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GAMBUT field experiment of peatland wildfires in Sumatra: 
from ignition to spread and suppression 
Muhammad A. SantosoA,E , Eirik G. ChristensenA , Hafiz M. F. AminA,B , Pither PalambaC , Yuqi HuA,D,  
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Yulianto S. NugrohoE and Guillermo ReinA,*

ABSTRACT 

Peat wildfires can burn over large areas of peatland, releasing ancient carbon and toxic gases into 
the atmosphere over prolonged periods. These emissions cause haze episodes of pollution and 
accelerate climate change. Peat wildfires are characterised by smouldering – the flameless, most 
persistent type of combustion. Mitigation strategies are needed in arctic, boreal, and tropical 
areas but are hindered by incomplete scientific understanding of smouldering. Here, we present 
GAMBUT, the largest and longest to-date field experiment of peat wildfires, conducted in a 
degraded peatland of Sumatra. Temperature, emission and spread of peat fire were continuously 
measured over 4–10 days and nights, and three major rainfalls. Measurements of temperature in 
the soil provide field experimental evidence of lethal fire severity to the biological system of the 
peat up to 30 cm depth. We report that the temperature of the deep smouldering is ~13% hotter 
than shallow layer during daytime. During night-time, both deep and shallow smouldering had the 
same level of temperature. The experiment was terminated by suppression with water. 
Comparison of rainfall with suppression confirms the existence of a critical water column height 
below which extinction is not possible. GAMBUT provides a unique understanding of peat 
wildfires at field conditions that can contribute to mitigation strategies.  
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Introduction 

Peat is organic soil formed by long term natural accumulation of decayed vegetation, and 
peatlands are the largest reserves of terrestrial organic carbon (Turetsky et al. 2015;  
Rieley and Page 2016). Peatlands occupy up to 3% of the Earth’s land surface but store 
around 25% of the world’s soil carbon (Yu 2012). Peat formation occurs in ecosystems 
that are either often flooded by water, as in the case of tropical peatlands, or in cold 
climate conditions as in boreal and Arctic peatlands (Page et al. 2011; Yu 2012; Turetsky 
et al. 2015). However, peat can be flammable when dry or thawed and wildfires can be 
ignited by natural events such as lightning (Mickler et al. 2017) and self-heating 
(Restuccia et al. 2017), or anthropogenic activities such as land clearing, accidental 
burning, and arson (Page et al. 2002, 2011; Rein 2016). Their spread is governed by 
smouldering combustion, and fires can last for weeks or months despite rainfall or 
firefighting (Page et al. 2002; Huijnen et al. 2016; Rein and Huang 2021) (see Fig. 1). 
Smouldering is the slow, low temperature, flameless burning of porous fuels (Ohlemiller 
1985; Rein 2016). During the 1997 haze episode in Southeast Asia, peat fires released up 
to ~2570 Tg of carbon, which is equivalent to 40% of annual global emissions (Page et al. 
2002). The recent 2015 haze episode in Southeast Asia released 227 ± 67 Tg of Carbon, 
with an average rate of daily CO2 emission exceeding the fossil fuel emission rate of the 
European Union (Huijnen et al. 2016). Annually, drained peatlands release ~5% of 
global anthropogenic greenhouse gas emissions (IUCN 2017), which, considering the 
very long period of 100–1000 years needed for the carbon in peatland to be stored, 
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contribute to the acceleration of climate change (Kelly et al. 
2013; Rein 2013; Gandois et al. 2019; Walker et al. 2020;  
Rein and Huang 2021). 

Various scales of experiments are required to understand 
peat fires (Christensen et al. 2019), so that effective and 
efficient mitigation efforts can be formulated. At the micro-
scale, in the order of milligram samples, the fundamental 
chemistry of smouldering peat has been identified, revealing 
exothermic and endothermic reactions (Chen et al. 2011;  
Huang and Rein 2014). At the mesoscale, in the order of 
gram to kilogram samples, the studies are on the dynamics 
of peat fire such as the critical ignition limits based on 
moisture content (MC) and inorganic content (IC) 
(Frandsen 1987, 1997; Rein et al. 2008), horizontal and 
in-depth spread (Huang et al. 2016; Prat-Guitart et al. 
2016a, 2016b; Christensen et al. 2020), gaseous emission 
(Hu et al. 2019), and suppression (Ramadhan et al. 2017;  
Lin et al. 2020; Santoso et al. 2021). Currently, the maxi-
mum characteristic length of laboratory mesoscale studies in 
the literature is 40 cm (Benscoter et al. 2011; Huang and 
Rein 2019; Christensen et al. 2020). Although these investi-
gations in the micro and mesoscale provide fundamental 
understanding of peat fire behaviours, they were conducted 
in artificial laboratory conditions as compared with the 
natural conditions where variables change significantly 
over time and space. Thus, experimental evidence at the 
field scale is essential to bridge between understanding in 
the mesoscale to the real landscape. 

Field-scale studies of peat fires have been previously 
conducted post-fire (Page et al. 2002; Usup et al. 2004;  
See et al. 2007; Huijnen et al. 2016; Simpson et al. 2016;  
Smith et al. 2018), with minimum in situ measurements. The 
origin and end of the fires (essential elements of fire dynam-
ics analysis) in these studies were generally unknown.  
Pastor et al. (2017) conducted systematic experiments in 
peatland in the Peruvian Andes, in plots of 50 × 50 cm. 
Even though the experimental location is in the field, this 
sample size is as small as laboratory scale. Only three out of 
18 tests registered temperatures above 100°C, and only one 

recorded temperature up to 400°C, indicating that only one 
fire spread but all others did not ignite. Thus, taking all 
these studies together, the information required to under-
stand the actual behaviour of real peat fire, its spread 
despite rainfalls and firefighting response, is still minimal. 

