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Abstract

Peatland wildfires present challenge to the mitigation of climate change due to the large amount of ancient carbon
emission. Once ignited, the organic soils in peatland can burn for a long periods (weeks to months) and are difficult to
extinguish. Peat fire is governed by smouldering combustion which is the slow, low temperature, flameless burning of
charring porous fuel, and the most persistent type of combustion phenomena. The detection and monitoring of peatland
wildfires are often conducted by remote sensing like satellite. However, there is currently a missing gap between spread
of peat fires in the small laboratory scale and the large field scale. This work covers this gap by conducting field-scale
controlled experiment of peatland wildfires. The experimental campaigh, GAMBUT, was conducted in the peatland of
Sumatra, Indonesia, covering an area of 408 m2. Smouldering spread rate was measured by infrared cameras and
subsurface thermocouples. The smouldering sustained up to 10 days and nights, and survived against three rainfalls.
Observation from infrared images show that horizontal smouldering spread rate fluctuates during propagation. However,
no significant difference was found between average horizontal spread rates from the measurements of infrared camera
and thermocouples, i.e. 0.3£0.13 cm/h to 0.8+0.2 cm/h. The spread rates here agree with the trend in the literature of
laboratory experiments, fit within in the ranges of high moisture (MC) and inorganic (IC) contents of the soil (MC
between 23 to 141% and IC between 49 to 72%). Even though slower, the fires thrived up to 10 days and against three
rainfalls, demonstrating the persistency of smouldering peat fires and calling for a consideration of degraded peatland
with high inorganic content to be consistently included in the mapping and monitoring of peatland area. GAMBUT
presents a unique understanding of peatland wildfires at field conditions and aims to contribute to the better monitoring
and mitigation acts.

1. Introduction

Peatlands contribute to the massive amount of carbon storage in the world, estimated to be up to 700 Gt (Yu
2012). In pristine conditions, the organic soil in peatland is protected from fires either due to the high moisture
content, and the cold condition such as the case of permafrost in the Arctic region. However, recent increase of
frequency of severe wildfires around the world, especially those of peatlands in the Arctic region, identifies that
the ancient carbon that has been stored in peatlands for millennia is under threat to be released to the atmosphere
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(Young et al. 2016). Once ignited, the organic soil (peat) can burn for weeks to months and difficult to be
extinguished, surviving against rainfalls and firefighting responses (Rein 2016).

Peat fire is dominantly governed by smouldering combustion, which is the slow, low temperature, flameless
burning of charring porous fuel, and the most persistent type of combustion phenomena. Smouldering peat fire
spreads in both horizontal and vertical direction (in-depth into the subsurface layer). Recent laboratory studies
have been conducted to understand both directions of smouldering spreads (Huang et al. 2016; Huang and Rein
2017; Christensen et al. 2020), and reveal the heat transfer effect on the faster spread in the subsurface layer
than the surface layer. This phenomena can cause an overhang formation in which the surface layer stays
unburned while the subsurface continues to propagate (Huang et al. 2016).

Currently, there is limited controlled experiment in the field to explain the different smouldering behaviour
between surface and subsurface layers to improve the monitoring and mitigation of peatland wildfires in the
field scale. Most studies in the field were conducted forensically such as the measurements were conducted on
actual peatland wildfires with minimum control on the ignition methods, measurements location, and fire spread
area (Page et al. 2002; Usup et al. 2004; See et al. 2007; Simpson et al. 2016; Smith et al. 2018). Pastor et al.
(Pastor et al. 2017) conducted systematic peat fire experiment in the peatland of Peruvian Andes with each
experimental area of 50x50 cm, and 1 out of 18 tests show temperatures up to 400°C and 3 show temperature
above 100°C. This work aims to add to the previous field studies, contribute to the systematic methodology of
peatland wildfires experiment in the field, and better understanding of surface peat fires spread in the field scale.

2. Methodology

The experimental campaign, GAMBUT, was conducted in Rokan Hilir regency, Sumatra, Indonesia, from 19
to 29 August 2019 (Santoso 2021). More detailed discussion of the study area can be found in Santoso (2021).
The site in this study is in a tropical wet climate with a mean annual rainfall of 2,080 mm (Badan Pusat Statistik
Kabupaten Rokan Hilir 2015); mostly covered by palm trees, ferns, and sedges; and closely located with an
artificial reservoir (water pond) (Figure 1). The experiments were conducted in 12 days across changing
precipitations. Three rainfall events equated to 4.8 mm of water column height occurred 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 (Santoso 2021).

—

Figure 1- Top view of the site for GAMBUT experiment near a reservoir (Google Earth, 2021). 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
(Golbez, 2021, CC BY) (Santoso 2021).

The experiments in this study were conducted in three plots of land, each with dimensions of 10 by 10 m (Figure
2a). Firebreaks were made around the perimeter of each plot by digging trenches of 50 cm wide and 50 cm deep
which were filled with sand to prevent fires from spreading beyond these plots. From the left to right of Figure
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2, the plots are indicated as Plot 1, Plot 2, and Plot 3. In each plot, two peat fire experiments were conducted
(Figure 2b). In Plot 1, these two peat fire experiments are indicated as fire area of Plot 1 North (P1N) and Plot
1 South (P1S). In Plot 2, the fire area are Plot 2 North (P2N) and Plot 2 South (P2S), while the fire area in Plot
3 are Plot 3 North (P3N) and Plot 3 South (P3S). In total, six peat fire experiments were conducted during this
field experiment campaign. In this study, fires in the north and south sides of the plots were well separated and
did not spread into each other. Ignition was conducted by slash-and-burn and ember ignition. Slash-burn ignition
was conducted by burning piles of dried surface vegetation of a dimension of 8 m length, 1 m wide, and 50 cm
high, while ember ignition was conducted by filling an ignition pit shown in Figure 2b with smouldering
charcoals. Details of ignition methods can be seen in (Santoso 2021).

