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ABSTRACT 

Background. Accurate quantification of emissions from peatland wildfire is crucial for under
standing their feedback to the atmospheric and Earth system. However, current knowledge on 
this topic is limited to a few laboratory and field studies, which report substantial variability in 
terms of the fire emission factors (EFs). Aims. We aim to understand how emissions vary across 
the life cycle of a peatland fire. Methods. In August/September 2018, we conducted the largest 
and longest to-date field-scale experimental burn on a tropical peatland in Sumatra, Indonesia. 
Field measurements of gas emissions from the fire experiment were conducted using an open- 
path Fourier transform infrared spectroscopy to retrieve mole fractions of 11 gas species. Key 
results. For the first time, we calculated and reported EFs from 40 measurement sessions 
conducted over 2 weeks of burning, encompassing different fire stages (e.g. ignition, smouldering 
spread, and suppression) and weather events (e.g. rainfall). Our findings provide field evidence to 
indicate that EFs vary significantly among fire stages and weather events. We also observed that 
the heterogeneous physicochemical properties of peatland site (e.g. moisture content) influ
enced the EFs. We also found that modified combustion efficiency was highly sensitive to 
complex field variables and could introduce large uncertainties when determining the regimes 
of a peat fire. Conclusions and implications. Further studies to investigate peat fire emissions 
are needed, and more comprehensive mapping of peatland heterogeneity and land use for 
emissions inventories, accounting for spatial and temporal variability in EFs since the initiation of 
a fire event is required.  

Keywords: degraded peatland, emission factor, field measurement, fire emissions, fire spread, 
fire suppression, ignition, peat, weather effect. 

Introduction 

Wildfire is an inherent component of the Earth system, resulting from natural processes. 
However, human interventions can alter the type and severity of the dominant ongoing 
ecological processes, and result in direct and indirect atmospheric feedbacks through 
emissions of gases and particulate matter (aerosols) (Bowman et al. 2009; Archibald et al. 
2018). Among various types of wildfires, peatland fires, which are characterised by the 
largest fuel consumption on Earth (Rein 2013), play a significant role in contributing to 
greenhouse gas (GHG) emissions, particularly during dry periods (Turetsky et al. 2015;  
Hu et al. 2018a). For instance, it has been estimated that the Indonesian peatland fires 
associated with the 1997–1998 El Niño-Southern Oscillation (ENSO) event emitted 
approximately 0.8 to 2.6 Gt (1 Gt = 1 × 109 tonnes) of carbon, equivalent to 13–40% 
of the mean annual global carbon emissions from fossil fuels at that time (Page et al. 
2002). Similarly, the 2015 Southeast Asian peat fire released approximately 1.5 Gt of net 
permanent CO2 equivalent emissions into the atmosphere, resulting in the largest carbon 
emissions observed in the region since 1997 (Huijnen et al. 2016). 

Peatland fires not only contribute to the global burden of GHGs, but also serve as a 
dominant source of primary and secondary organic aerosol emissions, leading to regional 
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air quality deterioration and visibility reduction in the form 
of haze events (Huang et al. 2014; Hu et al. 2018a; Plautz 
2018; Wiggins et al. 2018). For instance, the 1997 
Indonesian peat fire event caused transboundary haze across 
south-east Asia, impacting around 100 million people and 
resulting in estimated damages of USD4.5 billion (Heil and 
Goldammer 2001). In recent years, as global climate change 
has accelerated, peat fires have become more frequent and 
widespread, leading to increased exposure of the public to 
various pollutants, such as carbon monoxide (CO) and fine 
particles, present in haze (Kunii et al. 2002; Hu et al. 2018a;  
Plautz 2018). Epidemiological studies have shown that haze 
episodes during peatland fire events have resulted in 
increased mortality and morbidity, particularly affecting 
the respiratory and cardiovascular systems (Heil and 
Goldammer 2001; Shaposhnikov et al. 2014; Koplitz et al. 
2016; Hu et al. 2018a). Currently, the haze crisis resulting 
from periodic peatland fires remains an unresolved environ
mental and health issue, particularly in south-east Asia, and 
has the potential to escalate into regional disputes and 
public criticism (Forsyth 2014). 

Pristine tropical peatlands are typically characterised by 
a water-logged environment and high moisture content 
(Matysek et al. 2018), which naturally serve as a barrier 
against fires (Eggleston et al. 2006; Turetsky et al. 2015). 
However, factors such as natural droughts (e.g. El Niño) or 
human activities (e.g. anthropogenic drainage, deforestation, 
peat harvesting) can lower the moisture content of peat, 
making it susceptible to smouldering combustion, a slow, 
low temperature, and flameless burning process that is per
sistent in nature (Turetsky et al. 2015; Rein 2016). 

Smouldering peat fires are characterised by a weak, 
white-grey smoke plume that accumulates close to the 
ground, which is different from the intense flaming forest 
fires (e.g. crown fires) with fast-moving diffusion flames and 
buoyant smoke plumes (Rein 2013; Hu et al. 2018a). These 
fires can be initiated by a weak ignition source in the natural 
environment and can sustain for weeks or even months 
(Rein 2013; Restuccia et al. 2017). 

Slash-and-burn, a traditional farming method where nat
ural vegetation is cut down and burned to clear land for 
cultivation, is commonly practiced in tropical peatlands 
prior to plantation activities (Cochrane 2003). A portion of 
the heat generated during surface fuel combustion is trans
ferred to, and can ignite the thick layer of peat underground 
that can be up to 11 m deep, leading to uncontrolled and 
long-lasting smouldering peat fires (Usup et al. 2004; Page 
et al. 2011). These smouldering fires have a long residence 
time of heat, with peak temperatures typically ranging from 
450 to 700°C, and can penetrate deeply into the ground, 
resulting in severe soil thermal damage, which can have 
lethal impacts on soil properties and local biological systems  
(Rein et al. 2008; Huang et al. 2016; Santoso et al. 2022). 
The extensive consumption of soil during peat fires not only 
involves the burning of ancient carbon (up to 10,000 years 

old), but also has the potential to cause long-term impacts 
on local vegetation, such as changes in flora species and 
incomplete vegetation recovery, in all types of peatland 
settings (Rein 2013; Kettridge et al. 2015; Hu et al. 2018a). 

To comprehensively understand the feedback of fire 
emissions to the atmosphere and climate change, it is crucial 
to accurately quantify the emissions in atmospheric model
ling (Eggleston et al. 2006; Akagi et al. 2011; Urbanski 
2014). The emission factor (EF), which is defined as the 
mass of a species emitted per mass of dry fuel consumed 
(g kg−1), is a fundamental input for estimating total emis
sions (Eggleston et al. 2006). Peat fire EFs obtained from two 
laboratory burns (Yokelson et al. 1997; Christian et al. 2003) 
were compiled and averaged in Akagi et al. (2011), provid
ing support for atmospheric modelling communities such as 
the Global Fire Emissions Database (GFED) in calculating 
total fire emissions (van der Werf et al. 2017). However, in 
the document ‘Supplement to the 2006 Guidelines for 
National Greenhouse Gas Inventories: Wetlands’ published 
by the 2013 Intergovernmental Panel on Climate Change 
(IPCC), only EFs of CO2–C, CO, and CH4 at the IPCC Tier 1 
(basic) level of methodological complexity were included. 
These EF values were adopted from only one study with a 
single laboratory burn of peat (Christian et al. 2003), which 
could introduce significant uncertainties in estimating global 
peat fire emissions and understanding their feedback (Hu 
et al. 2018a; Smith et al. 2018). 

Field measurements that gather emission information 
from fires in situ provide valuable insights into fire and 
emission behaviour under natural conditions (Christensen 
et al. 2019). However, a review of peat fire EFs revealed that 
only a limited number of smoke emission measurements 
have been conducted in the field (Hu et al. 2018). Despite 
the scarcity of studies investigating peat fire emissions, 
there is considerable variability in EF values between stud
ies, with some gas EFs varying by a factor of 10 (Akagi et al. 
2011; Hu et al. 2018a). 

Understanding the reasons behind this variability 
remains one of the biggest challenges in biomass burning 
emissions science (van Leeuwen and van der Werf 2011). On 
the one hand, peat fires are not stationary emission sources, 
as transient emissions are significantly influenced by com
bustion dynamics (Rein et al. 2009; Hu et al. 2018b). On the 
other hand, peatland conversion and management practices 
have been shown to affect fire EFs (Smith et al. 2018). 
Furthermore, natural variations in peat physicochemical 
properties, such as moisture content, inorganic content, 
and bulk density, have been demonstrated to have signifi
cant impacts on fire dynamics (Huang et al. 2016; Huang 
and Rein 2017; Hu et al. 2019, 2020; Cui 2022). 

