UNIVERSITY OF LEEDS

This is a repository copy of Contribution of vegetation and peat fires to particulate air
pollution in Southeast Asia.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/82716/

Version: Supplemental Material

Article:

Reddington, CL orcid.org/0000-0002-5990-4966, Yoshioka, M
orcid.org/0000-0003-2223-1734, Balasubramanian, R et al. (4 more authors) (2014)
Contribution of vegetation and peat fires to particulate air pollution in Southeast Asia.
Environmental Research Letters, 9 (9). 094006. 094006 - 094006. ISSN 1748-9326

https://doi.org/10.1088/1748-9326/9/9/094006

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Contribution of vegetation and peat firesto particulate air pollutionin
Southeast Asia

C L Reddingtoh, M Yoshiokd, R BalasubramanidnD Ridley’, Y Y Toh*, S R Arnold and D V
Spracklen

Ynstitute for Climate and Atmospheric Science, School of Earth and Enranbiniversity of Leeds, UK
Department of Civil and Environmental Engineering, National Universi§ingapore, Singapore
3Department of Civil and Environmental Engineering, Massachusetts tesiftliechnology, USA
*Environmental Studies Division, Malaysian Meteorological Department, Malaysia

Supplementary Material

METHODS
1. Global aerosol mode

1.1 Model description

The global distribution of aerosol was simulated using the 3-D Global Mod&trafsol Processes
(GLOMAP; Spracklen et al., 2005; Mann et al., 2010), which is an extension to the TODMCA
chemical transport model (Chipperfield, 2006). TOMCAT is driven by analysed roktgprfrom

the European Centre for Medium Range Weather Forecasts (ECMWF), updated every &ndour
linearly interpolated onto the model time-step. Model output hasizohti resolution of 2.8°x2.8°

and 31 vertical model levels between the surface and 10 hPa. The verticglaesolthe boundary
layer ranges from ~60 m near the surface to ~400 m at ~2 km above the surface.

GLOMAP simulates the mass and number of size resolved aerosol particles in the atmosphere,
including the influence of aerosol microphysical processes on the particldisidBution. These
processes include nucleation, coagulation, condensation, cloud processing, dry depmsition,
nucleation/impact scavenging. The aerosol particle size distribution is represdantedaven log-

normal modes (Mann et al., 2010). GLOMAP treats black carbon (BC), particutgriomatter
(POM), sulfate (S¢), sea spray and mineral dust. Here we specify concentrations of oxidants using
monthly-mean 3-D fields at 6-hourly intervals from a TOMCAT simulation with detailed trbpdsp
chemistry (Arnold et al., 2005) linearly interpolated onto the model time-step.

For anthropogenic emissions of sulfur dioxide {£8C and POM we use the MACCity emissions
inventory (Lamarque et al., 2010), which provides annually-varying monthly-mean @amiési the

period 19792010. For simulations in the year 2011 we used MACCity anthropogenic emissions from
2010. Biomass burning emissions of .SBC and POM are based on the Global Fire Emissions
Database (GFED; van der Werf et al. 2004; 2006; 2010) and are described in S8ctidme S
injection heights of the fire emissions were distributed over six eewsy$tpendent altitude
between the surface and 6 km recommended by Dentener et al. (2006). In the regionrsthdied i
paper, fire emissions are injected between the surface and an altitude of 1000 m asl. Over Sumatra and
eastern Kalimantan ~90-95% of fire emissions are injected between the surface ana0®ith

the remaining ~5-10% injected between 500 and 1000 m asl. Over westenarkah and Malaysian
Borneo, ~65-70% of fire emissions are injected between the surface and 500 rithasB0AB5%

emitted above 500 m asl. Our assumed injection heights are consistenttelitte satrieved fire
plumes from Borneo and Sumatra, with the majority of plumes at a height of between ~300 and ~1100
m (Tosca et al., 2011).



