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Abstract. Vertical profiles of aerosol chemical composition,
number concentration and size were measured throughout
the lower troposphere of Borneo, a large tropical island in the
western Pacific Ocean. Aerosol composition, size and num-
ber concentration measurements (using an Aerodyne Aerosol
Mass Spectrometer, Passive Cavity Aerosol Spectrometer
Probe and Condensation Particle Counter, respectively) were
made both upwind and downwind of Borneo, as well as over
the island itself, on board the UK BAe-146 research air-
craft as part of the OP3 project. Two meteorological regimes
were identified – one dominated by isolated terrestrial con-
vection (ITC) which peaked in the afternoon, and the other
characterised by more regionally active mesoscale convec-
tive systems (MCS). Upwind profiles show aerosol to be con-
fined to a shallow marine boundary layer below 930±10 hPa
(∼760 m above sea level, a.s.l.). As this air mass advects
over the island with the mean free troposphere synoptic flow
during the ITC-dominated regime, it is convectively lofted
above the terrestrial surface mixed layer to heights of be-
tween 945±22 (∼ 630 m a.s.l.) and 740±44 hPa (∼ 2740 m
a.s.l.), consistent with a coupling between the synoptic steer-
ing level flow and island sea breeze circulations. Terres-
trial aerosol was observed to be lofted into this higher layer
through both moist convective uplift and transport through
turbulent diurnal sea-breeze cells. At the peak of convective
activity in the mid-afternoons, organic aerosol loadings in the
lofted layer were observed to be substantially higher than in
the morning (by a mean factor of three). This organic matter
is dominated by secondary aerosol from processing of bio-
genic gas phase precursors. Aerosol number concentration

profiles suggest formation of new particles aloft in the atmo-
sphere. By the time the air mass reaches the west coast of the
island, terrestrial aerosol is enhanced in the lofted layer. Such
uplift of aerosol in Borneo is expected to increase aerosol
lifetimes in the lower free troposphere downwind, as they
are above the boundary layer and therefore less likely to be
lost by wet or dry deposition. It is also likely to change the
role they play in the semi-direct and direct aerosol effects.
The long chain of islands extending from Malaysia to Aus-
tralia may all similarly be expected to present an orographic
barrier to low level mean flow. This would lead to significant
transport of aerosol into the tropical free troposphere across
the Western Pacific region.

1 Introduction

Aerosol particles interact with incoming solar radiation di-
rectly by absorbing and scattering sunlight and indirectly by
affecting the properties of clouds through their role as cloud
condensation nuclei (CCN). In order to accurately predict
their influence on climate it is important to be able to effec-
tively model their residence time in the atmosphere, as well
as their effects on the Earth’s radiative balance. The altitude
of aerosol is a governing factor of their atmospheric lifetime,
with aerosol at lower altitudes more likely to be removed
through wet deposition (Balkanski et al., 1993). The altitude
relative to cloud cover affects the direct aerosol effect (Liao
and Seinfeld, 1997; Samset and Myhre, 2011), with absorb-
ing aerosol above cloud (which has a high albedo) tending

Published by Copernicus Publications on behalf of the European Geosciences Union.



5964 N. H. Robinson et al.: Airborne aerosol measurements during OP3

to have a greater net radiative influence, and aerosol below
cloud tending to interact with less incoming solar radiation.
Aerosol altitude also plays a role in the semi-direct aerosol
effects (Johnson et al., 2004), with local heating of different
levels of the atmosphere causing a decrease in relative hu-
midity and potentially an increase in atmospheric stability.

The tropics experience a higher top-of-the-atmosphere
flux of sunlight than any other region of the Earth mean-
ing they play an important role in governing global climate.
They are estimated to contribute almost half of global bio-
genic volatile organic carbon (BVOC) emissions (Guenther
et al., 1995). Some BVOCs are oxidised in the atmosphere
and condense as biogenic secondary organic aerosol (BSOA)
(Hallquist et al., 2009). The emissions profiles of BVOCs
and the processes by which they are oxidised to SOA are un-
certain (Kanakidou et al., 2005; Hallquist et al., 2009) mak-
ing modelling of organic aerosol challenging. Understand-
ing the way BSOA is formed from tropical BVOC emis-
sions is an important part of modelling the global radiative
influence of aerosol. Despite this, there is a paucity of de-
tailed in-situ aerosol measurements made in the tropics (e.g.,
Jimenez et al., 2009). Some studies have been performed in
the large tropical continents of South America (Martin et al.,
2010a) and Africa (Lebel et al., 2010), however until now the
significant region of the tropics in the “maritime continent”
of South East Asia has remained uncharacterised. The be-
haviour of aerosol around tropical islands is potentially very
different to the continental locations previously studied: an
increased influence of marine species could make secondary
organic aerosol (SOA) chemistry very different, and the ther-
modynamics of the local atmosphere may be complicated by
the interaction of marine and terrestrial boundary layers with
sea breeze systems.

Detailed measurements of aerosol have been performed
in West Africa and Amazonia. The African Monsoon Mul-
tidisciplinary Analysis (AMMA; Lebel et al., 2010) cam-
paign in West Africa made measurements of aerosol com-
position and physical properties. Airborne aerosol compo-
sition measurements showed influences from biomass burn-
ing and biogenic secondary organic aerosol (BSOA) (Capes
et al., 2008, 2009). It was found that biomass burning played
a role in elevating aerosol high into the troposphere. Sev-
eral experiments have also been performed in Amazonia.
The Large-Scale Biosphere-Atmosphere (LBA) experiment
(Avissar et al., 2002) consisted of several measurement in-
tensives that observed aerosol properties in Amazonia, dur-
ing both periods dominated by biomass burning (e.g.,Chand
et al., 2006) and the natural background (e.g.,Claeys et al.,
2004). In particular,Krejci et al.(2005) made airborne mea-
surements of aerosol size distributions and composition over
the ocean east of French Guyana and the Amazon rainfor-
est. They found aerosol over the ocean to be confined to a
shallow boundary layer of around 600–800 m, with little ob-
served diurnal change. Over the rainforest the top of the noc-
turnal boundary layer was below 250 m, the lowest altitude

flown. Three hours after sunrise the rain forest mixed layer
was observed to be 800 m, growing to 1200–1500 m by early
afternoon. Aerosol was measured in and above this layer and
was attributed to primary biogenic aerosol and aerosol pro-
duced from processing in shallow convective clouds.Mar-
tin et al. (2010b) assert that mixing of surface aerosol high
into the atmosphere by shallow and deep convective clouds
is ubiquitous throughout Amazonia. More recently the Ama-
zonian Aerosol Characterization (AMAZE-08) experiment
made detailed ground based measurements of aerosol chem-
ical and physical properties (Martin et al., 2010a). They clas-
sified periods of in-basin influence which were dominated by
production of rainforest BSOA, and periods of out-of-basin
influence that had additional marine and biomass burning
aerosol (Chen et al., 2009).

The role of deep convection in transporting aerosol
throughout the troposphere was investigated in the Aerosol
and Chemical Transport in tropical Convection (ACTIVE)
project off the North coast of Australia (Heyes et al., 2009;
Vaughan et al., 2008). This is the location of a large con-
vective storm colloquially named Hector which forms daily
during the monsoon transition seasons. In particular, the role
tropical islands play in generating convection as isolated heat
sources was investigated in the Tiwi Islands (Crook, 2001;
Connolly et al., 2006). Crook (2001) modelled convection
due to an elliptical isolated heat source representing the Tiwi
Islands and found that convection was most vigorous when
the synoptic flow was relatively slow and aligned with the
major axis of the heat source. They also found that iso-
lated heat sources such as tropical islands generally cause
more convective uplift than continental coastlines. This is-
land convection was thought to be generated in two differ-
ent ways. Firstly, when low-level moisture is great, evapora-
tively produced cold pools prevent the inland progression of
sea breezes. The interaction of these cold pools and the sea
breeze cell then forms further convection. Secondly, when
low-level moisture is less, the sea breeze cells can progress
inland until they converge, enhancing more convection be-
tween the cells.Crook (2001) poses the question of what
size of island is the most conducive to forming convection,
with islands that are too large preventing the interaction be-
tween sea breeze cells on opposing coasts and islands that
are too small reducing the residence time of air masses over
land where they can be heated and become unstable. Its is not
clear what the optimal island size is, however the convection
associated with Hector is great, suggesting that the width of
the Tiwi islands (around 150 km) is an efficient size. Sampled
material transported in deep convection during ACTIVE had
local airmass histories which were representative (by tracer-
tracer correlation with atmospheric pollution profiles mea-
sured in clear air) of a range of heights, both within the plan-
etary boundary layer and in the lower free troposphere (Allen
et al., 2008; Heyes et al., 2009). Air lofted into the upper tro-
posphere that was seen to have originated in the lower free
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troposphere was hypothesized to have been turbulently en-
trained into buoyant eddies during their ascent.

