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Abstract

We use a nested version of the GEOS-Chem global 3-D chemistry transport model
to better understand the composition and variation of aerosol over Borneo and the
broader Southeast Asian region in conjunction with aircraft and satellite observations.
We particularly focus on July 2008 during when the UK BAe-146 research aircraft was5

deployed over northern Malaysian Borneo as part of the ACES/OP3 measurement
campaign. During July 2008 we find using the model that Borneo (defined as Borneo
Island and the surrounding Indonesian islands) was a net exporter of primary organic
aerosol (42 kT) and black carbon aerosol (11 kT). We find only 13 % of volatile organic
compound oxidation products partition to secondary organic aerosol (SOA), with Bor-10

neo being a net exporter of SOA (15 kT). SOA represents approximately 19 % of the
total organic aerosol over the region. Sulphate is mainly from aqueous-phase oxida-
tion (68 %), with smaller contributions from gas-phase oxidation (15 %) and advection
into the regions (14 %). We find that there is a large source of sea salt, as expected,
but this largely deposits within the region; we find that dust aerosol plays only a rela-15

tively small role in the aerosol burden. In contrast to coincident surface measurements
over Northern Borneo that find a pristine environment with evidence for substantial bio-
genic SOA formation we find that the free troposphere is influenced by biomass burning
aerosol transported from the northwest of the Island and further afield. We find sev-
eral transport events during July 2008 over Borneo associated with elevated aerosol20

concentrations, none of which coincide with the aircraft flights. We use MODIS aerosol
optical depth (AOD) data and the model to put the July campaign into a longer temporal
perspective. We find that Borneo is where the model has the least skill at reproducing
the data, reflecting the small-scale island-marine environment, with the model showing
more skill at reproducing observed AOD over larger regions such as China and other25

parts of Southeast Asia. The model shows that AOD over Borneo is approximately
evenly split between organic and sulphate aerosol with sea salt representing 10–20 %
during May to September; there is a similar breakdown over continental Southeast
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Asia but with less sea salt aerosol and more dust aerosol. In contrast, East China AOD
is determined mainly by sulphate aerosol and a seasonal source of dust aerosol, as
expected. Realistic sensitivity runs designed to test our underlying assumptions about
emissions and chemistry over Borneo constrained by MODIS AOD show that the model
is most sensitive to isoprene emissions and organic gas-phase partitioning.5

1 Introduction

Tropical forests help influence regional and global climate in a number of ways includ-
ing physical, chemical and biological processes (Bonan, 2008), but our understanding
of these processes is incomplete (e.g. Lewis et al., 2004; Lelieveld et al., 2008; Karl
et al., 2010; Martin et al., 2010b). Here, we focus on the Southeast Asian region, where10

the individual burgeoning economies are progressively dependent on agriculture, man-
ufacturing, and services. Greater pressure on regional agriculture for food and fuel
crops, in particular, have led to rapid rates of land use change with implications for the
functioning of the forest ecosystems and subsequent impacts on atmospheric composi-
tion (Hewitt et al., 2009; Fowler et al., 2011; MacKenzie et al., 2011; Pyle et al., 2011b).15

Our particular focus is Malaysian Borneo which was the subject of two recent UK-led
surface and aircraft measurement campaigns in 2008: (1) OP3 (Oxidant and particle
photochemical processes above a South-East Asian tropical rainforest, Hewitt et al.,
2010) and (2) ACES (Aerosol Coupling in the Earth System). OP3 had the primary foci
of better understanding the production and fate of biogenic volatile organic compounds20

(BVOCs) emitted by natural forests, and how they impact local to global atmospheric
chemistry. ACES had complementary foci associated with the production and fate of
SOA from the emitted biogenic VOCs. Here, we use the GEOS-Chem global 3-D model
in conjunction with satellite observations of aerosol optical depth to put ACES/OP3 into
a wider spatial and temporal perspective and to improve our quantitative understand-25

ing of the impact of Malaysian and Indonesian Borneo and its surrounding islands to
regional atmospheric composition.
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Although Southeast Asia has been studied for wildfires and related chemistry (e.g.
Chandra et al., 2002 and Duncan et al., 2003), forest emissions and reactive chemistry
over the region has recieved much less attention than other tropical regions such as
South America (e.g. Lelieveld et al., 2008; Martin et al., 2010a), Africa (e.g. Marticorena
et al., 2011; Ferreira et al., 2010), and the Indian subcontinent (e.g. Kulshrestha et al.,5

2001). This might be because Southeast Asia is smaller in geographical area and
that interpretation of measurements is more difficult due to the influence of the island-
marine biosphere and complex weather systems. For these reasons, integrative efforts
have been made through the ACES/OP3 field campaign to improve understandings
of organic aerosol through measurements of aerosol composition (Robinson et al.,10

2011b), aerosol flux (Whitehead et al., 2010) and its precursor VOC fluxes (Langford
et al., 2010; Misztal et al., 2010) and the local meteorology and dynamics (Pearson
et al., 2010; Whitehead et al., 2010). To better understand formation of BSOA, studies
focused on oxidant chemistry (Robinson et al., 2011b; Pike et al., 2010; Pyle et al.,
2011a) in conjunction with smog chamber experiments (Hamilton et al., 2011), analysis15

of air-mass back trajectories (Robinson et al., 2011c), and 0-D chemistry modelling
(Langford et al., 2010; Pike et al., 2010; Pugh et al., 2011), 1-D chemistry-transport
modelling (Pugh et al., 2010), and 3-D offline chemistry-transport modelling (Pyle et al.,
2011b).