1.2 Calculation of aerosol optical depth

We calculate aerosol optical depth (AOD) at 440 nm from the global modeit aigipg Mie theory
assuming spherical particles (Grainger et al., 2004) and aerosol refractive foll@eimng Bellouin

et al. (2011), treating aerosol as externally mixed within each log-nonoag. Water uptake plays a
significant role in determining AOD, altering the refractive index and the distribution of the
aerosol mixture. The water uptake for each soluble aerosol component is calculatediorthe
model according to ZSR theory (Stokes and Robinson, 1966; see Mann et al., 2010) andtitige resu
daily-mean wet radii and refractive indices used to calculate the daily-mean aeriostioext

2. Atmospheric back trajectories

We used the ROTRAJ (Reading Offline Trajectory model) Lagrangian transport model (Metlaen e
2003) to calculate five-day atmospheric back-trajectories arriving at Sirgdp&7N, 103.75E)

ewvery six hours (0, 6, 12, 18 hours UTC) for the period January 2004 to December 20€Gtofies

were initialised on a hybrid sigma-pressure coordinate of 0.99, just above the surface. Tdatessnul
utilise velocity fields taken from ECMWF operational analyses. The fieltsedtagrangian particle
positions are obtained from the 1.0125° horizontal resolution analyses by cubic Lagrange interpolation
in the vertical followed by bilinear interpolation in the horizontal dioectThese trajectories account

for large-scale advection by the resolved winds but do not account for subegmréctive and
turbulent transport.

We calculated the cumulative exposure of air masses to fire emissions ovivetrsays of
atmospheric transport to Singapore. We assumed that air masses are exposethissforsewhen
they are within the well-mixed boundary layer, here specified as when atmosphssiarprof the air
mass is within 150 hPa of the surface pressure. We linearly interpolatextdtieri of the air mass
every 15 minutes (from the 6 hourly positions). At each location we hiedar interpolation onto
the nearby grid points from the emission dataset to calculate fire emis$éd the air mass. The
methodology is described in detail in Arnold et al. (2010).

3. Fireemissions

Fire emissions were taken from the GFED version 3 emission inventory &~aD der Werf et al.,
2010). GFED3 provides yearly-varying, monthly-mean fire emissions of aerosobamphase
species from 1997 to 2011 at 0.5°x0.5° resolution (van der Werf et al., 2010). Theegiasibns

are derived using estimates of burnt area, active fire detections, and plant productivity from the
Moderate resolution Imaging Spectroradiometer (MODIS) satellite (post year e®®bined with
estimates of fuel loads and combustion completeness for each monthly time stefpefiCanrtegie-
Ames-Stanford-Approach (CASA) biogeochemical model. The monthly-mean GFED3 emissions of
BC, POM andSGO, were implemented in the GLOMAP model for the period 2Q001. The
ROTRAJ model simulations used GFED3 emissions of carbon monoxide (CO) for itk 204

2007.

For comparison, we also applied fire emissions from the National Centre for AtmosRbedarch
Fire Inventory EINNv1; Wiedinmyer et al., 2011) into the GLOMAP model. FIiXINorovides yearly
varying, daily emissions from 2002 to 2012 on a ¥ kgnid. FINNv1 fire emissions are calculated
from MODIS active fire detections, which are used to estimate bugat(assuming an area of 0.X5-
km? for each fire count). Burnt area is converted to emissions using fueb$tiathtes and emission



factors from the literature. The active fire product used by WINN more sensitive to small fires
than the burnt area product used by GFED3, which means that in regions dominated byesread. f
agricultural areas, FINNL emissions are likely to be higher than GFED3.

Previous work has compared GFED3 against FINNv1 emissio@Oajver Southeast Asia. Whilst
FINNv1 fire emissions are larger than GFED3 over much of Southeast AsidyEldmissions are
several times smaller for tropical peat fires (Andela et al., 2013). Thesespation of peat fire
emissions in GFED3 may be superior relative to FINNv1 because the peatlands inaSamdatr
Borneo were included separately into the GFED3 biome map (van der Werf et al. u2ibt0)he
Terrestrial Ecoregions of the World map (Olson et al., 2001).