This paper reports findings from the Oxidant and Partic-
ulate Photochemical Processes Above a South East Asian
Rainforest (OP3) project (Hewitt et al., 2010). This large
consortium project was performed on the island of Borneo,
South East Asia, between April and July 2008 and consisted
of intensive studies from both ground and airborne measure-
ment platforms. Borneo is one of the largest islands in the
world and the interior is widely populated with rainforest.
This is despite increasing settlement and logging of the ex-
terior, mainly due to oil palm cultivation (McMorrow and
Talip, 2001; Fowler et al., 2011; Mackenzie et al., 2011). The
Crocker Mountain Range runs down the centre of the island,
with the tallest peak, Mount Kinabalu (4095 m), situated near
the region where measurements reported here were made.
Previous studies from this project have reported a large off-
island aerosol influence with much greater sulphate concen-
trations than were measured in other similar studies in Ama-
zonia, and an on-island influence of BSOA from oxidation of
isoprene and other BVOCs (Robinson et al., 2011a,b). The
terrestrial boundary layer was characterised using doppler li-
dar measurements (Pearson et al., 2010) which detected an
aerosol layer up to around 450 m above ground level dur-
ing the day, although they state interpretation of mixed layer
height is complicated by the influence of clouds and humid-
ity. They also suggest that an observed decrease in aerosol
concentration throughout the day may be caused by the mix-
ing of cleaner air aloft into the boundary layer through cloud
processes. The mixing depth was estimated to be around
800 m during the day by using the standard deviation of air-
craft measurements of the vertical wind (Mackenzie et al.,
2011).

Here we report measurements of aerosol composition, size
and number concentration made during aircraft altitude pro-
files, in the context of corresponding thermodynamic mea-
surements. By comparing profiles upwind over the ocean,
over the island and over the downwind coast of the island
we provide insight into the effect that transportation of re-
gional air mass over Borneo has on the distribution of aerosol
throughout the local troposphere, and its implications down-
wind.

2 Methods and instrumentation

Measurements were made on board the UK’s BAe-146-301
large Atmospheric Research Aircraft (ARA) operated by the
Facility for Airborne Atmospheric Measurements (FAAM),
hereafter the BAe-146. This aircraft is equipped with a range
of instrumentation to measure trace gas composition, cloud
microphysics and standard thermodynamic variables as well
as aerosol size, composition and physical properties (Hewitt
et al., 2009, 2010). The BAe-146 measurements were per-
formed in conjunction with ground measurements made in

the Danum Valley conservation area (4.981◦ N, 117.844◦ E).
A full description of the ground based aerosol measurements
can be found inRobinson et al.(2011b).

2.1 Overview of aircraft flight plans

Each research flight lasted approximately five hours and usu-
ally consisted of sets of profiles over adjacent regions of rain-
forest and oil palm agriculture, hereafter collectively referred
to as “East Sabah” (Fig.1; flight plans summarised inHewitt
et al., 2010). This region is approximately 40 km away from
the coast at the nearest point, with air masses influencing the
region tending to travel over coastline approximately 90 km
away (Fig.1a). Deep profiles, from∼1000 hPa (150 m) to
∼460 hPa (6500 m) were interrupted by stacked straight and
level runs (SLR; at 100–250, 1500, 3000 and 6500 m). Fly-
ing through clouds was avoided when possible. Data from
profiles performed when taking off and landing at Kota Kin-
abalu airport on the west coast are also used in this study.
Two flights were performed each day (before and after local
noon), with a total of ten flights during which the aerosol in-
strumentation was successfully operated. Six of these flights
were in East Sabah and two were upwind. Another two flights
were in a region of heavy agro-industrial activity in the south
of Sabah and are not included here, with the exception of
the profiles above Kota Kinabalu airport, as described above.
Each day was assigned one flight number with the morning
and afternoon flights indicated with the suffixes “a” and “b.”

2.2 Data handling

Boundaries between atmospheric layers were estimated from
sharp gradient changes in aerosol mass concentration pro-
files (typically of at least 50 % within a 300 hPa range) and
inversions in tephigrams (constructed from thermodynamic
data recorded from the BAe-146, and presented in Sect.4.2
and the Supplement). A top layer which contained very small
concentrations of aerosol was also identified. In rare cases
where thermodynamic boundaries were not observed to be
concomitant with aerosol (that is where aerosol was observed
above the local boundary layer), it is reasonable to expect that
aerosol may have been previously mixed in the vertical, up-
wind, where localised thermodynamic conditions were dif-
ferent, for example due to diurnal variability in boundary
layer thickness or isolated moist convective events. Simi-
larly, it is also reasonable that the converse, where apparent
thermodynamic layers are not associated with aerosol load-
ing gradients, may be the result of upwind removal events
or finite aerosol mixing times. In such cases the boundary
was based on only one diagnostic. Average aerosol concen-
trations were calculated from the data in the discretely di-
agnosed atmospheric layers for each aircraft profile, which
were then subsequently averaged to gain a quantity repre-
sentative of all internally consistent profiles. Stated uncer-
tainties are quoted as the standard deviation of the set of
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Fig. 1. Typical research flights B385a and b on the 11 July 2008. (a) topographic map of Borneo with
flight track coloured by time. Kota Kinabalu (KK) airport and “East Sabah” are indicated. A typical back
trajectory is marked by the dashed black line. Air mass is moving from east to west and has a transit time
of ∼ 30 h from coast to coast. (b) Flight altitude showing a series profiles interrupted by straight and
level runs. The red dot on the y-axis marks the trajectory release altitude of 880 hPa or 1.26 km (above
the well mixed surface layer) descending to around 903 hPa upwind of Borneo. Both plots have lines
coloured on the same time scale.
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Fig. 1. Typical research flights B385a and b on the 11 July 2008.
(a) topographic map of Borneo with flight track coloured by time.
Kota Kinabalu (KK) airport and “East Sabah” are indicated. A typ-
ical back trajectory is marked by the dashed black line. Air mass
is moving from east to west and has a transit time of∼30 h from
coast to coast.(b) Flight altitude showing a series profiles inter-
rupted by straight and level runs. The red dot on they-axis marks
the trajectory release altitude of 880 hPa or 1.26 km (above the well
mixed surface layer) descending to around 903 hPa upwind of Bor-
neo. Both plots have lines coloured on the same time scale.

individual profile averages, and therefore reflects the vari-
ability between profiles. As such, values based on single pro-
files are not stated with standard deviations. Average aerosol
loading and wind profiles are reported here with the indi-
vidual profiles included in the Supplement. Tephigrams were
not averaged to facilitate analysis of fine-scale structure in
the vertical.

2.3 Instrumentation

A GPS-aided Inertial Navigation (GIN) system, consisting
of an Applanix POS AV 510 system provided attitude, po-

sition and BAe-146 velocity data. The GIN sampled data at
50 Hz and recorded data at 32 Hz. A 5-hole turbulence probe
mounted on the aircraft nose was used in conjunction with
the GIN system to provide 3-D wind fields and high fre-
quency (32 Hz) turbulence measurements. Thermodynamic
instruments include a General Eastern GE 1011B Chilled
Mirror Hygrometer measuring dew-point temperature and a
Rosemount/Goodrich type-102 True Air Temperature sen-
sor, which recorded data at 32 Hz using a non de-iced Rose-
mount 102AL platinum resistance immersion thermometer
mounted outside of the boundary layer of the aircraft near
the nose. The turbulence probe also used measurements from
the GIN and measurements of the ambient air temperature to
correct for kinetic effects. These thermodynamic instruments
are used here to calculate tephigrams and wind direction pro-
files (see Sect.4).

