources, which can then
Specifically, the AMAZE-08 project in Amazonia found that be linked to likely emission sources. The focus of the pa-
sub-micron aerosol was dominated by biogenic secondarper is on species with a long enough atmospheric lifetime
organic aerosol (BSOA) with elevated levels of oxidised or- (hours or more) to be suitable for the analyses; mainly sub-
ganic aerosol (OOA) and sulphate during periods influencednicron aerosol composition and physical property measure-
by out-of-basin sources, which were attributed to biomassments, but also long lived trace gases such as CO and halo-
burning transport from Africa or a marine influengghen  carbons. Specifically the issues dealt with are the separation
etal, 2009. The major source of submicron aerosol in West of atmospheric species originating on- and off-island and the
Africa is from biomass burning during the dry season andattribution of likely sources.

BSOA during the monsoon seas@gpes et a|2009 2008.

It also experiences high sulphate loadings which may be du<=2 Methods

to the influence of the Atlantic Ocean, although data cover-

age and quality did not allow this to be drawn as a conclusion2.1 Instrumentation

Borneo is home to one of the largest expanses of rainfor-
est in the world making it an important part of the biosphere Measurements were performed at the Bukit Atur site
and a potentially large source of volatile organic compounds(4°5849.33’ N, 11750'39.05" E, 426 m a.s.l.) during two
(VOC) and associated BSOA. There is widespread deforperiods: 7 April-4 May (OP3-1) and 23 June—-23 July (OP3-
estation on Borneo where land is being given over to log-1ll). Measurements from the intervening period (OP3-II)
ging and, particularly, palm oil productiomcMorrow and  were made from a different measurement site and are not
Talip, 2001, meaning the role of the biosphere in the region detailed here. An overview of measurement techniques and
is changing. Global palm oil production grew by 8% per a description of the measurement site can be found in the
year between 1976 and 2006, with the majority of productionOP3 overview papetiewitt et al.(2010. There was poor
in Malaysia and IndonesizCérter et al.2007). It has been data coverage during OP3-l and, though air mass characteri-
shown that oil palms are a large source of isoprene in Bor-sations of both periods are presented in S2ftr reference,
neo (five times more than the rainforeldgwitt et al, 2009. results presented here focus on OP3-lIl.

Isoprene has previously been found to produce secondary or- Aerosol composition was measured using a High Resolu-
ganic aerosol (SOA) in chambers and field studiela¢ys tion Aerodyne Aerosol Mass Spectrometer (AMZ:Carlo

et al, 2004 Surratt et al. 2006 2008 Paulot et al. 2009 et al, 2006 Canagaratna et aR007) — a state of the art in-
Kleindienst et al. 2009 Surratt et al. 2010 Chan et al. strument capable of providing detailed bulk composition and
2010 and is thought to produce a substantial fraction of theaerodynamic sizing measurements of aerosols with a time
SOA in Borneo Robinson et a.2011). As Borneo is an  resolution of minutes. It is limited to measurements of sub-
island, marine influences could be much larger than that irmicron non-refractory aerosol, where non-refractory (NR) is
Amazonia and Africa. The oceans are a source of dimethybperationally defined as a species that volatilises quickly (on
sulphide (DMS) produced by phytoplanktoki¢ster et al, time-scales of less than a second) after impaction on the tung-
2006, minerals contained in sea wat#fi(lero, 1974, halo-  stenvaporiser (nominally run at 60Q). Conversion of AMS
carbons Butler et al, 2007 and OA O’Dowd et al, 2004 aerosol mass loadings into total aerosol volume (assuming
Novakov et al. 1997 Facchini et al. 2008. Borneo has organic and inorganic densities as@noss et al.2007) al-

a population of around 16 million people, mostly inhabiting lowed for comparison with a DMPS sampling from the same
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inlet, and limited to the same size range. The instrumentset al, 2005 Gysel et al. 2009, which measures the size
agreed and correlated wel£ 0.92) and a linear regression change of an aerosol experiencing a certain change in rela-
of AMS vs. DMPS volume series gave a gradient of 0.45.tive humidity (RH). This is expressed in terms of the growth
The collection efficiency (CE) factor accounts for the likeli- factor (GF) defined as the ratio of the “dry” to “wet” size
hood that a particle will be successfully vapourised and de— in this case the sizes at15% and 90% RH, respec-
tected once in the AMS, and has typically been found to betively (GFgg). The supersaturation needed to activate a parti-
around 0.5 in other projectdatthew et al.2008. The gra-  cle to a cloud droplet (critical supersaturation; gpwas
dient of the linear regression is consistent with this and a CEmeasured as a function of size using a Droplet Measure-
of 0.5 has been applied to all the AMS data. ment Technologies dual column Cloud Condensation Nu-
Despite extensive fragmentation, individual peaks in thecleus counter (CCNc; DMT model 10Roberts and Nenes
mass spectrum provide more information about aerosol com2005 Lance et al.2006 Irwin etal, 2011, 2010 Good et al,
position. Insight into the photochemical age of organic 20109 downstream of a differential mobility particle sizer
aerosols (OA) can be ga|ned from thiéz44 (ma|n|y Cq') (DMPS,W”“amS et al, 2000 ZOOD BOth the HTDMA and
to 43 (mainly GHzO* and Q’H;r) peaks Ng et al, 201Q CCNc perform measurement's as a function qf dt)lﬁl%
Jimenez et al.2009 Morgan et al, 2010. Organic spectra RH) aerosol size, selected using Vienna style differential mo-

with a low f14 and high f43 (Where f, denotes the fraction Pility analysers (DMA;Winkimayr et al, 1991). The HT-
of the organic mass ab/z = x) are less oxidised and can DMA measured at six sizes between 32 and 258 nm and the

be thought of as semi-volatile aerosol (SV-OOA) which ex- CCNC measured at 11 diameters between 57 and 224 nm.
istin an equilibrium between the gas and condensed phase§€r0so! optical absorption was measured with a Thermo
Aerosol with high fas and low fa3 are more oxidised and Scientific model 5012 Multi Angle Absorption Photometer
can be thought of as low volatility aerosol (LV-OOA) which (MAAP; Petzold and Schonlinne2004 which reports in

exists mainly in the condensed phase. blacrlf car:blon eqbuwalent loading. |
. . N . The halocarbon measurements were made using gas
In reality organic aerosol exist in a continuum between 99

these two endpoints that can be expressed by points on a Z_Bhromatography-mass spectrometry (GC-MS). The analysis
faaVs. f43space. The peak at/z60 can be used as a marker was conducted on-site at Bukit Atur. Whole air samples

for fresh biomass burning(farra et al, 2007 Capes et al. were dried using a Nafion contra-flow drier and were pre-

2008, being a peak associated with levoglucosan and Otheconcentrated using a Markes International UNITY and On-
' gap ) g line Air Server with a Carbograph B and Carboxen 1000 trap.

c1’he UNITY was coupled to the Agilent 6890 GC and the
MS5973 N mass spectrometer. The results presented here are
from analysis on this GC-MS system in negative ion chemi-
cal ionization (NICI) mode\(Jorton et al, 2008. Litre sam-

ples were taken hourly (collected over a period of 40 min)

be emitted during biomass burnin§ioneit et al. 1999
Jordan et a)2006. It has been shown that as organic aerosol
ages (with increasings4 and decreasings) its mass spec-
tral signature becomes similar and dominatechidg44 re-

gardless of sourcé(cFiggans et a).2005 Ng et al, 2010 from a position 30 m up the GAW toweHgwitt et al, 2010
Morgan et_ al.2010. _ ) and separated on a Restek RTX-502.2 column. Calibrations
The unit mass resolution organic aerosol data from theyere performed every 8 samples using the UEA 2006 Stan-
AMS were analysed using positive matrix factorisation qarq reference gas which is calibrated against the “NOAA
(PMF). This is a multivariate technique that endeavours too003" scale for CHBg, CH,Br and CHBr and the “NOAA
explain the bulk organic AMS mass spectral time series inogp4” scale for CHI (Laboratory Earth Systems Research
terms of time series of differing amounts of static “factor” g|gpal Monitoring Division 2008. Gas phase CO measure-

spectra which can then be linked to distinct componentsyents were made using an Aerolaser AL5002 fluorescence
of the ensemble organic aerosol maBadtero and Tapper instrument Gerbig et al, 1999.