——
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Figure 2- a) Top view of the 12 x 39 m of experimental area after surface vegetation treatment (Nugroho, 2018, CC
BY). 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 ember ignitions, respectively. Green diagonal lines 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 (Santoso 2021).

Plot surfaces were cleaned from palm trees, ferns, sedges, and surface litter vegetation, except plot 1 where
surface litter vegetation was kept intact (Figure 2b) to obverse its effect on the effectiveness of slash-and-burn
ignition. The visual difference from above as shown by Figure 2a is not obvious since the litter vegetation left
on Plot 1 have been significantly dried naturally, thus the colour of the vegetation have turned brownish, similar
to the surface of dried peat in Plot 2 and Plot 3.
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Infrared (IR) images were recorded using a FLIR Duo-R camera, mounted on a crane with an angle-adjustable
hand to adjust the field of view of the camera. This crane was mounted on a rail to allow convenient IR image
measurement along the plots, on both the north and south sides (Figure 3). Active fire area on the surface was
obtained by analysing the acquired IR images. For the analysis of IR images, a similar approach used in (Amin
et al. 2020) was adopted and a threshold value of camera intensity well above the surrounding area (0.1) was
chosen. The images were converted to greyscale and the pixels where the normalized intensity increases above
the intensity threshold were marked (subset in Figure 3). The area inside the marked perimeter line was then
calculated to be the active fire area. The scaling from pixel dimension to physical length was possible by using
a geo-reference plate with a dimension of 0.17 x 0.14 m, also shown in the subset of Figure 3.

Infrared image ~ Visual image

Geo-reference plate (0.17 % 0.14 m?)

IR camera

-
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-_—

¥
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0.4 Intensity
threshold
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Figure 3. Infrared imaging setup and analysis to measure smouldering spread and area. The normalized pixel
intensity threshold is 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. Ay and t are the active fire area and time since ignition,

respectively (Santoso 2021).

Thermocouples were used to smouldering spread rate at the subsurface level. Due to the uncertain peat fire
propagation direction, thermocouples were placed at certain points based on the visual observation and the
likelihood of propagation direction. To obtain spread rate data, two thermocouple points were located at a known
distance, 15 cm. The spread rate is then calculated from the known distance (15 cm) and the time-lapse of the
two consecutive thermocouples reached maximum temperature or 300°C which is above peat char oxidation
temperature (230°C). Each thermocouple point contains 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
thermocouple placement can be seen in (Santoso 2021). As peat fires progressed and passed a thermocouple
point, the thermocouples were then moved to a new location, if the thermocouples were not burnt. Continuous
MC measurements were also conducted in P2N fire area by placing module soil moisture sensors at 4 different
depths (10, 20, 30, and 40 cm) below the slash-and-burn location (Figure 2b). This live measurement of MC
adding to the spread rate measurements by the thermocouples.

3. Results

Figure 4 shows horizontal spread rates analysed from series of infrared images on fires in P1S and P3S.
Smouldering spread rate on the surface can be seen to fluctuating during propagation. Rainfalls can also be seen
to have minimum impact on both the fluctuations and the average spread rate. In this work, horizontal spread
rate measured from infrared images is ranged from 0.1 to 0.5 cm/h. The spread rate in this work is smaller than
the values in the literatures (Prat-Guitart et al. 2016; Huang et al. 2016; Hu et al. 2019; Amin et al. 2020;
Christensen et al. 2020), mainly because both the MC and IC in the field here is higher than the soil conditions
in the literatures. Figure 5 shows that the spread rate in this work agree with the trend in the literatures, fit within
the ranges of high MC and IC soil conditions. No significant difference between horizontal spread rate measured
by IR camera (0.3+0.1 cm/h) and subsurface thermocouples (0.8+0.2 cm/h).
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Figure 4- Horizontal spread rate from infrared camera images for a) pit 1 of P1S, b) pit 2 of P1S, c) pit 3 of P1S, d)
P3S. The precipitation of the three rainfalls are 4.8 mm 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. Details of weather conditions during GAMBUT can be seen in (Santoso 2021).
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Figure 5- Horizontal spread rates from GAMBUT and literatures (Prat-Guitart et al. 2016; Huang et al. 2016; Hu et
al. 2019; Amin et al. 2020; Christensen et al. 2020). a) Horizontal spread rate based on infrared images and b) based
on subsurface thermocouple measurement at level more than 2 cm below surface up to 20 cm deep.

4. Conclusions

Here, we report horizontal spread rate measurements from GAMBUT field experiment of peatland wildfires in
Sumatra, Indonesia. The smouldering peat fires during this experiment survived up to 10 days against three
rainfalls. Horizontal spread rate was measured by using infrared camera and subsurface thermocouple. There is
no significant difference between horizontal spread rate observed on the surface by infrared and measured at
the subsurface by thermocouples. The spread rate reported here is 0.3£0.1 to 0.8+0.2 cm/h and agree with the
laboratory results in the literature, fit within soil conditions with high moisture (MC) and inorganic (IC)
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contents, i.e. MC between 23 to 141% and IC between 49 to 72%. The persistent nature of the smouldering
observed here also proves that degraded peatlands with high inorganic content are still required to be
consistently monitored and mapped for prevention and conservation measures. GAMBUT presents a unique
understanding of peatland wildfires at field conditions and aims to contribute to the better monitoring and
mitigation acts.
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