Aerosol composition was measured using a Compact
Time-of-flight Aerodyne Aerosol Mass Spectrometer (C-
AMS; Drewnick et al., 2005; Canagaratna et al., 2007; Mor-
gan et al., 2010). This instrument provides online size re-
solved aerosol composition data. It is limited to sub-micron
aerosol that is non-refractory (NR), a term operationally de-
fined to mean the aerosol vaporises rapidly at a temperature
of 600◦C. The AMS sampled through a Rosemount inlet
(Foltescu et al., 1995) via approximately 0.7 m of stainless
steel tubing with a total residence time of∼4 s in the inlet
system. Accumulation mode aerosol losses have previously
been shown to be negligible (Osborne et al., 2007). Although
other aerosol types were present in Borneo, measurements
reported here focus on organic and sulphate aerosol which
were the most abundant species. The C-AMS was operated
in two modes: a∼10 s time resolution mode for profiles and
a∼30 s time resolution mode during SLRs and transit.

Aerosol number size distributions between approximately
0.1 and 3 µm diameter were measured using a wing mounted
Passive Cavity Aerosol Spectrometer Probe (PCASP), an op-
tical sizing instrument (Strapp et al., 1992; Liu et al., 1992),
which samples though its own conical inlet and sub-sampler.
Aerosol number concentrations were measured using TSI
3786 water condensation particle counter (CPC) modified by
Quant Technologies for low pressures. This sampled through
a second Rosemount inlet via approximately 4 m of stainless
steel tubing with a total residence time of∼2.5 s. This ex-
tended sampling architecture has the effect of increasing the
minimum detectable diameter (the diameter at which 50 % of
a sample is measured) from 3 nm to 10 nm. The ratio between
the sampling efficiency of AMS Rosemount and the CPC
Rosemount inlets has been found to be 1.023±0.106 (Trem-
bath et al., 2012). Aerosol loadings are reported in µg sm−3,
defined as µg m−3 at 273 K and 1013 hPa with no condensa-
tion or evaporation of aerosol matter. Aerosol number con-
centrations are similarly reported in scm−3.
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(a) (b)

Fig. 2. (a) Total sub-micron aerosol volume measured by the C-AMS vs. the PCASP. Plot using all
available data from the BAe-146. 1 : 1 line shown in black. (b) Comparison of total sub-micron aerosol
volume measured from the ground site (DMPS and HR-AMS) and BAe-146 (PCASP and C-AMS) dur-
ing ground site fly-bys. Conversion of AMS particulate mass to volume uses assumed organic and in-
organic densities (Cross et al., 2007). Data shown with BAe-146 C-AMS CE = 1 and ground HR-AMS
CE = 0.5.
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Fig. 2. (a)Total sub-micron aerosol volume measured by the C-AMS vs. the PCASP. Plot using all available data from the BAe-146. 1: 1
line shown in black.(b) Comparison of total sub-micron aerosol volume measured from the ground site (DMPS and HR-AMS) and BAe-
146 (PCASP and C-AMS) during ground site fly-bys. Conversion of AMS particulate mass to volume uses assumed organic and inorganic
densities (Cross et al., 2007). Data shown with BAe-146 C-AMS CE= 1 and ground HR-AMS CE= 0.5.

2.4 Establishing the C-AMS collection efficiency

The C-AMS data were processed using standard calibration
and data analysis techniques (Allan et al., 2003; Allan, 2004).
Upon contact with the C-AMS vaporiser, a proportion of the
particulate matter is undetected due to rebound from the va-
poriser. This effect is quantified by the collection efficiency
(CE), which is defined as the fraction of aerosol introduced to
the instrument that is successfully vapourised and detected.
The CE has previously been shown to be a function of par-
ticle phase, composition, shape, relative humidity and heater
geometry, and in previous studies has been found to be be-
tween 0.43 and 1 with a typical CE≈0.5 (Salcedo et al.,
2007). The CE of the C-AMS was determined by convolv-
ing the speciated mass loading time series into a total vol-
ume time series using assumed organic and inorganic densi-
ties determined byCross et al.(2007). This was then com-
pared to total sub-micron volume measured by the PCASP.
The CE of the High Resolution AMS (HR-AMS;DeCarlo
et al., 2006) used at the ground site was previously deter-
mined to be∼0.5 after a similar comparison to the associated
Differential Mobility Particle Sizer (DMPS;Williams et al.,
2000) total volume time series. Applying a similar CE of 0.5
to the FAAM C-AMS leads to over-measurement compared
to the PCASP and a CE of 1 is found to give better agreement
(Fig.2a). Comparison of total aerosol volume measured from
the ground site and the BAe-146 show good agreement dur-
ing fly-bys of the ground site when a CE of 1 is applied to
the C-AMS data (Fig.2b).

A likely reason for different observed CEs in the ground
and BAe-146 AMSs is that aerosol sampled in the BAe-146
is more humid due to the lack of a drying system. This has
been observed to cause a CE closer to unity at RHs greater
than around 80 % (Allan et al., 2004; Matthew et al., 2008).

The RH in the BAe-146 AMS sample line can be estimated
from the ambient RH, the differential between cabin and am-
bient temperatures, and the pressure increase caused by the
motion of the aircraft using Eq. (1).

q =
1

2
ρv2 (1a)

p(H2O)int =
q

p
p(H2O)amb (1b)

p∗(H2O)int = e
A−

B
C+Tint (1c)

RHint =
p(H2O)int

p∗(H2O)int
(1d)

whereq is the dynamic pressure,p is the static pressure,
ρ is the density of ambient air,v is the aircraft veloc-
ity, p(H2O)amb is the ambient partial pressure of water,
p(H2O)int is the internal partial pressure of water,p∗ is sim-
ilarly the saturation vapour pressure,A, B andC are con-
stants (8.07131, 1730.63 and 233.426, respectively),Tint is
the cabin temperature and RHint is the relative humidity in
the line at the time of sampling. This gives an estimated me-
dian inlet line RH of 79 % for all data, 98 % below an altitude
of 1 km, 83 % between 1–3 km and 56 % above 3 km mean-
ing much of the sampled aerosol was humid enough that it
may have been sampled with a CE of 1. In contrast, the AMS
at the ground site sampled air dried using a 780 tube Nafion
counter flow drier, with a resultant median sample RH of
76 % (Whitehead et al., 2010; Robinson et al., 2011a). A CE
of 1 is used for all BAe-146 measurements reported herein.
It should be noted that this will lead to under-reporting of
aerosol loading in circumstances where the CE is less than
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Table 1.Details of flights performed.

Flight name Date Region No. of profiles Meteorological
used Regime

B385 11 Jul 2008 East Sabah 6 ITC
B386 13 Jul 2008 East Sabah 7 ITC

B387 14 Jul 2008
Agro-industrial region in south

4 ITCSabah (airport profiles used)
B388 16 Jul 2008 East Sabah 5 MCS
B389 17 Jul 2008 Upwind 6 MCS

unity, by as much as 50 % assuming a lower bound CE of
0.5. This may be particularly relevant in the upper free tro-
posphere where the inlet RH was likely to be lower due to the
positive internal/external temperature differential, however it
is impossible to determine this effect accurately through a
total mass closure given the low aerosol loadings at higher
altitude. However, it is likely that the high RH leads to a
CE near to 1 below an altitude of approximately 3 km (or
700 hPa), the region in which the bulk of the aerosol mass is
measured.

3 Synoptic meteorology

To aid analysis of aircraft data in the following section, we
first examine the prevailing meteorology here. Two meteo-
rological regimes were identified from inspection of satel-
lite images during the flying campaign, with the 11, 13
and 14 July showing isolated disorganised convection form-
ing over Borneo (isolated terrestrial convection; ITC), and
the 16th and 17th showing the dominance of widespread
mesoscale convective systems (MCS). Details of the pro-
files performed on each flight and the relevant meteorological
regime are presented in Table1. Synoptic 3-D wind reanal-
yses charts from the Integrated Forecast System (IFS, cycle
33r1) European Center for Medium Range Weather Forecast-
ing (ECMWF) for the Tropical Western Pacific region are
plotted in Fig.3. Examples are shown of the 11 July 2008
and 16 July 2008, both at 06:00 UTC (02:00 p.m. LT), corre-
sponding to flights B385 and B389, respectively. Operational
reanalyses of horizontal and vertical wind data evaluated on
hybrid model sigma levels were interpolated onto the 900 hPa
isobar to illustrate 3-dimensional motion diagnosed by the
model in a plane of upper boundary layer vertical dynam-
ics in the mid-afternoon. It is important to emphasise that
vertical dynamics in the ECMWF model are parameterised
from large-scale horizontal wind divergence fields and are
therefore not expected to capture local scale (sub-grid) cir-
culations such as sea-breeze circulations explicitly. Rather,
such analyses are useful in illustrating mean ascent and de-
scent of airmasses due to synoptic weather patterns and large
scale uplift. However, the large size of Borneo and therefore
its mean influence on convection through surface heating can