1994 Paaterp1997 Ulbrich et al, 2009. The details of the
PMF analysis of the OP3 data were originally published in5 5 Analysis of back trajectories
Robinson et al(2011). The dependence of the solution on

starting parameters (seeds) and rotational ambiguity (foeakpackwards air mass trajectories (back trajectories) were gen-
was explored. In short, the most satisfactory solution waserated using the British Atmospheric Data Centre Web Tra-
found to be the four factor solution. The results of the PMF jectory Service using European Centre for Medium-Range
analysis are discussed in more detail in SB@. The high  \neather Forecasts (ECMWF) wind fiel®4DC, 20063 at
mass resolution of the AMS also enables the separation of 125 x 1.125 resolution. These trajectories show the mod-
ions at the same unit mass resolution by resolving the iong|ied history of an air mass from a particular time and place
mass defects. in terms of geographical position and pressure altitude. One
Subsaturated aerosol water affinity was measured asajectory per hour was generated for the whole of the OP3
a function of size using a single column Hygroscopicity project — a total of 720 trajectories for OP3-1 and 794 for
Tandem Differential Mobility Analyser (HTDMACubison  OP3-Ill. Trajectories originate at the latitude and longitude
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of the ground measurement site and a pressure altitude aflence time are shown in Fid. for 36 h back trajectories
950 hPa, and were calculated backwards for the precedinduring OP3-I and OP3-IIl. These are calculated by counting
seven days with a 30 min time resolution. No trajectories im-the number of trajectory data points in each cell for all tra-
pacted the surface during the time-scales investigated. jectories and normalising to the probability density function
Two distinct but complementary methods were used to in-inherent in the polar geometry. The polar probability density
terpret back trajectories: construction of a map showing thefunction can be calculated using
dependence of the mean value of the studied quantity mea-
sured at the site on air mass residence time in specific ref,;(r) = (1)
gions; and a comparison of periods classified by cluster anal- 27 Rr
ysis of trajectories. These methods provide a means of sepavherer is the limit of the radial distance from the origin of
rating influences of different geographical locations on mea-the trajectories and is the mean distance of each cell from
surements made from the ground site. Elevated measuremestigin of the trajectoriesAshbaugh 1985. To assess the
values associated with regions can in turn be attributed taependence of a measured quantity on air mass history, the
likely sources. Similar approaches have been used in thalue at the observing site at the time of arrival of a given tra-
past to assess sources: for example, in Mace Head, Wesfectory is added to the grid cell that contains each trajectory
ern Ireland,Cape et al(2000 used trajectory cluster anal- point. Doing this for all trajectories and dividing by the total
ysis to interpret trace gas measurementsBassford et al.  number of trajectory points in each cell gives the mean value
(1999 used aresidence time analysis to separate two discretgeasured at the ground site for an air mass that has passed
sources of methyl iodide — a coastal source and a sub-tropicajver that cell. These plots are henceforth referred to as mean
Atlantic ocean source. The trajectory residence time analyvalue maps.
sis was pioneered bpshbaugh(1985 who used it to at- Figure 2 shows an example mean value map of bromo-
tribute measurements of sulphate aerosols made in the Graffgrm (CHBr3) during OP3-Ill. Measurement techniques are
Canyon National Park to source regions. These methods ar@etailed in Sec.1 In interpreting mean value maps it is im-
particularly useful in analysing the OP3 data as the compleXportant to remember that air mass trajectories that regularly
local topography at the measurement site means local wingravel through a non-source region before travelling through
vector data are likely not to be representative of the directiona source region will show artificially elevated levels in the
of air mass Origin. While ECMWF trajectories do not epriC- non-source region, henceforth called “Shadowing”_ For ex-
itly represent complex terrain and boundary layer processesample, in Fig.2 there appears to be bromoform south of the
they should still be a good indicator of regional synoptic site in the region around 1°®, 117 E, however this may
transport over the time scales presented here. The analysgg artificial if the east coast is a source region. A similar ar-
presented are suited to analysis of species with a long atmagument can be made if trajectories regularly travel through
spheric lifetime compared to the trajectory durations useda source region before travelling through a removal region
i.e. for Species such as aerosol particles, carbon mOﬂOXidgor examp|e a region of elevated levels of precipitation act-
and halocarbons which are the focus of this paper. ing to remove aerosol) resulting in the source region not be-
Typically, of the seven day trajectories, only the 36 h clos-ing resolved. As a wider range of conditions are sampled,
est to the measurement site were used, although the sevenese artificial data would be expected to be of less impor-
day trajectories are discussed for context in S&édt. Many  tance with unaffected data dominating. It is also the case
of the species studied here have atmospheric lifetimes longeih general that increasing data coverage will tend to resolve
than this and it is possible that more insight into far field sources more accurately as the influence of isolated events
sources could be gained from their use, however we focus ois outweighed by representative conditions. In order to as-
shorter trajectories to minimise the introduction of erroneoussess the potential extent of these effects, the percentage of
analysis. This is caused by: the “shadowing” effect demon-the entire set of calculated back trajectories that was used in
strated in SecR.2.1below; the dependence of the density of the construction of each mean value map is displayed. It is
trajectory data points on proximity to the receptor site which also important to be able to quantify the degree of similarity
is inherent in the polar geometry; and the increase in the erpetween different mean value maps. This is done by calcu-
ror of modelled trajectories with increased time calculated|ating the Pearson’s of a scatter plot of the intensities of
backwards. corresponding grid points.

2.2.1 Residence time analysis of back trajectories 2.2.2 Agglomerative hierarchical cluster analysis of

back trajectories
The statistical method first described Bghbaugh(1985

was extended to give an indication of geographical origins ofTrajectories were processed using the custom made cluster
measurements made at the ground site. For a given measuranalysis routine described Morgan et al.(2009 based on
ment, a geographical grid is constructed — all grids presentethe method described iBape et al(2000. At the start of
here used a cell size of D x 0.1°. Maps of trajectory res- the analysis, each trajectory is assigned its own cluster. An
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Fig. 1. Residence time of air masses in previous 36 h for all trajectories d(a)ri@P3-1 andb) OP3-I111. Colour is number of trajectory data
points (normalised to geometric probability density function), expressed in the resulting procedure defined units (p.d.u.). Trajectory receptor
site (the measurement site) marked with a black dot.

squared distance are agglomerated. This continues until all
ﬁ:,, trajectories are in one cluster. The optimum number of clus-
ters may then be chosen, so as to maximize between cluster
variance and minimize within cluster variandgape et al.
2000. The choice of the optimum number of clusters is
subjective, however this has been shown to be the most ap-
propriate technique for analysing meteorological trajectories
(Kalkstein et al. 1987. The suitability of a solution oV
clusters can be assessed using several scores. An increase in
the root mean squared (RMS) distance between clusters in-
dicates that two dissimilar clusters have been agglomerated
(Cape et al.2000. A sharp decrease of the coefficient of
determinationk?, defined as

(mdd) figH2

Latitude (°)

T R2—1 Z (within cluster variance 3
7 &~ (variance of all trajectorigs
1;6 1;3 150 152 is a subjective indicator of the number of clusters to retain
Longitude (°) (Kalkstein et al. 1987). Similarly to Morgan et al.(2009

andCape et al(2000, an indication of the number of major
Fig. 2. Example mean value map of bromoform (CHBduring clusters is defined as the number _of clugters containing more
OP3-lil using 36 h trajectories. Grey is median value, red is greatethan 3 % of the total number of trajectories.
than median, blue is less than median and white denotes no data The project was split into a series of successive twelve
coverage. Percentage of trajectories used denoted below key. hour periods. These were classified according to the clus-
ters that their constituent trajectories belonged to, similar to