In the next section we describe the surface, aircraft, and satellite measurements of20

trace gases used in this study. Section 3 describes the GEOS-Chem global 3-D chem-
istry model. Section 4 includes (1) the budget of carbonaceous aerosols and trace
gas precursors, sulphur species, sea salt, and dust aerosols during July 2008; (2) an
evaluation of the model using aircraft concentration measurements and satellite obser-
vations of aerosol optical depth; (3) a study of the seasonal cycle of speciated aerosol25

extinction over Borneo; (4) a study of the seasonal cycle of aerosol optical depth over
Borneo and the larger Southeast Asian region; and (5) sensitivity calculations that ex-
plore the robustness of our results to realistic changes in the underlying assumptions.
We conclude the paper in Sect. 5.
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2 Measurements of trace gases and aerosols

We use aircraft measurements of aerosols and trace gas precursors from the
ACES/OP3 campaign over Borneo (Hewitt et al., 2010) during July 2008 to help quan-
tify and understand the aerosol composition of the local and the broader geographical
region. First, we use these data to help evaluate the GEOS-Chem global 3-D chem-5

istry transport model. We also use data from the acid deposition monitoring network
(EANET) over East Asia to provide additional information about sulphate aerosol over
the broader geographical region. Second, we use the GEOS-Chem model and satellite
observations of aerosol optical depth to help relate the ACES/OP3 measurements to
large spatial and temporal scales.10

2.1 ACES/OP3 aircraft field campaign data

We focus on the 23 June–23 July (the third and final phase of the OP3 project) because
it incorporated aircraft measurements that are generally representative of spatial scales
more appropriate for the GEOS-Chem chemistry transport model (Sect. 3). We use
measurements from the UK BAe 146 research aircraft, which during the campaign15

was deployed from Kota Kinabalu airport, less than 30 mins flying time from Bukit Atur
(BA) Global Atmospheric Watch station (4◦58′49.33′′ N, 117◦50′39.05′′ E, 426 m a.s.l.)
where additional surface measurements were taken. In general, similar flight plans
were executed for each flight: one vertical profile, interrupted by straight and level runs
at altitudes of 100–250, 1500, 3000, and 6000 m above ground over the rainforest20

(centred at BA) and over the surrounding landscape including an agro-industrial oil
palm plantation. Flights were typically in the morning and afternoon so that some
information about diurnal variations of key gases and aerosols could be determined.
Table 1 provides a brief overview of the measurements we used for this study. We
refer the reader to the OP3 overview paper for a detailed description of the experiment25

including a comprehensive overview of the measurements (Hewitt et al., 2010).
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2.2 Surface measurements over eastern Asia

The Acid Deposition Monitoring Network in East Asia (EANET) (http://www.eanet.cc/
index.html) reports dry deposition inferred from direct measurements of atmospheric
concentration of SO2, NO2, O3 and particulate matter, and precipitation measurements
of sulphate (SO2−

4 ) and nitrate (NO−
3 ). The network includes 51 sites over East and5

Southeast Asian countries that are classified as remote (20), rural (12), and urban
(19). We use the rural sites, defined as being at between 20 and 50 km away from
large pollution sources and 500 m away from heavy traffic roads, to evaluate model
long-range transport of sulphur-containing compounds. We chose to report the total
sulphur (ppbv) rather than to test the model skill at partitioning between SO2 and SO2−

4 .10

2.3 Satellite observations of aerosol optical depth

We use aerosol optical depth (AOD) observations from the NASA Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) aboard the Aqua EOS satellite, which was
launched in 2002 into a sun-synchronous orbit with an equatorial local overpass time
of 01:30 p.m. local. MODIS provides near-global daily retrievals of AOD in cloud-free15

and glint-free conditions using independent algorithms over land (Levy et al., 2007a,
b) and ocean (Levy et al., 2003; Remer et al., 2005; Tanre et al., 1997). Over ocean,
MODIS aerosol retrievals use a look-up table approach in which a combination of one
fine and one coarse lognormal aerosol mode is chosen based on the best least-square
fit of the computed spectral reflectance to the MODIS-observed spectral reflectance.20

Over land, the retrieval uses a combination of multi-modal models, one dominated by
fine mode (but containing both fine and coarse modes) and one dominated by coarse
mode (but containing two modes). Over ocean, AOD products are provided at seven
channels (470, 550, 660, 870, 1240, 1630, and 2130 nm), and over land AOD products
are provided at four channels (470, 550, 660, and 2130 nm).25

To examine AOD over Borneo, we use the MODIS L2 AOD by joining ocean AOD
(τocean) and land AOD (τland), selecting values of τocean with Quality Assurance Confi-
dence (QAC) no less than 1 and values of τland with QAC of 3. To examine AOD over
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the broader Southeast Asian region, we use the MODIS L3 daily gridded joint land
and ocean AOD product at 550 nm from the Collection 5 MODIS algorithm products,
which has an estimated uncertainty of ±0.05±0.15τ over land (Levy et al., 2010) and
±0.03±0.05τ over ocean (Remer et al., 2005). The L3 product includes the number
of pixels used to calculate the daily mean 1◦×1◦ AOD product, which we use to screen5

out scenes where less than six measurements are used. We also use the fine-mode
scaling factor provided as standard by the MODIS team that yields the fine-mode AOD,
τf, from the total AOD. MODIS AOD tends to be biased high in cloudy regions such
as Borneo; thin cirrus clouds can artifically increase AOD by '0.02 (L. Remer, per-
sonal communication, NASA, 2011) and the AOD over Southeast Asia islands remains10

unvalidated against the Aerosol Robotic Network (AERONET) (Levy et al., 2010).

3 Description of the nested GEOS-Chem chemistry transport model

We use the GEOS-Chem chemistry transport model (v8-02-01, http://www.geos-chem.
org), driven by analyzed meteorological fields from the NASA Global Modeling and As-
similation Office (GMAO) Global Earth Observing System (GEOS) model, to interpret15

ground-based, aircraft, and satellite observations of trace gases and aerosols during
2008. Here we use GEOS-5 meteorological fields with 47 vertical layers and a temporal
resolution of 6 h for meteorology and 3 h for surface quantities including mixing depths.
The simulation includes a description of NOx-Ox-hydrocarbon-aerosol chemistry. The
model is initialized with an 11-month global full-chemistry simulation at a horizontal20

resolution of 4◦ latitude by 5◦ longitude. For subsequent global model calculations over
the period 1 December 2007 to 1 January 2009 we use a horizontal resolution of 2◦

latitude by 2.5◦ longitude. For our regional one-way nested, model calculations during
June–July 2008 we use the native GEOS-5 horizontal resolution 0.5◦ latitude by 0.67◦

longitude over a China-Southeast Asia domain described by 70–150◦ E and −10–55◦ N.25