(a)

(b)

Fig. 3. Horizontal winds (scaled arrows) and vertical winds (coloured contours as per legend) in the
Tropical Western Pacific region from ECMWF reanalyses, interpolated to the 850 hPa isobar for (a)
11 July 2008 and (b) 16 July 2008, both at 02:00 p.m. LT.
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Fig. 3. Horizontal winds (scaled arrows) and vertical winds
(coloured contours as per legend) in the Tropical Western Pacific
region from ECMWF reanalyses, interpolated to the 850 hPa isobar
for (a) 11 July 2008 and(b) 16 July 2008, both at 02:00 p.m. LT.
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(a) (b)

Fig. 4. Thermal infra-red images from the Multi-Functional Transport Satellite. Images are of (a) the
11 July 2008 and (b) 16 July 2008, both at 02:00 p.m. LT. (a) shows little cloud cover upwind of Borneo
to the south-east, with clouds forming over the island, particularly downwind of the Crocker Moun-
tain range, suggesting the role of orographically induced convection. (b) shows the dominance of an
MCS system to the north-east of Borneo, with little convective activity over the island. (a) is typical of
conditions on the 13 and 14 July and (b) is typical of conditions on the 17 July.
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Fig. 4.Thermal infra-red images from the Multi-Functional Transport Satellite. Images are of(a) the 11 July 2008 and(b) 16 July 2008, both
at 02:00 p.m. LT.(a) shows little cloud cover upwind of Borneo to the south-east, with clouds forming over the island, particularly downwind
of the Crocker Mountain range, suggesting the role of orographically induced convection.(b) shows the dominance of an MCS system to
the north-east of Borneo, with little convective activity over the island.(a) is typical of conditions on the 13 and 14 July and(b) is typical of
conditions on the 17 July.

be expected to manifest in the reanalysis divergence field and
therefore to capture mean ascent and descent over the island
well. We use ECMWF fields to this end alone.

Figure3a shows the typical synoptic regime during much
of the OP3 campaign; with black arrows showing near-
surface easterly trades over Borneo and blue contours illus-
trating net uplift of air through the 900 hPa level, consis-
tent with active convection during afternoon solar heating
of the land surface. Several areas of strong downward mo-
tion are observed around the island, which are suggestive of
the potential capture of larger see-breeze circulations, seen
as closed cells between the warmer land and cooler sea sur-
face around the island. The horizontal and vertical extent of
such circulations can be expected to be controlled by the
horizontal wind direction and strength and the buoyancy of
land-heated air parcels. Satellite images corresponding to the
thermodynamic charts in Fig.3, are shown in Fig.4. These
show thermal infrared (10.4 µm) radiances from Channel 4 of
the Multi-Functional Transport Satellite (MTSAT-1R) geo-
stationary satellite operated by the Japanese Meteorological
Agency (JMA) and provided by the National Environmen-
tal Research Council (NERC) Earth Observation and Data
Acquisition and Analysis Service (NEODAAS). Figure4a
shows the cloud regime on the afternoon of 11 July 2008.
Over Borneo a number of small, isolated clouds are observed,
representative of shallow moist convection and consistent
with the mean ascent seen in ECMWF reanalysis in Fig.3a.
A larger-scale cloud feature to the south west of the island
with cirrus advecting to the south west with the upper level
flow represents an area of deeper, more organised convec-

tion. Satellite images for the 13 and 14 July (see Supplement)
show similar ITC as the 11th so, herein, we refer to this pe-
riod as the ITC-dominated regime.

Figure3b shows the synoptic picture on 16 July 2008. This
is very different to that seen on the 11 July 2008 in Fig.3a.
On this day, there is net descent over Borneo. Figure4b
shows the likely explanation for this deviation from the typi-
cal convective regime over Borneo – a number of upper level
cirrus streaks are observed across the island, aligned on a
roughly southwest/northeast vector and parallel to the upper
level wind direction (not shown here). This mature anvil cir-
rus is consistent with the active MCS seen to the northeast as-
sociated with the convergence seen in Fig.3b. The extensive
cirrus over Borneo is consistent with a much-reduced surface
insolation and therefore weaker surface convection. It should
be noted that, while Fig.3b shows mean descent over the is-
land, there is still a region of uplift in the northwest of Borneo
which is co-located with the Crocker Mountain Range and,
as such, is likely to be caused by orographic uplift. Satellite
images for the 17 July (see Supplement) show a similar in-
fluence from regional MCS systems so, herein, we refer to
this period as the MCS-dominated regime.

Tephigrams constructed using aircraft data during the ITC-
dominated regime tend to show an unstable surface mixed
layer (representative of the column below cloud base height)
up to around 900 hPa with little indication of vertical mix-
ing above this with occasional weak inversions (Fig.5a). By
contrast, tephigrams during the MCS-dominated regime tend
to show shallower, less well mixed surface layers (Fig.5b).
The wind vector profiles over East Sabah tend to show a
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Fig. 5. (a) A typical tephigram performed on 11 July 2008, 17:11 during the ITC-dominated regime, and
(b) on during the MCS-dominated regime, both over East Sabah. (c) The average wind vector profile
over East Sabah during both regimes.
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Fig. 5. (a)A typical tephigram performed on 11 July 2008, 17:11 during the ITC-dominated regime, and(b) on during the MCS-dominated
regime, both over East Sabah.(c) The average wind vector profile over East Sabah during both regimes.

change from southerly to easterly winds above the surface
mixed layer, sometimes with strong shear but usually with a
gradual transition (Fig.5c). Individual profiles are presented
in the Supplement.

4 Results

4.1 Upwind

Flight B389 (17 July 2008) is notable in that measure-
ments were performed upwind of the island. Four upwind
profiles were preformed between 09:45 and 12:00 LT. Up-
wind aerosol profiles show a shallow surface layer up to
an average estimated height of 930± 10 hPa (770 m). Cor-
responding wind vector profiles show some shear at the
same level and tephigrams indicate weak mixing with a
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Fig. 6. Averaged altitude profiles (median and interquartile ranges) organic and sulphate aerosol loading,
aerosol number concentration and number/size distributions for different layers. Averages comprise three
profiles (during the MCS-dominated regime) from flight B389 in the morning of 17 July 2008.
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Fig. 6. Averaged altitude profiles (median and interquartile ranges) organic and sulphate aerosol loading, aerosol number concentration and
number/size distributions for different layers. Averages comprise three profiles (during the MCS-dominated regime) from flight B389 in the
morning of 17 July 2008.

capping inversion at the same level, or no mixing at all. Of
the four upwind profiles, one has distinctly lesser aerosol
loadings in the surface layer, however light rain was ob-
served when this low altitude data was sampled which may
have been responsible for depleting local aerosol concen-
trations through wet deposition. Taking data in the surface
layer across the four profiles gives average aerosol load-
ings of 0.74± 0.48 µg sm−3 of organic aerosol and 0.88±

0.22 µg sm−3 of sulphate aerosol, with data above the sur-
face layer giving averages of 0.06±0.04 µg sm−3 for organic
aerosol and 0.26±0.06 µg sm−3 of sulphate. Discounting the
rain affected flight gives surface layer averages values of
0.88±0.32 and 0.97±0.12 µg sm−3 for organic and sulphate
aerosol, respectively. Average aerosol composition, number
concentration and segregated size distributions of the three
profiles unaffected by rain are shown in Fig.6. Size distri-
butions show an accumulation mode (with a modal diameter
of 160 nm) is present in the surface layer where most of the
mass is present. Number concentrations are low throughout
the profiles compared to those measured downwind, which
is consistent with the aerosol population being dominated by
aged long range transport aerosol.

