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Abstract Tropical peatland, which dominantly distributes in Indonesia and Malaysia, has experienced
recurring fires in the last few decades. Constraining the enhancement ratios and emission factors of gas
and particulate matter emitted by the wildfires is necessary to evaluate their environmental and climatic
impacts. We analyzed continuous observation data at Pekanbaru in Indonesia and Muar in Malaysia to
investigate the emissions of gas and particulate matter. The enhancement ratios of particulate matter to
carbon monoxide (PM10/CO) of wildfires in Riau province in June 2013 and February–March 2014 were
analyzed. The PM10/CO ratios of peatland burning plumes ranged from 77 to 97 μg mg�1 for the event in
June 2013, whereas the corresponding value was 127 μg mg�1 in February–March 2014. These
enhancement ratios were translated to the emission factors of particulate matter using previous data on the
emission factors of CO, assuming that secondary formation was ignorable. The estimated emission factors
for PM10 were 13 ± 2 g kg�1 (2013) and 19 ± 2 g kg�1 (2014). These values are comparable to those
reported by recent field observations in Indonesia and Malaysia (17.3 ± 6.0 to 34.4 ± 18.8 g kg�1). The
estimated emission factors from both the present study and recent field work are consistently higher than
that used in the current emission inventory, which suggests that it should be updated. A caveat for this
analysis is possible influence of secondary formation, which will still be needed to be investigated in
future studies.

1. Introduction

Tropical peatland is predominant in the coastal areas of equatorial Asian countries, including Indonesia and
Malaysia (Figure S1 in the supporting information; Page et al., 2004). Fire rarely occurs on tropical peatland in
a pristine condition, as it develops at coastal wet areas (Hope et al., 2005). Following the human usage of fire
in the region, tropical peatland burning began to occur in the equatorial Asian region (Field et al., 2009). In
the last few decades, the frequency of tropical peatland burning has increased because of the rapid
development of the peatland, which has been accompanied by the drainage of water by canals (Field
et al., 2009; Gaveau et al., 2014). The peatland fire is one of the largest sources of greenhouse gases from
wildfires (van der Werf et al., 2017). For instance, Wooster et al. (2018) estimated that 692 ± 213 Tg of CO2

was emitted to the atmosphere from equatorial Asia during a peatland fire event in 2015.

In addition to greenhouse gases, the peatland burning also emits particulate matter as well as its precursors
(Black et al., 2016; Engling et al., 2014; Fujii et al., 2014; Gaveau et al., 2014; Huijnen et al., 2016; Iinuma et al.,
2007; Jayarathne et al., 2018; Parker et al., 2016; Roulston et al., 2018; Whitburn et al., 2016; Wooster et al.,
2018). Although the atmospheric lifetime of particulate matter is much shorter than that for greenhouse
gases, these particles influence the Earth’s system as well as the environment at least in a short time scale.
Rajeev et al. (2008) reported that the radiative impact of aerosol particles emitted from tropical peatland
burning was sufficiently significant to decrease the sea surface temperature of the Indian Ocean by more
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than 1 K. Aerosol particles emitted by tropical peatland burning influence the cloud formation process over
the region (Rosenfeld, 1999). These aerosol particles also influence the health and lives of the people living in
the region (Crippa et al., 2016; Koplitz et al., 2016; Kunii et al., 2002).

Numerical modeling, which includes emission, transport, chemical evolution, and deposition processes of
aerosol particles, has been demonstrated to be useful in estimating the climatic and environmental
impacts of aerosol particles emitted from tropical peatland fires (Ge et al., 2017; Marlier et al., 2013;
Reddington et al., 2014). The accurate modeling of aerosol particles requires a reliable emission estimate.
However, it is likely that numerous previous modeling studies on tropical peatland burning have underes-
timated the emission of particulate matter. For instance, Koplitz et al. (2016) reported that PM2.5 emissions
during a haze event caused by Indonesian wildfires needed to be increased by 50% to reproduce
observation data.