Boundary conditions for this calculations are taken from the 4◦ latitude by 5◦ longitude
calculation, with a temporal resolution of 3 h, consistent with GEOS-5 surface quanti-
ties fields. Details of the nested-grid formulation can be found in Wang et al. (2004)
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and Chen et al. (2009). Figure 1 describes the source regions over which we track
individual contributions to AOD. We found that our results for Borneo were similar to
that of the closest neighbouring regions. Consequently, we decided to lump them to-
gether for the model calculations so that from hereinafter Borneo is defined as Borneo
Island plus the closest neighbouring Indonesian islands Sumatra, Java, Sulawesi, and5

the Lesser Sunda Islands.
Table 2 shows our estimated emissions of sulphate, organic carbon (OC), black car-

bon (BC), sea salt, dust, and biogenic precursors to SOA (Alexander et al., 2005; Fairlie
et al., 2010; Henze and Seinfeld, 2006; Park et al., 2003, 2004). For sea salt, we distin-
guish between an accumulation mode (dry radius 0.1–0.5 microns) and a coarse mode10

(dry radius 0.5–4 microns) (Jaeglé et al., 2011). Similarly, we describe dust using four
size ranges with effective radii of 0.7, 1.5, 2.5, and 4 microns, respectively. For radiative
transfer calculations, dust is segregated into 7 size bins, but for atmospheric transport
and deposition calculations dust in the first four size bins, covering 0.01–1 µm, are
lumped together. The remaining aerosol types are treated as bulk mass.15

We use sulphur emissions based on the Global Emissions Inventory Activity (GEIA)
for 1985 with updated national emission inventories and fuel use data (Bey et al.,
2001b; Park et al., 2004). We use more recent inventories for Asia (Streets et al.,
2003, 2006), Europe (http://www.emep.int), the United States (http://www.epa.gov/ttn/
chief/net/1999inventory.html), Mexico (Kuhns et al., 2005), and Canada (http://www.ec.20

gc.ca/pdb/cac/). We assume that anthropogenic sulphur is emitted primarily as SO2,
with only a small fraction as sulphate (5 % in Europe, 1.4 % North America, and 3 %
elsewhere, Chin et al., 2000).

We include carbonaceous emissions from fossil fuel and biofuel combustion (Bond
et al., 2004), biomass burning (van der Werf et al., 2006), and SOA precursors from25

biogenic VOCs. We use the Model of Emissions of Gases and Aerosols from Nature
(MEGAN, version 2.1) (Guenther et al., 2006) to describe biogenic VOC emissions from
terrestrial vegetation. MEGAN is used to calculate emission rates for isoprene, methyl-
butenol (MBO), and several monoterpene compounds (α-pinene, β-pinene, limonene,
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myrcene, sabinene, 3-carene and ocimene), using the parameterized canopy envi-
ronment emission activity (PCEEA) algorithm (Sakulyanontvittya et al., 2008). The
emissions, E , of these compounds are parameterized by:

E =E0×γCE×γAge×γSM×ρenv, (1)

where E0 are the basal emissions (µg of compound m−2 h −1) normalized to standard5

conditions, which are multiplied by emission activity factors that simulate changes in the
emission rate owing to the changes in the canopy environment (γCE), leaf age (γAge),
and soil moisture (γSM). In this study we neglect the effect of soil moisture (γSM = 1).
We assume standard conditions for production and loss of the BVOC within the canopy,
represented by the normalized ratio ρenv, by setting ρenv =1.10

The basal MEGAN emission factors are regridded from a default 0.5◦× 0.5◦ grid to
the GEOS-Chem horizontal resolutions and driven by 3-hourly surface air temperatures
(at 2 m height), and by diffuse and direct PAR from the GEOS-5 analyses. To simulate
changes in vegetation we use monthly mean MODIS observations of leaf-area index
(LAI, vC5) gridded at 0.25◦×0.25◦ (Myneni et al, 2007). The average LAI for vegetated15

areas within each grid cell, LAIv, is estimated by dividing the LAI by the fraction of the
cell covered by vegetation following the approach of Guenther et al. (2006) and Müller
et al. (2008). These monthly LAIv fields are then re-mapped to the GEOS-Chem grid
(Barkley et al., 2011). Simulation years outside 2000–2008 use a climatology based
on the available MODIS observations. SOA chemistry is calculated using experimental20

aerosol yield parameters fitted to the two-product model (Chung and Seinfeld, 2002)
and partitioned onto the existing organic aerosol, following the SOA implementation in
the GISS GCM (Chung and Seinfeld, 2002 and references therein; Henze and Seinfeld,
2006). Table 2 summarizes the monthly mean emissions of each aerosol and aerosol
precursor for 2008.25

We calculate optical depths that directly feed into the photolysis rate calculation used
by the NOx-Ox-hydrocarbon chemistry. We use the updated aerosol physical and opti-
cal properties consistent with that in a later release of GEOS-Chem model (v8-02-05,
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http://www.geos-chem.org). The update incorporates improvement in the size distri-
bution of sulphate, OC, BC (Drury et al., 2010) and sea salt Jaeglé et al. (2011). We
calculate AOD τ using the following relation (Tegen and Lacis, 1996):

τ =
3
4

QextM
reffρ

=αM, (2)

where Qext is Mie scattering extinction efficiency factor, M is the column mass loading5

(g m−2), ρ is the aerosol density (g m−3), reff is the effective radius (m), and α is the
aerosol mass extinction (m2 g−1). BC has the strongest extinction at low RH, with
the more hygroscopic species having more influence at RH values larger than 50 %
(not shown). Coarse dust, despite its lower α values than other accumulation-mode
aerosols, has a stronger extinction per particle because it has a mass-per-particle that10

is three orders of magnitude bigger than other accumulation-mode aerosols. For our
analysis of AOD we account for contributions from individual sources (BC, OC, dust,
and sea salt) and from geographical regions shown by Fig. 1.