4.2 East Sabah – ITC-dominated regime

The morning profiles over East Sabah were performed be-
tween 10:00 and 12:00 and the afternoon profiles between
16:00 and 18:00 LT. In total, four morning profiles and five
afternoon profiles were successfully recorded in this region
during the ITC-dominated regime. Average aerosol composi-
tion, number concentration and segregated size distributions
of the four morning profiles are shown in Fig.7. The morning
aerosol composition profiles show a shallow surface layer be-
low an average estimated height of 922±14 hPa (890 m) con-

taining organic (0.90± 0.50 µg sm−3) and sulphate (1.05±

0.24 µg sm−3) aerosol. Above this is a layer up to an aver-
age estimated height of 714± 20 hPa (3050 m) that contains
elevated sulphate aerosol loadings (1.07±0.18 µg sm−3) and
relatively low organic aerosol loadings (0.28±0.15 µg sm−3).
Very low organic and sulphate aerosol loadings were mea-
sured above this (0.02± 0.03 and 0.08± 0.04 µg sm−3, re-
spectively). These layers are referred to (in order of increas-
ing altitude) as Layer One, Layer Two and Layer Three.
Tephigrams indicate that Layer One is typically well mixed
with a capping inversion at the top. The boundary between
Layers One and Two was observed to be regularly marked by
a layer of cumulus clouds, consistent with the expected lift-
ing condensation level seen in the tephigrams. An accumula-
tion mode is present in Layer One, which is consistent with
the relatively greater aerosol loadings detected there by the
AMS. Aerosol number concentrations are greatest in Layer
Two, implying Aitken or nucleation mode aerosol, however
there is still a small accumulation mode present.

Average aerosol composition, number concentration and
segregated size distributions of the five afternoon profiles
are shown in Fig.8. Afternoon profiles show a slightly
deeper well mixed layer up to an average estimated height
of 914± 10 hPa (960 m) and a similar change in wind shear
through Layer Two, compared to the morning profiles. Layer
One has similar aerosol loadings as in the morning (1.01±

0.22 and 0.89± 0.12 µg sm−3 of organics and sulphate, re-
spectively). Layer Two tends to show an increase in or-
ganic aerosol loadings compared to the morning (0.28±0.15
to 0.85± 0.09 µg sm−3, an increase by a factor of 3), to
amounts similar to the average sulphate loadings in Layer
Two (0.91± 0.19 µg sm−3). Layer Three still shows low
aerosol loadings of both organics and sulphate (0.07±0.02±
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Fig. 7. Average altitude profiles (median and interquartile ranges) during mornings of the ITC-dominated
regime over East Sabah of organic and sulphate aerosol loading number concentration and number/size
distributions for each layer. Averages comprised four profiles on 11 July 2008 and 13 July 2008.
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Fig. 7.Average altitude profiles (median and interquartile ranges) during mornings of the ITC-dominated regime over East Sabah of organic
and sulphate aerosol loading number concentration and number/size distributions for each layer. Averages comprised four profiles on 11 July
2008 and 13 July 2008.
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Fig. 8. Average altitude profiles (median and interquartile ranges) during the afternoons of the ITC-
dominated regime over East Sabah of organic and sulphate aerosol loading, number concentration and
number/size distribution for each layer. Averages comprise three profiles on 11 July 2008.
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Fig. 8. Average altitude profiles (median and interquartile ranges) during the afternoons of the ITC-dominated regime over East Sabah of
organic and sulphate aerosol loading, number concentration and number/size distribution for each layer. Averages comprise three profiles on
11 July 2008.

and 0.07± 0.07 µg sm−3, respectively). The accumulation
mode in Layer Two is smaller than in Layer One, which is
consistent with the decrease in mass observed in the AMS
profiles. The accumulation modal diameter of both layers is
160 nm. The aerosol number concentration increases with al-
titude throughout Layers One and Two, dropping rapidly in
Layer Three. This is in contrast to the aerosol mass, which
decreases throughout Layer Two. This implies an increase in
Aitken or nucleation mode aerosol in the afternoon compared
to the morning.

Two of the afternoon profiles (Fig.9) were performed in
the vicinity of intense cumulonimbus formation (such as can

be seen in the satellite images in Fig.4a), which were not
included in the group of profiles discussed above. They show
aerosol profiles that have relatively constant loadings to a
height of at least 700 hPa (no AMS data exists above this
altitude), consistent with strong mixing. The tephigrams in-
dicate boundary layer mixing to a height of above 900 hPa,
possibly to as high as∼830 hPa. Again, there is an accumu-
lation mode present in both Layers One and Two. The modal
diameter for both layers is the same at 160 nm, and it is un-
changed from the morning. The aerosol number concentra-
tion is greatly increased in Layer Two.
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Table 2.Summary of average estimated heights of layer boundaries, and average aerosol loadings in different layers. Uncertainties on figures
represent standard deviation of averages from each individual profile and represent variability between profiles. No clear divide in layers was
seen during cumulonimbus activity (Cb) in East Sabah so a division was assumed at the same height as other local profiles.

Upwind E. Sabah (AM) E. Sabah (PM) E. Sabah (Cb) KK (AM) KK (midday) KK (PM)

ITC-dominated regime
Org L1 (µg sm−3) – 0.90± 0.50 1.01± 0.22 0.84± 0.08 1.72± 0.81 1.40± 0.81 2.82
Sulph L1 (µg sm−3) – 1.05± 0.24 0.89± 0.12 0.84± 0.21 0.87± 0.17 0.71± 0.22 0.76
L1/L2 alt (hPa) – 922± 14 914± 10 assumed 915 945± 22 937± 29 963
Org L2 (µg sm−3) – 0.28± 0.15 0.85± 0.09 1.12± 0.53 0.94± 0.32 1.74± 0.78 2.29
Sulph L2 (µg sm−3) – 1.07± 0.18 0.91± 0.19 0.81± 0.21 0.52± 0.14 0.68± 0.32 0.74
L2/L3 alt (hPa) – 714± 20 734± 51 – 740± 44 786± 41 747
Org L3 (µg sm−3) – 0.02± 0.03 0.07± 0.02 – 0.02± 0.02 0.09± 0.10 0.14
Sulph L3 (µg sm−3) – 0.08± 0.04 0.07± 0.07 – 0.13± 0.02 0.22± 0.14 0.27
n profs 0 4 3 2 3 5 1

MCS-dominated regime
Org L1 (µg sm−3) 0.74± 0.48 0.51 1.40 – 1.41± 0.19 1.20± 0.33 0.63
Sulph L1 (µg sm−3) 0.88± 0.22 0.42 0.59 – 0.28± 0.05 0.28± 0.07 0.30
L1/L2 alt (hPa) 930± 10 920 920 – 949± 4 953± 24 908
Org L2 (µg sm−3) 0.06± 0.04 0.19 0.38 – 0.53± 0.10 0.66± 0.08 0.87
Sulph L2 (µg sm−3) 0.26± 0.06 0.73 0.39 – 0.21± 0.01 0.25± 0.02 0.24
L2/L3 alt (hPa) – 690 690 – 723± 30 689± 115 723
Org L3 (µg sm−3) – 0.01 0 – 0.15± 0.18 0.07± 0.08 0.00
Sulph L3 (µg sm−3) – 0.02 0.11 – 0.03± 0.00 0.05± 0.02 0.08
n profs 4 1 1 0 2 3 1
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Fig. 9. Average altitude profile (median and interquartile ranges) during a period of cumulonimbus
activity over East Sabah of organic and sulphate aerosol loading, number concentration and number/size
distributions for each layer. Data only exists below exists below 700 hPa. Averages of two profiles on
13 July 2008.
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Fig. 9. Average altitude profile (median and interquartile ranges) during a period of cumulonimbus activity over East Sabah of organic and
sulphate aerosol loading, number concentration and number/size distributions for each layer. Data only exists below exists below 700 hPa.
Averages of two profiles on 13 July 2008.

4.3 East Sabah – MCS-dominated regime

One morning and one afternoon profile were recorded on
the same day over East Sabah during the MCS-dominated
regime. The morning composition profile (Fig.10) shows a
well mixed Layer One with approximately half the organic
and sulphate loadings measured during the ITC-dominated

regime (0.51 and 0.42 µg sm−3, respectively) up to a similar
altitude (920 hPa, 890 m). Layer Two shows a very strong
sulphate layer (0.73 µg sm−3) with low organic concentra-
tions (0.19 µg sm−3), again up to a similar height (690 hPa,
3330 m) as observed during the ITC-dominated regime.
Sulphate and organic loadings (0.01 and 0.02 µg sm−3, re-
spectively) were very low in Layer Three, similar to the
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Fig. 10. Average altitude profile (median and interquartile ranges) during the morning of the MCS-
dominated regime over East Sabah of organic and sulphate aerosol loading, number concentration and
number/size distributions for each layer. One profile on 16 July 2008, 10:30 LT.
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Fig. 10. Average altitude profile (median and interquartile ranges) during the morning of the MCS-dominated regime over East Sabah of
organic and sulphate aerosol loading, number concentration and number/size distributions for each layer. One profile on 16 July 2008,
10:30 LT.
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Fig. 11. Average altitude profile (median and interquartile ranges) during the afternoon of the MCS-
dominated regime over East Sabah of organic and sulphate aerosol loading, number concentration and
number size distributions for each layer. One profile on 16 July 2008, 15:38 LT.
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Fig. 11. Average altitude profile (median and interquartile ranges) during the afternoon of the MCS-dominated regime over East Sabah
of organic and sulphate aerosol loading, number concentration and number size distributions for each layer. One profile on 16 July 2008,
15:38 LT.