4. Observations

To evaluag the distribution of particulate matter with diameters less 2apm (PM,5) simulated by
GLOMAP, we usedin-situ measurements of daily-med&M,s conducted at the Atmospheric
Research Station, National University of Singapore (103.780°E, 1.298°N), using aar aemuider

system (URG, Inc., USA(Balasubramanian et al., 2003). We also used measurements of particulate
matter with diameters less thaf um (PM,o) conducted at the Global Atmosphere Watch (GAW)
stations in Petaling Jaya (located in Selangor, Peninsular Malaysia), Datlesn(\&ated in Sabah,
Malaysian Borneo) and Bukit Kototabang (located in West Sumatra, SyimEbte geographical
locations of these measurement sites are shown in Figure 1 and summarised in Table Sk, The PM
measurements were made using three different instrunadmth-volume aerosol sampler at Petaling
Jaya; a Tapered Element Oscillating Microbalance (TEOM) system (RupjmtiRatashnick Co.

Inc.) at Danum Valley; and a Beta-ray Attenuation Mass Mol -1020 (MetOne Inc., USA) at

Bukit Kototabang. Daily-mean Pyl concentrations were provided from Petaling Jaya and Danum
Valley and hourly-mean P} concentrations were provided from Bukit Kototabang. The length of
observation period varies by site and is summarised in Table S1. At sites where the observation period
extends beyond the period focused on in our study (2004-2009) (Bukit Kototabang and Petaling Jaya),
we restricted the model-observation comparisons to within the studied tamee.frPrior to
comparison with observations, the simulated daily-meapsPIMPM,;,concentration was interpolated

to the location (latitude, longitude and altitude above sea level) of each measurement station.

We also evaluate the model against aerosol optical depth (AOD) recorded by 13 statiba
Aerosol Robotic Network (AERONET), located across Southeast Asia. We used datsteftioms
that have Level 2 daily-mean AOD data available for at least one year Withitimie period of
available GFED3 fire emissions data (192011). The locations of these AERONET stations are
shown in Figure 1 and Table S1. As for comparisons with PM, the simulated dailyA@&amas
interpolated to the location (latitude, longitude and altitude above sea levelfltofAEBRONET
station. The length of observation period again varies by site and is also surmiimafiable S1. The
AERONET Level 2 product includes automatic cloud screening, which leads togrileta gaps in
the daily-mean AOD data. Days corresponding to these gaps were removed from the rdatdglled
mean AOD before calculating the monthly-mean values used in the analysis. Becauselafivieéy/r
frequent gaps in the AOD dataset, we did not restrict the model-observatipargmns of AOD to
within the period analysed in our study (2004-2009), so to utilise as much AOD data as possible.

We note that whilst the majority of cloud-contaminated AOD data is removétk i\ERONET
Level 2 data; comparisons with co-located Micro-Pulse Lidar Network (MPLNibEgrvations
indicate that some contamination from thin cirrus clouds may remain in data recor8edtheast
Asia (Huang et al., 2011; Chew et al., 2011). These contaminations can lead to a lpasitineghe



observed monthly-mean AOD of ~5% at the Pimai station in Thailand (Huang @0&l) and
~0.03-0.06 in Singapore (Chew et al., 201The biases at other stations in Southeast Asia have not
yet been guantified.

Station Country Observation Geographical Location Pl or reference
period position classification
Singapore (PMb) Singapore 01/01/00- 103.78E, Urban, city Balasubramanian et al.
31/12/00 1.297PN centre (2003)
Petaling Jaya (P) Malaysia  01/01/06- 101.65E, Urban, city Maznorizan Mohamad
31/12/09 3.1°N centre Toh Ying Ying andSiti
Hawa Shuhami
Bukit Kototabang Indonesia  01/01/04- 100.32E, Rural/tropical llahi and Nurhayati
(PMyo) 31/12/09 0.2019S forest (2012)
Danum Valley Malaysia  01/01/11- 117.84E, Pristine Maznorizan Mohamad
(PMyg) 31/12/11 4.9814N tropical Toh Ying Ying Thomas
rainforest Tuch and Alfred
Wiedensohler
Singapore Singapore 14/11/06- 103.78E, Urban, city So00-Chin Liew and
(AERONET) 19/10/12 1.2977N centre Santo V. Salinas Cortijo
ND Marbel Univ. Rep. of the 17/12/09- 124.84E, Urban, city Susana Dorado
(AERONET) Philippines 19/01/12 6.4960N centre
SongkhlaMet. Thailand  11/01/07- 100.6FE, Urban, city  Serm Janjai
Station (AERONET) 13/12/11 7.1844N centre
Bandung Indonesia  13/05/09- 107.67E, Urban, city Puji Lestari and Brent
(AERONET) 28/09/11 6.888N centre Holben
Chulalongkorn Thailand 19/02/03- 100.53E, Urban, city Brent Holben
(AERONET) 25/09/04 13.736N centre
Ubon Ratchathani Thailand 09/10/09- 104.87E, Urban, within Serm Janjai
(AERONET) 07/11/12 15.246N city limits
Manila Observatory Rep. of the 21/01/09- 121.08E, Urban, within  Nofel Lagrosas and
(AERONET) Philippines 30/12/11 14.638N city limits Brent Holben
Silpakorn University Thailand 15/08/06- 100.04E, Urban, city Serm Janjai
(AERONET) 11/12/11 13.819N outskirts
Chiang MaiMet. Thailand 17/09/06- 98.973E, Urban, city Serm Janjai
Staion (AERONET) 28/07/11 18.77FN outskirts
Bac Giang Viethnam 03/03/03- 106.23E, Rural, city Nguyen Xuan Anh
(AERONET) 26/12/09 21.29FN outskirts
Bac Lieu Vietnam 10/03/03- 105.73E, Rural, city Nguyen Xuan Anh
(AERONET) 25/04/11 9.2800N outskirts
Mukdahan Thailand 07/11/03- 104.68E, Rural Brent Holben
(AERONET) 30/05/10 16.607N
Phimai (AERONET) Thailand 18/02/03- 102.56E, Rural Brent Holben