4 GEOS-Chem model budget and model comparison against measurements

In this section we present a budget and an evaluation of the control model configuration;15

we also discuss how sensitive our results are to realistic changes in our underlying
assumptions.

4.1 Model aerosol budget over Borneo

Tables 3, 4, 5, and 6 summarize the budget of carbonaceous aerosols and trace gas
precursors, sulphur species, sea salt and dust, respectively, over Borneo (Fig. 1) during20

the ACES/OP3 measurement period 25 June–25 July 2008. The average total column
aerosol burden over this region is 28×109 g, comprising sulphate (10 %), primary OA
(22 %), SOA (5 %), BC (4 %), sea salt (50 %), and dust (9 %). The total column bur-
den for accumulation-mode aerosol is 14×109 g comprising sulphate (23 %), primary
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organic aerosol (43 %), SOA (10 %), BC (7 %), sea salt (6 %), and dust (11 %). We use
a “tagged” CO simulation (not shown), for which the OH is fixed and taken from a full-
chemistry simulation, to provide the origin and age of airmasses sampled over Borneo.
A description of the tagged CO simulation can found in Bey et al. (2001a) and Gonzi
and Palmer (2010). Here, we use CO as a proxy for OA from fossil fuel and biomass5

combustion, acknowledging this approach will generally overestimate the influence of
long-range transport on the regional budget. We find that fossil fuel emissions from Bor-
neo represent 26 % of the local budget, with 19 % originating from Java and Sulawesi
islands, 13 % from East Asia, 8 % from South Asia, 7 % from continental Southeast
Asia and Sumatra, with the remainder from long-range transport. For biomass burn-10

ing, local emissions contribute 41 %, while long-range transport from Africa, Australia,
and South America contribute 19 %, 18 %, and 6 %, respectively.

We find that Borneo for the June/July period is a net exporter of carbonaceous
aerosol (Tables 3, 4), with only approximately 10 % of this aerosol and trace gas pre-
cursors from incoming air masses. The predominant winds for this period originate15

largely from the tropical Pacific so that downwind regions include continental South-
east Asian countries and the southeastern coast of China. We find that only 13 %
of secondary organic gas, produced via volatile organic compound oxidation, is able
to partition and remain in the aerosol phase to form SOA (Table 4). Over the study
region, our calculations show that SOA contributes approximately 23.5 % to total OA.20

Our model SOA contribution is significantly lower than those reported for other remote
locations (Jimenez et al., 2009) and this model issues will be explored in sensitivity
calculations. There is an approximate balance between sources and sinks of BC and
of OA.
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Table 5 shows that sulphate over Borneo is mainly from aqueous-phase oxidation
(68 %), with smaller contributions from gas-phase oxidation (15 %) and advection into
the region (14 %). Regional SO4 is almost entirely deposited within the region (76 %);
this agrees with the OP3 aircraft observations during June/July 2008 (Robinson et al.,
2011a), which observe depleted sulphate aerosol loading as the airmass travels across5

the region. The resulting atmospheric lifetime, determined mainly by loss due to wet
deposition, is 0.5 days. The contribution from dimethysulfide (DMS) is small despite
the proximity of potential ocean sources, in agreement with measurements (J. Hopkins,
personal communication, University of York, UK, 2010).

Table 6 shows that sea salt aerosol over Borneo originates in equal measure from10

local emissions within the study region and from airmasses advected into the regions.
The budget also indicates that sea salt mostly wet deposits within the local region. The
model atmospheric lifetime for sea salt in accumulation and coarse modes is approxi-
mately 0.6 days. With no local dust emission sources, long-range transport is the only
source of dust that represents a few percent to the AOD (not shown).15

4.2 Comparison of model and aircraft and satellite observations

4.2.1 Concentration profiles

We use aircraft measurements of key trace gases and aerosols from the ACES/OP3
experiment (Sect. 2) to test model vertical gradients of key trace gases and aerosols.
We sample the model along the flight tracks and average the model and measurements20

in a consistent manner. We anticipate that these data are representative of regional
emissions that can be captured by the global 3-D model.

Figure 2 shows that the model vertical distributions of organics, SO4, isoprene, and
the sum of methyl vinyl ketone (MVK) and methacrolein (MACR) reproduce the ob-
served sharp vertical gradient around 900 hPa. We generally find that model concen-25

trations above the boundary layer reduce with altitude faster than the observations,
suggesting a lack of efficient vertical transport from the boundary layer, as observed
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from aircraft (Robinson et al., 2011a), and/or reflect the comparison between point
measurements and an average over the 0.5◦×0.67◦ model grid cell.

Model CO concentrations agree with observations with a positive bias of typically
20–30 % in the boundary layer and of 5–10 % in the free troposphere; the model also
captures the maxima between 700 and 800 hPa, which represents regional and long-5

range transport of biomass burning pollution. We find that CO in the boundary layer
and free troposphere are largely from local biomass burning and long-range trans-
port, respectively. Good agreement in the free troposphere provides some confidence
in the GEOS-5 meteorological analyses. The large positive model bias of CO in the
boundary layer suggest a gross overestimation of local combustion sources; this bias10

is also shown in the model organics. In contrast, model SO4 has a negative bias in the
boundary layer and a large negative bias in the free troposphere, consequently miss-
ing the observed peak between 700–800 hPa which may be due to pollutant transport
from upwind anthropogenic and/or marine sources; previous studies have highlighted
the high-sulphur content of biomass burning fuel over the study region (Duncan et al.15