ITC-dominated regime. An accumulation mode is present
in Layer One, but is smaller in Layer Two. This is in con-
trast to total aerosol mass which is conserved between Layers
One and Two (despite a change in composition; see Table2).
Aerosol number concentrations are very small throughout the
profiles. The respective modal diameters of 160 and 180 nm
are similar to the ITC-dominated regime.

The afternoon profile (Fig.11) was markedly different
to the morning profile with similar sulphate loadings to
the morning (0.59 µg sm−3) but a large increase in organic
loadings (1.40 µg sm−3) in Layer One. Compared to the
morning profile, Layer Two showed an increase in organ-
ics (to 0.38 µg sm−3) and a substantial decrease in sulphate

(to 0.39 µg sm−3). Layer Three was at a similar altitude
(690 hPa) as the morning, with similarly low organic and sul-
phate (0 and 0.11 µg sm−3) loadings. Accumulation modes
are present in Layers One and Two and aerosol number con-
centrations are low throughout the profile. The respective
modal diameters of 135 and 160 nm are similar to those ob-
served during the ITC-dominated regime.

4.4 Kota Kinabalu – ITC-dominated regime

Profiles from take-off and landing at Kota Kinabalu airport
on the west coast of Borneo also often show three distinct
layers. In total 15 such profiles were performed, of which
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Fig. 12. Average altitude profile (median and interquartile ranges) during the ITC-dominated regime
over Kota Kinabalu on the west coast of Borneo of (a) organic and sulphate aerosol loading, number
concentration and number size distributions for each layer and (b) wind direction, coloured by compo-
nent of direction parallel to the onshore wind, Vpara, (i.e. positive values onshore and negative offshore)
to emphasise the sea-breeze wind shear. Averages comprised nine profiles from 11 July 2008, 13 July
2008 and 14 July 2008. (c) shows an example tephigram.
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Fig. 12.Average altitude profile (median and interquartile ranges) during the ITC-dominated regime over Kota Kinabalu on the west coast of
Borneo of(a) organic and sulphate aerosol loading, number concentration and number size distributions for each layer and(b) wind direction,
coloured by component of direction parallel to the onshore wind,Vpara, (i.e. positive values onshore and negative offshore) to emphasise the
sea-breeze wind shear. Averages comprised nine profiles from 11 July 2008, 13 July 2008 and 14 July 2008.(c) shows an example tephigram.

nine were during the ITC-dominated period (Fig.12; consist-
ing of three morning, five early afternoon and one late after-
noon profiles). The tephigrams tend to show Layer One to be
a very shallow mixed layer to an average estimated height of
940±25 hPa (670 m), slightly lower than was seen over East
Sabah. The concentration of organic and sulphate aerosol in
Layer One (1.52±0.77 and 0.77±0.21 µg sm−3) stayed rel-
atively constant throughout the day, although the large stated
standard deviations reflect that there was significant variation
between days. Layer Two extended above this to an average

estimated height of 768± 45 hPa (2430 m). There also ap-
pears to be stronger wind shear in Layer Two on the west
coast than over East Sabah (Fig.12b) and upwind of the is-
land, with an onshore wind in Layer One shearing 180◦ to be
an offshore wind through Layers Two and Three. Sulphate
aerosol concentrations in Layer Two showed no significant
change during the day, though they were slightly greater in
the afternoon than in the morning (0.68± 0.32 µg sm−3 and
0.52±0.14 µg sm−3, respectively). Organic aerosol in Layer
Two was observed to increase more substantially throughout
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Fig. 13. Average altitude profile (median and interquartile ranges) during the MCS-dominated regime
over Kota Kinabalu on the west coast of Borneo of organic and sulphate aerosol loading, number con-
centration and number size distributions for each layer. Aerosol number concentration is displayed on
a larger scale than in other similar figures. Averages comprised six profiles from 16 July 2008 and 17 July
2008.

49

Fig. 13.Average altitude profile (median and interquartile ranges) during the MCS-dominated regime over Kota Kinabalu on the west coast
of Borneo of organic and sulphate aerosol loading, number concentration and number size distributions for each layer. Aerosol number
concentration is displayed on a larger scale than in other similar figures. Averages comprised six profiles from 16 July 2008 and 17 July
2008.

the day, with morning and early afternoon profile averages of
0.94± 0.32, 1.74± 0.78 µg sm−3, respectively. Layer Three
had low aerosol loadings for organic and sulphate aerosol of
0.08±0.09 and 0.13±0.11 µg sm−3, respectively. An exam-
ple tephigram is shown in Fig.12c. This tephigram shows
Layer Two is strongly separated from Layer One, with a
layer of dry air around 930 hPa and humid air above this
up to 800 hPa. An accumulation mode is present in Layers
One, consistent with the AMS aerosol mass, particularly or-
ganic aerosol. Again, the modal diameters of both layer are
160 nm, which is similar to those observed in the morning
and in the ITC-dominated regime. Aerosol number concen-
trations increase throughout Layers One and Two, gradually
decreasing in Layer Three.

4.5 Kota-Kinabalu – MCS-dominated regime

Six profiles were performed over Kota Kinabalu during the
MCS-dominated regime (consisting of two morning, three
early afternoon and one late afternoon). The profiles, pre-
sented in Fig.13, are markedly different from those of the
ITC-dominated regime. A shallow well mixed layer is of-
ten poorly defined by the tephigrams and there is little wind
shear. Sulphate is present in very low concentrations, with
no growth through the day and little difference between Lay-
ers One and Two (0.36± 0.19 and 0.31± 0.19 µg sm−3 re-
spectively when averaged over the day). Organic concentra-
tions are also not observed to grow significantly through the
day, but are present in greater concentrations in Layer One
than Layer Two (1.41±0.71 and 0.88±0.63 µg sm−3 respec-
tively when averaged over the day). Substantial accumulation
modes are absent from the aerosol size distributions. Aerosol

number concentrations are greatest in Layer One, decreasing
quickly with altitude.

5 Discussion

Altitude profiles were performed upwind, over and down-
wind of Borneo from east to west, approximately follow-
ing air mass trajectories. Profiles recorded upwind of Bor-
neo show a shallow surface layer of sulphate, and sometimes
organic, aerosol. Synoptic charts (Fig.3) and satellite im-
ages (Fig.4) indicate that there are two regimes present –
one dominated by ITC and the other dominated by the influ-
ence of MCS. A total of 19 profiles were recorded during the
ITC-dominated regime, with 12 during the MCS-dominated
regime. Profiles over East Sabah and the west coast of Bor-
neo tend to show three layers (numbered with increasing al-
titude for reference). Average aerosol loadings and layer di-
vision heights for the different regions and meteorological
conditions are displayed in Table2.

5.1 ITC-dominated regime

During the ITC-dominated regime, the profiles over East
Sabah show that at the start of the day Layer One has small
but significant sulphate and organic aerosol loadings while
Layer Two is dominated by sulphate. As the day progresses
organic aerosol loading tended to increase in Layer Two un-
til it was at a similar concentrations to the sulphate aerosol.
This is consistent with the observed growth of the accumula-
tion mode in Layer Two over the same period. Aerosol num-
ber concentrations also increase throughout the day, with the
greatest concentrations at the top of Layer Two. A smooth
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transition between aerosol loadings at the normal height of
transition between Layers One and Two was observed in
profiles that were recorded during periods of observed cu-
mulonimbus formation. A simultaneous strong increase in
aerosol number concentrations with altitude was also ob-
served. Profiles over Kota Kinabalu on the west coast of
Sabah showed Layer Two to have high organic loadings
which increased throughout the day, in contrast to the sur-
face loadings which did not.