However, the roles of soil properties and meteorological 
conditions (for example, wind and rainfall) in influencing 
fire dynamics and emissions have not been thoroughly 
investigated in current field studies (Huijnen et al. 2016;  
Stockwell et al. 2016), which could hinder the development 
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of a higher-tier EF inventory at the intermediate Tier 2 or the 
most demanding Tier 3 level (Hiraishi et al. 2014). In this 
study, life-cycle emissions, which include emissions from igni
tion, spread, and suppression, were measured in a controlled 
tropical peatland fire experiment (GAMBUT, Indonesian word 
for ‘peat’) conducted in Sumatra, Indonesia. In addition to the 
emission measurements, this fire experiment considered and 
measured field-scale peat fire behaviour in terms of tempera
ture, fire area, spread rate, and suppression, and these results 
have been reported in the twin paper of this study, in Santoso 
et al. (2022). 

This work presents the findings of the emission measure
ments conducted during the GAMBUT fire experiment. 
Specifically, emissions from 40 fire smoke plumes belonging 
to four different fire categories observed in the field experi
ment (ember ignition, slash-and-burn, smouldering spread, 
and fire suppression) were measured using an open-path 
Fourier transform infrared (OP-FTIR) spectroscopy in situ. 
EFs of 11 gas species for Indonesian tropical peatland fires 
were reported, and field evidence was provided in this work 
to explain the inter-plume variability in EFs. 

Materials and methods 

Field site and peat soil characterisation 

This controlled field-scale peatland fire experiment was con
ducted as part of the ‘1st GAMBUT Workshop: UK-Indonesia 

Collaboration for Mitigation of Peat Fires’. The objective of 
this workshop was to investigate the ignition, spread, emis
sions variability across the life cycle, and extinguishing of 
peatland fires. GAMBUT is the first study to fill the gap in the 
understanding of peat fire between laboratory and field 
scale, providing field evidence to formulate an effective 
and efficient mitigation response. The field fire experiment 
was specifically conducted from 19 August (Day 1) to 
30 August (Day 12) 2018, in a secondary peat swamp area 
measuring 408 m2 (34 m × 12 m) located in Rokan Hilir, 
Sumatra, Indonesia (Fig. 1). Climate history data suggests 
that the average temperature and humidity in the previous 
5 years were 27.4 °C and 79.1%, and the mean daily rainfall 
in August is 6.5 mm, allowing for the investigation of peat 
fire emissions in a typical tropical environment (BMKG 
2022; Santoso et al. 2022). 

Site preparation was conducted prior to the ignition 
attempts. The peatland at the experimental site was manu
ally divided into three separate and parallel plots, labelled 
as Plot 1, Plot 2, and Plot 3. There were live thick (>6 mm) 
fuels like palm trees, live thin fuels like ferns and sedges 
at the site. The original lush tropical plantation on each 
plot was manually cleared before the fire experiment. 
Specifically, dead thin fuel duff was kept intact for Plot 1, 
allowing the observation of its effect on slash-and-burn. Plot 
2 and Plot 3 were left as bare peat ground with sparse palm 
tree roots (Fig. 2). Each plot had an interior dimension of 
10 m × 10 m. Fire breaks, consisting of trenches 0.5 m wide 

Fig. 1. Map of Sumatra and southern peninsula of Malaysia showing the location of the experimental site at Rokan Hilir, Sumatra, 
Indonesia (1°36′17.1″N, 100°58′30.5″E) (Map Data, Google, 2023).    
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and 0.5 m deep filled with sand, were constructed along the 
perimeter of each plot to prevent fires from spreading 
beyond the designated plot area. 

Furthermore, each plot was divided into two sections: (1) 
the north side; and (2) the south side for different ignition 
and suppression attempts. Before the fire experiments, a 
thorough field site topology measurements were conducted, 
showing that there was an elevation difference of roughly 
1 m between the north and south sides of the experimental 
site. A weather station was installed 10 m next to Plot 3 to 
monitor the atmospheric pressure, temperature, relative 
humidity, wind speed, and rain rate in the field. Further 
details about the experimental site in terms of the climate, 
topology, surface plantation, and surface treatment, are 
described in Santoso et al. (2022). 

Representative peat sampling was conducted in situ prior 
to the ignition of the peatland to characterise the physico
chemical properties of the soil, including moisture content 
(dry basis), wet bulk density, inorganic content (dry basis), 
and elemental analysis (the content of C/H/N). The samples 
were weighed to obtain the wet bulk density. The moisture 
content in dry basis was calculated by using the volumetric 
moisture content (VMC) measured from a soil moisture 
sensor probe (Delta-T Devices Ltd, England) and the wet 
bulk density. The inorganic content of the peat samples was 
derived from burning the sample in a furnace at 1000°C. 
Detailed calculation and determination of the physico
chemical properties of the soil was elaborated in the twin 
paper of this study, in Santoso et al. (2022). This work 
follows the same metrics used in Santoso et al. (2022) in 
terms of the moisture and ash content in describing the soil 
properties, and in discussing the emission measurement 
results. For detailed locations of soil sampling, where PVC 
pipes were utilised to extract subterranean peat cores from 

nine sampling locations in each plot (0–40 cm depth), see 
Supplementary Fig. S1. 

Ignition methods and emission measurements 

The experiment commenced with ignition attempts on Day 1 
(19 August). A charcoal ember ignition method employed in  
Pastor et al. (2017), and the traditional slash-and-burn 
approach commonly used in the oil palm plantation industry 
for peatlands conversion into plantation sites (Cochrane 
2003), were applied in this study to ignite the peat soil, 
and dead ferns and sedges in different locations of the 
experimental plots and at different dates, respectively 
(Table 1). Specifically, a total of 9.3 kg of charcoal was 
used to produce the embers that were put in three pits 
(each with dimensions of 0.5 m × 0.2 m and 0.2 m deep) 
at P1S on Day 1 and Day 3 (Santoso et al. 2022). The 
charcoals were firstly ignited with gasoline and left to 
burn for 10 min, and then put into the ignition pit. Slash- 
and-burn, involving piling and igniting dry dead plantation 
materials such as tree branches, leaves, and litter, with 
dimensions of 8 m length × 1 m width × 0.5 m height, 
was conducted at P1N, P2N, and P3N on Day 5 and Day 7, 
respectively (Fig. 3). Details regarding the charcoal and 
slash-and-burn ignition protocols are provided in the twin 
paper of this study, in Santoso et al. (2022). 

Self-sustained smouldering was determined by visual 
observation of ground fire spread and fire size, and by 
examining the temperature profile of the soil using thermo
couple readings and infra-red (IR) signatures (see Santoso 
et al. (2022) for details). Following successful ignition, the 
peatland started to smoulder from Day 2, slowly spreading 
towards unburned peatland areas and releasing fire smoke 
into the ambient air throughout the experiment. 

(a)

POND POND

Plot internal dimension 10 ´ 10 m

10 m Weather
station

Sand-!lled trench

P1N P2N P3N

P1S P2S P3S

NN

PLOT 1 PLOT 2 PLOT 3

(b)

Fig. 2. Drone image showing the experimental site (a); Schematic of the experimental plots for GAMBUT peat fire 
experiment (b). Plot 1 was left with a shallow layer of surface litter vegetation thus was identified by green shading. 
The letters 'N' and 'S' in the plot name indicate the north and south sides of the plot, respectively.   
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Table 1. Summary of the 40 in situ peat fire emission measurements in 2018.               

Measureme
nt number A 

Field event B Date Day in 
the field 

Measurement 
start time 

Measurement 
end time 

Atmospheric 
pressure (mb) 

Temperature 
(°C) 

Humidity (%) Wind 
speed 
(m s−1) 

Rain 
rate 

(mm h−1) 

Location Path 
length 

(m)   

EI1 Ember ignition 19 August 1 13:16 hours 14:47 hours 1008.8 33.1–34.5 51–60 1.5–2.3 0 P1S 10.5 

EI2 Ember ignition 19 August 1 17:26 hours 17:36 hours 1006.8 33.7–33.9 54–56 1.28 0 P1S 10.5 

EI3 Ember ignition 19 August 1 17:58 hours 18:29 hours 1006.5 32.4–33.5 54–60 1.08–1.59 0 P1S 10.5 

SS1 Smouldering spread 20 August 2 11:13 hours 12:13 hours 1008.2 30.1–31.2 68–72 1.59–1.8 0 P1S 10.5 

SS2 Smouldering spread 20 August 2 12:53 hours 13:04 hours 1007.5 32.2–32.4 62–65 2.3–2.4 0 P1S 10.5 

SS3 Smouldering spread 20 August 2 14:34 hours 15:46 hours 1007.1 32.9–34.0 52–60 1.38–2.1 0 P1S 10.5 

SS4 Smouldering spread 20 August 2 17:16 hours 18:18 hours 1005.6 31.2–31.8 64–76 0.8–1.4 0 P1S 10.5 

SS5 Smouldering spread 21 August 3 10:14 hours 10:47 hours 1009.0 28.7–30.8 69–78 0.8–1.8 0 P1S 10.0 

