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Abstract: Smouldering wildfire is an important disturbance to peatlands worldwide, and it contributes
significantly to global carbon emissions and provides positive feedback to climate change. Herein, we
explore the feasibility of firebreaks to control smouldering peat fires through laboratory-scale
experiments. The dry-mass moisture content (MC) of peat soil varied from 10% (air-dried) to 125%.
We found that smouldering peat fire may be successfully extinguished above the mineral soil layer,
even if the peat layer is not entirely removed. There are two criteria for an effective peat firebreak: (1)
adding water to make the peat layer sufficiently wet (> 115% MC in the present work), and (1) ensuring
that the peat layer is thinner than the quenching thickness (< 5 cm). Criterion | may fail if the water
table declines or the peat layer is dried by surface fires and hot weather, thus satisfying Criterion Il is
more attainable. A sloped, trench-shaped firebreak is recommended to guide water flow and help
maintain high peat moisture content. This work provides a scientific foundation for fighting and

mitigating smouldering wildfires and guides protective measures for field-scale peat fire experiments.
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Short summary
Firebreaks are constructed to isolate wildfires and protect humans and properties. This work explores

the feasibility of firebreak in controlling smouldering peat fires and the scientific construction criteria.
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Introduction

Smouldering fire is slow-moving, low-temperature, and flameless, and is the driving burning
phenomenon in global peatlands and an important disturbance to the global ecosystem (Page et al. 2002;
Turetsky et al. 2002, 2015; Rein 2013). Although peatland only covers 2-3% of Earth’s land surface, it
is a significant carbon sink, holding approximately 25% of the planet’s terrestrial soil carbon, close to
the carbon amount in the atmosphere (Gorham 1994). Therefore, peat fire is a global source of carbon
emissions and the leading cause of regional haze events, especially in Southeast Asia and boreal regions
(Page et al. 2002; Poulter et al. 2006; Moreno et al. 2010). In 2019, slash-and-burn activities in
Indonesia accidentally resulted in peatland wildfires that burned for several months, producing a thick
and hazardous smoke layer over Indonesia and nearby countries that posed severe health issues to a
large population (Normile 2019).

In recent decades, global warming has increased fire frequency and severity in peatlands; therefore,
fire regimes have changed (Liu et al. 2010; Mack et al. 2011; Kohlenberg et al. 2018). Once ignited,
despite extensive rain or other firefighting attempts, smouldering peat fire may burn for months and
even for years (Ballhorn et al. 2009; Rein 2013; Lin et al. 2020). Many research efforts have been
targeted to understand the characteristics of smouldering peat fire, such as combustion chemistry
(Huang and Rein 2014), ignition (Frandsen 1987, 1997; Lin et al. 2019), fire spread (Huang et al. 2016;
Prat-Guitart et al. 2016; Huang and Rein 2017, 2019; Yang and Chen 2018; Christensen et al. 2020;
Palamba et al. 2020) and emissions (Heil and Langmann 2004; Poulter et al. 2006; Rein et al. 2009;
Aurell et al. 2016; Black et al. 2016; Wakhid et al. 2017; Hu et al. 2018, 2019). However, compared
with these profound studies on ignition and fire behaviour, very few studies are available to control and
extinguish these persistent smouldering wildfires (Lin et al. 2020).

With respect to the fire triangle, three methods can be applied to extinguish a fire, namely starving
(by removing the fuel), smothering (by removing the oxygen), and cooling (or quenching by removing
the heat) (Quintiere 2006). To suppress large-scale peat fires, except for cooling, neither starving nor
smothering is practical (Lin et al. 2020; Lin and Huang 2021). In real fire scenarios, if the peat is
sufficiently wet with dry-mass moisture content (MC,) higher than 100~200%, it can be protected by
its own moisture, which could be defined as the peat fire threshold (Frandsen 1987, 1997; Huang and
Rein 2015, 2016; Prat-Guitart et al. 2016). Today, water is still the most widely-used cooling agent in
fighting peat fires (Blake et al. 2012; Ramadhan et al. 2017; Lin and Huang 2020). However, water is
not always accessible near the fire scene, and firefighting operations are risky due to the extreme heat
and smoke (Saharjo 2019). In practice, building a firebreak or barrier could be more effective in
controlling and mitigating the hidden peat fires (Migalenko et al. 2018), as illustrated in Fig. 1. For
example, to suppress a peat fire in Scotland in 2008, the Fire Service and Regional Army dug a trench
as the firebreak which was 5 m wide and 0.5-2 m deep (down to the mineral soil layer) around the

perimeter of the fire by excavating peat soils (Rein 2013).
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Fig. 1 (a) Practices of making a firebreak to control peat fires (Credit: Rob Gunstone, Ignacio Villaverde),

and (b) schematics of smouldering fire in peatland and the concept of making a trench-shaped firebreak.