The sulphate loadings in Layer Two over East Sabah sug-
gest that the air was influenced by off island sources. The ori-
gin of sulphate in Borneo has been extensively discussed in
Robinson et al.(2011b) which shows surface sulphate load-
ings to be greater in back trajectories that originate exter-
nally to the island. They conclude that the sulphate is poten-
tially from a variety of sources, with one likely source being
the production of dimethyl sulphide (DMS) from process-
ing of phytoplankton emissions (Kettle and Andreae, 2000).
Comparison to the upwind profiles suggests that the shallow
marine boundary layer aerosol was being lofted by the time
it reaches East Sabah. While the upwind profiles were per-
formed during the MCS-dominated regime, they are likely
to be representative of prevailing marine conditions, with
high sulphate concentrations confined to a shallow bound-
ary layer. The tephigrams over East Sabah show it was likely
that Layer One represents a boundary layer well mixed by
turbulence and shallow convection. The direction of synop-
tic winds has been shown to weaken sea-breeze circulations
where it opposes the direction of the seaward branch of the
sea-breeze outflow (Gahmberg et al., 2010; Atkins and Waki-
moto, 1997). This appeared to be the case in East Sabah as
wind profiles, while showing a gradual wind shear, did not
show sharp shear associated with strong sea breeze circula-
tions.

Doppler lidar measurements performed at the ground site
(an altitude of 198 m above sea level) in East Sabah (Pear-
son et al., 2010) show a maximum gradient in backscatter
(associated with the top of the surface layer of aerosol) at
an average height of∼650 m above sea level between 09:00
and 18:00 LT. Those measurements also observed an average
cloud base height that started increasing from 09:00 to a rela-
tively constant height of∼1050 m between 12:00 and 17:00.
The lidar measurements were performed during 10 weeks of
April and June, earlier than the flying period of OP3 which
was in July. The surface layer height derived from cloud base
height is consistent with the in-situ BAe-146 measurements
presented here, which give an average estimated surface layer
height of∼960 m during the afternoon. However, substan-
tial amounts of aerosol were observed above the maximum
backscatter gradient level during the flying campaign.

As the day progresses there was less segregation between
aerosol mass concentrations in Layers One and Two over
East Sabah, which is associated with the development of an
accumulation mode in Layer Two. However, the tephigrams
suggest that there was still a relatively shallow well mixed

surface layer. It is likely that aerosol (or aerosol precursors)
were being mixed from Layer One into Layer Two in discrete
events. The aerosol profiles recorded during periods of cumu-
lonimbus formation show a smooth transition in aerosol load-
ings at the normal height of divide between Layers One and
Two. The associated tephigrams also show a very deep mixed
layer. This strongly supports mixing of aerosol, and aerosol
precursors, from Layers One to Two by convection events
as the day progressed. It might be expected that a propor-
tion of the uplifted sulphate aerosol is lost to wet deposition
where deep convection is active, which is indeed observed
as a smooth decreasing vertical gradient. It should be noted
that wet removal would be likely to be less significant for gas
phase aerosol precursors. Previous work has attributed the
daily increase in tropospheric organic aerosol loadings dur-
ing OP3 to photochemical processing of BVOCs (Robinson
et al., 2011a). The daily increase of aerosol number concen-
trations is consistent with the formation of new particles, and
the increasing number concentration with altitude is consis-
tent with the formation of new particles from partitioning of
semi-volatile vapours as they are lofted to higher into the at-
mosphere where it is colder. It should be noted that these
particles may have been nucleated at some point upwind be-
fore growing to be detectable at the lower size limit of the
CPC (3 nm). However, the vigorous uplift observed provides
a plausible mechanism for local particle nucleation. The par-
ticularly steep increase of aerosol number concentration ob-
served near to cumulonimbus formation is consistent with
such dynamically induced new particle formation. It is likely
that orographically induced deep convection is even more
common downwind of East Sabah where there is more el-
evated topography, as is highlighted in Fig.3b.

Synoptic winds aligned with the seaward branch of a sea-
breeze outflow (such as were present on the west coast of
Borneo) have been shown to strengthen sea breezes (Gahm-
berg et al., 2010; Atkins and Wakimoto, 1997). This gener-
ally seemed to be the case in Kota Kinabalu, with∼180◦

wind shear between on and offshore winds seen in the aver-
age altitude profile. A more stable sea breeze may also have
been created by the relatively straight west coast of Borneo,
compared to the east coast which is made up of several bays
and peninsula. Aerosol was almost always present to a height
of between 800 hPa and 700 hPa. Organic aerosol mass in
Layer Two increased throughout the day, with the average
profiles showing a distinct layer of high aerosol concentra-
tions in Layer Two over Kota Kinabalu by midday. These lay-
ers are often associated with comparatively humid air. This is
consistent with Layer Two being influenced by BSOA which
would be expected to be associated with water vapour due to
transpiration and evaporation alongside the emission of SOA
precursor gases from vegetation. While Borneo is large, the
east and west coast of Sabah are only around 250 km apart
and it is not clear if this is close enough to allow interaction
between the opposing sea breeze cells such as that seen on
the Tiwi islands, which are smaller at around 150 km (Crook,
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Fig. 14. Conceptual illustration of the dynamical processes as would be expected in local afternoon. Air
mass travels from east (right) to west (left). Sulphate and organic aerosol are represented by red and green
circles respectively, with circle size indicative of aerosol loading. Layers One, Two and Three indicated
by L1, L2 and L3 with divisions marked with dashed line. It should be noted that the layer divisions
were different between place and time. (A) Sulphate and organics in a shallow marine boundary layer
carried by synoptic flow. (B) Synoptic flow is opposed to the sea-breeze circulation which is weakened.
Turbulent mixing occurs between top of cell and synoptic flow. The shallow aerosol layer observed
upwind is lofted above the island surface layer. (C) Shallow well mixed layer capped with cumulus
clouds. (D) deep convective uplift lofts more organic aerosol, with precipitation events removing the
regional aerosol. (E) Orography induces uplift. (F) Synoptic flow strengthens sea-breeze circulation.
Some transfer of aerosol from synoptic flow to sea-breeze circulation which is recirculated. Not to scale.
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aerosol layer observed upwind is lofted above the island surface layer. (C) Shallow well mixed layer capped with cumulus clouds. (D)
deep convective uplift lofts more organic aerosol, with precipitation events removing the regional aerosol. (E) Orography induces uplift. (F)
Synoptic flow strengthens sea-breeze circulation. Some transfer of aerosol from synoptic flow to sea-breeze circulation which is recirculated.
Not to scale.

2001). It is also not clear what effect the intervening orogra-
phy would have on Borneo, compared to the Tiwi islands
which are relatively flat.

The profile-to-profile variability is great over Kota Kina-
balu when compared to east Borneo (which is apparent from
the larger standard deviations). It is likely that aerosol trans-
ported across the width of the island (∼300 km) experiences
a varying amount of wet removal in the inland mountainous
region of Borneo, where orographically induced convective
precipitation may be greater. This would also explain the rel-
ative dominance of organic aerosol, which is replenished en-
route through processing of terrestrial vegetation emissions,
in contrast to off island sulphate (and organics) which are not.
This suggests that Layer Two represents air mass transported
across the width of the island, which undergoes conversion
from being dominated by off-island boundary layer sulphate
and organics to being dominated by BSOA. It should be
noted that air sampled above 3 km was estimated to have an
RH of 56 %, meaning it is likely that the reported loadings
for Layer Three should be doubled due to a reduced CE.

Figure14shows a conceptual illustration of the dynamical
processes expected to be active in the local afternoon during
periods dominated by ITC. The synoptic winds in the lower
troposphere were consistent westerly trades throughout the
course of the campaign (Fig.3). The steep central island to-
pography of Borneo and the open plains on the east of the
island have the effect of regularly forcing deep convective
development to the east of the Crocker Mountain range. This
is consistent with the ECMWF reanalysis shown in Fig.3a
which shows mean ascent of air over the island, and the satel-
lite image shown in Fig.4a which shows what appear to be
isolated convective clouds over Borneo. In our conceptual
picture, the rich source of organic aerosol over the region

of oil palm and rainforest is mixed with maritime air already
relatively rich in off-island aerosol and uplifted in deep moist
convection. However, the seaward convective outflow of the
sea-breeze cell induced by this convection opposes the direc-
tion of the synoptic flow and is therefore likely to be weak
and turbulent, with uplifted air instead advected westward
over the island. The net effect on the eastern side of Borneo
is a very efficient ventilation of the island surface layer in
the local afternoon, with uplift and westward advection of
air rich in organic aerosol and partially depleted in sulphate
aerosol.