(2003) and references therein). We find a similar negative model bias (−35 %) in re-
producing surface measurements of total sulphur from the EANET surface network
(not shown) but find that the model reproduces more than 50 % of the observed vari-
ability (r = 0.74, n= 152). There is evidence for the SO4 peak between 700–800 hPa,
during flights over East Sabah, originating from the marine boundary layer (Robinson20

et al., 2011a); we examine the importance of DMS in the sensitivity calculations be-
low. Model isoprene and its oxidation products MVK+MACR show a positive bias
below 900 hPa ('2 ppbv) and a faster-than-observed fall-off with altitude, which may
suggest model error in boundary layer mixing or radical chemistry. Overprediction of
near-surface isoprene concentrations agrees with previous work (Langford et al., 2010)25

that showed the MEGAN model overpredicted isoprene emission rates at the OP3 sur-
face sites by a factor of 4. The model vertical profile of organics, the sum of POA and
SOA, reflects the model performance of gas-phase tracers of combustion and biogenic
activity. The measurements show most variation in the free troposphere peaking at
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700–800 hPa; Robinson et al. (2011a) describes this air layer during flights over East
Sabah to be composed of lofted marine-origin air with organic aerosol that gradually
takes up BSOA en route across the Northern tip of Borneo. Tracers of biomass burning
were not significantly elevated during the ACES/OP3 flights, however the 700–800 hPa
free tropospheric layer could be influenced by long-range transport of combustion pol-5

lution at other times. Below in the sensitivity calculations, we investigate further the
role of regional and long-range transport of biomass burning emissions over Borneo.

4.2.2 Aerosol optical depth and aerosol extinction profiles

Space-borne observations of aerosol optical properties provide an opportunity to relate
the aircraft campaign to broader temporal and spatial scales. We focus our analysis on10

NASA MODIS data (Sect. 2); other analyses using data from the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO), not shown, showed similar
results but the observed aerosol extinction coefficient has not been validated at the
time of writing.

Figure 3 compares MODIS and model AOD at 550 nm over Southeast Asia for July15

2008. We sample the model at the location of each Level 2 mean scene and regrid
the data onto the 0.5◦×0.67◦ nested grid. The model generally has a negative bias of
51 % over ocean, reflecting the percentage difference of smaller values in the model.
The model has a negative bias of 56 % over Borneo, consistent with the aircraft data.
Figure 3 also shows the percentage contributions of the AOD from SO4, BC, OC, salt20

(accumulation and coarse modes), and dust. Over Borneo the largest contribution
is from OC originating from biomass burning on the Northwest of the Island. These
emissions are determined in part by active firecount measurements from the MODIS
instrument (Fig. 4) which show extensive burning over Borneo including over the north-
ern tip close to the measurement campaign, and on the upwind islands of Sumatra25

and Java. As we show below these emissions influence the free troposphere above
the Danum Valley measurement site. The second largest contribution to AOD over
Borneo is from SO4 mainly from oxidation of local anthropogenic SO2 emissions and
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to a smaller extent from upwind sulphur-rich Guinea emissions. Our model only shows
a few percent of the AOD is from sea salt and BC.

To investigate the transport pathways of the aerosols that contribute to the AOD, we
report the aerosol extinction profiles that correspond to the model AODs. Figure 5
shows the total model vertical aerosol extinction associated with the total column opti-5

cal depth and its contributions from SO4, BC, OC, sea salt (accumulation and coarse
modes), and dust. The largest values of aerosol extinction are in the boundary layer
close to their sources emissions, as expected. We find that boundary layer values are
determined largely by OC from primary and secondary sources. Perhaps, more in-
teresting is the large percentage contributions of OC in the free troposphere which we10

have related to long-range transport of incomplete combustion supported by coincident
elevated CO concentrations. These long-range transport events occur with a frequency
on the order of two weeks. Unfortunately, the aircraft flights, denoted by black squares
on the top of Fig. 5, did not coincide with these transport events. There are also a large
percentage contribution from SO4 in the free troposphere but only on days when AOD15

is relatively low. Sea salt is a small, diffuse source of aerosol extinction, while dust
contributes only small absolute values.

Figure 6 shows timeseries of MODIS and model AOD for different geographical re-
gions during 2008. We also show the speciated contributions to each timeseries. First,
we regrid the daily mean 1◦×1◦ Level 3 MODIS data onto the model horizontal resolu-20

tion of 2◦×2.5◦ for comparison, accounting for the number of observations included in
each daily average, as described above, and average the comparison over 10-day pe-
riods over the region. MODIS AOD over Borneo is typically <0.4, peaking at 0.4 during
February due to a transport pattern from the China region that affects the Southeast
Asian region. Model AOD has a 76 % negative bias over the year and reproduces only25

14 % of the AOD variability observed by MODIS (r = 0.38). The model attributes most
of the AOD to sulphur, OC, and sea salt. There is also a small source from BC, and
during July–September we see a small source from dust aerosol. Although MODIS
AOD is expected to be biased high for cloudy scenes and the retrieval is challenging
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for low AOD values (τ < 0.15) due to surface reflectance issues (Levy et al., 2010),
these uncertainties do not explain all the model bias. Agreement between the model
and MODIS AOD over larger continental regions with Southeast Asia vary from large
discrepancies for continental Southeast Asia (r =0.45, bias=−53 %), to small percent-
age bias but low correlations for China Industrial (r = 0.32, bias= 12 %), to East China5

where the bias is low and the correlation is high (r = 0.82, bias= 15 %). Agreement
between model and observed AOD over the remote oceans (e.g. temperate Southern
Ocean, −180–180◦ E, 20–50◦ S, is very good (r = 0.75, bias= 0.63 %) where AOD is
determined mainly by changes in sea salt aerosol, but over oceans that include con-
siderable continental outflow, e.g. the tropical Indian ocean where during some time of10

the year continental outflow can represent more than 50 % of the AOD, the bias is high
but the model describes the larger scale seasonal cycle (r =0.76, bias=−49 %).

4.3 Sensitivity calculations

It is clear from our model comparison with aircraft and satellite measurements that
the model suffers from errors in surface emissions, and/or atmospheric chemistry and15

transport. We explore the robustness of our results to realistic changes in the under-
lying assumptions we make in our control calculation. Table 7 reports the results from
six sensitivity calculations.