The firebreak, also known as the fireguard, is built to prevent the fire from escaping existing burning
regions, which is widely used in the fire protection of wildland-urban interface (WUI) and prescribed
fires (Weir et al. 2015; DFES 2016). A conventional firebreak is a strip of land denuded of all flammable
materials. It may be constructed with a grader, plough, excavator, or just a shovel before or during the
wildfire (Wilson 1988). Such a firebreak is designed based on the knowledge of flaming ignition to
prevent flame spread and the proliferation of firebrands, so it may not be effective in controlling
smouldering wildfires (Purnomo et al. 2021).

Considering the massive scale of peatlands and underground fires, digging a trench into the peat
soil layer to make a firebreak is a quite costly process in practice (see Fig. 1). If the trench is too shallow
and a thick peat layer remains, the smouldering fire can still cross the firebreak. One the other hand, if
the trench is made too deep, valuable time and human resources are wasted, especially during an urgent

peat fire event. As the thickness of the peat layer varies in the field, it is challenging to design and build
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a firebreak for peatlands in the scale of km that balances the effectiveness and cost. To the best of the
authors’ knowledge, no study has explored the feasibility and reliability of firebreaks in controlling
smouldering peat fires; thus there is a significant knowledge gap.

This work aims to explore the applicability and minimum requirements of a firebreak for
smouldering peat fires through laboratory-scale experiments. A trench-shaped firebreak was built above
a mineral sand layer to mimic a real firebreak in peatlands. The maximum thickness of the remaining
peat layer was explored under the principles of cooling or quenching, (1) by peat moisture and (1) by
underlying mineral layer. The research outcomes provide a scientific foundation for underground
wildfire fighting and the design criteria for the protective measures of large-scale peat fire experiments
in the field.

Experimental methods

Ideally, for a firebreak, if all organic peat soils are entirely removed, and only the mineral soil layer
remains, the smouldering fire can be well confined. However, the real thickness of the peat layer is not
uniform, and the soil moisture profile and inorganic content vary greatly with locations. Moreover, it is
practically impossible to quickly identify the peat layer’s thickness or remove it completely.
Nevertheless, even if the peat layer is not entirely removed, as long as the remaining peat layer is wet
and thin enough, the smouldering fire can be quenched by its moisture or the bottom mineral soil layer
(Miyanishi and Johnson 2002; Lin and Huang 2021). Thus, the laboratory experiments aim to determine
the remaining peat layer’s maximum thickness to break the smouldering peat fire successfully.

The tested organic-rich (~97%) peat soil was moss peat from Estonia (see Fig. 2a), which had been
used in a series of previous studies (Lin et al. 2019, 2020; Lin and Huang 2020, 2021). Such a high-
organic peat soil has the highest smouldering fire risk, which defines the worst peat fire scenario.
Therefore, the criteria for breaking smouldering fire in this peat can guarantee effectiveness in other
peat soils with lower organic contents. The peat soil was first oven-dried at 90 °C for 48 h, and the dry
bulk density was measured to be 145 kg-m=. The element analysis shows a mass fraction of 44.2 (C),
6.1 (H), 49.1 (0), 0.5 (N), 0.1(S) % (Lin et al. 2019). Once the dried peat was exposed to ambient, it
immediately absorbed the air moisture to reach a new equilibrium with MC, = 10%, defined as the air-
dried peat. To obtain the desired MC,, the oven-dried peat was mixed with the corresponding amount
of water (Christensen et al. 2018; Lin et al. 2019). Afterwards, the sample was shaken and left in a
sealed box to equilibrate and homogenate. For wet peat samples, the MC,, ranged from 25% to 125%,
with an interval of 25%, where the uncertainty was within 5%.