EI4 Ember ignition 21 August 3 12:06 hours 12:17 hours 1006.5 32.9–33.2 59–61 2.1–2.7 0 P1S 10.0 

EI5 Ember ignition 21 August 3 13:29 hours 14:35 hours 1005.8 33.1–34.8 52–60 1.3–2.1 0 P1S 10.0 

EI6 Ember ignition 21 August 3 16:39 hours 17:40 hours 1004.3 30.4–31.8 68–80 0–0.6 0 P1S 10.0 

SS6 Smouldering spread 22 August 4 09:58 hours 10:28 hours 1009.4 28.7–29.5 69–72 1.8 0 P1S 10.5 

SS7 Smouldering spread 22 August 4 10:39 hours 11:14 hours 1009.2 29.6–30.3 63–70 1.3–1.9 0 P1S 10.5 

SS8 Smouldering spread 22 August 4 11:27 hours 13:23 hours 1008.6 31.2–32.1 57–60 1.9–2.3 0 P1S 10.5 

SS9 Smouldering spread 22 August 4 16:19 hours 17:51 hours 1005.3 30.1–31.0 60–63 1.3–2.4 0 P1S 10.5 

SS10 Smouldering spread C 22 August 4 18:20 hours 18:52 hours 1006.3 27.6–29.3 70–81 0.8–1.3 0 P1S 10.5 

SS11 Smouldering spread D 23 August 5 10:51 hours 11:11 hours 1010.6 31.5–32.2 50–55 1.9–2.8 0 P1S 11.0 

SS12 Smouldering spread E 23 August 5 11:26 hours 12:29 hours 1009.5 32.2–32.9 49–53 2.1–2.9 0 P1S 11.0 

SB1 Slash-and-burn 23 August 5 13:23 hours 13:35 hours 1008.0 33.3–33.5 48–51 2.4–2.6 0 P1N 15.5 

SS13 Smouldering spread 23 August 5 13:37 hours 14:23 hours 1007.4 33.3–34.2 45–51 1.9–2.6 0 P1N 16.0 

SS14 Smouldering spread 23 August 5 15:59 hours 16:33 hours 1006.1 33.8–34.1 46–50 1.6–2.1 0 P1N 16.0 

SS15 Smouldering spread 23 August 5 17:28 hours 17:59 hours 1006.0 32.9–33.7 49–53 0.8–1.3 0 P1S 17.0 

SB2 Slash-and-burn 23 August 5 18:11 hours 18:30 hours 1006.3 32.1–32.7 53–63 0–0.6 0 P3N 12.0 

SB3 Slash-and-burn F 23 August 5 18:35 hours 19:08 hours 1006.6 29.9–31.9 55–71 0–0.6 0 P3N 10.0 

SS16 Smouldering spread 24 August 6 11:57 hours 12:27 hours 1008.8 33.0–34.2 44–51 1.4–1.8 0 P1N 11.5 

SS17 Smouldering spread 24 August 6 13:14 hours 13:46 hours 1007.7 33.4–33.8 47–50 1.4–2.1 0 P1S 11.5 

(Continued on next page) 
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Table 1. (Continued)              

Measureme
nt number A 

Field event B Date Day in 
the field 

Measurement 
start time 

Measurement 
end time 

Atmospheric 
pressure (mb) 

Temperature 
(°C) 

Humidity (%) Wind 
speed 
(m s−1) 

Rain 
rate 

(mm h−1) 

Location Path 
length 

(m)   

SS18 Smouldering spread 24 August 6 16:09 hours 16:41 hours 1005.8 32.2–32.7 51–54 1.6–2.3 0 P1S 10.5 

SS19 Smouldering spread G 24 August 6 19:48 hours 19:58 hours 1009.0 23.6–23.7 92–93 0.8–1.1 5.6 P1N 11.0 

SS20 Smouldering spread 25 August 7 10:55 hours 11:34 hours 1009.5 29.4–30.8 64–69 0.8–1.4 0 P1S 11.0 

SS21 Smouldering spread 25 August 7 12:39 hours 13:11 hours 1008.6 32.1–32.3 57–62 1.3–1.4 0 P1N 11.0 

SB4 Slash-and-burn 25 August 7 13:35 hours 14:06 hours 1007.3 32.2–33.1 54–59 1.1–1.4 0 P2N 10.0 

SS22 Smouldering spread 26 August 8 10:06 hours 11:43 hours 1008.8 29.9–32.6 58–71 1.4–2.3 0 P1N 12.0 

SS23 Smouldering spread 26 August 8 17:46 hours 18:47 hours 1004.1 32.3–35.0 40–60 0–1.3 0 P1N 12.0 

SS24 Smouldering spread 27 August 9 09:57 hours 11:00 hours 1010.2 30.5–31.8 59–64 0.9–1.4 0 P1N 12.0 

SS25 Smouldering spread 27 August 9 11:25 hours 12:26 hours 1009.1 31.7–33.1 49–60 1.4–1.8 0 P2N 10.5 

SS26 Smouldering spread 27 August 9 17:39 hours 18:21 hours 1005.5 31.9–32.4 59–65 0.8–0.9 0 P1N 12.0 

SS27 Smouldering spread 29 August 11 10:11 hours 11:52 hours 1010.8 26.9–31.2 61–79 0.8–1.4 0 P1N 11.0 

SP1 Suppression 29 August 11 13:14 hours 13:33 hours 1008.6 32.8–33.3 54–60 1.1–1.3 0 P2N 13.0 

SP2 Suppression 29 August 11 15:47 hours 17:00 hours 1006.3 31.7–33.6 54–61 1.3–1.8 0 P1S 11.5 

SP3 Suppression 29 August 11 17:39 hours 18:40 hours 1005.8 30.7–31.2 66–69 1.3–2.1 0 P1N 13.5 

AEI, ember ignition; SS, smouldering spread; SB, slash-and-burn; SP, suppression. 
BThis column displays the observed fire category in the field. 
CA short shower happened before the measurement. 
DA metal sheet was used to cover an overhang formed in the process of smouldering spread at P1S. 
EThe metal sheet was removed prior to the measurement. 
FSmoke plumes stems from residual vegetation smouldering fire were mixed with smoke plume from slash-and-burn. 
GPeak transient rain rate was recorded as 32.3 mm h−1.  
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Fig. 4 shows the timeline of the fire emission measure
ments from ignition to suppression. Specifically, a metal sheet 
was used in this study to cover a burning spot on Day 5 (23 
August) when smouldering spread steadily, attempting to 
investigate the influence of limited oxygen supply on the 
emissions from the smouldering spread (Rein 2016). On Day 
6, natural rainfall event occurred, with rain rate reaching an 
average of 5.6 mm h−1 for more than 10 min. On Day 11 and 
Day 12, a water spray and a direct injection device were used 
to suppress and terminate the fires. Details regarding the 
suppression devices and protocols are illustrated in Santoso 
et al. (2022). In this work, a total of 40 different smoke 
plume measurement periods were undertaken for the char
acterisation of the life-cycle emissions including four fire 
type and stages observed in the field: ember ignition (EI), 
slash-and-burn (SB), smouldering spread (SS), and fire sup
pression (SP). In total, there were six ember ignition 
(EI1–EI6), 27 smouldering spread (SS1–SS27), four slash- 
and-burn (SB1–SB4), and three suppression (SP1–SP3) fire 
smoke measurements. 

Gas emissions from the fire smoke plumes were measured 
by using an open-path Fourier transform infrared 

spectroscopy (OP-FTIR). The OP-FTIR collects the real 
time spectra that contained absorption features for 13 target 
gases (CO2, CO, CH4, NH3, acetylene (C2H2), ethylene (C2H4), 
ethane (C2H6), methanol (CH3OH), formaldehyde (CH2O), 
formic acid (HCOOH), hydrogen cyanide (HCN), acetic acid 
(CH3COOH), and nitrous oxide (N2O)). The OP-FTIR system 
used in this study consisted of a MIDAC Corporation M2000 
Series FTIR spectrometer equipped with a Stirling-cooled 
mercury-cadmium-telluride detector and fitted with a 
MIDAC custom-built 76 mm Newtonian telescope. The spec
trometer was mounted on an adjustable tripod to provide 
stable support for signal reception from a remotely located 
infrared source, which consisted of a 12-V silicon carbide 
glowbar operating at 1500 K fitted in front of a 20-cm diame
ter gold-plated collimator (Smith et al. 2018). The use of the 
OP-FTIR system for collecting biomass burning gas spectra has 
been detailed in previous studies (Wooster et al. 2011; Paton- 
Walsh et al. 2014; Smith et al. 2014). 