10/04/08 15.182N

Table S1. Summary of the AERONET and particulate matter (PM) measurement statechdousvaluate
modelled AOD and PM over Southeast Asia. The Principal Investigatjsjesponsible for each dataset (or
the data reference if available) are shown in the final column.

RESULTS
5. Inter-annual variability in contributions of firesto PM s

Figure S1 shows monthly-mean RMconcentrations in Singapore simulated by GLOMAP over the
period January 2004 to December 2009. Figure S1 shows that the inter-annualtyariaditiulated
PM, s is driven by strong inter-annual variability in fire emissions acrossh8asit Asia. The inter-
annual variability in fire emissions in this region is linked to the effect&loNifio Southern



Oscillation (ENSO) and the Indian Ocean Dipole (Saji et al., 1999) on the metémabtmmnditions
(particularly precipitation and prevailing wind pattern) over Southeast Asia, asskscin the main
text.

Simulated PMs concentrations vary substantially from year to year, with the largesentrations
occurring during 2006, towards the end of the dry season (August-October). This large Pk
above the background concentration (of +0m™) is due to emissions from fires, with fires in
southern Sumatra and Indonesian Borneo making the largest contributiongg(37%6and 17.3ug

m* in October, respectively). These results are consistent with an observationdlysEryling et al.
(2014). Large increases in BMdue to fire emissions also occur during August-October in 2004 and
2009, with maximum increases in September of 1f8n°and 12.0ug m™, respectively. Fires
located in southern Sumatra are mostly responsible for these increasé@sulatesl PMs,
contributing 11.4:g m™ and 9.8ug m™® in September of 2004 and 2009, respectively. In 2004, 2005,
2006 and 2009 fires in central Sumatra contribute considerably i@ €Mier in the year (between
February and August). This is particularly evident in 2005, where fires ilmt&umatra make the
largest contribution of the eight regionshitbl, s in Singapore, peaking in February (14g8m™).
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Figure S1. Upper panel: Simulated monthly-mean PMoncentrations over Singapore for the period January
2004 to December 2009. The coloured sections of the bars indicasbgbkite contribution from fires in
different regions (defined in Figure 1) to monthly-mean,EMhe light grey sections indicate contributions to
PM, s from other sources (e.g. natural emissions, fossil/bio fuel Emssstc.). Lower panel: Time-series of the
monthly Oceanic Nifio Indé% (ONI; which indicates the strength and sign of ENSO) and Dipole Mode{thd
(DMI; which indicates the strength and sign of the Indian Oceanl®jifar the 2004-2009 period. The ONla
3-month running mean of ERSST.v3b sea surface temper&8ii¢ §nomalies in the Nifio 3.4 region (5°N-5°S,
12¢-17C°W), based on centred 30-year base periods updated every 5 years. Ti{gdpMt al., 1999) is an
anomalous SST gradient between the western equatorial Indian Ocea7(#%fd 10°3-(°N) and the south
eastern equatorial Indian Ocean (9Q°EPE and 10°S-0°N).
Mhttp://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/enscsfetans
BIhttp://www.jamstec.go.jp/frsgc/research/d1/iod/iod/dipole_mode_index.html