The emission ratios and factors of particulate matter emitted by tropical peat/peatland fires have been
investigated by only a limited number of studies (Table 1). Othman and Latif (2013) experimentally
investigated the enhancement ratios of PM10 and CO (PM10/CO) by combusting Malaysian peat, finding that
the value is highly variable (135 ± 51 μg mg�1). The emission factor of PM2.5 reported by recent field studies
at Central Kalimantan during a wildfire event in 2015 ranged from 17.3 ± 6.0 (g kg�1) to 34.4 ± 6.0 (g kg�1)
(Jayarathne et al., 2018; Stockwell et al., 2016; Wooster et al., 2018). Roulston et al. (2018) reported that the
emission ratio (PM2.5/CO) ranges from 0.30 (g kg�1) to 0.4 (g kg�1), depending on the age of combustion.
The combustion age dependent emission of PM is probably induced by filtering effect of the surface ash
layer. These values of emission factors and ratios reported by previous field and laboratory work are larger
than the emission factor of particulate matter in GFED by a factor of few (van der Werf et al., 2010),
highlighting the importance of investigating the emission factor of aerosol particles emitted from tropical
peatland burning to better predict their mass concentrations during wildfire events in the region.

Emission of sulfur dioxide (SO2), which is an important precursor of aerosol particles, from peatland burning is
also uncertain, even though tropical peatland contains sulfur (Budisulistiorini et al., 2018; Langmann & Graf,
2003; Neuzil et al., 1993). An experimental combustion of tropical peat indicated that the combustion of
tropical peat emitted SO2 (SO2/CO = 0.011 ± 0.004 g g�1; Othman & Latif, 2013). Enhancement in SO2 con-
centration during a peatland fire event has also been reported at Kuching in Malaysia (Davies & Unam,
1999). Aerosol particles sampled over Kalimantan Island contained high concentrations of sulfur, which
was likely linked to SO2 emission (Gras et al., 1999). In addition, a recent experimental study quantified

Table 1
Enhancement Ratios and Emission Factors of Particulate Matter (PM2.5 and PM10) Emitted From Peat and Peatland Burning
in Indonesia

Locationa PM/CO (μg mg�1) Emission factor (g kg�1) Reference

Continuous air quality monitoring
Riau, Indonesia (2013) 87 ± 14 (PM10)

b 13 ± 2 (PM10)
c This study

Riau, Indonesia (2014) 127 ± 2 (PM10)
d 19 ± 2 (PM10)

c This study
Intensive field campaigns
Central Kalimantan, Indonesia (2015) 74 ± 20 (PM2.5) 21.5 ± 4.6 (PM2.5) (2)
Central Kalimantan, Indonesia (2015) 59 ± 23 (PM2.5)

e 17.3 ± 6.0 (PM2.5) (3)
Central Kalimantan, Indonesia (2015) 225 ± 279 (PM2.5) 34.4 ± 18.8 (PM2.5) (4)
Selangor, Malaysia (2016) 143 ± 92 (PM2.5) 28 ± 18 (PM2.5) (5)
Experiment
Selangor, Malaysia 135 ± 51 (PM10) Not available (6)
Emission inventory
GFED 43 (PM2.5)56 (TPM) 9.05 (PM2.5)11.8 (TPM) (7)

Note. The magnitudes of uncertainties were estimated using standard deviation (1σ). References: (1) This study, (2)
Stockwell et al. (2016), (3) Jayarathne et al. (2018), (4) Wooster et al. (2018), (5) Roulston et al. (2018), (6) Othman and
Latif (2013), and (7) van der Werf et al. (2010).
aSource of peatland fire plume for continuous observation. Source of peat samples for peat burning experiments. bThe
data for P13d and M13c (see the text for details). cThe emission factor of CO for peatland fire quantified by Nara et al.
(2017) was used for the calculation. The uncertainty in the emission factor of particulate matter was calculated from the
uncertainties in both PM10/CO and CO emission factor. dThe data for P14b. eThe emission factor of CO in an accom-
panying study was employed for the estimation of the value (Stockwell et al., 2016).
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sulfur containing species generated by peat combustion (Budisulistiorini
et al., 2017). However, a recent field observation reported no significant
SO2 emissions in Kalimantan (Stockwell et al., 2016). Analysis of SO2 data
during past tropical peatland fire events would be helpful in understand-
ing the controversial issue.

In this study, we employed continuous atmospheric observation data to
constrain the atmospheric emissions of gas and particulate matter from
tropical peatland burning. The data observed on June 2013 and
February–March 2014 were analyzed. The correlations between carbon
monoxide (CO) and particulate matter (PM10) were investigated to derive
the enhancement ratios of these species. In combination with literature
data on the emission factors of CO from peatland burning, the data
analyzed in our study allowed us to estimate the emission factors of gas
species and particulate matter.