4.3.1 Sensitivity to emissions

We showed above that the model underestimates the source of OC and BC for which20

the main common source would be biomass burning. The uncertainty associated with
biomass burning is large enough to permit a factor of two increase (e.g. Kopacz et al.,
2010), which we use to test this source of error. Here we apply their upper limit in the
BB calculation. Table 7 shows that this leads to very small improvements in reducing
the bias or increasing the correlation.25
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To investigate an error in sulphate aerosol, we independently adjust emissions from
anthropogenic and natural sources. First we increased anthropogenic emissions of
SO2 and SO4 by 40 % in the SULF calculation. The magnitude of this increase is
based on a) the 36 % negative model bias we found against the EANET surface obser-
vations, and b) failure of GEOS-Chem to reproduce increased AOD over major cities5

over Southeast Asia, such as Bangkok, for which fossil fuel combustion is the dominant
sulphur source. Table 7 shows the 40 % increase in sulphur emissions results in small
AOD changes that typically decrease the bias against MODIS.

MODIS AOD has a strong seasonal cycle over the remote Southern Ocean (40◦ S–
60◦ S), peaking in Austral Summer (December to February), reflecting changes in phy-10

toplankton photosynthetic activity and resulting emissions of DMS, which the model
does not reproduce (not shown). Model AOD is generally high throughout the year with
a value similar to the observed seasonal peak, while the SO4 contribution is relatively
aseasonal, suggesting an error in the DMS emission and/or the sea salt emission pa-
rameterization which is known to be poor at high winds. We scale the model DMS15

emissions by using the monthly ratio between MODIS fine-mode AOD and model AOD
contribution from sulphur over the Southern ocean remote from other aerosol sources.
By increasing DMS concentration in the Southern Hemisphere at the cost of over pre-
dicting AOD over the Southern Ocean, we find improvement in AOD over the tropical
ocean regions more significantly than the improvement in other scenarios for the same20

regions. We find that the increase in DMS worsens the AOD bias between MODIS and
GEOS-Chem over the Southern Ocean (46 % to 83 %) but improves the description of
the seasonal cycle. This result emphasizes the importance of including the seasonal
cycle of DMS and improving the air-sea exchange parameterization.

4.3.2 Sensitivity to gas-phase partitioning to secondary organic aerosol25

The SOA model we use is based on calculations of the first-generation reactions in
smog chamber experiments (Griffin et al., 1999), and therefore will underpredict the
ultimate SOA production from the VOC precursors. By increasing the gas-particle
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partitioning coefficients of all SOA by a factor of 100, we account for subsequent gen-
erations of oxidations that further lower their volatility. A similar factor was necessary
to match model and observed organic aerosol over the Amazon basin (Hodzic et al.,
2009).

Table 7 shows that for this calculation we see the largest increases over tropical5

ecosystems, as expected, where the emissions of BVOCs and resulting production
of SOA is largest. Increasing the partitioning uniformly increases the SOA formation
and so does improve the model temporal variations. Model AOD over tropical South
America (not shown) increased by 151 % resulting in reduced bias against MODIS
from −64 % to −9 %, and model AOD over Borneo increase by 91 % resulting in a10

reduction in bias from −76 % to −54 %. The larger change over the Amazon due to
the enhanced partitioning reflects the larger contributions to AOD from BVOCs. The
improvement over the tropical continents also results in better agreement in downwind
regions such as the tropical Pacific Ocean. For some regions, the comparison against
MODIS AOD gets worse, highlighting that a single change in partitioning is not ideal15

for all environments.

4.3.3 Global impact of Southeast Asian BVOC emissions

To quantify the effect of BVOCs from Southeast Asia to the rest of the world, we in-
crease the isoprene emission from Southeast Asia region (90–130◦ E, −10–20◦ N) by
20 % in the SEA simulation. The global effect of this regional increase in isoprene is20

very small overall. The largest reduction of AOD bias occurs over Borneo from −77 %
to −76 % while for other regions bias reduction is insignificant. Comparing predicted
AOD in the SEA simulation to the BASE simulation, Borneo increases by 0.9 % while
immediate neighboring regions increase by typically 0.3 %. The changes extend fur-
thest to tropical Atlantic Ocean, East and West USA, South Africa and temperate South25

America, with the slight change of 0.1 %. The minimal change in AOD in regions out-
side Southeast Asia reflects the small yield of SOA production, i.e. mass of SOA gen-
erated per mass of SOG. As significant isoprene SOA concentrations were detected
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at the ground site during ACES/OP3 (Robinson et al., 2011b) our result confirms that
chamber yields do not represent atmospheric formation.

5 Conclusions

We used the nested-grid version of the GEOS-Chem global 3-D chemistry transport
model to interpret aircraft, ground-based and space-borne measurements taken during5

the ACES/OP3 measurement campaign over Malaysian Borneo during June–July 2008
to better understand the aerosol composition distribution and variation over Southeast
Asia region. We used the model to relate the aircraft campaign measurement to larger
spatial and temporal scales so we could examine the regional impact of biogenic sec-
ondary organic aerosol.10

Budget calculations for the model total column aerosol budget over Borneo and
the surrounding Indonesian islands during July 2008 show the dominance of sea salt
(50 %), reflecting the island geography. If we exclude coarse sea salt and desert dust,
the next largest contribution to the column aerosol budget is primary organic aerosol
(43 %) with sulphate and secondary organic aerosol contribution 23 % and 10 %, re-15

spectively. We find that this region is a net-exporter of carbonaceous aerosol, of which
only 10 % derives from incoming air masses. The net contribution of primary OA, SOA,
and BC from Borneo to downwind regions are 42 kT, 15 kT, and 11 kT, respectively.
The SOA contribution represents only 23.5 % to the total organic aerosol despite the
abundance of the BVOC precursors from the forest environment, mainly because only20

a small fraction (13 %) of the produced secondary organic gas remains in the aerosol
phase. Sulphate over the region, mainly produced in-cloud from local SO2 emissions,
is largely removed by precipitation within the region.

The model and measured vertical profiles of aerosol and gas concentration have
the highest concentration near the surface, as expected. Measured profiles display a25

peak in the free troposphere between 700–800 hPa indicative of long-range transport
of pollution while local emissions dominate the profile below 900 hPa, although other
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studies have suggested a role for local convection (Robinson et al., 2011c). The model
reproduces the CO concentrations profile in the FT but tends to have a positive bias
in the lower troposphere, suggesting an overestimation of local burning emissions.
In contrast, model sulphate concentrations have a negative bias in the FT suggest-
ing an underestimation of long-range transport that is likely due to underestimation of5

sulphur emissions in the region, consistent with the evaluation against total sulphur
measurements from EANET surface network. The positive model bias of BVOC emis-
sions together with model errors due to nocturnal boundary layer mixing and/or radical
chemistry contribute to the positive bias of near-surface OA concentration.