6. Spatial distribution of enhancementsto PM s from fires

Figure S2 shows the spatial distribution of the enhancement from fires in miffeggons to annual
(2006) mearPM, s concentrations simulated by GLOMAP over Southeast Asia. Figure S2 shows that



enhancements to the local annual-mB&y 5 concentrations from fires in Indochina is considerable
(up to ~5 ug m™) over a large region. However, because of the prevailing wind pattéhat year
there is little or no impact on annual-mean JRMoncentrationsn Singapore. On the other hand,
although the enhancement to local annual-meansHiMm fires in central Sumatra is of a similar
magnitude to the enhancement from fires in Indochina (over a smaller area); the ompid s
concentrations in Singapore is greater because of the proximity of the fiBisg@pore and the
prevailing wind direction during a large part of the year.

The simulated enhancement to annual-mean £hdm fires in southern Sumatra and Indonesian
Borneo is substantial over Singapore and the surrounding regions in 2006 (increasingreamual
concentrations by up to ~I5%g m®). This large enhancement simulated by the model is due to a
combination of the high smoke emission fluxes in these regions, the prewaitidgpatterns that
transport these emissions over Singapore and the reduction in rainfall (i.e. rem@aeiosd)
resulting from positive El Nifio and IOD conditions (Figure S1). We notedtieto the considerable
inter-annual variability in fires occurring across Southeast Asia (discabsa®), the enhancements

to annual-mean P)4concentrations from fires shown in Figure S2 (for 2006) are likely to be at the
upper end of air quality impacts of fires during the study period (2004-2009).
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Figure S2. Spatial distribution of the enhancement to 2006 annual-measy Bdhcentrations simulated by
GLOMAP from fires in(a) southern Sumatrgb) Indonesian Borneo (Kalimantar(g) Indochina (Thailand,
Cambodia, Vietham, Laos, and Myanmaf)) Malaysian Borneo(€) central Sumatra an¢f) Indonesia

(excluding Sumatra and Kalimantan), Philippines and Papua New Guinea. Ragiadisplayed in Figure 1.
Annual mean PWMs concentratias are displayed on the native grid of GLOMAP (2.8° by 2.8°).
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7. Seasonal variability in transported fire emissions

Figure S3 shows five-day atmospheric back trajectories, simulated by ROTRWAgan Singapore
for the year 2006. There is a strong seasonal cycle in the prevailing wind pattertisenaaiface
over Singapore and surrounding areas. During ~Deceiiaech (the Northeast Monsoon season),



the prevailing wind is from the northeast with back trajectories maiabging over the sea. During
~April-May, the prevailing wind direction transitions from predominantly northdgpster
predominantly southeasterly. During ~Ju®etober (the Southwest Monsoon season) the prevailing
wind is from the southeast, transporting fire emissions from southern Sumatra andnsaather
western Kalimantan. Early on in this period (in June) the wind occasiamattgs from a south and
southwest direction, transporting fire emissions from central Sumatra. Tgasans match
atmospheric transport patterns reported by Xian et al. (2013).
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Figure S3. Five-day atmospheric back-trajectories arriving in Singapore for 3hmuariods from December
2005 to November 2006. Trajectories of the fisgtcond and third month in each period are shown in cyan,
magenta and yellow respectively. Three-month mean GFED3 fire endssidcCO for 2006 are shown by grey
shading (units are ikg(CO) m? s* with scales showing the common logarithm values).

Figure S3 indicates that the seasonal change in regions contributing to Bingiapuality occurs

due to the changes in both fire emissions and atmospheric transport. For exsamgdries
frequently pass over southern Sumatra in July but fire emissions from this exgirelatively small
during this month compared with emissions during August to October. In November,hehemrte

fires in Indonesian Borneo, trajectories arrive mostly from the nortbeastthe sea and do not pass
over land, resulting i relatively small amount of emissions transported to Singapore in this month
(Figure 5).
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