2. Data Set
2.1. Air Quality Monitoring Data

Continuous air quality monitoring data collected in Pekanbaru (Riau,
Indonesia) and Muar (Johor, Malaysia) were used for the analysis
(Figure 1). These urban cities are located near tropical peatland at the
coastal region of Riau province, which has served as a major source of
transboundary haze in the recent years (Figures S1 and S2). Populations
of these cities are approximately 1,000,000 (Pekanbaru) and 130,000

(Muar), respectively. These cities are mostly dominated by residential areas. The area is close to the Straits
of Malacca, which is one of the busiest shipping lanes in the world. The wildfire event at Riau province in
2013 was described in detail by Gaveau et al. (2014). The air quality monitoring data were analyzed using
IgorPro (WaveMetrics, OR).
2.1.1. Pekanbaru
The air quality monitoring station was managed by Pekanbaru municipal office. The PM10 concentration was
measured using the β-ray attenuation method (BAM-1020, Met-one, OR). CO concentration was quantified
using the nondispersive infrared absorption technique (APMA-360, Horiba, Japan). The instrument was
periodically calibrated using a standard gas cylinder (Messer, Germany). Hourly average data were used for
the analysis.
2.1.2. Muar
The air quality monitoring data at Muar were collected by the Department of the Environment, Malaysia. The
β-ray attenuation technique was used to measure the PM10 concentration (BAM-1020, Met-one, OR). The
concentrations of gas species, which included CO and SO2, were also monitored (Model 100E and Model
300E, Teledyne API, CA). A calibration standard gas (The Linde Group, Germany) was used to calibrate the
instruments. Hourly average data were used for the analysis. Further detailed information about the
operation of air quality monitoring stations by Department of the Environment, Malaysia, is available
elsewhere (Khan et al., 2015).

2.2. Other Data

Fire hot spots, the absorbing aerosol index (AAI), back trajectory, and emission data were also employed in
the analysis. The AAI data were obtained by the GOME-2 sensor on the MetOp satellite (Tilstra et al., 2010).
Monthly data sets were downloaded at www.temis.nl/airpollution/absaai. Only positive values were averaged
for the AAI to elucidate the impact of the light-absorbing aerosols (i.e., smoke). The back trajectories were
calculated using the Hybrid Single Particle Lagrangian Integrated Trajectory Model by the National
Oceanic and Atmospheric Administration (Stein et al., 2015). The back trajectory calculation was conducted
using the iso-sigma coordinate (Stohl, 1998). The data on the fire hot spots detected by a Moderate
Resolution Imaging Spectroradiometer were used to identify the spatial distribution of the wildfires.
Carbon emission data from the Global Fire Emission Database 4 (GFED4) were plotted (van der Werf et al.,

Figure 1. Locations of atmospheric observation stations: ●: Pekanbaru, ▲:
Muar. Major cities in the region (Singapore and Kuala Lumpur) are also
shown as ○.
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2010, 2017). The mass fraction of burned peat among all the combusted biomass (fpeat) was also calculated
based on the GFED4 emission inventory.

3. Results

The observation sites experienced a few haze episodes in 2013 and 2014 (Figure S3). Among these episodes,
two prominent events (June 2013 and February to March 2014) were selected for analysis because of their
significance. Precipitation in the region was limited during the time periods, suggesting that wet deposition
of aerosol particles was minimal (Figure S4). The data collected during the peatland fire events in 2013 and
2014 were divided into a few different categories according to the type of air mass, as both fire activity
and meteorological conditions were dynamically changing during the periods. The statistical values of the
data are summarized in Table 2, and the time series data are shown in Figures 2 and 5.

3.1. Peatland Fire Event During June 2013

Figure 2 shows temporal variations of (a) air mass types, (b) number of fire hot spots, (c–f) PM10 and CO con-
centrations at Pekanbaru and Muar, and (g) the SO2 concentration at Muar. The data were classified into 10
categories (five for Pekanbaru [P13a–P13e] and five for Muar [M13a–M13e]), depending on the type of air
mass. Four study periods (P13a, P13e, M13a, and M13e) were minimally affected by wildfires, while the other
six periods (P13b, P13c, P13d, M13b, M13c, and M13d) were identified as experiencing wildfire haze (Figure 2
and Table 2). The average concentrations of PM10 were consistently higher than 100 μg m�3 during the wild-
fire haze periods, while the value was less than the criteria for the nonhaze periods. On average, concentra-
tions of CO and PM10 during the wildfire haze periods were higher than the nonhaze periods by factors of
few (Table 2).