In total, more than 9000 gas spectra were collected from 
these measurements. A forward modelling method combin
ing the use of the Multiple Atmospheric Layer Transmission 
(MALT) program (Griffith 1996) and absorption line 

POND

Smoke plume

Slash and burn

Charcoal ignition

Spectrometer

8 m

10 m

0.5 m

1 m

Infrared source

N

PLOT 1

PLOT 2

PLOT 3

Fig. 3. Schematic of locations of ember and slash- 
and-burn ignition attempts and an example of fire 
smoke plume measurement using a Fourier-transform 
infrared spectroscopy in the field.    

SS1—SS4

EI1—EI3 SS5,
EI4—EI6

SS27,
SP1—SP3

SS11—SS15,
SB1—SB3

SS20—SS21,
SB4

SS24—SS26

19th August

30th August

Day 1 Day 2

Ember
ignition
(PIS)

Slash and burn
(PIN, P2N, P3N)

Rain

Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12

Suppression

SS6—SS10 SS16—SS19 SS22—SS23

Fig. 4. Timeline of the GAMBUT fire 
emission measurements from ignition 
to suppression. A total of 40 fire 
smoke plume measurements were con
ducted. Measurements from four fire 
types and stages, ember ignition (EI), 
smouldering spread (SS), slash-and-burn 
(SB), and suppression (SP) were included 
in this sketch.    
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parameters adopted from the 2016 HITRAN transmission 
molecular absorption database (Gordon et al. 2017) were 
used to derive the path-averaged trace gas mole fractions. 
The spectral regions of the trace gases that contain the most 
sensitive features from (Paton-Walsh et al. 2014) were 
selected and fitted with synthetic spectra from MALT to 
retrieve the gas mole fractions for a known path length 
and meteorological parameters (atmospheric pressure and 
temperature) (Paton-Walsh et al. 2014; Smith et al. 2014,  
2018). The derived gas mole fractions from the forward 
modelling method are expressed in μmol mol−1 (ppm) and 
were found to have trustworthy accuracy (within 5%) and a 
small uncertainty of 3–5% for CO2, CO, and CH4 (Smith 
et al. 2011; Stockwell et al. 2016). 

Fig. 5 shows four typical field emission measurements 
conducted during ember ignition, slash-and-burn, smoulder
ing spread, and suppression attempts using the OP-FTIR. 
Each measurement period lasted between 10 and 110 min. 
Given the relatively short time slots for each plume mea
surement period (<2 h), compared with the broader scope 
of the fire evolution process (>2 weeks), each measurement 

period was deemed to be within a relatively steady fire stage 
(Hu et al. 2018b). Table 1 summarises the general informa
tion of the 40 peat fire smoke plume measurements. 

Emission factor and combustion efficiency 
quantification 

Generally, there are two methods for calculating the EF of 
gaseous species from peat fires: (1) the mass loss approach; 
and (2) the carbon balance approach. The mass loss 
approach is mainly used in small-scale laboratory experi
ments where the mass loss rate of the peat is measured for 
calculating EF (Eqn 1) (Rein et al. 2009; Hu et al. 2018b): 

m
m

EF =i (1)  

where m is the mass flux of the released species 
i (g s−1 m−2), and ṁ″ is the mass loss rate (fuel consumption 
rate) of the dry peat (g s−1 m−2). 

The carbon balance approach is widely used in the liter
ature to characterise peat fire emissions in the field 

(a) (b)

(c) (d)

Fig. 5. Photographs showing a typical set-up of OP-FTIR measuring emissions from ember ignition (a, EI4), slash-and-burn (b, SB1), 
smouldering spread (c, SS23), and water spray suppression (d, SP3).    
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(Stockwell et al. 2014, 2016; Smith et al. 2018). The carbon 
balance approach does not measure the mass loss of the 
peat, which is impractical in field measurements. instead, 
it requires information of the fuel carbon content. This 
approach assumes all carbon-containing emissions are mea
sured (Eqn 2) (Ward and Radke 1993): 

F MWi C
C

EF = × 1000 (g kg ) ×
12

×i
i

c 1

T
(2)  

wwhere Fc is the carbon content of the fuel (%), MWi is the 
molecular weight of species i (g mol−1); 12 is the atomic 
mass of carbon (g mol−1), Ci is the number of moles of 
species i (mol), and CT is the total number of moles of 
carbon emitted (mol). 

Both approaches have been verified in a laboratory-scale 
peat fire emission study (Hu et al. 2019). In this study, the 
carbon balance approach was used to derive the EFs of 11 
targeted trace gas species. Ash-corrected carbon content of 
peat from the sampling locations across our site (Fig. S1) 
was calculated using Eqn 3: 

F F=
1 ICc corrected

s (3)  

where Fc-corrected is the ash-corrected carbon content of the 
fuel (%), Fs is the carbon content of the soil sample obtained 
from the elemental analysis (%), IC is the inorganic (ash) 
content of the soil sample in dry basis (%). For a summary 
on the carbon content, inorganic content, and ash-corrected 
carbon content of the fuel burnt across the experimental 
site, see Table S1. 

In Eqn 2, the determination of Ci/CT can be either calcu
lated directly from the measured excess mole fractions from 
the OP-FTIR (Eqn 4) or using emission ratio (ER) with 
respect to a reference species (Eqn 5) (Paton-Walsh 
et al. 2014): 

C
C

i
j

= ( )
(NC × ( ))

i

j
n jT =1

(4)  

where Δ(i) and Δ(j) are the excess mole fractions of species 
i and j, respectively. The excess mole fraction is defined as 
the mole fraction measured (i) minus the mole fraction from 
the background (i)background, NCj is the number of carbon 
atoms in species j, and the sum is of all carbon-containing 
species emitted by the fire: 

C
C

= ER
(NC × ER )

i i

j
n j jT

/CO

=1 /CO
(5)  

where ERi/CO is the ER of species i to the reference species 
(CO in this work) (Eqn 6) (Smith et al. 2018): 

i i
ER =

[ ] ( )
[CO] (CO)i/CO

backgroud

backgroud
(6) 

When the amount of data used for regression is abundant, 
deriving the ER from the gradient of the linear best fit 
between species i and CO does not necessarily entail the 
knowledge of background mole fractions, yet introduces 
very low uncertainty (Wooster et al. 2011). Given the 
large amount (9000+) of spectra collected in this study 
and the negligible mole fraction of trace gases in the back
ground, an ‘emission ratio to reference gas’ method (Paton- 
Walsh et al. 2014) was used to derive the EF for a particular 
species (except CO2 and CO) (Eqn 7): 

EF = ER × MW
MW

× EFi i
i

/CO
CO

CO (7)  

where MWi is the molecular weight of species i (g mol−1), 
MWCO (28.01 g mol−1) is the molecular weights of CO, and 
EFCO is the EF of CO (g kg−1). 

In this work, EFCO and EFCO2 are calculated by using a 
‘summation method’ (Eqs. 8, 9) (Paton-Walsh et al. 2014;  
Smith et al. 2018). This method has a significant advantage 
providing accurate EF values but requires accurate back
ground information to calculate the total excess amounts 
of each gas species (Paton-Walsh et al. 2014). As a result, 
background spectra collection using the OP-FTIR was car
ried out prior to each smoke plume measurement, ensuring 
a good knowledge of the mole fractions of trace gas species 
from the background. 

F

NC j

EF = × 1000 (g kg ) × 28.01
12

× CO
( × )j

n j

CO c corrected
1

=1
(8) 

F

j

EF = × 1000 (g kg ) × 44.01
12

× CO
(NC × )j

n j

CO c corrected
1

2

=1

2

(9)  

where ΔCO2 and ΔCO are the summed excess mole fractions 
of CO2 and CO, respectively. Δj is the summed excess mole 
fractions of all carbon-containing species measured in this 
work (CO2, CO, CH4, C2H4, C2H6, CH3OH, CH3COOH, CH2O, 
and HCN). These species account for ~>98% of all carbon 
emissions, omission of further carbonaceous species has been 
estimated to inflate the EFs by 1–2% (Yokelson et al. 2007). 

In this work, modified combustion efficiency (MCE) from 
the four fire categories (ember ignition slash-and-burn, 
smouldering spread, and suppression) observed during the 
experiment was compared and discussed. MCE is defined as 
a proxy indicating the completeness of a combustion process 
(Ward and Hao 1991). The calculation of MCE is built on the 
use of the excess mole fractions of CO2 (Δ[CO2]) and CO 
(Δ[CO]) (Eqn 10) (Ward and Radke 1993; Yokelson et al. 
1996). MCE has been used as a universal standard in the 
literature to determine the importance of flaming or 
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smouldering in a fire (Christian et al. 2003; Stockwell et al. 
2014; Urbanski 2014; Wilson et al. 2015): 

MCE = [CO ]
[CO ] + [CO]

2

2
(10)  

Results 

Peat soil properties 

Table 2 provides the properties including density, moisture 
content, inorganic content and the content of C/H/N of the 
peat soil sampled among the four plots (P1N, P1S, P2N, P3N) 
where the emission measurement campaign were carried out. 
Detailed physicochemical properties of the whole peatland site 
across depths investigated were shown in the twin paper of 
this work in Santoso et al. (2022). Significant variability was 
observed in terms of the physicochemical properties across the 
peatland site, P1S showed a lowest mean moisture content of 
53.5 ± 18.7%, while P2N exhibited the highest mean mois
ture content (264.9 ± 136.2%) across depths measured. Wet 
bulk density ranged from 656 to 1483 kg m−3, with P1S 
(773.5 ± 79.6 kg m−3) and P1N (1326.8 ± 147.8 kg m−3) 
presenting the smallest and largest mean bulk density, respec
tively. In contrast, P1S and P1N exhibited the largest and 
smallest mean inorganic content across depths, respectively. 