A top-open smouldering reactor was designed to mimic a trench-shaped firebreak, as shown in Fig.
2b. All sides of the reactor were made of metal mesh to provide support and sufficient oxygen to the
soil layer. Below the peat layer, there was a 1-cm layer of fine mineral sand plus a brick to simulate the
mineral soil layers. The dry bulk density of sand was approximately 1,500 kg-m. The sands with three

different moisture contents (MCs) were selected to vary the bottom cooling condition: (i) weak cooling
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MC;s = 0% (dry sand), (ii) medium cooling MC;s = 15% (wet sand), and (iii) strong cooling, MCs = 30%
(saturated sand). Note that sand is ten times denser than peat soil, so the absolute mass of water in
mineral sands with MCs = 15% is still higher than that in peat soils with MC, = 125%.
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Fig. 2 (a) Photos of moss peat soil tested in this experiment, and (b) schematics of the experimental design.

A 10-cm coil heater was buried 5 cm below the top free surface and attached to the left-hand side
to initiate a consistent and robust smouldering fire. The ignition protocol was set at 100 W for 30 min,
which was strong enough to initiate a robust smouldering fire (Huang et al. 2016). Initially, the peat
sample thickness was 10 cm, and the peat soil was left to burn and spread laterally for 10 cm to self-
stabilize (see Fig. 2b). Considering the structural safety and stability of firebreaks in the field (Duncan
et al. 2014), instead of a right-angle transition to the lower-level firebreak section, a sloped wedge
transition section (45°) was designed to prevent landslide.

The effective length of the simulated firebreak was 15 cm, and the thickness of the peat layer (6,)
was varied from 1 cm to 9 cm, referring to our previous work (Lin and Huang 2021). If smouldering
fire successfully spread for 15 cm without clear deceleration but ultimately burned through the peat
layer, the tested thickness was then gradually decreased at an interval of 2 cm until successfully
breaking/quenching the fire. Then, the maximum thickness of the peat layer allowed for the firebreak
(6) could be obtained. Afterwards, the influence of the soil moisture profile (i.e., both MC, and MCs)
was also explored. Throughout these experiments, the ambient temperature was 23+2 °C, and the
relative humidity was about 50 £10%. For each scenario, tests were repeated at least twice, and for tests
near the limits, three or four repeating tests were conducted to ensure repeatability. Our results showed
excellent repeatability roughly because of the use of commercial peat soil with uniform density, particle
size, and organic content (Lin and Huang 2020). In total, about 250 experiments were conducted to

explore the minimum requirements of an effective firebreak.
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Results and Discussion

Phenomena of peat fire spread and extinction

As the peat moisture content was increased to 125%, the spread of smouldering peat fire was no
longer sustained, regardless of the thickness of the peat layers (see Video S1). In the literature, fire
extinction due to high peat moisture content (Quenching Type I) has been widely observed, and the
maximum value of MC, varies with the type of peat soil burned and the wildfire conditions (Frandsen
1987, 1997; Huang and Rein 2016; Prat-Guitart et al. 2016). For this specific peat soil, the maximum
peat moisture or the fire threshold is about MC, ~ 115%. Note that for downward fire spread, the
maximum MC, could be higher because of the heat insulation provided by the top ash layer (Benscoter
et al. 2011; Zaccone et al. 2014).

(a) Failed firebreak (7-cm peat) (b) Effective firebreak (1-cm peat)
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Fig. 3. Snapshots of the smouldering peat fire spread in the laboratory-scale firebreak, (a) failed firebreak
with 7-cm thick peat layer, 50% MC,, and 30% MC; (Video S2), and (b) successful firebreak where fire
extinction due to cooling with 1-cm thick peat layer, 50% MC,, and 30% MC; (Video S3).
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Figure 3 compares the effect of remaining peat-layer thicknesses (6,,) on breaking the smouldering
peat fire. After the 0.5-h ignition process, a robust smouldering fire gradually spread forward for 10 cm
before passing through the transitional wedge section. Then, in the transitional area, the fire front would
slow down and self-adjust. Afterwards, the smouldering fire entered the firebreak section and attempted
to spread. For the failed firebreak with a thickness of 7 cm, 50% MC,, and 30% MCs (Fig. 3a and Videos
S2), the smouldering fire successfully spread forward without a clear deceleration process. Eventually,
the organic peat layer was consumed and turned into ash. Further extending the firebreak length over
15 cm, the smouldering fire could still spread across the firebreak. In other words, this firebreak could
not stop/break the peat fire, because the remaining layer of organic soil in the firebreak was not thin
enough to be quenched by the mineral layer.