Only limited wildfire activity was observed until 12 June (P13a and M13a). The concentrations of gas and par-
ticulate matter were correspondingly low (e.g., PM10 [Muar] = 35 ± 21 μg m�3). Wildfires were active from 12
June, leading to the enhancement of the PM10 concentration at Muar (M13b). Subsequently, the PM10 con-
centration at Pekanbaru also increased (P13b). PM10 concentrations at both Pekanbaru and Muar were the
highest during 20 and 26 June (P13c, P13d, M13c, and M13d). Both the number of fire hot spots and the
PM10 concentrations decreased after 27 June (P13e and M13e). Concentration of CO was also high during
the wildfire haze periods (P13b, P13c, P13d, M13b, M13c, and M13d).

Figure 3 summarizes the distributions of (a) fire hot spots, (b) AAI, (c) carbon emissions, (d) and fpeat during
June 2013. The fire hot spots were predominantly distributed in peatland at Riau province, especially at
Bengkalis and Dumai (Figures 3a and S2). In addition, wildfires also occurred west of the Barisan

Table 2
Average Concentrations and Standard Deviations (1σ) of Observed Species in Both Study Periods

Year ID Location Period PM10 (μg m�3) CO (ppmv) SO2 (ppbv)

2013 P13a Pekanbaru 1–16 June 74 ± 43 0.43 ± 0.43 N/Aa

P13b Pekanbaru 17–19 June 104 ± 68 0.76 ± 0.79 N/Aa

P13c Pekanbaru 20–23 June 224 ± 169 2.39 ± 2.79 N/Aa

P13d Pekanbaru 24–26 June 176 ± 118 1.23 ± 1.06 N/Aa

P13e Pekanbaru 27–30 June 79 ± 48 0.68 ± 0.77 N/Aa

M13a Muar 1–11 June 35 ± 21 0.62 ± 0.22 1.4 ± 0.8
M13b Muar 12–19 June 127 ± 95 0.94 ± 0.61 1.59 ± 1.06
M13c Muar 20–23 June 387 ± 248 1.50 ± 0.93 2.7 ± 1.5
M13d Muar 24–26 June 161 ± 138 0.94 ± 0.73 1.89 ± 1.47
M13e Muar 27–30 June 63 ± 29 0.65 ± 0.31 2.2 ± 0.95

2014 P14a Pekanbaru 1–4 February 42 ± 14 0.16 ± 0.11 N/Aa

P14b Pekanbaru 5 February to 21 March 229 ± 137 1.17 ± 0.98 N/Aa

P14c Pekanbaru 22–31 March 120 ± 48 0.46 ± 0.33 N/Aa

M14a Muar 1–21 February 49 ± 27 1.00 ± 0.38 1.6 ± 0.8
M14b Muar 22 February to 21 March 84 ± 78 1.36 ± 0.92 1.2 ± 0.9
M14c Muar 22–31 March 48 ± 21 0.55 ± 0.22 1.0 ± 0.6

Note. Identification numbers (IDs) of the observation periods are also shown.
aData are not available.
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mountains, where the soil is predominantly composed of minerals (Figure 3d). Most wildfires in the area were
likely vegetation fires, as no known peatland is distributed in this area (Figures 3d and S1). The carbon
emissions from peatland fires were much more intense than those from vegetation fire (Figure 3c). The
aerosol particles emitted from the wildfire were transported eastward by the Southwest monsoon as
shown in Figure 3b (Reid et al., 2012).