Elemental analysis result showed that P1S has the lowest 
mean carbon content (23.93%), while the largest peat 

carbon content value (31.3%) comes from P2N. In general, 
peat sampled from the experimental site has a lower carbon 
content than typical tropical peat (~55–60%) and a higher 
inorganic content compared with tropical peatland of 
3 ± 1.96%, thus is deemed as degraded peat (Santoso 
et al. 2022). This degraded peat soil is commonly found in 
regions where the palm tree plantation industry is prevalent 
(Jauhiainen et al. 2016), which normally had undergone 
anthropogenic interference, such as drainage, logging, and 
agricultural conversion, as reported in previous studies 
(Page et al. 2011; Turetsky et al. 2015). 

Gas mole fractions and emission ratio 

Fig. 6 shows an example of transient path-averaged mole 
fractions of CO2 and CO from a slash-and-burn attempt 
(SB3). It is evident that CO2 and CO, two species predomi
nantly generated from char oxidation (Rein et al. 2009), 
followed a similar evolution pattern. Owing to wind and 
natural convective processes in the field, there was signifi
cant variance in the gas mole fractions determined from the 
OP-FTIR throughout the measurements, with peak concen
trations of CO2 and CO reaching approximately 1100 and 
200 ppm, respectively. 

To minimise the mixture of the adjacent smoke plumes, 
the path-averaged mole fractions of each measured gas 
species were retrieved from the OP-FTIR that was positioned 
directly above the actively burning peat. Furthermore, back
ground mole fractions containing any possible emissions 
from the other adjacent burns were measured and 
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Fig. 6. Example time series of path-averaged mole fractions CO2 and CO from a slash-and-burn 
smoke plume (SB3).    

Table 2. Depth-averaged peat properties from the in situ measurement of the experimental plots.         

Measurement 
locations 

Wet bulk 
density (kg m−3) 

Moisture 
content (%, dry 

mass basis) 

Inorganic 
content (%, dry 

mass basis) 

Elemental analysis 

C (%) H (%) N (%)   

P1N 1326.8 173.9 34.2 30.14 9.9 0.78 

P1S 773.5 53.5 58.7 23.9 2.34 1.21 

P2N 1121.8 264.9 43.9 31.3 5.6 1.3 

P3N 1143.8 151.2 52.4 26.1 4.79 1.09   
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subtracted from the calculated results. It is worth noting that 
some smoke plume measurements conducted during ember 
ignition and suppression exhibited gaps in the time series of 
gas mole fractions (e.g. EI2 and SS26, see Fig. S2), possibly 
attributable to periods of low signal-to-noise within the 
spectral window used for the retrieval of CO2 and CO 
(Smith et al. 2018). 

Fig. 7 shows a series of ER plots for investigated gas 
species against CO, for smoke plume SB3. Most species 
have a good correlation between species and excess mole 
fractions, indicating a well-mixed smoke plume in the field 
(Stockwell et al. 2016; Smith et al. 2018). Table S2 summa
ries ER values for investigated species against CO for all 
smoke plume measurements. 
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Fig. 7. Example emission ratios (ERi/CO) and the R2 value of the measured gases in SB3, calculated from gradient of the linear best fit 
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Emission factors and inter-plume emission factor 
variability 

Summing up the excess mole fractions of all measured 
carbon-containing species, the EFs of CO2 and CO were 
calculated using Eqns 8 and 9. Combining the EF of CO 
and the ER of the targeted species against CO, the EFs of 
the remaining nine gas species were calculated using Eqn 7.  
Table 3 summarises the EFs and the associated uncertainty 
of analysed gas species for all 40 fire smoke measurements 
(Paton-Walsh et al. 2014; Smith et al. 2018). In addition to 
the 11 species reported in this work, we attempted to 
retrieve C2H2 and HCOOH but these were either below the 
detection limit of the OP-FTIR, or had a very poor emission 
ratio correlation with CO (R2 < 0.2); thus, these are not 
included. 

Fig. 8 shows the individual EFs for CO2, CO, CH4 and 
NH3, the four prominent peat fire gas species that are impor
tant for greenhouse gas accounting and air quality model
ling. The figure shows the inter-plume variability across 40 
smoke plume measurements. CO2 exhibits large EF variabil
ity throughout the experiment. The percentage difference, 
defined as the difference between two values divided by the 
average of the two values expressed as a percentage (Smith 
et al. 2018), reached 90% between EI1 and SS26 where the 
maximum (2540.0 ± 254 g kg−1) and the minimum 
(962.0 ± 96.2 g kg−1) values of the CO2 EF were derived, 
respectively. Substantial inter-plume variability in terms of 
the EF percentage difference was found for CO (154%), CH4 
(165%) and NH3 (170%) throughout the experiment. The 
maximum EFs of CO (412.7 ± 41.2 g kg−1), CH4 
(10.5 ± 1.4 g kg−1) and NH3 (8.5 ± 0.3 g kg−1) were 
from smouldering spread smoke plumes, while the mini
mum EFs of those species were mostly obtained from 
slash-and-burn smoke plumes characterised by stoichiomet
ric and complete flaming combustion (Rein 2016). 

Discussion 

EF variability among fire/fuel types and fire stages 

Fig. 9 compares the classified EFs of all detected species 
from four fire events (ember ignition, slash-and-burn, 
smouldering spread and suppression) observed in the field.  
Table 4 summarises the mean EFs of the smoke plumes from 
each fire category, and study-averaged EFs for all gas species 
measured. In general, gas emissions differ significantly 
among fuel types and fire categories (Rein 2016; Hu et al. 
2019). Comparatively, ember ignition (EI1–EI6) has the 
largest CO2 EFs (2446.5 ± 67.8 g kg−1), averaging 56% 
higher than those from slash-and-burn, smouldering spread 
and suppression. This is mainly because the value of CO2 EF 
is proportional to the carbon content of the fuel (Eqn 8). The 
charcoal ember consumed within this fire event has distinc
tively higher carbon content (78%) than those from peat 

(51.3–57.8%) and surface vegetation (55.0%) (Table S1), 
thus leading to a much higher EF value of CO2. This finding 
verifies the important role of fuel composition affecting fire 
emissions (Yokelson et al. 1996; Akagi et al. 2011; Smith 
et al. 2018; Hu et al. 2018a). 

The surface vegetation burnt from slash-and-burn (SB1– 
SB4) and peat burnt from smouldering spread peat (SS1– 
SS27) have similar carbon content. In comparison, slash- 
and-burn has 6% higher CO2 EF (1693.4 ± 98.4 g kg−1) 
but ~40 and ~66% lower CO EF (127 ± 73.3 g kg−1) and 
HCN EF (1.2 ± 0.46 g kg−1) than those from smouldering 
spread. This is attributed to the fact that slash-and-burn is 
dominated by flaming combustion, which has a higher com
bustion efficiency and a higher conversion ratio of the 
carbon from the fuel to complete combustion products 
(e.g. CO2) than smouldering (Rein 2016; Hu et al. 2018a). 
The EFs of CH3OH (1.67 ± 0.95 g kg−1), CH2O (3.2 ± 
1.2 g kg−1), and CH3COOH (5.2 ± 5.4 g kg−1) from slash- 
and-burn stayed close to their corresponding EF values from 
the burning of crop residue reported in Akagi et al. (2011). 
In this field measurement, smouldering spread showed a 
~300% times higher EF value (3.57 ± 2.03 g kg−1) than 
flaming slash-and-burn for NH3, a typical incomplete com
bustion product and a critical nitrogenous species for form
ing haze (Plautz 2018). This agrees with the findings from 
the literature that EFs of NH3 from smouldering peat were 
significantly higher than flaming biomass burning (Akagi 
et al. 2011; Hu et al. 2019). 