Here, we report GAMBUT (Indonesian word for ‘peat’), 
the experiments of tropical peat fires in the field and the 
largest-to-date peat fire experiments. Gambut considered 
and measured field-scale peat fire behaviour in terms of 
temperature, fire area, spread rate, emissions, and suppres-
sion. The location is a secondary peat swamp forest in 
Sumatra Island of Indonesia. Indonesia contains the largest 
share of peat carbon in Southeast Asia (65%, 57.4 Gt) in 
which peatland fires have frequently spread (Gaveau et al. 
2014; Tacconi 2016; Iriana et al. 2018; Hoyt et al. 2020). 
Secondary or degraded peatland is the result of disturbed 
pristine peatland due to logging, deforestation, and draining 
(Murdiyarso et al. 2019). The total experimental area was 
408 m2. The shortest and longest fires observed in this study 
were 4 and 10 days, respectively, up until controlled sup-
pression. GAMBUT is the first study to fill the gap in the 
understanding of peat fire dynamics between laboratory and 
field scale, and provide field evidence to formulate an effec-
tive and efficient mitigation response. 

Material and methods 

Field site and experimental plots 

The field experiment was conducted in Rokan Hilir regency, 
Sumatra, Indonesia, from 19 to 29 August 2018. The loca-
tion of the site experiment was determined according to 
field surveys and correspondence with the Ministry of 
Interior of the Republic of Indonesia. The dates of the 
experiment were chosen for favourable conditions for peat 
fire, as suggested by climate data, with an average tempera-
ture of 27.4°C (minimum 23.4°C, maximum 33°C) and an 
average relative humidity of 79.1 ± 4.9% in the previous 
5 years (BMKG 2022). The dates of the experiment also made 

Flame

Haze

Ash

Peatland Peatland

Char

Fig. 1. Flaming (left) and smouldering 
(right) wildfires in a peatland. Peat wild-
fire ignition can be caused by anthropo-
genic activities such as land clearing, 
accidental burning, arson, or natural 
causes like lightning strike or self- 
heating. The illustration is taken from   
Hu et al. (2018) (image by Y. Hu).   
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possible the investigation of the effect of rainfall because the 
rainy season tends to start at the end of August (Badan Pusat 
Statistik Kabupaten Rokan Hilir 2015; BMKG 2022).                    

The site in this study is in a tropical wet climate with a mean 
annual rainfall of 2080 mm (Badan Pusat Statistik 
Kabupaten Rokan Hilir 2015); it is mostly covered by 
palm trees, ferns, and sedges, and is in the vicinity of a 
water reservoir (pond) (Fig. 2). From the weather data of 
the previous 5 years, drought season occurs in June and July 
with monthly rainfall at ~85 mm, which starts to increase in 
August (Badan Pusat Statistik Kabupaten Rokan Hilir 2015). 
The mean daily rainfall in August is 6.5 mm with the maxi-
mum daily rainfall of 117.2 mm (BMKG 2022). 

Fig. 3a shows the chronology of this experiment, which 
was conducted over 12 days and nights across changing 
precipitations (Fig. 3b) and weather patterns (Fig. 3c). 
Measurements from the installed weather station on site 
show that the average intensity of rainfall occurred in the 
afternoon of Day 6 (17:20 hours Western Indonesian Time 
(WIT)), the night of Day 6 (21:36 hours WIT), and the 
night of Day 9 (21:26 hours WIT), and were 5.6, 1.4, and 
8.3 mm/h respectively (Fig. 3b). These three rainfall events 
equated to 4.8 mm of water column height in the afternoon 
of Day 6, 1.4 mm in the night of Day 6, and 2.5 mm in the 
night of Day 9. The maximum ambient temperature was 

600 km 100 m

34 m

N

12 m

Fig. 2. Top view of the site for GAMBUT experiment near a 
reservoir (Source: Balai Diklat Satpol PP dan Damkar, Rokan Hilir, 
Riau, Kementerian Dalam Negeri Republik Indonesia. (1°36′17.1″N 
100°58′30.5″E). Google Earth, 18 October 2017. 26 May 2022.). The 
experiment area is indicated by the red rectangle. The site is a 
secondary peat swamp forest in Rokan Hilir, Sumatra, Indonesia 
(1°36′17.1″N 100°58′30.5″E). Inset picture shows Sumatra Island in 
which the site is indicated by a red rectangle.  
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Fig. 3. (a) Chronology of GAMBUT experiments from ignition to suppression. The field experi-
ment was conducted over 12 days: the first 10 days for free burning and the last 2 days for 
suppression. Plot 1 North (P1N), Plot 2 North (P2N), Plot 3 North (P3N), Plot 1 South (P1S), 
Plot 2 South (P2S), and Plot 3 South (P3S) are the fire areas in  Fig. 4a and  Table 2. (b) Evolution of 
water rate for three recorded rainfall events on Day 6 and 9. (c) Recorded ambient temperature and 
relative humidity from Day 1 to 12. WIT is Western Indonesia Time (GMT + 7 h). Daytime period is 
determined from 05:00 to 18:00 hours WIT and night-time is from 18:00 to 05:00 hours WIT.   
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35.9°C and the minimum was 21.6°C (Fig. 3c). The maxi-
mum air relative humidity was 98% with a minimum of 
38%. Considering that the difference between the maximum 
and minimum temperature, and of air relative humidity, 
was 14.3°C and 60%, these experiments include data over 
significant changes of environmental conditions, including 
dry–hot and humid–cold moments of the day. 