Figure 4 shows the back trajectories of air masses arriving at (a) Pekanbaru and (b) Muar during the wildfire
haze events (P13b, P13c, P13d, M13b, M13c, and M13d). During the periods of P13b and P13c, the air masses
were transported to Pekanbaru from the west and northwest where fires occurred on nonpeatland
(Figure 3c). In contrast, surface wind was blowing from the north of Pekanbaru during the period of P13d,
which transported the air masses from peatland fires in Siak, Benkalis, and Dumai districts (Figures 3d
and S2). Air masses were transported to the observation sites from the burning area within a day, except

Figure 2. Time series data during June 2013: (a) types of air masses, (b) daily number of fire hot spots observed in Riau
Province (red) and whole part of Sumatra Island (black), (c) PM10 concentration at Pekanbaru, (d) CO concentration at
Pekanbaru, (e) PM10 concentration at Muar, (f) CO concentration at Muar, and (g) SO2 concentration at Muar.
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for time periods when the motion of air was relatively stagnant (Figure S5). In the case of Muar (M13b and
M13d), air masses arrived at the observation site after passing over the Dumai and Benkalis districts, where
intensive peatland fires were occurring (Figure 3c; Gaveau et al., 2014). During the period of M13d, the air
masses predominantly originated in the southern parts of Riau and Jambi provinces.

3.2. Peatland Fire Event During February–March 2014

Figure 5 shows temporal variations in (a) air mass types, (b) number of fire hot spots, (c–f) PM10 and CO con-
centrations at Pekanbaru and Muar, and (g) SO2 concentrations at Muar during February–March 2014. The
data were classified in six categories (three for Pekanbaru [P14a–P14c] and three for Muar [M14a–M14c]),
depending on the types of air mass. Four periods (P14b, P14c, M14a, and M14b) were affected by wildfires,
whereas other periods (P14a and M14c) were not strongly affected (Figure 5 and Table 2). Average concen-
trations of PM10 during the wildfire haze periods were higher than 100 μg m�3 at Pekanbaru. In the case of
Muar, PM10 concentration was occasionally higher than 100 μg m�3 when the observation site was influ-
enced by wildfire haze (Table 2).

Only limited wildfire activities were observed in Sumatra prior to 4 February (Figure 5a). As a result, the con-
centrations of PM10 and CO were relatively low at Pekanbaru (Figures 5c and 5d). Subsequently, a prolonged

Figure 3. Distributions of (a) fire hot spots, (b) aerosol absorption index, (c) monthly carbon emissions from Global Fire
Emission Database (GFED), and (d) fraction of peat burning from GFED during June 2013.
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wildfire event was observed in Riau province. The wildfire event ceased on approximately 16 March, after
which both PM10 and CO concentrations were reduced. Another fire activity began on approximately 22
March, which increased the PM10 concentration at Pekanbaru (P14c). Both PM10 and CO concentrations at
Muar were not high during this period.

Figure 6 shows the spatial distributions of (a) wildfire hot spots, (b) AAI, (c) carbon emissions from wildfires,
and (d) fpeat. Peatland fires in Riau province during the period predominantly occurred at Bengkalis and Siak
(Figures 6 and S2). In addition to peatland fires in Sumatra, wildfires were active in Peninsular Malaysia. Some
of these Malaysian fires (e.g., south of Kuala Lumpur and the coastal area of Pahang state) occurred on peat-
land, although they were treated as nonpeatland fires in the emission inventory (Smith et al., 2018). The
northeast monsoon prevails in the region during the season (Reid et al., 2012), which was evident in the back
trajectories (Figures 7a and 7b). The prevailing wind transported aerosol particles emitted from peatland fires
at the coastal region of Riau province to Pekanbaru within a day (Figures 6b and S5).

4. Discussion
4.1. PM10-CO Correlation

Figure 8 summarizes the correlations between the PM10 and CO observed during the haze events in 2013 at
Pekanbaru and Muar. Linear regression analysis was conducted for these correlations without forcing inter-
cepts to be zero. The values of the slopes between PM10 and CO at Pekanbaru ranged from 37 for P13c to
77 μg mg�1 for P13d. The corresponding values for the data obtained at Muar were higher (63 μg mg�1

for M13b and 97 μg mg�1 for M13c), although the correlation coefficients were low for some of the data sets
(r2 = 0.35–0.76). Figure 9 shows the PM10 and CO correlations for the events in 2014. In contrast to 2013, the
values of the slopes for the correlations were higher at Pekanbaru than at Muar. At Pekanbaru, they were con-
sistently stable at around 100 μgmg�1 during the observation period (127 μgmg�1 for P14b and 82 μgmg�1

for P14c) with relatively high correlation coefficients (r2 = 0.73 for P14b). The values of the slopes for the cor-
relations at Muar were much lower than those for Pekanbaru (17 μg mg�1 for M14a and 36 μg mg�1 for
M14b). The range of r2 values for the correlations were highly variable (r2 = 0.09 [M14a] and 0.37 [M14b]).