Model time series of vertical profiles of aerosol extinction over Borneo during June–10

July 2008 show the total AOD is determined by OA in the lowermost troposphere. This
also shows that the FT is dominated by episodic long-range transport of burning emis-
sions with coincidental elevated concentrations of CO and organic aerosol. This reaf-
firms the importance of transported pollution overlaying the relatively pristine surface
environment found over forested regions.15

Over Borneo and surrounding Indonesian islands, a comparison of model and
MODIS space-borne total column AOD measurements reveals that the model under-
predicts by 76 % and captures only 14 % of the variability over the year 2008. The
model attributes most of the AOD over this region to sulphate, OC and sea salt. Model
AOD compares better over larger regions that are better characterized by a single20

source, e.g. temperate southern ocean (mainly sea salt) and East China (mainly an-
thropogenic sulphur). The reasons for a gross underprediction of AOD over Borneo is
explored in sensitivity simulations. AOD values over Borneo are most sensitive to an
increase in the organic gas-particle partitioning (22 % improvement against MODIS)
while changes in emissions of biomass burning, anthropogenic sulphur, and DMS re-25

sult in less substantial improvement (typically 1–5 % improvement against MODIS). A
change in Southeast Asian isoprene emission produces almost no change in AOD over
Borneo and other parts of the world as the model is limited by low SOA partitioning,
despite evidence of significant isoprene SOA concentrations detected at the ground
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site during ACES/OP3. This stresses the importance of biogenic SOA on regional at-
mospheric components and the need to improve its formation mechanism in the model
together with the knowledge of precursor VOCs emissions and associated chemistry.
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Table 1. Summary of ACE/OP3 measurements we use from the BAe 146 research aircraft.

Species Technique Temporal Limit of Detection Measurement Reference
Resolution Uncertainty

Speciated aldehydes, ketones GC/GC detection, PTR-MS 15s 50–120 pptv 13–16 % (1σ) Murphy et al. (2010)
and alcohols, NMHCs, including
isoprene and oxygenates

CO Chemiluminesence 10s < 2 ppbv Gerbig et al. (1999)

Aerosol size segregated Aerodyne Aerosol Mass 10s (profile) 30s average: 15 % Morgan et al. (2010)
chemical composition spectrometer (40 nm<Dvad 30s (SLR2) SO2−

4 : 3 ng m−3

<0.8 µm)1, non-refractory Organics: 50 ng m−3

1 Dvad is the vacuum aerodynamic diameter.
2 SLR denotes straight level runs.
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Table 2. Global monthly emissions of aerosols and gaseous precursors from GEOS-Chem
simulation of 2008.

Month SO2 SO4 DMS BC1 OC BVOCs Dust Sea salt
Tg S month−1 Tg S month−1 Tg S month−1 Tg month−1 Tg C month−1 Tg C month−1 Tg month−1 Tg month−1

FF2 BB BF FF+BF FF BB BF FF BB BF Isoprene Monoterpene MBO

1 5.4 0.15 0.01 0.10 2.1 0.28 0.38 0.13 0.28 2.9 0.60 31 6 0.02 187 567
2 5.1 0.07 0.01 0.10 2.2 0.29 0.18 0.14 0.29 1.4 0.61 29 6 0.03 216 567
3 5.1 0.13 0.01 0.10 1.9 0.28 0.30 0.13 0.28 2.3 0.59 33 6 0.04 178 565
4 5.4 0.07 0.01 0.10 1.5 0.28 0.15 0.13 0.27 1.4 0.59 30 7 0.05 280 534
5 5.2 0.05 0.01 0.10 1.3 0.27 0.10 0.13 0.26 0.9 0.58 30 8 0.10 231 528
6 5.4 0.05 0.01 0.10 1.4 0.27 0.12 0.13 0.26 1.0 0.58 33 9 0.18 232 583
7 5.4 0.09 0.01 0.10 1.3 0.27 0.21 0.13 0.25 1.7 0.57 38 10 0.26 227 577
8 5.4 0.17 0.01 0.10 1.4 0.27 0.39 0.13 0.25 3.1 0.57 39 10 0.25 161 570
9 5.2 0.23 0.01 0.10 1.1 0.27 0.54 0.13 0.26 4.2 0.58 39 8 0.11 114 574
10 5.4 0.07 0.01 0.10 1.2 0.27 0.16 0.13 0.27 1.3 0.58 37 7 0.05 152 601
11 5.2 0.05 0.01 0.10 1.9 0.28 0.12 0.13 0.27 0.9 0.59 32 6 0.03 95 526
12 5.4 0.07 0.01 0.10 2.2 0.28 0.20 0.13 0.28 1.4 0.59 31 6 0.02 143 529

1 DMS, BC, OC, and BVOCs refer to dimethylsulphide, black carbon, organic carbon, and biogenic volatile organic

compounds, respectively.
2 FF, BB, BF, and MBO refer to fossil fuel, biomass burning, biofuel, and methylbutenol, respectively.
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Table 3. GEOS-Chem model budget of primary organic aerosol and black carbon over Borneo,
25 June–25 July, 2008.

Primary Organic Aerosol Black Carbon

Emissions (kT month−1):
Anthropogenic 62 22
Biomass burning 110 7
Biofuel 124 16
Transport into region (kT month−1) 36 4
Total source 332 49

Dry deposition (kT month−1) 1 0.1
Wet deposition (kT month−1) 229 30
Transport out of region (kT month−1) 78 15
Total sink 308 45

Burden (kT) 6 1
Lifetime (days) 0.6 0.7
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Table 4. GEOS-Chem model budget of secondary organic gas and secondary organic aerosol
over Borneo, 25 June–25 July 2008.