As the remaining thickness of peat layers was decreased to 1 cm (Fig. 3b and Videos S3), the
smouldering fire could no longer spread after passing through the transition section. Instead, the
smouldering fire front was entirely stopped and extinguished within 5 cm into the firebreak. Therefore,
as long as the remaining peat layer is thin enough, the smouldering fire could be quenched by the
underlying cold mineral soil layer (Quenching Type Il). The scientific principle of the smouldering
quenching process was demonstrated previously (Lin and Huang 2021).

Limiting conditions of peatland firebreak

The experimental outcomes of firebreaks are summarized in Fig. 4a-c with different peat-layer
thicknesses (6,) and soil layer moisture profiles (MCp and MCs), where ‘O and “x’ represent the spread
and extinction of smouldering fire, respectively. First of all, no fire was sustained if the peat moisture
was above 115% (Quench Type I).

Secondly, the quenching (or breaking) of smouldering peat fire also occurred if the thickness of the
peat layer (6,,) in the firebreak decreased, due to the cooling from the underlying mineral soil layer
(Quenching Type II). As the mineral layer got wetter or the value of MC; increased, a thicker peat layer
was needed to maintain the fire spread, because of the increased cooling from the bottom mineral layer,
as shown in Fig. 4a-c and further compared in Fig. 4d. Specifically, for air-dried peat (MC, = 10%), the
dry mineral soil layer was difficult to quench the peat fire (Fig. 4a), unless the peat layer was entirely
removed. On the other hand, for a saturated mineral soil layer, the smouldering fire can be well isolated,
even if the peat layer above increased to 6 cm with a moisture content larger than 75% (Fig. 4c).

Moreover, both quenching effects emerged for smouldering spread over a wetter peat layer. Then,
the maximum peat thickness allowed to remain in the firebreak (&) increased with the moisture content
of peat (MC,) and substrate mineral sand (MC;). In other words, a wetter soil profile made the quenching
of smouldering fire easier. For example, when the mineral sand layer was saturated, as MC, increased
from 10% to 100%, the value of &, increased from 1 cm to 7 cm. Therefore, in the practice of digging
the break against the peat fire, as long as the remaining peat layer in the firebreak is wet and less than

5-10 cm (depending on soil types), the firebreak will be relatively effective.
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Fig. 4. Experimental outcomes of the peat fire spread in the firebreaks with different MCs of peat soils and

inorganic sands (fire spread ‘O’ and quenching “x’).

Heat transfer analysis

To scientifically understand the influence of the soil moisture profile on the required thickness of
smouldering firebreaks in peatlands, an approximate and simplified heat transfer analysis based on the
energy conservation equation can be adopted. The smouldering region in the firebreak is chosen as the
control volume, similar to Lin and Huang (2020a). Figure 5 illustrates the energy balance for a
horizontally propagating smouldering front within the firebreak where the peat layer has a thickness of
&,,. At the extinction limit (&), the net heat released from the smouldering fire region (Qsy) should just
overcome the heat loss to the ambient atmosphere (q,) and conduction to the bottom mineral soil layer

"

(G4 .4), as well as enabling the evaporation of the peat moisture (Q,,,). That is,
(e + Geona) A% = Qg + Qep = 1115 85 (AHgm — MCpAH,, €Y)
where Ax is the length of the smouldering front that is comparable to &, (Lin and Huang 2021); my is

the mass-loss flux of burning peat; and AHg,, is the heat of smouldering combustion of peat, where the

combustion process is weak and incomplete at the near-extinction temperature of 250~300 °C.
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Fig. 5. Schematics for the energy balance for a horizontally propagating smouldering front.