) ) Cape et al(2000: if trajectories belonging to more than one
average linkage method was used based on calculating thqyster were present, the period was deemed “unclassified”,

squared distance between trajectories at each time step usiRgherwise it was deemed to be influenced by that cluster. This
2 2 2 removes periods of transition between air mass cluster, leav-

d(xi,xj) =Z{(in —%%j)"+ Oki = Yij) "+ (Pki = Pkj) }(2) ing comparatively stable conditions and enabling compari-
k son between measurements influenced by different clusters.
wherexy, yr and p, are the coordinates of; or x;. At Mean, median and percentiles of measured quantities were
each step in the analysis the two clusters with the lowestalculated for data influenced by each cluster. These cluster

www.atmos-chem-phys.net/11/9605/2011/ Atmos. Chem. Phys., 11, 96862011
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Fig. 3. R2, RMS and number of major clusters (containin@ % of trajectories) as a function of number of clusters in solutiofdpOP3-I
and(b) OP3-Ill. Solid lines are for one subset of trajectories and dashed lines are for the other.

averages are discussed in S&and presented in full in Ta- Table 1. Details of four cluster solution and resultant period classi-

ble 4. _ _ fication for OP3-I.
In order to establish the robustness of the solution, the tra-

jectories were split into two subsets: two day back trajec-  cjustername  No. of constituent  No. of 12 h periods
tories of one hour time resolution released every two hours trajectories (%) (%) attributed
were used, with the alternate set similar but using trajecto-

. . . . . . - 0, 0,
ries from the intervening hours. The reduction in trajectory lelggttzrtleasterly 22(?81 ((23;0//5) 1155 ((225 (;:))
time resolution was necessary to improve computational ef- Terrestl)'/ial 236 (33 %) 18 (31%)
ficiency. For both OP3-I and OP3-lll, cluster scores (Bg. Westerly 51 (7%) 2 (3%)

and means (Fig=t and5) show little difference between tra- Unclassified 9 (15%)
jectory subset showing the cluster analysis solutions to be
stable to perturbations, and are combined for classification
and all subsequent analysis.

The scores for OP3-I (Fig3a) show the first major step Taple 2. Details of five cluster solution and resultant period classi-
change at the four cluster solution which is summarised infication for OP3-Il1.
Fig. 4 and Tablel. Italics will be used for clarity when re-

ferring to cluster names, which are defined in Figand>5. Clustername  No. of constituent  No. of 12 h periods
The main influence on the site is split evenly between the trajectories (%) (%) attributed
North—_easterlyEasterlyandTerrestnaIglusters. Air masses North-easterly 41 (5%) 2 (3%)
associated with th&Vesterlycluster. Air masses associated Marine 460 (58 %) 33 (50 %)
with the Westerlycluster are of minor influence, making up Coastal 107 (14 %) 5 (8%)
only 3% of the classified periods, and can generally be dis-  Terrestrial 141 (18 %) 10 (15%)
regarded. Westerly 41 (5%) 3 (5%)

The scores from OP3-III (Figb) show the first major step Unclassified 13 (20%)

change at the five cluster solution which is summarised in
Fig. 5 and Table2. The major influence on the site was from
the south-westerly Marine cluster. The Coastal cluster from
the south and the Terrestrial cluster from the south-west als@ 3 positive matrix factorisation of organic aerosol mass
had significant influence. There were two more clusters; the spectra

North-easterlyandWesterlybut both are of minor influence

(consisting of 3% and 5 % of classified periods, respectively)pjtferent PMF solutions were explored as a function of start-

and can generally be disregarded. Figl@eSect3.1, shows  ng conditions (seed) and rotational ambiguity (fpeak) as de-

the clusters influencing the measurement site during OP3-llkzjled in Robinson et al(2011), and the most satisfactory

(displayed as a coloured bar) for comparison to the aerosado|ytion was a four factor solution with fpeak—1. This so-

composition data. lution was found to have negligible dependence on starting
seed. Solutions with greater than four factors were found to
be unsatisfactory due to “mixing” of factors (as described in
Ulbrich et al, 2009, unrealistic factor spectra consisting of
one or two peaks with little signal at othe/z, or lack of
convergence. The factor mass spectra are shown in6Fig.
with the time series shown in FigO0.

Atmos. Chem. Phys., 11, 9608630 2011 www.atmos-chem-phys.net/11/9605/2011/
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Fig. 4. OP3-I cluster meaffa) latitude and longitude an¢b) pressure altitude in units of hPa different from starting altitude of 950 hPa.
Colours are consistent between plots. Solid and dashed lines show solutions from each subset.
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Fig. 5. OP3-lll cluster mearga) latitude and longitude angb) pressure altitude in units of hPa different from starting altitude of 950 hPa.
Colours are consistent between plots. Solid and dashed lines show solutions from each subset.

The four factors can be attributed sources from inspectiorished spectral(anz et al, 2007 Zhang et al.2007). Spec-
of the mass spectral signature as follows. The first factortra such as OOA1 are considered highly oxidised and have
named 91Fac, shows some similarities to previously pub-been linked to low volatility oxygenated organic aerosol
lished mass spectra of biomass burning emissiédiarta (LVOOA; McFiggans et a).2005; similarly, spectra such
et al, 2007 Allan et al, 2010 for instance a prominemh/z  as OOAZ2 are considered less oxidised and have been linked
91 peak, which can be indicative of aromatic species. Itto semi-volatile organic aerosol (SVOOAjmenez et a).
does not show the/z60 and 73 peaks normally associated 2009. However such assertions are impossible without a di-
with levoglucosan, an established biomass burning marker imect volatility measurement. While these factors are resolved
AMS measurementsA{farra et al, 2007). However these as separate factors, they represent what are in reality different
levoglucosan peaks have been shown to reduce with ageingnds of a continuum of OA oxidationkl§ et al, 201Q Mor-
of biomass burning aerosdaCépes et al2008, implyingthe  gan et al.2010. OA is gradually oxidised from OOA2-like
91Fac may be from far field biomass burning emissions.  to OOA1-like aerosol over time, which would be represented
The second and third factors are named OOA1 and OOADY the PMF factors as a reduction in OOA2 and a concurrent
respectively because of their similarity to previously pub- increase in OOAL.
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The last factor, named 82fac because of its promingat Longitude (°)

82 peak, is not similar to any mass spectra widely reported

in the I'teratu_re' I.ts measurement during the OF.)3 prOJeCtFig. 7. Average daily large scale precipitation (m) from the

was reported iflRobinson et al(2011) who provide evidence  gyropean Centre for Medium-Range Weather Forecast Integrated

that it is associated that it is the product of isoprene oxida-Forecasting System model reanalyS8&DC, 2006H at 1125 x

tion. A similar factor has since been reported in rural North 1.125° resolution during OP3-I11. Values belows210~3 m are not

America where it was also associated with isoprene oxidashown for clarity.

tion (Slowik et al, 2011). Further investigation into the likely

sources linked to these factors will be made through the anal-

ysis presented in this paper. most accurate and their density is highest. The residence time
plot shows that the site is mostly influenced by air masses
from the south east. There is no influence from the major ur-

3 Results banised regional areas in mainland Malaysia (around Kuala

Lumpur, east of Borneo), Singapore (south west of Borneo)

3.1 Overview of measurements and their regional and Indonesia (around Jakarta, south west of Borneo). Many
setting air masses travel over Sulawesi (arouids2 12T E). The

majority of the 16 million people inhabiting Sulawesi live at

The major cities in Borneo are all located on the coast,the far south. The plot showing the average minimum pres-
with the biggest settlements on the south west of the is-sure of trajectories passing over each cell shows trajectories
land. The interior of Borneo is a mountainous unsettled andravelling over the island to generally be from a greater maxi-
undeveloped region of rainforest. Average daily large scalemum altitude than trajectories transported from the east coast
precipitation from the ECMWF Integrated Forecasting Sys-of Borneo. The distribution of trajectory minimum pressures
tem model reanalysis shows increased precipitation in théias a mean of 909 hPa, median of 938 hPa and a tenth per-
interior of Borneo (Fig.7; BADC, 2006Hh. It is likely that centile value of 821 hPa. This corresponds to a ninetieth per-
this increased precipitation is due to the orography inland.centile maximum altitude of approximately 1.8 km a.s.l. with
Precipitation inhibits long range transport of aerosol. Thisthe majority of trajectories having a maximum altitude close
means air masses from the southwest of the site will tend tdo that of the receptor site.
have reduced concentrations of background aerosol. These The Moderate Resolution Imaging Spectroradiometer
air masses will have relatively greater amounts of locally pro-(MODIS) fire count Davies et al.2009 Justice et a).2002
duced aerosol. Giglio, 2003 shows hotspots/open fires detected in the wider

Figure8 shows a trajectory residence time plot, and the av-region during OP3-11l in Fig9. The majority of fires are
erage minimum pressure (maximum altitude) of the trajecto-concentrated to the south west of the measurement site in
ries passing through each cell, both using seven day back trafietham, mainland Malaysia, Sumatera, Indonesia and South
jectories. These provide context for the more detailed anal\Western Borneo. The seven day trajectories show none of
yses presented herein which use shorter (36 h) trajectorieshese regions to be an influence on the measurement site. The
This means the more detailed analyses only use trajectoryrajectories that travel up from the south of the island (largely
data from relatively close to the receptor site where they areassociated with théerrestrialand Coastal clusters) are likely

Atmos. Chem. Phys., 11, 9608630 2011 www.atmos-chem-phys.net/11/9605/2011/
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Fig. 8. (a) Residence time of air masses in previous 7 d for all trajectories during OP3-IIl. Colour is number of trajectory data points
(normalised to geometric probability density functioff)) mean minimum pressure of trajectories passing through that cell in in previous
7d. Trajectory receptor site (the measurement site) marked with a black dot.