In total, six peat fire experiments were conducted. The 
experiments were conducted in three plots of land, each 
with dimensions of 10 × 10 m (Fig. 4a). From the left to 
right of Fig. 4a, the plots are indicated as Plot 1, Plot 2, and 
Plot 3. In each plot, two peat fire experiments were con-
ducted (Fig. 4b): Plot 1 North (P1N) and Plot 1 South (P1S); 
Plot 2 North (P2N) and Plot 2 South (P2S); and Plot 3 North 
(P3N) and Plot 3 South (P3S). The topography of the plots 
shows an elevation difference of ~1 m between the south 
and north sides (Fig. A2 in the Supplementary Appendix). 
Firebreaks were made around the perimeter of each plot by 
digging trenches of 50 cm wide and 50 cm deep, filled with 
sand to prevent fires from spreading beyond each plot. Fires 
in the north and south sides of the plots were separated and 
did not spread into each other. 

Plot surfaces were cleaned from palm trees, ferns, sedges, 
and surface litter vegetation, except Plot 1, where surface 

litter vegetation (duff) was kept intact (Fig. 4b) to observe 
its effect on slash-and-burn. Fig. 4a shows that the litter 
vegetation left on Plot 1 had dried naturally and turned 
brownish, similar to the colour of dried peat in Plot 2 and 
Plot 3. Visual observation of the different surface treatment 
between Plot 1 and other plots from up-close can be seen in 
Fig. A1 in the Supplementary Appendix. 

Peat properties investigations 

Pre-experiment peat sampling was conducted to measure 
bulk density, moisture content (MC), elemental content 
(C/H/N), and inorganic content (IC). Sampling locations are 
shown in Fig. 4a and were chosen to investigate properties’ 
variations caused by topography differences between the 
north and south sides of the plots (Fig. A2 in the 
Supplementary Appendix). Samples were taken at four depths: 
0–10, 10–20, 20–30, and 30–40 cm, using a cylindrical corer 
of 2.54 cm diameter and 10 cm length. These depths were 
chosen based on the range of depth of burn of peat fire 
recorded in the literature from 1983 to 2015 (Santoso et al. 
2019). The samples were immediately weighed to measure 
the wet bulk density (ρwet). Volumetric moisture content 
(VMC) was measured by Delta-T SM150T soil moisture sensor 
probe (Delta-T Devices Ltd, England), with an accuracy of 
±3%. Using the measured bulk density, the moisture content 
(MC) in dry-mass basis was calculated using Eqn 1 where 

H O2
is water density of 1000 kg m−3. 

MC = 1
1VMC ×

wet

H2O

(1)   

After the bulk density was measured, a subsample of 
~10 g was taken to measure the C/H/N content using 
CE440 Elemental Analyzer (Exeter Analytical (UK) Ltd, 
England). The rest of the sample was then used for the 
measurement of IC, using the Loss on Ignition (LoI) method 
by burning the sample in a furnace at 1000°C (Christensen 
et al. 2020). Before the LoI, the sample was dried in an 80°C 
oven for 48 h so that the IC measurement was conducted in 
dry-mass basis. The dry sample was then heated in the 
furnace until no mass loss was detected. Table 1 shows the 
summary of the peat properties investigations. 

Spread measurements 

Thermocouples were used to measure smouldering temper-
ature, and to investigate thermal residence time and spread 
rate. Due to the uncertainty of the direction of peat fire 
spread, thermocouples were placed based on the visual 
observation of the fire and the likely direction of spread. 
To obtain spread rate data, thermocouple points were 
located 15 cm apart. The spread rate was then calculated 
from the known distance, and the time-lapse of when 
two consecutive thermocouples reached their maximum 
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Fig. 4. (a) Top view of the 12 × 34 m of experimental area after 
surface vegetation treatment. Black circles represent peat sampling 
locations for measurements of bulk density, moisture content (MC), 
inorganic content (IC), and elemental content. (b) Schematic of the 
fire areas and different ignition methods. Red and grey rectangles 
refer to slash-and-burn and embers ignitions, respectively. Square 
grids in P1N refer to the surface litter that is kept intact on Plot 1. 
Fire areas indicated by P1N, P2N, P3N, P1S, P2S, and P3S are Plot 1 
North, Plot 2 North, Plot 3 North, Plot 1 South, Plot 2 South, and 
Plot 3 South, respectively.  

M. A. Santoso et al.                                                                                                           International Journal of Wildland Fire 

952 



temperature (Torero and Fernandez-Pello 1996) or reached 
300°C, which is above peat char oxidation temperature 
(230°C; Chen et al. 2011). Each thermocouple point con-
tained two K-type thermocouples at 10 cm (shallow layer) 
with probe diameter of 1.5 mm, and at 30 cm depth (deep 
layer) with probe diameter of 3 mm. Details of thermo-
couple placement can be seen in Fig. A3 in the 
Supplementary Appendix. As the fire progressed past a ther-
mocouple point, it was then moved to a new location. 

Thermal residence time is the duration of time for which 
a recorded temperature at a measurement point is greater 
than a specified temperature threshold (Rein et al. 2008). In 
this study, the threshold was varied from 200°C up to 700°C. 
The 200°C temperature threshold is above the onset of peat 
pyrolysis temperature, but below peat char oxidation (Chen 
et al. 2011). 

Infrared (IR) images were recorded using a FLIR Duo-R 
camera (FLIR Systems UK, England), mounted on a crane 

with adjustable field of view. The crane was mounted on 
rails to allow for imaging the whole site (Fig. 5). The field 
image acquisition can be seen in Fig. A5 in the Supplementary 
Appendix. Fire locations on the surface were measured by 
analysing the IR images using a similar approach to that in  
Amin et al. (2020). The images were converted to greyscale 
and the pixels were marked where the normalised intensity 
increased above an intensity threshold (subset in Fig. 5). The 
area of all the marked perimeter was then determined to be 
the fire area. The scaling from pixel dimension to physical 
length was made possible by using a geo-reference with a 
dimension of 0.17 × 0.14 m, also shown in the subset of Fig. 5. 