If the entire peat and mineral layers are dry, the fire risk within the firebreak is the highest, although
such a scenario may be rare in nature. Thus, smouldering fire can spread across the firebreak even with

a very thin peat layer. This thinnest limit of the peat layer (8, ,,,;) is

n

(QOO + qgond)Ax = mllﬁ‘, ;,minAH;m (2)
By dividing Eqn 1 by Eqn 2, we have
6*

_ AH
6* — 8* . bpmin ev MC 3
p = Opmin T e T MC,AH,, P ®)

where the maximum peat moisture for smouldering (or the limit of Quenching Type 1) is
AHp,
AH,,
Eqn 3 predicts that as the peat becomes wetter (i.e., a larger MC,), the limiting thickness of the firebreak

MCp' max = (4)

first increases almost linearly. When the peat moisture approaches the limit of Quenching Type |

(MCp, max), the thickness of the peat layer becomes irrelevant, which agrees with the test data in Fig. 4.

n

The influence of sand moisture is reflected by the bottom heat conduction (§y,q), Which is used to
evaporate the water of the sand layer within a thermal-penetration thickness of § as
Qbonalx = 1)y 80y = psSemMCs8sAH s, o< MC, (5)
where S;,,, ® 0.1 mm/min is the minimum spread rate of the peat fire (Lin and Huang 2021). By
substituting Eqn 5 into Eqn 2 and 3, we have
8y x &,

p,min < MCs (6)
Therefore, as the bottom sand moisture content (MC;) increases, the smouldering fire is more vulnerable
to extinction, even if the thicker peat layer remains. In short, the proposed heat-transfer analysis

successfully explains the experimental results in Fig. 4d.

Implications of peatland firebreak in practice

Ideally, as long as MC, is beyond the fire threshold (or it is sufficiently wet), the smouldering fire
can be effectively isolated and even self-extinguished, which is regarded as a successful peatland
firebreak based on Criterion I. However, in the real peat fire scenario, wetting the peatland by rain or

firefighting water spray may become invalid, considering a peat fire can last for weeks or even months.
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On the other hand, a wet soil layer can be quickly dried by surficial flaming front or slowly dried by
sunshine and hot weather. If the peatland firebreak is dried before the peat fire is entirely suppressed, it
can no longer isolate the burning area or break the smouldering peat fire.

Therefore, the most effective and reliable peatland firebreak needs to satisfy Criterion Il, that is,
removing the majority of peat layers and ensuring the thickness of the remaining peat layer in the
firebreak is less than 5 cm. Then, without removing the entire peat soil layer, the firebreak can prevent
the hidden peat fire from creeping cross the firebreak and escaping from the burning zone, regardless
of the weather change. Moreover, the sloped, trench-shaped firebreak is recommended, as the sloped
wedge creates a transition to weaken smouldering intensity, slow down fire spread, and avoid landslide
or collapse (Duncan et al. 2014) in situ. The trench-shaped firebreak can also guide the water to flow
into the firebreak like the drainage systems (Kanwar et al. 1986), which helps maintain a high water
table and keep the peat soil layers wetter than the fire threshold.

The proposed design criteria of peat firebreaks can be applied to control real smouldering wildfires
and offer a protective measure for field-scale peatland fire experiments. For peatland managers and
firefighters, different layers of fire protection measures may be considered. Note that as the peat is
heterogeneous in nature, the borderline of the quench/spread curves has some uncertainty. Therefore, it
is recommended to sample peat soils and conduct small-scale experiments to identify their fire threshold
in terms of moisture contents (MC,, 1nax). Then, the thickness of the peat layer and moisture profile of
the entire soil layer at different locations should be determined, so that different fire zones with similar
fire hazards may be divided. Afterwards, referring to the criteria in Fig. 4, precautionary firebreaks can
be created along with the areas with a thin and wet peat layer to minimize the cost and workforce.
Finally, the trench-shaped firebreak can be quickly constructed by excavating the minimum amount of
peat layer and adding a minimum amount of water, which saves the firefighting resource and maximizes
efficiency. However, this firebreak method would not be simply upscaled for flaming wildfires, as
firebrands may easily break through most firebreaks. Large-scale peat fire experiments in the field and

more firefighting practices are required to develop scientific guidelines for peat firebreaks.

Conclusions

In this work, we conducted bench-scale peat fire experiments to explore the scientific foundation
and design criteria for constructing peatland firebreaks. We found that the smouldering peat fire can be
successfully isolated above the mineral soil layer, even if the peat layer is not completely removed.
There are two criteria for an effective peat firebreak: () adding water to make the peat layer sufficiently
wet (> 115% MC in the present work), and (I1) ensuring the peat layer is thinner than the quenching
thickness (< 5 cm). Criterion | may fail if the water table declines or the peat layer is dried by the hot
weather and surface fires; thus, satisfying Criterion Il is more reliable.