3.2 Halocarbons

w
a
o

The bromoform (shown previously in Fi@®) and dibro-
momethane (CkBry; not shown) mean value maps show
very similar profiles £ = 0.90) which is unsurprising as
these compounds are well correlated in the atmospiBere (

ler et al, 2007 Yokouchi et al, 2005 Zhou et al, 2008.

The time series collected at Bukit Atur also confirms this
as their time series are well correlated. Bromoform and di-
bromomethane show elevated levels over coastal and ma-
rine regions compared to terrestrial regions, this is consistent
with other studies which have shown them to be produced

Latitude (°)

M by macro-algaeGarpenter and Lis200Q Goodwin et al.
100 10 0 o 1997, Qua}ck et a.l.2007). In parncula}r th.e sout.h—egst coast
Longitude (°) of Sabah is a region of seaweed cultivation which is reflected

in the high concentration seen in air masses from this region.
Fig. 9. MODIS hotspot/active fires coloured by temperature of

: : _ The methyl iodide mean value map (Fidla) is similar to
event during OP3-11l. Site marked with green star.

those of the polybrominated compounds, however, there are
some differences in features (mean value map correlations

to have the most biomass burning influence due to on—i:slantf??c r =0.70 with bromoform and with dibromomethane).

fires, and perhaps fires further afield on the Lesser Sunda |§:|ke the polybrominated compoun_ds, the mthyI lodide map
lands in South East Indonesia (arouridmy 125 E). shows high values to be predominantly attributable to off-
island sources. This is consistent with whole air samples col-

Aerosol measurements made in Borneoshowacontrastin{;f d'in the bound | duri he OP3 fligh .
situation to Amazonia with much higher sulphate and ammo-ccted In the boundary layer during the Ight campaign

nium loadings, much more similar to those measured in wesf" tlhezoFfAM %Ae'lﬁe' a(ijrcrafth}(lewitt etgclé i;)gg Newton
Africa (Table3). The time series of aerosol composition is etal, ), and analysed on the same GC-MS system set-up

shown in Fig10with a bar indicating the classification of the as described in Sea.1of this paper. Data from this aircraft

air mass (see Se@.2.3 influencing the measurement site. campaign showed a clear concentration gradient from sea-
to-land, with highest concentrations of methyl iodide seen

off the south-east coast of Sabah. The pattern of high val-
ues seen over the sea in the methyl iodide mean value map is
similar to that seen in the polybrominated compound mean

www.atmos-chem-phys.net/11/9605/2011/ Atmos. Chem. Phys., 11, 96862011
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Fig. 10. Stacked time series of total sub-micron non-refractory aerosol split by composition (se2.§dot. OP3-IIl. The inorganics and

organics are shown on separate axes, with the organics split into their constituent PMF factors. The split point between Period Of Interest
(POI) One and Two is marked with a dashed blue line (see 3ddt. The campaign mean aerosol loadings are shown as stacked bars to

the right of the time series. Colour of bar at top indicates class of air mass influencing site (se®.SHct.bar indicates unclassified
(changeable) air mass.

value maps. In particular the methyl '°‘?"de anq polybromi- Table 3. Comparison of sub-micron non-refractory aerosol loadings
nated mean value maps all show a region of high values off, m-3) from different tropical campaigns. Bornean and Amazo-
the coast to the immediate east of Bukit Atur which extendspian Chen et al. 2009 measurements are campaign averages of
east (to around N, 12C° E). This shared feature suggests ground site intensives. West African measurements are averages
a co-located source of methyl iodide and the polybromi-of low altitude data over several flights, screened to remove (local)
nated compounds; possibly it is even the same source, pdsiomass burning and anthropogenic influenCaes et al.2008
tentially macro algae, which have been shown to produce alR009.

three of these compoundSdrpenter and Lis200Q Manley

et al, 1992. Other studies have observed correlations be- Borneo Amazonia West Africa
tween methyl iodide and these polybrominated compounds, Organic 0.74 0.64 101
but noted the inconsistency of their correlation, suggesting Sulphate 0.61 0.15 0.82
different production mechanisms for the methyl iodide and Ammonium  0.21 0.02 0.36
polybrominated compound®qtler et al, 2007). Methyl Total 1.6 0.82 2.26

iodide shows less separation between terrestrial and marine
air masses than the polybrominated compounds. This con-
sistent with previous studies, which have shown methyl io-
dide to have a mixture of marine and terrestrial sourBesl (

both land and coastal areas. This area is known to comprise
et al, 2002 Smythe-Wright et a).2006 Sive et al, 2007 P

oil palm plantations and there are similarities between the
and be emitted during biomass burningok et al, 2005 metphyl bf())mide mean value map and 82Fac (Bia) dis-
Mead et al.2008. cussed in SecB.4 although overall correlation is not high

In stark contrast to the other three halocarbons presente@ = 0.32). It is currently unknown whether oil palm trees
here the waters immediately east of Bukit Atur aroufitN4  are actually a source of methyl bromide. However, other
120 E do not appear to be a productive region for methyl activities associated with the oil palm plantations such as
bromide (Fig.11b). There is some marine contribution, pre- biomass burning, a known source of methyl bromiktkeeéd
dominantly from the coastal zone south of Sabah included iret al, 2008 Reeves 2003, may also contribute to the lo-
the extent of these maps, which is consistent with known ma<alised high values. Moreover, a coastal source cannot be
rine sources of methyl bromide such as macro al@akér, discounted as responsible for this feature, possibly a macro
2001 Cox et al, 2005. Higher values (8-9 pptv) are seen algae source. The mean value plot for methyl bromide shows
over an area to the north of Bukit Atur (5.4-) covering  an elevated feature to the south west of the measurement site,

Atmos. Chem. Phys., 11, 9608630 2011 www.atmos-chem-phys.net/11/9605/2011/
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Fig. 11. Mean value maps fofa) methyl iodide, CHI and (b) methyl bromide CHBr. Grey is median value, red is greater than median,
blue is less than median and white denotes no data coverage. 36 h trajectories used.

in a similar location to that seen in the methyl iodide map v o §und
though the exact grid boxes differ. As discussed earlier small .
scale biomass burning may be a contributing factor to this .
feature, in addition tropical vegetation has been suggested as 6 | ) o dy 50
a weak source of methyl bromidBlgi et al, 2010. . '

3.3 Nitrate and chloride aerosol

Latitude (°)

The nitrate (Fig.12) and chloride (not shown) mean value

maps and time series are similar= 0.76) suggesting the

two species may be components of the same aerosol. The 24

greatest aerosol loadings are mostly associated with ma-

rine air from the south-east. Elevated loadings shown to

the far south over the Sangkulirang Peninsula (arourid, 1 04 .