Depth of burn (DOB) measurement is shown in Fig. A4 in 
the Supplementary Appendix, and was conducted by bury-
ing a thin metal pole with a geo-reference plate attached on 
the top, flush with the top of the peat layer. The poles were 
located every 2 m. The measurements of DOB were taken on 
day 12, after the field experiment was terminated, by 

Table 1. Physical and chemical properties of peat in this study.          

Measurement 
locations 

Measurement 
depth (cm) 

ρb,wet 

(kg m−3) 
Moisture content 
(% dry mass basis) 

Elemental analysis Inorganic 
content (%) C (%) H (%) N (%)   

P1N 0–10 1136 150.9 33.73 3.2 0.88 44.8 

10–20 1230 191.2 30.73 16.46 0.82 23.6 

20–30 1458 153.3 25.97 10.21 0.62 NM 

30–40 1483 200.3 NM NM NM NM 

P1S 0–10 656 32.3 21.94 2.43 0.57 63.5 

10–20 766 39.0 23.81 2.48 0.55 57.6 

20–30 793 64.6 26.05 2.11 2.51 54.9 

30–40 879 78.2 NM NM NM NM 

P2N 0–10 921 77.5 22.56 3.86 0.69 49.5 

10–20 934 231.8 34.77 6.34 1.69 NM 

20–30 1243 292.1 36.56 6.67 1.53 38.4 

30–40 1389 458.0 NM NM NM NM 

P2S 0–10 714 24.1 22.37 2.66 0.63 53.2 

10–20 776 41.0 17.89 3.46 0.5 NM 

20–30 890 55.6 24.76 5.39 0.74 53.5 

30–40 1037 54.7 NM NM NM NM 

P3N 0–10 737 91.9 23.22 2.66 1.09 49.8 

10–20 905 189.8 32.92 3.38 1.57 NM 

20–30 1455 126.1 22.21 8.34 0.61 55.0 

30–40 1478 197.0 NM NM NM NM 

P3S 0–10 806 18.9 17.19 1.81 0.49 71.2 

10–20 925 27.3 14.2 1.53 0.4 NM 

20–30 991 35.3 17.98 1.96 0.46 62.3 

30–40 988 50.9 NM NM NM NM 

The sampling locations are shown in  Fig. 4a. NM, not measured.  
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measuring the distance between the plate and the layer of 
the peat. 

The gaseous emissions were measured by using open- 
path Fourier transform infrared spectroscopy (OP-FTIR), 
consisting of a M2000 Series equipped with a Stirling- 
cooled mercury–cadmium–telluride detector and fitted with 
a MIDAC custom-built 76 mm Newtonian telescope (MIDAC 
Corporation, Westfield, MA, USA). The spectrometer was 
mounted onto an adjustable tripod to provide stable support 
facilitating the signal reception from a remotely located 
infrared source, consisting of a 12 V silicon carbide glow 
bar operating at 1500 K fitted in front of a 20 cm diameter 
gold-plated collimator (Smith et al. 2018). Each data output 
from the OP-FTIR is the result of 16 scans at every ~18 s. The 
quantification of emission factors (EFs) (grams of emitted 
species per kilogram of dry fuel) of CO2, CO, CH4, NH3, and 
HCN are based on the carbon balance approach detailed in  
Paton-Walsh et al. (2014) and Smith et al. (2014, 2018). 
Each measurement of the emission factor was conducted 
over 10–110 min (details of locations and number of measure-
ments can be seen in Table A1, Supplementary Appendix). 

Fire area and ignition methods 

Ignitions were attempted either by deposition of charcoal 
embers or slash-and-burn. In the case of charcoal embers, 
the particles of charcoal were ignited with gasoline and 
left to burn for 10 min, and then put into the ignition pit. 
This ignition method was conducted in P1S, P2S, and P3S. 
There were three pits in P1S, each with dimensions of 
0.5 m × 0.2 m and 0.2 m deep (Fig. 6a), the pit in P2S was 
6 m × 0.2 m and 0.2 m deep (Fig. 6b), and the one in P3S 

was 0.5 m × 0.5 m and 0.4 m deep (Fig. 6c). A total of 9.3 kg 
of charcoal was used to produce the embers that were put in 
each of the pits in P1S, 70 kg in P2S, and 16 kg in P3S. In 
P3S, the ember ignition was aided by additionally burning 
500 mL of gasoline (once the embers were already in the 
pit), resulting in flames of 1.5 m height for ~15 min. 

Fig. 6a, c shows ember-ignited peat fire in P1S and P3S 
2 days after ignition. On Day 3, the fire of the three pits in 
P1S had grown significantly from 0.1 m2 before ignition to 
0.42, 0.6, and 0.5 m2 for Pit 1, 2, and 3 respectively. In P3S, 
the fire size increased from 0.25 to 0.46 m2 in 2 days. These 
increases in fire size indicate self-sustaining smouldering. 
The ignition attempt in P2S did not result in a sustained fire, 
as shown by the absence of size increase (Fig. 6b). During 
digging on Day 12, no hotspots were found in the layer of 
ash or below. The longest self-sustained peat fire in this 
study was the ember-ignited fires on the south side of plot 
1 (P1S, Fig. 4b), which lasted for 10 days. 