On the western side of the island, the thermodynamic pic-
ture is very different. In this case, the upper boundary layer
seaward convective outflow of the sea-breeze cell is aligned
with the synoptic flow, thus strengthening the sea-breeze
circulation and elongating the cell along its horizontal axis
(Gahmberg et al., 2010; Atkins and Wakimoto, 1997). The
net effect of this alignment is a weaker surface return flow, re-
sulting in weaker convergence inland and therefore reduced
convection and a greater degree of recirculation within the
sea-breeze cell and overall a weaker ventilation of the west-
ern side of the island. Overall, the effect of the island on
the regional background aerosol composition is to lift sur-
face air rich in marine sulphates and add biogenic organics.
It is not clear what aerosol profiles are like downwind of the
west coast sea breeze, however it would be expected that the
aerosol would remain lofted.

This picture is in contrast to the interpretation in the recent
paper ofTrivitayanurak et al.(2011). They were not able to
account for the aerosol layer between 900 and 700 hPa using
the GEOS-Chem model so attribute it to long range transport
of pollution from outside the model domain. The data pre-
sented here suggest that, if present, long range transport is a
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relatively insignificant source of aerosol: the biogenic mass
spectral signature of organic aerosol (Robinson et al., 2011a),
the growth of organic aerosol from morning to afternoon, and
the depletion of sulphate aerosol relative to organic aerosol
as air is advected across Borneo are all strongly suggestive of
the dominance of a terrestrial biogenic source of aerosol in
the lower free troposphere. It seems that the model employed
may be misrepresenting the vertical transport of aerosol out
of the boundary layer.

5.2 MCS-dominated regime

The majority of profiles performed during the MCS-
dominated regime were upwind of Borneo (four) or over
Kota Kinabalu of the west coast (nine). Only two profiles
were performed over East Sabah (one morning and one af-
ternoon) making it difficult to generalise about the effect this
regime has on aerosol transport across the island. The sub-
stantial sulphate concentrations measured over East Sabah
in Layer Two in the morning were largely removed by the
afternoon, possibly by heavy rain events associated with an
MCS. Organic aerosol loadings grow between morning and
afternoon but the highest concentrations are near the surface,
with a more rapid drop-off with altitude than seen in the
ITC-dominated regime. This suggests surface emissions or
aerosols (or aerosol precursors) that are inefficiently mixed
through the troposphere or efficiently removed by precipita-
tion. The former is consistent with the ECMWF reanalysis
shown in Fig.3b which shows no mean ascent of air mass,
and the satellite image shown in Fig.4b which shows Bor-
neo to be covered by cirrus outflow from an MCS, which
would be expected to reduce insolation and therefore terres-
trial convection. It is also likely that intense precipitation as-
sociated with the MCS system act to remove aerosol. Aerosol
number concentrations are very small compared to the ITC-
dominated regime, implying little new particle formation.

The averaged profile of Kota Kinabalu on the west coast,
which does consist of a significant number of profiles, is
markedly different from that of the ITC-dominated regime.
Tephigrams tend to show little mixing at the surface and
the wind profiles show far less wind shear than in the ITC-
dominated regime. This may be associated with extensive
cirrus advecting from the active MCS to the northwest in-
hibiting differential heating of land and sea to set up a
sea breeze, such as that which was observed in the ITC-
dominated regime. The absence of an accumulation mode,
and the very high number concentrations in Layer One may
suggest the influence of locally produced combustion aerosol
during descent into Kota Kinabalu. It should be noted that,
despite lower loadings in Layer Two over Kota Kinabalu
than in the ITC-dominated regime, there were still signifi-
cant aerosol loadings up to 712± 71 hPa. Surface level back
trajectories during the MCS-dominated regime were deemed
“unclassified” byRobinson et al.(2011b), meaning they were
highly changeable, which may signify an MCS influence.

Borneo is influenced by the south edge of the MCS, which
might be expected to bring westerly winds, however tra-
jectories released from 800 hPa (the altitude of Layer Two)
show a south-easterly influence, similar to those in the ITC-
dominated regime. It may be that the trajectory wind field
inaccurately captures the MCS, or it may be that the clouds
are being released from the rotation of the MCS and carried
by the synoptic flow over Borneo.

6 Conclusions

Aerosol were being lofted higher into the atmosphere as a
direct result of transit over Borneo, both through local di-
rect convection and interactions with the local island cir-
culation. This was regularly observed during OP3 in ITC-
dominated periods. In contrast, during periods when Bor-
neo was influenced by nearby MCS systems, cirrus outflows
were observed to result in less island convective uplift due
to reductions in terrestrial insolation. Aerosol number con-
centration profiles are consistent with new particle forma-
tion aloft throughout the day, which could be due to an
increase in both photochemical ageing, and the cooling of
semi-volatile organics due to dynamic uplift. Aerosol profiles
upwind of Borneo show the bulk of aerosol to be present be-
low 930±10 hPa. During the ITC-dominated regime, aerosol
was present in substantial quantities up to an average height
of 768± 45 hPa as it leaves the west coast of the island, al-
though substantial aerosol concentrations were episodically
observed up to∼680 hPa, often with low sulphate load-
ings above this up to a height of∼600 hPa. The surface
mixed layer over the downwind coast was estimated to be be-
low 947± 23 hPa. The aerosol population in the layer above
this showed a slight increase in sulphate aerosol concen-
trations throughout the day of 0.52± 0.14, 0.68± 0.32 and
0.74 µg sm−3 around 10:00, 13:00 and 18:00, respectively.
Organic aerosol loadings in in this upper layer showed a
more substantial increase throughout the day, with absolute
loadings of 0.94±0.32, 1.74±0.78 and 2.29 µg sm−3 around
10:00, 13:00 and 18:00, respectively.

A similar elevated layer of high aerosol concentrations was
seen in profiles upwind of this over the island during the
ITC-dominated regime. This layer tended to be dominated by
sulphate aerosol in the morning (1.07± 0.18 µg sm−3) with
organic aerosol concentrations growing throughout the day
(from 0.28± 0.15 to 0.85± 0.09 µg sm−3). Profiles in the
vicinity of cumulonimbus clouds show very smooth transi-
tions in aerosol loadings between the normal surface mixed
layer height and above, strongly implying that moist convec-
tive uplift helps loft terrestrial aerosol above the turbulent
mixed layer. Simultaneously measured aerosol number con-
centration profiles show a rapid increase with altitude, sup-
porting the production of new particles from the condensa-
tion of terrestrial semi-volatile VOCs which are vigorously
lifted into the cooler atmosphere aloft.
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Transit of air masses over Borneo during periods domi-
nated by ITC appears to deplete concentrations of regional
aerosol though wet removal, whilst enhancing concentrations
of SOA from terrestrial VOC emissions. During periods in-
fluenced by MCS systems, there is less efficient transport of
aerosol through the troposphere, either due to a reduction
of surface insolation and associated convection or a greater
amount of wet removal of aerosol. Aerosol that is elevated
by its transit over Borneo will have a longer atmospheric
lifetime as it is more likely to be above precipitation that
would deplete it through wet removal. It is possible that this
interaction between marine boundary layer aerosol and ter-
restrial emissions and dynamics, is spread across the whole
of the “maritime continent” network of tropical islands. This
would present a regional orographic barrier to westerly ma-
rine air flowing from the Pacific. Widespread elevation of
aerosol could have implications downwind, especially if the
air masses travel to the pristine south Indian Ocean. The is-
land chain not only lofts aerosols out of the marine boundary
layer, it also changes its composition, reducing the influence
of the more sulphate rich marine boundary layer aerosol and
enhancing the relative contribution of terrestrial sources of
aerosol which are predominately biogenic organic in nature.
The change in aerosol composition, from being dominated
by sulphate to being dominated by fresh organic aerosol
will lower the hygroscopicity of the aerosol population. Con-
versely, any new particle formation as a results of on-island
processes may increase the concentration of CCN. It is un-
clear what net effect of these factors will have on CCN con-
centrations downwind. This is the first comprehensive study
in this region to analyse regional aerosol composition in the
context of dynamical interactions between a tropical island
and synoptic flow patterns, both in terms of local emissions
and lofting. Assessing the effects of islands such as Borneo
on regional aerosol allows effective modelling of aerosol life-
times and, therefore, their impact on cloud formation, atmo-
spheric chemistry and ultimately climate.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
5963/2012/acp-12-5963-2012-supplement.pdf.
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