117.% E) may be atrtificial, caused by the preceding or sub- Pl

sequent transit of the air mass over the sea. Cluster aver- 116 118 120 122

ages show nitrate and chloride to be associated with air of Longitude ()

marine origin, with greater loadings in thdarine cluster

than theTerrestrial Campaign average loadings of nitrate Fig. 12. Mean value map for nitrate. Grey is median value, red is

(0.03 pg nT3) and chloride (0.01 pg r?) are very low how-  greater than median, blue is less than median and white denotes no

ever they are high when compared to Amazonia (0.01p§m data coverage. 36 h trajectories are used.

and 0.00 ug m3, respectively). The diurnal profile of nitrate

and chloride loadings shows them to be strongly elevated

around midnight with low levels throughout the day. known to fragment consistently. The ratio of the mean ambi-
Nitrate (NQy) is produced in the atmosphere by oxidation ent NO* and Nq signals is significantly greater than during

of NOy on the time-scale of hourslewitt et al.(2009 found  calibrations using ammonium nitrate (5.4 vs. 2.6). The AMS

that NG levels in Borneo, while typically lower than those has been shown to be poor at measuring organic nitrates di-

found in more developed countries such as USA and Europerectly as GHyN™ or C,HyO,N" (Farmer et a].2010), with

were highest over the oil palm plantations where the sourcesignificant mass (30 %) detected at the ;NPeaks Rollins

were vehicle emissions, combustion and crop fertilisation.et al, 2010, which make up AMS “nitrate” measurements

The AMS nitrate loading is derived from two fragments usually associated with inorganic nitrate. However the ma-

(NO* and Nq atm/z30 and 46) and during OP3 these var- jority of organic nitrate mass is still thought to be measured

ied, indicating that the nitrate that is detected is unlikely to at the GHyN* and GHyO,N* peaks Rollins et al, 2010

be purely in the form ammonium nitrate (¥NO3), as thisis  and there is little correlation of these signals with the™NO

www.atmos-chem-phys.net/11/9605/2011/ Atmos. Chem. Phys., 11, 96862011
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and Nq (r =0.29), implying any role of organic nitrates to the OOA2 factor. OOA2 is a relatively minor fraction of
be low. the total organic aerosol, making up only 11 % compared to
A likely source of chloride containing aerosol is sodium OOA1 which makes up 47 %. This is expected in an en-
chloride particles from sea water, however the AMS cannotvironment such as Borneo where there are influences from
measure sea salt particles well as they are usually too largéar field sources such as off-island anthropogenic sources
to be successfully sampled and they vapourise slowly ( and OA from oceanic emissions, meaning more aged organic
lan et al, 2004. There is no excess ammonium (WHle-  aerosol could dominate.
tected after the neutralisation of sulphate in Borneo, mean- The ratio of mean value maps of OOA1 to OOA2 (ex-
ing nitric acid will not readily be neutralised. The introduc- tent of oxidation; Fig13) shows the oxidised aerosol to be
tion of nitric acid (HNG) to aqueous sodium chloride par- originating externally to the island compared to the less ox-
ticles would force the chloride to partition to the gas phaseidised aerosol which originates in the island interior. This
in the form of hydrogen chloride (HCI). This leads to aque- implies the highly oxidised OA is from long range transport
ous sodium nitrate particles that are more easily volatilisedof aerosols that are emitted from sources external to the is-
by the AMS. The liberated hydrogen chloride can then reactand, either biogenic or anthropogenic. Figashows low
to form aerosol which is detected by the AMS. While there OA oxidation in air masses travelling across the centre of the
are no direct measurements of the composition of the chloisland, a region of enhanced precipitation (Fijy. Wet re-
ride containing aerosol, it is likely that they are in the form moval of aerosol is likely to lead to depleted concentrations
ammonium chloride. of regional aerosol (highly aged OA) and relatively increased
The nitrate and chloride diurnal profiles show a very strongconcentrations of more locally produced aerosol. This local
increase at night, which may be driven by partitioning of aerosol is likely to be BSOA generated from rainforest pro-
vapours as the temperature reduces. A dense layer of foguced precursors as there were not any other major sources
formed across the forest every night which may have facili-known to be nearby (e.g. biomass burning, large settlements),
tated nitrate and chloride aerosol reformation occurring in theespecially in the inland region.
aqueous phase. Furthermore, the measurement site, locatedThe oil palm plantations in Borneo have been shown to
on a ridge top, protruded above the planetary boundary layebe a substantial source of isoprene, with emissions per unit
top every nightPearson et §12010 which may have intro-  area five times higher than the rainfordsegitt et al, 2009.
duced more marine influenced aerosol that would be typicaRobinson et al(2011) showed that isoprene was a signifi-

of the regional background. cant source of BSOA at the measurement site in Bukit Atur,
linking isoprene derived BSOA to a distinctive/z82 peak
3.4 Organic aerosol in the AMS organic aerosol mass spectrum and the asso-

ciated 82Fac PMF factor. The mean value map of 82Fac

The OOA1 mean value map shows both off-island and on-(Fig. 14a) shows higher than average loadings in air masses
island sources (FidL3a). TheMarine andTerrestrialperiod  from the immediate north, north-east and south-east. These
averages (0.33 and 0.29 ugf respectively) show, while are all areas of oil palm agriculture, as shown in Fig. 1b of
both sources are significant, the off island source is largerHewitt et al.(2010. The air masses associated with these
The greatest concentrations of OOAL are in marine/coastaareas also have particularly low maximum altitudes mean-
air masses. These are likely to be the result of long rangéng they are likely to be particularly influence by local sur-
transport of highly oxidised regional emissions with a possi-face emissions (Fig8). The cluster averages show higher
ble contribution from processed biomass burning at the star82Fac loadings from air masses associated withi\thene
of the measurement period (see S8d). Itis likely thatthe  cluster tharTerrestrial (0.18 vs. 0.12 ug me, respectively),
on island source of OOAL represents the aged component ofhich in this case corresponds to air masses from the Sem-
BSOA from the rainforest and the components of regionalporna Peninsula region to the immediate south-east of the site
long range transport aerosol that is not removed through wegapproximately 4.5N, 118 E). The north-easterly cluster,
deposition during transit across the island. The inland OOAlwhich corresponds to air mass from the oil palms to the north,
is changeable, showing both high and low loadings, and it isshows high average loadings (0.14 pg) although there
conceivable that the amount of inland OOAL is driven by theis a low amount of data from this period as stated earlier.
level of precipitation inland. Loadings are periodically high across the rest of the island

The OOA2 mean value map (Fi@3b) shows a strongly  signifying additional inland sources. The 82Fac OA makes
terrestrial source of aerosol, witarine and Terrestrial pe- up a significant proportion of the total OA (24 %Robin-
riod loadings of 0.11 and 0.07 ugm respectively. It shows son et al.(2011) speculated that the formation of isoprene
elevated loadings across much of the island with the ex-SOA may be catalysed by the high sulphate loadings in Bor-
ception of the known oil palms to the immediate north and neo: acidic sulphate has been shown to affect isoprene SOA
south of the measurement site. This suggests the rainforformation in chambers (although through a mechanism un-
est is a source of freshly produced BSOA from the oxida-likely to yield them/z82 marker detected in BorneSurratt
tion of rainforest VOC emissions which are represented byet al, 2010 and acidic aerosol has been shown to catalyse the
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Fig. 13. (a)OOAL, (b) OOA2 and(c) the ratio of the OOA1 and OOA2 mean value maps, equivalent to OA oxidation. Grey is median value,
red is greater than median, blue is less than median and white denotes no data coverage. 36 h trajectories are used.

heterogeneous reactive uptake of 1,4-hydroxycarbonyls (esand sulphate show greater loadings inkhegrine cluster than
tablished isoprene oxidation products) to condensed phasi the Terrestrial cluster (0.25 vs. 0.09 ugni for ammo-

species likely to yield then/z82 peak Lim and Ziemann nium and 0.75 vs. 0.25ugTa for sulphate, respectively),
2009. The mean value map of excess sulphate (E#f).  which is consistent with the mean value maps.

shows the main source to the south-east of the site, in one of

:Eetregllor?stassomatT?hWItt_h |sop;en|_e Sé)ﬁ‘ LLshtpuld bfe nqte%nd uric acid excretion from animals and emissions from
at sulphate aerosol that 1s neutralised by the ime ot armvagg, icar 1t js the primary basic gas in the atmosphere and

at the measurement may be acidic closer to the coast Where\}\t)ould be expected to be present in Borneo. Sulphate aerosol

has had less time to be neutralised by terrestrial ammonium. - . produced from processing of anthropogenic emis-

sources. sions of SQ from fossil fuel combustion. South East Asia
uses more sulphur rich vehicle fuéht{ernational Fuel Qual-