Slash-and-burn ignition was attempted in P1N, P2N, and 
P3N by burning dried tree branches, sedges, and litters put 
together in a pile with dimensions of 8 m in length, 1 m 
wide, and 0.5 m high (Fig. 7). This ignition mode was 
chosen because most occurrences of smouldering fires in 
peatland start with the burning of agricultural waste (Page 
et al. 2011). During the conversion of peatland into a plan-
tation site, the native surface vegetation is slashed and 
burned, hence the name slash-and-burn, which is the cheap-
est way to convert the land. Every few years, this land 
conversion activity results in regional-scale pollution called 
haze, driven by smouldering peat fires and made worse by a 
longer and warmer drought season due to El Niño (Page 
et al. 2002; Huijnen et al. 2016; Hu et al. 2018). 
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chosen to be 0.1 to represent the point at which the intensity started to steeply increase, indicating the outer perimeter of the 
peat fire area. Af and t are fire area and time since ignition respectively.   
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Slash-and-burn was conducted on the north side of the 
plots (Fig. 4b) to observe the induced smouldering peat fire 
employing a strong ignition source because the MC and bulk 
density of the north side of the plot were found to be 
significantly higher than the south side (Table 1). A sand 
line perimeter was introduced between P1N and P1S (Fig. 7) 
to stop the flames spreading from slash-and-burn ignition in 
P1N to P1S. Such a line was not introduced in Plot 2 and 
Plot 3 because the slash-and-burn in P2N and P3N were not 
as intense as in P1N. All slash-and-burn ignition attempts 
resulted in self-sustained peat fire (Fig. 3a). 

In addition to MC measurement before ignition, continu-
ous MC measurements were made in P2N area by placing 
soil moisture sensors at four different depths (10, 20, 30, 
and 40 cm) below the slash-and-burn location (Fig. 4b). 
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Fig. 6. Attempts at ember ignition in 
(a) P1S area with bottom figure showing 
peat fires on day 3, (b) P2S area with 
bottom figure showing un-sustained 
peat fire on day 5, and (c) P3S area 
with bottom figure showing peat fire 
on day 6. Grey rectangle is the ignition 
location.   

Fig. 7. Slash-and-burn ignition on P1N on day 5. The surface vegeta-
tion of P1N was not removed, which resulted in flame spread beyond 
the biomass pile and also ignited the peat. The sand perimeter was to 
stop flames from P1N into P1S.  
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Measurement of MC ahead of a smouldering fire in real-time 
has not been done before in the literature. Table 2 shows the 
summary of the dimensions of the area, the ignition meth-
ods, and the start and end of each experiment. 

Suppression 

Controlled suppression was applied on Day 11 (Fig. 3a) with 
water spray and lance injection methods. The suppression 
was applied using a fire hose and a fire pump. The average 
flow rate was calibrated by filling a container with known 
volume and noting the duration needed for filling it up at a 
specified pump discharge pressure. Water spray suppression 
was applied on P1N, P2N, P3N, and P3S. The flow rate for 
water spray on P1N, P2N, and P3N was 3024 ± 18 L h−1 

and on P3S was 4878 ± 120 L h−1. Suppression was applied 
for 1 h in P1N, P2N, and P3N. 

Lance injection was applied to the three pits of P1S 
(Fig. 4b) by connecting the fire hose to a lance injection 
device. The flow rate during lance injection suppression was 
1669 L h−1 and applied for 25 min in Pit 1 of P1S, 35 min in 
Pit 2 of P1S, and 13 min in Pit 3 of P1S. 

During suppression, a portable thermocouple was used to 
survey in-depth temperatures in the area. The exact suppres-
sion duration was then estimated by  time since water 
delivery was started to the time when temperature recorded 
by in-depth thermocouple (located as in Fig. 8 for P1N, P2N, 
and P3N; and as in Fig A6 in the Supplementary Appendix 
for P1S and P3S) decreased below 50°C, which was chosen 
as a conservative extinction threshold previously used to 
avoid reignition (Santoso et al. 2021). After the suppression, 
all the surveyed points recorded temperatures below 50°C. 

Results and discussion 

Surface treatment and smouldering spread 

P1N experimental plot containing a duff layer of litter vege-
tation resulted in the largest and longest flaming spread 
compared with plots that were cleared of vegetation (P2N 
and P3N, Fig. 8). The flames spread farther than the initial 
piles of slashed vegetation, causing the peat fire to be larger 
than the initial pile (Figs 7, 8a). When the litter was 
removed as in P2N and P3N, peat burned only around the 
location of the initial pile, even after 6 days of slow spread 
(Fig. 8b, c). This confirms transition from flaming to smoul-
dering, which is the process in which the flaming duff layer 
causes the smouldering hotspot in peat layer below 
(Purnomo et al. 2021). 

The peat fires in this study sustained from a few hours up 
to 40 h at any single location (Fig. 9). Measurements of the 
thermal residence time showed that in plots where litter was 
cleared, peat fire in the shallow layer (10 cm deep) was 
weaker than in the deep layer (30 cm deep) (P3N in  
Fig. 9b). However, the residence time in the deep layer T
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(30 cm in Fig. 9b) of cleared plots (represented by P3N) was 
similar to that of P1N (30 cm deep in Fig. 9a). This indicates 
that despite the less intense burning of the surface, peat fire 
in the deep layers can have a high severity if self-sustained. 

This self-sustained peat fire occurred even though the initial 
MC ranged from 100 to 200% in dry-mass base (Table 1), 
reaching peak temperature around 700°C (Fig. A8 in 
Supplementary Appendix). 