Secondary organic gas Secondary organic
(Aerosol conversion) aerosol

In situ chemical production (kT month−1):
α-pinenes + limonene + other terpenes 190 (24) 24
Alcohols 40 (8) 8
Sequiterpenes 75 (15) 15
Isoprene 400 (43) 43
Transport into region (kT month−1) 84 12
Total source 790 102

Dry deposition (kT month−1) 7 0.2
Wet deposition (kT month−1) 380 71
Transport out of region (kT month−1) 134 27
Total sink 611 98

Burden (kTon) 10 1
Lifetime (days) 0.5 0.4
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Table 5. GEOS-Chem model sulphur budget over Borneo, 25 June–25 July 2008.

SO2 SO4

Sources (kT S month−1) Sources (kT S month−1)
Emissions: Gas phase 8.4
Anthropogenic 100 Aqueous oxidation 38
Biomass burning 2.9 Oxidation on seasalt 0.04
Biofuel 0.8 Transport into region 8.0
DMS oxidation: Total source 56
DMS+OH 1.4
DMS+NO3 1.4 Sinks (kT S month−1)
Transport into region 3.0 Dry deposition 0.1
Total source 110 Wet deposition 41

Transport out of region 13
Sinks (kT S month−1) Total sink 54
Chemical Loss:
SO2+OH 8.4 Burden (kT S) 0.9
SO2+H2O2 38 Lifetime (days) 0.5
SO2+O3 0.2
SO2+O3 (on salt) 0.0
Dry deposition 1.2
Wet deposition 32
Transport out of region 5.2
Total sink 85

Burden (kT S) 0.7
Lifetime (days) 0.2

DMS MSA

Emissions (kT S month−1): 2.5 Sources (kT S month−1)
Transport into region (kT S month−1) 1.0 DMS oxidation 0.2
Total source 3.5 Transport into region 0.8

Total source 0.9

Chemical Loss: Sinks (kT S month−1)
DMS+OH 1.6 Dry deposition 0.0
DMS+NO3 1.4 Wet deposition 0.3
Transport out of region (kT S month−1) 0.5 Transport out of region 0.6
Total sink 3.6 Total sink 0.9

Burden (kT S) 0.02 Burden (kT S) 0.02
Lifetime (days) 0.1 Lifetime (days) 0.6
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Table 6. GEOS-Chem model sea salt budget over Borneo, 25 June–25 July, 2008.

Size Range 0.1–0.5 µm 0.5–4.0 µm Total: 0.1–4.0 µm

Sources (kT month−1)
Emissions 15 419 434
Transport into region 16 371 387
Total source 31 790 821

Sinks (kT month−1)
Dry deposition 0.01 2.3 2.3
Wet deposition 22 496 518
Transport out of region 7.2 172 179
Total sink 29 671 700

Burden (kT) 0.6 13 14
Lifetime (days) 0.6 0.6 0.6
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Table 7. Mean model percentage error (correlation r) compared to MODIS AOD measure-
ments.

Domain BASE1 PAR2 BB3 SULF4 DMS5 SEA6

Borneo −76 (0.38) −54 (0.41) −72 (0.40) −75 (0.40) −71 (0.44) −76 (0.38)
Continental SE Asia −54 (0.45) −37 (0.48) −46 (0.55) −48 (0.43) −53 (0.45) −54 (0.46)
China Industrial 12 (0.32) 18 (0.37) 15 (0.37) 19 (0.35) 12 (0.32) 12 (0.32)
East China 15 (0.82) 19 (0.83) 19 (0.84) 21 (0.82) 15 (0.82) −15 (0.82)

1 Control run as described in the main text.
2 Control run ×100 increase in gas-aerosol partitioning coefficient.
3 Control run + 100 % increase in biomass burning emissions.
4 Control run + 40 % increase in anthropogenic SO2 and SO4 emissions.
5 Control run increase of oceanic DMS emissions by monthly scaling factors (see main text).
6 Control run 20 % increase in Southeast Asian isoprene emissions.
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Fig. 1. Geographical source regions used throughout this study to interpret results from the
GEOS-Chem global 3-D chemistry transport model with a nested region described by 70–
150◦ E and −11–55◦ N that uses a horizontal resolution of 0.5◦ latitude by 0.67◦ longitude.
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Fig. 2. Median statistics for BAe-146 UK research aircraft (red circle) and GEOS-Chem model
(black triangle) concentration profiles for (a) CO [ppb], (b) organic aerosol [µg m−3], (c) SO4

[µg m−3], (d) Isoprene [ppb], and (e) the sum of methyl vinyl ketone (MVK) and methacrolein
(MACR) during July 2008 as part of the ACES/OP3 measurement campaign. The nested grid
model is sampled at the same time and location of each aircraft measurement along the flight
track. The black horizontal lines and the pink shaded envelope denote the 25th and 75th
percentiles, respectively. The number of data points used at each altitude is shown in the
R.H.S. axis of each panel.
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Fig. 3. Top row: NASA MODIS and GEOS-Chem model aerosol optical depths [unitless] and
their differences for July 2008. The model has been sampled at the same time and location as
the observations. Middle and bottom row: the percentage contributions to the model AOD from
SO4, black carbon (BC), organic aerosol (OC), sea salt (accumulation and coarse modes), and
desert dust.
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Fig. 4. NASA MODIS fire count distributions from 19 June–18th July 2008 in 10-day intervals
(http://rapidfire.sci.gsfc.nasa.gov/).
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Fig. 5. Model vertical profiles of CO [ppb], aerosol extinction and its percentage source contri-
butions from sulphate, black carbon (BC), organic carbon (OC), sea salt in accumulation (SSa)
and coarse (SSc) modes, and desert dust for June–July 2008 (described as the days from 1
June 2008). The black squares at the top of each panel denote the days on which there were
ACES/OP3 aircraft flights.
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Fig. 6. MODIS and GEOS-Chem model AOD [unitless] from December 2007–December 2008,
and the model source contributions to the AOD, for Borneo, Continental Southeast Asia, Indus-
trial China, East China, Tropical Indian Ocean, and the Temperate southern ocean; the colour
key for the source contribution is given at the bottom of the Figure.
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