Plume-averaged EFs of CO2 (1591 ± 243 g kg−1), CO 
(206.4 ± 85 g kg−1), CH2O (1.2 ± 0.5 g kg−1), CH3OH 
(2.08 ± 1.24 g kg−1), CH3COOH (4.7 ± 2.0 g kg−1), NH3 
(3.57 ± 2.03 g kg−1), and HCN (3.4 ± 1.7 g kg−1) from 
smouldering spread at this degraded peatland stayed within 
the range of their EFs reported in the literature (Huijnen 
et al. 2016; Stockwell et al. 2016; Smith et al. 2018). EFs 
CH4 (4.3 ± 2.4 g kg−1) and C2H4 (0.4 ± 0.16 g kg−1) 
measured during smouldering spread stayed at the low end of 
those reported in peer studies, while the EF of C2H6 
(5.6 ± 2.6 g kg−1) stayed at the high end (Hu et al. 
2018a). The inclusion of these new EFs in the EF inventory 
could contribute to a better understanding of emissions and 
their inherent variability for degraded tropical peatland fires. 

Gas emissions from suppression attempts (SP1–SP3) were 
investigated for the first time in this experiment. Significant 
variability was found for EFs for most species. For example, 
the EF for CO from the suppression stage stayed between 
68.5 and 391.4 g kg−1, while CH4 and NH3 EFs ranged 
between 2.9–9.3 and 1.0–8.3 g kg−1, respectively. The 
large variability of the EFs seen at this fire stage is possibly 
caused by the limited amount of smoke plume measured 
(n = 3) at different peatland locations (P1N, P1S, P2N) as 
well as the different methods (water spray and injection) 
and water usage used in each fire suppression attempt 
(Santoso et al. 2022), likely affecting combustion efficiency 
and emissions in different ways. 
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Table 3. Emission factors (g kg −1, dry basis) for all 40 fire smoke plume measurements. A              

Smoke plume # B CO2 CO CH4 C2H4 C2H6 CH2O CH3OH CH3COOH NH3 HCN N2O   

EI1 2540.4 (254.1) 201.9 (20.1) – – – – – – – – 4.7 (2.2) 

EI2 2422.7 (242.2) 243.8 (24.3) 2.3 (1.6) – – – – – – – 3.2 (2.0) 

EI3 2512.9 (251.2) 196.5 (19.6) 3.3 (1.2) – – – – – 2.2 (0.1) 1.1 (0.1) 1.8 (1.2) 

SS1 1846.9 (184.6) 150.0 (15.0) 1.6 (1.1) – – – – – 1.4 (0.1) 1.7 (0.2) 1.0 (0.6) 

SS2 1635.2 (163.5) 269.2 (26.9) 3.6 (1.9) – – – – – 8.5 (0.3) 4.6 (0.3) 0.8 (0.6) 

SS3 1712.0 (171.2) 191.7 (19.1) 2.0 (3.4) – – – – – 2.9 (0.2) 2.9 (0.6) 1.1 (0.3) 

SS4 1598.2 (159.8) 260.0 (26.0) 3.2 (3.3) – – – 2.2 (0.4) – 4.3 (0.4) 5.1 (0.7) 0.9 (0.2) 

SS5 1959.3 (195.9) 86.7 (8.6) 2.9 (0.6) – – – 0.8 (0.1) – 1.1 (0.1) 0.9 (0.1) 0.5 (0.3) 

EI4 2372.0 (237.2) 208.4 (20.8) 10.0 (1.5) 1.5 (0.1) 9.9 (1.9) 1.7 (0.2) 2.2 (0.2) – 4.0 (0.4) 5.4 (0.5) 2.1 (0.3) 

EI5 2471.8 (247.1) 208.5 (20.8) 2.8 (1.8) – – – 1.2 (0.1) – 2.8 (0.2) 2.3 (0.3) 1.5 (0.3) 

EI6 2359.3 (235.9) 225.8 (22.5) 4.5 (1.2) 0.3 (0.1) 11.6 (1.9) – 1.9 (0.1) – 3.2 (0.3) 3.2 (0.4) 1.4 (0.1) 

SS6 1997.2 (199.7) 58.2 (5.8) 1.1 (0.9) – – – – – 1.0 (0.1) 0.9 (0.1) – 

SS7 1952.0 (195.2) 85.7 (8.5) 1.0 (0.9) – – – 0.7 (0.1) – 1.0 (0.1) 1.2 (0.1) – 

SS8 1937.3 (193.7) 93.3 (9.3) 1.5 (1.0) – – – – – 1.8 (0.1) 1.7 (0.2) – 

SS9 1777.0 (177.7) 139 (13.9) 3.7 (0.9) – 1.9 (1.8) – 1.0 (0.1) – 1.9 (0.1) 2.0 (0.3) 0.6 (0.3) 

SS10 1767.1 (176.7) 156.3 (15.6) 2.8 (0.8) – 2.7 (1.6) 0.7 (0.1) – – 1.6 (0.1) 1.5 (0.1) 0.7 (0.2) 

SS11 1631.4 (163.1) 170.2 (17) 5.4 (1.3) – 6.8 (3.6) – – – 2.4 (0.2) 2.3 (0.1) 0.7 (0.4) 

SS12 1272.7 (127.2) 330.5 (33) 9.5 (1.5) – 9.8 (5.3) – 2.0 (0.5) 6.4 (0.7) 5.8 (0.5) 6.5 (0.4) – 

SB1 1751.3 (175.1) 54.1 (5.4) 2.2 (1.1) 0.8 (0.2) 2.0 (2.5) 1.4 (0.3) 0.5 (0.1) 1.0 (0.1) 0.7 (0.1) 0.5 (0.1) 0.3 (0.2) 

SS13 1461.1 (146.1) 239.8 (23.9) 7.4 (0.8) 1.1 (0.1) – 2.3 (0.2) 3.5 (0.3) 5.6 (0.3) 3.4 (0.2) 2.4 (0.2) 1.0 (0.1) 

SS14 1461.4 (146.1) 214.7 (21.4) 4.7 (2.2) – – – – 0.5 (0.1) 2.5 (0.2) 3.7 (0.6) 0.9 (0.8) 

SS15 1609.6 (160.9) 253.3 (25.3) 4.2 (0.9) 0.7 (0.1) 4.5 (1.2) 1.7 (0.1) 3.6 (0.5) 5.8 (0.3) 3.1 (0.2) 5.0 (0.5) 0.3 (0.2) 

SB2 1780.7 (178.0) 88.3 (8.8) 4.0 (0.8) 3.7 (0.1) 4.2 (1.2) 4.6 (0.1) 1.1 (0.1) 2.1 (0.2) 0.8 (0.1) 0.8 (0.1) 0.2 (0.1) 

(Continued on next page) 
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Table 3. (Continued)             

Smoke plume # B CO2 CO CH4 C2H4 C2H6 CH2O CH3OH CH3COOH NH3 HCN N2O   

SB3 1528.0 (152.8) 247.8 (24.7) 8. 1 (0.8) 1.8 (0.1) 8.6 (1.0) 3.7 (0.2) 3.0 (0.3) 3.3 (0.3) 1.5 (0.1) 2.0 (0.2) 0.4 (0.1) 

SS16 1445.4 (144.5) 197.3 (19.7) 3.4 (0.7) – 4.3 (1.9) – 2.1 (0.1) – 3.8 (0.3) 4.1 (0.3) 0.7 (0.2) 

SS17 1513.9 (151.3) 264.3 (26.4) 5.9 (1.1) – 6.7 (3.0) – 2.7 (0.3) – 4.4 (0.4) 3.8 (0.3) 0.8 (0.3) 

SS18 1659.5 (165.9) 193.3 (19.3) 4.5 (0.8) – 4.3 (2.5) – 1.7 (0.1) – 3.7 (0.3) 2.9 (0.2) 0.8 (0.3) 

SS19 1534.2 (153.4) 168.3 (16.8) 3.3 (0.5) 0.5 (0.1) 3.1 (1.1) – 1.6 (0.1) – 2.3 (0.2) 1.9 (0.2) 0.3 (0.1) 

SS20 1683.6 (168.3) 205.4 (20.5) 4.3 (0.7) 0.4 (0.1) 4.2 (1.6) – 2.6 (0.1) – 4.4 (0.3) 4.6 (0.4) 0.7 (0.1) 

SS21 1430.2 (143.0) 209.2 (20.9) 4.0 (0.8) – 4.0 (1.7) – 2.1 (0.1) – 4.0 (0.3) 4.1 (0.5) 0.9 (0.2) 

SB4 1713.4 (171.3) 117.8 (11.7) 5.7 (0.9) 3.0 (0.2) 6.0 (1.5) 3.2 (0.2) 2.1 (0.2) 14.5 (0.1) 1.8 (0.1) 1.3 (0.1) 0.4 (0.1) 

SS22 1272.4 (127.2) 304.3 (30.4) 6.2 (0.8) – 7.0 (1.7) – 3.0 (0.2) – 6.5 (0.6) 5.4 (0.6) 0.8 (0.1) 

SS23 1371.5 (137.1) 271.1 (27.1) 6.4 (0.6) 0.2 (0.1) 6.6 (1.0) – 3.1 (0.2) 1.9 (0.1) 4.6 (0.3) 4.1 (0.4) 0.8 (0.1) 