(a) Plot 1, Day 5, smouldering hotspot, after !aming had stopped

(b) Plot 2, Day 8, smouldering hotspot, after !aming had stopped

(c) Plot 3, Day 7, smouldering hotspot, after !aming had stopped

Aerial photograph

Aerial photograph

Aerial photograph

N

Unburnt surface

Burnt area Sand "rebreak Thermocouple Geo-reference plate

Stump

Unburnt surface with
intact surface litter
vegetation

Fig. 8. Sketch of thermocouples locations (red dots) and fire (grey shade) after slash-and-burn 
ignition. The pictures on the right-hand side are aerial photographs. (a) P1N on Day 5 showing peat 
fire due to slash-and-burn ignition. The aerial photograph of P1N was taken on Day 7. The 
thermocouple locations in P1S fire can be seen in Fig. A6a in the Supplementary Appendix. 
(b) P2N on Day 8 showing peat fire due to slash-and-burn ignition. The aerial photograph of 
P2N was taken on Day 8. Thermocouples were not put in P2S because the fire was not self- 
sustained. (c) P3N on Day 7 showing peat fire due to slash-and-burn ignition. The aerial photograph 
of P3N was taken on Day 7. The thermocouple locations in P3S fire can be seen in Fig. A6b in the 
Supplementary Appendix. Yellow rectangles are geo-reference plates (size 0.17 × 0.14 m2). Dashed 
white rectangle is the location of slash-and-burn ignition.   
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Examining the thermal residence time for the 300°C 
threshold results in an average of 12–17 h of deep smoul-
dering initiated by ember ignition (Fig. 9c, d), and an aver-
age of 2.5–8 h with a maximum of ~21 h of shallow 
smouldering initiated by slash-and-burn (Fig. 9a, b). These 
results indicate the severe effects of the fires and the poten-
tially important disturbance agent in the ecosystems (Rein 
et al. 2008; Muñoz-Rojas and Bárcenas-Moreno 2019;  
Santoso et al. 2019). It has been reported before that ther-
mal residence time of 2 h at 160°C or more is lethal to the 
soil biology (Rein et al. 2008), and this study provides field 
experimental evidence that this level of severity can be 
reached at depths up to 30 cm. 

According to infrared images, the surface fire area fluctu-
ated over time (Fig. 10a, before the rainfalls on Day 6). 
These fluctuations were due to the formation and collapse 
of overhang. The char layers on top and overhangs (Fig. A7 
in the Supplementary Appendix) causing the shape of the 
fire to change, seemingly indicating a decrease at the surface 
while the deep layer continues to burn. This can be seen in  

Fig. 11 from t = 94.5 to 123.1 h, when the peat fire spread 
but the surface area seemed to decrease in some parts. 
However, in P3S, the peat fire surface area steadily 
increased (Fig. 10b) and with similar severity of smoulder-
ing in both shallow and deep layers (Fig. 9d). The different 
spread behaviour in P3S can be caused by the significantly 
lower MC than the other plots, as seen in Table 1. 

Comparison of slash-and-burn and ember 
ignitions 

Ember-ignited fire was strongest in deeper layers (Fig. 9c for 
ember ignition vs Fig. 9a for slash-and-burn). In the shallow 
layer, the peak temperature due to slash-and-burn was 
~700°C and ~470°C for the ember-ignited fire. In the 
deep layer, the peak temperature due to slash-and-burn 
was ~580°C and ~550°C for the ember-ignited fire. This 
might be a result of the ignition method, in which the 
burning embers were placed in 20–40 cm inside the pits, 
thus directly igniting the peat below the surface. The most 
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Fig. 9. Fire severity in the peat measured as the thermal residence time due to smouldering after slash-and-burn 
ignition in (a) P1N and (b) P3N. Thermal residence time due to smouldering after ember ignition in (c) P1S and 
(d) P3S. Shading spans the minimum and maximum range of values.   
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severe peat fire was in P1S, where the residence time at 
200°C or more was up to 40 h (Fig. 9c). The fire in P1S was 
also the longest in this study, up to 10 days (Fig. 3a). 

Continuous measurements of MC in P2N revealed that 
the flaming from slash-and-burn had a small effect on peat 
moisture (Fig. 12). Following slash-and-burn, peat MC 
decreased by ~10% but then returned to previous levels 
due to water migration over the subsequent 30 h. The small 
decrease of MC due to slash-and-burn is evidence of the 
shallow impact of flames on the soil that has been previously 
discussed in Hartford and Frandsen (1992); Rein et al. 
(2008) and Santoso et al. (2019). The drying front ahead 
of smouldering peat arrives at the sensor’s location with a 

very swift decrease in peat MC to ~0% (very dry condi-
tions). The fire spreads downwards from shallow to deep 
layers; MC at 10 and 20 cm depths decreased first, followed 
by further decreases of MC at 30 and then at 40 cm depth in 
the next ~5 and 15 h respectively. 

Smouldering spread during day and night 

Smouldering fires in the field have only been observed 
during the day. Here, we attempt to compare smouldering 
spread between day and night. Day and night periods are 
defined as 05:00 to 18:00 hours (13 h) and 18:00 to 05:00 
hours (11 h) respectively. The maximum smouldering 
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temperatures at each thermocouple location in Fig. 8 during 
each period were then used to analyse fire spread in day and 
night periods. On average, peat fire during daytime was 
20% hotter than night-time, owing to the higher ambient 
temperature, lower humidity, and longer period of daytime 
(13 h compared with 11 h of night-time) than those of night- 
time. See Fig. 13 for maximum smouldering temperature 
and Fig. A13 in the Supplementary Appendix for average 
smouldering temperature. At ~500°C during the day and 
night periods (Fig. 13), the data clusters around the line of 
Tmax,D = Tmax,N, implying that strong fire will persistently 
spread equally despite changing environmental conditions 

between day and night. Fig. 13 also shows that, during 
daytime, smouldering at deep layer was 13% hotter than 
shallow layer. During night-time, both smouldering at shallow 
and deep layers have about the same level of smouldering 
temperature. 