3.5 Sulphate aerosol ity Center 2009 than western countries meaning anthro-
pogenic fossil fuel combustion may be of particular influ-

The mean value map correlation=£ 0.93) suggests that sul- ence in the region. Sulphate is also produced naturally by

phate (Fig.15) and ammonium are components of the sameprocessing of phytoplankton DMS emissidfigster et al,

aerosol, with the ion balance indicating this is likely in the 2006 and gaseous sulphur emitted by volcan@dket et al,

form of ammonium sulphate. Cluster averages of ammoniunm2002. Previous studies have used the methane sulphonic

Ammonia is produced from the natural breakdown of urea
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Fig. 14. Mean value maps ofa) 82Fac andb) excess sulphate (defined as moles of charge of sulphate greater than moles of charge of
ammonium plus & 109 to account for spread of neutral values). Grey is median value, red is greater than median, blue is less than median
and white denotes no data coverage. 36 h trajectories are used.

acid peak (MSA; CHSO;H) of the high resolution AMS v - ffW
mass spectrum as a marker for DMS derived sulphate aerosol -

(Zorn et al, 2008. The yield of MSA relative to sulphate .
from atmospheric DMS oxidation has been shown to be 6 | ) o Tl os
much lower in tropical conditionBates et al.1992 Allan ' ;
et al, 2009 and no MSA signal was apparent in the Borneo
dataset.

Volcanic activity was reported around the time of the OP3
project from Ruang (735 m), an island north of Sulawesi, In-
donesia, East of Borneo and Mount Papandayan (2665 m) on
Java, Indonesia, to the South of Born¥erfzke et al.2010), 2
and could be responsible for some of the sulphate aerosol de-
tected. However, if the back trajectories are assumed to be

Latitude (°)

reliable when extended to the seven day limit (F)g.these 0 .

regions did not influence the site. - - | eﬁ"
A scatter plot of sulphate loading vs. OA loading, coloured 116 118 120 122

by cluster, is shown in Figl6, similar to the method used Longitude (%)

in Chen et al.(2009 when analysing aerosol composition

in Amazonia. Figure S1 of the Supplement shows the sam&'0- 15. Sulphate mean value map. Grey is median value, red is
scatter plot coloured by/z44:43 (OA oxidation). Lines in- greater than median, bllue is !ess than median and white denotes no
dicate the modal centres of the histogram of values of theOlata coverage. 36 h trajectories are used.

sulphate to OA ratio. It should be noted that some level of

correlation is to be expected between aerosol loadings due

to shared removal processes, hence points at all three linge Marine, Coastal and North-easterlyclusters. These
show a degree of correlation. Line A indicates points of high points show generally higher oxidation. This is consistent
sulphate concentration with little dependence on OA loading,yith an internally mixed regional background that is removed
which are characteristically associated with Marineclus-  through wet deposition in inland Borneo. It is possible that
ter. They also show a varied level of OA oxidation. They arethe aerosol associated with line B could be sulphate from
consistent with sources of sulphate external to Borneo thatimilar sources to that associated with line A, but with OA
are not necessarily associated with production of OA — suchnass added during transit over conurbations on the east coast
as marine DMS production or volcanic emissions. of Borneo, however this is not likely given the high level of
Line B indicates points of correlated high sulphate and OA OA oxidation which suggests long atmospheric lifetime, and
concentration which are characteristically associated withthe lack of association with individual cities. Most likely,
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they are transported through these regions of enhanced pre-
cipitation (Fig.7).

2.5 - Marine

- Coastal . . .
- Terrestrial 3.6 Combustion emissions
- Westerly

XSRS

7 3 High aerosol loadings at the beginning of the measurement

S 8 period are associated with air masses from the south of
the measurement site. This can be seen by splitting the
B3 0 data set into two periods of interest (POI): POI1 before
g3 00:01a.m. 29 June 2008 UTC and POI2 after. This point
was chosen because of the drop in both organic and inorganic
aerosol loadings and is indicated in Fif. POI1 was influ-
enced by air from the east coast of Borneo, and experienced
greater amounts of OA (1.34 vs. 0.62 g OOAL (0.76
vs. 0.27 ugm?3), CO (177 vs. 98 ppb; Figl7), BC (0.36
vs. 0.18 pg m3; Fig. 18) and 91Fac (0.15 vs. 0.12 ugr
5 Fig. 19) than POI2. These quantities are all indicative of
Oralhgm’) pollution. The 91Fac factor may suggesting biomass burn-
ing specifically due to its resemblance to previously reported
Fig. 16. $O4 loading vs. _OA Ioading c_olourec_i and numbered by phiomass burning spectralfarra et al, 2007 Allan et al,
cluster. Itlnes,_labelled with letters, indicate dn‘fere_nt p_roposed de-2010' although it is a minor factor making up only 18 %
pendencies. Lines represent modes of thg:8 ratio histogram of total OA mass over the whole project. Trajectories also
of values. tended to be influenced by air masses that have higher max-
imum altitudes during POI1 compared to POI2, with me-

dian minimum trajectory pressures of 880 hPa vs. 946 hPa

the aerosol whose sulphate and organic mass correlate alorlaghd tenth percentile pressures of 653 hPa vs. 886 hPa, respec-
line B result from long range transport, which may well be tively '

acqmbmatlon of anthrc_)pogenlc and b|ogen|c sources. Bio During POI2, CO and 91Fac show strongly on-island
genic sources of organic matter are most likely to be of ter- . . . ) o
) . ; .~ sources implying that biomass burning still influences the
restrial origin and those of sulphate are likely to be marine in”. : . .
site, albeit to a lesser extent. It is less evident that an on-

natL'lre. o . . ) ) island source of BC dominates during POI2, with elevated
Line C indicates points of high OA loading with a weaker 4mounts to the south, both on and off-island. There is

dependence on sulphate loading, which are characteristically disparity between inland BC and CO measurements dur-
associated with th&errestrial and Westerlyclusters. They ing POI2, with the dominant CO source being inland and the
show a range of levels of OA oxidation. This is consistent yominant BC source being more coastal and marine. This
with biogenic production of SOA, providing a mixture of 5.4 be explained if the BC and CO were emitted from
more and less aged OA. biomass burning on the south coast of Borneo (or even fur-
For the region including the measurement site and the segher upwind) and then transported across the island. The BC
to the south-east, where the majority of sulphate containingvould be depleted inland through wet removal but the CO
air masses came from: DMS emissions from phytoplank-concentrations would be largely unaffected. Any BC from
ton are predicted to contribute around 30-40 % of total col-shipping off the east coast that was insignificant compared to
umn sulphate@ondwe 2003 Kloster et al, 2006; around  biomass burning emissions in POI1 would then be apparent
40-50 % of surface sulphate is predicted to be from anthroin POI2. Modelled loadings of BC (0.2-0.5 pg#hfor the
pogenic emissionsT&ai et al, 2010 with < 10% of surface  region;Koch et al, 2009 are consistent with the BC equiva-
sulphate concentrations predicted to be from shipping emistent loadings for POI1 and POI2.
sions Capaldo et a).1999; and around 30 % of surface sul-  The MODIS fire count shows more open fire activity on
phate predicted from volcanic emissioi@r&f et al, 1997). Borneo at the beginning of the campaign, with an average of
Itis likely that the apparent elevated sulphate loadings ove#?2 events per day in POI1 compared to 10 in POI2. The fires
the oil palms to the south-east of the site are mainly due to there mainly confined to the coast with particularly high activ-
preceding transport of the air across marine source regionsty on the south-west of the island. This is also true of the
There may also be elevated sulphate loadings due to the proxider region as a whole, with an average of 193 events per
imity of marine sources such as DMS production and ship-day in POI1 compared to 176 in POI2 (for the region shown
ping as well as an increased anthropogenic influence. Thé Fig. 9). This is consistent with POI1 being particularly
fact that sulphate and ammonium loadings are depleted inheavily influenced by aged biomass burning in the region, ei-
land is probably due to the wet removal of the aerosols agher transport of aged off-island biomass burning emissions,
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Fig. 17. Mean value maps of CO durir(@) POI 1 and(b) POI 2. Colour scale is centred round the median value of the CO mean value map
for the whole campaign.
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Fig. 18. Mean value maps of aerosol absorbance (expressed as black carbon equivalent loadingg)de@hd andb) POI 2. The colour
scale is centred round the median value of the BC mean value map for the whole campaign.