SS24 1208.5 (120.8) 321.1 (32.1) 8.3 (1.0) 0.4 (0.1) 8.8 (2.3) – 3.4 (0.4) – 6.0 (0.5) 5.7 (0.6) 0.3 (0.1) 

SS25 1655.2 (165.5) 237.2 (23.7) 5.2 (1.4) – – – 1.3 (0.2) – 2.6 (0.3) 3.9 (0.4) 0.9 (0.2) 

SS26 962.0 (96.2) 412.7 (41.2) 10.5 (1.6) 0.2 (0.2) 11.5 (4.0) – 5.0 (0.4) – 7.7 (0.7) 6.5 (0.6) 1.1 (0.1) 

SS27 1596.2 (159.6) 131.3 (13.1) 3.2 (0.6) 0.3 (0.1) 3.4 (0.9) – 1.5 (0.1) – 2.5 (0.2) 1.9 (0.2) 0.5 (0.1) 

SP1 1336.1 (133.6) 391.4 (39.1) 9.3 (3.7) – – 8.4 (0.2) – – 8.3 (0.6) 5.9 (1.5) – 

SP2 1472.2 (147.2) 226.8 (22.6) 5.3 (1.1) – 5.8 (5.0) – 1.8 (0.5) – 3.5 (0.3) 3.2 (0.3) 0.5 (0.5) 

SP3 2540.4 (254.1) 201.9 (20.1) – – – – – – – – 4.7 (2.2) 

AThe uncertainties in parentheses were calculated in quadrature from those associated with the trace gas emission ratios and a ± 10% uncertainty in the assumed fuel carbon across the site, in accordance 
with ( Paton-Walsh et al. 2014;  Smith et al. 2018). 

BEI, ember ignition; SS, smouldering spread; SB, slash-and-burn; SP, suppression.  
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Independent sample t-tests were conducted in this study 
to statistically examine whether EFs of the four most promi
nent gas species (CO2, CO, CH4, NH3) from either ember 
ignition, slash-and-burn, smouldering spread and suppres
sion are significantly different from the others. Specifically, 
six t-tests (two-tailed) with a significance level of 0.05 
(a = 0.05) were carried out for: (1) ember ignition vs 
slash-and-burn; (2) ember ignition vs smouldering spread; 
(3) ember ignition vs suppression; (4) slash-and-burn vs 
smouldering spread; (5) slash-and-burn vs suppression; 
and (6) smouldering spread vs suppression (Table 5). 

CO2 showed a significantly different EFs (P < 0.001) 
from ember ignition (n = 6) than from slash-and-burn 
(n = 4), or smouldering spread (n = 27), or suppression 
(n = 3). CO2 EFs from suppression also showed significantly 
different values than those from slash-and-burn (P < 0.001), 
and from smouldering spread (P = 0.0077). However, CO2 
failed to differ EFs between slash-and-burn, and smouldering 
spread (P = 0.262). Compared with CO2, CO only performed 
well in distinguishing ember ignition (n = 6) from slash-and- 

burn (n = 4) with P = 0.0385. CH4 failed to differ any fire 
types or fire stages with all P-values staying above 0.05. For 
NH3, a potential gas signature for smouldering peat proposed 
in (Hu et al. 2018b), performed well in distinguishing ember 
ignition (n = 4) from slash-and-burn (n = 4), and smoul
dering spread (n = 27) from slash-and-burn, with both 
P-values <0.0001. More field fire emission measurements 
are needed for improving the statistical performance of 
single gas species in differentiating fire types and stages. 

Influence of soil properties on smouldering fire 
emissions 

The percentage difference of EFs of CO2, CO, CH4, and NH3 
from the 27 smouldering spread smoke plume measurements 
stayed at 51.8, 86, 90 and 88%, respectively. In laboratory 
studies, soil properties (e.g. moisture content, inorganic con
tent and bulk density) have been shown to affect the smoul
dering fire dynamics (Huang et al. 2016; Huang and Rein 
2017; Christensen et al. 2019; Hu et al. 2019, 2020). In this 
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Fig. 8. Path-averaged emission factor of CO2 (a), CO (b), CH4 (c), and NH3 (d) for all 40 smoke plume measurements.    
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field experiment, the influence of these soil variables on 
smouldering fire emissions were examined. 

Averaging the soil sampled across depths in the field, 
peat from P1N was found to have a 225% higher moisture 
content (173.9 ± 22% in dry basis) than from P1S. Fig. 10 
shows the relationships between the peat moisture and the 
mean EFs of CO2, CO, CH4, and NH3, from plots P1N, P1S, 
and P2N where fire emissions from the smouldering spread 
stage were measured. The mean EF of CO2 (1356.5 ± 
186.2 g kg−1) from smouldering smoke plumes SS13–SS14, 
SS16, SS21–SS24, and SS26–SS27 measured at P1N were 
23% lower than the mean EF value of CO2 from SS1–SS10, 
SS15, SS17–SS18, and SS20 measured at P1S. 

In contrast, the mean EF of CO (225.7 ± 82.5 g kg−1) and 
CH4 (6.0 ± 2.45 g kg−1) from P1N was 48.8 and 50.0% 
higher than the mean EF of CO and CH4 from P1S, respec
tively. These observed changes in EF with peatland moisture 
content is in accordance with the findings from laboratory 
experiments; wet peat has a lower EF of CO2 but a higher EF 
of CO as moisture content decreases combustion intensities 
(Hu et al. 2019). However, it is worth noting that transient 
moisture of the peat is susceptible to ambient humidity and 
rainfall, which vary significantly in the field. More fire 

emission measurements under diverse moisture conditions 
are needed to improve the understanding of the influence of 
moisture on smouldering fire emissions. 

Fig. 11 shows the relationships between mean gaseous EFs 
and the density and inorganic content from P1S, P1N, and 
P2N. In general, increasing in density leads to a decrease in 
CO2, but an increase in the EFs of CO, CH4, and NH3. 
Conversely, when the inorganic content of the peat soil 
increase, an increase in CO2 and decreases in CO, CH4, and 
NH3 were observed. Specifically, EFs of CH4 from P1N 
(6.0 ± 2.5 g kg−1) with 72% higher peat bulk density were 
found to be 99% larger than the EFs of CH4 from P1S. This 
echoes with the finding from a peat fire emission field study 
where a strong positive correlation was found between the 
peat substrate bulk densities with CH4 EFs (Smith et al. 2018). 

In essence, a higher bulk density can be resulted from 
either a higher degree of packing, or a higher inorganic 
content. Higher bulk density fuel with a higher inorganic 
content may have an improved oxygen supply and thermal 
conductivity, resulting from the inclusion of smaller and 
thermally conductive mineral particles in the peat fuel 
bed. In contrast, higher bulk density peat soils resulting 
from a tighter structure entails a slower heat loss and a 
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limited oxygen supply inside the peat bed, encouraging the 
formation of incomplete combustion species (e.g. CH4) from 
peat pyrolysis (Wijedasa et al. 2017; Smith et al. 2018; Hu 
et al. 2020; Cui 2022). These findings suggest that it is 
important to map the peatland heterogeneity (e.g. moisture 
content, inorganic content and bulk density) for a better 
understanding of spatially variable EFs. 

Influence of field meteorological conditions on 
smouldering fire emissions 

In the field, peatland fires are subjected to wind with vary
ing speeds and directions. In SS11, a burning spot at P1S was 
partly covered by a metal sheet for 20 min (Table 1). When 
removing the metal sheet (SS12), the accumulated emissions 
from the spot was released into the ambient air, resulting in 
a 27% decrease in CO2 EF but a sharp 111, 239, and 263% 
increase of EFs for CO, CH4, and NH3, respectively. The field 
measurement result showed above indicates that changes in 
oxygen supply and heat loss at smouldering spots could 
significantly influence fire EFs. Reversely to the metal 
sheet effect (limited oxygen supply and heat loss from the 
smouldering spots) demonstrated from SS11 to SS12, strong 
wind or wind gusts could lead to an enhanced oxygen supply 
and heat loss at certain smouldering spots in situ, potentially 
introducing inter-plume EF variability (Rein 2016). 

Among the 40 smoke plumes measured throughout the 
experiment, SS19 was conducted during a heavy rain event 
with an average rain rate of 5.6 mm h−1. Compared to SS16 
and SS21 (two rain-free measurements at the same location 
(P1N)), EF of CO2 from SS19 increased 6.7 ± 1.3%, reach
ing 1534.2 ± 153 g kg−1. In contrast, a notable decrease in 
the values of EFs for CO (−17.2 ± 3.4%), CH4 (−10.8 ± 
3.8%), C2H6 (−25.3 ± 20%), CH4O (−23.8 ± 2.6%), NH3 
(−40.3 ± 6.7%), HCN (−53.7 ± 10.9%), and N2O 
(−62.5 ± 36.5%) were found from this SS19 smoke 
plume influenced by the rain. 