The observed variations in the correlations of PM10 and CO could be due to the type of wildfire. As discussed
in section 3, the air masses observed for P13b and P13c were likely influenced by nonpeatland fires occurring
in Sumatra, while those during P13d period likely passed over the fire area of tropical peatland before arriving
at the observation site. In the case of Muar, all the air masses during high concentration periods (M13b, M13c,
and M13d) traveled over the region of peatland fire. The values of the slopes of the PM10 and CO correlations

Figure 4. Back trajectories of air masses arriving at (a) Pekanbaru and (b) Muar during the wildfire period of June 2013. The
back trajectories were color coded according to types of air masses. The back trajectories were calculated using the iso-
sigma system. The starting altitude of the back trajectories was set at 500 m (above sea level).
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for P13d were comparable to those of Muar, while those for P13b and P13c were lower. These results suggest
that the enhancement ratios of PM10 and CO from peatland fires were likely higher than those from
nonpeatland fires.

The differences in the data collected at Pekanbaru and Muar during the wildfire events in 2014 indicate the
significant effects of wildfire types on the enhancement ratios of PM10 and CO. The values of the slopes for
the correlations at Pekanbaru were 82–127 μg mg�1, which were much higher than the corresponding data
onMuar (17–36 μgmg�1). Pekanbaru was located downstream of the peatland fires, whereas Muar was likely
influenced by wildfires on nonpeatland (section 3). A caveat in interpreting these data is possible influence of
secondary formation on PM10 concentration, especially considering that it took more than a few hours for air
masses to be transported to the observation sites from the emission sources (Yokelson et al., 2009). Peatland
fire emits precursor gas species of aerosol particles to the atmosphere, in addition to aerosol particles (Akagi
et al., 2011; Christian et al., 2003; Stockwell et al., 2016). The aerosol particles formed from these precursors
could have contributed to the PM10 observed at the observation sites, whereas the formation and losses of

Figure 5. Time series data during February–March 2014. (a) Types of air masses, (b) daily number of fire hot spots observed
in Riau Province (red) and whole part of Sumatra Island (black), (c) PM10 concentration at Pekanbaru, (d) CO concentration
at Pekanbaru, (e) PM10 concentration at Muar, (f) CO concentration at Muar, and (g) SO2 concentration at Muar.
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Figure 6. Distributions of (a) fire hot spots, (b) aerosol absorption index (monthly average), (c) carbon emission from Global Fire Emission Database (GFED; monthly
average), and (d) fraction of peat burning from GFED (monthly average) during February–March 2014.

Figure 7. Back trajectories of air arriving at (a) Pekanbaru and (b) Muar during the wildfire period of February–March 2014. The back trajectories were color coded
according to type of air mass. The back trajectories were calculated using the iso-sigma system. The starting altitude of the back trajectories was set at 500 m (above
sea level).
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CO over such a short distance could be ignored. The values of the slopes of PM10 and CO reported in this
study should be considred as the maximum estimates of those originating in tropical peatland fires.

Table 1 shows a comparison of the observed enhancement ratios of PM and CO for the peatland fires with
those reported in previous studies and the emission inventory. Only highly correlated data (r2 > 0.70) were
employed to derive the values shown in Table 1. The p-values of the corresponding relationships were less
than 3 × 10�4, demonstrating the significance of the correlations. In Table 1, some references reported
PM2.5, while only PM10 concentrations were observed both at Pekanbaru and Muar. The difference in the

Figure 8. Correlations between PM10 and CO during the wildfire period in June 2013 for different types of air masses:
(a) P13b, (b) P13c, (c) P13d, (d) M13b, (e) M13c, and (f) M13d. The gray data points in (e) (corresponding to afternoon of
22 June) were excluded from the linear regression analysis.
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concentrations of these two categories of particulate matter could range from 6 to 35%, as estimated by
comparing the PM2.5 and PM10 data observed in Singapore during a wildfire event (Figure S6). The observed
PM and CO ratios at Pekanbaru in 2013 and 2014 were comparable to those observed as a result of
peat/peatland fires in Kalimantan in 2015 (Jayarathne et al., 2018; Stockwell et al., 2016; Wooster et al.,
2018) as well as the data obtained in Selangor in Malaysia (Roulston et al., 2018). The range of PM and CO
ratios also overlaps with an experimental study of Malaysian peat fires (Othman & Latif, 2013).