Smouldering spread in peat with high inorganic 
content 

The mass fractions of C/H/N of the north and south sides of 
the plots are given in Table 1. Both sides have lower carbon 
content than typical tropical peat forests, which is ~55–60% 
(Könönen et al. 2015). The inorganic content (IC) of the 
peat was also high compared with tropical peatland of 
3 ± 1.96% (Ramadhan et al. 2017). Thus, the peat in 
GAMBUT site is considerably degraded, meaning that the 
peatland has been disturbed and that the conditions needed 
to sustain slow organic decomposition cannot be fully satis-
fied. Based on three established peat classification systems 
of International Peat Society (IPS), Canada Soil Survey 
Committee (CSSC), and International Organization of 
Standardization (ISO), the soil in this study is classified as 
peat because the IC is less than 70% (Huang et al. 2009). 

Despite the high IC, the peat fire spread persistently over 
4–10 days of the field experiment and resulted in a depth of 
burn of 25 cm on average; and despite three major rain 
events (Fig. 3a, b), the embers-ignited fire spread up to an 
area of 1.3 m2 (Fig. 10a) and with a perimeter up to 9 m. 
The high IC is partially responsible for the slow horizontal 
fire spread rate, compared with the literature, which ranges 
from 0.5 to 19.5 cm h−1 (Prat-Guitart et al. 2016b;  
Christensen et al. 2020; Cowan et al. 2020). Fig. 14 shows 
the spread rate (Sl ) obtained from thermocouple at 10 cm 
depth that was from 0.6 to 0.9 cm h−1, with initial MC from 
23 to 141% at dry-base. Sl is the average of spread rates 
based on maximum temperature and 300°C isotherm tem-
perature. Continuous MC measurements revealed a drying 
front spread rate of 0.9 cm h−1 at depths from 10 to 30 cm, 
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and 0.6 cm h−1 at depths from 30 to 40 cm (Fig. 12). The 
small difference between horizontal spread rates despite the 
wide difference in MC is because the combination of high IC 
and high bulk density influence the spread rate more 
than MC. 

Results here emphasise the significance of fires in 
degraded peatlands with high IC. Currently, the literature 
defines peat based on widely different organic content (OC) 
thresholds, from 30% (Joosten and Clarke 2002; Minasny 
et al. 2019) to 65% (Page et al. 2011), resulting in 
~60 000 km2 of difference in peatland area estimations for 
Indonesia alone. Page et al. (2011) estimated 206 950 km2 

of peatland area in Indonesia using an OC threshold of 
65%, whereas Joosten (2009) estimated 265 500 km2 with 
a threshold of 30% OC. Our field study proves the fire risks 
of degraded peatlands with low OC, and both conservation 
and mitigation plannings should be implemented on this 
type of peatland. 

Gas emissions 

Fig. 15 reports the Emission Factors (EF) of CO2, CO, CH4, 
NH3, and HCN from four fire events (ember ignition, slash- 
and-burn ignition, spread, and suppression). In general, gas 
emissions differ significantly among different fuel types 
(Rein 2016; Hu et al. 2019). Comparatively, ember ignition 
has the largest CO2 EFs (2446.5 ± 67.8 g kg−1), on average 
56% higher than those from slash-and-burn, spread, and 
suppression. This is mainly because CO2 EF is proportional 
to the carbon content of the fuel. The charcoal embers have 
distinctively higher carbon content (78%) than those from 
peat (51.3–57.8%) and surface vegetation (55.0%), thus 
leading to a much higher EF value of CO2 (Hu 2019). 

Gas emissions during suppression have not been previ-
ously reported in the literature and are investigated for the 
first time in this study. Variability of 3–8 times was found in 
EF of different species. The EF of CO ranged between 
68.5 and 391.4 g kg−1, with CH4 between 2.9 and 
9.3 g kg−1, and NH3 between 1.0 and 8.3 g kg−1. During 
all stages of the experiment, the average emission factor of 
CO was 210 ± 76.7 g kg−1, compared with CH4, which was 
4.6 ± 2.3 g kg−1 and NH3, which was 3.5 ± 1.9 g kg−1. As 
can be seen in Fig. 15, EFs during spread were relatively 
similar to those during suppression. 

Rainfall and suppression of peat fires 

Three rainfall events occurred during our study, with water 
column height in the range of 1.4–4.8 mm for 17–60 min 
duration (see Fig. 3b). These rainfalls were insufficient to 
suppress the fire in the deep layer but had a substantial 
effect on the shallow layer. This effect can be seen in  
Fig. 11 – after the first two rainfalls, the fire spread weakly 
in patches. This spread occurred at the surface and was 
caused by the increased MC at the surface due to rainfalls. 
However, the fire kept spreading even though the surface 
MC was increased, indicating that the rainfalls had less 
effect on the layers below the surface. 

After the rainfalls on Day 6 (Fig. 3a, b), the fire area 
decreased by about 30–40%, except in ignition Pit 2 of P1S 
(Fig. 10a) and P3S (Fig. 10b), but the fire was not extin-
guished and continued spreading. The effect of rainfalls on 
shallow smouldering can be seen in Fig. 11, as the fire 
perimeter of Pit 3 of P1S decreased by 39% from 
t = 123.1 to 143.8 h. Further spread can be seen afterwards, 
showing that peat fire at the surface was self-sustained. 
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rate in the horizontal direction and Sl is the average.   
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The third rainfall event occurred on Day 9 with a higher 
rate than the previous rainfalls (Fig. 3b). It affected the fire 
more than the first two rainfalls as seen in the 62% decrease 
of fire area of Pit 2 in P1S and 35% in P3S (Fig. 10). Pit 1 of 
P1S, however, increased weakly after this second rainfall. 