Moreover, the sloped, trench-shaped firebreak is recommended to avoid a landslide and guide the

water flow to keep the peat layer wet. This work provides a scientific foundation for fighting and

10
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mitigating underground wildfires and guides protective measures for field-scale peat fire tests. Future
research should quantify the influence of inorganic content and ambient temperature on the design of
peatland firebreaks and verify the effectiveness of firebreaks in real peatland wildfires.
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Supplemental materials

Video S1 Effective peat firebreak (criterion I) with a thickness of 7 cm, where MCp=125%, MCs=30%.
Video S2 Failed peat firebreak with a thickness of 7 cm, where MC,=50%, MC=30%.

Video S3 Effective peat firebreak (criterion Il) with a thickness of 1 cm, where MC,=50%, MCs=30%.
https://www.youtube.com/playlist?list=PLyVe5fL3rmd TW2SL XHSoFw_3bY9pO0WgAk

References

Aurell J, Hays MD, George 1J, Geron CD, Black RR, Preston WT, Gullett BK (2016) Volatile and
semivolatile organic compounds in laboratory peat fire emissions. Atmospheric Environment 132,
163-170. doi:10.1016/j.atmosenv.2016.02.025.

Ballhorn U, Siegert F, Mason M, Limin S., Limin S (2009) Derivation of burn scar depths and
estimation of carbon emissions with LIDAR in Indonesian peatlands. Proceedings of the National
Academy of Sciences 106, 21213-21218. doi:10.1073/pnas.0906457106.

Benscoter BW, Thompson DK, Waddington JM, Flannigan MD, Wotton BM, de Groot WJ, Turetsky
MR (2011) Interactive effects of vegetation, soil moisture and bulk density on depth of burning of
thick organic soils. International Journal of Wildland Fire 20, 418. doi:10.1071/WF08183.

Black RR, Aurell J, Holder A, George 1J, Gullett BK, Hays MD, Geron CD, Tabor D (2016)
Characterization of gas and particle emissions from laboratory burns of peat. Atmospheric
Environment 132, 49-57. doi:10.1016/j.atmosenv.2016.02.024.

Blake D, Lu K, Horwitz P, Boyce MC (2012) Fire suppression and burnt sediments: Effects on the
water chemistry of fire-affected wetlands. International Journal of Wildland Fire 21, 557-561.
doi:10.1071/WF10125.

Christensen EG, Fernandez-Anez N, Rein G (2020) Influence of soil conditions on the
multidimensional spread of smouldering combustion in shallow layers. Combustion and Flame
214, 361-370. doi:10.1016/j.combustflame.2019.11.001.

Christensen E, Hu Y, Restuccia F, Santoso MA (2018) Experimental methods and scales in smouldering
wildfires. ‘Fire effects on soils: State of the Art and Methods’. (Ed P Pereira) pp. 267—280.
(CSIRO)

DFES (2016) A Guide to Constructing and Maintaining Fire-breaks. Government of Western Autralia
Department of Fire Emergeny Services.

Duncan JM, Wright S, Brandon T (2014) “Soil Strength and Slope Stability.” (John Wiley & Sons, Inc.:
New Jersey)

Frandsen WH (1987) The influence of moisture and mineral soil on the combustion limits of
smouldering forest duff. Canadian Journal of Forest Research 16, 1540-1544. doi:10.1139/x87-
236.

11


https://doi.org/10.1071/WF20155
https://www.youtube.com/playlist?list=PLyVe5fL3rmdTW2SLXHSoFw_3bY9p0WgAk

S. Lin. Y. Liu, X. Huang (2021) How to Build a Firebreak to Stop Smouldering Peat Fire: A Laboratory-
Scale Study, International Journal of Wildland Fire. https://doi.org/10.1071/WF20155

Frandsen WH (1997) Ignition probability of organic soils. Canadian Journal of Forest Research 27,
1471-1477. doi:10.1139/x97-106.

Gorham E (1994) The future of research in canadian peatlands: A brief survey with particular reference
to global change. Wetlands 14, 206-215. doi:10.1007/BF03160657.

Heil A, Langmann B (2004) Release and dispersion of vegetation and peat fire emissions in the
atmosphere over Indonesia 1997/1998. Atmospheric chemistry and physics 4, 2145-2160.