or more local on-island biomass burning emissions. It isinto consideration, it is likely that the OOA1 in POI1 is from
also the case that air masses during POI1 descended from combination of long range transport of OA and on-island
higher altitudes than POI2, with mean minimum pressures ofproduction and ageing of biomass burning OA. Further sepa-
838 hPa and 931 hPa and tenth percentile values of 652 hRation of these sources during POI1 is not possible given the
and 886 hPa, respectively. The introduction of free tropo-short time scale and small range of trajectories sampled.

spheric air may increase the dominance of biomass burning e inorganic aerosol components and 82Fac are also all
species which are likely to be transporte_d from their SOUrC&yreater in POIL than POI2. There has been some evidence
to the upper troposphere by pyroconvection. in the literature that sulphate gases produced from biomass
It is possible that there is an oxidised aerosol influenceburning can condense onto biomass burning aerosol down-
from the south eastern coast of the island, particularly duringwind of fires, so this could be a potential sulphate source
POI1. The enhanced OOAL loadings during POI1 may be(Gao et al, 2003. However, coastal and marine air masses
due to processed emissions from biomass burning. In POl2lominate POI1 compared to POI2, which has a more bal-
the majority of oxidised aerosol is in air masses external toanced mixture of coastal/marine and inland air masses. This
the island, implying long range transport of OA. Taking this would explain the greater inorganic loadings in POI1, as
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Fig. 19. Mean value maps of 91Fac durifg) POI 1 and(b) POI 2. Colour scale is the consistent between plots and is centred round the
median value of the 91Fac mean value map for the whole campaign.

these aerosols are thought to be marine in origin (sulphatever Bongao island (BN, 120" E), which are air masses as-
and chloride) or formed by reaction with marine aerosol (am-sociated with low sulphate levels (Fi§j3) and less oxidised
monium and nitrate). While 82Fac is not thought to be ma-aerosol (Fig.13). As previously stated, the AMS does not
rine in origin, it is associated with marine air masses as thesefficiently measure sea salt, however if primary externally
pass over the oil palm plantation to the south east of the sitemixed sea salt aerosol was present it would be expected to
It can also be speculated that some other controlling factobe apparent in HTDMA data as a population of particles
involved in the 82Fac OA was increased during POI1 (e.g.with a high 2) growth factor in the upper dry size chan-
sulphate aerosol acidity or oxidation rates). Acidic sulphatenels Good et al. 20103. Such a mode was not observed,
has previously been shown to affect isoprene SOA formatiorjustifying the comparison of AMS and hygroscopicity data.
and Slowik et al, 2011) also showed theim/z82 containing  The hygroscopicity mean value maps are supported by the
PMF factor may be associated with elevated sulphate concereluster averages. The hygroscopicity instruments have less
trations. However, it appears that 82Fac shows little relationdata coverage than the AMS, not making measurements dur-
to the biomass burning markers throughout the project, suging the beginning of the measurement period when aerosol
gesting that the increase during POI1 is unrelated to biomaskadings were high in air mass from due south over the
burning. OOA2 showed a very slight decrease in loadings beSangkulirang Peninsula{N, 117.5 E). Taking this into ac-
tween POI1 and POI2 (0.09 vs. 0.08 ug#h however this  count, higher Gy and lower SS;; values are measured in
change is so small as to be within the uncertainty of the in-air masses associated with higher ammonium sulphate mass
strument and analysis methods. fraction, and conversely lower @§and higher S§;; val-

ues are measured in air mass associated with lower ammo-
3.7 Dependence of hygroscopicity on regional source nium sulphate mass fraction. This is consistent with the lit-

erature which shows ammonium sulphate to be more hygro-
Figure 20 shows mean value maps of hygroscopicity rnea_sco_pic than atmospheric QA in bpth sub- a_nd _supersaturated
surements for two given aerosol sizes. These are represef€dimes Petters and Kreidenwei2007 Swietlicki et al,
tative of other measured sizes, with an average0.9 for ~ 2008. If a single hygroscopicity parameter can be used to
six sizes between 32 and 258 nm for thegGMean value  €XPlain water uptake then GF and ;aSmean value plots
maps and an average= 0.7 for ten sizes between 57 and would be expected tq anti-correlate. While ther_e is gener-
202 nm for the S§it mean value map. A complete discus- ally good antl-corr_elanon, there are some _exceptlons. '_I'he_se
sion of aerosol hygroscopicity and its relation to composi-Sh_OL_"d be the subjec_t of further |nve_st|gat|_on to gstabhsh_lf
tion and size is detailed ilwin et al. (2010. The subsat- _th.|s is d.ue.merely tc_) |n.strumental or inversion artifacts, or if
urated growth factor (between 0 and 90 % relative humid-"F is |nd|cat_|ve of limitations of single vanaple parameterisa-
ity: GFgo) shows good separation between terrestrial andions (as discussed liyood et al.2010b Irwin et al, 2010.
marine air masses for both sizes, with higher aerosayGF
measured in air of marine origin. Critical supersaturation
(S&it) shows highest values from the south-west and east
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Fig. 20. Mean value maps of: sub-saturated growth facto(®153 nm particles an¢b) 155 nm particles; and critical supersaturation for

(c) 63 nm particles anfd) 149 nm particles. Grey is median value, red is greater than median, blue is less than median and white denotes no
data coverage. 36 h trajectories are used.

4 Summary dide has previously been reported from terrestrial vegetation
and soil as well as biomass burning, all of which may con-
In general, many species demonstrated an association witltibute to the inland sources. Biomass burning has been re-
either terrestrial or marine air masses. These are representg@rted as a source of methyl bromide and there is some ev-
by data from theTerrestrial and Marine clusters which are idence for emission from tropical vegetation. In contrast to
displayed in Tabled. The analysis of halocarbons shows the other halocarbons, the methyl bromide mean value map
bromoform and dibromomethane to be strongly associate&howed low mixing ratios in air masses directly east of the
with coastal and marine air mass. These species are estabite. There does seem to be some marine contribution, specif-
lished marine tracers and this result provides validation forically from the coast directly south of the site. It also showed
the back trajectory analysis presented here. Particularly higkome elevated mixing ratios in air masses from directly north
mixing ratios were observed in air masses associated with aand south of the site. This may be due to biomass burn-
area of seaweed cultivation directly east of the site. Methyling associated with the oil palm plantations however other
iodide was associated with similar air masses as the polybiomass burning markers were not observed to be significant
brominated compounds but it is unclear if it is produced from of this region. It could also be due to the proximity of coastal
similar sources or by a different mechanism. It shows somesources such as macro algae. It is unclear if the oil palms
departure from the polybrominated compounds, with inlandthemselves are a source of methyl bromide.
levels not as uniformly low. Elevated inland values are also
present in the methyl bromide mean value map. Methyl io-
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Table 4. Averages of data during 12 h periods classified as belonging tM#rene and Terrestrial clusters. Values quoted in the form