Lin et al. (2020) reported that the critical rainfall rate 
to extinguish a peat fire is 4 mm h−1, substantially below 
two of the rainfalls recorded here (see Fig. 3b). However, 
successful suppression with 4 mm h−1 requires ~5 h of sup-
pression duration, much longer than the rainfall durations 
observed, which were from 17 to 60 min. This implies a 
critical intensity (or flow rate) and duration for a successful 
suppression. Fig. 16a shows that successful suppression with 
water spray and injection agree with the critical suppression 
threshold found in Santoso et al. (2021) from laboratory 
experiments. The rainfall events that were unsuccessful in 
suppressing peat fires were below the critical threshold of 
flow rate and duration of suppression, confirming that the 
rainfall intensity and duration were too low and too short 
respectively. 

Fig. 16b shows that successful suppression occurred 
above a certain threshold of suppression column height 
(Hs, mm), below which the suppression is not successful. 
Hs is calculated by using Eqn A1 in the Supplementary 
Appendix. In this study, the Hs threshold is 26.5 ± 9.2 mm 
(water spray suppression in P1N). This value is in the range 

of the threshold reported in previous laboratory studies, 
13 ± 1.9 mm in Lin et al. (2020) and 36 ± 5 mm in  
Santoso et al. (2021). Far below this threshold is the Hs, 
due to aforementioned rainfall events that resulted in 
unsuccessful suppression, i.e. 4.8, 1.4, and 2.5 mm. 
Suppression by lance injection appears to be an inefficient 
method due to the significantly higher Hs when compared 
with the spray suppression (Fig. 16b), indicating an excess 
use of water to reach suppression with durations that are not 
much shorter than water spray (Fig. 16a). This low effi-
ciency of lance injection has been explained previously 
(Hadden and Rein 2011) as resulting from the high run- 
off. Considering the low efficiency of this method, but also 
the merit of attacking a local and in-depth hot spot, lance 
injection might be more suitable for mopping up residual in- 
depth and patched hotspots after a large-scale peat fire to 
avoid rekindling, for example with the aid of infrared 
imaging. 

After the controlled suppression on Day 11, a detailed 
survey of the plots was conducted on Day 12 to ensure that 
the peat fire was extinguished in all plots. This survey was 
conducted by digging for fire in-depth up to the depth of the 
virgin peat layer. A very small number, two to three, of hot 
spots were found and were covered by wet layers of ash and 
char. After digging, the experimental area was sprayed with 
water again and the experiment was terminated. 
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Fig. 15. The emission factors of CO2 (a), CO (b), CH4 (c), NH3 (d), and HCN (e) from different stages of the experiment. The 
mean values are represented by solid squares and are averaged on different measurement locations over 10–110 min (details in 
Table A1, Supplementary Appendix). The diamond represents emission data of lower quartile (25th percentile), median (50th 
percentile), and upper quartile (75th percentile). The error bars show the range of values in each experiment stage, and n is the 
number of measurements.   
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Conclusions 

GAMBUT represents the largest and longest to-date field 
experiment of peat wildfires. The field experiment was con-
ducted on a degraded peatland in Sumatra, Indonesia, in 
which the smouldering peat burned from 4 to 10 days 
despite substantial variability in environmental conditions 
and precipitation. Even though the inorganic and moisture 
contents of the peat were high, the peat fire spread persist-
ently for up to 10 days of field experiment and resulted in a 
depth of burn of 25 cm on average. Despite three major rain 
events, the embers-ignited fire spread up to an area of 
1.3 m2 and with a perimeter up to 9 m. The high inorganic 
content of the peat, though, substantially lowered the spread 
rate. This finding calls for caution even in areas with rela-
tively high inorganic content. 

Smouldering was found to result in higher temperature in 
the shallow layers than in the deep layers when ignition was 
by slash-and-burn. With ignition by ember, smouldering 
temperature was higher in the deep layers than in the 
shallow layers. Measurements of temperature in the soil 
provide field experimental evidence of lethal fire severity 
to the biological system of the peat up to 30 cm depth. 

Smouldering was found to be hotter during daytime than 
night-time. Daytime maximum soil temperature was up to 
20% higher than night-time temperature. This is because of 
the higher ambient temperature and lower humidity during 
daytime. The smouldering temperature at deep layer was 
found to be at the highest during daytime, represented by a 
deep layer maximum temperature about 13% higher than the 
shallow layer temperature. During night-time, both deep and 
shallow layer smouldering had the same level of temperature. 
This behaviour was not observed before and is important for 
firefighting responses conducted mostly during daytime. 

Gaseous emissions were measured over various stages of 
the experiment: ignition, smouldering spread, and suppres-
sion. Ember ignition had the largest CO2 emission factor, 
on average 56% higher than those from slash-and-burn 
ignition, smouldering peat fire spread, and suppression. 
Charcoal ember consumed within this fire event had distinc-
tively higher carbon content (78%) than those from peat 
(51.3–57.8%) and surface vegetation (55.0%). 

After rainfall, the surface area of the fire was reduced but 
kept spreading until the controlled suppressions were con-
ducted at the end of the experiment. This indicates that 
rainfall events might suppress peat fire in the shallow layers, 
but not in the deep layers. The water column height that 
resulted in successful suppression was 26.5 ± 9.2 mm. 
Agreement of water column height between our field experi-
ment and laboratory-scale experiments in the literature 
implies that suppression dynamics studied at the lab scale 
are valuable for guiding mitigation strategies. 

Results in this study represent smouldering peat fire 
dynamics in the field in terms of smouldering temperature, 
spread rate, thermal residence time, and critical water col-
umn height for successful suppression. These results are 
unique and can be used to develop better mitigation and 
firefighting responses, which would eventually reduce the 
global burden of harmful emissions and ecological damage 
due to peat fires. 

Supplementary material 

Supplementary material is available online. 
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