Without rainfall, species like CO2 and CO are mainly 
generated from the oxidation of ‘dry char’ (Rein et al. 
2009; Rein 2016). However, the rainfall could convert the 
‘dry char’ into a ‘wet char’, influencing the composition and 
concentrations of the fire smoke and thus leading to the 
changes of the EFs for CO2, CO, CH4, and C2H6 observed 
from SS19. The sharp decrease of EFs for gas species like 
CH2O, NH3, HCN, and N2O could be partly attributed to the 
fact that they are soluble in water (rainfall). It is worth 
noting that the influence of the rain on fire EFs shown 
here is based on a single rain smoke plume measurement. 
However, this first investigation of the influence of rainfall 
on fire emissions opens up opportunities for further study. 

Emissions from rain (SS19) and suppression attempts 
(SP1–SP3) were both influenced by water. Comparing with 
the EFs from SS19 with rain effect, the averaged EFs from 
SP1–SP3 measurements presented a mild decrease (7.34%) 
in the EF value of CO2, but sharp increases in CO (36.0%), Ta
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CH4 (75.8%), C2H6 (29.0%), NH3 (82.6%), and HCN 
(68.4%). However, owing to the limited measurements for 
rain (n = 1) and suppression smoke plumes (n = 3), the 
accurate roles of diverse forms of water (rain, water spay and 
water injection) in influencing peat fire emissions remain 
unclear. Further investigations are needed to reveal the 
mechanisms leading to diverse EFs influenced by different 
forms and intensities of water. However, this work presents 
the first field measurements of peat fire EFs during rainfall/ 
suppression, contributing important primary baseline data. 

Modified combustion efficiency (MCE) and fire 
regimes 

In this work, the plume-averaged MCE from all measure
ments were classified and compared to the fire categories 

observed during the experiment (Fig. 12). It was found that 
MCE failed to differentiate the four fire categories that differ 
fundamentally in terms of the combustion dynamics. For 
example, the plume-averaged MCE from ember ignition 
(0.88 ± 0.01) exceeded the ‘smouldering MCE range’ 
(between 0.75 and 0.84, or between 0.65 and 0.85) defined 
in the literature (Akagi et al. 2011; Stockwell et al. 2016). 
However, only smouldering combustion was observed 
throughout the ember ignition attempts. In addition, slash- 
and-burn, a fire type dominated by flaming combustion, 
presents a plume-averaged MCE of 0.89 ± 0.06, staying 
roughly at the same MCE level with smouldering ember 
ignition. 

In the literature, an MCE of 0.9 suggests roughly equal 
amounts of flaming and smouldering (Akagi et al. 2011). 
However, the plume-averaged MCE for SB4, a plume mea
surement that mixed partial flaming and smouldering 
smoke, stayed at 0.8, a typical MCE value for pure smoul
dering (Akagi et al. 2011). The maximum MCE (0.956) 
found in a smouldering smoke plume (SS6) stayed closely 
to the ‘pure flaming MCE’ (0.99) defined in (Stockwell et al. 
2016). In addition, individual MCE from the three suppres
sion smoke plumes ranged from 0.71 (SP1) to 0.93 (SP3), 
spanning over the whole literature MCE range for smoulder
ing (Akagi et al. 2011; Stockwell et al. 2016). Given the 
large range of the MCE throughout the experiment 
(0.66–0.96) and the large contradictions seen between the 
‘MCE-indicated fire regimes’ and real fire regimes observed 
in the field, we conclude that the value of MCE is highly 
sensitive to complex field variables including fuel heteroge
neity and weather conditions (Hu et al. 2018a). 

In a wildfire event, various biomass fuel (e.g. peat and 
surface vegetation) undergo chemical decomposition by 
heating from ignition sources (e.g. slash-and-burn, natural 
lightning or arson), generating gaseous (pyrolysate) and 
solid (char) products (Rein 2013). Fundamentally, the dom
inant mode of a fire regime (smouldering or flaming) is 
dictated when chemical species is oxidised; if the oxidation 
takes place in the char, smouldering dominants, while if the 
oxidation happens in the gas phase pyrolysate then flaming 
combustion dominates (Rein 2016). 

Table 5. T-test result for comparing emission factors (g kg−1, dry basis) between fire events observed in the field. A            

CO2 CO CH4 NH3 

t-value P-value t-value P-value t-value P-value t-value P-value   

EI vs SB  13.34  <0.0001  2.340  0.0385  0.253  0.8003  4.628  <0.0001 

EI vs SS  15.56  <0.0001  0.44  0.6595  0.204  0.8386  1.023  0.6125 

EI vs SP  22.9  <0.0001  0.19  0.8469  0.635  0.5253  0.684  0.9882 

SB vs SS  1.51  0.2620  1.98  0.0960  0.585  0.5585  5.209  <0.0001 

SB vs SP  4.5  <0.0001  1.20  0.4550  0.443  0.6576  1.739  0.1642 

SS vs SP  2.89  0.0077  0.29  0.7724  0.955  0.6788  0.3889  0.6973 

AEI, ember ignition; SS, smouldering spread; SB, slash-and-burn; SP, suppression.  
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Fig. 10. Relationships between the emission factor of CO2, CO, CH4, 
and NH3 and mean moisture content of the plots P1S, P1N and P2N 
where fire emissions from smouldering spread were measured. Smoke 
plumes influenced by limited oxygen supply (SS11–SS12), and rainfall 
(SS19) were excluded from the results. Only one measurement of 
smouldering spread fire emissions was carried out in P2N, the data 
was included in this figure for comparison.   
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In this experiment, fire emissions are affected by the 
peatland heterogeneity and complex weather conditions. 
These field (‘real world’) variables could have substantial 
influence on the transient CO2 and CO emissions and in turn, 
lead to significant variations of the associated values of MCE 
(see Fig. S3 for the transient CO2, CO, and MCE for SS26 as 
an example). MCE greatly simplifies the complex fire 
dynamics that drive changes in fire emissions, and fails to 

incorporate the fundamental difference between flaming 
and smouldering combustion (Hu et al. 2018b). As a result, 
large uncertainties could be introduced when using a single 
MCE value to determine the regimes of a wildland fire. 

It is worth noting that comparing to natural smouldering 
peatland fires spreading thousands of km2 and releasing 
emissions over weeks or even months, the smouldering 
area of the GAMBUT fire experiment (408 m2), as well as 
the number of the smoke plume measurements (n = 40) 
conducted in this research remain limited. Furthermore, 
uncertainties exist in terms of the accuracy of the EFs and 
MCE reported from the FTIR measurements of plume emis
sions subjected to wind gusts and potential mixing of emis
sions from adjacent burns. However, this field fire research 
provides a framework for an advanced understanding of 
temporally variable EFs and emissions inventories from 
fires on degraded tropical peatlands. 

Conclusions 

We conducted the first controlled field-scale tropical peat
land fires in Sumatra, Indonesia. ‘Life-cycle’ fire emission 
factors (EFs) of 11 gas species from various fire stages, 
including ignition, spread, and suppression, were charac
terised and quantified using open-path FTIR spectroscopy 
from 40 smoke plumes throughout a 12-day field measure
ment campaign. These represented the first published EFs 
for fires burning in degraded peatland, which had been 
subjected to long-term degradation, restoration, or agricul
tural conversion with distinctively high inorganic content. 
We found EFs of similar magnitude to those reported in the 
literature (Akagi et al. 2011; Hu et al. 2018a). Incorporating 
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mean EFs from different fire categories (Table 4) into fire 
emission inventories could improve the accuracy of atmo
spheric modelling and the overall emission estimates for 
tropical peatland regions with high fire frequency. 

Similar to a handful of field studies of tropical peatland 
fire emissions (Huijnen et al. 2016; Stockwell et al. 2016;  
Smith et al. 2018), substantial inter-plume variability was 
found for EFs of different species. We presented the first 
field evidence suggesting that much of these variability 
could be determined by fuel types (e.g. charcoal ember vs 
peat), fire types (flaming vs smouldering), fire stages (igni
tion vs spread vs suppression), fuel heterogeneity (e.g. mois
ture content, inorganic content, and bulk density), and field 
meteorological conditions (e.g. strong wind or rainfall). 

Large contradictions were found between the ‘MCE- 
defined fire regimes’ and the real fire regimes from in situ 
observations. Thus, we concluded that MCE is highly sensi
tive to complex field variables and when used alone, can 
introduce significant uncertainty in determining fire 
regimes in heterogeneous field environments. 

Fundamental understanding of obtained from small-scale 
laboratory experiments (e.g. Hu et al. (2019)) serve well for 
explaining the variability of EFs and MCE from this GAMBUT 
peat fire experiment, highlighting the importance of cou
pling laboratory experiments with field measurements 
towards a better understanding of peatland fire emissions 
and reducing the impact of large-scale smouldering wildfires. 

Supplementary material 

Supplementary material is available online. 
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