There are some potential reasons for these differences. The controlled experiment conducted by Othman
and Latif (2013) combusted only peat, although both peat and the vegetation above it burn during actual
peatland fires. As discussed in a previous section, the enhancement ratios of peat and vegetation fires in
the tropical region are likely different. The variability in the fuel composition during actual wildfire events
might have influenced the enhancement ratios. In addition, the combustion conditions as well as the fuel
conditions (e.g., moisture contents) are known to influence the emission of gas and particulate matter from
biomass burning (Inomata et al., 2015; Kuwata et al., 2017). Amount of ash on a combusting peat layer,
which increases as a function of burning time, is also known to influence emission of aerosol particles
(Roulston et al., 2018). Moreover, the secondary formation of aerosol particles during atmospheric transport
could also have influenced the observed values of concentration ratios (Weber et al., 2007; Yokelson
et al., 2009).

The observed enhancement ratios were also compared with the current emission inventory in Table 1 (van
der Werf et al., 2010). All the experimental and observational enhancement ratios were higher than the cor-
responding values in the emission inventory, which demonstrates the importance of critically evaluating a
representative value in the future.

Figure 9. Correlations between PM10 and CO during the wildfire period during February–March 2014 for different types of
air masses: (a) P14b, (b) P14c, (c) M14a, and (d) M14b.
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4.2. Emission Factors of Particulate Matter Emitted by Tropical Peatland Fires

The emission factors of aerosol particles produced in the combustion process can be obtained by combining
the enhancement ratios of PM and COwith the emission factors of CO. Emission factors of the CO observed in
peatland and peat burning in the tropical Asian region have been investigated by previous field studies. The
emission factors of the CO from peatland and peat burning ranged from 148 to 291 g kg�1(Christian et al.,
2003; Hamada et al., 2013; Huijnen et al., 2016; Matsueda & Inoue, 1999; Nara et al., 2017; Smith et al., 2018;
Stockwell et al., 2016; Wooster et al., 2018). These values and the reported enhancement ratios of CO and
CO2 can be translated to modified combustion efficiency (MCE), which is defined as MCE = 1/(1 + CO/CO2)
(Yokelson et al., 1996). The MCE of Indonesian peatland and peat burning ranged from 0.72 to 0.92
(Table S1 in the supporting information). These differences could have been caused by the variability of
fuel types (i.e., peat and vegetation) as well as by the combustion conditions, such as temperature. Nara
et al. (2017) quantified the emission factor of CO in peatland burning events occurring in Riau province
in 2013 using commercial ship observation data. This CO emission factor is the lowest among reported
values in the literature (148 g kg�1). The data reported by Nara et al. (2017) were used for estimating emis-
sion factor of aerosol particles from peatland burning, as the study also investigated the peatland fire at
Riau province in 2013. The emission factor of CO reported by Nara et al. (2017) was lower than other studies
by 25–50% (Table S1). If the emission factor of CO during the wildfire event at Riau province in 2014 was
different from that in 2013, the usage of the data reported by Nara et al. (2017) may lead to underestima-
tion of emission factor of PM.

Table 1 shows the estimated emission factors of particulate matter from tropical peatland burning. The esti-
mated emission factor of PM10 from the Riau fire in 2013 was 13 ± 2 g kg�1, while the value of the fire event in
2014 was evaluated as 19 ± 2 g kg�1. These values align with previous observations conducted at Central
Kalimantan and Salangor, which showed that the emission factors of PM2.5 from peat/peatland burning were
17.3 ± 6.0 to 34.4 ± 18.8 g kg�1 (Jayarathne et al., 2018; Roulston et al., 2018; Stockwell et al., 2016; Wooster
et al., 2018). The current emission inventory assumes that the emission factor (GFED) of aerosol particles from
peatland burning is approximately 10 g kg�1 (van der Werf et al., 2010). However, this value is significantly
lower than the observation data. In the future, further studies on peat/peatland burning will be needed to
obtain representative values of emission factors and ratios.