Hu Y, Christensen E, Restuccia F, Rein G (2019) Transient gas and particle emissions from smouldering
combustion of peat. Proceedings of the Combustion Institute 37, 4035-4042.
doi:10.1016/j.proci.2018.06.008.

Hu Y, Fernandez-Anez N, Smith TEL, Rein G (2018) Review of emissions from smouldering peat fires
and their contribution to regional haze episodes. International Journal ofWildland Fire 27, 293—
312. doi:10.1071/WF17084.

Huang X, Rein G (2014) Smouldering combustion of peat in wildfires: Inverse modelling of the drying
and the thermal and oxidative decomposition kinetics. Combustion and Flame 161, 1633-1644.
doi:10.1016/j.combustflame.2013.12.013.

Huang X, Rein G (2015) Computational study of critical moisture and depth of burn in peat fires.
International Journal of Wildland Fire 24, 798-808. doi:10.1071/WF14178.

Huang X, Rein G (2016) Interactions of Earth’s atmospheric oxygen and fuel moisture in smouldering
wildfires. Science of the Total Environment 572, 1440-1446. doi:10.1016/j.scitotenv.2016.02.201.

Huang X, Rein G (2017) Downward Spread of Smoldering Peat Fire: the Role of Moisture, Density and
Oxygen Supply. International Journal of Wildland Fire 26, 907-918. doi:10.1071/WF16198.

Huang X, Rein G (2019) Upward-and-downward spread of smoldering peat fire. Proceedings of the
Combustion Institute 37, 4025-4033. doi:10.1016/j.proci.2018.05.125.

Huang X, Restuccia F, Gramola M, Rein G (2016) Experimental study of the formation and collapse of
an overhang in the lateral spread of smouldering peat fires. Combustion and Flame 168, 393-402.
doi:10.1016/j.combustflame.2016.01.017.

Kanwar RS, Colvin TS, Melvin SW (1986) Comparison of Trenchless Drain Plow and Trench Methods
of Drainage Installation. 456-461.

Kohlenberg AJ, Turetsky MR, Thompson DK, Branfireun BA, Mitchell CPJ (2018) Controls on boreal
peat combustion and resulting emissions of carbon and mercury. Environmental Research Letters
13,. doi:10.1088/1748-9326/aa%a8.

Lin S, Cheung YK, Xiao Y, Huang X (2020) Can rain suppress smoldering peat fire? Science of the
Total Environment 727, 138468. doi:10.1016/j.scitotenv.2020.138468.

Lin S, Huang X (2020) An experimental method to investigate the water-based suppression of
smoldering peat fire. MethodsX 7, 100934. d0i:10.1016/j.mex.2020.100934.

Lin S, Huang X (2021) Quenching of smoldering: Effect of wall cooling on extinction. Proceedings of
the Combustion Institute 38,. doi:10.1016/j.proci.2020.05.017.

Lin S, Sun P, Huang X (2019) Can peat soil support a flaming wildfire? International Journal of
Wildland Fire 28, 601-613. doi:10.1071/WF19018.

Liu Y, Stanturf J, Goodrick S (2010) Trends in global wildfire potential in a changing climate. Forest
Ecology and Management 259, 685-697. doi:10.1016/j.foreco.2009.09.002.

Mack MC, Bret-Harte MS, Hollingsworth TN, Jandt RR, Schuur E a G, Shaver GR, Verbyla DL (2011)
Carbon loss from an unprecedented Arctic tundra wildfire. Nature 475, 489-92.
d0i:10.1038/nature10283.

Migalenko K, Nuianzin V, Aleksandr Z, Andrii D, Pozdieiev S (2018) Development of the technique
for restricting the propagation of fire in natural peat ecosystems. Eastern-European Journal of
Enterprise Technologies 1,. doi:https://doi.org/10.15587/1729-4061.2018.121727.

Miyanishi K, Johnson EA (2002) Process and patterns of duff consumption in the mixedwood boreal

12


https://doi.org/10.1071/WF20155

S. Lin. Y. Liu, X. Huang (2021) How to Build a Firebreak to Stop Smouldering Peat Fire: A Laboratory-
Scale Study, International Journal of Wildland Fire. https://doi.org/10.1071/WF20155

forest. Canadian Journal of Forest Research 32, 1285-1295. doi:10.1139/x02-051.