mean (mediaﬁ%ﬂ 82”3) Marine and Terrestrial data sets that are significantly different with a 95% confidencelevel (using the two tailed
Mann-Whitney U testCheung et a).1997), which is nonparametric) are marked with an asterisk.
Borneo Amazonia
Terrestrial Marine All In Outof All
basin  basin
Aerosol composition
Organics (ug m3) 0.68(0.6428%)  0.70(0.62399) 0740633 | 050 080 067
OOAL* (ugm3) | 02902501 033027973 0.35(0.27319
00A2* (ugnr3) | 011(0.1033% 0.07(0.0733%) 0.08(0.073%))
82Fac* (ugnT3) 0.12(0.0928) 018014933 0.18(0.1322)
91Fac* (ugnT3) 0.16 (0.1522h)  0.12(0.0983d)  0.13(0.1L)H
Sulphate* (ug ) 0.27(0.26033) 0.75(0.71399) 06105005 | 004 030 015
Ammonium* (ugnt3) | 0.09(0.0912 0.25(0.24333) 0.21(0.193)) 0.02
Nitrate* (g ni3) 0.03(0.0255h  0.04(0.0833) 0.04(0.0258) 0.01
Chloride* (ug ni3) 0.01(0.0%3%)  0.01(0.0185% 0.01(0.0133%) 0.00
Absorbance* (ugm®) | 0.19(0.16338) 0.21(0.17323)  0.22(0.183:3})
Hygroscopicity
GFyg* [53 nm] 1.30(1.29}3%)  1.42(1.4113) 1.38(1.38133)
GFgo* [155 nm] 1.46 (149139 1.58(1.58M83) 1.53(1.5415)
SSyit* [63nm] 0.63(0.608) 0.48(0.47939) 0.53(0.543)
SSyit* [149 nm] 0.26(0.253))  0.20(0.1792%)  0.22(0.2002)
Gas composition
CO* (ppbv) 111110118 98494318  101(100519)
CHBr3* (pptv) 110(113538)  1.61(1.56}13) 1.48(1.45-15)
CH,Brp* (pptv) 0.81(0.8338%) 0.95(0.95299) 0.91(0.93399)
CHgl* (pptv) 1.03 (108532 1.09(1.0853%) 1.08 (108518
CHgBr (pptv) 6.73(6.68(33) 6.92(6.90433) 6.80(6.6952})

Particulate nitrate and chloride show very similar time se-nocturnal profile may be caused by the reformation of nitrate
ries trends and their mean value maps show their associatioand chloride aerosols in nocturnal fog droplets or their likely
with marine air. They exhibit a consistent diurnal profile with partitioning to the gas phase as the temperature increases dur-
sharply elevated levels around midnight. Inspection of theing the day. It may also be associated with sampling of free
AMS mass spectral information shows that the nitrate is un-tropospheric air when the boundary layer dropped below the
likely to be present as ammonium nitrate or organic nitratesmeasurement site, as was observed by LIDAR measurements
The sea is an established source of sodium chloride aerosolPearson et gl2010. While loadings of nitrate and chloride
however this is not generally detected due to its slow vapouri-are small, they are higher than were measured in Amazonia
sation time in the AMS. Nitric acid may be produced by pro- which is consistent with greater influence of a marine source.
cessing of biogenic NEfrom soil (particularly from the fer- Levels of sulphate and ammonium are much higher than
tilised oil palms plantations) and anthropogenic,Némis-  in the AMAZE-08 project in the rainforest of the Central
sions from settlements on the coast. This nitric acid couldAmazon basin wher€hen et al.(2009 performed a simi-
displace chloride from marine sodium chloride particles tolar analysis of sulphate and OA correlation to assess aerosol
give aqueous sodium nitrate aerosol that is more efficientlyorigin. This led to the classification of “in-basin” and “out-
vapourised by the AMS than sodium chloride. 1t is likely of-basin” influences. 40% of the AMAZE-08 project was
that the liberated chloride is detected in the form of ammo-classified as being influenced by in-basin periods which were
nium chloride although it is unclear if this is the case. The dominated by (relatively unoxidised) OA (0.5 pg#), with
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little sulphate influence (0.04 ugm). These were deemed only periods influenced b¥errestrial air masses, this gives
to be influenced mainly by BSOA freshly produced from an estimated loading of between 0.23 and 0.52 i, room-
rainforest VOC emissions. The out-of-basin periods, com-pared to 0.5 ug m® of OA seen in-basin in Amazonia. This
prising 30% of the project, were less dominated by OA lower contribution from the Bornean rainforest is likely to be
(0.8 g nT3), which was more oxidised, with more sulphate mainly due to the difference in the size of the source regions.
influence (0.3pgm3). During these periods the measure-  The beginning of the campaign was dominated by high
ment site was more influenced by long range transport ofaerosol loadings, due in particular to sulphate and the organic
emissions from a variety of sources, probably processeddOAL and 82Fac PMF factors. This period was also associ-
DMS emissions from the Atlantic and biomass burning from ated with increased CO, BC, 91Fac and all inorganic species.
West Africa. This is in contrast to Borneo which experienced The MODIS satellite shows this to be a period of enhanced
much higher sulphate loadings (0.61 g% A study in fire activity around the coast of Borneo, particularly on the
West Africa measured similarly high levels of sulphate assouthwest of the island. The beginning of the measurement
were observed during OP3, which may be due to the maringeriod is influenced by coastal air running up the east coast
influences during the West African monsoon phase. of Borneo. ltis likely that the increased biomass burning ac-

Organic aerosol is most oxidised in marine air massestivity caused the increased CO, BC and 91Fac loadings. It
Sulphate was associated with marine air masses and showésl also likely that processed organic biomass burning emis-
varying levels of correlation with organic aerosol. Sul- sions contributed to the increased OOAL1 loadings. It is pos-
phate unassociated with organic aerosol showed an off-islandible that some of the sulphate aerosol is from condensation
source and is likely to be mainly from the processing of ma-of gases emitted from biomass burning. However, the cor-
rine DMS emissions. Air masses travelling over the moun-relation is not high £ = 0.45) between the OOA1 and sul-
tainous interior of Borneo show depressed levels of regionaphate time series during POI1 suggesting that, if this is oc-
background aerosol which is probably due to greater wet recurring, it is a relatively small contribution. In addition to
moval by orographically induced convective precipitation. aerosol emissions from biomass burning, the enhanced inor-
These air masses are also associated with less oxygenatgdnic and OOA1 aerosol loadings during POI1 could be due
OA, presumably because the removal of regional aerosol into the dominance of coastal air, a reduction in precipitation
creases the relative dominance of BSOA produced close tgausing less wet removal, or an increase in oxidation rates.
the measurement site. It should be noted that the sulphat€he latter two could themselves be consequences of biomass
loading inTerrestrialair masses (which are most representa-burning emissions.
tive of rainforest conditions) is even greater than the out-of- Aerosol hygroscopicity showed marked differences be-
basin classified data from Amazonia. This implies that, whiletween terrestrial and marine air masses, however the data
regional aerosol is probably being depleted inland throughcoverage does not include the period of more intense biomass
wet deposition, a significant amount of aerosol is transportechurning. The most hygroscopic aerosol associated with the
across the length of the island. Emissions from agriculturesame air masses as high ammonium sulphate concentrations.
seemed to influence the site with isoprenoid BSOA show-As sulphate aerosol is more hygroscopic than (even highly
ing elevated levels over the major oil palm plantations to theoxidised) organic aerosol, the sulphate to organic mass ra-
north and south of the site, which is consistent with measuretio would be expected to be the driving factor in the aerosol
ments showing oil palm to emit five times as much isoprenehygroscopicity.
as the natural rainforestigwitt et al, 2009.

OA associated with sulphate also showed an off-island
source and an increased level of oxidation. This is likely5 Conclusions
to be long range transport of internally mixed aerosol. The
sources are likely to be a combination of both anthropogenicThe results are consistent with a regional background of sul-
and biogenic sources of both OA and sulphate but the OAphate and aged organic aerosol that is removed by wet de-
has aged considerable during transport. It is unclear howposition in the interior of Borneo. This may be expected on
much of this background signal is biogenic, anthropogenican island, where off-island sources are likely to be distant
or pyrogenic. It is also possible that the organic backgroundenough to contribute to an aged background. Seven day air
may be wholly or in part due to marine biological sources mass trajectories show the site was influenced by the least
(O'Dowd et al, 2009. A fraction of the OA showed only populated areas with the least amount of detected fires, when
a weak association with sulphate. This predominantly arose&eompared to the wider region. Given this it is likely that bio-
during air periods influenced by on-island air masses andogical sources dominated the regional background.
is likely to be biogenic aerosol from processing of VOCs Both the Marine and Terrestrial clusters had much
emitted by the rainforest. Emissions from the rainforest inhigher sulphate loadings (0.75 and 0.27 pgfmrespec-
Borneo are likely to be measured at Bukit Atur as relatively tively) than were measured in Amazonia (0.15 ugiin
fresh aerosol and so would be expected to be represented lwhich is probably due to a greater marine influence. The
OOA2 and 82Fac, plus some fraction of OOAL. Consideringrainforest ecosystem has also been reported as a minor source
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