The data analyzed in the present study were obtained by observations at downstream of fire hot spots.
Secondary production process in the atmosphere could have influenced the PM and CO ratios.
Simultaneous measurements of CO2 and CH4, which allowed the determination of emission factors,
should ideally be conducted simultaneously with monitoring of particle mass concentrations. In the future,
continuous observation of these species in a tropical peatland, where recurring fire happens, would
be needed.

4.3. SO2 During a Wildfire Haze Period (June 2013)

Figure 10 shows the relationships between SO2 and CO observed at Muar during the peatland fire event in
2013. Although the correlations are scattered, the SO2 concentrations were occasionally high when the CO
concentrations were elevated, especially during the periods of M13c and M13d. Figure S7 shows histograms
of SO2 concentrations during both haze (M13b, M13c, and M13d) and nonhaze (M13a and M13e) periods in
2013. High SO2 concentration events (SO2 > 0.14 mg m�3) were observed only during the haze periods. The
two distributions significantly overlap each other, suggesting that local emission at vicinity of the observation
site must have been themajor source of SO2 both during haze and nonhaze periods. Othman and Latif (2013)
observed the emission of SO2 in a series of peat combustion experiment conducted in Peninsular Malaysia
(SO2/CO = 0.011 ± 0.004 μg μg�1). Enhancements in SO2 observed during the study were lower than the
experimental data in most cases (Figure 10). Differences in the chemical composition might have influenced
the data observed in the present study, in addition to deposition and chemical reactions during atmospheric
transport (Chin et al., 2000; Faloona et al., 2009).

Peat sampled in Riau province contains small (~0.1%) fraction of sulfur (Budisulistiorini et al., 2018; Neuzil
et al., 1993). In addition, aerosol particles emitted from Indonesian peat combustion also include sulfur
containing species (Budisulistiorini et al., 2017; Ikegami et al., 2001). Sulfate concentration in Singapore
increased when the country was covered by wildfire haze transported from Indonesia (Budisulistiorini
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et al., 2018). These results could be considered as supporting evidence that combustion of Indonesian peat
emit SO2 to the atmosphere. On the contrary, enhancement in SO2 concentration was not observed in a
recent field observation in Kalimantan (Stockwell et al., 2016). Emission of SO2 from Indonesian peat combus-
tion will need to be investigated in the future. As SO2 is converted to highly hygroscopic sulfate aerosol in the
atmosphere, constraining its emission from tropical peatland burning is important for evaluating the envir-
onmental and climatic impacts of tropical peatland fires (Chen et al., 2018; Gras et al., 1999).

5. Conclusions

We evaluated the enhancement ratios and emission factors of particulate matter emitted from tropical peat-
land fires in Indonesia using continuous observation data at Pekanbaru in Indonesia and Muar in Malaysia.
These observation sites are ideally located close to the tropical peatland at the coastal area of Riau province,
which experienced intensive fire events in June 2013 and February–March 2014.

Westerly wind from the Indian Ocean was dominant during the event in June 2013, transporting gas and
aerosol particles from the fire to Muar. In contrast, Pekanbaru experienced wildfire haze that was likely
induced by biomass burning over a mineral soil area. Northeasterly wind prevailed during February–March
2014, inducing a severe haze episode at Pekanbaru. Both CO and PM10 concentrations at Muar also increased
during this period, which was likely due to small scale fires in Malaysia.

The correlations between CO and PM10 during the wildfire periods were investigated. The values of the
slopes (PM10 and CO) found for the tropical peatland fire in 2013 ranged from 77 to 97 μg mg�1. The corre-
sponding value for the event in 2014 was 127 μg mg�1. These values were converted to the emission factor
of PM10 using the reported values of the CO emission factor. The estimated range of the emission factor of
PM10 was 13 ± 2 and 19 ± 2 g kg�1 in 2013 and 2014, respectively. These values were comparable to the
results of previous field and laboratory studies. Importantly, all the emission factors of PM10 estimated by pre-
vious experimental and observational studies were higher than the values used in the present emission
inventory. A caveat for the analysis is possible influence of secondary formation on the enhancement ratios
and factors. Continuous atmospheric observation at vicinities of source regions is desirable in the future.
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