Moreno L, Jiménez M-E, Aguilera H, Jiménez P, Losa A (2010) The 2009 Smouldering Peat Fire in
Las Tablas de Daimiel National Park (Spain). Fire Technology 47, 519-538. doi:10.1007/s10694-
010-0172-y.

Normile D (2019) Indonesia’s fires are bad, but new measures prevented them from becoming worse.
Science. doi:10.1126/science.aaz7020.

Page SE, Siegert F, Rieley JO, Boehm H V., Jayak A, Limink S, Jaya A, Limin S (2002) The amount
of carbon released from peat and forest fires in Indonesia during 1997. Nature 420, 61-66.
doi:10.1038/nature01141.1.

Palamba P, Allo R, Kosasih E, Nugroho Y (2020) Effect of Surface Dry Layer Thickness on the
Smoldering Combustion of a Stratified Moisture Content Peat Layer Pither. 29, 2117-2139.
Poulter B, Christensen NL, Halpin PN (2006) Carbon emissions from a temperate peat fire and its
relevance to interannual variability of trace atmospheric greenhouse gases. Journal of Geophysical

Research Atmospheres 111,. doi:10.1029/2005JD006455.

Prat-Guitart N, Rein G, Hadden RM, Belcher CM, Yearsley JM (2016) Propagation probability and
spread rates of self-sustained smouldering fires under controlled moisture content and bulk density
conditions. International Journal Of Wildland Fire 25, 456-465. doi:10.1071/WF15103.

Purnomo DMJ, Bonner M, Moafi S, Rein G (2021) Using cellular automata to simulate field-scale
flaming and smouldering wildfires in tropical peatlands. Proceedings of the Combustion Institute
000, 1-9. doi:10.1016/j.proci.2020.08.052.

Quintiere JG (2006) ‘Fundamental of Fire Phenomena.” (John Wiley: New York)
d0i:10.1002/0470091150.

Ramadhan ML, Palamba P, Imran FA, Kosasih EA, Nugroho YS (2017) Experimental study of the
effect of water spray on the spread of smoldering in Indonesian peat fires. Fire Safety Journal 91,
671-679. doi:10.1016/j.firesaf.2017.04.012.

Rein G (2013) Smouldering Fires and Natural Fuels. ‘Fire Phenomena in the Earth System’. (Ed Claire
M. Belcher) pp. 15-34. (John Wiley & Sons, Ltd.: New York) doi:10.1002/9781118529539.ch2.

Rein G, Cohen S, Simeoni A (2009) Carbon emissions from smouldering peat in shallow and strong
fronts. Proceedings of the Combustion Institute 32, 2489-2496. doi:10.1016/j.proci.2008.07.008.

Saharjo BH (2019) What it takes to put out forest fires. The Concersation.
https://theconversation.com/what-it-takes-to-put-out-forest-fires-122644.

Turetsky MR, Benscoter B, Page S, Rein G, Van Der Werf GR, Watts A (2015) Global vulnerability of
peatlands to fire and carbon loss. Nature Geoscience 8, 11-14. doi:10.1038/nge02325.

Turetsky M, Wieder K, Halsey L, Vitt D (2002) Current disturbance and the diminishing peatland
carbon sink. Geophysical Research Letters 29, 7-10.

Wakhid N, Hirano T, Okimoto Y, Nurzakiah S, Nursyamsi D (2017) Soil carbon dioxide emissions
from a rubber plantation on tropical peat. Science of the Total Environment 581-582, 857-865.
doi:10.1016/j.scitotenv.2017.01.035.

Weir JR, Bidwell TG, Stevens R, Mustain J (2015) Firebreaks for Prescribed Burning.

Wilson A (1988) Width of firebread that is necessary to stop grass fires: some field experiments.
Canadian Journal of Forest Research 18, 682—687. doi:10.1139/x88-104.

Yang J, Chen H (2018) Natural Downward Smouldering of Peat : Effects of Inorganic Content and
Piled Bed. Fire Technology. doi:10.1007/s10694-018-0737-8.

Zaccone C, Rein G, D’Orazio V, Hadden RM, Belcher CM, Miano TM (2014) Smouldering fire
signatures in peat and their implications for palaeoenvironmental reconstructions. Geochimica et
Cosmochimica Acta 137, 134-146. doi:10.1016/j.gca.2014.04.018.

13


https://doi.org/10.1071/WF20155



